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Thesis summary

On average, we spend one-third of our lives asleep, and we have little idea why.
Despite the importance of sleep to overall health, sleep has been neglected for
decades and considered an inactive state in which the brain “turns off” to rest
from daily activities. However, there is now compelling evidence that sleep plays
a pivotal role in various domains, including learning and memory, physical and
mental wellbeing. The work described in this thesis is centred around exploring
non-invasive ways of manipulating sleep to enhance cognition.

Chapter 2 delves into the effects of wearing an eye mask to block out light during
sleep and its implications for daily life. This simple and cost-effective manipulation
resulted in enhanced reaction times and better memory encoding compared to a
control condition. Such improvements are particularly advantageous in situations
demanding rapid reflexes, like driving. Furthermore, the benefits can extend to
academic and professional spheres, leading to enhanced performance across diverse
tasks.

Chapter 3 investigates whether sleep facilitates insight problem solving. We
found that offline consolidation and reorganisation of memories had a beneficial
effect on insight, but this result was confounded by the influence of circadian
rhythms.

Finally, Chapter 4 explores the potential benefits of an experimental technique
called targeted memory reactivation (TMR) applied during rapid eye movement
(REM) sleep for arousal processing. Our manipulation resulted in a reduction of
emotional reactivity, as demonstrated by objective measurements of arousal. No-
tably, the effect of cueing on subjective arousal responses was tied to participants’
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baseline arousal levels.

In conclusion, this thesis provides valuable insights into the importance of sleep in
enhancing cognitive functions and sheds light on non-invasive interventions whose
implications extend far beyond the laboratory and into everyday life.
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General Introduction
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CHAPTER 1. General Introduction

1.1 Preface

Every night, we collectively lose consciousness. From an evolutionary perspective,

sleep may seem to be the most foolish of biological phenomena, as it disconnects

us from the outside world and our own bodies, leaving us vulnerable to predation

while our minds wander in the most bizarre places.

It has long been unclear why we sleep. Interestingly, it’s not just humans who

sleep, but most living organisms, including birds, fish, flies, plants, and worms

(Siegel, 2008; Zielinski et al., 2016). Given the ubiquity of sleep across different

species, it’s evident that it serves critical functions and offers significant benefits

for the organisms. Yet, defining these precise benefits and functions remains a

compelling and unresolved question.

The discovery of the electroencephalogram (EEG) enabled the recording of hu-

man brain activity in real time, thus allowing the investigation of the nature

of sleep. In 1929, the German psychiatrist Hans Berger demonstrated that the

low-voltage activity associated with wakefulness gradually transitions to a higher-

voltage and lower-frequency rhythm when the subject falls asleep (Datta et al.,

2008). Soon enough, the sleeping brain was found to be a non-homogeneous state

characterised by different sleep stages and oscillatory patterns that serve various

functions (Siegel, 2008; Zielinski et al., 2016). Thanks to the research that has

been conducted in the last decades, we now know that sleep is not “the biggest

mistake that evolution has ever made” (Mignot, 2008). Instead, it has been found

to be restorative for our brain, body, and mind. Suggested benefits include learn-

ing and memory consolidation (Diekelmann & Born, 2010; Rasch & Born, 2013),

processing of emotional information and recalibration of emotional brain circuits

(Helm & Walker, 2010; Walker, 2009), regulation of metabolism, immune system,

and hormones (Mignot, 2008; Zielinski et al., 2016). The work presented in this
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CHAPTER 1. General Introduction

thesis aims to enhance our understanding of the relationship between sleep and the

brain, emphasising non-invasive approaches to manipulating sleep to optimise its

positive effects on cognition. The focus of this research is on exploring techniques

and strategies for manipulating sleep to benefit learning and memory, stimulate

creativity, and alleviate the effects of negative emotions.

Sleep has been extensively demonstrated to be involved in three memory processes:

encoding, consolidation, and retrieval. As compared to memory encoding and re-

trieval, which are best served when the brain is awake, memory consolidation

benefits from the decreased level of sensory processing during sleep (Diekelmann

et al., 2011; Ellenbogen et al., 2006; van der Heijden et al., 2022). Notably, during

consolidation, memories are not only strengthened but also integrated into pre-

existing knowledge networks, transformed, and restructured thanks to a process

that involves the repeated reactivation of memory traces during sleep (Diekelmann

& Born, 2010; Rasch & Born, 2013). Despite initial theories that offered a passive

view of sleep and believed that it consisted of a time when the brain shuts down,

it is now widely accepted that sleep is an active time for the brain. In fact, during

sleep, the brain selectively reactivates memory by replaying specific patterns of

neuronal activity similar to those observed during awake learning (Skaggs & Mc-

Naughton, 1996; Wilson & McNaughton, 1994). This replay appears to be critical

for the transfer of information from the hippocampus to the neocortex, where it

becomes integrated into pre-existing long-term memories (Bergmann et al., 2012;

Maquet et al., 2000; Peigneux, 2015; Peigneux et al., 2004; Rasch & Born, 2013;

Schönauer et al., 2017; Zhang et al., 2018). This process also seems to be tied

to a qualitative transformation of memories and indeed, sleep has been shown to

facilitate the abstraction of general rules (e.g., Durrant et al., 2011; Ellenbogen

et al., 2007; Wagner et al., 2004), the integration of distinct elements into unified

concepts (e.g., Lewis & Durrant, 2011) and the emergence of false memories (e.g.,

Payne et al., 2009). Beyond integration, memory representations can be disinte-
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CHAPTER 1. General Introduction

grated and recombined, allowing associative thinking and creativity (Cai et al.,

2009; Monaghan et al., 2015; Sio et al., 2013) and the processing of emotional

memory (Helm & Walker, 2010; Hutchison et al., 2021; Walker, 2009). Nowadays,

many studies in both animals and humans make use of a technique referred to

as targeted memory reactivation (TMR) to manipulate memory processing during

sleep. TMR pairs sensory cues with a memory during awake encoding and then

presents them again during sleep to bias memory consolidation (Hu et al., 2020;

Oudiette & Paller, 2013; Rasch et al., 2007).

The goal of this thesis is to investigate ways of manipulating sleep to enhance

cognition. In this general introduction, I will begin by giving a comprehensive

summary of the present state of knowledge of sleep physiology and its oscillatory

patterns. Next, I will delve into the link between sleep and memory, beginning

with an exploration of memory systems and processes, followed by an introduction

to the most prominent models of sleep and memory. Emphasis will be placed on

the reactivation of memories during sleep. Finally, I will conclude by identifying

the central questions that this thesis intends to answer.

1.2 Sleep physiology

Polysomnography is the gold standard method used to investigate the complexity

of sleep physiology. It consists of a combination of electroencephalography (EEG),

electrooculography (EOG), and electromyography (EMG) recordings from elec-

trodes attached to the scalp, beside the eyes, and on the chin, respectively (Iber

et al., 2007). Polysomnography recordings in humans have revealed that sleep is

not uniform but consists of distinct physiological stages characterised by different

oscillatory patterns (Figure 1.1).
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Figure 1.1: Sleep architecture and oscillatory patterns. (a) Hypnogram. Human
sleep alternates in cycles between non-rapid eye movement (NREM) sleep and
rapid eye movement (REM) sleep. Stages 3 and 4 of NREM are jointly referred
to as slow wave sleep (SWS). Earlier periods of sleep are rich in SWS, whereas
later periods contain greater amounts of REM sleep. Figure adapted from Rasch
and Born, 2013. (b) Exemplary EEG traces for wake and each of the sleep stages.
K-complexes and sleep spindles are key features of stage 2 of NREM sleep, while
slow oscillations and delta waves prevail during SWS.

The two major sleep stages that can be distinguished are Rapid Eye Movement

(REM) sleep and Non-Rapid Eye Movement (NREM) sleep. The latter can be

further subdivided into four stages: the lighter sleep stages 1 and 2, and the

deeper sleep stages 3 and 4, now jointly referred to as slow wave sleep (SWS;

Iber et al., 2007). NREM and REM sleep alternate or “cycle” across the night

approximately every 90 minutes. Within each cycle, the ratio of NREM to REM

varies throughout the night: NREM sleep predominates during the first half of

the night, but as the night progresses, the length of REM periods becomes longer

(see hypnogram in Figure 1.1a).

When transitioning from wakefulness to sleep, people typically spend a short pe-

riod in Stage 1 of NREM sleep. This stage only accounts for up to 10% of the total

sleep time (TST) and is characterised by low-amplitude mixed-frequency activity

(2-7 Hz) and less than 50% of the wake-like alpha rhythm (8-13 Hz; Moser et al.,
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2009; Silber et al., 2007). Sharply contoured waves called vertex sharp waves and

slow rolling eye movements can also be observed (Silber et al., 2007).

Stage 1 of NREM is typically followed by Stage 2, which takes up approximately

45–55% of the TST. As shown in Figure 1.1b, sleep spindles and K-complexes are

the two pronounced oscillatory events that characterise this sleep stage (however,

spindles can be also found during deeper sleep stages).

Sleep spindles are waxing and waning bursts of high-frequency activity that last

about 0.5 to 3 seconds. They are generated in the thalamic reticular nucleus

and then propagated into cortical regions through thalamocortical projections (De

Gennaro & Ferrara, 2003). Their exact frequency range is still being debated;

however, spindles are generally considered to be in the 10–15 Hz range and often

further divided into slow spindles (< 13 Hz), which predominate in frontal cortices,

and fast (> 13 Hz) spindles, which predominate in centroparietal areas (Andrillon

et al., 2011; De Gennaro & Ferrara, 2003; Fernandez & Lüthi, 2020; Schabus et al.,

2007; Ulrich, 2016). Sleep spindles are primarily associated with memory consoli-

dation, learning, and intellectual abilities (Fernandez & Lüthi, 2020; Ulrich, 2016).

For instance, evidence of their involvement in memory consolidation comes from

a study conducted by Schabus and colleagues in which participants performed a

declarative word-pair association task. Overnight change, computed as the num-

ber of recalled words in the evening after learning minus the number of recalled

words in the morning after the intervening night, correlated significantly with in-

creased spindle activity (Schabus et al., 2004). Similarly, Morin and colleagues

trained participants on a motor sequence task and retested their performance the

following morning after a night of sleep. Both the number and duration of sleep

spindles were higher in post-training sleep (Morin et al., 2008). In addition to the

above-mentioned functions, sleep spindles have also been linked to plastic neuronal

modifications, sleep protection against environmental disturbances, and cognitive

dysfunction (Astori et al., 2013; Bergmann et al., 2008; Rasch & Born, 2013).
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K-complexes represent the largest event in a healthy human EEG. They have

a widespread brain topography, although their maximal amplitude is typically

frontal. K-complexes consist of high amplitude waves, made up of a negative

sharp wave followed by a longer-lasting positive component; a shorter positivity

precedes the negative wave but it is not easily discernible by eyes (Colrain, 2005;

Ioannides et al., 2019). Functionally, k-complexes are believed to serve a sleep-

protecting mechanism and a “sentinel” function that (1) evaluates the salience

and/or alarm of internal and external signals; (2) promotes sleep maintenance;

(3) suppresses cortical arousal; (4) promotes wakefulness (Ioannides et al., 2019;

Jahnke et al., 2012). Additionally, they are considered a physiological correlate

of arousal, as evidenced by their association with typical signs of arousal such as

increases in heart rate and blood pressure, and respiratory shifts (Forget et al.,

2011).

Sleep deepens further into SWS which makes up 15-20% of TST in young adults

(this percentage decreases with aging). SWS is defined by the presence of four

oscillatory rhythms: slow (SOs, 0.5-1 Hz) and delta oscillations (1-4 Hz), whose

combined denomination is Slow Wave Activity (SWA, 0.5-4 Hz; see Figure 1.1b),

spindles (10-15 Hz) and ripples (Iber et al., 2007). SOs, in addition to their low

frequency, have a large peak-to-peak amplitude of at least 75 µV and an average

peak-to-peak duration of 1 s. SOs are considered to be the pacemaker of brain

activity during sleep, as they comprise a DOWN or hyperpolarization state and a

UP or depolarisation state that reflects synchronous alterations in the membrane

potential of neocortical neurons. SOs DOWN states are associated with neuronal

silence, whereas SOs UP states with vigorous wake-like neuronal firing; both states

last a few hundred milliseconds (Massimini et al., 2004; Mölle et al., 2011; Nir et

al., 2011). The other two prominent oscillations that characterise SWS are spindles

- also present in S2 and discussed above - and sharp wave-ripples (SW-Rs). SW-

Rs are composed of ripples and sharp waves. Sharp waves are fast depolarizing

7



CHAPTER 1. General Introduction

events generated in the CA3 region of the hippocampus, on which ripples are

superimposed. Ripples are rapid bursts of elevated (100-300 Hz) neuronal activity

generated in the CA1 region of the hippocampus (Buzsáki, 1986; Rasch & Born,

2013). Evidence suggests that these waves contribute to various aspects of memory,

such as memory consolidation and retrieval (Buzsáki, 1986).

SWS has been linked to both cognitive and physiological functions (Léger et al.,

2018). While SWS’s cognitive functions will be discussed later in more detail

(see section 1.3.3), it is worth mentioning its involvement in several important

physiological activities. SWS supports the immune system’s response to infection

by producing pro-inflammatory cytokines (Lange et al., 2010) and plays a role in

clearing metabolic waste, such as β-amyloid (Léger et al., 2018). Moreover, SWS

is associated with glucose regulation and the release and regulation of hormones.

Regarding the former, a study conducted in young healthy adults showed that

SWS deprivation resulted in a significant reduction of glucose tolerance and an

increase in type 2 diabetes risk (Tasali et al., 2008). Regarding the latter, there is

evidence for a reduced release of growth hormone being linked to SWS deprivation

(e.g., Van Cauter et al., 2008).

The last sleep stage is REM sleep, which when discovered in 1953 contradicted

the general impression of sleep as a passive state (Aserinsky & Kleitman, 1953).

In fact, REM sleep, which accounts for 25% of TST, is also referred to as para-

doxical sleep because it displays EEG activity that closely resembles wakefulness

with oscillations predominantly within the theta (4-7 Hz) and gamma (25-80 Hz)

band ranges (Iber et al., 2007; Steriade et al., 1996). Moreover, REM sleep

is characterized by skeletal muscle atonia (very low muscle tone) visible in the

EMG, peripheral muscle twitches, and pronounced fluctuations in temperature

and cardio-respiratory rhythms (Peever & Fuller, 2017). REM sleep is composed

of two different microstates, namely phasic and tonic periods. Tonic REM is

considered to be a quiescent period in between periods of phasic activity charac-
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terized by ponto-geniculo-occipital (PGO) waves, bursts of eye movements (EM),

sawtooth waves, myoclonic twitches and periods of marked respiratory and heart

rate irregularities (Simor et al., 2020). REM sleep has been shown to be involved

in the formation and consolidation of memories, such as procedural (Peigneux et

al., 2003), declarative (Fogel et al., 2007) and emotional (Helm & Walker, 2010)

memories. Furthermore, it has also been involved in the reorganization of synaptic

plasticity in the cortex (Almeida-Filho et al., 2018; Pereira & Lewis, 2020; Zhou

et al., 2020). However, even though REM was discovered more than 60 years ago,

evidence regarding its specific functions and mechanisms remain rather elusive al-

though a consistent amount of evidence is provided by animal studies (e.g., Peever

& Fuller, 2017; Rasch & Born, 2013; Simor et al., 2020). For instance, PGO

waves, bursts of large electric potentials that originate in the pons and propagate

in the lateral geniculate nucleus and occipital cortex cannot be identified on a

human scalp EEG, therefore they have been extensively studied in cats, rats, and

primates (Gott et al., 2017). These waves, together with theta waves, have been

proposed as a mechanism of synaptic plasticity (Rasch & Born, 2013).

As previously mentioned, NREM and REM sleep cycle throughout the night, with

NREM sleep being more prevalent in the early part of the night. This pattern

is explained by the theoretical model of sleep and wake regulation proposed by

Borbely (Borbely, 1982; Borbély et al., 2016). In this model, the interaction

between the homeostatic sleep pressure (Process S) and the circadian pacemaker,

an internal body clock operating on an approximately 24-hour rhythm (Process

C), is key. The longer one stays awake, the more homeostatic sleep pressure

accumulates, influencing the duration of SWS during the subsequent sleep period.

This pressure diminishes throughout the sleep cycle, leading to a higher proportion

of SWS shortly after sleep onset when the pressure is at its peak. Furthermore,

these two processes are crucial in determining the quality and timing of sleep onset

and offset. The influence of external stimuli, particularly light, plays a significant
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role in this context: the duration and timing of light exposure can lead to either a

phase advance, shifting the circadian rhythm to an earlier time, or a phase delay,

shifting it to a later time. Consequently, light exposure can affect various aspects

of sleep, including its duration, timing, structure, and quality. This interplay

between light, sleep patterns, and circadian rhythms is not only fundamental to

understanding sleep itself but also has implications for learning and memory, which

will be explored in more detail in Chapter 2.

1.3 Sleep and memory

Of the many advantages conferred by sleep, this thesis will primarily examine

sleep’s impact on memory. To provide context, an overview of memory systems

and processes will be provided. The subsequent discussion will delve into the

crucial role that sleep plays in memory, citing prominent theories that support

this claim.

1.3.1 Memory systems

The notion that memory is not a single entity has been acknowledged for a long

time. However, the first empirical evidence to support this idea was presented

by Brenda Milner in 1957 through her study of the patient H.M., who underwent

a bilateral resection of the medial temporal lobe to treat intractable epilepsy.

Surprisingly, after the surgery, he was still able to learn new tasks, such as hand-eye

coordination, even though he had no recollection of previous learning experiences

(Squire & Dede, 2015). This finding indicated that memory is not confined to a

single structure but is instead composed of multiple systems that rely on different

neuroanatomical structures. A comprehensive overview of the various types of

memory has been reported by Henke (Henke, 2010) and it is depicted in Figure

1.2.

10



CHAPTER 1. General Introduction

Figure 1.2: Organisation of long-term memory systems and associated brain struc-
tures. Modified from Henke, 2010.

The above figure illustrates the categorization of long-term memory into two pri-

mary types: declarative (explicit) and nondeclarative (implicit) memory (Henke,

2010; Squire & Dede, 2015; Squire & Zola, 1996). Declarative memory refers to

the conscious recollection of information, and it can be further subdivided into

memories for facts (semantic memory) and memories for events (episodic mem-

ory). Semantic memory refers to memories of information stored in the absence

of contextual knowledge, whereas episodic memory is embedded in a specific spa-

tiotemporal context. Non-declarative memories are instead linked to unconscious

learning and retrieval capacities, and they can be classified into several subtypes.

The first subtype, procedural memories, refers to the learning of skills, such as

riding a bike or playing an instrument; the second, priming, involves performance

enhancement due to prior exposure to related information; the third, condition-

ing, involves the association of two unrelated stimuli to learn a new response;

and finally, non-associative learning refers to the attenuation or augmentation of

a response towards a repeated presentation of a stimulus (Henke, 2010; Rasch

& Born, 2013; Squire & Dede, 2015; Squire & Zola, 1996). The integrity of the
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medial temporal lobe system, which includes the hippocampus and entorhinal,

perirhinal, and parahippocampal cortices, is thought to be essential for declara-

tive memories. In contrast, nondeclarative memories are generally considered to

be hippocampus-independent (Squire & Dede, 2015; Squire & Zola, 1996).

1.3.2 Memory processes

Memory is formed over time through three distinct processes: encoding, consol-

idation, and retrieval. Encoding comprises the formation of new memory traces

following the perception of a stimulus. These newly encoded traces are initially

labile and susceptible to chance and forgetting, but they become increasingly ro-

bust and resistant to interference through consolidation. During this process, the

new memory traces are integrated into pre-existing long-term memory networks

(Rasch & Born, 2013).

Consolidation involves two steps: synaptic and system consolidation. The initial

step is accomplished at a synaptic level within minutes or hours after learning

and leads to enduring changes in synaptic connections (Kandel, 2001). Synaptic

consolidation is then supplemented by system consolidation which redistributes

synaptic connectivity across different brain areas (Frankland & Bontempi, 2005).

These changes enable the newly encoded information to become part of long-term

memory, providing a basis for later retrieval (Rasch & Born, 2013). However,

two significant challenges arise: how newly learned material becomes permanently

accessible without overwriting old memories, and how the brain determines what

information to store or forget.

The standard two-stage model of memories (Marr, 1971) offered a solution to

the first issue, and nowadays, it constitutes the most influential model of human

memory. The model suggests that effective learning requires two complemen-
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tary systems: the hippocampus and the neocortex. During wakefulness, the hip-

pocampus acts as a fast-learning storage where new memory traces are temporarily

stored. These memories are gradually transferred into the neocortex, a long-term

slow-learning storage system. The model further proposes that the transfer process

(from the short-term store to the long-term one) occurs slowly via repeated and

spontaneous reactivation of hippocampal-cortical networks. Over time, network

reactivation increases the stability and strength of cortico-cortical connections, al-

lowing integration of the traces into pre-existing neocortical knowledge networks.

Ultimately, this results in memories becoming hippocampal-independent (Frank-

land & Bontempi, 2005; Marr, 1971; Squire & Alvarez, 1995). These complemen-

tary memory systems allow the storage of new memories without interfering with

existing ones.

With respect to the second challenge - how the brain determines what informa-

tion to store or forget - it seems sensible that information in some way relevant

for adapting to the environment or important for upcoming challenges will be pre-

ferred. In this context, emotions have been shown to play a significant role in

labelling which information will be stored in memory and which will be forgotten

(Dolan, 2002; Williams et al., 2022). Numerous studies have demonstrated that

emotional stimuli are better remembered than their neutral counterparts, largely

due to the modulatory role played by the amygdala in the process of hippocampal-

dependent memory formation (Anderson et al., 2003; McGaugh, 2000; McGaugh

& Roozendaal, 2002; Vuilleumier et al., 2001; Whalen et al., 1998). Indeed, during

the initial encoding phase, the amygdala rapidly responds to emotional stimuli,

often before conscious awareness, thereby enhancing attention to prioritise the

processing of these stimuli. In later stages of memory formation, it modulates the

effects of stress hormones in the consolidation of hippocampal-dependent memo-

ries (Diano et al., 2017; Phelps, 2004). As a result, emotionally charged events are

more readily remembered.
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The hippocampo-cortical information transfer of memories is a continuous process

that occurs not only during wakefulness but also during offline periods including

sleep. Sleep, indeed, is an ideal time window for these processes to occur as it

protects memories from interference by preventing encoding of new information

(Ellenbogen et al., 2006; Rasch & Born, 2013).

1.3.3 Models of sleep and memory

Although as early as 1885 Ebbinghaus published a seminal study demonstrating

the effect of time on forgetting (i.e. forgetting is reduced when followed by a period

of sleep), the interest in studying the relationship between sleep and memory

was reignited only in the late 1980s with a variety of studies demonstrating the

beneficial effects of NREM and REM sleep on memory consolidation (see Rasch

& Born, 2013, for a review). A differential role of these two sleep stages in the

consolidation of different types of memory was theorised by the Dual Process

Hypothesis (Gais & Born, 2004; Rasch & Born, 2013; Smith, 2001). This account

assumes that hippocampus-dependent declarative memories are linked to NREM

sleep, while REM sleep benefits the consolidation of nondeclarative memories, such

as procedural and emotional. The Dual process hypothesis is supported by human

studies that employed the “night–half paradigm”, in which participants’ memory

performance is compared across retention intervals including the early half (rich

in NREM sleep) and the late half of the night (rich in REM sleep). However,

this methodology overlooks the fact that neither the early nor the late half of the

night contains one stage of sleep. Furthermore, subsequent experiments have not

consistently demonstrated this distinction (e.g., Fogel et al., 2007; Huber et al.,

2006; Rauchs et al., 2004), and theoretical accounts have proposed that the cyclic

succession of NREM and REM sleep may constitute the key to successful overnight

memory consolidation.
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The Sequential hypothesis (Ambrosini & Giuditta, 2001; Giuditta et al., 1995)

stresses this concept and assumes that during SWS, non-adaptive or irrelevant

memory traces are downscaled (or eliminated), while useful memories are strength-

ened. Subsequently, during REM sleep, these adaptive memories are integrated

with pre-existing memories. Supporting evidence for the Sequential hypothesis has

been originally obtained from studies conducted with animals (e.g., Ambrosini et

al., 1992; Ambrosini et al., 1995) and then confirmed in humans (e.g., Ficca et al.,

2000; Mednick et al., 2003; Stickgold et al., 2000). For example, Ficca and col-

leagues investigated the impact of sleep cycle disorganisation on the recall of verbal

material in young adults and demonstrated that morning recall was significantly

affected by sleep cycle disorganisation (Ficca et al., 2000).

The Active System Consolidation Hypothesis (ASC, Diekelmann & Born,

2010; Rasch & Born, 2013, Figure 1.3) represents the most prominent model in the

field. It originates from the Standard two-stage model of memories (see section

1.3.2) and argues that sleep is not merely a passive state but is actively involved

in memory consolidation. Furthermore, central to this model is the concept that

newly encoded memory representations are repeatedly reactivated during sleep, a

vital process for consolidation. During encoding, labile memory traces are stored

temporarily in the hippocampus. Subsequently, during SWS, these traces un-

dergo repeated reactivation, facilitating their gradual transfer to the cortex for

long-term storage (Figure 1.3A). The involvement of SWS in memory process-

ing is well-documented (Diekelmann & Born, 2010; Rasch & Born, 2013; Walker,

2009), highlighting its importance in this model. A critical aspect of the transfer

of memory traces involves the precise temporal synchronization of three key oscil-

lations during SWS: neocortical slow oscillations, thalamo-cortical spindles, and

hippocampal sharp wave ripples (Figure 1.3B). The SOs up-states trigger memory

reactivations in tandem with hippocampal ripples. Ripples have been shown to

occur in the troughs of spindles, which are in turn coupled with the SOs up-states.
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This intricate coupling is essential for the efficient transfer of reactivated memory

traces, thereby facilitating their integration into the neocortex (Rasch & Born,

2013).
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Figure 1.3: The Active System Consolidation Hypothesis. (A) Newly acquired
memories are encoded into a temporary store, the hippocampus, and transferred
to the long-term neocortical store during SWS. (B) The cortico-hippocampal dia-
logue is orchestrated by neocortical slow oscillations (red), thalamo-cortical spin-
dles (blue), and hippocampal sharp-wave ripples (green). Source: Rasch and Born,
2013.

The hypothesis further suggests that the temporal synchronization of SWS-related

oscillations not only supports memory reactivation but also leads to a qualitative

reorganization of memories, involving their redistribution and transformation. Ad-

ditionally, REM sleep contributes to the stabilization of these transferred memories

through synaptic consolidation. Empirical evidence from various studies bolsters

this hypothesis. For example, research in rodents using paradigms like fear condi-

tioning or object recognition tasks has demonstrated the necessity of this coupling

for effective consolidation (Latchoumane et al., 2017; Maingret et al., 2016). Sim-

ilarly, human intracranial EEG recordings in epilepsy patients have corroborated

these findings (Helfrich et al., 2019; Jiang et al., 2019). Finally, the coupling be-

tween SOs and spindles was shown to correlate with performance improvements

on several memory tasks (for instance Hahn et al., 2020; Muehlroth et al., 2019;

Schreiner et al., 2021).

An alternative hypothesis for the mechanisms underlying memory consolidation
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during sleep has been offered by the Synaptic Homeostasis Hypothesis (SHY,

Tononi & Cirelli, 2003, 2006, Figure 1.4). It postulates that wakefulness is accom-

panied by a net increase in synaptic strength that progressively saturates learning

abilities. Sleep, as an antidote, promotes synaptic downscaling, renormalizing the

net synaptic strength and restoring the brain’s ability for future encoding (synaptic

homeostasis), while maintaining certain memory traces. Further, this renormal-

ization mechanism is proposed to occur during SWA, a hallmark of SWS. This

hypothesis has been corroborated by sleep deprivation studies that demonstrated

that memory performance is worse after waking than sleep (Ashton et al., 2020;

Gais et al., 2006; Yang et al., 2012) and by studies that highlighted that the

amount of SWA predicts memory performance after sleep (Ferrarelli et al., 2019;

Huber et al., 2006). Crucially, SHY suggests that memories tagged as important

are weakened less - or relatively strengthened - overnight than irrelevant memories,

thus promoting the consolidation and integration of memories (Tononi & Cirelli,

2003, 2006, 2014; Wilhelm et al., 2014).
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Figure 1.4: Synaptic Homeostasis Hypothesis. Modified from Tononi and Cirelli,
2014.
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There is evidence of a more rapid transfer of information from the hippocampus

to the neocortex if the new set of information to be acquired is compatible (over-

laps) with an existing framework of organised knowledge, called schema (Tse et al.,

2007; Van Kesteren, Fernández, et al., 2010; Van Kesteren, Rijpkema, et al., 2010).

The Information overlap to abstract (iOtA) model developed by Lewis and

Durrant explains the underlying mechanisms of this facilitation effect and the role

sleep plays in it (Lewis & Durrant, 2011). The model states that during SWS,

the replay of overlapping memories is strengthened through Hebbian plasticity,

representing the core mechanism for schema formation. Synaptic interconnections

between neurons that code for shared elements are strengthened and survive SWS

downscaling (Abbott & Nelson, 2000; Lewis & Durrant, 2011; Tononi & Cirelli,

2003, 2006). Thereby, only newly learned information that overlaps with an ex-

isting schema and is reactivated on multiple occasions will be potentiated and

incorporated into the schema. The replay of overlapping memories in SWS leads

to the extraction of commonalities or ‘gist’ (the core of a memory), promoting

both a quantitative and a qualitative reorganisation of memory representations

(Durrant et al., 2011; Ellenbogen et al., 2007; Lewis & Durrant, 2011). The iOtA

model is the foundation of the Broader Form of the iOtA Model (Lewis et

al., 2018, BiOtA), which integrates REM sleep into the framework. The BiOtA

model emphasizes the significance of the cyclic structure of a night’s sleep, in which

NREM and REM alternate. During NREM sleep, the replay of thematically re-

lated memories is enhanced, while during REM sleep, the connections between

seemingly disparate concepts are recognised, resulting in the formation of new

connections between concepts (Figure 1.5; Lewis et al., 2018). The interleaving of

these two stages could explain the role of sleep in creativity and problem-solving.
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Figure 1.5: The BiOtA model. A and B provide a simpler representation of C
and D. (A-C) During NREM sleep, overlapping memories are replayed in the
neocortex. Areas of overlap are strengthened, leading to general abstraction or
the formation of new schemas. (B-D) During REM sleep, connections between
the hippocampus and the neocortex are lost, and PGO waves trigger activity in
other schemas, allowing the detection of similarities between schemas that, once
found, lead to the restructure of knowledge. Modified from Lewis et al., 2018.

Finally, as briefly mentioned in Section 1.3.2, a substantial body of research sug-

gests that emotional memories are preferentially consolidated across sleep (Alger

et al., 2018; Cairney et al., 2014; Cunningham et al., 2014; Groch et al., 2013;

P. Hu et al., 2006; Nishida et al., 2009; Tempesta et al., 2015; Wagner et al., 2001;

Wagner et al., 2006); however, see (Lipinska et al., 2019) that challenges this view.

According to the Sleep to Forget, Sleep to Remember Hypothesis (SFSR),

while the content (the information) of emotional memories is strengthened over

time, the affective responses associated with their recall are attenuated across mul-

tiple nights of sleep (Helm & Walker, 2010; Walker, 2009). It is therefore possible

that time plays a vital role in modulating sleep’s impact on the visceral charge

(emotional strength) of emotional memories. Moreover, the SFSR hypothesis also

suggests that REM sleep, because of its unique biology, represents a particular
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brain state for the consolidation and modulation of emotional memories, and a

variety of studies have confirmed this hypothesis (Groch et al., 2013; Groch et al.,

2015; Harrington et al., 2018; Helm & Walker, 2010; Hutchison et al., 2021; Menz

et al., 2013; Menz et al., 2016; Nishida et al., 2009; Payne et al., 2012; Wagner

et al., 2001; Wagner et al., 2006; Wassing et al., 2019). Indeed, during REM sleep

we observe (1) increased activity in limbic and paralimbic structures, which are

key brain regions involved in the formation and consolidation of emotional mem-

ories; (2) theta oscillations, which propagation in limbic and prefrontal regions

are believed to modulate affective experiences in both animals and humans; (3)

increased concentrations of acetylcholine (ACh) - crucial for the long-term con-

solidation of emotional learning - and reduced concentration of noradrenergic and

serotonergic input to the cortex, associated with lower levels of stress and anxiety

(see Helm & Walker, 2010; Walker, 2009, for reviews).

1.4 Memory reactivation

Before diving into different studies conducted on animals and humans on memory

reactivation, it is crucial to clarify some technical terms. Genzel and colleagues

provided definitions to facilitate the use of a common language among researchers

(Genzel et al., 2020). As per their definitions, the term reactivation refers to the re-

emergence of a previously encoded pattern at a later point in time, whereas replay

directly assesses the temporal structure of the sequential information (Genzel et

al., 2020). This terminology will be used throughout the thesis.

1.4.1 Animal studies

The first evidence of spontaneous memory replay during sleep is found in the ro-

dent literature on place cells. Place cells are hippocampal CA1 pyramidal neurons

that fire selectively when the animal occupies a specific location in the environ-

ment, known as place fields (Girardeau & Zugaro, 2011; O’Keefe & Dostrovsky,
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1971). By following the sequence of place cells, the rat’s movements from one lo-

cation to another can be traced. Pavlides and Winson demonstrated that during

subsequent sleeping states, hippocampal place cells used in recent awake explo-

ration exhibited an increased firing rate compared to cells that were not involved

in the pre-sleep exploration (Pavlides & Winson, 1989). In the seminal study

by Wilson and McNaughton, the activity of pairs of hippocampal place cells was

recorded during both a spatial navigation task in a maze and during the SWS

period that preceded and followed the task (Wilson & McNaughton, 1994). No-

tably, during the SWS period that followed the task, the same place cells that fired

during exploratory behaviour fired together, indicating that information acquired

during active behaviour is re-expressed in hippocampal circuits during sleep. The

order of neuronal firing observed during wakefulness was preserved during sleep

reactivation, albeit in a compressed temporal manner (Wilson & McNaughton,

1994).

Reactivation during sleep has also been observed in various brain regions and

species, thereby supporting the Active System Consolidation Hypothesis (see sec-

tion 1.3.3). For instance, visual (Ji & Wilson, 2007), parietal (Qin et al., 1997),

prefrontal (Benchenane et al., 2010; Euston et al., 2007; Johnson et al., 2010;

Peyrache et al., 2009) and sensorimotor cortices (Hoffman & McNaughton, 2002)

have all shown reactivation. Evidence of reactivation and replay during REM

sleep is substantially less extensive compared to NREM, however the occurrence

of these phenomena in rodents is supported by place cell recordings (Louie & Wil-

son, 2001; Poe et al., 2000), appetitive conditioning (Maho & Hennevin, 2002) and

cell recording from the primary motor cortex (Eckert et al., 2020). Interestingly,

while replay during NREM sleep occurs in a temporally compressed form (Lee &

Wilson, 2002), REM sleep replay is temporally structured at a timescale closer

to that seen during wakefulness (Louie & Wilson, 2001). Just like replay during

sleep, wake replay is triggered by SW-Rs however, the order during awake replay

is reversed compared to that seen during sleep (Foster & Wilson, 2006).
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1.4.2 Human studies

Studies investigating memory reactivation during sleep in humans are limited due

to the low temporal and spatial resolution of non-invasive techniques compared

to electrophysiological recordings (Schreiner & Staudigl, 2020). Early attempts

to reveal memory reactivation during sleep in humans, investigated whether brain

regions activated during memory encoding show corresponding activity during sub-

sequent sleep (Bergmann et al., 2012; Maquet et al., 2000; Peigneux et al., 2004;

Yotsumoto et al., 2009). For instance, using simultaneous EEG-fMRI record-

ings Bergmann and colleagues observed that participants who learned face-scene

associations exhibited increased activity in both hippocampal and neocortical ar-

eas compared to those who performed a visuomotor control task. The increased

neural activation was temporally coupled with increased spindle amplitude and

correlated with pre-sleep behavioural performance, indicating the involvement of

spindles in reactivation-like patterns (Bergmann et al., 2012). Another study em-

ployed positron emission topography (PET) to investigate the effects of training

on a probabilistic serial reaction time task. Findings indicated that brain areas

activated during the task in wakefulness were similarly active during REM after

the training, thus supporting the hypothesis that there is an experience-dependent

re-activation of specific brain areas during post-training REM sleep (Maquet et

al., 2000). The advent of multivariate pattern analysis (MVPA; Haxby et al.,

2001) and representational similarity analysis (RSA; Schönauer et al., 2017) helped

tackle the issue of whether the re-expression of encoding related activity reflects

the content of the learned task. In other words, studies that used these techniques

aimed to measure replay of stimulus-related activity patterns (Deuker et al., 2013;

Liu et al., 2019; Schönauer et al., 2017; Sterpenich et al., 2014; Zhang et al.,

2018). For instance, Schönauer and colleagues used MVPA to decode EEG activ-

ity during sleep to determine whether participants viewed faces or houses during

a declarative task performed the day before. They showed that the memory con-
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tent was reprocessed during both NREM and REM sleep and that reactivation of

declarative material during NREM sleep was associated with a greater memory

performance (Schönauer et al., 2017). Furthermore, combining intracranial EEG

electrodes with RSA in epilepsy patients, Zhang and colleagues identified that

stimulus-specific activity spontaneously re-occurred during waking rest and sleep,

but only ripple-triggered replay during NREM sleep was associated with memory

consolidation (Zhang et al., 2018).

These studies support the evidence that the spontaneous reactivation of prior

learned material during sleep constitutes a plausible mechanism supporting sleep-

based memory consolidation. However, only methods that can directly manipu-

late memory reactivation during sleep provide evidence for a causal role of sleep

in memory consolidation. Targeted Memory Reactivation (TMR) is a technique

that emerged to directly address this issue.

1.4.3 Targeted Memory Reactivation (TMR)

TMR involves associating learning materials used in a task during awake learn-

ing with a contextual cue, like a sound or an odour. These stimuli are then

unobtrusively re-presented during sleep, usually during specific sleep stages, to

bias the spontaneous memory reactivation process towards the cued stimuli. Per-

formance change scores between reactivated and non-reactivated items are then

compared during a post-sleep test. The aim of this technique is to selectively im-

prove memory consolidation of the cued items and thereby increase performance

on those items in subsequent memory tests (Andrillon et al., 2011; Hu et al., 2020;

Rasch et al., 2007). Early attempts with the use of TMR date back to the end of

the 1980s (Oudiette & Paller, 2013), however, this procedure was experimentally

demonstrated for the first time by Rasch and colleagues in 2007 (Rasch et al.,

2007). In this seminal study, olfactory stimuli were used to cue declarative mem-

ory during sleep. Participants were trained on a two-dimensional memory task
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involving object locations while smelling the scent of a rose. During the subse-

quent night, the same odour was presented again during SWS periods without

disrupting participants’ sleep. Declarative memory improvement was measured

the next day by comparing the recall performance of participants who did or did

not receive the rose-scented air during sleep. Those who received the TMR pro-

cedure demonstrated enhanced recall performance for the cued stimuli compared

to a control group. Additionally, functional magnetic resonance imaging (fMRI)

revealed a higher hippocampal activation for those object-location pairs that were

re-exposed to the odour during SWS (Oudiette & Paller, 2013; Rasch et al., 2007).

However, it remained unclear from this study whether TMR during sleep has the

ability to selectively reactivate and strengthen specific memories formed during a

learning episode.

Rudoy and colleagues (Rudoy et al., 2009) addressed the specificity issues by using

auditory cues instead of sounds. Participants learned semantic associations be-

tween images and sounds (e.g., cat/meow) in specific locations. During the TMR

procedure delivered during SWS, half of the items were cued by representing the

sound of the corresponding objects. Post-sleep results showed higher accuracy for

the items that were cued during sleep, suggesting that specific memories can be

targeted and strengthened during sleep (Rudoy et al., 2009).

These findings have been further supported by animal studies. Bendor and Wilson

trained four rats on an auditory-spatial association task in which sounds (sound

L or R) were associated with reward locations: rats received a food pellet reward

at the left-end side of a track for sound L and at the right-end side for sound

R. In addition, control sounds not associated with the behavioural task were also

played. During subsequent sleep, auditory cues were represented during NREM

sleep, and place cell activity in the CA1 region of the hippocampus was recorded

during the task and during sleep. After comparing firing rates for each acoustic

stimulus during NREM periods, they observed that both task-related cues (sound

L and R) biased the content of replay events. Sound L resulted in a higher firing
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rate of individual place cells and ensembles of place cells with place fields on the

left side, while sound R had the same effect on the right side (Bendor & Wilson,

2012).

TMR has been applied during both NREM (N2 and SWS) and REM sleep how-

ever, to date, a relatively low number of studies examined the effect of TMR

during REM sleep. The majority of studies applied TMR during SWS to boost

performance on declarative memory tasks. Beyond spatial location (Diekelmann

et al., 2012; Diekelmann et al., 2011; Rasch et al., 2007; Rudoy et al., 2009), TMR

studies have shown a benefit for spatial navigation (Shimizu et al., 2018), vocabu-

lary learning (Schreiner & Rasch, 2015), associative learning tasks (Cairney et al.,

2018; Cairney et al., 2017), word recall (Fuentemilla et al., 2013). Additionally,

evidence shows that SWS TMR can improve non-declarative memories such as

procedural skills (Antony et al., 2013; Cousins et al., 2014; Cousins et al., 2016;

Schönauer et al., 2013) and emotional memories (Cairney et al., 2014; Hu et al.,

2020; Lehmann et al., 2016).

TMR during N2 has been mainly employed with motor skill learning tasks (Laven-

ture et al., 2016; Laventure et al., 2018) due to the well-known role played by sleep

spindles in the consolidation of motor memories traces (Fogel & Smith, 2011;

Morin et al., 2008). Not many TMR studies focused on REM sleep. Early studies

conducted with animals, by Hennevin and Hars, reported significant performance

improvement in rats on an active avoidance conditioning task after receiving ear

shocks as a cue during post-learning REM sleep (Hars et al., 1985; Hennevin &

Hars, 1987). Early attempts in humans also demonstrated enhanced memory after

auditory stimulation during REM on a Morse code task (Guerrien et al., 1989)

and a complex logic task (Smith & Weeden, 1990). On the contrary, more recent

attempts have reported negative REM sleep-declarative and procedural memory

effects (Laventure et al., 2016; Rasch et al., 2007) and a positive REM-emotional

memory effect (Hutchison et al., 2021; Schwartz et al., 2022; Wassing et al., 2019).
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Today’s research takes advantage of artificial intelligence methods to develop auto-

mated sleep stage scoring and to perform TMR in participants’ own homes, thus

allowing real-life applications. Recently, Whitmore and colleagues developed a

TMR system called “SleepStim” that works with a smartphone and a smartwatch

used to play sounds and record movement and heart rate parameters, respectively

(Whitmore et al., 2022). They tested whether at-home TMR, delivered via the

SleepStim system during N3, replicates the spatial-memory benefit observed in

laboratory settings. Across two experiments, they found a stronger TMR effect

using a relatively low auditory cue intensity (Whitmore et al., 2022). Further-

more, TMR manipulations can be extended to clinical settings and used in clinical

psychotherapy. Some studies explored the potential of TMR to weaken fear mem-

ories (Hauner et al., 2013; Oudiette et al., 2014) and to reduce negative valence

of stimuli (Hutchison et al., 2021; Rihm & Rasch, 2015), which could be used

to treat emotion and memory-related disorders, such as depression and PTSD.

For example, a clinical reduction in nightmare frequency and more positive dream

emotions have been demonstrated in adults with nightmare disorder (ND) after

exposing them to TMR during REM sleep for 14 days in combination with imagery

rehearsal therapy (Schwartz et al., 2022).

1.4.4 Research objectives

This thesis comprises three experimental chapters that investigate the beneficial

effects of sleep manipulation on cognition.

Chapter 2 aimed to examine whether blocking natural light during nighttime

sleep with the use of an eye mask benefits memory and alertness. To this end, we

compared participants’ performance on a cognitive battery while wearing an eye

mask or a control mask during sleep. Additionally, we utilised a wearable EEG

device to track sleep architecture, as we were interested in looking at the impact
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of the eye mask manipulation on sleep parameters.

Chapter 3 explored the role of sleep in consolidating the effects of a cognitive

training, thereby overcoming functional fixedness, a cognitive obstacle that pre-

vents people from thinking outside the box and reaching insight. Participants were

first exposed to a training session and then their performance was compared after

a period of nocturnal sleep or daytime wakefulness.

In Chapter 4, the focus switched to assessing the potential of TMR during REM

sleep to disarm the effects of negative emotions. We examined the effect of cueing

on subjective and objective measurement of arousal. To this end, we employed

subjective ratings of arousal, functional MRI, and heart rate deceleration.
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Chapter 2

Wearing an eye mask during

overnight sleep improves episodic
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CHAPTER 2. Eye Mask

2.1 Abstract

Ambient light can influence sleep structure and timing. We explored how wearing

an eye mask to block light during overnight sleep impacts memory and alertness,

changes that could benefit everyday tasks like studying or driving. In Experiment

1, ninety-four 18–35-year-olds wore an eye mask while they slept every night for a

week and underwent a control condition in which light was not blocked for another

week. Five habituation nights were followed by a cognitive battery on the sixth and

seventh days. This revealed superior episodic encoding and an improvement on

alertness when using the mask. In Experiment 2, thirty-five 18–35-year-olds used

a wearable device to monitor sleep with and without the mask. This replicated

the encoding benefit and showed that it was predicted by time spent in slow-wave

sleep. Our findings suggest that wearing an eye mask during overnight sleep can

improve episodic encoding and alertness the next day.

2.2 Introduction

Sleep stands as a cornerstone of overall health due to its vital engagement in

a multitude of physiological functions and cognitive processes that sustain well-

being, including immune control, energy conservation, homeostatic restoration,

and memory processing (Diekelmann & Born, 2010; Killgore, 2010; Lange et al.,

2010). The strong association between sleep and health emphasizes the need for a

thorough comprehension of the mechanisms that regulate our sleep-wake cycles. In

this context, the two-process model of sleep regulation emerges as a fundamental

framework (Borbely, 1982; Borbély et al., 2016). This model establishes that sleep

relies on both circadian rhythms and homeostatic process. The homeostatic pro-

cess S accumulates with increasing time spent awake and dissipates during sleep;

the biological circadian pacemaker process C, refers to an endogenous body clock

entrained to approximately 24 hours. Taken together, these processes determine
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the quality and the timing of sleep onset and offset (Borbely, 1982; Borbély et al.,

2016).

In mammals, the circadian pacemaker is regulated by the suprachiasmatic nucleus

(SCN) of the anterior hypothalamus, responsible for regulating circadian cycles

of nearly all physiological functions, such as body temperature, hormonal activ-

ity, and the sleep-wake cycles (Bass & Takahashi, 2010). Environmental cues,

also known as zeitgebers, play a crucial role in modulating the circadian clocks

and synchronizing the SCN to light-dark cycles. Among these cues, light holds

paramount significance, as it directly reaches the SCN via intrinsically photosen-

sitive retinal ganglion cells. Indeed, both the duration and the timing of light

exposure affect the SCN, leading to a phase advance, where the circadian rhythm

shifts to an earlier time, or a phase delay, causing a shift to a later time (Bjorvatn

& Pallesen, 2009; Blume et al., 2019; Wams et al., 2017).

Numerous studies have highlighted the significant impact of light exposure on

various aspects of sleep, including its duration, timing, structure and quality (Ba-

dia et al., 1991; Bjorvatn & Pallesen, 2009; Blume et al., 2019; Cho et al., 2013;

Dijk et al., 1989; Dijk et al., 1987; Park et al., 2019; Siraji et al., 2023; Wams et

al., 2017). For instance, in a controlled laboratory study, participants exposed to

bright light from 06:00 to 09:00 over three consecutive days experienced a notice-

able reduction in sleep duration, particularly in rapid-eye movement (REM) sleep,

while slow-wave sleep (SWS) remained largely unaffected (Dijk et al., 1989; Dijk

et al., 1987). In contrast, a non-intervention field study conducted by Wams and

colleagues indicated that early morning light exposure didn’t impact overall sleep

duration but did increase SWS duration at the expense of REM sleep (Wams et al.,

2017). Similarly, when participants were exposed to artificial 40 lux light during

the night to simulate bedside light, no differences in NREM and REM duration

were found. However, there were alterations in power spectral density, including

reduced slow wave activity (SWA) and spindle frequency bands in NREM epochs,
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and reduced theta activity during REM (Cho et al., 2013). Exploring sleep quality,

Boubekri and colleagues investigated the effects of daylight exposure on the pro-

ductivity and well-being of office workers. Their findings indicated increased sleep

duration and improved sleep quality, along with higher levels of physical activity

and an enhanced quality of life for workers in workspaces with windows (Boubekri

et al., 2014). In intensive care units, where patients are exposed to high light

levels, non-pharmacological interventions like using an eye mask during the night

have notably enhanced sleep quality (Bani Younis et al., 2019; Locihová et al.,

2018). Beyond sleep, light also exerts a significant influence on cognitive func-

tions. Vandewalle and colleagues found that exposure to a monochromatic blue

light enhanced working memory performance in an auditory 2-back task where

participants were instructed to determine whether the current consonant matched

the one presented two stimuli earlier in the sequence (Vandewalle et al., 2007).

Similarly, Alkozei and colleagues reported improved memory retention on a verbal

memory task when participants were exposed to this type of light (Alkozei et al.,

2017). Furthermore, evening light exposure decreased alertness the following day

(Chang et al., 2015), while blocking evening light improved alertness the next

day (Knufinke et al., 2019). Given the extensive evidence indicating that light

can impact sleep and cognition, and considering that sleep is vital for effective

cognitive functioning (Diekelmann & Born, 2010; Rasch & Born, 2013; Walker,

2009), our study was designed to explore the potential effects of wearing an eye

mask during periods characterized by heightened natural light in the early morn-

ing. We specifically chose to conduct our research during the summer months,

driven by the expectation that the eye mask might be particularly advantageous

when dawn breaks exceptionally early, such as around 5:00 a.m. in Cardiff, United

Kingdom. Our underlying hypothesis was that blocking ambient light during the

summer period could serve as a protective measure for sleep, ultimately leading

to improvements in cognition. With this aim in mind, we ran a within-subject de-

sign during the summer of 2018 and 2019 (Experiment 1) and a replication study
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in the summer of 2020 (Experiment 2). Specifically, we hypothesised that the

eye mask would yield enhancement in declarative memory, vigilant attention, and

procedural memory, all of which are known to be sleep sensitive (Lim & Dinges,

2008; Loganathan, 2014; Van Der Werf et al., 2011; Walker et al., 2002; Yoo et al.,

2007).

2.3 Materials and Methods

2.3.1 Participants

All participants were healthy volunteers, with no history of drug/alcohol abuse,

psychological, neurological, and sleep disorders. We selected participants who

reported no hypersensitive skin or contact allergies and no problems falling asleep

with open shutters and wearing both an eye mask and a wearable EEG device

(Dreem headband, DH, Arnal et al., 2020). Participants agreed to abstain from

alcohol and caffeine throughout the experiment. Additionally, the online screening

ensured that they had not worn an eye mask for sleep before and they agreed

not to nap on the days of the experiment. The sample size of Experiment 1

was determined using a power calculation based on a pilot study (n = 8) on

the Paired associate learning (PAL) task and based on a paired-sample t-test

(G*Power Version 3.1.9.6; Faul et al., 2009). This pilot predicted 80% power to

detect a medium-size effect (Cohen’s d = 0.3) with 88 subjects and a conventional

α of 0.05. Ninety-four native English speakers (59F, age range: 18–35 years,

M = 21.07, SD = 2.74) took part in the study. Of these, five were excluded

due to voluntary withdrawal, so our final dataset included 89 participants (54F,

M = 20.98, SD = 2.68). Due to technical failures when executing the tasks, a

further six participants were excluded from the PAL, four were excluded from

the Psychomotor Vigilance Test (PVT), and three from the motor-skill learning

(MSL) analysis.
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Experiment 2 was undertaken by 37 native English and Italian speakers (29F,

age range: 18–35 years, M = 23.03, SD = 3.52). Of these, four were excluded

due to difficulty falling asleep before 05:00 a.m. (n = 1), sudden notification

of working commitments (n = 1), and voluntary withdrawal (n = 2). Our final

dataset therefore included 33 participants (25F, M = 23.09, SD = 3.57). Sample

size was predetermined using a formal power analysis for correlation analysis.

A sample size of 29 was needed to detect a correlation coefficient of 0.5 with a

conventional α of 0.05 and 80% power. The number recruited slightly exceeded

the number needed.

All participants gave informed consent for the experiments, which were approved

by the Ethics Committee of the School of Psychology at Cardiff University, and

received monetary compensation for their participation.

2.3.2 Study design and procedure

The study design of both experiments is outlined in Figure 2.2.
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Figure 2.1: Study design. (a) Experiment 1 consisted of 2 consecutive weeks in
which, in a counterbalanced order, ambient light was blocked with an eye mask
during sleep for 1 week, or not blocked with a control mask for the other week.
Night 1–Night 5: participants slept at home wearing a mask (eye mask or control).
Day 6–Day 7: participants performed the PAL, the PVT, and the MSL task. (b)
Experiment 2 consisted of 5 days, 2 habituation nights, and 2 experimental days.
For the entire study duration, participants slept with an eye mask or a control
mask (counterbalanced order) together with the DH. In the morning of Days 4
and 5, participants completed the PAL and the PVT.

Experiment 1 was conducted over two summers (end of June–end of September)

in 2018 and 2019. We chose the summer months because we suspected that the

eye mask would be more helpful when dawn occurred early (as early as 05:00 am

at midsummer in Cardiff, United Kingdom). The 2018 study involved two con-

secutive weeks in a counterbalanced order, in which ambient light was blocked

with an eye mask during sleep for the experimental week and not blocked for the

control week. Each week consisted of 5 habituation nights, followed by 2 consecu-
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tive testing days (Day 6 and Day 7, respectively). During the habituation nights,

participants were instructed to sleep at home (wearing an eye mask or control)

and to maintain their regular sleep–wake habits. On Days 6 and 7, participants

arrived at the sleep laboratory at CUBRIC between 08:00 a.m. and 10:00 a.m.

and performed three cognitive tasks: PAL, PVT, and MSL. The 2019 study was

identical to the 2018 study, except that in the control condition, participants wore

a modified eye mask with two big holes manually cut over each eye, with nothing

covering the eye region, such that it did not block the light. This was done to

control for any discomfort caused by wearing a mask. Computer-based tasks were

executed using Matlab 2016 or 2017 (The MathWorks Inc., Natick, MA).

Experiment 2 was conducted over the summer of 2020 and consisted of four nights

(two habituation and two experimental), in which participants were asked to sleep

at home with the DH and an eye mask or a modified mask with holes, in a

counterbalanced order. Participants were given a digital light meter (Aoputtriver

AP-881E, Digital-Handheld-Temperature), and instructed to place it on the pillow

and to report light intensity as soon as they woke up each morning. They did this

for the entire duration of the study. The first two habituation nights were used

to accustom participants to sleeping while wearing both the DH and one of the

masks. Between 08:00 and 10:00 a.m. on Days 4 and 5, subjects performed

the learning part of the PAL and the PVT. Tasks were executed online using

PsychoPy3 Experiment Runner (v2020.1.3; Peirce et al., 2019).

From now on, we will refer to the two conditions as eye mask for the normal

sleep mask and control for both no mask (2018 participants) and the modified

mask with holes over the eyes (2019/2020 participants). In both experiments, an

online sleep diary was completed every morning, and self-reported alertness was

measured with the Stanford Sleepiness Scale (SSS, Hoddes et al., 1973) on the

morning of each experimental day. Participants were asked to sleep with open
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shutters/curtains for the entire duration of the study.

2.3.3 Experimental Tasks

2.3.3.1 Paired Associate Learning Task (PAL)

Declarative memory was assessed with the PAL task. On the first testing day (Day

6 of both weeks), participants were first instructed to learn 80 semantically related

pairs of English nouns presented on a screen for 3500ms with an interstimulus in-

terval (ISI) of 1000ms. We had two different lists of word-pairs, counterbalanced

between subjects. The learning session was followed by an immediate cued recall

test, in which subjects were presented with the first noun of every pair in a ran-

dom order and asked to recall the associated noun by typing it into a computer

keyboard. Unlimited time was given to type an answer, and word-pairs were re-

peatedly presented until the subject reached 60% accuracy. After each response,

the correct answer was displayed for 2s, allowing the subject to relearn the pair if

necessary. Followed by 10 minutes of PVT, a final cued recall without feedback

was presented and used to assess participants’ pre-sleep scores. Approximately 24

hours later, a delayed recall without feedback took place and it was used to calcu-

late the post-sleep score. We calculated: (i) learning performance as the number

of correctly recalled pairs in the final cued recall (pre-sleep score); (ii) absolute

consolidation performance as the number of correctly recalled words in the delayed

recall minus the final cued recall (post-sleep score – pre-sleep score).

2.3.3.2 Psychomotor Vigilance Test (PVT)

A 10-minute PVT performed on both testing days required to focus on a fixation

cross and to respond (and stop by pressing the space bar on the keyboard), as

quickly as possible, to a millisecond counter that randomly appeared between 2

and 10s. When the counter was stopped, reaction times (in ms) remained on the

screen for 1s and served as feedback. If the space key was not pressed within
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2000ms, an onscreen message reminded participants to pay attention. Responses

below 100ms (false starts) and above 500ms (attention lapses) were excluded from

the analysis before the average score from the remaining trials was calculated

(Basner & Dinges, 2011).

2.3.3.3 Motor-skill learning task (MSL)

The MSL required subjects to tap a fixed five-digit sequence (e.g., 4-1-3-2-4) using

their non-dominant hand, pressing four numeric keys on a computer keyboard as

quickly and accurately as possible. On the first testing day of both weeks (Day 6),

the pre-sleep session had participants repeat the numeric sequence across 12 blocks

of trials, each lasting 30 seconds, with a 30-second ISI. Before beginning the task,

participants completed a short 30-second practice round. On the second testing

day of both weeks (Day 7), the post-sleep session followed the same procedure.

However, the last three blocks of 30 seconds each featured a different control

sequence to determine if the overnight improvement was sequence-specific. We

employed two sequences for this task, balancing their order across subjects. Pre-

sleep performance was assessed by averaging the correctly tapped sequences in the

last three blocks, while post-sleep performance was determined by averaging the

first three blocks. Performance improvement was calculated by determining the

difference between the pre-sleep and post-sleep scores, representing the absolute

overnight change.

2.3.4 Wearable EEG device: Dreem headband

In Experiment 2, sleep macro-architecture was recorded using the DH that auto-

matically records, stores, and analyses physiological data (Arnal et al., 2020). The

DH comprises five dry-EEG electrodes: O1, O2, FpZ, F7, and F8. The signal is

recorded at a sampling frequency of 250 Hz with a 0.4–35 Hz bandpass filter. The

DH enabled participants to sleep in their own environment instead of in a labo-
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ratory setting, thereby increasing sleep quality and comfort levels. Recent valida-

tion of the DH’s automatic sleep stage classification, when compared to standard

polysomnography (PSG), demonstrated that the automatic algorithm can reliably

perform sleep staging (Arnal et al., 2020). We examined the time spent in each

sleep stage during the two experimental nights (nights 3 and 4). Relationships

between behavioral measures and sleep were assessed using Pearson’s correlations

or Spearman’s Rho if Shapiro–Wilk tests indicated a non-normal distribution. All

statistical tests were two-tailed and considered significant at p < .05. Analyses

were conducted in R (version 4.0.2, R Core Team, 2020). Results are presented as

mean ± SEM. Four participants did not initiate the DH recording correctly, re-

sulting in a lack of sleep data collection. Therefore, sleep macrostructure analysis

was based on N = 29 participants.

2.4 Data analysis

2.4.1 Behavioural analysis

We conducted a linear mixed-effects (LME) analysis using the lme4 package in

R. In all models, we incorporated fixed effects for MaskType (two levels: eye

mask, control mask) and YearOfExperiment to account for variations in the control

conditions across years. Additionally, we introduced an interaction term between

MaskType and YearOfExperiment to investigate if the effect of MaskType on the

tasks varied based on the specific control condition of each year. Participants were

included in the model as random intercepts.

Full model: DV ∼ MaskType ∗ Y earOfExperiment+ 1|participants.

To determine statistical significance, we utilized likelihood ratio tests (LRTs). We

compared the full model to a reduced model omitting the interaction term and to
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another model that only considered MaskType as a fixed effect.

Reduced 1: DV ∼ MaskType+ Y earOfExperiment+ 1|participants.

Reduced 2: DV ∼ MaskType+ 1|participants.

We based our results on the model that LRTs deemed the best fit for each specific

task. A detailed comparison of these models for all tasks can be found in Table 2.2

in the Supplementary Material. Additionally, in the Result section of each task,

the final model employed is delineated. Significance threshold was set at 0.05.

For all models, visual inspection of residual plots was used to assess the model

assumptions of linearity, homoscedasticity, and normality of the residuals. Effect

sizes were computed using lsr package (Navarro, 2015). All figures were created

using ggplot2 R-package (Wickham, 2009). Descriptive statistic of the tasks for

both experiments is reported in Table 2.1 in Supplementary Material.

All data and research materials have been made publicly available in Open Science

Framework (OSF) and can be accessed at DOI 10.17605/OSF.IO/Q4P9V.

2.4.2 Questionnaires

The SSS was used to provide a self-reported indication of sleepiness. Participants

rated their current state on a seven-point Likert scale, where 1 represents the most

alert and 7 represents the least alert (Hoddes et al., 1973). A sleep diary gathered

information about units of alcohol and caffeine consumed, sleep duration, and

the regularity of the sleep–wake cycle. In Experiment 2, we assessed the comfort

of the masks and the DH on a five-point Likert scale, ranging from 1: “Very

uncomfortable” to 5: “Very comfortable”. Similarly, self-rating of sleep quality

was measured on a Likert scale, ranging from 1: “Very poor” to 5: “Very good”.

Paired-sample t-tests evaluated whether sleep quality differed after using the eye

mask compared to the control. When the assumption of normality was violated,

42



CHAPTER 2. Eye Mask

we conducted non-parametric Wilcoxon signed-rank tests. All tests were two-

tailed, and we set the significance threshold at p < .05 for all analyses. Effect

sizes were computed using the rcompanion and lsr packages (Mangiafico, 2020;

Navarro, 2015).

2.5 Results

2.5.1 Experiment 1

2.5.1.1 Paired associate learning task

We first assessed whether wearing the eye mask affected learning performance on

the word-pair associate task. Including solely MaskType in our LME (PALlearning ∼

MaskType+1|participants) significantly improved model fit (see Table 2.2 in Sup-

plementary Material). This showed significantly better learning after wearing the

eye mask compared to the control (eye mask: 65.06±0.69 vs control: 63.87±0.67;

β= −1.19, CI = 0.18 - 2.21, p = 0.02, d = 0.19; Figure 2.2a). An additional LME

model, which we fit to examine whether our experimental intervention had an im-

pact on overnight declarative memory consolidation, revealed no effect of the eye

mask on overnight change in memory performance (see Table 2.3 in Supplementary

Material).
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Figure 2.2: Behavioral results. Boxplots for (a) learning performance on the PAL,
(b) reaction times on PVT, and (c) number of correctly tapped sequences on
the MSL task. Mean and standard errors of the mean are indicated. *p< .05,
**p<.01, ***p<.001.

2.5.1.2 Psychomotor vigilance test test

We next assessed the impact of wearing the eye mask on the psychomotor vigilance

task. PVT responses from the two testing days were combined in an LME, which

tested for differences in reaction time after wearing the eye mask as compared to

the control. This analysis revealed that blocking ambient light had a significant

impact on reaction times (PV T ∼ MaskType + 1|participants, see Table 2.2
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in Supplementary Material). Participants responded faster after wearing the eye

mask (eye mask: 310.26± 2.79 vs. control: 316.37± 2.94; β = -6.10, p = .0.007,

d = 0.16; Figure 2.2b, Table 2.3 in Supplementary Material).

2.5.1.3 Motor-skill learning

We examined motor-skill learning by fitting a linear mixed-effects model to the

number of correctly tapped sequences with fixed effects for MaskType (eye mask

and control), Day (Day 6 and Day 7), and their interaction, as well as random

effects for participants (MSL ∼ MaskType ∗Day+1|participants). This showed

no effect of the mask (β = −0.00, p = 1.000), but a significant main effect for Day

(β= 1.45, p < .001), indicating that participants performed the task faster after

sleep, irrespective of whether they were in the mask or control condition. There

was no interaction between MaskType and Day (β = 0.25, p = .597), indicating

that our intervention did not modulate performance on this task (Figure 2.2c). Ex-

amination of the absolute overnight change in performance revealed no differences

between the two types of masks (Table 2.3 in Supplementary Material).

2.5.1.4 Questionnaires

The LRT on the SSS, performed on both testing days combined, revealed no effect

of MaskType on self-reported alertness (χ2
1 = 3.11, p = .078; eye mask: 2.22±0.06

vs. control: 2.34 ± 0.06). Moreover, the eye mask had no impact on the actual

number of hours that participants reported sleeping since a Wilcoxon signed-rank

test on the total number of hours slept across the week (as indexed by the sleep

diary) revealed no differences between conditions (eye mask: 8.24±0.09 vs control:

8.26±0.11, Z = −0.27, p = 0.78; N = 79). Notably, 10 participants were excluded

from this analysis due to poor compliance in completing the sleep diary.
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2.5.2 Experiment 2

In Experiment 2, we sought to build on Experiment 1 by adding objective mea-

surements of time spent in each sleep stage through the use of the DH and mea-

surements of light intensity. However, the eye mask manipulation did not induce

any changes in the sleep macrostructure, as reported in Table 2.4 in Supplemen-

tary Material. Additionally, the inclusion of light intensity in our mixed model

showed no evidence of it modulating any of our behavioral measures. For con-

sistency, we collected similar behavioral and questionnaire data as in Experiment

1. This led to a significant result in the PAL, which is reported below. However,

no other significant findings emerged (see Table 2.3 and Supplementary Results

(Experiment 2) in Supplementary Material).

2.5.2.1 Paired associate learning task

In our assessment of mask vs control on word-pair encoding, the LRT revealed

that the inclusion of MaskType in the model provided a better fit for the data (χ2
1

= 3.91; p = 0.04, Table 2.2 in Supplementary Material). Thus, in keeping with

Experiment 1, learning performance was better after wearing the eye mask than

the control (eye mask: 69.9 ± 1.89 vs control: 67.7 ± 1.80; β = 2.18, p = 0.04, d

= 0.22; Figure 2.3a, Table 2.3 in Supplementary Material).
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Figure 2.3: Results of Experiment 2 and combined 1 & 2 (a) Experiment 2. PAL
results (N = 28). Boxplots for learning performance on the PAL after a night
of sleep wearing the eye mask or the control mask. (b) Combined results of the
encoding performance on the PAL from Experiments 1 and 2 (N = 112). **p
< .01; *p < .05. (c) Significant Spearman’s (rank) correlation between the time
spent in SWS (minutes) and the learning performance on the word pairs after
a night wearing the eye mask. Note that when N = 3 outliers were removed,
the correlation was still significant (rs = 0.44, p = .04). (d) Spearman’s (rank)
correlation between time spent in SWS (minutes) and learning performance on the
word pairs after a night wearing the control mask.

To examine the overall dataset, we combined the PAL results related to the

learning performance from both Experiment 1 and Experiment 2 (N = 112):

PALlearning ∼ MaskType+1|participants. This indicated that the inclusion of

the eye mask effect improved model fit (χ2
1 = 9.01; p = .0.002). Overall, the use of
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the eye mask had a positive effect upon subsequent learning (eye mask: 66.6± 1.5

vs control: 65.1 ± 1.5; β = 1.44, p = 0.002, d = 0.19; Figure 2.3b, Table 2.3 in

Supplementary Material). Given these results, we conclude that wearing the eye

mask was beneficial for declarative memory encoding the next day.

In light of previous studies demonstrating that SWS plays a major role in subse-

quent encoding (Antonenko et al., 2013; Van Der Werf et al., 2009; Van Der Werf

et al., 2011; Yoo et al., 2007), we tested for correlations between the learning of

hippocampus-dependent memory and SWS time. Learning performance after a

night wearing the eye mask was positively correlated with SWS time (rs = 0.51, p

= 0.01; Figure 2.3c), whereas there was no such correlation after a night wearing

the control mask (rs = 0.00, p = 0.99; Figure 2.3d). No other correlations were

significant (all p > .05, Tabel 2.4 in Supplementary Material).

2.5.2.2 Questionnaires

Sleep diary data revealed no differences in the number of hours slept while wearing

the eye mask (7.15± 16.66) or the control mask (7.18± 16.82; t(23)= −0.11, p =

.914, N = 24). Likewise, there was no significant difference in self-rating of sleep

quality (eye mask: 3.13 ± 0.19 vs control: 2.84 ± 0.16; Z = −1.53, p = .131, N

= 31). Participants rated the control mask as more uncomfortable than the eye

mask (eye mask: 3.10±0.17 vs control: 2.40±0.12; Z = −2.86, p = .005, N = 30),

but this did not impact the comfort of the DH with mask (eye mask: 2.83± 0.18

vs control: 2.83± 0.17; Z = 0.00, p = 1.000, N = 30).

2.6 Discussion

Our results demonstrate that wearing an eye mask during overnight sleep to block

out early morning light can enhance both new learning and alertness the following

day, while procedural memories remain unaffected.
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Previous literature has primarily focused on the role of sleep in memory con-

solidation (Born et al., 2006; Diekelmann & Born, 2010; Rasch & Born, 2013),

with fewer studies examining its impact on next-day learning of hippocampus-

dependent memories. Research in this area has shown that SWA - a hallmark of

slow-wave sleep – is associated with the encoding of declarative material (Anto-

nenko et al., 2013; Ong et al., 2018; Van Der Werf et al., 2009; Van Der Werf et al.,

2011). These studies align with the Synaptic Homeostasis hypothesis, which sug-

gests that SWA promotes the global down-scaling of synapses that have become

saturated during preceding periods of wakefulness, thus restoring the capacity

for encoding new information (Tononi & Cirelli, 2003, 2006). Indeed, enhancing

SWA via transcranial slow oscillation stimulation (tSOS) during an afternoon nap

improved subsequent memory encoding of pictures, word pairs, and word lists

(Antonenko et al., 2013), while suppressing SWA via acoustic stimulation resulted

in impaired encoding (Van Der Werf et al., 2009). In our study, the memory en-

hancement associated with the use of an eye mask was positively correlated with

the time spent in SWS. Based on the available literature, we thus speculate that

the eye mask may have increased SWA, even though we couldn’t directly measure

it due to the minimal nature of our recording method and despite the fact that our

analysis of sleep macrostructure showed no differences between mask and control.

Our speculation is grounded in the principles of the Active System Consolidation

and the Synaptic Homeostasis Hypothesis. The former posits that the temporal

synchronization of various brain rhythms during sleep is crucial for facilitating

communication between the hippocampus and the neocortex, thereby playing a

key role in sleep-associated memory processing (Diekelmann & Born, 2010; Rasch

& Born, 2013; Walker, 2009). Furthermore, neural oscillations implicated in mem-

ory consolidation have also been implicated in preparing the hippocampus for new

learning experiences, thus indicating that the processes of memory consolidation

and new learning might share overlapping neural mechanisms (Van Der Werf et al.,

2009; Van Der Werf et al., 2011). On the other hand, the Synaptic Homeostasis
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Hypothesis emphasizes the necessity of sleep, and particularly SWA, for synap-

tic renormalization. This process is essential for maintaining synaptic plasticity,

which is crucial for efficient learning on the following day information (Tononi &

Cirelli, 2003, 2006). In line with this, the study by Van Der Werf and colleagues

demonstrated that a selective reduction in SWA led to impaired encoding and re-

duced hippocampal activation, all without affecting sleep architecture or duration

(Van Der Werf et al., 2009; Van Der Werf et al., 2011). This evidence suggests

that the hypothesised enhancement of SWA facilitated by the use of an eye mask

in our study could occur independently of any noticeable alterations in the overall

structure of sleep.

In terms of vigilance, the current findings suggest that wearing an eye mask pos-

itively improved behavioural alertness. Specifically, participants responded faster

in the PVT after a night of sleep with the eye mask. The PVT is a widely used

measure of behavioural alertness and sustained attention, with negligible practice

and aptitude effects over repeated administrations (Basner & Dinges, 2011; Lim

& Dinges, 2008). Particularly in studies aimed at mitigating the effects of sleep

deprivation, the PVT is used to gauge the effects of light exposure on alertness.

However, these studies have generally focused on how increasing light exposure in

the morning could counteract the deleterious effects of sleep deprivation (Comtet

et al., 2019; Münch et al., 2017; Phipps-Nelson et al., 2003). The improvement

in PVT performance observed in our study merits consideration because of the

crucial role behavioural alertness plays in many real-world tasks, ranging from

driving to other activities that require rapid responses (Dorrian et al., 2004), and

because of the ecological setting in which our study was conducted. In fact, our

participants slept in the comfort of their own homes, were not sleep-deprived, and

no manipulation of natural light was applied.

Turning to the motor-skill learning task, consistent with the literature, our study
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demonstrated the expected improvement after a night of sleep. Indeed, partici-

pants significantly improved on this task after a retention period of sleep (Walker

et al., 2002). This overnight learning gain has previously been shown to correlate

with the amount of Stage 2 sleep obtained, particularly in the last quarter of the

night (Walker et al., 2002). However, despite this overnight enhancement, the use

of an eye mask does not appear to provide further benefit to this task. Notably,

the studies conducted by Van der Welf and Antonenko also examined the effect of

SWA on procedural memories and showed that manipulating SWA, either through

suppression (Van Der Werf et al., 2011) or augmentation (Antonenko et al., 2013),

had no noticeable impact on procedural memory performance. This has led to

the hypothesis that the effects of SWA might be task-specific, particularly benefit-

ing encoding in hippocampus-dependent memories. This observation potentially

supports our speculation about the eye mask’s impact on SWA, given that our

manipulation enhanced declarative learning while leaving procedural memories

unaffected. However, this hypothesis remains speculative and warrants further

investigation with the use of polysomnography.

In terms of self-reported sleep quality, as assessed through sleep diaries, we found

no significant benefits of the eye mask in either experiment. It’s noteworthy that

despite participants in Experiment 2 reporting that sleeping with the control mask

was less comfortable compared to the eye mask, this did not impact self-reported

sleep quality or other sleep parameters. However, it’s important to mention that

in our second experiment, we did not find a beneficial effect of the eye mask on the

PVT. While Experiment 2 was underpowered, contributing to non-significant re-

sults, it raises the question of whether factors such as participant discomfort with

the control mask might have selectively affected PVT performance but not declar-

ative memory. An adequately powered study focusing on PVT performance would

be beneficial for resolving the inconsistencies observed in our second experiment.
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Overall, our findings suggest that a simple manipulation—using an eye mask dur-

ing sleep—can lead to superior memory performance and higher alertness the next

day. These findings have broad implications, especially in educational and cultural

contexts where effective encoding and rapid response to external stimuli are es-

sential. Given the current climate of life-hacking, sleep monitoring, and cognitive

enhancers, the eye mask emerges as a simple, cost-effective, and noninvasive tool

to maximize the benefits of a night’s sleep.

2.7 Supplementary Material

Table 2.1: Descriptive statistic of the experimental tasks.

Experiment 1

DAY 6

Mean Median 95% CI SEM

PAL Eye mask 65.06 65 63.69 – 66.43 0.69

Control 63.87 64 62.53 – 65.20 0.67

PVT Eye mask 311.58 307.87 303.28 – 319.87 4.17

Control 314.13 310 306.06 – 322.20 4.06

MSL Eye mask 17.27 17 16.27 – 18.26 0.5

Control 17.27 16.5 16.25 – 18.29 0.51

DAY 7

PAL Eye mask 63.73 63 62.32 – 65.15 0.71
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Control 62.97 64 61.48 – 64.47 0.75

PVT Eye mask 308.95 303.2 301.51 – 316.39 3.74

Control 318.6 313.46 310.11 – 327.10 4.27

MSL Eye mask 18.46 18.83 17.51 – 19.42 0.48

Control 18.71 17.83 17.69 – 19.74 0.52

Absolute Overnight Change

PAL Eye mask -1.32 -1 -2.13 – -0.52 0.40

Control -0.89 -1 -1.74 – -0.03 0.43

MSL Eye mask 1.20 1.50 0.62 – 1.77 0.29

Control 1.45 1.34 0.98 – 1.91 0.23

Experiment 2

PAL Eye mask 69.89 71.50 66.10 – 73.68 1.85

Control 67.71 71 63.76 – 71.67 1.93

PVT Eye mask 319.64 319.55 303.88 – 335.40 7.70

Control 326.97 325.97 313.23 – 340.72 6.722

Note: PAL = Paired associate learning task. PVT = Psy-

chomotor vigilance test. MSL = Motor-skill learning task.

CI = confidence interval, SEM = standard error of the mean.

Table 2.2: Model comparisons.
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Experiment 1

AIC BIC Chisq Df Pr(>Chisq)

PAL learning

Reduced 2 1024.00 1036.45

Reduced 1 1024.03 1039.59 1.97 1 0.160

Full Model 1025.71 1044.38 0.32 1 0.572

PAL overnight change

Reduced 2 908.77 921.22

Reduced 1 910.76 926.32 0.00 1 0.958

Full Model 909.30 927.97 3.46 1 0.062

PVT

Reduced 2 3227.89 3243.20

Reduced 1 3229.33 3248.47 0.56 1 0.453

Full Model 3231.17 3254.14 0.16 1 0.693

MSL

Reduced2.MSL 1756.3 1779.4

Reduced1.MSL 1754.6 1781.5 3.7105 1 0.054

FullModel.MSL 1758.7 1797.1 1.8759 3 0.598

MSL overnight change

Reduced 2 799.00 811.59

Reduced 1 800.97 816.71 0.0296 1 0.863

Full Model 801.65 820.53 1.3233 1 0.250

Experiment 2

PAL learning

Reduced 3 391.00 397.08

Reduced 2 398.09 397.19 3.912 1 0.047
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PVT

Reduced 3 557.61 563.68

Reduced 2 556.87 564.97 2.7404 1 0.097

Experiment 1 & 2

PAL learning

Reduced 3 1434.6 1444.8

Reduced 2 1427.6 1441.2 9.0105 1 0.002

Note: In all tasks, except for the MSL, the models are specified as

follows:

Reduced 2 = MaskType+ 1|participants;

Reduced 1 = MaskType+ Y earOfExperiment+ 1|participants;

Full Model = MaskType ∗ Y earOfExperiment+ 1|participants.

In the MSL: Reduced2.MSL = MaskType ∗Day + 1|participants;

Reduced1.MSL = MaskType ∗ Day + Y earOfExperiment +

1|participants;

FullModel.MSL = MaskType ∗ Day ∗ Y earOfExperiment +

1|participants. Finally, in Experiment 2, Reduced 3 is related to

a model with no fixed effects. AIC (Akaike Information Criterion) and

BIC (Bayesian Information Criterion) are both measures of the relative

quality of statistical models. Chisq = Chi-squared, test statistic for

the LRT. PAL = Paired associate learning task. PVT = Psychomotor

vigilance test. MSL = Motor-skill learning task.
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Table 2.3: LME models outputs

Experiment 1

Predictors Estimates CI p

PAL learning

Intercept 63.87 62.53 – 65.20 <0.001

Eye Mask 1.19 0.18 – 2.21 0.02

PAL overnight change

Intercept -0.89 -1.71 – -0.07 0.034

Eye Mask -0.43 -1.37 – 0.50 0.360

PVT

Intercept 316.37 309.04 – 323.69 <0.001

Eye Mask -6.10 -10.51 – -1.70 0.007

MSL

Intercept 17.27 16.28 – 18.25 <0.001

Eye Mask 0.00 -0.65 – 0.65 1.000

Day7 1.45 0.79 – 2.10 <0.001

Eye Mask x Day7 -0.25 -1.17 – 0.67 0.597

MSL overnight change

Intercept 1.45 0.93 – 1.96 <0.001

Eye Mask -0.25 -0.94 – 0.44 0.477

Experiment 2

PAL learning
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Intercept 67.71 64.00 – 71.43 <0.001

Eye Mask 2.18 0.05 – 4.31 0.046

PVT

Intercept 326.90 311.82 – 341.98 <0.001

Eye Mask -9.13 -19.93 – 1.67 0.096

Experiment 1&2

PAL learning

Intercept 64.84 63.44 – 66.24 <0.001

Eye Mask 1.44 0.51 – 2.37 0.002

Table 2.4: Sleep parameters (mean±SEM) in minutes and pairwise comparisons.

Sleep
Measures Eye Mask Control Mask

Test
statistic p-value

Effect
Sizes

TST 451.52±14.03 459.76±18.05 -0.60 0.55 0.11

Onset 15.83±2.11 14.72±2.60 -0.47* 0.638 0.08

N2 185.34±8.24 179.07±11.46 0.612 0.545 0.11

N3 99.10±6.18 107.96±6.48 -1.61 0.119 0.29

REM 123.00±10.20 133.96±7.92 -1.143 0.263 0.21

Wake 28.24±4.28 24.03±2.74 -0.25* 0.804 0.04

Awakenings 2.14±0.39 2.03±0.32 0.35 0.729 0.06
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Note: Test statistics for paired-samples t-test unless indicated by *

which corresponds to the Wilcoxon signed-rank test. TST = total

sleep time; N2 = non-rapid eye movement sleep stage 2; N3 = non-

rapid eye movement sleep stage 3; REM = rapid eye-movement sleep.

Awakenings are related to the number of awakenings.

2.7.1 Supplemental Results (Experiment 2)

Experiment 2 was conducted in order to look at the impact of the eye mask

manipulation on sleep parameters. For consistency, we also collected PAL, PVT

and questionnaire data as in Experiment 1. However, because a power calc for

PVT based on the results of Experiment 1 suggested an n of approximately 390 for

80% power, and this was not a feasible target for an experiment using the Dreem

headbands, we did not expect a significant result for this task.

2.7.1.1 Psychomotor Vigilance Test (PVT)

When we examined sustained attention, the LRT revealed no significant effect

of the mask (χ2
1 = 1.82; p = 0.17), suggesting no specific effect of the eye mask

on reaction times (β = −7.33, p = 0.18; Table 2.3). Furthermore, analysis of

the association between sleep parameters and measure of behavioural alertness

revealed no significant correlation (all p > 0.05). Notably, the experiment was

severely underpowered for examination of the PVT.
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3.1 Abstract

Creative ideas and problem-solving can result from a leap of insight in which a

situation or event is suddenly reinterpreted in a novel way. However, mental fixa-

tion can limit cognitive ability and constrain thought. Sleep has been proposed to

facilitate insight by supporting the restructuring of memory elements, thus allow-

ing a qualitative change of the memory representation. The current experiment

examined the role of sleep in overcoming such mental obstacles to reach insight.

Twenty-eight participants underwent initial training and were tested on insight

problems. After a period of nocturnal sleep or daytime wakefulness, participants

attempted to solve other insight problems and performed a listing feature task.

The sleep group displayed greater improvement in solving insight problems; how-

ever, this result was confounded by the influence of circadian rhythms, as perfor-

mance was observed to be superior in the morning compared to the evening. Thus,

while the sleep-related improvement was notable, its interpretation is complicated

by the concurrent impact of time of day.

3.2 Introduction

In today’s rapidly changing and increasingly complex world, creativity has emerged

as a crucial skill in high demand. While the rapid development of artificial intelli-

gence (AI) has transformed many aspects of our lives, it has also raised concerns

about the impact of automation on human jobs, skills, and creativity. Although

AI can perform many routine and repetitive tasks faster and more accurately than

humans, it is still limited in its ability to generate truly novel and creative ideas.

Creative thinking involves the production and generation of a product, idea, or

problem solution that is both novel (or unusual) and appropriate (or useful) (Runco

& Jaeger, 2012). This can occur through immediate intuition or insight, as first de-
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scribed by Gestalt psychologists (Gilhooly, 2016; Weisberg, 2006). Insight is com-

monly associated with an ’Aha!’ moment, resulting from an unexpected awareness

of a problem solution, accompanied by surprise and positive emotional responses

(Kounios & Beeman, 2014). Reaching insight requires the ability to think beyond

conventional means, explore innovative solutions, and think "outside the box".

However, this process can be challenging, as our pre-existing knowledge and expe-

rience often impede our ability to do so (Storm et al., 2020). One such cognitive

obstacle is functional fixedness, which limits our potential to identify alternative

functions for tools or objects due to prior functional knowledge. This bias affects

our ability to reach insight and creates cognitive impasses, making it difficult to

think creatively and find innovative solutions to new challenges (Duncker, 1945;

McCaffrey, 2012b; McCaffrey & Krishnamurty, 2015; Munoz-Rubke et al., 2018).

One classic example of functional fixedness is the candle problem developed by

Duncker (Duncker, 1945). In this problem, subjects are presented with a candle,

a book of matches, and a box of tacks, and are instructed to attach the candle to

a wall. To successfully solve the problem, the tack box must be used as a platform

on which to place the candle. However, when subjects are primed with the box’s

typical function—a container full of tacks—rather than an empty box, they are

less likely to see the problem solution (Duncker, 1945). In other words, subjects

are more prone to functional fixedness.

Functional fixedness is a widespread phenomenon, and its effects have been ob-

served in individuals across different age groups and cultural backgrounds. For

instance, German and Defeyter (2000) assessed the performance of younger and

older children attempting to complete a different version of Duncker’s candle prob-

lem that required children to use an object for a purpose other than its conven-

tional function. The authors found that older children performed more slowly than

younger ones when primed for functional fixedness (German & Defeyter, 2000).

This cognitive bias can hinder creativity and limit innovation in a wide range of

62



CHAPTER 3. Sleep and Functional Fixedness

settings, from individual problem-solving to organizational strategy and societal

progress. Thus, it is crucial to overcome functional fixedness to achieve insightful

outcomes.

Research has indicated that when confronted with a particularly challenging prob-

lem, taking a break from the task can be an effective approach to generate cre-

ative solutions. The period during which a problem is set aside, termed incu-

bation, allows unconscious processes to restructure associations between critical

elements of the problems, resulting in the generation of novel and non-obvious so-

lutions (Gilhooly, 2016; Kounios & Beeman, 2014; Sio & Ormerod, 2009). Insight

problem-solving seems to benefit from this incubation period, which has been fre-

quently associated with significant discoveries throughout history, including Albert

Einstein’s theory of relativity and Charles Darwin’s theory of evolution (Kounios

& Beeman, 2014). However, incubation alone might not be enough to avoid men-

tal fixation on a problem (Storm et al., 2020). To promote the reorganization of

mental representations in a novel fashion, previous studies have suggested that

an incubation period during sleep may be particularly beneficial (Cai et al., 2009;

Sanders et al., 2019; Sio et al., 2013; Wagner et al., 2004). Sleep after encoding

promotes the consolidation of initially labile memory traces through a dialogue

between the hippocampus and the neocortex (Diekelmann & Born, 2010; Rasch &

Born, 2013). During this process, the newly learned traces are strengthened and

gradually integrated into pre-existing memory networks (Tamminen et al., 2010).

Research over the past years has suggested that sleep does not only facilitate

the quantitative strengthening of memory traces, but also promotes the quali-

tative reorganization of memories, allowing for the abstraction of regularities in

learned materials and insightful behaviour (Cai et al., 2009; Diekelmann & Born,

2010; Durrant et al., 2011; Ellenbogen et al., 2007; Monaghan et al., 2015; Sio &

Ormerod, 2009; Wagner et al., 2004). For example, participants who slept after

exposure to a series of tones in a probabilistically determined sequential structure
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performed better in recognizing a new sequence that followed the same statistical

pattern compared to those who remained awake (Durrant et al., 2011). In Wagner

and colleagues’ seminal study (Wagner et al., 2004), participants were tested on

a modified version of the Number Reduction Task, which involved transforming

an eight-digit string into a new string following specific rules. Participants’ re-

sponse speed on the task improved with practice. However, the task was designed

such that an abrupt performance improvement could occur with the discovery of

a hidden shortcut rule. In a subsequent delayed test performed after 8 hours of

nocturnal sleep, participants were more likely to use the shortcut compared to

those who were awake at night or during the day. This finding demonstrated

that participants gained knowledge of the hidden rule while asleep (Wagner et al.,

2004). Similarly, in another experiment, participants’ performance on a creative

problem-solving task improved after an incubation period involving REM sleep

(Cai et al., 2009). Nevertheless, some studies have failed to find a beneficial ef-

fect of sleep on insight (Brodt et al., 2018; Hołda et al., 2020; Landmann et al.,

2016; Schönauer & Pöhlchen, 2018). For instance, the study conducted by Schö-

nauer and colleagues revealed that taking a nap did not enhance the ability to

solve magic tricks and classical insight problems when compared to spending an

equivalent amount of time awake (Schönauer & Pöhlchen, 2018). This finding was

echoed in another study that observed that a nap did not lead to any improvement

in riddle-solving abilities compared to a period of wakefulness (Brodt et al., 2018).

Finally, another experiment by Hołda and colleagues utilized a murder mystery

video game to assess the impact of sleep on problem-solving and also concluded

no beneficial effects of sleep (Hołda et al., 2020).

In light of the challenges posed by functional fixedness and the potential benefits

of an incubation period during sleep, overcoming functional fixedness is a crucial

first step in promoting insightful problem-solving. To address this, McCaffrey

recommended that individuals focus on unnoticed or obscure features that may
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be present in the initial setting of a problem. By directing attention toward these

often-overlooked elements, individuals may be better equipped to identify alter-

native functions and solutions, ultimately facilitating the process of reaching an

insight (McCaffrey, 2012a; McCaffrey & Krishnamurty, 2015).

Specifically, McCaffrey provided participants with a cognitive training session

known as the Generic Parts Technique (GPT). This technique involves break-

ing down an object into its fundamental components and defining each element

based on its material, shape, and size. The ultimate goal of the GPT is to coun-

teract functional fixedness, helping individuals identify overlooked object features

that are necessary to solve insight problems (McCaffrey, 2012a). To illustrate this

concept, McCaffrey used the example of a candle. Typically, we associate the can-

dle as an item designed for illumination. However, when we apply the GPT, we

break down the candle into its basic attributes. In doing so, we might realize that

the candle’s wick, which is essentially a piece of string, can serve other purposes

beyond just lighting a candle, such as tying your shoes.

In this study, we set out to investigate whether sleep can serve as a mechanism

to consolidate the effects of the GPT, ultimately facilitating creative insight in

problem-solving. To this end, participants underwent the GPT followed by a set

of insight problems to solve. After a 12-hour retention interval, which included

either overnight sleep or daytime wakefulness, participants were asked to solve a

second set of insight problems and to perform a listing feature task that relied

on the features targeted by the GPT for their solutions. To determine whether

sleep played a role in consolidating the training, thereby potentially enhancing

the facilitation of insight problem-solving, we compared participants’ performance

across the two incubation periods. We hypothesized that an incubation inter-

val that included sleep would contribute to overcoming mental fixity and would

preferentially enhance participants’ performance on insight problem-solving.
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3.3 Materials and Methods

3.3.1 Participants

Fifty-three healthy volunteers (40 females, age range: 18–35 years, mean ± SD:

24.57 ± 3.92) participated in an online study approved by the Ethics Committee

of the School of Psychology at Cardiff University. Participants were recruited from

both the UK (33 participants, 26 females, mean ± SD: 22.03 ± 4.12) and Italy

(20 participants, 14 females, mean ± SD: 25.60 ± 2.68) via online advertising

on social media. Interested individuals were redirected to an online eligibility

screening questionnaire. The online screening ensured that only native English

or Italian speakers between the ages of 18 and 35 were included, as sleep quality

has been shown to decline after the age of approximately 35. We also required

participants to be habitual non-smokers with normal or corrected-to-normal vision

and no previous history of physical, psychological, neurological, or sleep disorders.

None of the participants reported taking any medication or substances affecting

sleep quality. Further exclusion criteria included daytime napping habits, irregular

sleep-wake rhythms, and night shift work. Additionally, participants were asked

to abstain from alcohol for 24 hours prior to the study and from caffeine or other

psychologically active foods for 12 hours before the study began. We also ensured

that those recruited agreed not to engage in extreme physical exercise on the days

of the experiment.

Out of 53 participants, data from 25 were discarded: 24 participants did not

successfully complete the GPT training (see section 3.3.3 for GPT criteria), and

data from one participant were excluded due to a script error. Consequently, the

dataset included 28 participants (20 females, mean ± SD: 23.78 ± 3.89), with

14 subjects in the sleep group (10 females, mean ± SD: 22.71 ± 3.10; UK: 7

participants, 6 females, mean ± SD: 20.14 ± 1.21; Italy: 7 participants, 4 females,
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mean ± SD: 25.28 ± 1.98) and 14 subjects in the wake group (10 females, mean

± SD: 24.86 ± 4.40; UK: 6 participants, 4 females, mean ± SD: 24.83 ± 6.31;

Italy: 8 participants, 6 females, mean ± SD: 24.87 ± 2.75). All participants

provided written informed consent and received monetary compensation for their

participation.

3.3.2 Experimental tasks

3.3.2.1 Generic Part Technique (GPT)

The GPT is a technique developed by McCaffrey (2012) that aims to counteract

functional fixedness. It identifies four essential features that are necessary to solve

insight problems involving concrete objects: material, shape, size, and parts (Mc-

Caffrey, 2012a). The technique involves breaking down an object (e.g., scissors)

into subparts (e.g., blades) and creating function-free descriptions of each subpart

that only refer to the object’s essential features (e.g., a long triangular piece of

metal with a pointy-end). This step is crucial as it allows individuals to replace

the commonly associated function of an object (e.g., to cut) with a function-free

description, which can uncover alternative uses for an object (e.g., scissors’ blades

can be used as a screwdriver).

To implement the GPT, subjects need to repeatedly ask themselves two key ques-

tions every time an object is broken into its component parts: "Can this be de-

composed further?" and "Does this description imply a use?". Following this

procedure, subjects create a parts diagram. The description at the bottom level is

solely based on the material, shape, size, and parts of objects and does not imply

any use (see Figure 3.6 in the Supplementary Material; McCaffrey, 2012a, 2012b).

The GPT has been successfully demonstrated to provide individuals with a sys-

tematic approach to counteract functional fixedness in insight problems involving

concrete objects (McCaffrey, 2012a, 2012b; McCaffrey & Krishnamurty, 2015).
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3.3.2.2 Insight problems

Eight insight problems that require the identification of the material, shape, size,

and parts of objects were presented in this study. These problems include the

tower problem (Isaak & Just, 1995), the candle problem (Duncker, 1945), the

circuit problem (Glucksberg et al., 1968), the two-rings problem, the stuck-truck

problem, the wristwatch problem, the hot-coals problem, and the desk-lamp prob-

lem (McCaffrey, 2018). The desk-lamp problem was modified from its original

version as it required knowledge about a US plug. All problems and solutions are

reported in the Supplementary Material.

To solve these problems, subjects needed to uncover the feature types targeted by

the GPT. Participants were instructed to solve each problem within eight minutes,

which has been previously established as an adequate amount of time to produce

and write an answer (McCaffrey, 2012a, 2012b). They were asked to provide no

more than two solutions for each problem. While they could move on to the next

problem, they were not allowed to return to the previous one. Before each problem,

a reminder was given about the use of the GPT technique.

3.3.2.3 Feature-listing task

As previously outlined, the GPT technique reveals the four key features (ma-

terial, shape, size, and parts of objects) necessary for solving insight problems.

The feature-listing task aimed to investigate how many of these types of features

participants could identify.

During this task, participants were instructed to list all possible features, proper-

ties, and associations of ten objects. The first five objects presented were unrelated

to the insight problems (bike, bin, chair, scissors, umbrella). These were followed

by four objects (candle, rope, truck, watch) that contained the key features for
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solving the insight problems. The last object was a lamp, which did not possess the

crucial feature but had been previously encountered by participants when solving

the problems. A reminder to use the GPT technique was provided at the top of

each object, and participants had four minutes to work on each one. They were

permitted to move on to the next object before time expired but were not allowed

to go back to a previous one. Before starting the feature-listing task, participants

were shown an example using the features of a coffee cup (McCaffrey, 2012a, see

Supplementary Material).

3.3.3 Procedures

The study used a between-subject design consisting of two sessions performed 12

hours apart (Figure 3.1). Participants were randomly assigned to either the sleep

or wake group. For the wake group, the first session was conducted between 9 a.m.

and 10 a.m., with the second session taking place between 9 p.m. and 10 p.m. on

the same day. Conversely, the sleep group underwent the first session between 9

p.m. and 10 p.m., with the second session being held between 9 a.m. and 10 a.m.

the following day.
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Figure 3.1: Experimental procedure. Participants were randomly allocated to either
a wake or a sleep group. During Session 1, both groups were asked to perform the
Generic Part Technique (GPT) and solve four insight problems. After a 12-hour
retention interval, which included either daytime wake or overnight sleep, Session
2 was conducted. In the second session, participants from both groups were asked
to solve an additional four insight problems and perform a listing feature task.

In Session 1, participants first completed the Stanford Sleepiness Scale (SSS, Hod-

des et al., 1973) to assess their present level of alertness. Then, following the

procedure adopted by McCaffrey (2012), the GPT’s general purpose and instruc-

tions were presented, followed by the example of a tree-part diagram of a bell

(McCaffrey, 2012a). Participants then attempted to use the technique with three

different objects: a ladder, a kettle, and an arrow. A reminder with the two main

questions of the GPT (“Can this be decomposed further?” and then, “Does this

description imply a use?”) was always present on the screen. All participants re-

ceived feedback with an appropriate answer for each part diagram. No time limit

was imposed on completing the training. As reported by McCaffrey (2012), the

training was considered successfully completed when (a) all parts of the objects

were listed and (b) the final descriptions did not imply any uses. Only one mis-

take was allowed on each part diagram, either one missed part or one description

implying the use of an object. This method ensured that participants gained a

systematic approach to avoid overlooking obscure features of the objects. As a
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second and last step in Session 1, participants attempted to solve four insight

problems and rated the usefulness of the GPT and the level of effort applied while

performing the task using a Likert-scale assessment (1: “Did not work hard at all”

to 10: “Worked as hard as I possibly could”) (McCaffrey, 2012a).

Session 2 included four insight problems and a feature-listing task, preceded by

the administration of the SSS questionnaire (Hoddes et al., 1973). As in Session 1,

the Likert-scale assessments were conducted at the end of Session 2 to evaluate the

usefulness of the GPT and the level of effort applied. In both sessions, participants

were asked to indicate their familiarity with the insight problems presented, so

that those problems were not included in the final analysis. Insight problems

were presented in the same order in both sessions but counterbalanced across

participants. All tasks were executed online using PsychoPy3 Experiment Runner

(v2020.1.3; Peirce et al., 2019).

3.4 Data Analysis

The analysis presented in this section pertains only to participants who successfully

completed the GPT training. We assessed the correctness of solutions for the eight

insight problems by determining whether participants identified and utilized the

key features of the problems. To calculate the time taken to solve each problem,

we divided the average time required to solve the problem by the number of correct

responses. For the feature-listing task, each listed feature was categorized as either

"Material", "Shape", "Size", or "Part", following the categorization scheme from

McCaffrey (McCaffrey, 2012a). The total number of each type of feature across

all objects was calculated to determine the total feature-listing score. Three inde-

pendent scorers, who were blinded to the experimental conditions, conducted the

scoring.
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Statistical analyses were conducted using IBM© SPSS© Statistics (version 25,

IBM Corp, Armonk, NY, 2017) and R (version 4.0.2; R Core Team, 2020). Sep-

arate two-way mixed-method analyses of variance (ANOVAs) were used to evalu-

ate the effects of group and session. Significant two-way interactions between the

within and between subjects factors were further explored using a simple main

effects analysis. By contrast, for non-significant two-way interactions, we deter-

mined whether the main effects were significant (Fox, 2016). The homogeneity and

sphericity assumptions were satisfied for all ANOVAs. The normality assumption

was violated in one of the sub-groups, as assessed by a significant Shapiro-Wilk

test. Although ANOVA is known to be robust to the violation of the normality

assumption (Blanca et al., 2017; Gelman & Hill, 2007), throughout the scientific

literature there are divergent opinions (Osborne & Waters, 2002; Warton et al.,

2016). Therefore, we also ran a two-way mixed ANOVA using robust estima-

tors with the WRS2 package and the bwtrim function that computes the two-way

mixed ANOVA in trimmed means (Mair & Wilcox, 2020). Effect sizes were re-

ported as partial eta squared η2p.

Between-conditions analysis were conducted using independent-samples T test.

When the assumption of normality was violated, as assessed by a significant

Shapiro-Wilk test and confirmed through visual inspection of the Normal Q-Q

plots, the non-parametric Mann-Whitney U was conducted instead. To account

for multiple comparisons, the false discovery rate (FDR) correction (Benjamini

& Hochberg, 1995) was applied, thus controlling for the expected proportion of

falsely rejected hypotheses. All figures were created in R using ggplot2 package

and raincloud plot (Allen et al., 2019; Wickham, 2009). All tests were two-tailed

with a statistical significance level set at p<0.05. All data are shown as Mean ±

Standard error of the mean (SEM) unless otherwise specified.
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3.5 Results

3.5.1 Questionnaires

Mann-Whitney U Test revealed no differences between groups in alertness during

the first session, measured with the SSS (sleep group: M = 2.78, SE = 0.19; wake

group: M = 2.64, SE = 0.40; comparison of groups: U = 84, Z = -0.68, p = 0.493,

r = 0.13). A similar pattern was found in session 2 (sleep group: M = 2.86, SE =

0.29; wake group: M = 2.64, SE = 0.37; comparison of groups: U = 85, Z = 190,

p = 0.537, r = 0.12).

3.5.2 Insight problems

Two participants (one in the sleep group and one in the wake group) indicated that

they were familiar with 2 insight problems (the tower and the candle problem),

therefore we didn’t take into account these answers when analysing subjects’ data.

Behavioral results are presented in Table 3.1.
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Table 3.1: Descriptive statistic of the Insight Problems. Descriptive statistic of
sleep and wake groups for the insight problems on the first and the second test
sessions. CI = confidence interval, SEM = standard error of the mean.

Session 1

Mean Meadian SD SE

Sleep Group Insight Problems Solved 1.93 2.00 1.35 - 2.50 0.27
Time to reach solution 3.22 2.28 2.01 - 4.42 0.55

Wake Group Insight Problems Solved 2.64 3.00 2.11 - 3.18 0.25
Time to reach solution 3.22 3.11 2.34 - 4.31 0.46

Session 2

Sleep Group Insight Problems Solved 2.71 3.00 2.14 - 3.29 0.26
Time to reach solution 4.10 4.45 3.01 - 5.19 0.50

Wake Group Insight Problems Solved 1.86 2.00 1.36 - 2.36 0.23
Time to reach solution 2.26 2.04 1.54 - 2.98 0.33

Our analysis initially focused on testing the effect of sleep on the number of insight

problems solved and on the time required to solve each problem. We conducted

two separate two-way mixed ANOVAs with the within-subjects factor of Session

(Session 1 versus Session 2) and the between-subjects factor of Group (sleep versus

wake). For the insight problems, the analysis revealed a significant interaction

between Session and Group (F(1,26) = 9.62, p = 0.005, η2p = 0.27). Further

exploration through simple main effect analysis of the groups showed no difference

between groups in the first test session (F(1,26) = 3.85, p = 0.061, η2p = 0.13), but

there was a statistically significant difference in the number of insight problems

solved between groups in the second test session (F(1,26) = 5.92, p = 0.022, η2p =

0.19). Specifically, the sleep group exhibited superior performance in the second

session compared to the wake group (Mean difference Sleep-Wake group = 0.86,

SE = 0.35, 95% CI = [0.13, 1.59]) (Figure 3.2a).
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Figure 3.2: Behavioural results. a) Performance on insight problems of sleep
(green) and wake (orange) groups on the first and the second test sessions. b)
Time needed for solving insight problems on the first and the second test sessions
for both the sleep (green) and the wake (orange) groups. Boxplots show the median
(inner thick horizontal line), the 25th and 75th percentiles (the bottom and the
top of the box), the maximum and the minimum of the data (whiskers). *p< 0.05.
ns: non-significant.

The investigation into the time required to solve the insight problems yielded no

statistically significant interaction between session and group (F(1,26) = 0.11, p =

0.742, η2p = 0.00) and no main effects of sessions (F(1,26) = 0.43, p = 0.516, η2p =

0.02) or groups (F(1,26) = 1.35, p = 0.255, η2p = 0.05). Given the violation of the

normality assumption for residuals, we conducted a robust ANOVA. This robust

analysis also confirmed the absence of a significant interaction between session and

group (F(1,17) = 0.06, p = 0.80) and no main effect of either session (F(1,17) =

0.03, p = 0.87) or group (F(1,17) = 0.39, p = 0.54) (Figure 3.2b).

In order to test for time of day confounds, we conducted an ANOVA with within-
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participant factor Time of Day (morning or evening) and between-participant

factor Session. The dependent variable in this analysis was the number of insight

problems solved. We found a significant main effect of time of day (F(1,52) = 9.62,

p = .003), revealing a difference in participants’ performance based on whether the

session took place in the morning or evening. Specifically, participants performed

significantly better in the morning compared to the evening session (Morning:

2.68±0.18; Evening: 1.89±0.17). No significant effect of session (F(1,52) = .000,

p = 1.000) and no significant interaction was found (F(1,52) = 0.08, p = .779).

These findings suggest that time of day plays a role in influencing the performance

on insight problems.

3.5.3 Listing features

Overall, the sleep group listed significantly more features related to the material

(sleep group: M = 25.28, SE= 2.81, wake group: M = 13.21, SE = 2.62, com-

parison of groups: t(26) = 3.14, p = 0.004) and part (sleep group: M = 41.64,

SE = 3.22, wake group: M = 25.93, SE = 4.23, comparison of groups: t(26) =

2.95, p = 0.006) categories compared to the wake group. Although the sleep group

descriptively listed more features related to the shape and size categories, this dif-

ference did not reach statistical significance (shape: t(26) = 1.73, p = 0.095; size:

U = 65, Z = -1.53, p = 0.131, Table 3.2). Importantly, none of these comparisons

maintained significance after undergoing multiple corrections (padj > 0.05 for all

comparisons).
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Table 3.2: Descriptive statistic of the listing-feature task. Descriptive statistic
(mean ± standard error of the mean, SEM) of sleep and wake groups for the listing-
feature task on the second test sessions and pairwise comparisons. Statistical test
used: independent-samples t-test (t-test) or Mann-Whitney U test (U-test). Both
the uncorrected and FDR-corrected p-values are reported.

Features Sleep group Wake group

Statistical
test

Test
statistic p-value padj

Material 25.28 ± 2.81 13.21±2.62 t-test 3.14 .004 0.13
Part 41.64 ± 3.22 25.93±4.23 t-test 2.95 .006 0.13
Shape 13.07 ± 1.86 8.93±1.51 t-test 1.73 .095 0.13
Size 6.36 ± 1.51 3.14±0.74 U-test -1.53 .131 0.13

3.5.4 Post-sessions questionnaire

A 5-point Likert scale was used to assess the usefulness of the training in solving

insight problems and to determine whether participants utilized the training when

attempting to solve the problems. Both groups rated the training as moderately

beneficial and indicated that they employed the technique while approaching the

insight problems (Table 3.3). An evaluation of the level of effort, using a 10-point

Likert scale, revealed that the sleep group reported applying a significantly higher

level of effort in Session 2 (t(26) = 2.78, p = 0.01) (Table 3.3). No correlations were

found between behavioral measures and the level of effort applied (all p>0.05).
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Table 3.3: Descriptive statistic of the post-sessions questionnaire. Descrip-
tive statistic (mean ± standard error of the mean) of sleep and wake groups
for post-sessions questionnaire and pairwise comparisons. Statistical test used:
independent-samples t-test (t-test) or Mann-Whitney U test (U-test). Usefulness
GPT: “The exercise from the training program helped me to solve the assigned
problems: 1(not at all), 5(very useful)”. Applied GPT while solving problems: “I
used what I learned from the training exercise when attempting to solve the prob-
lems assigned to me: 1(not at all), 5(very useful)”. Level of effort: “Please rate
the level of effort you applied towards attempting to solve each problem: 1(Did
not work hard at all), 10(worked as hard as I possibly could)”. Questions were
adapted from McCaffrey, 2012b. GPT = Generic Part Training. * p < 0.05.

Session Sleep group Wake group

Statistical
test

Test
statistic p-value

Usefulness GPT

Session 1 2.50±0.37 2.43±0.39 U-test -0.19 0.87
Session 2 2.64±0.32 2.78±0.30 t-test -0.32 0.75

Applied GPT

Session 1 3.21±0.41 2.36±0.34 U-test -1.60 0.11
Session 2 3.00±0.33 2.86±0.36 t-test 0.29 0.773

Level of effort
Session 1 7.86±0.39 6.86±0.36 t-test 1.88 0.07
Session 2 8.14±0.29 6.43±0.54 t-test 2.78 0.01*

3.6 Discussion

The present study aimed to investigate the impact of an incubation period, in-

volving either 12 hours of sleep or wakefulness, on the ability to apply the GPT

to overcome functional fixedness.

The ability of restructuring or recombining memory in a novel fashion required by

insight is often challenging to achieve. On the one hand, domain expertise, and

experience may facilitate problem-solving within a specific field, while on the other,
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these factors might cause an inability to restructure prior knowledge to generate

novel ideas (Storm et al., 2020; Weisberg, 2006). In this context, the GPT offers a

potential approach by uncovering object features that can help overcome mental

fixity and solve insight problems (McCaffrey, 2012a). By employing this technique

and comparing participants in the sleep and wake groups, we found that the sleep

group exhibited a greater improvement in solving insight problems. However, this

improvement appears to be attributed to circadian influences.

The circadian rhythm, which regulates our physiological functions over a 24-hour

day, has been shown to influence various aspects of human behaviour, including

cognitive performance (Gerstner & Yin, 2010; May & Hasher, 2017; Volk et al.,

2023). Numerous studies have reported that cognitive tasks benefit from circadian

synchronization, with individuals performing better during their optimal time of

day as determined by their chronotype, and experiencing impaired performance

when there is asynchrony (Hasher et al., 2002; May & Hasher, 2017; Volk et al.,

2023). Moreover, time of day has been found to significantly impact inhibitory

function, with varying effects depending on the nature of the task. Examining

the effects of time of day on problem-solving, Wieth and Zacks (2011) demon-

strated that reduced attentional control during non-optimal times can enhance

performance on insight problem-solving, as “outside the box” thinking becomes

more dominant (Wieth & Zacks, 2011). Given that young adults tend to exhibit

evening or neutral chronotypes (May et al., 1993), we could speculate that asyn-

chronization between chronotype and time of day could have potentially boosted

performance of insight. However, this speculation is limited as the study did not

measure morningness and eveningness in the participants. Furthermore, a more

recent study observed a beneficial effect of synchrony between circadian processes

and time of day on creativity (Kühnel et al., 2022).

These findings collectively suggest the complex relationship between circadian in-

fluences and problem-solving abilities. The effects of time of day on cognitive
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processes may vary depending on multiple factors, including task characteristics,

individual differences in chronotype, and the interplay between circadian rhythms

and other physiological and cognitive mechanisms. Further research is needed to

better understand the intricate interactions between circadian rhythms, problem-

solving strategies, and creative thinking abilities.

Inconclusive results are not solely limited to the consideration of time of day but

are commonly observed while examining the effect of incubation on creative prob-

lems (Brodt et al., 2018; Cai et al., 2009; Hołda et al., 2020; Landmann et al.,

2016; Schönauer & Pöhlchen, 2018; Sio et al., 2013; Wagner et al., 2004). For

example, Schönauer and colleagues did not observe a benefit of sleep on classical

insight problems and magic tricks when participants were tested after 3-h incu-

bation period including sleep or wake (Schönauer & Pöhlchen, 2018). Similarly,

Brodt and colleagues reported no effect of sleep on a different set of problems

including change detection, riddles, and anagrams (Brodt et al., 2018). Other

studies focused on the effect of sleep on creative problems by employing the Re-

mote Associates Test (RAT; Mednick, 1962), or similar versions (Cai et al., 2009;

Landmann et al., 2016; Sio et al., 2013). In the RAT, participants are required

to find a word associated with three seemingly unrelated words (e.g. heart, six-

teen, and cookie are associated with the word sweet, Cai et al., 2009). Using this

task, Cai and colleagues found that REM sleep enhanced the chance of finding

a solution, while Sio and colleagues found that this effect was mainly related to

more difficult problems (Cai et al., 2009; Sio et al., 2013). These discrepancies

emphasize the need for further exploration to better understand the underlying

mechanisms and determine the specific conditions under which sleep can facilitate

insight.
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3.6.1 Study limitations

Despite not finding a significant effect of sleep on insight problem-solving and con-

sidering the influence of time of day on our results, it is important to acknowledge

several limitations encountered in our study. One notable limitation was the loss

of participants who did not correctly perform the GPT training. This issue may

have arisen due to the constraints imposed by the online version of the experiment.

McCaffrey emphasized the importance of the experimenter collaboratively creating

the initial parts-diagram with the participants. This collaborative process not only

ensured that participants were fully engaged in understanding and constructing the

diagram but also served as a means to capture their attention and reinforce their

understanding of the task (McCaffrey, 2012a, 2012b). However, in our online study,

we adopted a different approach by presenting participants with a pre-structured

diagram that they subsequently filled in. This alteration may have diminished the

level of active engagement and participation in the task, which in turn could have

impacted their performance. Indeed, the online research environment comes with

inherent drawbacks, including the lack of experimenter presence and control over

the research setting (Finley & Penningroth, 2015). This could have contributed to

participants misunderstanding instructions, skipping reading them, or failing to

give them the necessary attention—all factors that could have contributed to the

significant number of participants who did not correctly perform the training. To

address these concerns, future studies might consider replicating the experiment

within a controlled laboratory setting. This approach would ensure participants’

active involvement and provide researchers with better control over the experi-

mental conditions, for example, incorporating measurements of participants’ sleep

duration and sleep architecture.

Another major limitation of our study pertains to its design. Measuring perfor-
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mance at various times of the day lacks control over the timing of both training

and testing, rendering it vulnerable to circadian and homeostatic confounders. To

address this limitation, a nap design, in which the sleep group has an interval of

diurnal sleep in the afternoon while the wake group remains awake for the same

duration, might be better suited to account for circadian influences and mitigate

their confounding effects (Schmid et al., 2020).

3.6.2 Conclusions

This study investigated the impact of an incubation period, involving sleep or

wakefulness, on overcoming functional fixedness and promoting insightful problem-

solving. Our results suggest that sleep might facilitate the incorporation and

integration of the GPT, ultimately resulting in enhanced performance on insight

problems. Nevertheless, the interpretation of this outcome is confounded due

to the influence of circadian rhythms. The influence of circadian rhythms on

problem-solving remains complex and multifaceted, with divergent findings in the

literature. Further investigation of the interplay between circadian influences,

cognitive processes, and creative thinking, will help us to build an understanding of

how circadian influences impact creativity and problem-solving, ultimately leading

to the development of more effective strategies to enhance insightful thinking.

3.7 Supplementaty Material

3.7.1 Supplementary figures
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Figure 3.3: Example of a part diagram. Example of a part diagram obtained by
following instructions of the Generic Part Technique (GPT). Descriptions at the
bottom do not imply any use. Figure adapted from McCaffrey, 2012a.

3.7.2 Features example

Coffee cup features example

1. “handle” or “has a handle”

2. “Mouth is bigger than base”

3. “handle is shaped like an ear”

4. “can draw circles with it”

3.7.3 Insight problems

1. The tower problem (Isaak & Just, 1995).

A prisoner was attempting to escape from a tower. He found in his cell a

rope which was half long enough to permit him to reach the ground safely.

He divided the rope in half and tied the two parts together and escaped.

How could he have done this?
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Solution: he cut the rope in half vertically.

2. The candle problem (Duncker, 1945).

Sitting on a table are a candle, a box of tacks, and a book of matches. You

must attach the candle to the wall so that it can burn upright and won’t

drip wax onto the table. How would you solve the problem?

Figure 3.4: The candle problem.

Solution: Empty the tack-box. Tack the box to the wall. Set the candle on

the platform formed by the box.

3. The circuit problem (Glucksberg et al., 1968).

You are to complete an electrical circuit comprised of a series of short 3-inch

wires that connect a series of electrical posts with screws as shown in the di-

agram below. The wires were screwed into the posts by a screwdriver, which

you still have. When all the wires were screwed into the posts, two posts

are left disconnected and so the circuit is not complete. You are missing one

section of 3-inch wire. You also have a wooden ruler but have no access to

anything else. How can you complete the circuit?
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Figure 3.5: The circuit problem.

Solution: Use the metal part of the screwdriver to complete the circuit.

4. The two-rings problem (McCaffrey, 2018).

You need to connect two rings together so that when you pick up one ring

the other will follow. The rings weigh 3 pounds each and are made of solid

gold. You do not want to damage them. You have a long, thin candle and

a 2-inch cubic block of steel. How can you connect the two rings?

Figure 3.6: The two-rings problem.

Solution: The wick inside the candle is also a long string. Shave the wax

from the candle using the steel cube, and then use the string to tie the rings

together.

5. The stuck-truck problem (McCaffrey, 2018).

A truck driver was driving his semi-trailer truck under an overpass when

suddenly he came to a screeching halt. He wasn’t paying enough attention

and inadvertently drove under the overpass that was just barely as high as

his truck. The truck was wedged so tightly that he could not go forward or

backward. Without damaging either the top of the truck or the overpass,

how could he, all by himself, get his semi unstuck?
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Solution: the driver can deflate the tires and drive out slowly.

6. The wristwatch problem (McCaffrey, 2018).

You own a wristwatch with a leather band. You are in an empty room and

you need to open the battery case on the back of the watch. You do not

want to damage the watch. Your fingernail is not strong enough to turn it.

How do you do it?

Solution: the rectangular metal piece on the watch buckle can serve as a

screwdriver.

7. The hot-coals problem (McCaffrey, 2018).

You need to transport a dozen hot coals from a campfire site to another

campfire site some 100 yards away. The coals are much too hot to touch and

they will quickly burn through any cloth they come in contact with. You are

walking home from basketball practice in your bare feet so you are carrying

a basketball and your jersey on a metal hanger. Other than that, all you

have access to is a stick. How can you quickly transport all the coals at once

before they cool?

Solution: Use the hanger to poke into the air hole to deflate the ball and

form it into the shape of a bowl. Use the hanger to push the coals into the

basketball.

8. The desk-lamp problem (adapted from McCaffrey, 2018).

For some bizarre reason, a desk lamp is screwed to the table by its base.

You need to remove the lamp from the table without damaging either the

table or the lamp. The room is empty, except for you –and your pockets

are empty except for a supermarket receipt and a few coins left. You cannot
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leave the room, and no one can bring you anything. How can you remove

the lamp from the table?

Solution: the coin can be used to loosen the screw.
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4.1 Abstract

Emotional reactivity has been shown to habituate overnight and this is thought

to be mediated by memory reactivation during rapid eye movement (REM) sleep.

Such reactivation can be intentionally triggered by targeted memory reactivation

(TMR), a technique in which a tone previously associated with a memory during

wake is re-presented during subsequent sleep. We have previously shown that

TMR in REM reduces arousal responses to negative stimuli. The present study

builds on this prior work by incorporating measures of heart rate deceleration

(HRD) and brain activity. Participants rated the arousal of 48 affective images,

paired with semantically matching sounds, on a 1-5 scale. Half of these sounds

were cued during REM in the subsequent overnight sleep cycle. Following a 48-

hour delay, participants rated the images again in an MRI scanner, while HRD

was simultaneously recorded. An online behavioural follow-up was conducted two

weeks later. TMR during REM resulted in a reduction of both HRD and responses

within the insula, orbitofrontal cortex, and paracingulate gyrus. Furthermore, the

impact of cueing intervention on participants’ emotional responses was tied to

their individual baseline arousal levels. This finding suggests that REM TMR can

facilitate a decrease in physiological responses to arousal.

4.2 Introduction

Emotion exerts a powerful influence on everyday human experiences. While vari-

ous findings suggest that emotional memories are preferentially consolidated dur-

ing sleep (Alger et al., 2018; Cunningham et al., 2014; Groch et al., 2013; P. Hu

et al., 2006; Nishida et al., 2009; Payne et al., 2008; Prehn-Kristensen et al., 2009;

Wagner et al., 2001; Wagner et al., 2006), whether and how sleep also modulates

the affective tone of these memories remains a topic of debate. Some researchers

argue for a reduction in emotional reactivity after sleep (Bolinger et al., 2019;
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Cunningham et al., 2014; Gujar et al., 2011; van der Helm et al., 2011; Zeng et al.,

2021), while others suggest a preservation (Ashton et al., 2019; Baran et al., 2012;

Groch et al., 2013; Jones & Spencer, 2019; Tempesta et al., 2015).

The “Sleep to forget, Sleep to Remember” (SFSR) hypothesis posits that while the

content (the information) of emotional memories is strengthened over time, the

emotional charge associated with their recall may be attenuated across multiple

nights of sleep. It also suggests that Rapid-Eye Movement (REM) sleep is mainly

involved in these processes (Helm & Walker, 2010; Walker, 2009). Indeed, the

unique neurological milieu of REM sleep seems to provide optimal conditions for

the processing of emotional memories (Gujar et al., 2011; Maquet et al., 1996;

Menz et al., 2016; Nishida et al., 2009; Rihm & Rasch, 2015; van der Helm et al.,

2011; Walker, 2009). Neuroimaging studies have revealed a higher activity in key

brain regions involved in the formation and consolidation of emotional memories

– such as amygdala, anterior cingulate cortex (ACC), hippocampus, and medial

prefrontal cortex (mPFC) – during REM sleep (Dang-Vu et al., 2010; Maquet et

al., 1996; Miyauchi et al., 2009). From a neurochemical perspective, REM sleep

is characterised by significantly increased concentrations of acetylcholine (ACh),

crucial for the long-term consolidation of emotional learning (McGaugh, 2004).

These ACh levels are four times higher than during NREM sleep and twice that of

wakefulness (Marrosu et al., 1995). Furthermore, noradrenergic and serotonergic

input to the cortex, associated with high stress and anxiety disorders, are almost

silenced during REM (Hasselmo, 2006; McGaugh, 2004). The specific combination

of high ACh and low norepinephrine (NE) in REM sleep might account for the

decreased synchronization observed between the hippocampus and the neocortex.

Indeed, high ACh levels in the hippocampus could lead to feedback suppression

within that region, thus attenuating the transmission of information from the hip-

pocampus to the neocortex. A similar pattern occurs in the neocortex where the

low levels of NE reduce suppression of feedback within cortical areas, thus allow-
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ing for more widespread activity in the cortex without significant influence from

the hippocampus. The cortex can therefore more freely re-analyze and possibly

recombine or re-associate existing memories and knowledge, potentially leading

to new feedforward representations (Hasselmo, 1999, 2006; Lewis et al., 2018).

On the electrophysiological front, REM sleep is marked by the presence of theta

oscillations (4-8 Hz), traveling waves that by synchronizing neural activity across

the hippocampus, limbic, and cortical areas are proposed to modulate affective

experiences in both animals and humans (Boyce et al., 2016; Lubenov & Siapas,

2009; Nishida et al., 2009; Popa et al., 2010; Pronier et al., 2023; Siapas et al.,

2005). For instance, studies on rodents found that REM theta synchronization

between the hippocampus, amygdala, and mPFC structures predicted the con-

solidation of fear memories (Popa et al., 2010); another study using optogenetics

demonstrated that disrupting theta oscillations during REM sleep impairs mice

in fear-conditioning tasks (Boyce et al., 2016). Human studies have found that

enhanced consolidation of negative emotional memories is correlated with REM

theta power (Nishida et al., 2009). Furthermore, PGO waves in rodents, that tend

to be phase-locked to theta waves (Karashima et al., 2007), have been linked to

emotional memory consolidation and neural plasticity (Datta et al., 2008; Ribeiro

et al., 2002; Rihm & Rasch, 2015). Datta (2008) demonstrated that PGO waves

mediate the increased expression of immediate-early genes and brain-derived neu-

rotrophic factor (BDNF) in the hippocampus (Datta et al., 2008). Additionally,

During REM there is a specific upregulation of the early gene Zif-268, which is

involved in synaptic plasticity. It has been demonstrated that this upregulation

occurs first in regions proximal to the hippocampus during initial episodes of REM

sleep and later extends to more distal regions, including the cerebral cortex and the

amygdala, thus providing an ideal setting for neuroplastic events to occur (Ribeiro

et al., 2002).

A promising tool in investigating the sleep-dependent memory consolidation is
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triggering targeted memory reactivation (TMR) during sleep. In a typical TMR

experiment, a tone or an odour previously associated with a newly encoded mem-

ory during awake learning is re-presented during sleep (Rasch et al., 2007; Rudoy

et al., 2009). This prompts the reactivation of the corresponding memory repre-

sentation and it can be used to manipulate emotional memories (Hutchison et al.,

2021; Rihm & Rasch, 2015; Sterpenich et al., 2014; Wassing et al., 2019). We pre-

viously examined the question of whether TMR reduces emotional reactivity by

asking participants to rate emotional images for arousal both before and after the

manipulation. This showed that TMR of emotionally arousing stimuli during REM

sleep, but not during SWS, led to a significant habituation of subjective arousal

(Hutchison et al., 2021). In the current study, we set out to extend this REM TMR

finding by examining both physiological and neural arousal responses, in addition

to subjective ratings. To this end, we used functional magnetic resonance imaging

(fMRI) to examine brain activity, focusing on regions known to be involved in

the processing and regulation of emotions, namely amygdala, insula, orbitofrontal

cortex (OFC), and subgenual anterior cingulate cortex (sgACC). These regions

have been extensively studied and are recognized as key components of the neural

circuitry underlying emotional experiences and previous studies have reported ac-

tivations of these regions due to sleep or emotional reactivity (Cairney et al., 2014;

Gasquoine, 2014; Murty et al., 2010; Rolls, 2019, 2023; van der Helm et al., 2011;

Wassing et al., 2019). Furthermore, dysfunctions within these regions have been

associated with psychiatric disorders such as depression or post-traumatic stress

disorders, PTSD (Benschop et al., 2022; Drevets et al., 2008; Gasquoine, 2014;

Hamilton et al., 2008). In addition to brain activity, we also examined heart rate

deceleration (HRD) as a physiological marker of emotional arousal. HRD, which

reflects the parasympathetic response, has been shown to map onto the affective

tone of a stimulus, with greater deceleration indicating higher levels of arousal

(Bradley et al., 2001; Buchanan et al., 2006). Prior works discuss different effects

of sleep on the parasympathetic aspects of emotional arousal, with studies showing
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either a decrease (Bolinger et al., 2019; Cunningham et al., 2014) or a preservation

of the HRD in response to emotional stimuli (Ashton et al., 2019; Bolinger et al.,

2018; Pace-Schott et al., 2011).

Drawing on our previous findings (Hutchison et al., 2021) and supported by evi-

dence indicating that REM sleep can provide optimal conditions for the processing

of emotional memories (e.g., Helm & Walker, 2010; Hutchison & Rathore, 2015;

Walker, 2009) and by studies suggesting that REM TMR may impact upon arousal

responses (Wassing et al., 2019), we predicted that our manipulation would result

in diminished activity in the brain’s arousal system, decreased heart rate response,

and reduction in subjective arousal.

4.3 Materials and Methods

4.3.1 Participants

Twenty-three right-handed, non-smoking healthy volunteers (14 females, age range:

20 – 33 years, mean ± SD: 23.61 ± 3.92) were recruited for this study, which was

approved by the Ethics Committee of the School of Psychology at Cardiff Uni-

versity. A pre-screening questionnaire was used to ensure that participants were

fluent in English, had normal or corrected to normal vision, no previous history

of physical, psychological, neurological, or sleep disorders and no hearing impair-

ments. Participants were required to be right-handed and to not regularly take any

psychologically active medication or substance directly or indirectly affecting sleep

quality. They agreed to abstain from alcohol 24 hours prior to each experimental

session and from caffeine and other psychologically active food from 12 hours prior.

Participants were also asked to refrain from engaging in intense physical activities

during the period of the study. Further criteria of exclusion included a habit of

daytime napping, a non-regular sleep-wake rhythm, engaging in nightshift work,
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cross-continental travel in the two months before the study or having such plans

during the experimental weeks. Additionally, to ensure that participants did not

experience negative emotional stress over the week before starting the experiment,

they were asked to complete the Depression, Anxiety and Stress Scale as inclusion

criteria (DASS-42, normal scores: Depression (D) ≤ 9; Anxiety (A) ≤ 7; Stress

(S) ≤ 14) (Lovibond & Lovibond, 1995). All participants gave written informed

consent and received monetary compensation for their participation. Five partic-

ipants were excluded from all analyses due to voluntary withdrawal (n = 4) or

technical issues (n = 1) and three participants were unable to complete the online

follow-up. Hence, the final dataset included 18 participants (11 females, age range:

20 – 30 years, mean ± SD: 23.61 ± 3.56) in Session 1 (S1) and Session 2 (S2), and

n = 15 in Session 3 (S3).

4.3.2 Study design and procedure

The study consisted of three sessions (Figure 4.1), all scheduled for the same time

in the evening (approximately 6 pm).
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Figure 4.1: Study design. The study consisted of three sessions. In Session 1 (S1)
two questionnaires were first filled: the Stanford Sleepiness Scale (SSS) and the
Positive and Negative Affect Schedule (PANAS). They were followed by the arousal
rating task, in which participants were asked to rate 48 negative IAPS pictures and
the corresponding semantically related sound on a 5-point rating scale of arousal
(1 = less arousing, 5 = more arousing). After filling out the PANAS a second
time, participants were wired up for EEG. During the night, tones associated
with half of the arousing stimuli were played in random order during REM sleep.
The following morning, participants filled a sleep quality questionnaire. Session
2 (S2) and 3 (S3) had the same structure: after filling the SSS and the PANAS,
participants performed the arousal rating task. The PANAS was administered
again as soon as they finished the task. S2 was performed in the MRI scanner
while heart rate deceleration (HRD) was recorded; it occurred 48 hours after S1.
S3 was performed online (2 weeks after S1).

For all sessions, before and after performing the arousal rating task participants

completed the Positive and Negative Affect Schedule (PANAS) scale (Watson et

al., 1988) to evaluate their mood. The Stanford Sleepiness Scale (SSS, Hoddes

et al., 1973) was instead administered at the beginning of each experimental ses-

sion to determine participants’ level of alertness. S1 lasted approximately 2 hours

and progressed as follows: participants completed the arousal rating task, then

changed into their sleepwear, were fitted for polysomnography (PSG) recording,

and went to bed at around 11:30 p.m. while brown noise was delivered through-

out the night to minimize noise-induced arousals. For the TMR protocol acoustic

stimuli semantically related to the IAPS pictures were replayed during REM sleep

to trigger reactivation of negative emotions. Participants were woken up after 7-8
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hours of sleep. After removing the electrodes and before leaving the lab, they were

asked to rate their sleep quality and whether they heard any sounds during the

night with an adapted and translated version of a German sleep quality question-

naire (SQQ, Görtelmeyer, 1985). Participants were asked to come back to the lab

48 hours later for S2, during which the arousal rating task was performed in a 3T

Siemens MRI scanner during fMRI acquisition while heart rate deceleration (HRD)

was recorded. S3 (2 weeks after S1), the follow-up session, was performed online

and lasted 40 minutes. In both the lab and the MR scanner, the task was pre-

sented using PsychoPy3 Experiment Runner (v2020.1.3, Peirce et al., 2019). The

SSS and the PANAS questionnaires were executed using MATLAB (The Math-

Works Inc., Natick, MA, 2000) and Psychophysics Toolbox Version 3 (Brainard,

1997), except for the sleep quality questionnaire, completed with pen and paper.

In S3 the behavioural task was administered through the Pavlovia online platform

(https://pavlovia.org/) and the SSS and PANAS questionnaires were distributed

via Qualtrics software (Qualtrics, Provo, UT, USA. https://www.qualtrics.com).

4.3.3 Arousal rating task

Participants viewed 48 standardized negative images selected from the Interna-

tional Affective Picture System (IAPS, Lang et al., 2008, see Table 4.9 in Sup-

plementary Material). Each image was converted to greyscale and matched in

luminance and resolution (height = 600 px; width = 800 px) using the SHINE

toolbox (Willenbockel et al., 2010) in MATLAB 2007a. Each image was rated us-

ing a 5-point arousal scale, corresponding to increased emotional intensity (i.e. 1 =

less arousing, 5 = more arousing), and paired with a semantically related sound ob-

tained from the International Affective Digitized Sounds database (IADS, Bradley

& Lang, 1999). Participants were instructed to rate each picture-sound pair along

arousal dimension. Each trial consisted of a fixation cross (500ms), picture and

sound presentation (1 s), a blank screen (4 s), the arousal rating (4 s) and the
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inter-trial interval (jittered: 3.5 – 4.5 – 5.5 – 6.5 s). Sounds were 400 ms long. In

order to match the duration of the picture presentation on the screen (1 s) with the

duration of the sounds, the 400ms sounds were repeated twice with a 200ms gap

in between the two presentations: 400ms – 200ms gap – 400ms. Audacity software

(www.audacityteam.org) was used to modify the length of sounds. In Session 1

only, the arousal rating task was preceded by a practice round and followed by a

forced-choice task. The practice round aimed to let participants familiarize them-

selves with the rating scale. It consisted of four neutral IAPS pictures paired with

semantically related neutral sounds taken from the IADS. The forced-choice task

aimed to assess whether participants had learned the associations between images

and sounds. For each trial, participants had to choose which of the four IAPS

images displayed was semantically related to the sound. This task was repeated

until participants reached 75% accuracy. Feedback with the correct answer was

presented for 1.5 s.

4.3.4 Questionnaires

The SSS is used to provide a subjective indication of sleepiness, with participants

rating their current state on a 7-point Likert scale, where 1 is most alert and 7

is least alert (Hoddes et al., 1973). The PANAS (Watson et al., 1988) is a self-

report measure composed of two subscales designed to assess individuals’ levels of

positive and negative affect. Each subscale is composed of 10 Likert-type format

items ranging from 1 (very slightly/not at all) to 5 (very much).

4.3.5 PSG data acquisition

Standard polysomnography, consisting of electroencephalography (EEG), left and

right electromyography (EMG) electrodes placed on the chin, left and right elec-

trooculography (EOG) electrodes placed below and above the eyes, was continu-

ously recorded using passive Ag/AgCl electrodes and collected with a BrainAmp
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DC Amplifier (Brain Products GmbH, Gilching, Germany). According to the in-

ternational 10–20 system, six EEG electrodes were positioned on the scalp (F3,

F4, C3, C4, O1, and O2) and we further attached one ground electrode to the

forehead. All electrodes were referenced to the mean of the left and right mastoid

electrodes applied behind the left and right ears. Impedances were maintained

below 5 kΩ for each scalp electrode and below 10 kΩ for each face electrode. Elec-

trodes were applied with Ten20 conductive paste (Weaver & Co., Aurora, USA) on

sites cleaned with NuPrep exfoliating gel (Weaver & Co., Aurora, USA). Data were

recorded using BrainVision Recorder software (Brain Products GmbH), sampled

at 500 Hz, and saved without further filtering.

4.3.6 TMR during REM sleep

Acoustic stimuli, which had been paired with pictures during wake, were replayed

to the participants during stable REM sleep, as assessed with standard AASM

criteria (Iber et al., 2007). The TMR protocol was executed using MATLAB

2016b and Cogent 2000, and it consisted of the presentation of 24 cued sounds

(400ms duration) repeatedly presented 20 times each (20 loops), with an inter-

trial interval jittered between 2 - 2.5 – 3 - 3.5 - 4 s. Volume was adjusted for

each participant to ensure that the sounds did not wake them up and to prevent

arousal. Cueing was paused immediately when any sign of arousal was shown or

when participants left the relevant sleep stage and resumed only when stable REM

sleep was observed.

4.3.7 MRI data acquisition

Magnetic resonance imaging (MRI) data were obtained at Cardiff University Brain

Imaging Centre (CUBRIC) using a Siemens Magnetom Prisma 3T scanner with a

32-channel head coil. Functional images were acquired with a T2*-weighted echo-

planar imaging (EPI) sequence (repetition time (TR) = 2000 ms; echo time (TE)
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= 30 ms; FA = 75°; bandwidth = 2442 Hz/Pixel, field of view (FoV) = 224 mm2;

voxel-size = 3.5 mm3; slice thickness = 3.5 mm; 37 slices with a 25° axial-to-

coronal tilt from the anterior–posterior commissure (AC-PC) line and interleaved

slice acquisition; parallel acquisition technique (PAT) with in-plane acceleration

factor 2 (GRAPPA), anterior-to-posterior phase-encoding direction). To correct

for distortions in the fMRI data caused by magnetic field inhomogeneities, B0-

fieldmap was acquired (TR = 1000 ms; TE1 = 4.92 ms; TE2 = 7.38 ms; FA = 75°;

bandwidth 290 Hz/Pixel; FoV = 224 mm2; voxel-size = 3.5 mm3; slice thickness

= 3.5 mm; interleaved slice acquisition; anterior-to-posterior phase-encoding di-

rection). T1- weighted structural images were obtained using a 3D magnetization-

prepared rapid-acquisition gradient echoes (MPRAGE) sequence (TR = 2300 ms;

TE = 3.06 ms; FA = 9°; bandwidth 230 Hz/Pixel, FoV = 256 mm2, voxel-size = 1

mm3, slice thickness = 1 mm, parallel acquisition technique (PAT) with in-plane

acceleration factor 2 (GRAPPA), anterior-to-posterior phase-encoding direction).

4.4 Data analysis

4.4.1 Behavioural data analysis

Differences in arousal ratings between cued and uncued items were assessed using

linear mixed effects models implemented in the lme4 package (Bates et al., 2015).

To identify the contribution of Cueing on arousal ratings across time, we first fitted

a model that included Cueing (two levels: Cued and Uncued), Session (two levels:

S2 and S3) and their interaction as fixed effects, and participants and items as

random effects.

Model 1 formula:

rating ∼ cueing ∗ session+ 1|participants, ∼ 1|items.
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Next, we introduced the baseline variable into the model, representing the ratings

provided by participants in S1, before any experimental manipulation.

Model 2 formula:

rating ∼ cueing ∗ session+ baseline+ 1|participants, ∼ 1|items.

We employed a group mean centering (GMC) for the baseline values by subtracting

each individual baseline rating from their overall score. By adopting this approach,

we ensured a more accurate evaluation of the changes occurring within participants

and mitigated the influence of divergent initial rating levels between individuals

(Enders & Tofighi, 2007). Finally, we added an interaction term between cueing

and group mean-centered baseline to examine whether the effect of cueing on

arousal ratings varied depending on the participant’s baseline level.

Model 3 formula:

rating ∼ cueing ∗ session+ cueing ∗ baseline+ 1|participants, ∼ 1|items.

To determine statistical significance, we conducted a likelihood ratio test (LRT) in

which we compared all three models. The LRT yielded a substantial improvement

in the model fit (χ2(1) = 6.60, p = 0.01), thus we will report our analysis based on

this third model. For a model comparison analysis see Table 4.4 in Supplementary

Material.

We used R (Rstudio Team (2022), www.R-project.org) and the R-packages lme4

and emmeans for all our statistical analyses (Bates et al., 2015; Lenth, 2023).

We used sjPlot (Lüdecke, 2023) for generating the regression table. This table

involves σ2 that denotes the residual variance and represents the extent of vari-
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ability within the response variable (Ratings) that remains unaccounted for by the

predictors included in the model. The terms τ00items and τ00participant represent

the estimated variance component for the random effects associated with items

and participants, respectively. We are therefore allowing each item (48 picture-

sounds pairs) and participant to have their own influence on the Ratings variable,

irrespective of the predictors, and we are estimating the variability across all 48

pairs and 18 participants. The Intraclass Correlation Coefficient (ICC) quantifies

the proportion of the total variability in Ratings that can be attributed to dif-

ferences between participants and items. Marginal R2 reflects the proportion of

variance explained solely by the fixed effects, whereas Conditional R2 considers

both fixed and random effects; both indicate how effectively the model explains

the variability in Ratings (Nakagawa et al., 2017). Figures were created using

ggplot2 package (Wickham, 2009).

4.4.2 EEG data analysis

PSG recordings were manually scored in 30s epochs by two trained independent

sleep scorers, according to the standard American Academy of Sleep Medicine

(AASM) manual (Iber et al., 2007). Each EEG recording was scored using a

publicly available interface (https://github.com/mnavarretem/psgScore). From

the scored sleep stages, the following sleep macrostructure parameters were calcu-

lated: (1) total sleep time (TST, min) as the total time in any sleep stages other

than wake; (2) time spent in each sleep stage; (3) percentage of time spent in each

sleep stage, calculated as the time in the respective sleep stage over TST. Data

from N = 2 participants was excluded due to recording issues. Sleep parameters

are reported in Supplementary material.
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4.4.3 MRI data analysis

Image data preparation, preprocessing, and statistical analysis were performed

using fMRIPrep 20.2.7 (Esteban et al., 2019, RRID:SCR_016216), which is based

on Nipype 1.7.0 (Gorgolewski et al., 2011, RRID:SCR_002502). Functional data

were preprocessed in the following way: (1) a B0 nonuniformity map correction

(or fieldmap); (2) co-registration to the participants’ T1-weighted anatomical scan

using rigid-body model; (3) motion correction (transformation matrices, and six

corresponding rotation and translation parameters); (4) slice-time correction to the

middle of each TR; (5) spatial normalization to Montreal Neurological Institute

brain (MNI152NLin2009cAsym); (6) smoothing using a Gaussian kernel with a

full-width half maximum (FHWM) of 6 x 6 x 6 mm.

4.4.3.1 First and second level analysis

Subject-level analysis was performed in Nilearn (https://nilearn.github.io/stable/index.html)

using a general linear model constructed separately for each participant. The

design matrix included two regressors: cued and uncued picture-sound pairs.

Each regressor was convolved with the canonical haemodynamic response function

(HRF) using the default Glover HRF in Nilearn. Additionally, six affine motion

correction regressors estimated during realignment (translations in x, y, and z di-

rections and rotations around x, y, and z axes) were included as non-convolved

regressors of no interest in the matrix. To mitigate the effects of excessive motion

during the fMRI scan, we employed scrubbing as a denoising approach (Jenkinson

et al., 2002; Jones et al., 2022; Power et al., 2012). Scrubbing involved identify-

ing volumes in the fMRI data that exhibit high motion and excluding them from

statistical analysis. Frame displacement (FD), a measure of head motion between

consecutive frames in fMRI, was used to define excessive motion (Power et al.,

2012). Volumes exceeding a specified threshold (0.5, as suggested by Power et al.,

2012), were considered to have excessive motion and were excluded or "scrubbed"
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from further analysis.

The effect of cueing in REM sleep was estimated using a two-tailed t-test for

Cued - Uncued. Individual contrast images resulting from the first-level analysis

were carried forward to the second-level one-way t-tests performed in the Analysis

of Functional NeuroImages (AFNI) software suite (Cox, 1996). A-priori defined

regions of interest (ROI) consisted of the insula, sgACC, OFC, and amygdala.

These regions were selected based on previous findings that reported activations

(or de-activations) in these regions due to sleep or emotional reactivity (Phan et

al., 2002; Rolls et al., 2020; van der Helm et al., 2011; Walker, 2009) and their

involvement in psychiatric disorders (Drevets et al., 2008; Kunimatsu et al., 2020).

ROIs were created using the integrated Automated Anatomical Labeling (AAL)

atlas (Tzourio-Mazoyer et al., 2002) in the Wake Forest University Pick Atlas tool-

box (http://fmri.wfubmc.edu/software/PickAtlas) and the automated anatomical

labelling atlas 3 template (AAL3, Rolls et al., 2020) was used to define the sgACC.

In addition, we included a whole brain gray matter (GM) mask thresholded at 0.1.

To control for multiple comparisons, we performed cluster-level corrections. This

was accomplished using the 3dttest++ function in the AFNI software suite (Cox,

1996), employing the ClustSim option for Monte Carlo simulations. By estimating

the probability of false positive clusters in the data, this method provided a more

stringent control for multiple comparisons. A cluster-defining threshold (CDT) of

p < 0.001 was set to identify potential clusters showing a significant effect. The

ClustSim option generated a distribution of cluster sizes under the null hypothesis,

allowing us to determine a cluster-size threshold corresponding to a family-wise

error (FWE) corrected p-value of less than 0.05.
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4.4.4 Heart rate data analysis

In Session 2 (when the task was performed in the MR scanner), heart rate was

acquired with a pulse oximetry sensor provided by the Siemens Physiological Mon-

itoring Unit and attached to the ring finger of the non-dominant hand. R com-

ponents of the QRS complexes were marked using custom-made script in Matlab

2019a (The MathWorks Inc., Natick, Massachusetts, United States) and subse-

quently interpolated at 1000 Hz. HRD was computed as the maximum R-R inter-

val deceleration in the 5 s interval following each picture onset, subtracted from

the mean R-R interval during the 1.5 s baseline period before each picture onset.

Due to technical difficulties (high presence of motion artifacts n = 3 and poor

sensor placement n = 1), data from only N = 14 participants were analysed. To

compare HRD between cued and uncued stimuli, we used paired-samples t-test

(Gaussian distribution). Correlations between HRD, behavioural measures, pa-

rameter estimates for our ROIs in each subject, and EEG results were assessed

with Pearson’s correlation or Spearman’s Rho (depending on the Shapiro-Wilk

test result) using cor.test() function in the R environment (Rstudio Team 2022,

www.R-project.org). False discovery rate (FDR) correction was used to correct

for multiple correlations q < 0.05 (Benjamini & Hochberg, 1995).

4.5 Results

4.5.1 Functional imaging arousal rating task

To determine whether our REM TMR manipulation led to a decrease in the brain’s

arousal response, we examined BOLD responses to both cued and uncued picture-

sound pairs in our a-priori ROIs: insula, sgACC, OFC and amygdala. This re-

vealed significant reductions in neural activity for the cued stimuli compared to

the uncued ones within two key regions: the insula (peak MNI coordinates: x =

-33, y = 16, z = 16) and the OFC (peak MNI coordinates: x = -37, y = 60, z = -9)
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48 hours post TMR. Results were FWE corrected within each region of interest

at p<0.05 (Figure 4.2, Table 4.1).

In addition to the ROIs, we performed a whole-brain corrected analysis of grey

matter. This revealed a significant decreased activation for Cued compared to

Uncued stimuli in the paracingulate gyrus contrast (FWE corrected within each

region of interest at p<0.05, peak MNI coordinates: x = 5.5, y = 55.5, z = 13.5;

Figure 4.2, Table 4.1).
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Figure 4.2: Functional activity in response to negative picture-sound pairs. De-
crease in left insula (a), left OFC (b) and right paracingulate gyrus (c) 48 hours
post-stimulation in response to cued negative picture-sounds pairs. For all images,
in red-orange are reported colour-coded Z-values thresholded at a significance level
of pFWE < 0.05, cluster-level corrected. Results are overlaid on an MNI ICBM152
T1 template. OFC = orbitofrontal cortex.
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Table 4.1: Functional results. Peak Z-values and corresponding MNI coordinates
for regions showing activation in the contrast Cued > Uncued. Regions listed were
significant with a corrected pFWE < 0.05. Number of voxels, peak Z-values, and
MNI coordinates are reported.

Brain region No. Voxels Peak Z-value MNI x, y, z (mm)

Insula 18 -4.01 -33, 16, 16

OFC 19 -4.29 -37, 60, -9

Paracingulate Gyrus 240 -5.13 5, 50, 14

We also observed a weaker reduction in activity within the amygdala (peak MNI

coordinates: x = -26, y = 1, z = 16) and the sgACC (peak MNI coordinates: x =

-6, y = 29, z = 8) at p < 0.001 uncorrected. However, given the limited number

of voxels surviving at these thresholds (only 1 and 2 voxels, respectively) we also

examined the overall mean activity for these two ROIs and performed a paired

t-test of the mean values for cued and uncued conditions. This revealed a mean

deactivation in the sgACC (t(17) = -2.77, p = 0.01, Figure 4.3a), but no significant

result in the amygdala (t(17) = -0.88, p = 0.39, Figure 4.3b).
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Figure 4.3: Mean functional activity: sgACC and amygdala. Mean functional
activity in the sgACC (a) and amgdala (b) in response to cued and uncued stimuli.
Grey dots represent individual data points. sgACC = subgenual anterior cingulate
cortex. n.s. = non significant.

No correlations emerged between the mean parameter estimates, HRD, and be-

havioural results (all padj > 0.05, see Table 4.6 in Supplementary Material).

4.5.2 Heart rate deceleration

A paired-samples t-test revealed that heart rate differed between cued and un-

cued stimuli during stimulus presentation in Session 2 (48-h post-manipulation).

Specifically, heart rate deceleration was greater for Uncued stimuli (M ± SE cued

= -4.53 ± 0.68; M ± SE uncued = -5.24 ± 0.98; t13 = 2.51; p = 0.02), indicating

a stronger emotional reactivity for Uncued images (Figure 4.4). No significant

correlations were found between HRD and sleep or behaviour (all padj > 0.05, see

Table 4.7 in Supplementary Material).
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Cueing Mean Median SE

Cued -5.08 -4.54 0.70

Uncued -5.79 -5.42 0.57

Figure 4.4: Heart rate deceleration. On the left, HR responses for the negative
Cued (red) and Uncued (green) image-sound pairs at S2, 48 hours after S1. *P
= <0.05. Data are shown as means (±SEM). Grey dots represent individual
participants. On the right, descriptive statistics of the HRD.

4.5.3 Arousal Rating Task

To investigate the effects of REM TMR on subjective arousal ratings over time,

we employed a linear mixed model (LMM) with Cueing (cued and uncued), group

mean centered baseline (ratings at S1), and Session (S2 and S3) as fixed effects

(formula: rating ∼ cueing ∗ session + cueing ∗ baseline), and participants and

items as random effects (formula: 1|participants,∼ 1|items).

This revealed no main effect of cueing (β = 0.04, 95% CI = [-0.07, 0.15], t(1556)

= 0.74, p = 0.457; Figure 4.5, Table 4.2) but a significant interaction between

cueing and baseline (β = 0.10, 95% CI = [0.02, 0.17], t(1556) = 2.57, p = 0.010).

A post-hoc analysis of this interaction (see Table 4.5 in Supplementary Material.)

revealed that cueing tended to decrease arousal ratings for items that were rated

as higher than average arousal at baseline, while simultaneously increasing arousal

ratings for items rated as having lower than average arousal at baseline (Figure

4.5). There was also a significant negative effect of session on subjective arousal
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ratings (β = -0.24, 95% CI = [-0.36, -0.13], t(1556) = -4.06, p < .001), indicating

a decrease in arousal rating over time (Figure 4.5, Table 4.2). Descriptive statistic

of the task is reported in Table 4.3 in Supplementary Material.

Figure 4.5: Arousal ratings. On the left, Arousal ratings for cued (red) and uncued
(green) negative image-sound pairs across time. Ratings range from 1 (less arous-
ing) to 5 (more arousing). Error bars depict standard error of the mean (SEM). N
= 18 for Session 1 and Session 2; n = 15 for Session 3. On the right, the model pre-
dicted interaction between Cueing and mean-centered Baseline, depicting arousal
ratings in Session 1. Shadowed areas represent 95% Confidence Intervals.
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Table 4.2: LME results. Results of the mixed effect model examining the
effect of Cueing (Cued/Uncued), Sessions (Session2/Session3) and Base-
line (arousal ratings in Session 1) on subjective ratings.

Predictors Estimates CI p

(Intercept) 2.98 2.63 – 3.33 <0.001

cueing [Uncued] 0.04 -0.07 – 0.15 0.457

Baseline 0.33 0.27 – 0.39 <0.001

Session [3] -0.24 -0.36 – -0.13 <0.001

Cueing [Uncued] × Baseline 0.10 0.02 – 0.17 0.010

Cueing [Uncued] × Session [3] -0.05 -0.21 – 0.12 0.564

Random Effects

σ 0.67

τ00 item 0.14

τ00 participant 0.49

ICC 0.49

N participant 18

N item 48

Observations 1565

Marginal R / Conditional R 0.134 / 0.555

Note: σ2 = residual variance. τ00items and τ00participant = estimated
variance component for the random effects associated with items and
participants. ICC = Intraclass Correlation Coefficient.

4.6 Discussion

The current study examines the effects of targeted memory reactivation during

REM sleep on neural, physiological, and subjective emotional responses. Our

findings demonstrate that REM TMR modulates activation of the brain’s arousal

system as well as autonomic activity and subjective emotional responses. These

results offer further support to the Sleep to Forget, Sleep to Remember (SFSR)

hypothesis, which proposes that the dissipation of the emotional charge can occur
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through memory reactivation in REM sleep (Helm & Walker, 2010; Walker, 2009).

Relatively few studies have examined the impact of TMR during REM sleep

on emotional reactivity. However, recent research conducted with patients has

shown promising evidence that memory reactivation during REM sleep may have

the potential to decrease the affective tone associated with negative experiences.

For instance, Wassing and colleagues induced self-conscious emotions of shame

in volunteers suffering from insomnia to explore the impact of disrupted REM

sleep on emotional distress. Their findings indicate that discontinuities in REM

can prevent the brain from processing and reducing emotional distress as reflected

by continuous amygdala reactivity (Wassing et al., 2019). Another recent study

showed that TMR during REM for two consecutive weeks reduced the frequency

of nightmares while promoting more positive dream emotions (Schwartz et al.,

2022). Our new findings combine with this prior work to underscore the thera-

peutic potential of REM TMR.

Turning first to our MR data, we showed that the insula, the OFC, and the sgACC

were markedly less responsive to negative sound-image stimuli after REM TMR.

The insula is believed to be critical for feelings, especially when examined in light

of the James Lange theory of emotion, which posits a fundamental connection

between physiological arousal and the emergence of emotional experiences (James,

1884). Notably, this brain region has been extensively involved in the processing

and integration of interoceptive information that comprises bodily signals such as

heart rate and visceral responses, intricately connected with emotional and cog-

nitive processing (Craig, 2009; Gasquoine, 2014; Kark & Kensinger, 2019; Seeley

et al., 2007; Strigo & Craig, 2016). Damasio (2003) further argued that because of

the insula’s capacity to encode interoceptive signals, it serves as the neural locus

where subjective feelings of emotion are generated (Damasio, 2003). Neuroimag-

ing studies have supported this assertion and revealed concurrent activation of the
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insula and anterior cingulate cortex (ACC) when individuals experience emotional

feelings. Seeley and colleagues (2007) shed further light on this by examining

resting-state functional connectivity and uncovered two critical networks: an ex-

ecutive control network and an emotional salience one. Of particular note is the

latter which involves the insula in conjunction with the anterior cingulate cor-

tex, amygdala, and hypothalamus. This reinforces the notion that the insula is

not solely associated with the processing of subjective feelings originating from

the body. Instead, it appears to play a central role in orchestrating a diverse

spectrum of subjective emotional experiences across different emotional categories

(Seeley et al., 2007). Furthermore, there is evidence from neuroimaging studies

that link abnormal grey matter volumes and hyper or hypo-activity levels within

the insula with conditions like anxiety and mood disorders (see Gasquoine, 2014,

for a review).

The orbitofrontal cortex plays a critical role in representing the reward value asso-

ciated with a range of stimuli and outcomes. It encodes the emotional and affective

significance of different inputs, thus contributing to the modulation of emotional

responses (Rolls, 2019). The significance of the OFC in shaping emotional expe-

riences and behavioural responses becomes even more apparent when we consider

its network of outputs that involve regions such as the anterior cingulate cortex

and the insula. This network allows the reward value representations generated

by the OFC to have a broad influence on various facets of emotional processing,

ultimately contributing to the complexity of our emotional experiences and arising

behaviours (Rolls, 2019; Rolls et al., 2020).

The sgACC (area 25) is also central to emotion regulation and arousal. Numer-

ous studies identified that degeneration in this area correlates with depression,

anhedonia, and loss of positive emotions (Alexander et al., 2020; Mayberg et al.,

1999; Pizzagalli, 2011; Rudebeck et al., 2014; Stevens, 2011, e.g.). Animal studies
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have further underscored its importance by demonstrating that overactivation of

this area is linked to a reduction in parasympathetic tone: reduced heart rate

variability, diminished vagal tone and alterations in cortisol levels, effectively mir-

roring the physiological changes observed in stress-related disorders (Alexander et

al., 2020). Moreover, the sgACC is known for its anatomical and functional con-

nectivity with the amygdala (Alexander et al., 2020; Drevets et al., 2008; Fullana

et al., 2016; Hakamata et al., 2022; Stevens, 2011).

Unexpectedly, and contrary to previous studies that proposed that the role of

REM sleep in emotional adaptive processes involves changes in neuronal circuits

including the amygdala (van der Helm et al., 2011; Wassing et al., 2019), we didn’t

find a significant result in this region. A potential explanation for this finding may

lie in the temporal dynamics of memory reorganization (Landmann et al., 2015;

Lewis et al., 2018; Pereira & Lewis, 2020; Seibt & Frank, 2019). REM sleep

has been proposed to facilitate memory reorganization that – in the context of

emotions - involves the detachment of the emotional intensity from its context

over time (Landmann et al., 2015). The reorganization process predominantly

involves cortical regions. Given that REM TMR is thought to play a role in the

modulation of emotional reactivity by triggering memory reactivation during sleep,

it’s plausible that the amygdala might show pronounced reactivity immediately

post-manipulation, as evidenced by previous studies (van der Helm et al., 2011;

Wassing et al., 2019). However, as days pass, the engagement of subcortical regions

might diminish in favour of cortical regions where the reorganization processes are

supposed to play out. This could potentially explain why in our study we found

significant results in cortical regions but not in the amygdala. It’s important to

note that this interpretation remains speculative, especially given the absence of

correlations between our neural findings and other arousal or sleep measurements.

Finally, whole-brain gray matter analysis revealed a significant reduction of re-
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sponse in the right paracingulate gyrus, a region closely linked with the anterior

cingulate cortex, after cueing. Although this was not one of our a-priori regions of

interest, the fact that the response survived whole-brain correction, and is quite

extensive (240 voxels), demonstrates that this area is modulated by our cueing

manipulation. Indeed, this region is strongly associated with emotional process-

ing. A meta-analysis conducted by Marwood and colleagues (2018) reported a

substantial decrease in activation within this brain region subsequent to psycho-

logical interventions targeting depression and anxiety disorders (Marwood et al.,

2018). The paracingulate gyrus is deeply involved in both emotional processing

and regulation, and dysfunction within this region has been associated with com-

promised cognitive control over emotional responses, contributing to challenges in

managing emotional reactions. Additionally, individuals facing this dysfunction

often exhibit a diminished capacity to redirect their attention away from negative

emotional states, which can exacerbate emotional distress (Pizzagalli, 2011).

In terms of autonomic responses, our results reveal a depotentiation in visceral

reactivity to stimuli that were cued overnight. The majority of studies that indi-

cated a sleep-dependent preservation of physiological arousal in response to neg-

ative stimuli have investigated the effect of either a nap or a single night of sleep

(Ashton et al., 2019; Bolinger et al., 2018; Pace-Schott et al., 2011). One study

observed a sleep-related preservation of affective reactivity in the short term (fol-

lowing a night of sleep or wake), whereas reduced HRD was found after a week,

suggesting that time might play an important role in the modulation of emotional

strength (Bolinger et al., 2019). In the current study, we measured HRD 48h after

the first exposure to the task, so we speculate that the combined effect of TMR

and time might further help decrease affective reactivity.

Partially in line with our previous study (Hutchison et al., 2021), cueing had an

effect on arousal ratings however, the impact of cueing intervention on partici-
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pants’ emotional responses was tied to their individual baseline arousal levels. We

speculate that this could be due to a generalization effect of TMR, where the

manipulation influences a reduced emotional intensity of stimuli characterized by

higher initial arousing levels, while simultaneously increasing the intensity of stim-

uli characterized by lower initial arousal levels. This pattern is consistent with the

work of Pereira et al. (2022), who observed that SWS TMR on emotional material

reduced responses in the orbitofrontal cortex for negative items, while simultane-

ously increasing them for neutral items (Pereira et al., 2022). Although our study

did not include a neutral category, it is possible that the brain could have treated

items that were rated as less arousing at baseline as if they were essentially neu-

tral. This would make sense from an evolutionary perspective, as it would be much

more important to disarm truly upsetting memories than those that are minimally

arousing. Taken together, our results suggest that REM TMR has an impact on

arousal which is apparent from brain activity, autonomic measures, and subjec-

tive measurements. Overall, these findings support the possibility that targeted

reactivation of emotionally arousing memories in REM could potentially offer a

way to make these memories less upsetting. As such, our method could lead to

clinically important opportunities for the early treatment of psychiatric disorders

such as depression and post-traumatic stress disorder PTSD.

4.7 Supplementary Material

Table 4.3: Descriptive statistic of the Arousal Rating Task.

Sessions Cueing Mean Meadian SD SE

Session 1 Cued 3.04 3.00 1.24 0.06

Uncued 3.08 3.00 1.22 0.06

Session 2 Cued 2.97 3.00 1.29 0.06
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Uncued 3.04 3.00 1.22 0.06

Session 3 Cued 2.83 3.00 1.26 0.06

Uncued 2.85 3.00 1.17 0.06

Note: SD = standard deviation; SE = standard

error of the mean.

Table 4.4: Model comparison.

AIC BIC Chisq Df Pr(>Chisq)

Model1 4260.83 4298.32

Model2 4001.07 4043.92 261.75 1 0.00

Model3 3996.48 4044.68 6.60 1 0.01

Note: AIC (Akaike Information Criterion) and BIC

(Bayesian Information Criterion) are both measures

of the relative quality of statistical models. Chisq =

Chi-squared, test statistic for the LRT.

Table 4.5: Post-hoc analysis. Post-hoc analysis of the interaction between Cueing
and Baseline.

Contrast Estimate SE df t.ratio p.value

Baseline = -2:

Cued - Uncued 0.18 0.09 1518 2.02 0.04
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Baseline = -1:

Cued - Uncued 0.08 0.06 1519 1.38 0.17

Baseline = 0:

Cued - Uncued -0.02 0.04 1515 -0.42 0.67

Baseline = 1:

Cued - Uncued -0.11 0.06 1511 -2.04 0.04

Baseline = 2:

Cued - Uncued -0.21 0.09 1511 -2.46 0.01

Table 4.6: Correlations between mean parameter estimates, behavioral results, and
HRD. Results of Pearson’s correlations between the mean parameter estimates for
each subject in our ROIs, behavioral results in S2, and heart rate deceleration
(HRD). Both the uncorrected and FDR-corrected p-values are reported.

Cued Uncued

Pearson’s
correlation p-value

p-value
(FDR corr)

Pearson’s
correlation p-value

p-value
(FDR corr)

Ratings S2 Insula 0.23 0.36 0.54 0.06 0.80 0.80
OFC 0.18 0.49 0.56 0.15 0.56 0.56

sgACC -0.01 0.97 0.97 -0.20 0.44 0.66
Amygdala 0.10 0.70 0.70 0.38 0.12 0.36

HRD Insula -0.09 0.75 0.75 0.33 0.25 0.33
OFC -0.25 0.38 0.38 0.36 0.20 0.27

sgACC -0.63 0.02 0.08 0.15 0.62 0.62
Amygdala 0.14 0.63 0.63 0.39 0.17 0.23
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Table 4.7: Correlations between HRD, sleep, and behavioural measurements. Re-
sults of Pearson’s correlations between HRD for cued and uncued image-sound
pairs and the percentage of time spent in each sleep stage, total sleep time, and
behavioural results in S2. Both the uncorrected and FDR-corrected p=values are
reported.

Cued Uncued

Pearson’s
correlation p-value

p-value
(FDR corr)

Pearson’s
correlation p-value

p-value
(FDR corr)

HRD TST (min) 0.01 0.95 0.97 -0.09 0.76 0.94

N2 (%) 0.21 0.44 0.97 0.06 0.85 0.94

N3(%) -0.09 0.75 0.97 -0.06 0.84 0.94

REM (%) 0.24 0.37 0.97 0.19 0.52 0.94

HRD Ratings S2 0.07 0.81 0.82 0.13 0.65 0.73

Table 4.8: Sleep parameters. Time spent in each sleep stages is reported in minutes
and as percentage of total sleep time. No correlations were found between sleep
parameters and any other measurements. TST = total sleep time; W = wake; N1
= NREM Stage 1; N2 = NREM Stage 2; N3 = NREM Stage 3; REM = Rapid
Eye Movement Sleep. N = 16.

Sleep data Mean SD

TST (min) 528.91 37.38

W (%) 8.09 7.13

N1 (%) 5.03 2.86

N2 (%) 42.16 7.11

N3 (%) 24.34 8.32

REM (%) 17.94 5.02

W (min) 43.47 39.05

N1 (min) 26.31 14.20

N2 (min) 222.84 39.85
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N3 (min) 128.34 44.23

REM (min) 95.09 27.42

Table 4.9: IAPS images. 48 standardized images taken from the IAPS database.
Overall valence = Mean ± SD, 2.57 ± 0.75; overall arousal = Mean ± SD, 5.81 ±
0.68.

Slide No. Description Valence (M±SD) Arousal (M±SD)

1112 Snake 4.71(1.70) 4.60(2.44)

1300 PitBull 3.55(1.78) 6.79(1.84)

1930 Shark 3.79(1.92) 6.42(2.07)

2095 Toddler 1.79(1.18) 5.25(2.34)

2717 DrugAddict 2.58(1.32) 5.70(2.16)

2799 Funeral 2.42(1.41) 5.02(1.99)

2800 CryingBoy 2.45(1.42) 5.09(2.15)

3016 Mutilation 1.90(1.31) 5.82(2.44)

3051 Mutilation 2.30(1.86) 5.62(2.45)

3068 Mutilation 1.80(1.56) 6.77(2.49)

3170 BabyTumor 1.46(1.01) 7.21(1.99)

3210 Surgery 4.49(1.91) 5.39(1.91)

3215 BurnVictim 2.51(1.32) 5.44(2.16)

3225 Mutilation 1.82(1.22) 5.95(2.46)

3230 Dyingman 2.02(1.30) 5.41(2.21)

3261 Tumor 1.82(1.34) 5.75(2.64)

3301 InjuredChild 1.80(1.28) 5.21(2.26)

6000 Prison 4.04(1.74) 4.91(2.17)
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6021 Assault 2.21(1.51) 6.06(2.38)

6242 Gang 2.69(1.59) 5.43(2.36)

6315 BeatenFem 2.31(1.69) 6.38(2.39)

6550 Attack 2.73(2.38) 7.09(1.98)

6560 Attack 2.16(1.41) 6.53(2.42)

6834 Police 2.91(1.73) 6.28(1.90)

8485 Fire 2.73(1.62) 6.46(2.10)

9000 Cemetery 2.55(1.55) 4.06(2.25)

9041 ScaredChild 2.98(1.58) 4.64(2.26)

9050 PlaneCrash 2.42(1.61) 6.36(1.97)

9230 OilFire 3.89(1.58) 5.77(2.36)

9252 DeadBody 1.98(1.59) 6.64(2.33)

9253 Mutilation 2.00(1.19) 5.53(2.40)

9254 Assault 2.03(1.35) 6.04(2.35)

9301 Toilet 2.26(1.56) 5.28(2.46)

9320 Vomit 2.65(1.92) 4.93(2.70)

9405 SlicedHead 1.83(1.17) 6.08(2.40)

9410 Soldier 1.51(1.15) 7.07(2.06)

9420 Soldier 2.32(1.59) 5.69(2.28)

9423 Assault 2.61(1.51) 5.66(2.15)

9424 Bomb 2.87(1.62) 5.78(2.12)

9425 Assault 2.67(1.44) 5.92(2.13)

9429 Assault 2.68(1.26) 5.63(2.04)

9571 Cat 2.46(1.61) 5.41(2.27)

9582 DentalExam 4.18(2.28) 5.29(2.21)

9622 Jet 3.10(1.90) 6.26(1.98)

9630 Bomb 2.96(1.72) 6.06(2.22)

9800 Skinhead 2.04(1.57) 6.05(2.71)
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9900 CarAccident 2.46(1.39) 5.58(2.13)

9921 Fire 2.04(1.47) 6.52(1.94)
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5.1 Overview

The primary objective of this thesis was to investigate various methods of manipu-

lating sleep to enhance cognitive processes.

Over the past years, sleep has been recognized as a cognitive enhancer, influen-

cing a broad spectrum of functions, from attention and reasoning to memory and

learning. Within the domain of learning and memory, there’s compelling evidence

supporting sleep’s pivotal role in memory consolidation, subsequent learning, and

memory reorganization. However, these benefits are not applicable across all cir-

cumstances and not for all types of memories equally. Furthermore, there are

still questions about whether and how the different stages of sleep are involved

in these processes. By employing a combination of behavioural memory tests,

polysomnography (PSG), functional magnetic resonance imaging (fMRI), heart

rate (HR) measurements, and cued memory reactivation, our work has raised im-

portant questions for future research and extended the existent understanding of

the interplay between sleep and cognition.

The below discussion unfolds in three distinct sections: an initial summary of

the key findings that have emerged from the three chapters, a deeper dive into

their implications, and finally, reflections on encountered limitations and potential

avenues for future research.

5.2 Summary of findings

In Chapter 2, given the early onset of dawn during summer – sometimes as early

as 5 a.m. – we explored the potential cognitive benefits of using an eye mask to

block out early natural light. This non-invasive intervention was primarily inves-

tigated for its effects on the encoding of declarative material, sustained attention,

and procedural memory, all known to be sensitive to sleep (Lim & Dinges, 2008;
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Loganathan, 2014; Van Der Werf et al., 2011; Walker et al., 2002; Yoo et al.,

2007) and light (Alkozei et al., 2017; Chellappa et al., 2011; Fowler et al., 2021;

Vandewalle et al., 2007). Across two experiments and compared to a control mask

condition, we found that wearing an eye mask during sleep significantly improved

the encoding of new information - a benefit that positively correlated with time

spent in SWS – and increased alertness the following day. The memory encoding

findings were discussed alongside existing literature suggesting that the encoding

of declarative material is enhanced when slow-wave activity (SWA) is increased

(Antonenko et al., 2013; Ong et al., 2018) and impaired when SWA is reduced or

suppressed (Van Der Werf et al., 2009; Van Der Werf et al., 2011). Even though

we could only speculate that wearing an eye mask might have increased SWA,

given the minimal nature of the sleep-tracking device used in the study, we rec-

ognize the importance of this finding: the essential role of memory encoding in

both academic and professional tasks. Moreover, the observed increase in alert-

ness emphasizes the potential utility of the mask for tasks that require sustained

attention, such as driving. While no evidence was found to suggest that the eye

mask enhanced procedural memory, its positive impact on other cognitive areas

indicates its overall potential as a beneficial intervention.

Chapter 3 set out to explore the role of sleep in promoting insightful problem-

solving and overcoming functional fixedness, a barrier to creative thinking and

innovation (Duncker, 1945). Participants underwent a cognitive training – the

Generic Part Technique (McCaffrey, 2012b) - before solving a set of insight prob-

lems. After a period of nocturnal sleep or daytime wakefulness, other insight

problems were presented followed by a listing feature task. Although we hypoth-

esised that sleep would serve as a mechanism to consolidate the effects of the

training leading to enhanced creative insight, the results were confounded by a

time-of-day effect, with participants performing better in the morning than in

the evening. This outcome underscores the importance of further exploring the
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intricate relationship between sleep, creativity, and time of day.

In the final experimental chapter, Chapter 4, we aimed to investigate the effects of

Targeted Memory Reactivation (TMR) during REM sleep on arousal processing.

The objective was to determine whether REM TMR could lead to habituation of

emotional reactivity employing objective and subjective measurements of arousal.

Using functional magnetic resonance imaging (fMRI), the research probed the ac-

tivity of key brain regions involved in emotion regulation, such as the insula,

orbitofrontal cortex (OFC), subgenual anterior cingulate cortex (sgACC), and

amygdala. A significant decrease in activation in the insula, OFC, and sgACC

was observed when participants were exposed to cued arousing stimuli as opposed

to uncued stimuli, thus suggesting a diminished arousal response 48 hours post-

manipulation. Furthermore, the study monitored heart rate deceleration (HRD)

as a marker of emotional arousal, revealing a depotentiation in visceral reactivity

to stimuli that were cued overnight. Finally, we observed that the effect of cueing

on subjective arousal ratings varied based on participants’ initial baseline ratings,

suggesting that the manipulation might have led to a reduction in emotional in-

tensity for highly arousing stimuli. Collectively, these findings advocate for the

potential of REM TMR in mitigating emotional reactivity, as evidenced by neural

activity, autonomic markers, and subjective reports.

5.3 Implications and integration of the findings

5.3.1 Affordable sleep solution in a fast-paced world

Chapter 2 delved into the effect of blocking natural light at night, using an eye

mask, on cognitive functions. Light exposure has been shown to modulate almost

every aspect of human physiology and behaviours, including circadian rhythms

and sleep (Blume et al., 2019; Borbely, 1982; Boubekri et al., 2014; Wams et
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al., 2017), mood and emotional wellbeing (Lewy et al., 2009; W. H. Walker et

al., 2020), alertness and cognitive performance (Alkozei et al., 2017; Chellappa

et al., 2011; Lockley et al., 2006; Sleegers et al., 2013; Vandewalle et al., 2007),

metabolism and hormonal regulation (Mason et al., 2022; Ouyang et al., 2018).

These influences are collectively known as non-image-forming responses (NIF).

While most light-related research has been confined to controlled laboratory set-

tings, utilizing specific light-dark environments and scheduled use of artificial light,

our experiments were conducted in a naturalistic context, specifically during sum-

mertime. We found that sleeping with an eye mask prior to learning enhanced

declarative performance and this improvement was positively correlated with time

spent in SWS. This result can be contextualized within the Synaptic Homeostasis

Hypothesis (Tononi & Cirelli, 2003, 2006, see General Introduction, section 1.3.2),

which postulates a global down-scaling and desaturation of synapses that were

potentiated during preceding periods of wakefulness. This “resetting” ensures that

the brain is ready to efficiently encode new information during the next period of

being awake and SWA is believed to be instrumental in this process, preparing

synapses for new learning (Tononi & Cirelli, 2006, 2014). Even if we can only

speculate that the encountered benefit on subsequent declarative encoding might

be related to SWA, this interpretation is in line with studies that demonstrated

that SWA is related to subsequent learning (Antonenko et al., 2013; Ong et al.,

2018; Van Der Werf et al., 2009) and with research that indicated that nighttime

light exposure can be detrimental for SWA (Cho et al., 2013). To provide a more

definite understanding, further investigation using EEG is essential.

Consistent with studies that highlighted the importance of limiting light exposure

during nighttime sleep to maintain alertness (Bedrosian & Nelson, 2017; Dau-

rat et al., 1996), our findings demonstrated that participants exhibited improved

alertness levels when wearing the eye mask. Overall, the implications of our find-

ings hold significance for two main reasons. Firstly, in recent years, there has
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been a surge in the market for high-cost systems and products claiming to pro-

vide revolutionary hacks for enhancing sleep and overall well-being. In contrast to

these expensive propositions, our research introduces an alternative that stands

out in its simplicity and affordability and that can be seamlessly integrated into

individuals’ daily lives at home, making it a practical choice for many. Secondly,

we emphasize the tangible benefits that can be derived from this straightforward

intervention. Enhanced memory encoding allows for a more efficient retention of

information, benefitting students and professionals alike. Enhanced alertness, on

the other hand, ensures that individuals remain attentive and responsive to their

environment. In today’s fast-paced world, where multitasking is often a norm,

both these cognitive enhancements are crucial. They can mean the difference in

academic and professional success or in staying safe while driving, reducing the

risk of accidents. When individuals remember better and stay alert, they can

complete tasks more efficiently, make fewer errors, and potentially achieve more

in less time. In essence, our research offers a practical strategy that can positively

impact the daily lives of many.

5.3.2 Chronotype influence on creativity and insight

In the introduction, I reviewed a substantial body of research that indicates that

the repetitive reactivation of hippocampo-cortical networks during sleep leads to

a stabilization, integration, and reorganization of memory representations, central

tenet of the Active Systems account (see sections 1.3.2 and 1.4). However, there is

ongoing debate regarding whether this process also includes a qualitative reorgani-

zation of memories and the specific circumstances under which such reorganization

might occur. Arguing in favour of this idea are studies that demonstrated a sleep-

dependent improvement on creative problem solving (Beijamini et al., 2014; Cai

et al., 2009; Monaghan et al., 2015; Sio et al., 2013; Wagner et al., 2004). How-

ever, there is also contradictory evidence that has shown no effect of sleep on
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creative reorganization (Brodt et al., 2018; Hołda et al., 2020; Landmann et al.,

2016; Schönauer & Pöhlchen, 2018), and others have argued that sleep-mediated

benefits on creative problem solving are not robust (Cordi & Rasch, 2021).

Our experiment in Chapter 3 cannot conclusively link sleep to memory restruc-

turing due to the confounding effect of the time of day. However, this sheds light

on the impact that time of day has on creative abilities and insight.

According to the two-process model of sleep regulation, the homeostatic process

S and the circadian process C are two mechanisms that jointly contribute to the

observed fluctuations in cognitive performance over the course of the day (Borbely,

1982; Borbély et al., 2016). Process S embodies the concept of sleep debt, which

steadily accumulates during wakefulness together with a concomitant rise in feel-

ings of sleepiness and a decline in cognitive performance and alertness; Process C

represents a (nearly) 24-hour spontaneous oscillatory variation in the propensity

for sleep. Chronotype reflects individual variations in the peak period of cognitive

functioning. Naturally, some people are ‘owl’ types, displaying higher activity lev-

els later in the day, whilst others are early ‘lark’ types, mainly active during the

early morning hours. Interestingly, chronotype evolves across the lifespan, moving

towards eveningness in the early 20s (Fromm et al., 2011).

While there is an extensive corpus of research on creativity, there’s limited evidence

on how chronotype might influence it. Kuehnel and colleagues (2022) proposed

that creativity is facilitated when an individual’s chronotype aligns with the time

of day and this relationship might be moderated by factors like positive mood and

creative self-efficacy (Kühnel et al., 2022). Across three experiments, they tested

participants on the Alternative Uses Task (AUT), a task designed to measure cre-

ativity by prompting participants to generate alternative uses for common objects

(Guilford, 1967). Their findings revealed participants’ creative performance was

indeed enhanced when their chronotype matched the time of day. Interestingly,

this alignment effect appeared most consistently among individuals classified as
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late chronotypes. However, the mediating role of positive mood and creative self-

efficacy varied across the three studies. Positive mood was identified as a key

mediator in two experiments, while creative self-efficacy was a significant factor in

just one. Thus, these findings underscore the complex relationship among these

variables (Kühnel et al., 2022).

Given that our participants were recruited from the University and fell within the

age range of 18-35, it is likely that most exhibited an evening chronotype (May

et al., 1993). Consequently, our findings would diverge from the outcomes of the

study conducted by Kühnel and colleagues while aligning more closely with Wi-

eth and Zacks, who found that non-optimal time of day enhanced participants’

performance in insight problems (Wieth & Zacks, 2011). Interestingly, when re-

viewing the tasks employed in the above-mentioned studies, a major distinction

emerges between divergent and convergent thinking tasks (Guilford, 1967). Di-

vergent thinking is characterized by the generation of numerous diverse ideas, as

exemplified by the AUT used by Kühnel and colleagues (Kühnel et al., 2022). On

the other hand, convergent thinking refers to the formulation of a single correct

solution. This was the case for the insight problems used by Wieth and Zacks

(Wieth & Zacks, 2011), as well as the ones we employed, which were designed by

McCaffrey to have a single correct solution (McCaffrey, 2012a).

Given this context, our speculation that participants performed better in the morn-

ing due to a misalignment with their circadian rhythm appears to be more plau-

sible. However, we also have to acknowledge that our experiment was conducted

during COVID-19 pandemic, a period marked by notable disruptions in circa-

dian rhythms due to the increased time spent indoors, less daylight exposure, and

lifestyle changes (Morin et al., 2020). All these factors might have influenced par-

ticipants’ chronotype and our research findings.

Our work underscores the crucial role of chronotype when exploring creativity

and insight. It’s possible that the beneficial impact of sleep on creativity might

be more pronounced when post-sleep assessments do not align with participants’
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chronotypes.

5.3.3 Sleep and emotions

5.3.3.1 Does time play a role in this relationship?

Sleep appears to diminish the affective tone of emotional memories, a process

believed to rely on the spontaneous reactivation of these memories during sleep

(Walker, 2009). In line with this, Chapter 4 employed TMR during REM to

investigate its effect on the habituation of arousal responses. The current findings,

spanning neural, physiological, and behavioural domains, suggest an attenuation

in arousal responses.

The core idea behind the Sleep to forget, Sleep to remember (SFSR) hypothesis

is that REM sleep strengthens the content of memories while attenuating the vis-

ceral charge associated with their recall over time (Helm & Walker, 2010; Walker,

2009). An often overlooked but important variable in this dynamic is the passage

of time.

While some studies failed to find a sleep depotentiation effect on the emotional

tone of memories (Ashton et al., 2019; Baran et al., 2012; Jones & Spencer, 2019;

Lehmann et al., 2016; Sterpenich et al., 2014), those that examined this effect

over multiple nights of sleep, did find significant changes in subjective or phys-

iological reactivity (Bolinger et al., 2018; Rihm & Rasch, 2015; Schwartz et al.,

2022; Werner et al., 2021; Zeng et al., 2021). For instance, Zeng and colleagues

examined the effect of sleep and sleep deprivation on subjective ratings to nega-

tive images at two distinct time points: after a delay of 12h, either post-sleep or

post-deprivation, and after a delay of 60h. In the sleep group, affective ratings to

negative images were preserved after 12h but attenuated 60h post-encoding test,

suggesting a long-term depotentiation effect (Zeng et al., 2021). A similar pattern

was found by Bolinger and colleagues using a between-subject design with a Sleep
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and a Wake group. They assessed subjective responses after 10 hours (spent ei-

ther asleep or awake) and after 7 days. The sleep-induced emotional dampening

became apparent only after a week, a finding further supported by physiological

data indicating that while heart rate deceleration remained stable after one night,

it declined after a week (Bolinger et al., 2018). In another study, TMR during

REM was used in combination with imagery rehearsal therapy (IRT) for patients

with nightmare disorder (ND, Schwartz et al., 2022). The group that underwent

both REM TMR and IRT for two weeks displayed a clinical reduction of night-

mare frequency and more positive dream emotions than their counterparts who

underwent only IRT. Notably, the nightmares’ frequency decrease was sustained

after 3 months (Schwartz et al., 2022).

In our own investigation, while we didn’t explicitly test for the effect of time, we

observed a significant depotentiation effect two days post-intervention. We argue

that the single-night design, often used to study the relationship between sleep

and emotion regulation, may not adequately capture the modulating role of REM

sleep in emotional processing. It seems plausible that multiple nights of sleep are

necessary for affective charges to gradually dissipate. Nevertheless, future studies

are warranted to examine these temporal dynamics in more detail.

5.3.3.2 NREM, REM or both?

The SFSR hypothesis (Helm & Walker, 2010; Walker, 2009) is challenged not

only by studies that showed that emotional reactivity is preserved across REM

sleep (Baran et al., 2012) but also by a growing body of research suggesting that

emotional memory consolidation is facilitated by SWS rather than REM (Cairney

et al., 2014; Lehmann et al., 2016; Wagner et al., 2007). Such findings raise the

question of whether the effects of sleep on arousal are sleep-stage dependent or

both. Supporting the latter point, a complementary role for both SWS and REM

in the processing of emotional memories has been proposed (Cairney et al., 2015;
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Hutchison & Rathore, 2015; Kim & Payne, 2020; Wassing et al., 2019).

Notably, not all memories are consolidated equally (Stickgold & Walker, 2013) and

sleep might favour the consolidation of memories “tagged” as emotionally salient

during wakeful encoding (Seibt & Frank, 2019). During SWS, electrophysiological

events (neocortical slow oscillations, hippocampal sharp wave ripples, and spin-

dles), combined with low levels of acetylcholine, enable the gradual transformation

of memory traces from the hippocampus into long-term representations within the

neocortex (Rasch & Born, 2013). On the other hand, REM sleep’s theta oscilla-

tions are believed to prioritize the consolidation of emotionally salient memories

(Hutchison & Rathore, 2015; Nishida et al., 2009; Popa et al., 2010). In rodents,

theta activity was found to be synchronized across the amygdala, hippocampus,

and medial PFC – key brain structures for the formation and maintenance of emo-

tional memories (LaBar & Cabeza, 2006; Popa et al., 2010). Additionally, animal

studies revealed that theta synchronization between the amygdala and the hip-

pocampus is boosted in association with ponto-geniculo-occipital (PGO) waves,

which density predicts the expression of plasticity-related genes in these regions

(Datta et al., 2008). REM-related plasticity changes (e.g., spine formation and

pruning) can therefore reflect the selective processing of emotional memory traces,

either strengthening or weakening the newly acquired memory (Seibt & Frank,

2019).

Why can the interleaving of SWS and REM sleep therefore be necessary for the

processing of emotional memories?

1. Selective tagging and consolidation: REM sleep can drive the selectivity

process by tagging specific memories for subsequent consolidation during

NREM. As explained by the sleep-stress interaction model (Kim & Payne,

2020), when an arousal/stress response is activated in close proximity to the

learning phase, it triggers a cascade of neuromodulators that modulates plas-
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ticity in the amygdala and the hippocampus and enhances the connectivity

within the amygdala-hippocampus-mPFC network. This primes the sys-

tem for preferential encoding of emotional memories, which in turn interacts

with subsequent SWS-REM cycles to promote their selective consolidation

(Kim & Payne, 2020). Biologically, there is compelling evidence suggest-

ing that gene expression and protein synthesis are involved in long-term

memory consolidation and updating (see Almeida-Filho et al., 2018, for a

review). According to Seibt and Frank, 2019, tagged neuronal ensembles

during wakefulness are reactivated during subsequent NREM sleep where

they capture Plasticity-Related-Products (PRPs). In subsequent REM sleep

stages, PRPs are translated into proteins. Thus, while memory reactivation

during SWS serves as the first step to memory consolidation, REM sleep

is where gene expressions and protein synthesis predominantly occur, facil-

itating the consolidation of “tagged” memories (Seibt & Frank, 2019). For

emotional memories, these biological processes are more pronounced in the

amygdala-hippocampus-mPFC network, whose activity is also increased dur-

ing REM sleep (Kim & Payne, 2020).

2. Decoupling of the emotional tone from information: During REM, the de-

coupling of the declarative information from its emotional resonance can

be facilitated by the inhibited communication between the neocortex and

limbic/paralimbic structures, which is driven by elevated concentrations of

acetylcholine and low levels of both noradrenaline and serotonin states, which

has additional implication for the decoupling (Hasselmo, 2006; Hutchison &

Rathore, 2015; Walker, 2009).

This framework can be integrated into the context of synaptic and systems consol-

idation (Frankland & Bontempi, 2005), thus bringing us back to the importance

of time mentioned in the above section. In fact, while synaptic consolidation un-
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folds over minutes to hours after learning, systems consolidation, which involves

corticalization and reorganization, occurs over long periods of time. Notably, both

these phenomena have been ascribed to REM sleep (Pereira & Lewis, 2020) and

the detachment of the emotional intensity from its context is a crucial aspect of

memory reorganization (Landmann et al., 2015). In light of the above, it becomes

evident that the time span of studying the relationship between sleep and arousal

cannot be constrained to a single night or immediate post-sleep evaluations.

5.4 Limitations

Before diving into future research, it’s important to acknowledge the limitations

of this thesis.

In Chapter 2, the primary limitation was related to the use of the Dream headband

(DH, Arnal et al., 2020). Its minimal recording capability didn’t allow us to

measure sleep microarchitecture. Consequently, we could only hypothesize that

wearing an eye mask might have led to an increase in SWA. However, this device

enabled us to conduct a study in participants’ own environment.

The limitations of the experiment in Chapter 3 have already been discussed, but

they deserve reiteration. Most notably, out of the fifty-three healthy volunteers

who participated in the study, twenty-five did not correctly perform the Generic

Part Training (GPT, McCaffrey, 2012a, 2012b), leading to their exclusion from the

analysis. This limitation might have emerged due to the constraints posed by the

online format of the experiment, which deviated from the original protocol outlined

by McCaffrey (McCaffrey, 2012a, 2012b). Specifically, McCaffrey emphasized the

importance of a collaborative process between the experimenter and participants

when creating the initial parts-diagram for the GPT. This collaboration ensured

that participants were fully engaged, understood the task, and actively constructed
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the diagram. It also served to capture participants’ attention and reinforce their

understanding of the task. In our online study, we provided participants with writ-

ten instructions and a pre-structured diagram that they subsequently completed.

This change may have diminished participants’ active engagement and involve-

ment in the task, possibly affecting their performance. Another limitation is our

inability to fully disentangle the effects of circadian rhythms from the specific im-

pacts of sleep and wakefulness on the task. The presence of a circadian confound

raises questions about how these factors might have influenced the effects of sleep

and wakefulness on insight problem-solving. A nap study, as outlined in the next

section, could address this limitation.

A shared limitation in all Chapters is the issue of statistical power, which is essen-

tial for deriving reliable and valid conclusions from research findings. Statistical

power is the ability of a study to detect a genuine effect, if one exists, and to reject

the null hypothesis (Dorey, 2011). Insufficient statistical power increases the risk of

a Type II error, diminishing the likelihood of detecting a true effect and increasing

the chance of observing a non-existent one (Brysbaert, 2019). Many studies in the

sleep field are underpowered, possibly due to the demanding nature of the experi-

ments, as researchers often must remain awake from evening to late the following

morning. When additional measurements are incorporated into polysomnography

research, the complexity and difficulty of the study increase. The underpowered

nature of many of these studies implies that their findings might not be consistently

replicated in future research, contributing to the reproducibility crisis, a persis-

tent issue in the scientific community (Vankov et al., 2014). A potential solution

could be a collaborative approach. By pooling resources and expertise, multiple

labs worldwide could work in tandem and finally examine research questions in a

sufficiently powered sample and using the same methodologies.
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5.5 Future research

The findings presented in this thesis pave the way for further research and explo-

ration.

In Chapter 2 we offer valuable insights into the benefits of wearing an eye mask to

block early light during sleep for enhancing cognitive function. A critical subse-

quent step is delving deeper into the mechanisms underlying the observed benefits

on memory and vigilance. Polysomnography is essential for measuring the impact

on SWA in this context. Moreover, assessing ambient light levels can refine our

understanding of the eye mask’s efficacy in mitigating external light. While the

adverse effects of sleeping in non-dark settings are well-documented (Bradley &

Lang, 1999; Park & Bischof, 2013), some light sources might subtly affect cog-

nition and remain overlooked. It would also be beneficial to investigate whether

the observed benefits persist or diminish over extended periods. Importantly, we

exclusively recruited participants who had never used an eye mask. Examining

habitual eye mask users could determine whether the benefits for new users arise

from the novelty of the experience or the genuine advantages of blocking early

light.

Turning to creativity, it remains crucial for future research to understand the role

of sleep in fostering creative processes. Creativity has always been a vital com-

ponent of human progress and now, more than ever, as we navigate a new era

dominated by artificial intelligence and digital technologies, understanding this

link is of paramount importance. Furthermore, the world is still reeling from the

effects of a global pandemic - which brought with it not only health concerns but

also profound impacts on mental well-being – and facing climate challenges that

are gradually disrupting ecosystems, economies, and communities. If sleep indeed

plays a pivotal role in enhancing creativity, understanding this relationship can be
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a game-changer.

To address the limitations highlighted in Chapter 3, future experiments should:

(1) incorporate a daytime nap to differentiate the effects of sleep from circadian

influences; (2) include measures of participants’ circadian rhythms, such as the

Morningness-Eveningness Questionnaire (Horne & Östberg, 1976), to understand

how individuals’ peak times relate to their performance, thus offering deeper in-

sights into the relationship between circadian rhythms and problem-solving abili-

ties; and (3) aim to replicate McCaffrey’s original protocol as closely as possible

(McCaffrey, 2012b).

Chapter 4 introduces a compelling research challenge: understanding how sleep

influences emotional memories and their emotional tone over extended durations.

There’s already evidence suggesting that multiple nights of sleep might gradually

mitigate affective charges (Bolinger et al., 2019; Schwartz et al., 2022; Werner

et al., 2021; Zeng et al., 2021). Therefore, future studies should explore the

temporal dynamics of this phenomenon, specifically determining the number of

nights of sleep required for this effect to emerge and the progression of affective

charges over time. This exploration should be coupled with an evaluation of both

subjective and autonomic habituation. However, researchers should be mindful

of the natural habitation effect triggered by repeated exposure to emotionally

charged images. Codispoti and colleagues observed that after viewing the same

affective images 60 times, participants judged unpleasant images as less pleasant

and less arousing, with the drop in arousal ratings being more pronounced during

the habituation phase. This indicates that repetitive exposure primarily alters the

intensity rather than the hedonic value of such images, a finding further supported

by observed changes in autonomic responses, such as skin conductance and heart

rate (Codispoti et al., 2006). Moreover, it’s crucial that research starts placing

more emphasis on the interplay between different sleep stages and emotions. Given

that a full sleep cycle encompasses both REM and SWS stages, understanding their
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complementary roles in emotional processing is paramount.

5.6 Conclusion

This thesis explored methods of sleep manipulation to enhance cognitive functions.

Across all experimental chapters, there was evidence that sleep holds the poten-

tial to enhance cognitive abilities. Specifically, Chapter 2 presented compelling

evidence for this relationship through a straightforward yet effective intervention.

Using an eye mask to block light during sleep not only improved the encoding of

new information but also heightened alertness the following day.

Chapter 3, while exploring the relationship between sleep and creativity, intro-

duced a layer of complexity with the time-of-day effect. However, the very fact

that such an effect was observed emphasizes the intricate interplay between sleep,

cognitive performance, and circadian rhythms.

Chapter 4 observed the benefits of Targeted Memory Reactivation during REM

sleep to modulate emotional reactivity. The observed neural, visceral, and subjec-

tive changes post-manipulation not only highlight the profound impact of sleep on

emotional processing but also extend the understanding of sleep’s role in cognitive-

emotional interplay.

This thesis provides novel insights into how a simple intervention during sleep can

benefit memory and alertness, the intricate relationship between sleep, creativity,

and circadian rhythms, and underscores the potential effects of sleep on arousal

habituation.
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