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Abstract
It is not fully understood why we need to sleep, although it is evident that sleep loss has consequences for many emotional 
and cognitive functions. The last couple of decades, sleep researchers have been increasingly devoted to better understand 
the relationship between sleep and affect. However, it is still poorly understood how sleep deprivation influences the way 
in which affective information is processed. The aim of this thesis was to investigate if there is a bias towards affective 
information after sleep deprivation and whether such bias influence information processing.

Study I tested reinforcement learning from positive as compared to negative feedback after two nights of sleep 
restriction. There were no indications of the expected reward-seeking behavior in generalized learning or in the learning 
strategy. A slowing in learning rate inferred from computational modeling was observed primarily for negative feedback. 
This could be indicative of a slowing in memory integration. It is unclear if the dopamine alterations proposed to cause 
reward-seeking behavior after total sleep deprivation are also implicated after sleep restriction.

Study II examined the neurophysiological response of the competition of attention between unpleasant and neutral 
pictures after two nights of sleep restriction. We found no alterations of sleep restriction on attention in relation to picture 
valence, or on executive control of attention. Despite observations of an increased sleepiness, an impaired sustained 
attention, and reduced positive affect, the few hours of allowed sleep may have been enough to counteract an affective 
bias and an executive control impairment.

Study III tested if one night of total sleep deprivation altered working memory for positive, negative, or neutral pictures 
using two levels of working memory load. Results showed that working memory accuracy was generally impaired after 
sleep deprivation, independent of picture valence. However, in the sleep deprived group we observed faster responses to 
positive and slower responses to negative pictures. These results could indicate a bias towards both positive and negative 
pictures, but with opposite consequences on working memory speed.

Study IV used the same protocol as Study III to combinedly test two common findings among older adults: That 
they prioritize positive over negative stimuli (the positivity effect), and that they are less affected by sleep deprivation. 
Working memory performance was overall better for positive than negative pictures, with no differences between the sleep 
conditions. This positivity effect was only present in the low working memory load condition. These results show that 
even after a state-dependent challenge such as sleep deprivation, the positivity effect remains in older adults, at least when 
working memory load is low.

Overall, the Studies in this thesis demonstrate signs of affective bias as well as lack thereof after total and partial sleep 
deprivation. The use of a diverse set of tasks and methodology may have contributed to the discrepancies in the findings, 
but it also highlights that we have yet to fully understand how lack of sleep may influence the processing of affectively 
valuable information.
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Abstract 

It is not fully understood why we need to sleep, although it is evident that sleep 
loss has consequences for many emotional and cognitive functions. The last 
couple of decades, sleep researchers have been increasingly devoted to better 
understand the relationship between sleep and affect. However, it is still 
poorly understood how sleep deprivation influences the way in which affec-
tive information is processed. The aim of this thesis was to investigate if there 
is a bias towards affective information after sleep deprivation and whether 
such bias influence information processing.  

Study I tested reinforcement learning from positive as compared to nega-
tive feedback after two nights of sleep restriction. There were no indications 
of the expected reward-seeking behavior in generalized learning or in the 
learning strategy. A slowing in learning rate inferred from computational 
modeling was observed primarily for negative feedback. This could be indic-
ative of a slowing in memory integration. It is unclear if the dopamine altera-
tions proposed to cause reward-seeking behavior after total sleep deprivation 
are also implicated after sleep restriction.  

Study II examined the neurophysiological response of the competition of 
attention between unpleasant and neutral pictures after two nights of sleep re-
striction. We found no alterations of sleep restriction on attention in relation 
to picture valence, or on executive control of attention. Despite observations 
of an increased sleepiness, an impaired sustained attention, and reduced posi-
tive affect, the few hours of allowed sleep may have been enough to counteract 
an affective bias and an executive control impairment. 
 Study III tested if one night of total sleep deprivation altered working 
memory for positive, negative, or neutral pictures using two levels of working 
memory load. Results showed that working memory accuracy was generally 
impaired after sleep deprivation, independent of picture valence. However, in 
the sleep deprived group we observed faster responses to positive and slower 
responses to negative pictures. These results could indicate a bias towards both 
positive and negative pictures, but with opposite consequences on working 
memory speed. 

Study IV used the same protocol as Study III to combinedly test two com-
mon findings among older adults: That they prioritize positive over negative 
stimuli (the positivity effect), and that they are less affected by sleep depriva-
tion. Working memory performance was overall better for positive than 
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negative pictures, with no differences between the sleep conditions. This pos-
itivity effect was only present in the low working memory load condition. 
These results show that even after a state-dependent challenge such as sleep 
deprivation, the positivity effect remains in older adults, at least when working 
memory load is low. 

Overall, the Studies in this thesis demonstrate signs of affective bias as well 
as lack thereof after total and partial sleep deprivation. The use of a diverse 
set of tasks and methodology may have contributed to the discrepancies in the 
findings, but it also highlights that we have yet to fully understand how lack 
of sleep may influence the processing of affectively valuable information. 
 
Keywords: sleep deprivation, sleep restriction, affective bias, emotional 
working memory, positivity effect  
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Svensk sammanfattning  

Det är inte helt klarlagt varför vi behöver sova, även om det är tydligt att 
sömnbrist kan ha stor påverkan på vårt vakna liv. Under de senaste decenni-
erna har intresset för att bättre förstå sambandet mellan sömn och känslor ökat, 
men det saknas fortfarande mycket kunskap om hur sömnbrist påverkar hur 
information med emotionellt innehåll bearbetas. Syftet med denna avhandling 
var att undersöka om det finns en bias, alltså en förstärkt tendens att dras mot 
emotionell information efter sömnbrist och om en sådan bias påverkar hur in-
formationen i fråga bearbetas. 

Studie I testade inlärning baserad på positiv jämfört med negativ feedback 
efter två nätters sömnrestriktion. Det fanns inga tecken på belöningssökande 
beteenden i generaliserad inlärning, eller i inlärningsstrategin efter sömnbrist. 
Utifrån statistisk modellering observerades långsammare inlärning främst för 
negativ feedback. Detta kan möjligen tyda på en långsammare integrering av 
information i arbetsminnet. Huruvida den påverkan på belöningssystemet som 
relaterats till total sömnbrist också finns efter partiell sömnbrist återstår att 
undersöka. 

Studie II undersökte den neurofysiologiska aktiviteten i samband med 
uppmärksamhet gentemot negativa och neutrala bilder efter två nätters sömn-
restriktion. Vi hittade inga effekter av sömnrestriktion på uppmärksamhet i 
relation till bildernas valens eller på exekutiv kontroll av uppmärksamhet. 
Trots en ökad sömnighet, en försämrad förmåga att upprätthålla uppmärksam-
het och en minskning av positiv affekt, är det möjligt att de få timmar sömn 
som tilläts gav tillräckligt med återhämtning för att motverka en affektiv bias 
och en försämring av exekutiv kontroll. 

Studie III testade om en natts total sömnbrist förändrade arbetsminnet för 
positiva, negativa eller neutrala bilder vid två nivåer av arbetsminnesbelast-
ning. Resultaten visade att prestationen vad gäller korrekthet generellt sett var 
försämrad efter sömnbrist, oberoende av bildvalens. I gruppen med sömnbrist 
observerade vi däremot snabbare svar på positiva bilder och långsammare svar 
på negativa bilder. Dessa resultat kan tyda på bias gentemot både positiva och 
negativa bilder, om än med motsatta konsekvenser för arbetsminnets process-
tid. 

Studie IV använde samma protokoll som Studie III för att kombinerat testa 
två vanliga fynd bland äldre vuxna: Att de prioriterar positiva framför negativa 
stimuli (positivitetseffekten) och att de påverkas mindre av sömnbrist. 
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Prestationen var generellt sett bättre för positiva än negativa bilder, utan skill-
nader mellan sömnbetingelserna. Denna positivitetseffekt förekom dock end-
ast vid låg arbetsminnesbelastning. Dessa resultat visar att även i ett påfres-
tande tillstånd som det efter sömnbrist kvarstår positivitetseffekten hos äldre 
vuxna, åtminstone när arbetsminnesbelastningen är låg. 

Sammantaget visar studierna tecken på affektiv bias såväl som brist på det-
samma efter total och partiell sömnbrist. Användandet av olika typer av upp-
gifter och metoder kan ha bidragit till skillnaderna, men visar också på att vi 
fortfarande saknar förståelse för i vilka situationer som sömnbrist påverkar 
bearbetning av emotionell information. 
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Preface 

We have all experienced it. Out of our own volition or for other reasons. Prob-
ably more than once. And amid its sometimes overwhelming consequences 
we might ask ourselves: Why? Why did I not sleep? Why did I not allow my-
self these hours of the unconscious, partly paralyzed, dark, fragile state that 
seems to be essential for adequate functioning? No matter the reasons for it, 
when we do not sleep, we pay a price. Most of us have probably experienced 
that the day after a night of poor or no sleep, we tend to get a bit moody or 
irritable and have a harder time staying focused. Or we may experience 
stronger feelings of joy or pleasure? Such feelings, whether pleasant or un-
pleasant, can be a root to changes in how we experience the world around us. 
In the infinite flow of information bombarding our senses some parts must be 
prioritized, and such prioritization may be biased by a sleep deprived state. It 
may change how we perceive things and cause a bias influencing what in the 
environment we attend to and remember. In this thesis, I will investigate how 
short-term sleep deprivation influences how we attend to and process infor-
mation with affective content and how that impacts cognitive performance.  
 
In the first part of this thesis, I will present a summary of how and why we 
sleep, and review aspects of emotional functioning as well as the most com-
mon consequences of sleep deprivation on cognition and emotion. Next, I will 
present a rationale zooming in on the literature more directly related to the 
aims of the Studies. I will then present methods common to the Studies before 
giving an overview of the Studies one by one. The final part is a general dis-
cussion about the findings and some future directions. 
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Sleep 

“Deep night wraps wearied folk in lassitude, 
  Her broad, black pinions o’er them brood. 
  The evening lights no longer shine, 
  As all in sleep now lie supine, 
  All by imperious night subdued.” 

Lesya Ukrainka1 

What sleep is 
Sleep is commonly defined as a reversable state of sensory deprivation and 
immobility (Siegel, 2008). On a behavioral level, it could easily be confused 
with coma or imitated by a child who pretends to be asleep while impatiently 
waiting to be celebrated on the morning of their birthday – a common theatric 
in Sweden. In the brain, however, sleep is far from one inactive state. Sleep 
constitutes multiple processes cycling through different stages defined largely 
by the frequency with which the neurons oscillate (Lesku et al., 2019; 
Peigneux et al., 2012). Therefore, to confidently separate sleep from other in-
active states and to know which stage of sleep the brain is in, we need to meas-
ure the brain’s activity.  
 
A first level classification of sleep is often done by distinguishing between 
rapid-eye-movement (REM) sleep, and non-REM (NREM) sleep. NREM 
sleep does in turn consist of three stages, N1, N2, and N3/N4 or slow-wave 
sleep (SWS) (Figure 1). Each stage is usually represented in a sleep cycle of 
90 minutes, starting with the transition stage N1, onwards to the basic sleep 
stage N2, to SWS, and ending with REM sleep. The sleep cycle repeats 
throughout the night, ideally summing up to a total of about eight hours. But 
the quality of the sleep tends to differ during the night. Whereas SWS usually 
dominates the first half of the night, REM sleep is predominant during the 
later stages of the sleep period (Dijk & Lazar, 2012).  

 
1 Lesya Ukrainka [pseud.] (1871-1913) was active during a period when the Russian Empire 
actively tried to erase the Ukrainian language and culture. Parts of the poem Foregleams in 
Ukrainka, L., Cundy, P., & Manning, C. A. (1950). Spirit of flame: A collection of the works of 
Lesya Ukrainka [pseud.]. Bookman Associates.  
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The different sleep stages are traditionally measured using polysomnography 
(PSG), a combination of parallel recordings of electrical brain activity using 
electroencephalography (EEG), muscle tonus using electromyogram (EMG), 
eye-movements using electrooculogram (EOG) and respiration and heart rate 
using electrocardiogram (ECG) (Dijk & Lazar, 2012). During N1 there are 
occurrences of theta waves (4-8Hz) and reduced occurrence of alpha rhythms 
(8-12Hz) in the brain compared with wakefulness (Peigneux et al., 2012). N2 
is characterized by short periods of high frequency bursts in the range of 12-
15 Hz (spindles) and a negative sharp wave followed by a positive component 
(K-complexes) together with some slow wave activity (0.5-2Hz) (De Gennaro 
& Ferrara, 2003; Keenan & Hirshkowitz, 2017). SWS is characterized by high 
amplitude slow delta frequencies (0.5-4Hz) with synchronized neural activity 
(Gompf & Anaclet, 2019). REM sleep is different from the other sleep stages 
in that the brain waves are desynchronized (almost wake-like), the eyes move 
rapidly (hence the name), and there is little to no muscle tonus (Peigneux et 
al., 2012). 
 

How sleep is regulated 
According to the two-process model of sleep regulation, the timing and the 
architecture of sleep is governed by the interaction between a sleep-dependent  
– or homeostatic – (S) and a circadian process (C) which help to consolidate 
the sleep period to the night and wakefulness to the day (Borbély, 1982). 
 

Figure 1. Hypnogram of a standard night’s sleep. 
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The homeostatic (S) process is driven by the amount and quality of your pre-
vious sleep and the time of wakefulness. Meaning that the longer you stay 
awake the stronger the pressure to sleep is. Though staying up for a full night, 
loosing approximately eight hours of sleep, is not likely to cause a sleep length 
of 16 hours the following night. Instead, the extension is probably no more 
than a few hours, but the intensity the of sleep is increased, which means that 
SWS is prioritized (Borbély, 1982). A substance that seems important for how 
sleep is regulated is adenosine. Adenosine levels increase extracellularly in 
the brain  during wakefulness, building up to promote SWS (Holst & Landolt, 
2015). Exactly how and where in the brain this happens is not fully under-
stood, but it is likely so that adenosine reduces activity in wake-promoting 
brain areas (Deboer, 2018). During sleep, the levels of adenosine decrease 
(Krause et al., 2017), which is why to sleep is the obvious way for reducing 
adenosine levels  and counteract sleepiness. Another short-term solution is to 
block some of the adenosine receptors by drinking coffee, as caffein is an 
adenosine-antagonist (Landolt, 2008). 
 
The circadian process (C) is driven by biological rhythms adapted to the 
earth’s rotation around its own axis (Dijk & Lazar, 2012). Humans are diurnal 
animals, which means that our preferred active period is during the day and 
the preferred time to sleep is during the night. The approximately 24-hour 
rhythmicity of the circadian (circa-one-day) process is controlled by a part of 
the hypothalamus called the suprachiasmatic nucleus, which signals to the pin-
eal gland when to release melatonin (Rajaratnam & Arendt, 2001). The release 
of melatonin together with other oscillatory processes in the body, such as 
core body temperature, blood pressure and growth hormones, indicate when it 
is a good time to sleep and when to stay awake (Reppert & Weaver, 2002).   
  
Together the homeostatic and the circadian processes regulate sleep and wake-
fulness. Simplified, when homeostatic pressure to sleep is high and the circa-
dian pacemaker is set to night, the propensity to fall asleep is high. After hav-
ing been awake for 24 hours, sleepiness will be stronger during the night than 
during the day. Recent years’ evidence points to a more complex interaction 
between the sleep dependent and circadian processes, where they influence 
each other rather than having a simple additive relationship (Borbély et al., 
2016; Dijk & von Schantz, 2005).  

Why we sleep 
We spend a little more than a third of our life sleeping. From an evolutionary 
perspective it is apparent that, despite the risk that a long period of attenuated 
sensory awareness implies, the benefits of sleep outweigh the potential costs. 
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If anything, sleep as an activity may, apart from eating, be the least common 
denominator shared between us as humans, or even as animals (Siegel, 2008). 
Theorists have long been interested in the reason for why we sleep and one of 
history’s great empiricists, Aristotle, concluded that sleep was necessary be-
cause the power of the eyes was exhausted from too much seeing, partly from 
deducing that all animals with eyes have been observed sleeping (Aristotle, 
On Sleep and Sleeplessness). About 2,400 years later, evolutionary theorists 
believe that sleep emerged as the complexity of organisms’ visual systems 
evolved. With a more complex visual system, more detailed information needs 
to be processed, and with this increased demand posed on the waking state, a 
complimentary state of sleep evolved that could relieve the waking state of 
some of the memory processing that would otherwise conflict with ongoing 
visual processing (Kavanau, 1997). Evidence for this theory comes from stud-
ying an ancient box jellyfish, the Chironex fleckeri. The C. fleckeri is a fast, 
highly venomous predator with a complex 24-eyes visual system, yet a fairly 
simple nervous system – a combination that poses a need to sleep for 15 hours 
daily, when in a challenging active environment (Kavanau, 2006). When ex-
posed to less demands, such as in captivity, this vertebrate’s sleep is signifi-
cantly reduced, indicating a direct link between the need for sleep and pro-
cessing needs.  
 
Apart from memory processing, sleep has also been linked to other functions 
that are directly essential for our survival, such as preserving and restoring 
energy levels (Scharf et al., 2008), supporting an adaptive immune response 
(Besedovsky et al., 2012) and metabolic regulation (Knutson, 2012). How-
ever, parts of these latter functions could potentially be accomplished by rest 
or only certain stages of sleep, and would not necessarily require the reduction 
of awareness or explain the neural activity during the REM sleep, suggesting 
that sleep primarily serves the brain (Hobson, 2005; Rasch & Born, 2013). 
 
Given that sleep is not a unitary state, but multiple stages with different neural 
characteristics, it is likely that the different stages serve somewhat different 
functions. During SWS, energy consumption is reduced by 40% compared 
with being awake, whereas during REM sleep the energy expenditure is com-
parable to an awake state (Maquet, 1995). Restoration of energy levels seems 
to partly rely on adenosine (Scharf et al., 2008). SWS is also the main candi-
date for synaptic downscaling to control for brain metabolism and size, a pro-
cess which supports learning and memory (Tononi & Cirelli, 2006). SWS has 
been associated with declarative memory consolidation whereas REM-sleep 
has an important role in procedural memory and consolidation of affective 
memories, the latter being evident in that the memory of affective information, 
compared with more neutral information, benefits more from REM sleep 
(Cunningham et al., 2014; Gujar, McDonald, et al., 2011; Hu et al., 2006; 
Walker & Stickgold, 2006). The sleep to remember sleep to forget theory 
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proposes that REM-sleep even has a therapeutic effect by decoupling the af-
fective part of an event from the memory (Walker, 2009; Walker & van der 
Helm, 2009). This reduces the post-REM sleep affective response, while still 
preserving the memory of the event (Goldstein & Walker, 2014; Van Der 
Helm et al., 2011; Walker & van der Helm, 2009). According to this theory, 
if we were deprived of REM sleep, the affective tone of the memory would be 
preserved and replay every time we remember the situation. Too little sleep in 
general, but perhaps in particular too little REM-sleep could therefore have 
direct implications on waking affective state. 
 
To summarize, sleep is a state of sensory deprivation that consists of several 
stages repeatedly cycling through a sleep period, preferably extending to eight 
hours. Sleep is regulated by a homeostatic process with a pressure to sleep that 
increases with the time awake, and a circadian process which consolidates the 
sleep to the night. Sleep likely serves many important functions and we have 
yet to fully understand all of them. One way to increase the knowledge is to 
deprive people of sleep and study its consequences, and I will return to this 
later. But first, I will leave the question of why we sleep to rest, and instead 
turn the focus towards emotions.  
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Affect and cognition 

“Does the body rule the mind 
  or does the mind rule the body 
  I don’t know” 

The Smiths2 

The scientific concept of emotion and how to study it has stirred up debate 
over the past century. However, there is a general agreement that emotions 
reflect a temporary change in bodily state, subjective experience, and behavior 
to cope with an upcoming challenge (Lindquist et al., 2013). Many also agree 
that an emotional episode is made up of many components, one of which is an 
inner feeling of pleasantness or unpleasantness, which is usually referred to as 
core affect (Russell, 2003). Emotion or affect are often used interchangeably 
as overarching terms to describe a spectrum of psychological states, that could 
include mood. 
 
Traditionally, psychological science has made a clear distinction between 
emotion and cognition. Today, a growing body of evidence questions this sep-
aration and argues that some level of affect is always present (Todd et al., 
2020). This better reflects real life, where feelings of pleasant and unpleasant 
motivate learning, guide attention and influence what is prioritized in higher 
cognitive functions such as working memory (Pessoa, 2008). Another way to 
phrase this is that we are biased towards information that elicit some level of 
affective response. Moreover, since the level of the affective response is de-
termined not only by the stimuli, but by our previous experiences and expec-
tations, emotional biases can vary between groups of people (Beck & Kastner, 
2009).  
 
In the coming section, I first will summarize some theories on emotion and 
shortly explain the concepts of core affect and mood. I will then review how 
affect is involved in motivational learning, attention and working memory.  

 
2 Lyrics from the song Still Ill by Marr, J., & Morrissey (1984). ”Still Ill.” The Smiths [Audio 
file]. Rhino/Warner Records. 
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Views on emotions 
The basic emotion theories suggest that emotions are discrete events that 
causes specific physiological, cognitive, and behavioral changes (Lench et al., 
2011). These discrete emotional states are thought to have evolved as a way 
of quickly adapting to the demands posed by a specific situation (Ekman, 
1992; Ekman & Cordaro, 2011). This view on emotions, that stems from Dar-
win’s studies on emotional expressivity in humans and animals (Darwin, 
1872), has been highly influential. Basic emotions are assumed to be univer-
sally recognized, such that the experience and expression of happiness essen-
tially means the same to a Swede, an American or a Sumatran (Ekman et al., 
1987). There is currently no consensus about how many basic emotions there 
are, but anger, fear, sadness, disgust, surprise, and happiness have traditionally 
been considered basic emotions (Johnson-laird & Oatley, 1989; see Ortony, 
2021 for a recent review). The view of emotions as innate discrete events has 
not been free from critique, which has often been directed towards methodo-
logical biases and the lack of distinct behavioral and brain activation patterns 
corresponding to discrete emotional expressions (Barrett, 2006; Gendron et 
al., 2012; Kollareth et al., 2020; Lindquist et al., 2012, 2013). 
 
Indeed, many argue that emotions are not nature-given discrete states, but ra-
ther constructed from a selection of components. The appraisal theories pro-
pose that emotions are processes that are formed by an interaction between a 
situation and the individual’s appraisal of that situation (Scherer, 2005). Ap-
praisal refers to the automatic cognitive evaluation of a situation, and even 
though many theories acknowledge some sort of appraisal component as part 
of an emotion, the appraisal theories emphasize that it is the appraisal compo-
nent that causes the emotion (Moors et al., 2013). To illustrate: A herpetologist 
may detect a snake in the grass and appraise the elevated heart rate as excite-
ment as she moves closer to get a closer look of a potential rare specimen. The 
same bodily changes would for a snake novice be appraised as fear. Thus, the 
appraisal of the situation determines the quality and intensity of the emotion. 
 
The constructionist theories consider emotions to be constructed from a vari-
ation of basic psychological operations (Lindquist et al., 2012). According to 
these theories, what makes up a specific emotion, or any mental state, is how 
it is conceptualized. In some way this is like the appraisal theories described 
earlier but rather than viewing emotions as being caused by an appraisal com-
ponent, the separation of emotions and cognitions into distinct mental states 
is considered a configuration (Gross & Barrett, 2011). Emotions are not seen 
as a product of a sequential process but created from simultaneous psycholog-
ical and biological mechanisms that in some cases converge to create some-
thing we would recognize as a specific emotion (such as fear), and in other 
cases to sensations which we cannot directly label as easily (Russell, 2003). 
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Some (social) constructionist theories argue that emotions must be understood 
in a social context. Emotions are still considered to be the sum of many parts 
including the appraisal component (Averill, 1980). These parts, however, 
evolve in a culture context and are not biologically predetermined. Moreover, 
there is an emphasis on the social interactions and relationships that form the 
emotions during our lifetime, and while some consider emotions as being ra-
ther stable once formed, others argue that emotions continue to evolve and 
change across the lifespan (Boiger & Mesquita, 2012). 

Core affect 
The inner sensation of pleasantness or unpleasantness and the intensity of this 
sensation are some of the cues we use to guide us towards proper actions. The 
subjective experience of this sensation has been labeled core affect, to distin-
guish it from the use of the term affect as an overarching term (Russell, 2003). 
Core affect can be defined as the global neurophysiological state of the two 
dimensions valence and arousal (Russell, 2003). Valence is the sensation in 
the body as pleasant or unpleasant, or positive or negative. Arousal is the level 
of activation or intensity. Core affect does not have to be consciously directed 
towards a specific event, but it is a necessary component of an emotional epi-
sode (Russell & Barrett, 1999). All animals experience core affect in that they 
have variations in arousal and can make the distinction between pleasant and 
unpleasant (Bliss-Moreau, 2017). Naturally, the organisms that did not have 
the ability to efficiently separate good from bad did not last through the evo-
lution.  

Mood 
Mood can be described as a prolonged, more diffuse affective state, not nec-
essarily connected to a specific event, lasting longer than an emotional episode 
(Scherer, 2005). Mood can co-occur with another affective response or an 
emotional episode, for example in such a way that you can be in a bad mood 
but still experience a burst of positive affect. Mood has also been conceptual-
ized as the cumulative sum of a longer period of affective responses (Mendl 
et al., 2010). For instance, a re-occurring experience of negative affective 
events could develop into a more lasting negative mood. There are many other 
concepts that could fit into the emotional spectrum, like mood disorders, anx-
iety or even stress, but I will not go further into that.  
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Measurements of affect 
With the different views on emotion, core affect and mood come differences 
in measurements, even when only considering an experimental context. A lot 
of research has been focused on emotion recognition, especially in others and 
even more so in facial expressions. These types of studies suit the basic emo-
tion theories as it is easy to quantify performance when given a selection of 
emotional words that are to be paired with an emotional (usually facial) ex-
pression. Others would argue that the emotional expression is, at best, just one 
of many components of an emotion and that we, to understand emotions, must 
study these different components separately. This could mean that we try to 
have separate measurements of the reaction to an emotional stimulus and how 
the reaction is regulated (e.g., Gross & Barrett, 2011). When it comes to core 
affect, one way is to simply ask participants to subjectively rate their experi-
ence of pleasantness or unpleasantness and how intense that feeling was. This 
could, for instance, be done in relation to a stimulus. For an objective meas-
urement of arousal, the physiological bodily response in terms of heart rate or 
skin conductance can be measured (Coppin & Sander, 2021). Core affect can 
be translated into action tendencies to approach or avoid certain stimuli (a 
topic which I will return to soon). Therefore, an indirect way to measure ex-
perienced valence is via behavioral indications of moving towards or away 
from a given stimuli (Laham et al., 2015). Finally, a common way to measure 
mood is to have participants rate their current affective state on a scale. There 
are several different scales for that but the Studies in this thesis we have used 
the Positive and Negative Affect Schedule (PANAS: Watson et al., 1988). 

Motivational learning 
The general feeling of pleasant and unpleasant works as motivation - we seek 
out and try to maximize the occurrence of pleasant experiences, while at the 
same time trying to avoid and reduce the occurrence of unpleasant experiences 
(Schupp et al., 2004). Thorndike’s law of effect stated that the level of satis-
faction or discomfort associated with a given situation will determine the like-
lihood of an increase or decrease in the occurrence of that specific behavior in 
that particular situation (Thorndike, 1911). The law of effect lay the founda-
tion of what is now often used in machine learning and artificial intelligence 
and is often called reinforcement learning. Reinforcement learning is the way 
we learn from positive and negative feedback, to maximize the likelihood of 
receiving reward and minimize the likelihood of receiving punishment (Sutton 
& Barto, 2018). On a neurochemical level, reinforcement learning has been 
linked to the neurotransmitter dopamine. For example, in studies on Parkin-
son’s patients, it has been shown that dopamine medication can increase the 
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tendency to learn from reward in a reinforcement learning task (Frank et al., 
2004; McCoy et al., 2019). More specifically, dopamine has been suggested 
to create an increased bias toward reward related cues, such that attention is 
more likely to be directed towards positively valence stimuli (Leyton, 2010).  

Affect and biased competition of attention 
 
When we go about our daily life, only a selection of what is registered by our 
senses passes through to our attentional awareness. It would be impractical 
and demanding to consciously register everything - just think of how much 
we would need to sleep to consolidate all the information! Therefore, it is a 
good thing that our attention is limited. This limitation forces a selection of 
what information is to be prioritized. Consequently, attention is biased, as sug-
gested by the bias competition theory (Beck & Kastner, 2009). According to 
the theory, when multiple sources of information are available, they compete 
for neural representations. This competition is biased by bottom-up and top-
down control mechanisms (Corbetta & Shulman, 2002). Top-down biases can 
be influenced by our expectations and goals, or task demands not directly in-
fluenced by the competing stimuli themselves. Conversely, bottom-up biases 
are driven by the characteristics and salience of the stimuli themselves (Beck 
& Kastner, 2009).  
 
Affective stimuli are sources of biases through both bottom-up and top-down 
mechanisms. Such biases can be further increased by arousal caused by the 
stimulus itself, thoughts and associations or bodily state (Mather & Suther-
land, 2011). Affective bias has traditionally been associated with generic 
threatening stimuli, such as snakes  (e.g., Öhman et al., 2001), which is rea-
sonable given their evolutionary relevance. An extension of such threat-re-
lated influence on attention allocation is that motivational aspects appear im-
portant (Maratos & Pessoa, 2019). For example, affective bias has also been 
shown towards positive over neutral stimuli (Pool et al., 2016). Other accounts 
of motivational relevance in affective bias comes from state-dependent factors 
such as our current affective state. For example, individuals with high social 
anxiety tend to display a higher level of affective bias compared with less 
anxious individuals when shown threatening stimuli, such as pictures or words 
(Bar-Haim et al., 2007). Another example is that depressed individuals show 
greater bias towards negative stimuli compared with non-depressed individu-
als (Peckham et al., 2010). Motivational influence of affective bias can also 
be found for positive stimuli, where older adults appear to favor positive over 
negative stimuli (Carstensen & Mikels, 2005). I will return to this later.     
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Affect, working memory and the dual-competition model 
So far, I have discussed how affective stimuli can bias attention and strengthen 
the neural representation. But since attention is limited, we might need to re-
serve access to such relevant information even when it is not in our direct span 
of perception. Working memory serves an important role in our everyday life, 
holding and working with information that is not perceptually available (Bad-
deley, 2003). The original working memory model contained two separate 
temporary storage components, one for visuo-spatial and one for verbal infor-
mation, as well as one central executive component (Baddeley & Hitch, 1974). 
The central executive component can be further fractioned into executive 
functions that, as opposed to automatic behavior, are involved in more com-
plex tasks that require concentration and control of attention (Diamond, 2013; 
Suchy, 2009). What is and is not an executive function is not fully agreed 
upon, but they rely heavily on the prefrontal cortex (PFC) (Suchy, 2009). 
 
The dual-competition model proposes that affective bias also can occur at an 
executive level (Pessoa, 2009). According to the model, affective stimuli can 
either impair or enhance performance, depending on the level of affective sig-
nificance of the stimuli to be processed and the available executive resources. 
For example, an affective stimulus, like a negative picture, is of higher signif-
icance than a neutral stimulus and should cause a stronger neural representa-
tion. It should also, if relevant to the task, improve working memory perfor-
mance. In fact, some studies have shown that affective information can im-
prove working memory performance (Levens & Phelps, 2008; Lindström & 
Bohlin, 2011; Schweizer et al., 2019). Others have found that only positive 
stimuli improved working memory, whereas negative stimuli impaired work-
ing memory (Osaka et al., 2013; Perlstein et al., 2002). One explanation for 
why some studies show an impairment in working memory for negative pic-
ture could be that a high level of threat leads to a hard prioritization of the 
stimulus which consumes executive resources. Hard prioritization could come 
from the stimulus itself, but also be influenced by state-dependent factors such 
as having social anxiety problems, or potentially when being sleep deprived. 
A recent meta-analysis explored behavioral and neuro-imaging data of affec-
tive stimuli in working memory tasks, including studies with both task-rele-
vant and task-irrelevant stimuli (Schweizer et al., 2019). In general, the find-
ings agreed with the dual-competition model: affective stimuli with low level 
of significance could improve working memory. However, when examining 
data from individuals with mental health problems, they found a general im-
pairment to both positive and negative stimuli, explained by state-dependent 
factors causing hard prioritization which consequently impaired working 
memory performance.  
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The age-related positivity effect 
In the general younger population there seems to be a bias towards negative 
over positive stimuli (Carstensen & Mikels, 2005; Reed et al., 2014), which 
perhaps could be explained by negative stimuli’s generally higher relevance 
for survival (Öhman et al., 2001). Paradoxically, the transformation into be-
coming an older adult appears to reverse this bias and priority is given to pos-
itive over negative stimuli, a phenomenon that has been labeled the positivity 
effect (Mather & Carstensen, 2005). This is reflected in general ratings of well-
being, which peaks at around age 70 before it declines a bit again, but remains 
higher than in early adulthood (Carstensen et al., 2011). Numerous studies 
have found evidence of a positivity effect in older adults in various cognitive 
tasks such as attention (Allard & Isaacowitz, 2008; Knight et al., 2007), long 
term memory (Carstensen & Mikels, 2005), and working memory (Mamma-
rella et al., 2013; Truong & Yang, 2014). Neural evidence corroborates these 
findings, showing increased amygdala activity, generally taken as an indica-
tion of higher stimuli relevance, for positive relative to negative pictures in 
older adults, while showing no difference in the young group (Mather et al., 
2004). In this study, this change was likely driven by a downregulation for 
negative stimuli in the older adult group, which was also reflected in the be-
havioral arousal ratings of the pictures, where older adults rated negative im-
ages as less arousing compared with younger adults. These results highlight 
that there might be two sides of the coin; with an up-prioritization of positive 
stimuli comes a down-prioritization of negative stimuli. 
 
There are several theories of why a positivity effect comes with older age 
(Scheibe & Carstensen, 2010). For example, some theories propose that neg-
ative emotions are more complex and that declining cognitive resources make 
older adult less apt to deal with them (Labouvie-Vief, 2003). Others suggest 
that older adults use control strategies to regulate their own emotions instead 
of trying to change the situation (Heckhausen & Schulz, 1995). Some studies 
have shown that the positivity effect depends on available executive resources, 
as the effect is diminished when task complexity increases (Isaacowitz et al., 
2009; Knight et al., 2007; Mather & Knight, 2005; Noh & Isaacowitz, 2015). 
Findings like these indicate that some level of cognitive control is involved in 
the positivity effect, meaning that rather than being a byproduct of cognitive 
decline, the positivity effect is an active strategy. Accordingly, the most influ-
ential theory is the Socioemotional Selectivity Theory (SST) which holds that 
the positivity effect is a consequence of a perceived decreasing of the time 
horizon in older age (Carstensen, 2006). This means that as the realization that 
life is not endless increases, there is a prioritization of positive aspects of life. 
 
To summarize, there are different views on emotion but in general they are 
considered to be consisting of several components of which core affect, the 
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feeling of unpleasantness and pleasantness, is essential. Sometimes emotion 
and affect are used interchangeably and as overarching terms that may also 
include mood and other affective phenomena. Core affect is to some extent 
always present and can for instance bias competition in attention. The level of 
affective significance depends on characteristics within the stimuli itself, but 
also on goal-driven factors that can vary between individuals and situations. 
When an affective stimulus is processed as part of an executive task, such as 
a test examining working memory, affective significance can improve or im-
pair performance. Affective bias can be influenced by state-dependent factors 
such as current mood state, older age, or potentially if the individual suffers 
from lack of sleep. In the coming sections I will shift the attention towards 
effects of sleep deprivation. 
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Effects of sleep deprivation 

“Somehow, 
  I dozed off and woke up in a pile of garbage.” 

Kramer3 
 

In Sweden, a little more than 28% of the population over age 16 report having 
some sort of sleep problem, with 10% reporting severe problems (SCB, 2014-
2020). These numbers seem to correspond well with the world-wide preva-
lence of insomnia (symptoms: 30-35%, disorder: ~10%) (Krystal & Manber, 
2015). Epidemiological studies have associated habitual short sleep with in-
creased mortality and other health issues, like obesity and cardiovascular dis-
ease (Grandner et al., 2010). With that said, it is important to note that occa-
sional nights of poor sleep are usually not related to any major health concerns, 
and to some extent compensated for by increased SWS the following night. 
However, sleep loss is known to interfere with the next day’s waking behav-
ior, as a range of neurocognitive and affective functions are affected by lack 
of sleep (Alhola & Polo-Kantola, 2007). One way to study the consequences 
of sleep loss in experimental settings is to keep people awake for a night or 
two. I will briefly review the most common consequences of sleep deprivation 
that are of relevance for this thesis, including for example effects on mood, 
sustained attention and working memory. But first I will describe the sleep 
deprivation procedure. 

Sleep deprivation procedures 
Sleep deprivation is commonly referred to as the manipulation of sleep used 
in an experimentally controlled study. To that, there are several variations and 
lengths of sleep deprivation. Total sleep deprivation refers to situations where 
there is no sleep for at least 24 hours, whereas partial sleep deprivation or 

 
3 The character Kramer in the TV-show Seinfeld is not fully mastering polyphasic sleep, alleg-
edly used by Da Vinci. Mandel, D. (Writer), Ackerman, A. (Director). (1996). The Friars Club 
(Season 7, Episode 18). In David, L. (Creator) & Seinfeld, J. (Creator). Seinfeld. West/Shapiro 
Productions/Castle Rock Entertainment. 
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sleep restriction usually refers to situations where some sleep (e.g., four hours) 
is allowed during one or several nights (Dijk & Lazar, 2012). While total sleep 
deprivation likely has a high effect on the outcomes of interest, such all-or-
nothing paradigm may not be the best way to learn how most individuals react 
to or cope with episodes of too little sleep. In comparison, sleep restriction has 
the benefit of mimicking a situation perhaps more common to the general pop-
ulation, and thus have a higher ecological validity. In either case, the purpose 
of the sleep deprivation in these settings is to isolate the sleep deprivation as 
the main cause of the outcomes of interest. 
  
The level of control over the sleep deprivation can vary, with the gold-stand-
ard being the use of PSG in a controlled laboratory environment. PSG can, 
however, become impractical and costly, especially if measurements should 
continue during both day and night for a longer period. Instead, a more com-
mon way to monitor how well the participants adhere to the sleep deprivation 
protocol is to use actigraphy. Actigraphy continuously measures movements 
with accelerometers, usually embedded in a wrist worn watch like device (An-
coli-Israel et al., 2003). A major benefit of actigraphy is that it can be worn 
during long periods of time, tracking behavior during both sleep and wakeful-
ness. Its downside is lower precision when it comes to sleep architecture. 

Sleep deprivation and mood 
An early meta-analysis investigating the effects of sleep loss found that the 
effects on mood, both after total and partial sleep deprivation, was stronger 
than any of the other outcomes which included cognitive and motor tasks 
(Pilcher & Huffcutt, 1996). A recent meta-analysis also found effects on 
mood, but analyzed positive and negative aspects of mood and reported effect 
sizes that corresponded to a medium increase in negative and a large decrease 
in positive mood across different measurement scales, including PANAS (To-
maso et al., 2021).  These meta-analyses highlighted the need for more studies 
considering not only mood but other variables under the affective functioning 
spectrum. In a more natural-like experience-sampling-based study, shift-
working hospital residents filled out questionnaires about activity and mood 
at random points for three days, on four occasions during a 2-year period (Zo-
har et al., 2005). Results indicated that sleep loss generally made the partici-
pants respond more negatively towards disruptive events and less positively 
towards goal-enhancing events. Corroborating these findings in a more con-
trolled experimental setting, others have shown that sleep deprivation of one 
or two nights decreases the frequency and intensity of positive mood and in-
creases the frequency and intensity of negative mood, compared with control 
conditions (Paterson et al., 2011). Important to note here is that for constructs 
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like depression and anger, two nights of sleep deprivation was comparable to 
two nights of normal sleep in the lab (e.g., Dinges et al., 1997). This highlights 
one confounder in lab studies without control group: that spending prolonged 
time in a lab (e.g., two nights or more) can itself cause mood disturbances.  
 
One, perhaps surprising, finding related to mood disorders is that sleep depri-
vation has been successfully used as an intervention for depression (Babson 
et al., 2010; Benedetti et al., 2007; Boland et al., 2017; Dopierała & Ry-
bakowski, 2015; Gillin et al., 2001). In these cases, it is believed that too much 
REM-sleep creates a bias in which types of memories that are processed, and 
that more negatively valanced memories are consolidated, aggravating the 
normal decoupling of the affective tone of the memory (Walker & van der 
Helm, 2009). Depriving patients of sleep resets the balance between REM-
sleep and NREM-sleep, at least in the short term. This could also be related to 
a bias towards positive stimuli that has been found after sleep deprivation in 
the normal population (Gujar, Yoo, et al., 2011), but I will come back to this 
later. 

Sleep deprivation and ratings of affective pictures 
Subjective measures of affective processes after sleep loss commonly involve 
the rating of affective pictures. While some studies have found an increased 
negative evaluation of neutral images after total sleep deprivation (Gujar, Yoo, 
et al., 2011; Tempesta et al., 2010; Yoo et al., 2007), or partial sleep depriva-
tion (Tempesta et al., 2020), others have not found any differences in subjec-
tive ratings (Franzen et al., 2009; Stenson et al., 2021). Some of these discrep-
ancies between studies could be attributed to methodological variations in the 
stimuli used (e.g., pictures scenes emotional or facial expressions) or the as-
sessment scale used (e.g., visual analog scale or the Self-Assessment Manikin) 
(Bradley & Lang, 1994). In a recent meta-analysis, the effect of sleep depri-
vation on arousal ratings was found to be small and negative, thus pointing 
towards a blunting of the affective response (Tomaso et al., 2021). 

Sleep deprivation and sustained attention 
Being able to keep your attention focused on a task for a longer period is vital 
for many professions such as air traffic controllers, surgeons, or truck drivers, 
where one slip of attention could lead to fatal consequences. This ability, re-
ferred to as sustained or vigilant attention, can be challenging even after a 
good night’s sleep, and has commonly been found to be greatly impaired after 
sleep loss (Hudson et al., 2020; Lim & Dinges, 2008; Lowe et al., 2017; 
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Pilcher & Huffcutt, 1996). In sleep research, sustained attention is often meas-
ured with the psychomotor vigilance task (PVT: Dinges et al., 1997), which 
usually assesses reaction times and lapses (failure to respond under 500 milli-
seconds). Impairments in sustained attention are observed as a function of time 
awake (the homeostatic process) and time of day (circadian process), but also 
as a function of sleep inertia (Hudson et al., 2020). In everyday life, reduced 
reaction times and occasional lapses of attention may not appear to have a 
major impact, until one of these lapses occur at the wrong time and place, 
evident by the multiple reports of vehicle accidents and other accidents related 
to sleepiness or lapses of attention (Barger et al., 2006; Bioulac et al., 2017; 
Dinges, 1995; Horne & Reyner, 1999; Van Dongen et al., 2017). 
 
The impaired performance in sustained attention after sleep deprivation was 
early described by the lapse hypothesis, which posited that short periods of 
sleep caused variations in an otherwise normal performance (Williams et al., 
1959). Later evidence has shown that short periods of sleep were not the sole 
explanation for the performance deficits. As outlined by the wake state insta-
bility hypothesis, not only does the average performance become impaired, 
but the performance gets more variable and is influenced by the combined 
effects of the drive to sleep, the time of day, and the effort of the individual 
trying to stay awake (Doran et al., 2001). On a neural level, the lapses of at-
tention after sleep deprivation can be linked to reductions in thalamic activity, 
a vital gateway in the ascending arousal system that works like an on-off 
switch between different neural networks (Krause et al., 2017). 
 
The lapses of attention may not only be a global phenomenon in the brain. If 
the brain has not gotten enough sleep it is likely to compensate the need to 
sleep by activating sleep-like states in parts of the brain. The local sleep theory 
proposed that local sleep-like states occur, especially in groups of neurons that 
have been active during a specific task (Van Dongen et al., 2011; Vyazovskiy 
et al., 2011). This means that local sleep-like states are use-dependent and 
more likely to occur during a repetitive task with little variation in terms of 
which groups of neurons that are involved, like when driving a car on a non-
eventful motorway. In line with this reasoning, sleep intrusion has been found 
less frequent when the tasks vary and during more complex tasks that activate 
a larger variation of neural groups (Van Dongen et al., 2011; Wilkinson, 
1964). On the other hand, since most tasks rely on sustained attention, these 
impairments may ultimately impair performance on all sorts of cognitive 
tasks. 
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Sleep deprivation and executive functions 
Although sleep loss seems to primarily impair performance on simple, monot-
onous tasks that require sustained attention (Hudson et al., 2020; Lim & 
Dinges, 2008; Lowe et al., 2017; Pilcher & Huffcutt, 1996), there is evidence 
that executive functions such as working memory are also impaired (Lim & 
Dinges, 2010). When investigating working memory using functional mag-
netic resonance imaging (fMRI), studies have found both increased and de-
creased activation in the PFC and parietal regions after sleep deprivation 
(Chee et al., 2006; Chee & Choo, 2004; Drummond et al., 1999, 2000; Mu et 
al., 2005), suggesting a complex relationship between working memory and 
sleep deprivation that possibly involves compensatory mechanisms (Frenda & 
Fenn, 2016). Some research suggests that the impairments in working memory 
are mainly driven by impairments in underlying non-executive components 
like sustained attention (Cain et al., 2011; Sagaspe et al., 2006; Tucker et al., 
2010). Conversely, others have found impairments in executive components, 
but not in sustained attention (Nilsson et al., 2005; Turner et al., 2007). One 
caveat that has been identified is the lack of consideration of the task-impurity 
problem (Jackson et al., 2013). The task-impurity problem refers to the fact 
that underlying non-executive tasks such as sustained attention are involved 
in all other executive tasks. Therefore, measurements of working memory 
need to account for this in order to isolate the effect, for example by comparing 
conditions of a task with and without an executive component.  
 
An early theory proposed that PFC was particularly vulnerable to sleep depri-
vation (Horne, 1993). Since healthy aging is associated with cortical thinning, 
especially in the PFC (Fjell et al., 2009), it was suggested that sleep depriva-
tion could even be used as a model for healthy aging (Harrison et al., 2000). 
However, Tucker and colleagues (2011) later argued that this model was based 
on experiments that did not consider the involvement of non-executive com-
ponents, raising awareness of the task-impurity problem. 

Sleep deprivation and older adults 
Sleep changes across the lifespan, both in terms of length and structure. There 
is a steady decrease in total sleep time until about the mid-thirties, a plateau, 
and then a decline again after age 75 which is primarily due to a reduced 
amount of SWS (Ohayon et al., 2004). There are two main theories trying to 
explain why sleep changes in older age (Mander et al., 2017; Scullin, 2017): 
The first posits that older adults simply need less sleep, and the second that 
older adults have a reduced ability to acquire sleep, especially SWS, due to 
cortical thinning. The question remains to be resolved. Regardless, there is 
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mounting evidence suggesting that older adults show less cognitive impair-
ments than younger adults after sleep deprivation (Scullin & Bliwise, 2015). 
This effect has for example been seen on sustained attention measured by the 
PVT (Duffy et al., 2009) and working memory (Pasula et al., 2018). This has 
been the case also when it comes to mood. In a recent study, we compared 
mood ratings of sleep deprived younger and older adults with normal sleep 
control participants and found that sleep deprivation caused general mood dis-
turbances, but also that the effect was larger for younger than older adults 
(Schwarz, Axelsson, et al., 2018). 
 
To summarize, sleep deprivation affects mood in general and seems to partic-
ularly cause lower positive affect. Lapses of attention could be explained by 
short sleep-like episodes in areas of the brain that are highly active, which is 
probably why simple tasks are extra sensitive to sleep loss. On the other hand, 
such non-executive processes are also required during more complex tasks 
and even though many find impairments in for example working memory, 
these effects might be inflated by neglection of the task-impurity problem. 
Negative effects on sustained attention, working memory and mood seem to 
be less severe for older than younger adults. 
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Sleep deprivation and processing of affective 
information: A rationale 

So far in this thesis, I have given overviews of sleep, affect and some common 
effects of sleep deprivation. During the last decades we have seen an increase 
in the research interest for the entangled relationship between sleep and affect, 
not least indicated by the number of scientific reviews on the subject (e.g., 
Altena et al., 2016; Beattie et al., 2015; Cote et al., 2019; Deliens et al., 2014; 
Goldstein & Walker, 2014; Gruber & Cassoff, 2014; Kahn et al., 2013; Palmer 
& Alfano, 2016; Tempesta et al., 2018; Van der Helm & Walker, 2012; Van-
dekerckhove & Cluydts, 2010; Vandekerckhove & Wang, 2018). Yet, there 
are considerable variations in methodology and contradictory findings that 
leaves many unanswered questions, especially regarding how sleep depriva-
tion influences processing of affective information. In this section I will pre-
sent a more detailed rationale for each of the Studies in the thesis.  

Sleep deprivation and motivational learning (Study I) 
Core affect is the experience of pleasantness or unpleasantness at some level 
of intensity, which helps to motivate behavior to approach reward and avoid 
punishment. This is essential for all organisms, even the C. fleckeri. Rein-
forcement learning is the process where we adjust our behavior based on the 
feedback we have received from previous experience. It can be thought of as 
what is going on behind the scenes when we learn through trial-and-error. The 
feedback can be rewarding (positive), which suggests that we should continue 
with that behavior, or it can be punishing (negative), indicating that we should 
avoid that behavior. 
 
There are indications that sleep deprivation could affect learning from positive 
and negative feedback differently. When it comes to positive feedback, in-
creases in reward-seeking tendencies to monetary rewards following sleep 
loss have been observed (Venkatraman et al., 2011). These reward-seeking 
tendencies may be linked to an over-activation of neural reward-circuitries 
(Gujar, Yoo, et al., 2011; Mullin et al., 2013), likely driven by a reduced avail-
ability of dopamine receptors D2 and D3 (Volkow et al., 2012), creating a 
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reward hypersensitivity after sleep loss (Gujar, Yoo, et al., 2011; Krause et al., 
2017). One study used hypothetical monetary reward or punishment to moti-
vate learning and examined a physiological marker of affective reactions, 
skin-conductance response (SCR), in relation to feedback (Whitney et al., 
2015). They found that 62 hours of sleep deprivation reduced the SCR ampli-
tude, which together with impaired learning indicated that feedback was used 
ineffectively. Of note, the sleep deprivation period in this study was extensive 
and reward and punishment (i.e., positive, and negative feedback) were not 
analyzed separately.  
 
In some situations, hypersensitivity to reward could come with a cost of ne-
glecting potential risks. For example, sleep deprivation has been associated 
with an attenuation of neural activation in areas related to risk-processing, in-
dicating increased risk-taking behaviors as a function of a hampered ability to 
assess risk (Venkatraman et al., 2007). Sleep deprived individuals may there-
fore be less equipped to assess the negative consequences of a riskier option 
(Killgore, 2015).  
 
That sleep deprivation increases reward-seeking tendencies and attenuates the 
response towards punishment may therefore cause a bias in reinforcement 
learning, with a higher priority to learn from positive feedback and a lower 
priority to learn from negative feedback. Evidence of reward-seeking tenden-
cies after sleep deprivation comes from studies using total sleep deprivation 
paradigms, even though sleep restriction is perhaps a better representation of 
everyday variations in sleep. In Study I we aimed to investigate if two nights 
of partial sleep deprivation (four hours/night) affect the learning from positive 
or negative feedback using a reinforcement learning task. 

Sleep deprivation and biased competition of attention 
(Study II) 
Affective stimuli are often considered to be prioritized in attention processing 
when competing with multiple sources of information. Such affective bias has 
been identified for both positive and negative stimuli and tends to be higher 
when stimuli are objectively more arousing (Mather & Sutherland, 2011). Af-
fective stimuli can cause a bias when being covertly attended to but also when 
not being attended to, suggesting that executive control is not a prerequisite 
for detecting affectively significant information (Keil et al., 2005). Affective 
biases have also been found to be altered by state-dependent factors such as if 
the individual has anxiety, or mood disorders (Bar-Haim et al., 2007; Peckham 
et al., 2010).  
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Sleep deprivation has been associated with an increase in amygdala response, 
indicating stronger affective reactions towards both unpleasant (Chuah et al., 
2010; Motomura et al., 2013; Yoo et al., 2007) and pleasant stimuli (Gujar, 
Yoo, et al., 2011). Other physiological markers of an increased affective re-
sponse, such as higher amplitude in the neurophysiological response (Cote et 
al., 2015) and increased pupil dilation (Franzen et al., 2009) towards unpleas-
ant stimuli, have also been reported after sleep deprivation. One fMRI study 
that has become very influential, had participants passively view a sequence 
of 100 picture scenes going from neutral to more and more aversive (Yoo et 
al., 2007). Results showed that the amygdala response was 60% stronger after 
sleep deprivation compared with after normal sleep. The effect of the pictures’ 
valence was examined by a subsequent analysis showing that this effect was 
true for the 25 most aversive pictures but not for the 25 least aversive pictures. 
Moreover, a functional connectivity analysis revealed that this increase in 
amygdala response was modulated by a decrease in medial PFC, which could 
indicate that the increased affective response was at least partly a consequence 
of impaired executive control. On the other hand, the modulation by sleep 
deprivation of the affective response has also been represented through a 
stronger neurophysiological response towards neutral stimuli (Alfarra et al., 
2015; Ben Simon et al., 2015), possibly reflecting a hampered discriminability 
between neutral and affective stimuli. This incongruency between studies is 
puzzling, and perhaps even more puzzling is the fact that the same underlying 
mechanism behind the affective modulation is believed to be disrupted exec-
utive control (Ben Simon et al., 2015; Chuah et al., 2010; Stenson et al., 2021; 
Yoo et al., 2007). In these previous studies, stimuli have been presented se-
quentially, thus a direct competition of attention has not been tested. Moreo-
ver, it is possible that sleep deprivation could alter processing of affective in-
formation, with and without the involvement of executive control. 
 
The main aim of Study II was to further investigate these underlying mecha-
nisms behind a potential affective bias after partial sleep deprivation using 
magnetoencephalography (MEG) to measure the neural response to simulta-
neously presented unpleasant and neutral picture stimuli, when attention is 
covertly directed to one of the two. 

Sleep deprivation and emotional working memory (III) 
According to the dual-competition model (Pessoa, 2009), affective stimuli can 
enhance or impair performance on executive tasks depending on the level of 
affective significance that is attributed to the stimuli and the available execu-
tive resources. The model was supported by a recent meta-analysis, when 
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examining the influence of affective stimuli on working memory (Schweizer 
et al., 2019). 
 
Few studies have tested the effect of sleep loss on executive tasks containing 
affective information. Among other things, it has been shown that sleep dep-
rivation has no effect on inhibition for emotional words on a Stroop task (Sa-
gaspe et al., 2006), leads to less inhibition and increased impulsivity to nega-
tive words in a go/no-go task (Anderson & Platten, 2011), is associated with 
more interference from task-irrelevant negative images in a working memory 
task (Chuah et al., 2010), and has no influence of picture valence (positive vs. 
neutral vs. negative) on the impairment of accuracy in a task-relevant emo-
tional working memory task (Tempesta et al., 2014). 
 
The scarcity of studies leaves many questions unanswered, one of which is 
whether a potential affective bias towards affective stimuli after sleep depri-
vation is dependent on working memory load. This was investigated in Study 
III. To address the task impurity problem, and separate the non-executive (e.g., 
sustained attention) from the executive components in working memory, we 
used an emotional working memory task with two levels of working load. 

Sleep deprivation and positivity effect in older adults 
(IV) 
There are two research findings that contrasts other perhaps more discourag-
ing aspects of older age. The first is that older adults generally report better 
well-being and tend to prioritize positive over negative stimuli, which has 
been termed the positivity effect (Carstensen et al., 2011; Mather & Carsten-
sen, 2005). The second is that older adults show less impairments after sleep 
deprivation than younger adults (Duffy et al., 2009; Pasula et al., 2018; Scullin 
& Bliwise, 2015). Priority of positive over negative stimuli has also been re-
flected in performance improvements on tasks measuring attention (Allard & 
Isaacowitz, 2008; Knight et al., 2007) and working memory (Mammarella et 
al., 2013; Truong & Yang, 2014). On the other hand, older adults have been 
found to have larger impairments when task demand is increased (Reuter-Lo-
renz & Cappell, 2008), and this seem to reduce the positivity effect (Isaa-
cowitz et al., 2009; Knight et al., 2007; Mather & Knight, 2005; Noh & Isaa-
cowitz, 2015). 
 
The goal of Study IV was to challenge two common findings in research with 
older adult participants – the positivity effect, and resilience to adverse effects 
of sleep deprivation – by investigating if the positivity effect was altered by 
sleep deprivation in older adults. In addition, we wanted to test if working 
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memory load modulated the positivity effect. Thus, using the same emotional 
working memory task as in Study III, in Study IV we a) investigated the pres-
ence of a positivity effect in older adults on two levels of working memory 
load, and b) if the positivity effect was influenced by total sleep deprivation. 
 
  



 37 

 

General aim and research questions 

The general aim of this thesis was to investigate how sleep deprivation impacts 
affective processing. The overarching research questions were if sleep depri-
vation causes a bias towards positive and/or negative stimuli and whether such 
bias influence information processing. We addressed these questions in four 
studies targeting different aspects of affective biases, using different sleep 
deprivation paradigms and different age groups.  
 

Study I: Does partial sleep deprivation alter learning from positive or 
negative feedback? 

Study II: Does partial sleep deprivation alter affective bias in competi-
tion of attention? 

Study III: Does total sleep deprivation alter emotional working 
memory? 

Study IV: Does total sleep deprivation alter a working memory positiv-
ity effect in older adults? 

 
 

 
 
 
 
  



 38 

 

Methods 

Design 
All Studies in this thesis were experimental quantitative studies with a within 
participant’s crossover design (Studies I and II) or a between participant’s de-
sign (Studies III and IV). In Studies I and II, we used a sleep restriction pro-
tocol with order of sleep condition balanced between participants. For Studies 
III and IV, sleep condition was pseudo-randomized and stratified by gender 
using a total sleep deprivation protocol. 

Participants 
All participants in the Studies were recruited within the greater Stockholm 
area, Sweden. In Study I, the age range was between 20 and 44 years, in Stud-
ies II and III the age range was between 18 and 30 years, and in Study IV the 
age range was between 60 and 72 years. All participants were screened for 
physical and mental health problems, and we excluded individuals with sleep 
problems and extreme chronotypes. We did not include participants who used 
nicotine daily, or who drank more than four cups of coffee (five cups for Study 
I) per day. In Studies II, III and IV, we also excluded pregnant or breast-feed-
ing women, and anyone who lived with a child under one year of age. In Stud-
ies III and IV, all participants scored at least 24 on the Mini-Mental State Ex-
amination (Folstein et al., 1975).  
 
All participants signed an informed consent before starting the study. As an 
additional precaution due to known effects of total sleep deprivation, partici-
pants in Studies III and IV were offered a taxi ride home after the experiment 
session. Ethical permits were granted from the Stockholm Regional Ethical 
Review Board (Studies I, III and IV), or the Swedish Ethical Review Author-
ity (Study II). All studies were conducted in agreement with the principles of 
the Declaration of Helsinki. 
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Sleep manipulation 
For Studies I and II, we used within-participants designs, inviting all partici-
pants to the lab twice – once after normal sleep, and once after being sleep 
deprived. Two nights before each test session, the participants followed a 
sleep schedule in their homes, where they were instructed to either spend at 
least eight hours in bed (control condition) or be subject to sleep restriction. 
In the sleep restriction condition, participants were allowed a four-hour win-
dow of sleep between 01:00 and 05:00. The participants then arrived at the lab 
in time for the experimental session. There was at least one week between the 
two experimental sessions. The participants were instructed to keep a regular 
sleep schedule with at least eight hours in bed a few days before the two sleep 
manipulation nights. 
 
For Studies III and IV, we used a total sleep deprivation paradigm where the 
participants were instructed to spend at least eight hours in bed at home (con-
trol condition) or to stay awake in the sleep lab for a full night. Individuals in 
the sleep deprivation condition arrived at the lab at 22:00 the night before the 
experimental session and stayed there until the test session ended the day after. 
There were one or two participants in the lab during the night, accompanied 
by a research assistant. Food intake was regulated during the night before the 
experiment as well as during the day of the experiment. For example, partici-
pants in the control condition received the same lunch as the sleep deprived 
participants. 
 
For all Studies, we used actigraphy (see separate section below) to monitor 
sleep. Across studies, these measurements started at least four days before the 
experiment. As stated above, in Studies III and IV, the sleep deprivation con-
ditions were spent in the lab from 22:00 onwards.  
 
What must also be considered is the time of day that the sleep manipulation 
and the subsequent testing was performed. We know from the two-process 
model of sleep regulation that sleepiness and related cognitive functions vary 
not only by the amount of previous sleep, but also by the time of day (Borbély, 
1982). For example, testing some individuals in the morning and some in the 
afternoon would introduce a possible confounder of circadian effects when we 
were only interested in the effects of sleep deprivation. Therefore, all partici-
pants within each study were tested at approximately the same time of day. 
For Studies I and II, the participants were tested at the same time of day at 
their two test sessions. In Study I, starting between 12:30 and 15:00, and in 
Study II starting at 08:00 or 10:00. In Studies III and IV, the test sessions 
started in the afternoon at 13:00 or 16:00, avoiding the morning cortisol rise 
(a measure taken for purposes un-related to the present Studies). 
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Stimuli material 
Stimuli with affective significance were used in all Studies. In Study I, where 
we wanted to investigate how learning from positive and negative feedback 
was affected by sleep restriction, the stimuli were to have no prior meaning to 
the participant. In a Probabilistic Selection Task (PST: Frank et al., 2004), 
Japanese Hiragana symbols (the participants did not know Japanese) were pre-
sented two-by-two. The task was to select which of the two symbols were the 
most likely winner, as indicated by the feedback given. Within each symbol 
pair, one was associated with a higher probability for positive feedback and 
the other one with a higher probability for negative feedback (for further de-
tails, see Study I in the Overview section). From this feedback, the participant 
learned which symbols to choose and which to avoid. 
 
In Studies II, III and IV, we used affective picture stimuli from the Interna-
tional Affective Picture System (IAPS: Lang et al., 2008). IAPS is a standard-
ized picture database that has been used in many studies (cited > 3750 times). 
The pictures show objects, people, and scenes from everyday life and have 
been rated on a 9-point scale according to valence (pleasant – unpleasant) and 
arousal (low – high) which is one reason for why they are suitable for research. 
For Study II, we selected Negative (Mean: Valence=2.62, Arousal=5.78) and 
Neutral (Mean: Valence=5.09, Arousal=3.50) pictures that were cropped and 
adjusted to be matched in brightness. Since we tested each participant twice, 
we used two sets of images and balanced the order between participants. There 
were no differences in picture properties between the two sets. For Studies III 
and IV, we selected Positive (Valence: M=7.74, Arousal=4.63), Negative (Va-
lence: M=2.62, Arousal=4.93), and Neutral (Valence: M=5.17, Arousal=3.84) 
pictures. The Positive and Negative pictures did not differ in arousal. For Stud-
ies II, III and IV, we excluded pictures of food as such picture theme have 
been associated with a specific bias after sleep loss (Benedict et al., 2012). For 
the same reason, we chose to exclude pictures that were explicitly sleep-re-
lated (e.g., a bed), as sleep-related stimuli have been associated with a specific 
bias for individuals with insomnia (Harris et al., 2015). For a similar reason, 
we did not include close-up faces to reduce the risk of them being perceived 
as tired (Akram et al., 2018). 

Other study material 

Sleepiness 
In all Studies, subjective sleepiness was measured using the Karolinska Sleep-
iness Scale (KSS: Åkerstedt & Gillberg, 1990). The KSS is a 9-graded single 
item scale measuring current sleepiness (1 = extremely alert, 2 = very alert, 3 
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= alert, 4 = rather alert, 5 = neither alert nor sleepy, 6 = first signs of sleepiness, 
7 = sleepy, but no effort to keep awake, 8 = sleepy, some effort to keep awake, 
9 = very sleepy, great effort to keep awake, fighting sleep, great effort to keep 
awake, fighting sleep). It has been used in multiple studies (> 2700 citations) 
and validated against behavioral as well as EEG-measures (Kaida et al., 2006). 

Actigraphy 
In all Studies, actigraphy was used to assess the participants’ compliance to 
the sleep manipulation protocol. Actigraphs are wrist worn devices that meas-
ure movement, which can be used to dissociate sleep from wakefulness and 
estimate sleep parameters such as total sleep time or sleep efficiency (Ancoli-
Israel et al., 2003). We analyzed actigraphy data starting from two nights be-
fore the sleep manipulation, during which participants in all Studies were in-
structed keep a regular sleep cycle. We also analyzed the data from the sleep 
manipulation nights, two nights (Studies I and II) or one night (Studies III and 
IV) before the experiment sessions. The use of PSG would have allowed us to 
analyze sleep characteristics. However, actigraphy has the benefits of being 
less invasive and more cost effective, while at the same time making it possi-
ble to measure activity 24 hours a day. 

Positive and negative affect 
In Studies II, III and IV, we measured affective state using the Positive and 
Negative Affect Schedule (PANAS: Watson et al., 1988) (> 44600 citations). 
The scale contains 10 items measuring positive affect (e.g., alert, or proud) 
and 10 items measuring negative affect (e.g., irritable, or scared) on a 5-point 
Likert type scale anchored at 1 (not at all) and 5 (very much). The scale can 
be adapted to measure affect at different time frames, from state in the “mo-
ment”, which is how the scale was used in the present Studies, to the state 
during the “last year” or “in general”. 

Magnetoencephalography (MEG) 
To extend the understanding of our thoughts, feelings, and behaviors we must 
move beyond what the eye can observe and turn to measurements of brain 
activity. To avoid invasive surgery, the activity should preferably be measured 
from outside the skull. Luckily, there are a few ways of doing this, each with 
its own pros and cons. fMRI, for example, has the advantage of being excellent 
when it comes to locating where in the brain activity occurs. However, it relies 
on the slow accumulation of oxygenated blood which indicates higher energy 
consumption, which is in turn taken as a proxy for increased neural activity 
(Poldrack et al., 2011). EEG and MEG, on the other hand, measure the actual 
signal that is generated by the neurons’ electrochemical currents, specifically 
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the post-synaptic potentials of a group of simultaneously firing neurons 
(Hämäläinen et al., 1993). While EEG measures the electrical current on the 
scalp, MEG measures an electromagnetic field which is not distorted by the 
skull or skin, and can when combined with a structural MRI of the partici-
pant’s brain be used to better estimate the neural source of the signal picked 
up by the sensors (Baillet, 2017). Of the ways to approach EEG and MEG 
data, the two most common is to analyze the spontaneous brain oscillations – 
as is done in PSG to differentiate between sleep stages – and event related 
responses that are time-locked to a stimulus event (Hari & Puce, 2017).  

Visual Steady State Responses (vSSR) 
 
In the natural world, outside the lab, we constantly shift the focus of attention. 
Sometimes, we need to attend to multiple stimuli at the same time or attend to 
something in our peripheral view. Measuring this behavior in the lab can be 
problematic. For example, one challenge with presenting two stimuli simulta-
neously, as was done in Study II, is to know which of the stimuli the partici-
pant is covertly focusing on. One solution is to use an eye-tracker to monitor 
where the eyes are directed, but this is only possible if the participant is al-
lowed to shift the gaze and overtly focus the attention. Another option is to 
use some sort of behavioral task. In the dot-probe task for example, a dot ap-
pears to the left or right in place of one of the two stimuli and the participant 
is asked to respond by stating at which side the dot appeared. From the reac-
tion time it is then inferred which of the two stimuli the participant was fo-
cused on, assuming that faster reaction times would reflect more focus, an 
assumption that is not always valid (Thigpen et al., 2018). Instead, one method 
that can be applied with both EEG and MEG is to use Visual Steady State 
Responses (vSSR) and tag each stimuli with a specific frequency (Parkkonen 
et al., 2008). Using this approach in Study II, we presented two pictures sim-
ultaneously on the screen. The pictures shifted in brightness, 30 times per sec-
ond for the left and 40 times per second for the right picture, creating a flick-
ering experience, and generating a mirroring firing rate of the neurons of 30Hz 
and 40Hz. The assumption is that the more attention is allocated to either of 
the two stimuli, the stronger the power of the respective frequency (see Figure 
2 for an example). 
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Statistical considerations 
The two main branches making up the statistical inference have been termed 
Frequentistic and Bayesian statistics (Kruschke & Liddell, 2018). The Fre-
quentistic or null hypothesis significance testing (NHST) strategy relies on the 
computation of a p-value which represents the probability of getting a result 
at least this extreme if the null hypothesis is true. If the p-value is under a 
predetermined threshold (the α-level), which is usually set to 0.05, then the 
null hypothesis is rejected. NHST provides us with a decision on whether to 
accept or reject the null hypothesis but tells us nothing about the probability 
of any hypotheses. Partly because of that, but also for a repeated misunder-
standing of its applicability in the research community, many have argued in 
favor of the use other approaches to statistics (Cumming, 2014; Dienes, 2011; 
Gigerenzer, 2004), especially now when computational power is less of a hur-
dle compared to 50 years ago. For example, Cumming (2014) recommends a 
transition towards interpreting the actual effect and the span of an uncertainty 
as indicated by Confidence Intervals (CI), still applying Frequentistic meth-
odology. Another way to accommodate the shift away from reliance on p-
values and at the same time making it possible to speak in terms of probabili-
ties is to use Bayesian statistics. While Frequentist statistics can be described 
to estimate the probability of the data given the theory, the Bayesian approach 

Figure 2. Example of attention allocated to Left vs. Right (left 
panel) and Right vs. Left (right panel). The white boxes mark 
the window used in the analysis. Data averaged over all gradi-
ometer sensors. The colors indicate that when attention was 
cued to the left, there was higher power in the 30Hz frequency 
(red), and opposite was true for right cue and 40Hz. 
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estimates the probability of the theory given the data, which is what we most 
often do want to know (Dienes, 2011). In Bayesian statistics, we start with a 
prior probability (what is reasonable to expect given what we already know), 
add the data and interpret the posterior probability, sometimes using point es-
timates (e.g., mean or median) and uncertainty intervals (in Bayesian terms 
called the highest density interval, HDI) (Kruschke & Liddell, 2018). It is also 
possible to use the posterior distribution as a hypothesis test by estimating a 
Bayes Factor, which gives us the evidence of one hypothesis over another 
(Dienes, 2016). Just like NHST, the Bayes Factor can be used to give a yes-
no answer to accept or reject a hypothesis by applying a threshold (usually 3, 
meaning one hypothesis is 3 times more likely than the other). However, one 
advantage that Bayes Factors have over the NHST is that they can give us the 
evidence for the null hypothesis (Dienes, 2016). Bayes Factors are usually 
denoted BF10 for evidence of the experimental hypothesis over the null. Eval-
uating the null can be simplified by taking the inverse of the evidence for the 
experimental hypothesis and is then denoted BF01 (BF01 = 1/BF10). There have 
been different suggestions on which thresholds to use when evaluating hy-
pothesis testing using the Bayes Factor. In the Studies in the present thesis 
where Bayes Factors have been used, we have used levels described in Beard 
et al., (2016), with BF10 or BF01 above 3 as moderate, above 10 as strong, 
above 30 as very strong and above 100 as extreme. 
 
The studies in this thesis have involved a span of different statistical methods, 
including NHST and Bayesian statistics and I will briefly describe the statis-
tical analyses of the Studies in chronological order of when they were pub-
lished. In Study III and IV, the outcomes of the emotional working memory 
task were accuracy (d’), response times and omission (%). Using d’ (pro-
nounced d prime) as an accuracy measure compared with the mean percent 
correct has the benefit of including errors by commission, or false alarm in the 
estimate. It is calculated by taking the standardized proportion correct hits mi-
nus the standardized false alarm rate (e.g., Abdi, 2007). We investigated 
whether sleep deprivation (sleep deprived vs. rested controls) affected work-
ing memory load (1-back vs. 3-back) and valence (negative vs. neutral vs. 
positive). For d’ and omissions 2 × 2 × 3 mixed analyses of variance 
(ANOVA) were applied. Response times were examined using linear mixed-
effects models (LMM), which besides a random intercept and slope for the 
participants by sleep condition also included random slopes for the picture 
stimuli. Random effects were used to account for the assumption that (a) dif-
ferent individuals have different baselines in their performance (random inter-
cept); (b) individuals are differently affected by sleep (random slope); (c) the 
pictures used in the study is a sample of pictures from population of pictures 
(random intercept for picture) (Bates et al., 2015). In Study IV, Bayes Factors 
were added to all contrasts to give a better understanding of the resilience of 
older adults to sleep deprivation. In Study I, we used Bayesian statistics and 
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since the outcomes from the experimental task did not follow a gaussian dis-
tribution, we used generalized linear mixed-effects models (GLMM). A re-
gion of practical equivalence (ROPE) set to 0.1 standard deviations around 0 
was used as a proxy for the null hypothesis (Kruschke, 2018). This means that 
any value within this region is so close to 0 that it is to be regarded as ne-
glectable. We also calculated the Bayes Factor representing the likelihood of 
a value to fall outside or within the ROPE. Finally, as a way to estimate the 
trial-by-trial learning we applied a Q-learning algorithm (Sutton & Barto, 
2018) in a Bayesian hierarchical computational model (McCoy et al., 2019). 
Like in Study I, in Study II we applied Bayesian GLMM to all outcomes and 
tested the hypotheses by first evaluating the models and then the parameters 
of the best fitting model. In addition, to determine which neural regions that 
was driving the vSSR we performed cluster-based permutation testing for all 
contrasts in the best fitting model (Maris & Oostenveld, 2007). 
 
To adhere to transparency and reproducibility of research, data, and analysis 
scripts for Study I are openly available, and a general analysis plan with main 
research questions was pre-registered before starting the analyses. For Study 
II, analysis strategy and hypotheses were pre-registered before finishing data 
collection, and analysis scripts and data are intended to be made available after 
publication (see osf.io/nd45g). 
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Overview of studies 

Table 1. Overview of studies. 
Study Title (year) N Design Main outcomes Analysis 

I 

Does insufficient sleep affect 
how you learn from reward or 
punishment? – Reinforcement 
learning after two nights of 
sleep restriction (2021) 

32 

Two nights of 
sleep restriction 
(4h) – within 
participant 

Generalized 
learning, win-
stay, lose-shift, 
Learning rate, 
KSS 

Bayesian 
GLMM + 
Computa-
tional model 

II 

The effect of two nights of 
sleep restriction on emotional 
attention – a MEG study 
(manuscript) 

33 

Two nights of 
sleep restriction 
(4h) – within 
participant 

vSSR, RT, 
PVT, KSS, PA-
NAS 

Bayesian 
GLMM + 
cluster-based 
permutations 

III 
The effect of sleep deprivation 
on emotional working 
memory (2018) 

31 
30 

Total sleep dep-
rivation – be-
tween partici-
pant 

Working 
memory (d’, 
RT, Omis-
sions), KSS, 
PANAS 

LMM + 
ANOVA 

IV 

Positivity Effect and Working 
Memory Performance Re-
mains Intact in Older Adults 
After Sleep Deprivation 
(2019) 

24 
24 

Total sleep dep-
rivation – be-
tween partici-
pant 

Working 
memory (d’, 
RT, Omis-
sions), KSS, 
PANAS 

GLMM + 
ANOVA + 
Bayes Factors 

Note: KSS: Karolinska Sleepiness Scale (Åkerstedt & Gillberg, 1990); GLMM: Generalized linear 
mixed-effects model; vSSR: visual steady state response; RT: Response time; PVT: Psychomotor vigi-
lance task (Khitrov et al., 2014); PANAS: Positive and Negative Affect Schedule (Watson et al., 1988); 
LMM: Linear mixed-effects model; ANOVA: analysis of variance. 
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Study I Does insufficient sleep affect how you learn 
from reward or punishment? – Reinforcement learning 
after two nights of sleep restriction 

Aims and background 
Reinforcement learning is arguably the most basic form of learning, equiva-
lent with the commonly used strategy of trial-and-error. That is, you are ex-
posed to a problem with an unknown solution and based on the feedback you 
receive, you gradually learn how to solve the problem. The type of feedback 
is either positive/rewarding or negative/punishing. Sleep deprivation has been 
associated with hypersensitivity to reward (Gujar, Yoo, et al., 2011; Venka-
traman et al., 2007), possibly driven by alterations in the dopamine system 
(Krause et al., 2017; Volkow et al., 2012). In this study we wanted to investi-
gate how two nights of restricted sleep (four hours per night) would affect how 
you learn from positive and negative feedback in a reinforcement learning 
task. The main aim was to examine the generalized learning, but we were also 
interested in the learning behavior during the learning phase, as well as the 
learning rate. In general we expected that sleep restriction would inflate the 
tendency to learn from positive feedback and/or that it would reduce learning 
from negative feedback. 

Methods 
In this within-participant’s crossover study, 32 healthy participants (mean age: 
29.0 ± 7.6 SD years, 18 women) came to the lab twice for the experiment 
session. Once after two nights of normal sleep (eight hours of time in bed; 
control condition) and once after two nights of partial sleep deprivation (max-
imum four hours in bed per night). The participants slept in their homes mon-
itored by actigraphy, with measurements starting four days before each exper-
iment session. To assess reinforcement learning, we used a probabilistic se-
lection task (PST: Frank et al., 2004) consisting of three pairs of Japanese 
symbols (Figure 3). The task included a learning phase and a test phase. In the 
learning phase, the participant was asked to choose which of two simultane-
ously presented symbol they thought was the likely “winner”. If their response 
was correct, they received positive feedback and if their answer was incorrect, 
they received negative feedback. Within each pair, the symbols had different 
likelihood of winning (pair A/B: 80/20, pair C/D: 70/30 and pair E/F: 60/40). 
During an initial learning phase, the goal was to learn which of the symbols 
in each pair that was more likely to give positive feedback (winning, A, C and 
E) and, in the process, also learn which symbol was more likely to give nega-
tive feedback (losing, B, D and F). The participants stayed in the learning 
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phase until their performance – evaluated after each block of 60 trials – 
matched a predefined learning criteria or reached the limit of six blocks. Dur-
ing the subsequent test phase, the symbols from the learning phase were 
scrambled, without feedback and we measured the generalized learning indi-
cated by the proportion of responses of the symbol associated with the highest 
likelihood of winning (Choose A) and the proportion of responses to avoid the 
symbol with the highest likelihood of losing (Avoid B) when paired with any 
of the other symbols. To validate the sleep manipulation, we assessed subjec-
tive sleepiness using the KSS (Åkerstedt & Gillberg, 1990).   
 

 

Statistical analysis 
We were interested in the learning behavior during the first block (60 trials) 
of the learning phase, that is the proportion of trials where the participants 
stayed on the symbol that generated positive (Win-Stay) feedback and the pro-
portion of trials where they shifted from a symbol that generated negative 
(Lose-Shift) feedback. Our main outcome was based on test phase data used 
to examine how learning was generalized by extracting the proportion of trials 
where symbol A was selected (Choose A) when paired with any other symbol 
except B, and the proportion of trials where the other symbols (except A) was 
selected when paired with B (Avoid B). In addition to the behavioral analysis, 
we used computational modelling to estimate the learning rate during the first 
block and all blocks of the learning phase, for positive and negative feedback 
respectively. This was done using a Q-learning algorithm that estimates the 
learning rate on a trial-by-trail basis by updating the expected value of the 
symbols based on all the previous feedback (Sutton & Barto, 2018). We ana-
lyzed all data using Bayesian GLMM to extract posterior distributions from 
which we extracted the maximum a posteriori probability estimate (MAP), 
showing the peak of the probability distribution, and 95% highest density in-
terval (HDI) indicating the 95% span of most likely outcomes. In addition, we 
estimated Bayes Factors corresponding to the evidence of the hypothesis over 
the ROPE (BF10). For clarity, we also presented evidence of the ROPE over 
the experimental hypothesis (BF01).  

Figure 3. Probabilistic selection 
task (PST) used in Study I. Exam-
ple from the learning phase. Test 
phase was similar but scrambled 
symbol pairs and without feed-
back. Responses were made on a 
keyboard by pressing A for left 
and L for right.  
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Results 
Partial sleep deprivation increased sleepiness (see Figure 13 in a separate sec-
tion). In the learning phase, partial sleep restriction did not affect the overall 
tendency to stay on the same symbol after positive feedback (Win-Stay) or to 
shift symbol after negative feedback (Lose-Shift) (Figure 4A). In the test 
phase, the results showed that partial sleep deprivation did not affect the gen-
eralized learning to Choose A or to Avoid B (Figure 4B). In addition, we used 
computational modelling to estimate the learning rate using data from the first 
learning block only and for data from all learning blocks. For the first block, 
we found no differences between the conditions, but when using all learning 
blocks, we could see that partial sleep deprivation caused a slower learning 
rate particularly from negative feedback (Figure 4C). Although we observed 
a slowed learning rate after partial sleep deprivation also from positive feed-
back, the evidence was not strong enough to confidently support the effect. 
 

Discussion and conclusion  
Overall, in the behavioral results we found no indications of an increased re-
ward-seeking behavior (Gujar, Yoo, et al., 2011; Mullin et al., 2013). How-
ever, the slowed learning rate towards negative feedback could be interpreted 
as a failing risk assessment (Venkatraman et al., 2007). Slowed learning rate, 
especially for negative feedback, has been associated with reduced dopamine 
D2 receptor availability (Frank et al., 2007).  Alterations in D2 receptor avail-
ability has been linked to total sleep deprivation (Volkow et al., 2012).  How-
ever, on what level two nights of sleep restriction alters D2 receptor availability 
is not known. This may have been one reason for why we did not find the 
expected effect. Another reason could be that the quality and magnitude of the 
reward was not relevant or strong enough to elicit such a response. In the 
learning phase, the difference between the behavioral data on the one hand 
and the computational model data on the other could be that the trial-by-trial 
estimation by the Q-learning algorithm better represents the moment-to-mo-
ment variability associated with sleep loss (Jackson et al., 2013). 
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Figure 4. Boxplots of observed (A, B) and estimates from the computational model 
(C), and histograms of posterior distributions with maximum a posteriori probability 
estimates (MAP: grey solid vertical line), 95% highest density interval (HDI: black 
vertical segment), zero (dashed grey line) and region of practical equivalence around 
(ROPE: pink shade). Above the histograms, bars show evidence in favor of the exper-
imental (BF10) and the ROPE (BF01), with lines marking common levels of strength 
of evidence (3: moderate, 10: strong and 100: extreme). 
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Study II The effect of two nights of sleep restriction on 
emotional attention – a MEG study 

Aims and background 
It has been suggested that diminished executive control after sleep deprivation 
could either increase the neural response to negative stimuli (Chuah et al., 
2010; Motomura et al., 2013; Yoo et al., 2007), or increase the neural response 
to neutral stimuli, possibly leading to an impaired ability to distinguish be-
tween neutral and affective information (Alfarra et al., 2015; Ben Simon et al., 
2015) In this study, the aims were to test whether two nights of sleep re-
striction (a) caused a bias towards Unpleasant pictures or reduced the differ-
ence in response between Unpleasant and Neutral pictures, and (b) impaired 
executive control of attention by reducing the vSSR power in covert attention.  
In addition, we investigated if the attention allocation affected the behavioral 
response to a subsequent probe. Our primary hypothesis was that sleep re-
striction would alter the response to the pictures, either by an increase towards 
Unpleasant pictures or by diminish the difference between Unpleasant and 
Neutral pictures. 

Methods 
Thirty-three healthy participants (mean age: 24.8 ± 2.6 SD years, 22 women) 
were included in this MEG-study with a within participant’s crossover design. 
They were tested once after normal sleep and once after two nights of sleep 
restricted to four hours (01:00-05:00). At the lab, they rated their sleepiness 
using the KSS (Åkerstedt & Gillberg, 1990), reported on their affective state 
using the PANAS (Watson et al., 1988) and performed a PC-PVT (Khitrov et 
al., 2014). In the MEG scanner, they performed a cued-detection task (see Keil 
et al., 2005 for a similar task) (Figure 5). First, a centered arrow pointing left 
or right instructed the participant in which direction to covertly focus his or 
her attention. After 150ms two pictures, one Unpleasant and one Neutral taken 
from the IAPS (Lang et al., 2008), appeared to the left and to the right of the 
place where the arrow had been. To get a neural representation of the covert 
attention allocation (vSSR), the pictures were modulated based on their posi-
tion on the screen by shifting between a brighter and a darker version of the 
pictures at two different frequencies (Left: 30Hz and Right: 40Hz), creating a 
flickering effect from which we could extract the vSSR. From this we created 
four conditions (Attend Neutral, Attend Unpleasant, non-Attend Neutral, non-
Attend Unpleasant) for each frequency modulation (30Hz, 40Hz). The images 
were presented for 750ms, then a fixation cross was presented for 250ms, and 
then a probe, a black dot, appeared to the left or to the right of a fixation cross, 
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where one of the pictures had just been. The participant was then prompted to 
answer on which side (right or left) the probe appeared, using a button pad. 
After the response, a fixation cross was presented, followed by an instruction 
to blink. A time jittered fixation cross separated the trials.  
 

 

Statistical analysis 
We used vSSR as an estimate for how much attention was allocated towards 
the Neutral or Unpleasant picture in the Attend (in arrow direction) or the non-
Attend (opposite arrow direction) visual field. To extract the vSSR, we first 
time-averaged the artifact cleaned MEG signal over trails by the conditions 
for each participant for each sleep condition from a 600ms window during the 
presentation of the neutral and unpleasant pictures. Then, we applied a Fourier 
transformation to estimate the power spectrum. From this we removed the 1/f 
noise estimated between 25Hz and 45Hz, before extracting the powers of the 
tagged frequencies (30Hz and 40Hz). Before doing the statistical analyses, we 
estimated the power averaged over all gradiometer sensors, and estimated the 
power on source level averaged over the whole head. To further explore which 
neural regions that were driving any potential effects, we performed cluster-
based permutation tests on the contrasts that were included in the main analy-
sis of the source level data for the whole head. For all statistical analyses, we 

Figure 5. Cued-detection task used in Study II. vSSR: visual Steady State 
Response. Example pictures are from pixabay.com. 
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used Bayesian GLMM and compared models (Vehtari et al., 2020) before 
evaluating the parameters of the best fitting model for each outcome. 

Results 
Sleepiness increased (see Figure 13 in a separate section below), reciprocal 
response times (1/RT) were slower (Mean DIFF   = 0.34, 95% HDI = 0.46 – 
0.22) and omissions were more frequent after sleep restriction (Mean DIFF  = 
0.40, 95% HDI = 0.73 – 0.10), thus confirming that the sleep manipulation 
was successful according to both subjective and objective sleep measures. 
Sleep restriction also caused a reduction in positive affect (see Figure 14 in a 
separate section below).  
 
Sensor and source level results showed effects in the same direction, but the 
source level results contained less uncertainty. Therefore, I will present only 
results from source level data here. Sleep restriction did not have an impact 
on vSSR power in any condition. vSSR power was higher in the Attend con-
ditions than the non-Attend conditions, but there was no effect of Valence. 
This shows that Attention was successfully modulated by the arrow cue, alt-
hough the pictures did not cause an affective bias in any condition. See Figure 
6 for primary source level effects. Moreover, cluster-based permutation tests 
of the contrasts revealed that the sources driving the effect of Attention were 
located mainly in occipital areas (Figure 6). 
 
Response times in the Probe phase was not affected by sleep restriction, or 
any other condition. When examining the association between response times 
and power at source level, the uncertainty around the negative correlation was 
too big, thus evidence was inconclusive (r=-0.23, 95% CI [-0.52, 0.08]) (Fig-
ure 7). 

Discussion and conclusion 
Although sleepiness increased and positive affect decreased, we did not see 
any effects of sleep restriction on the vSSR based on the MEG data. That we 
did not observe an affective bias in any condition was a bit unexpected but 
could be an effect of too ambiguous picture scenes, as opposed to previous 
research using directly threat-related faces (Keil et al., 2005). One possible 
reason for the lack of effect of sleep restriction on task performance is that the 
two nights of sleep restriction may have allowed enough recovery sleep, es-
pecially as SWS can be expected to rebound the second night of sleep re-
striction. PVT data indicated at least some impairments on non-executive pro-
cesses such as sustained attention.   
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Figure 6. Violin plots of observed vSSR data at source level (A). Posterior distribu-
tion of model coefficients, with highest density interval (HDI; black box), means 
(white line) and Bayes Factors (BF10) of evidence of an effect over region of practical 
equivalence (ROPE; red shade). Brain plot shows posterior view of activation in oc-
cipital regions exceeding permutation threshold for Attend–non-Attend. 

Figure 7. Scatterplot of Power and re-
sponse times (RT), including correla-
tion (r) and Bayes Factor in favor of 
an effect (BF10)  
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Study III The effect of sleep deprivation on emotional 
working memory 

Aims and background 
Affective information can both enhance and impair executive functioning 
(Pessoa, 2009). Sleep deprivation can increase the reactivity to affective stim-
uli, for both positive and negative stimuli (Gujar, Yoo, et al., 2011; Yoo et al., 
2007). Potentially, this could mean that emotional information can be either 
protective against cognitive impairments caused by sleep deprivation or make 
them worse if a hard prioritization compete with already depleted executive 
resources. In a previous study, it was shown that one night of sleep depriva-
tion, impaired overall emotional working memory accuracy, but not differ-
ently for positive or negative compared with neutral picture scenes (Tempesta 
et al., 2014). The study used a 2-back task with emotional IAPS pictures (Lang 
et al., 2008). As cognitive load is relevant for both sleep deprivation and emo-
tional processing, we aimed to extend this paradigm and investigate the effect 
of sleep deprivation on emotional working memory using a 1-back and a 3-
back task condition, assessing low versus high cognitive load respectively. 

Methods 
As part of a larger project (Schwarz, Gerhardsson, et al., 2018), 61 healthy, 
well-sleeping participants (age range: 18-30 years) was pseudo-randomized to 
either a night of normal sleep (n = 31 mean age: 23.4 ± 3.6 SD years, 14 
women) or one night of sleep deprivation (n = 30, mean age: 23.3 ± 3.2 SD 
years, 12 women). The sleep deprivation took part in a room at the Stress Re-
search Institute, Stockholm University where the participants were monitored 
by actigraphy and a research assistant. They arrived at 22:00 the night before 
the test session that took place the following afternoon (starting at 13:00 or 
16:00, balanced). The participants assigned to sleep as usual spent the night at 
home, monitored by actigraphy, and came to the lab in time for the test ses-
sion. 
 
Approximately two hours into the test session, the participants performed an 
N-back working memory task containing positive, negative, and neutral im-
ages taken from the IAPS picture set (Lang et al., 2008). See Figure 8 for an 
example of the task. The pictures were displayed in a sequence, one at a time, 
for 900 ms, separated by a black display for 1000 ms. In the 1-back condition, 
the participant was asked to answer whether the currently displayed picture 
was the same as the one displayed one step back in the sequence by pressing 
a button on the keyboard for yes or no. An answer was required for every 
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picture. To increase the cognitive load, in the 3-back condition the participant 
was asked to answer whether the current picture displayed was the same as 
one displayed three steps back in the sequence. This means that the participant 
needed to maintain three pictures in their working memory, and to update this 
information for every new picture. The task was split into two blocks, one with 
positive and neutral pictures mixed, and one with negative and neutral pictures 
mixed. 

Statistical analysis 

We used LMM to evaluate the performance (response time, accuracy [d’] and 
missed responses) on positive, negative, and neutral pictures, in the 1-back 
versus 3-back condition, and between the sleep deprived and normal sleeping 
individuals. We also analyzed self-rated sleepiness measured with the KSS 
(Åkerstedt & Gillberg, 1990) and current affective state measured using the 
PANAS (Watson et al., 1988). 
 

Figure 8. Emotional N-back task used in studies III and IV. In the 1-back condition 
the participant needs only to be attentive to if the current picture is the same as the 
previous. In the 3-back condition, the participant need to compare the current picture 
with the one presented three steps back in the sequence, thus requiring keeping three 
pictures in memory storage as the next picture is compared to the coming pictures in 
the sequence. Example pictures are from pixabay.com. 
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Results 
The results showed higher sleepiness and lower positive affect ratings but no 
difference in negative affect ratings after sleep deprivation (Figure 13 and 
Figure 14). In the emotional working memory task (Figure 9), compared with 
the normal sleep group, the sleep deprived group was less accurate 
(Mean DIFF =0.43, 95% CI 0.12 – 0.74]) and had more missed responses 
(Mean DIFF =-7.8, 95% CI -13.32 – -2.28]), regardless of picture valence and 
cognitive load. Picture valence had no effect on accuracy or omissions in any 
condition.  
 

 
For response times we found that both groups responded faster to positive 
pictures compared with the other pictures in the 3-back condition, but not in 
the 1-back condition, after disentangling an interaction between Valence and 
N-back load (Figure 10). We also found that the sleep deprived group, but not 
the normal sleep group (Sleep × Valence), responded faster to positive pictures 
and slower to negative pictures compared with neutral pictures (Figure 10). 

Figure 9. Observed data of performance in an emotional N-back task in younger 
adults. Panels show Accuracy as d’ (A), Omission percent (B) and Response times 
(C) for Normal sleep (green) and Total sleep deprivation (orange) conditions by n-
back load (1-back: solid line, round; 3-back: dashed line, triangle). Error bars indicate 
95% confidence intervals. Individual values are shown as transparent points. 
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Discussion and conclusion 
The results suggest that even though sleep deprivation impairs working 
memory accuracy and increase errors by omission, emotional information can 
affect the processing speed so that negative information is processed slower 
and positive information is processed faster after sleep deprivation. Similarly, 
independent of sleep condition it seems that positive information can improve 
processing speed when task difficulty increases. 
 
 
  

Figure 10. Marginal means of response times between valences, by working memory 
load (left panel) and sleep condition (right panel).  Error bars show the 95% confi-
dence intervals (CI). 
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Study IV Positivity Effect and Working Memory 
Performance Remains Intact in Older Adults After Sleep 
Deprivation 

Aims and background 
That older adults appear to be biased towards positive over negative stimuli 
and perform better in tasks that include positive stimuli has been termed the 
positivity effect (Carstensen & Deliema, 2018). Healthy older adults seem to 
also cope better with lack of sleep (Scullin & Bliwise, 2015). Thus, the aims 
of Study IV were twofold; we wanted to investigate how sleep deprivation 
affected the positivity effect in older adults and we wanted to examine if older 
adults’ resilience to sleep loss extended to working memory using to levels of 
working memory load.  

Methods 
The data for this Study was collected as part of the same project as Study III. 
However, here we used data from a sample of 48 healthy older adults (60-72 
years), half of which were tested after normal sleep (n = 24, mean age: 66.2 ± 
3.7 SD years, 16 women) and half of which were tested after one night of total 
sleep deprivation (n = 24, mean age: 66.1 ± 3.2 SD years, 16 women). The 
data collection procedure was otherwise identical to the one described for 
Study III, with an emotional working memory task that included positive, neg-
ative, and neutral pictures using two different task loads (Figure 8).  

Statistical analysis 
As in Study III we used LMM to evaluate working memory response times, 
d’ and omission rate. An addition was that we complimented the more tradi-
tional statistical analysis with estimations of Bayes factors for all contrasts. 
This was done to better evaluate if a null finding could be interpreted as a non-
meaningful difference or because of too much uncertainty in the data. We also 
added supplementary analyses where we compared the performance between 
the samples in Study III and IV. 

Results 
Results showed that the sleep deprived group rated higher sleepiness and 
lower positive affect compared with the normal sleep group (see Figure 13 
and Figure 14). For the working memory task, sleep deprivation did not affect 
any of the performance measures (accuracy, response time and missed 
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responses), whereas all Bayes Factors, with some uncertainty, favored a non-
meaningful difference between the sleep conditions. Regarding the positivity 
effect, we could see faster and more accurate responses to positive compared 
with negative pictures in both sleep conditions (Figure 11). 
 

In addition, faster responses to positive compared with negative pictures were 
only evident in the 1-back condition (Figure 12). 
 
Supplementary analyses revealed that older adults were generally slower, but 
not less accurate (d’) than the younger sample (Study III). Also, accuracy was 
more impaired by sleep deprivation in younger compared with older adults, as 
indicated by a Sleep x Age group interaction. When comparing performance 
in relation to valence in the Normal sleep group only, Accuracy was worse for 
older compared with younger adults on Negative and Neutral, but not on Pos-
itive pictures (BF10 = 0.38).  

Figure 11. Observed data of performance in an emotional N-back task in older adults. 
Panels show Accuracy as d’ (A), Omission percent (B) and Response times (C) for 
Normal sleep (green) and Total sleep deprivation (orange) conditions by n-back load 
(1-back: solid line, round; 3-back: dashed line, triangle). Error bars indicate 95% con-
fidence intervals. Individual values are shown as transparent points. 



 61 

 

Discussion and conclusion 
In the working memory task, faster and more accurate responses to positive 
pictures relative to negative pictures confirmed the positivity effect commonly 
found among older adults. Since no performance measures were affected by 
sleep deprivation, we can also conclude that they were resilient to effects of 
sleep deprivation on emotional working memory and that the positivity effect 
was indeed present even after one night of total sleep deprivation and even 
though sleepiness ratings were higher and positive affect lower. That the pos-
itivity effect on response times was only present in the low working memory 
load condition indicate that the positivity effect was attenuated by additional 
effort. The relatively high level of accuracy (not separable from younger 
adults) rules out a floor effect, that performance was too poor in general to 
capture an effect. 
  

Figure 12. Marginal means of d’ between valences (left panel), and response times by 
working memory load (right panel). Error bars show the 95% confidence intervals 
(CI). 



 62 

Sleep manipulation, sleepiness, and positive and negative 
affect across the studies 
To get an overview of some of the common sleep-related measures across the 
Studies, I performed Bayesian analyses and extracted the posterior distribu-
tion for subjective sleepiness measured with the KSS (Åkerstedt & Gillberg, 
1990), and for Positive and Negative affect measured with PANAS (Watson 
et al., 1988).  
 
Sleepiness consistently increased after sleep deprivation (Figure 13). In Study 
I, sleepiness was on average rated as 5.97 after sleep restriction translating 
only to “6 - Some signs of sleepiness” on the KSS. In Study II, sleepiness was 
somewhat higher (6.72), approaching “7 - Sleepy, but no effort to keep 
awake”. Study III showed the strongest effect (8.07) “8 - Sleepy, but some 
effort to keep awake”, and in Study IV the average rating (7.23) was some-
where between 7 and 8 on the scale. From this it is rather clear that younger 
adults were sleepier after total compared with partial sleep deprivation. It also 
shows that even though there were major differences between the sleep con-
ditions, the absolute levels of sleepiness were lower after partial sleep depri-
vation (sleep restriction) than after total sleep deprivation. 
 

 

Figure 13. Subjective sleepiness according to the Karolinska Sleepiness Scale (KSS: 
Åkerstedt & Gillberg, 1990) across studies. Circles show individual values, diamonds 
show the mean, and error bar represent the 95% CI. Inset density plots show posterior 
distribution of the difference, with the white lines marking the mean and black box 
showing the 95% highest density interval (HDI).  
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In Studies II, III and IV, PANAS (Watson et al., 1988) was used to measure 
affective state. Across studies, results showed a decline in positive affect and 
little difference in negative affect following sleep deprivation (Figure 14). 
Note that in Study II, even though less than 1% of the posterior distribution 
was inside the ROPE, uncertainty was too high, rendering a Bayes Factor of 
0.618 meaning anecdotal support for the ROPE (BF01 = 1.62). 
 

  

Figure 14. Positive and Negative Affect (PANAS: Watson et al., 1988) across 
studies. Circles show individual values, diamonds show the mean, and error bar rep-
resent the 95% CI. Inset density plots show posterior distribution of the difference, 
with the white lines marking the mean and black box the 95% highest density interval 
(HDI). 
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General discussion and conclusions 

The overarching aim of this thesis was to better understand how sleep depri-
vation alters processing of affective information. Specifically, we examined 
whether sleep deprivation caused a bias towards affective stimuli and if such 
potential bias would alter performance on different tasks. In Study I, an exten-
sion of core affect in the context of motivational learning was used as a theo-
retical framework to investigate whether sleep restriction biased learning from 
positive and negative feedback differently. In Study II, we used magne-
toencephalography (MEG) to investigate if sleep restriction biased the covert 
attention allocation towards unpleasant or neutral stimuli. In Study III, the aim 
was to examine if bias towards affective pictures enhanced or impaired work-
ing memory performance after one night of total sleep deprivation. Finally in 
Study IV, using the same paradigm as in Study III, we tested if the positivity 
effect in a working memory task was affected by sleep deprivation in older 
adults. Below, I will discuss the results of these four Studies in relation to the 
overarching aim of the thesis. I will also highlight some methodological con-
siderations and limitations of the Studies and propose some future directions. 

Does sleep deprivation cause a negative affective bias? 
When it comes to survival, it is motivationally relevant to be attentive towards 
potential threats and dangers in our environment. In some cases, such bias 
towards negative information is amplified due to state-dependent circum-
stances. For example, some research has shown that sleep deprivation can in-
crease the neural response to negative stimuli (Anderson & Platten, 2011; 
Chuah et al., 2010; Franzen et al., 2009; Yoo et al., 2007). Others have instead 
found an increased neural response to neutral stimuli (Alfarra et al., 2015; Ben 
Simon et al., 2015). In Study II, the purpose was to directly test if covert at-
tention allocation, measured via the neural representation of frequency tagged 
negative or neutral pictures, was biased by partial sleep deprivation. In con-
trast to previous research and to what we expected, we did not observe any 
change in the neural response due to sleep restriction. Specifically, there were 
no indications of increased allocation of attention towards neither negative nor 
neutral pictures. Surprisingly, we also did not find any changes in attention 
allocation due to valence in the normal sleep condition. This finding contrasts 
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earlier non sleep-related studies where a bias towards threat was observed 
(Keil et al., 2003, 2005; Moratti et al., 2004).   
 
The combination of affective significance attributed to the stimuli and availa-
ble executive resources could enhance or impair performance on executive 
tasks (Pessoa, 2009). A recent meta-analysis found slower working memory 
response times for task relevant negative stimuli (Schweizer et al., 2019). This 
is in line with our results in Study III, where we found overall slower response 
times for negative compared with neutral stimuli. However, when looking at 
the two sleep conditions separately, this effect only remained in the sleep de-
prived group. It is possible that sleep deprivation, and also sleep restriction 
leads to slower integration of negative information in memory (Frank et al., 
2007), as also indicated by the reduced learning rate to especially negative 
feedback after sleep restriction in Study I. It should be noted that the difference 
in response times observed between negative and neutral images in the sleep 
deprived group in Study III averaged only 20 ms and should therefore be con-
sidered small. In line with previous research (Tempesta et al., 2014), Study III 
found an impairment in working memory accuracy and an increased omission 
rate due to sleep deprivation independent of picture valence. Overall, the ef-
fects of sleep deprivation on working memory found in younger adults were 
not replicated in older adults (Study IV). 
 
In the interpretation and summary of results, it needs to be considered that 
differences between single studies could potentially be accounted for by meth-
odological variations. For example, results from a recent meta-analysis indi-
cate that affective biases are moderated by methodological factors such as 
level of arousal, stimulus type and task setting  (Yuan et al., 2019). 
 
As for stimulus driven arousal, highly arousing stimuli causes more negative 
bias than lowly arousing (Mather & Sutherland, 2011). In Study II, the average 
standardized arousal ratings on the negative pictures were slightly higher than 
those seen in Studies III and IV. Compared with the negative pictures used in 
our Studies, previous research using the same picture database (and reporting 
arousal score) have used pictures with average arousal ratings that has been 
higher (Ben Simon et al., 2015; Lindström & Bohlin, 2011), a marginally 
higher (Keil et al., 2005), or roughly comparable (Alfarra et al., 2015; Chuah 
et al., 2010; Tempesta et al., 2014; Yoo et al., 2007). Thus, there are variations 
between single studies. However, in terms of negative pictures’ average 
arousal, our Studies do not appear to differ systematically from previous stud-
ies.  
 
Another factor that can be of importance for affective bias is the type of stim-
ulus used. For example, picture stimuli have been shown to give a stronger 
bias than word stimuli (Yuan et al., 2019). Even if we only consider picture 
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stimuli, there are many aspects that can vary. In Studies II to IV we avoided 
close-up faces, erotica, sleep themed pictures and food items. In Study II, we 
also adjusted the picture luminance to be consistent across pictures. Previous 
research have used, for example, pictures explicitly related to interpersonal 
threat (Keil et al., 2005) or violence (Lindström & Bohlin, 2011), pictures only 
including people (Chuah et al., 2010), pictures in grey scale controlled for 
visual complexity (Ben Simon et al., 2015), and pictures not being specified 
in detail (Alfarra et al., 2015; Tempesta et al., 2014; Yoo et al., 2007). Again, 
there are variation between single studies. And based on this brief overview, 
picture content in our Studies does not seem to be systematically different 
from previous studies. 
 
Of note regarding stimuli type, for some groups of individuals, the negative 
bias appears to be specific. For example, anxious individuals are more biased 
towards such threat stimuli that are congruent with their specific anxiety diag-
nosis (Pergamin-Hight et al., 2015). Likewise, among depressed individuals, 
sad faces have been shown to have a stronger bias than angry faces (Gotlib et 
al., 2004). For Studies II to IV, the selection of pictures was done to test a 
more general negative bias. Accordingly, we tried to avoid pictures with faces, 
food and sleep content as such themes have been related to specific bias after 
sleep loss or in insomnia (Akram et al., 2018; Benedict et al., 2012; Harris et 
al., 2015). In addition, in Studies III and IV we added the picture as a random 
effect in the analysis, increasing the generalizability of the sample of pictures 
to a population of pictures. Further research is warranted to understand if neg-
ative bias after sleep deprivation is more strongly related to specific themes. 
For example, it is possible that we would have seen a stronger effect, including 
a negative bias, if we would have included interpersonally threatening pictures 
(Keil et al., 2005).  
 
When it comes to task settings, previous sleep deprivation research have used 
affective stimuli as both task-irrelevant distractors (Ben Simon et al., 2015; 
Chuah et al., 2010) and as task-relevant components (Tempesta et al., 2014). 
In Study II, the picture stimuli could be considered both task-relevant, when 
attended to, and task-irrelevant, when in the non-attended visual field. In Stud-
ies III and IV, the stimuli were task-relevant. Other studies have used affective 
stimuli as subjects for passive viewing and rating (Alfarra et al., 2015; Yoo et 
al., 2007). Explicit evaluation of stimuli have shown to elicit a stronger bias 
than when stimuli are used implicitly (Yuan et al., 2019). None of our Studies 
used an explicit evaluation of the stimuli, which could explain why we did not 
find a negative bias being more general to for example working memory ac-
curacy or attention allocation. However, explicit evaluation of affective stim-
uli may be problematic, and I will come back to why this may be the case later.  
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Merging the findings in this thesis with the existing knowledge, I find it diffi-
cult to draw any confident conclusions concerning a negative bias after sleep 
deprivation. Based on experiments where participants passively view and rate 
stimuli, most neurophysiological evidence support an increase in affective re-
sponse towards negative or neutral stimuli. How this does in turn influence 
behavior is less clear. If anything, it appears to lean towards an impairment 
rather that an improvement in cognitive performance involving negative stim-
uli (Anderson & Platten, 2011; Ben Simon et al., 2015; Chuah et al., 2010). 
However, more research targeting this question is needed. 

Does sleep deprivation cause a positive affective bias? 
It has been suggested that attentional bias not only comes from threat, but that 
motivational relevance can extend to rewards or be dependent on the state or 
situation we are in (Maratos & Pessoa, 2019). Total sleep deprivation can 
cause a hypersensitivity towards positive images (Gujar, Yoo, et al., 2011) and 
trigger disproportionate reward seeking behavior (Mullin et al., 2013; Venka-
traman et al., 2007, 2011). The underlying neurochemical mechanism is be-
lieved to be related to dopamine availability (Krause et al., 2017; Volkow et 
al., 2012). Based on this assumption, in Study I, we hypothesized that sleep 
restriction would bias reinforcement learning towards positive feedback and 
down prioritize the use of negative feedback. In contrast to our expectations, 
we did not see any differences in the impact of positive or negative feedback 
on generalized learning after sleep restriction. Sleep restriction did also not 
alter the learning strategy during the first 60 trials of the learning phase in the 
experiment. Collectively, our results contrast previous research using the same 
task on Parkinson’s patients (Frank et al., 2004) and after induced stress 
(Lighthall et al., 2013; Petzold et al., 2010). We also applied computational 
modeling using an algorithm that estimated the trial-by-trial value update and 
inferred the learning rate during the learning phase, from positive and negative 
feedback separately. Results estimated from this algorithm have been directly 
linked to dopamine availability (Garrison et al., 2013), why it seemed relevant 
for our purposes. When using all learning blocks, we found a slower learning 
rate after sleep restriction, especially for negative feedback, which could indi-
cate slower integration of information in memory (Frank et al., 2007). The 
slower learning rate of negative feedback after sleep restriction could be a 
consequence of a reduced sensitivity to risk (Venkatraman et al., 2007). One 
reason for a difference between the behavioral outcomes of the generalized 
learning and the learning strategy on one hand, and the computational model 
estimates on the other, could be that the trial-by-trial learning estimation better 
captures the fluctuations in performance that is associated with sleep depriva-
tion (Jackson et al., 2013). A potential avenue for future studies is therefore to 
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apply computational models, or look at performance variability, instead of or 
as a complement to the common focus on data averages. 
 
In Study III, we tested if a positive bias after total sleep deprivation could 
impair or improve working memory performance. As already mentioned, we 
did not find any effects of picture valence on accuracy or omission rate. How-
ever, on response times we could see that responses were faster to positive 
compared with neutral and negative pictures after sleep deprivation, but not 
after normal sleep. This could be a consequence of a hypersensitivity towards 
positive pictures that has been associated with sleep deprivation (Gujar, Yoo, 
et al., 2011). Such hypersensitivity also agrees with a state-dependent change 
in motivation, which according to the dual-competition model could enhance 
executive processing (Pessoa, 2009). Of note is that we did not find any dif-
ferences between working memory load conditions between sleep conditions. 
Thus, the effects were probably more general to working memory than spe-
cific to an executive working memory component, but I will save this discus-
sion for the next section. 
 
In Study IV, the older adults’ working memory accuracy was better for posi-
tive compared with negative stimuli, and response times were faster for posi-
tive compared with negative stimuli. This was true for both sleep conditions. 
Complementary Bayesian t-tests revealed some uncertainty in the comparison 
between sleep conditions. However, for positive stimuli, Bayes Factors for 
both accuracy and response times outcomes indicated moderate evidence in 
favor of the null-hypothesis, thus suggesting that the positivity effect remains 
after sleep deprivation. The Socioemotional selectivity theory (SST) has been 
the main theory behind the positivity effect, suggesting that the perception of 
remaining expected time until death increases the goal-directed motivation to 
seek out positive experiences (Carstensen, 2006; Reed & Carstensen, 2012). 
The positivity effect has been found in cognitive tasks involving attention (Al-
lard & Isaacowitz, 2008; Knight et al., 2007) and working memory (Mamma-
rella et al., 2013; Truong & Yang, 2014). Interestingly, after sleep deprivation 
the positivity effect in the working memory task did not change despite a de-
cline in self-rated positive affective state. Experimentally inducing positive 
affect has been shown to improve working memory performance in older 
adults (Carpenter et al., 2013). The results from Study IV do however indicate 
that a reduction of positive affective state after sleep deprivation did not impair 
working memory performance. Other findings suggest that the sleep depriva-
tion-induced decline in positive affective state is independent of task perfor-
mance (Franzen et al., 2008; Tempesta et al., 2020).  
 
To confirm that the positivity effect was related to age, we directly compared 
the working memory performance on positive, neutral, and negative pictures 
between the age groups in Studies III and IV using only the normal sleep 



 69 

condition. We found that younger adults had higher accuracy than older adults 
only towards negative pictures. The difference in accuracy towards neutral 
pictures was statistically significant from a Frequentistic perspective (p < .05) 
but inconclusive from a Bayes Factor perspective (BF10=1.04), exemplifying 
the pitfalls in interpreting statistics. In addition, for positive pictures there was 
no statistically significant difference (p > 0.5), and Bayes Factors, still con-
sidered inconclusive (BF10=0.38), but closer to the threshold (1/3) supporting 
evidence of no meaningful difference. The conclusion is that we can confi-
dently say that younger adults’ accuracy towards negative pictures were better 
than older adults’, confirming another aspect of the positivity effect, namely 
the down-prioritization of negative stimuli in older adults (Mather & Carsten-
sen, 2005). One thing that could contribute to the uncertainty is that we col-
lapsed the data over working memory load. For response times, older adults 
were slower than their younger counterpart on all valences, which is in line 
with the processing speed theory of adult age (Salthouse, 2000). 
 
Across previous research, the use of positive stimuli is less frequent, why any 
broader conclusions must be regarded as uncertain. Our results from Study III 
suggest that total sleep deprivation may facilitate working memory speed in 
younger adults, possibly due to an increase in reward sensitivity caused by 
alterations in dopamine availability suggested by previous studies (Gujar, 
Yoo, et al., 2011; Krause et al., 2017; Volkow et al., 2012). The presence of 
such mechanism after partial sleep deprivation remains to be investigated. Fi-
nally, the positivity effect in older adults is well established and appears to not 
be altered after sleep deprivation. 

Does sleep deprivation alter performance on emotional 
tasks that involve executive functions? 
It has been suggested that the prefrontal cortex (PFC) is particularly vulnera-
ble to sleep deprivation, which is why the effects of sleep deprivation could 
potentially be comparable with healthy aging (Harrison et al., 2000). In Study 
III, impairments in working memory accuracy due to sleep deprivation were 
similar for 1-back and 3-back working memory load conditions. This indicates 
that the impairment was general to working memory and not specific to the 
executive components of working memory,  as also proposed by Tucker et al., 
(2010). In Study IV, with older adult participants, sleep deprivation did not 
impair working memory, despite an increase in sleepiness. As we focused on 
affect (picture valence), a direct comparison between younger and older adults 
on different levels of working memory load was not performed and whether 
there are differences remains an open question.  
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According to the dual-competition model (Pessoa, 2009), the prioritization of 
affective stimuli could enhance executive processing, unless a hard prioritiza-
tion competes with the executive resources and impairs performance. Thus, if 
executive resources are extra vulnerable to sleep deprivation (Horne, 1993), 
then affective information could have even more influence on behavior in the 
3-back condition (than in a condition with lower working memory load). In 
Study III, any effects of sleep deprivation were not dependent on working 
memory load. In both sleep conditions, response times differed between pic-
ture valences, although somewhat differently in the two working memory load 
conditions, mainly involving the contrasts with neutral picture condition. 
Thus, the general interpretation of these results is that responses were faster 
towards positive pictures and slower towards negative. 
 
For the older adults in Study IV, the positivity effect across sleep conditions 
was only present in the 1-back condition, suggesting that when more executive 
resources are required, the positivity effect disappears. One theory stemming 
from research in older adults proposes that negative experiences are more cog-
nitively demanding to process (Labouvie-Vief, 2003). According to the SST 
theory on the other hand, the positivity effect is goal-directed, hence relying 
on cognitive resources (Reed et al., 2014). Our results of diminished positivity 
effect in the 3-back condition therefore more coherent with the SST theory. 
 
In Study II we used vSSR to test the difference in attention allocation between 
unpleasant and neutral stimuli in the attended and non-attended visual field 
and whether any of the conditions were altered by sleep restriction. We ex-
pected that an impairment in executive control after sleep restriction would 
have reduced the difference between the Attend and the non-Attend condi-
tions, that is to follow the instruction to covertly attend in the direction of the 
arrow cue. Contrary to our expectations, sleep restriction did not alter attention 
allocation in any condition. In line with these results, one meta-analysis re-
ported no effects of sleep restriction on broadly defined attention allocation 
(Lowe et al., 2017).  
 
To summarize, our results are in line with the notion that the effects of sleep 
deprivation are on a general cognitive level (Tucker et al., 2010), rather than 
specific to PFC-reliant executive functions. Affective valence of the stimuli 
did not alter this conclusion. The positivity effect in older adults vanished at 
higher cognitive loads, suggesting involvement of executive control.  
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Sleepiness and mood 
To validate the sleep manipulation, we measured subjective sleepiness using 
the Karolinska Sleepiness Scale (KSS: Åkerstedt & Gillberg, 1990). In all 
Studies, the sleep manipulation – whether two nights of sleep restriction or 
one night of total sleep deprivation – caused an increase in sleepiness that was 
more than 3 steps on the 9-item KSS scale. In Study II, we also added an 
objective marker of sleepiness, by measuring sustained attention using a com-
puterized version of the psychomotor vigilance task (PC-PVT: Khitrov et al., 
2014). Here, we found slower speed pf response (1/RT) and more lapses after 
sleep restriction. Together, these results indicate that the sleep manipulation 
was successful according to both subjective and objective measures. 
 
A recent meta-analysis have shown that sleep deprivation reduces positive and 
increases negative affect (Tomaso et al., 2021). In Studies II, III and IV, we 
measured the participants’ subjective affective state using the Positive and 
Negative Affect Schedule (PANAS: Watson et al., 1988) before the experi-
mental task. In line with most of the previous research (Finan et al., 2017; 
Franzen et al., 2008; Talbot et al., 2010), we found that sleep deprivation and 
sleep restriction lowered positive affect. However, we did not find a similar 
decline in negative affect (c.f. Tempesta et al., 2010).  
 
Despite a reduction of positive affect in Study III, the working memory speed 
was faster for positive pictures after sleep deprivation. An intriguing specula-
tion is that a reduction in the expected reward value of the positive pictures 
created a prediction error related to dopamine release (Schultz, 2016). For ex-
ample, a positive event after sleep deprivation would be perceived as more 
positive than expected given a reduced positive affective state. However, such 
hypothesis needs to be experimentally tested since correlational results rather 
points to the opposite, that insufficient sleep attenuates the positive experience 
of a positive event (Zohar et al., 2005). In Study IV, sleep deprivation did not 
alter the positivity effect found in the working memory performance. But just 
as for the younger adults in Study III, the older adults in Study IV did experi-
ence a decline in positive mood. Within the same larger project from which 
the samples of Study III and IV were sourced, we have further explored the 
different aspects of mood in relation to sleep deprivation and age (Schwarz, 
Axelsson, et al., 2018). In general, we found that mood changes after sleep 
deprivation were stronger in younger compared with older adults and that 
these age-related differences were more pronounced for negative aspects of 
mood. The same pattern was true for also for hunger and tension.  
 
Even though we measured subjective affective state in three out of four Stud-
ies, we did not consider how the measurement of subjective experience itself 
might have inflicted on the subsequent affective task or to what degree the 
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participants attributed their mood changes to their sleep deprived state. It is 
possible that reflecting upon one’s mood could protect against affective re-
sponses to sleep deprivation, similar to how self-reflection about emotions can 
reduce affective responses after hunger (MacCormack & Lindquist, 2018).  
 
To conclude, the affective state ratings in Studies II, III, and IV add to an 
existing body of research, by showing a decrease in positive affect after two 
nights of sleep restriction and after total sleep deprivation. 

Methodological considerations 

Total sleep deprivation vs. partial sleep deprivation 
Some important questions that emerge are whether the effects of total sleep 
deprivation and partial sleep deprivation (sleep restriction) are comparable, 
and how the different paradigms relate to real life situations. In Studies I and 
II, we used a partial sleep deprivation protocol extended over two nights, with 
four hours of sleep opportunity each night. In Studies III and IV, we used a 
total sleep deprivation protocol, where participants were sleep deprived for 
one full night in the lab. From an ecological validity perspective, partial sleep 
deprivation has the benefit of being more comparable to the type of occasional 
lack of sleep people experience in their regular life, with nights of too little 
sleep rather than no sleep at all. Total sleep deprivation is more comparable to 
situations occurring in some professions, such as health-care staff or fire-fight-
ers getting an emergency call just before being relieved from the nightshift. It 
is also important to note that, in Studies III and IV, the total sleep deprivation 
was conducted in a laboratory setting which allows more control than that 
which we had in Studies I and II, where sleep deprivation was self-adminis-
tered in the participants’ homes. Across Studies, all normal sleep (control) 
conditions were spent at home. This approach reduces the level of control but 
has been shown to be better in terms of sleep duration and efficiency (Iber et 
al., 2004).  
 
With respect to control, in all Studies we used actigraphy as means of sleep 
and wake validation. Polysomnography (PSG) is the gold-standard for sleep 
measurement and with such we could have further explored the sleep archi-
tecture. However, actigraphy provides a cost-effective, less sleep-intrusive al-
ternative, that we believed served our purposes well, not least as we did not 
have any specific hypotheses related to sleep stages. With only a few excep-
tions that did not fully adhere to the protocol, the participants followed the 
sleep schedule/deprivation instructions. We did not exclude participants that 
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did not fully follow the instructions but considered them to add to the gener-
alizability of partial sleep restriction.  
 
In a broader perspective, it seems as though attention and working memory 
are impaired by both partial sleep deprivation (Lowe et al., 2017) and total 
sleep deprivation (Lim & Dinges, 2008; Pilcher & Huffcutt, 1996). Similar 
tendencies have been found for mood (Pilcher & Huffcutt, 1996; Watling et 
al., 2017; Zohar et al., 2005). When it comes to the effects of total sleep dep-
rivation compared with partial sleep deprivation on processing of affective 
information, there is a need for more research in general and for studies using 
partial sleep deprivation paradigms in particular. Given the lack of studies us-
ing partial sleep deprivation in this context, the hypotheses of Studies I and II 
relied on studies using total sleep deprivation. One explanation for why we 
did not see the expected positive bias in Study I, could be that it is unclear 
whether sleep restriction alters dopamine availability in a similar way as total 
sleep deprivation (Krause et al., 2017; Volkow et al., 2012). Based on the two-
process model of sleep regulation (Borbély, 1982), we would expect that one 
night of insufficient sleep leads to increased SWS the following night. Aden-
osine, which is dispersed by SWS, may be involved in regulating dopamine 
(Krause et al., 2017) and the amount of SWS during the shortened nights of 
sleep might be sufficient to reset the adenosine levels compared with a night 
completely without sleep. 
 
The lack of insight into sleep characteristics during partial sleep deprivation 
poses another potential problem. Differences between individuals in terms of 
sleep characteristics during these nights can have added to the performance 
variability between individuals in Studies I and II. In addition, since there is 
always some representation of each sleep stage, it may also have been enough 
to protect from some of the consequences found after total sleep deprivation.  

Objective versus subjective measures 
One concern common to many of the studies reviewed, which some authors 
also point out (Pilcher & Huffcutt, 1996), is that the effect of sleep deprivation 
on mood and emotional valance ratings may be inflated when the participants 
are aware of their sleep deprived state and attribute this effect onto their mood. 
Compared with other types of experimental manipulations, sleep deprivation 
is difficult to mask, meaning that the participants will be aware of that they 
have not slept enough, which may in turn affect their performance and ratings. 
The participants’ answers on subjective measures could be influenced by their 
own beliefs about the effects of sleep deprivation, thus creating a circle of bias 
when studies point to these results to explain the effects of sleep deprivation 
on valence ratings. Something that adds further complexity is that subjective 
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and objective measures of consequences of sleep deprivation do not always 
corroborate. Some research points to the discrepancy between objective and 
subjective measures of sleep deprivation by, for example, showing that phys-
iological reactivity to emotional information measured by pupil dilation is in-
dependent from subjective ratings of the experience of sleepiness and affect 
(Franzen et al., 2008). This issue is perhaps most pronounced when asking 
participants to rate their affective state after sleep deprivation. For example, 
merely rating your affective state have been found to reduce the neurophysio-
logical response to induced anger (Kassam & Mendes, 2013). With that said, 
subjective measures should not be dismissed. Self-rated sleep problems to-
gether with less positive affect and poor well-being have been found to predict 
psychosocial risk factors such as life stress, psychological distress and nega-
tive social interactions (Steptoe et al., 2008). In laboratory settings, the KSS 
has proven to be an excellent indicator of impaired functionality comparable 
to objective measures (Åkerstedt et al., 2014), at least when subjective sleep-
iness is assessed after a period of settling down after coming to the lab (Horne 
& Burley, 2010). In Study II, we complemented the subjective measures of 
sleepiness by the KSS with measures of reaction times using the PC-PVT as 
a reliable objective marker of the effects of sleep deprivation  (Dinges et al., 
1997). In doing this we found an association between the initial KSS measure 
and response speed. This indicated good coherence between subjective and 
objective measures such as PVT, although this was not reflected in the main 
experimental task. 
 
In summary, it is reasonable to believe that partial sleep deprivation causes 
greater performance variability between and within individuals compared 
with total sleep deprivation. This should be weighed by the argument that par-
tial sleep deprivation is more comparable to what individuals experience in 
their daily life. In addition, by using implicit measures of affective processing, 
we tried to reduce the influence of one’s own beliefs about what effects sleep 
deprivation would have on affective processing. The use of a diverse set of 
tasks and methodology may have contributed to the discrepancies in the re-
sults between studies. At the same time, it highlights that we have yet to fully 
understand how lack of sleep may influence the processing of affective infor-
mation. 

Limitations and future directions 

Representativeness and generalizability  
A common response I get when people ask what I do is: “Ah, sleep loss, you 
should study me, I sleep terribly!”. Then I politely need to tell them that 



 75 

terrible sleepers would not be included in this kind of research. The reason for 
this is that we want to isolate the effect of the sleep deprivation as such. One 
consequence of this selection is that we regularly exclude individuals belong-
ing to one of the groups that could possibly benefit the most from a better 
understanding of the effects of sleep loss. The effects of sleep deprivation are 
not directly comparable to the effects of insomnia or other sleep disturbances, 
mainly because sleep problems are often associated with co-occurring symp-
toms of stress, depression or anxiety (e.g., Baglioni et al., 2016). Relatedly, 
we generally do not include individuals with mental health problems. Since 
we know of the harm long-term sleep loss can have, it is not ethically viable 
to deprive people of sleep for too long. Therefore, the findings of our Studies 
may not, and were not intended to, apply to individuals experiencing sleep 
problems. Still, I hope that a deeper understanding of the mechanisms behind 
the affective processing after sleep deprivation could at length be beneficial 
also for individuals with sleep problems (i.e., individuals that sleep terribly). 
 
Another aspect of the same issue is the risk of a selection bias of not only 
good-sleeping, mentally healthy individuals, but physically healthy, often 
well-educated individuals within a restricted age range. The samples of par-
ticipants in Studies I, II and III were healthy individuals, within an age range 
of 18 to 40 years old, and many of them university students. This could poten-
tially restrict the generalizability and should be considered when interpreting 
of some of the results. In Study IV, we included older adults (range 60-72 
years). Like the younger adults in the other Studies, they were good-sleeping 
and healthy and potentially not representative of the general population in that 
age span, which show large variations in sleep, health, and cognitive abilities. 
 
Another often occurring question relates to the representativeness of gender 
and individual differences. For example, research shows that sex hormones 
may be involved in the sensitivity to sleep loss as well as affective processing 
in both men and women (Lustig et al., 2017). Changes in sleep characteristics 
have been observed in relation to the menstrual cycle (Shechter & Boivin, 
2010). Partly due to this, some have chosen to only include male participants. 
In all Studies, we aimed to include a balanced gender distribution. In Study 
III, we tried to time the experiment with the female participant’s luteal phase 
to reduce variability. In Studies I and II, we trusted that that the randomization 
distributed any hormonal differences between sleep conditions evenly, thus 
removing any systematic effects. Research has also documented significant 
individual variability in the susceptibility to sleep deprivation (van Dongen et 
al., 2005). In our Studies, we did not have any hypotheses related to gender or 
other individual differences. Thus, we did not account for the addition of such 
analyses when estimating sample sizes. 
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Looking ahead, researchers should generally strive for broader representative-
ness in terms of factors such as age, gender, socio-demographics, and health. 
In sleep research, the ambition should also be to find ways to include individ-
uals representing a larger span of sleep patterns, including sleep problems. 
This would require considerations during all steps of the research process, 
from the initial formulation of the research questions and ethical considera-
tions to the analysis and compilation of the results. For example, larger sample 
sizes are warranted to enable a thorough investigation into how individual var-
iability could influence the processing of affective stimuli after sleep loss. 

The new statistics and the need for replication 
The question of reliability in research and the methods used to draw conclu-
sions has become more relevant in recent years, when classical psychological 
findings have been scrutinized and in alarmingly many cases not been repli-
cated (Open Science Collaboration, 2015). Last year (2021), one study even 
found that many studies that failed to be replicated had more yearly citations 
than studies that was replicated (Serra-Garcia & Gneezy, 2021). There are 
many possible reasons for this replication crisis, and much to be learned and 
improved. Research on the effect of sleep deprivation on affective functioning 
is still in its bud and while there is a growing variety of studies on the subject, 
step by-step filling existing research gaps, there is an urgent need for replica-
tions with sufficient sample sizes and modern neuroscientific tools and statis-
tics. The results from the Studies in this thesis should be replicated and not 
viewed in isolation but as part of a larger context. 
 
Another important aspect of research reliability is how statistics are being 
used. For example, Cumming (2014) have advocated for a movement away 
from null-hypothesis testing. This means that, instead of the dichotomized de-
cisions based on stargazing (looking for the * that usually symbolizes a statis-
tically significant effect), one should describe the results in terms of what is 
truly of significance, namely the magnitude of the effect and how much un-
certainty we have in our measures. Even though the figures contain 95% CI 
(as suggested by Cumming, 2014) the results reported in text in Studies III 
and IV suffers from this dichotomized thinking and the effects should have 
been properly discussed together with their uncertainty. In Study IV, I have 
complimented the results with Bayes Factors, still in a dichotomized manner, 
but with some added value for the understanding of null findings. In Studies I 
and II (chronologically after III and IV), hypotheses were pre-registered, and 
the reporting of the results allow for a better understanding of the effects and 
the uncertainty around them. The movement towards the new statistics is slow 
and I believe that this is partly because it poses new challenges for the 
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researchers to present the results in an understandable way. But also, for the 
reader who must look beyond the stars. 

Effective affective stimuli  
One of the challenges with experimental research is creating an environment 
that is comparable to reality, to be able to generalize findings from the lab to 
real life, while simultaneously maintaining a high level of control. For practi-
cal reasons, we rarely capture the full complexity of real affect-triggering sit-
uations in the lab, but we can use stimuli that are expected to trigger an affec-
tive response. In Studies II, III and IV, we used pictures from the  International 
Affective Picture System (IAPS: Lang et al., 2008). These pictures contain 
natural scenes of people, objects and nature that have been rated based on their 
valence (from unpleasant to pleasant) and arousal. The use of standardized 
pictures allows transparency, comparability, and replicability. However, they 
are still pictures presented on a screen and could as such be expected to trigger 
a weaker affective response compared with the encounter with real threats and 
challenges (Schweizer et al., 2019). Given recent years’ extensive use of pic-
ture-based media on screens, it may be necessary to evaluate if, for example, 
habituation have caused changes in affective response to this kind of stimuli. 
A potential avenue for future studies is to use more naturalistic stimuli such 
as videos or even virtual reality. In addition, I see a potential in the use of 
visual Steady State Responses (vSSR) to tag pictures or picture elements and 
make them dissociable at a neural level (as used in Study II). Further devel-
opments in this technique could contribute to increase the understanding of 
affective information processing after sleep deprivation. 

The feeling of sleep deprivation 
One key to understanding how sleep deprivation impacts affective functioning 
may lie in the interoceptive alterations associated with a sleep deprived state 
(Wei & Van Someren, 2020). Can there be a “feeling of sleep deprivation” 
(p. 2), that is not only defined by changes in what we call mood but by other 
physiological and somatosensory symptoms commonly associated with illness 
and pain sensitivity (Wei & Van Someren, 2020)? In fact, sleep deprivation 
may also influence our responses to more physiologically marked symptoms 
such as cold and hunger (Oginska et al., 2014; Schwarz, Axelsson, et al., 
2018), and with biophysiological changes such as increased cortisol levels 
(e.g., Chapotot et al., 2001; Schwarz, Gerhardsson, et al., 2018). Sleep depri-
vation can also work as a short-term antidepressant (Boland et al., 2017), alt-
hough the underlying mechanisms are not fully understood. One recent theory 
proposes that sleep deprivation may reduce the precision of predictive coding, 
making an overly rigid brain more flexible (Haarsma et al., 2021). In this 
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context, prediction refers to the brain’s way of creating an internal model of 
the world, to efficiently anticipate the body’s needs before they emerge (Bar-
rett et al., 2016). From an affective processing perspective, sleep deprivation 
disrupts the brain’s ability to create predictions, and sensory inputs are less 
influenced by the internal model. These intriguing ideas should be further ex-
panded upon in relation to the effects of sleep deprivation on processing of 
both pleasant and unpleasant information.  
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Concluding remarks 

May I say that I have not thoroughly enjoyed serving 
with humans? I find their illogic and foolish emotions a 
constant irritant. 
 
Spock4 

An often-occurring theme in science fiction is presenting humans as a species 
struggling to keep their feelings from interfering with rational thinking, sug-
gesting a conflict that is best resolved by letting reason win. It often turns out 
that letting your emotions guide you is not such a bad idea. Though, the ques-
tion of whether this was due to a, for humans occasionally occurring, state of 
sleep deprivation is rarely asked. The link between sleep and affect is robust, 
and in the present thesis I have tried to shed light on how sleep loss may in-
fluence how we process information of affective value. From the diverging 
results I cannot provide a simple conclusion, but in some situations sleep loss 
could augment the affective value of stimuli possibly contributing to a slight 
change in how the world is perceived. 
 
  

 
4 The half-alien character Spock is somewhat annoyed by humans’ emotions. Bixby, J (Writer), 
Chomsky M. J. (Director). (1968). Day of the Dove (Season 3, Episode 7). In Start Treck. Par-
amount Television/Norway Corporation. 
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