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Abstract (English)

Sleep is often perceived as a state of disconnection from the
environment. Yet, accumulating evidence suggests that the brain can
monitor and process external stimuli even while asleep. The
accompanying subjective experiences, commonly referred to as dreams,
are also thought to be influenced by sensory perceptions. However, the
precise mechanisms through which sensory stimulation affects
dreaming activity remain largely unknown.

This work seeks to address this gap through a comprehensive,
multi-faceted approach. It begins with a systematic review of the
existing literature on the influence of sensory stimulation on dreams,
uncovering key findings and identifying current limitations in the field.
Following this, an experimental study investigates the use of
multimodal sensory stimulation to enhance dream lucidity during
REM sleep, highlighting the potential of sensory-based protocols for
facilitating real-time communication with dreamers and objectively
exploring perceptual awareness during sleep. Finally, the relationship
between multimodal stimulation during NREM sleep and EEG
aperiodic activity is empirically explored, indicating that aperiodic
spectral slopes may serve as informative markers of subjective sleep
experiences.

By integrating theoretical, experimental, and analytical
perspectives, this work aims to deepen the understanding of how
external stimuli influence consciousness during sleep. The findings
contribute to the growing body of knowledge on the dynamic interplay
between the sleeping brain and sensory stimulation, offering valuable
insights into how these interactions shape our dreams.
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Abstract (Italiano)

I sonno ¢ spesso percepito come uno stato di disconnessione
dall'ambiente circostante. Tuttavia, un numero crescente di studi
suggerisce che il cervello sia in grado di monitorare e processare stimoli
esterni anche durante il sonno. Le esperienze coscienti che lo
accompagnano, comunemente denominate sogni, sembrano anch'esse
essere influenzate dalle percezioni sensoriali. Tuttavia, i meccanismi
precisi attraverso i quali la stimolazione sensoriale influenza I'attivita

onirica rimangono in gran parte sconosciuti.

Questa tesi cerca di colmare tale lacuna attraverso un approccio
comprensivo e diversificato. Si apre con una revisione sistematica della
letteratura scientifica esistente sull'influenza della stimolazione
sensoriale sui sogni, evidenziando le principali scoperte e identificando
le attuali limitazioni nel campo. Successivamente, viene riportato uno
studio sperimentale che indaga 1'uso della stimolazione sensoriale
multimodale per incrementare le possibilita di raggiungere stati di
lucidita onirica durante il sonno REM. Tale studio dimostra il
potenziale dei protocolli di induzione basati sui sensi per facilitare la
comunicazione in tempo reale con i sognatori e per valutare
oggettivamente la percezione sensoriale durante il sonno. Infine, si
esplora empiricamente la relazione tra stimolazione multimodale
durante il sonno NREM e I'attivita aperiodica dell'EEG. I risultati
suggeriscono che la variazione della pendenza dello spettro aperiodico
in funzione della stimolazione sensoriale rappresenta un marcatore

informativo delle esperienze soggettive durante il sonno.
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Integrando prospettive teoriche, sperimentali e analitiche,
questo lavoro mira ad approfondire la comprensione di come gli
stimoli esterni influenzino la coscienza durante il sonno.
Complessivamente, questa tesi apporta un sostanziale contributo alle
attuali conoscenze sulla relazione tra il cervello dormiente e la
stimolazione sensoriale, offrendo preziose intuizioni su come queste

interazioni modellino i nostri sogni.
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Abstract (Nederlands)

Slaap wordt vaak gezien als een toestand van ontkoppeling van de
omgeving. Toch suggereert toenemend bewijs dat de hersenen in staat
blijven om externe stimuli te monitoren en te verwerken, zelfs tijdens
de slaap. De bijbehorende subjectieve ervaringen, die gewoonlijk
worden aangeduid als dromen, worden waarschijnlijk ook beinvloed
door zintuiglijke waarnemingen. De precieze mechanismen waarmee
zintuiglijke stimulatie de droomactiviteit beinvloedt, blijven echter
grotendeels onbekend.

Dit werk tracht deze kenniskloof te dichten door middel van
een uitgebreide, veelzijdige benadering. Het begint met een
systematische review van de bestaande literatuur over de invloed van
zintuiglijke stimulatie op dromen, waarbij belangrijke bevindingen
worden onthuld en huidige beperkingen in het veld worden
geidentificeerd. Vervolgens wordt in een experimentele studie het
gebruik van multimodale zintuiglijke stimulatie onderzocht om de
helderheid van dromen tijdens de REM-slaap te vergroten. Deze studie
benadrukt het potentieel van op zintuigen gebaseerde protocollen voor
het faciliteren van real-time communicatie met dromers en het objectief
verkennen van perceptueel bewustzijn tijdens de slaap. Ten slotte
wordt de relatie tussen multimodale stimulatie tijdens de NREM-slaap
en EEG-aperiodische activiteit empirisch onderzocht, wat aangeeft dat
aperiodische spectrale hellingen informatieve markers kunnen zijn van
subjectieve slaapervaringen.

Door theoretische, experimentele en analytische perspectieven
te integreren, beoogt dit werk een dieper inzicht te geven in hoe externe
stimuli het bewustzijn tijdens de slaap beinvloeden. De bevindingen
dragen bij aan de groeiende kennis over de dynamische interactie
tussen het slapende brein en zintuiglijke stimulatie, en bieden
waardevolle inzichten in hoe deze interacties onze dromen vormgeven.
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Chapter 1.
General Introduction

Sleep is a ubiquitous phenomenon observed across the entire animal
kingdom, signifying its fundamental importance despite the inherent
vulnerability it imposes due to diminished behavioural reactivity
(Cirelli & Tononi, 2008; Peigneux, Laureys, Delbeuck, et al., 2001). The
critical nature of sleep is underscored by the myriad pathologies
associated with its deprivation, which, in severe cases, can result in
fatality (Cortelli et al., 1999; Irwin, 2015; Luyster et al., 2012). The
necessity of sleep for maintaining health is unequivocal, although its
multifaceted functions remain the subject of ongoing investigation.
Decades of research have indicated that sleep facilitates energy
restoration, supports immune function and metabolic clearance, and is
crucial for emotional regulation, cognition, and brain plasticity
(Hobson, 1990; Siegel, 2005; Zielinski et al., 2016).

Phenomenologically, sleep is often accompanied by subjective
conscious experiences known as dreams (Siclari et al., 2013). The
scientific study of dreams has evolved significantly since their initial
psychodynamic conceptualization as a reflection of the subconscious
mind (Freud, 1997), yet their precise role remains elusive. Some
neuroscientists propose that dreams are epiphenomena of underlying
brain activity, lacking specific adaptive value (Domhoff & Schneider,
2018; Flanagan, 1995; Hobson et al., 1998; Hobson & McCarley, 1977).
Others argue that dreaming serves several functions, including
memory and learning, emotional regulation, predictive processing, and
threat and social simulation (Bucci & Grasso, 2017; Cartwright et al.,
1998; Crick & Mitchison, 1983; Desseilles et al., 2011; Hoel, 2021;
Llewellyn, 2015; Nielsen et al., 2004; Perogamvros et al., 2013;
Revonsuo, 2000; Samson et al., 2023; Scarpelli et al., 2019; Tuominen et
al., 2019; Valli & Revonsuo, 2009; Walker & van der Helm, 2009).



Regardless of the perspective, these conscious experiences offer
valuable insight into the ongoing processes of the sleeping brain,
representing a highly valuable resource for cognitive neuroscience
(Malinowski & Horton, 2021; Wamsley, 2013). Although dreams have
been somewhat sidelined within sleep research due to their inherent
subjective and volatile nature, there is growing interest in
understanding their essence, particularly how and why these conscious
experiences arise during a state of apparent disconnection from the
environment.

1.1. A Brief Historical Account of Sleep Research

Modern sleep research began nearly a century ago with Berger's
pioneering recordings of brain electrical activity, which revealed clear
differences between sleep and wakefulness (H. Berger, 1929). This
breakthrough soon led to the electroencephalographic (EEG)
characterization of a set of recurrent activity patterns observed during
sleep (Loomis et al., 1935). Shortly after, the same group provided the
first experimental evidence of sensory perturbations on sleep EEG,
introducing the concepts of arousal and stimulus-dependent changes,
including the appearance of large reactive slow-waves, which they
termed K-complexes (Davis et al., 1939; Loomis et al., 1937).

A few years later, in 1953, Aserinsky and Kleitman described
the occurrence of periods of increased ocular motility during sleep,
marking the discovery of the rapid eye movement (REM) sleep stage
(Aserinsky & Kleitman, 1953). The high dream recall frequency
following awakenings from REM sleep led to the belief that dreaming
was exclusively linked to this stage. Around the same time, Jouvet's
work in cats played a significant role in further characterizing REM
sleep, noting that it was accompanied by total muscle atonia (Jouvet et
al., 1959, 1960). It was also confirmed that sleep stages alternate in
cyclic patterns, revealing the ultradian nature of sleep (Hartmann,
1966), with each cycle lasting about 90 minutes and repeating four to
six times per night (Colten et al., 2006; Nielsen, 2011).



The rapidly accumulating evidence in this burgeoning field
necessitated the standardization of definitions and terminology for the
various neurophysiological states that had been discovered, resulting
in the creation of the first sleep staging manual (Kales & Rechtschaffen,
1968). Since then, technical advances have enabled finer
characterization of the physiological correlates of each stage,
particularly with the advent of polysomnography (PSG). By combining
EEG, electrooculogram (EOG), electromyogram (EMG), and
electrocardiogram (ECG) measurements, PSG has become the gold
standard of sleep research. As a result, sleep scoring rules have
progressively evolved to incorporate these advances, providing a
comprehensive framework for studying sleep (e.g., Berry et al., 2017;
Iber, 2007).

To set the stage for this dissertation, a brief overview of the
current understanding of sleep architecture and its key concepts will be
provided, with a focus on their relationship to environmental
disconnection and subjective experiences. Following this, various
approaches to the scientific study of sleep consciousness will be
summarized, highlighting the challenges associated with its
investigation. Finally, the rationale for selecting sensory stimulation as
the method of exploration will be explained.

1.2. The Patterns of Sleep: Structure, Sensory
Disconnection, and Associated Subjective Experiences

1.2.1. REM Sleep

REM sleep constitutes approximately 20% of total sleep time and is
predominantly observed in the final third of the night, with its
proportion increasing across successive sleep cycles (Carskadon &
Dement, 1989; Dement & Kleitman, 1957). It is distinguished by low-
amplitude, irregular, high-frequency brain activity, along with
periods of marked rapid eye movement. The desynchronized EEG
activity pattern of REM sleep closely resembles that observed during
wakefulness yet occurs alongside muscular atonia. This earned REM

3



sleep the designation of “paradoxical’ sleep (Jouvet, 1965; Jouvet et al.,
1959).

Other typical EEG features of REM sleep include the presence
of theta activity (4-8 Hz) and the so-called ‘sawtooth” waves (2-5 Hz;
Bernardi et al., 2019; Colten et al., 2006). The latter have been
hypothesized to be related to the occurrence of pontogeniculo-occipital
(PGO)-like waves (Frauscher et al., 2020), identified in animal studies
and correlating in humans with large bursts of activity from the pons to
the lateral geniculate nucleus, occipital cortex, and other cortical and
limbic regions (Arnulf, 2011; Callaway et al., 1987; Fernandez-Mendoza
et al., 2009; Gott et al., 2017; Peigneux, Laureys, Fuchs, et al., 2001).

Functional neuroimaging studies revealed that REM sleep is
associated with higher metabolic activity in the anterior cingulate
cortex, amygdala, parahippocampal gyrus, thalamic nuclei, dorsal
midbrain, and pontine tegmentum, along with decreased activity in the
dorsolateral prefrontal cortex, precuneus, and specific parietal and
posterior cingulate regions (Braun, 1997; Maquet et al., 1996; Miyauchi
et al., 2009; Peigneux, Laureys, Fuchs, et al., 2001).

Although signs of sensory processing are present during REM
(Bastuji et al., 1995; Bastuji & Garcia-Larrea, 1999; C. Chen et al., 2016;
Nashida et al., 2000; Perrin et al., 1999, 2000, 2002; Ruby et al., 2013),
arousal thresholds—defined as the propensity to exhibit signs of
arousal or wake up in response to stimulation —remain relatively high
during this stage (Bonnet et al., 2007; Bonnet & Moore, 1982; Busby et
al., 1994; Rechtschaffen et al., 1966), further highlighting the
paradoxical nature of this particularly active but disconnected state.
This is also reflected in the subjective perception of sleep depth, which
is highest during REM compared to all other stages (Stephan et al.,
2021).

However, it is crucial to note that REM sleep is a quite
heterogeneous stage that can be divided into phasic and tonic periods,
depending on the presence or absence of phasic events, including eye
movement bursts and muscular twitches (Corsi-Cabrera et al., 2008;
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Simor et al., 2020; Wehrle et al., 2007). Tonic REM has been associated
with higher alpha and beta power over frontocentral regions, while
higher gamma and low-frequency oscillations are more prominent
during phasic periods (Simor et al., 2016, 2019). Interestingly, arousal
thresholds seem to vary depending on this, with reduced sensory-
dependent responses and higher thresholds during phasic than tonic
REM (Andrillon et al., 2017; Ermis et al., 2010; Price & Kremen, 1980;
Sallinen et al., 1996; Takahara et al., 2002, 2006; Wehrle et al., 2007).
Therefore, tonic and phasic periods are suggested to serve distinct
functions within REM sleep, potentially representing online and offline
states that correspond to external and internal attentional orientation,
respectively (Simor, Bogdany, et al., 2021; Simor et al., 2020).

Regarding conscious experiences, early research on REM sleep
highlighted that most awakenings from this stage result in dream
reports (Dement & Kleitman, 1957). In fact, up to 80% of REM
awakenings are accompanied by vivid dreams, often featuring bizarre,
complex scenes with strong emotional and social content (Foulkes,
1962; Hobson et al., 2000; Martin et al., 2020; Nielsen, 2000). The
presence of such immersive dreaming activity has been proposed to
contribute to the limited sensory processing observed during REM
sleep (Nir & Tononi, 2010). These rich internal conscious experiences
likely compete with external stimuli, providing a plausible explanation
for the high degree of sensory disconnection associated with this stage.

Although still debated, phasic activity and PGO-like waves
have been suggested as contributors to the generation of oneiric
hallucinatory content and as modulators of behavioural responsiveness
and cortical processing of external stimuli during REM sleep (Andrillon
& Kouider, 2020; Ermis et al., 2010; J.-X. Gao et al., 2023; Hobson, 2009a;
Hong et al., 1997; Miyauchi et al., 2009). Additionally, bursts of phasic
eye movements during REM have been shown to correspond —at least
partially —to gaze orientation within dream experiences, supporting
the ‘scanning hypothesis” (Arnulf, 2011). Notably, the parallel between
dreaming activity and bodily movements is also observed in patients



who physically enact their dreams due to failures in the typical REM-
associated muscular inhibition (Arnulf, 2012).

The functions attributed to REM sleep and dreams include
roles in procedural and associative memory (Konkoly et al., 2023; Rasch
& Born, 2013), abstraction and generalization of previously learned
concepts (Pereira et al., 2023; Sterpenich et al., 2014), emotional
processing (Desseilles et al., 2011; Sterpenich et al., 2009), prospective
coding (Hobson et al., 2014; Llewellyn, 2015), and social and threat
simulation (Revonsuo, 2000; Valli et al., 2005; Valli & Revonsuo, 2009;
Zadra et al., 2006). These functions are well-aligned with the
underlying brain activation patterns observed during REM sleep,
particularly the activation of limbic structures and the deactivation of
the prefrontal cortex (Scarpelli et al., 2015). Moreover, the complex
associative content and the strong emotional and social nature of
dream activity during REM sleep reflect and potentially support these
proposed functions.

1.2.2. NREM Sleep

Non-REM (NREM) sleep is characterized by slower brain activity and
increased neural synchrony relative to wakefulness and REM sleep
(Carskadon & Dement, 1989). Neuroimaging studies show that NREM
sleep is accompanied by a decrease in metabolic activity across wide
cortical regions, including the frontal, parietal, temporal, and occipital
visual and associative areas, as well as thalamic regions (Braun, 1997;
Nofzinger et al., 2002). In contrast, relative increases in metabolic
activity have been observed in the dorsal pontine tegmentum, basal
forebrain, hypothalamus, ventral striatum, anterior and posterior
cingulate cortex, precuneus, insula, primary somatosensory and motor
cortices, as well as in the amygdala, hippocampal, and
parahippocampal areas (Maquet, 2010; Nofzinger et al., 2002).

Based on PSG measurements, NREM sleep was initially
classified into four stages by Rechtschaffen and Kales (1968), each
characterized by progressively slower and more ample EEG patterns,
along with lower arousal and higher subjective sleep depth (Bonnet et
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al., 2007; Bonnet & Moore, 1982; Busby et al., 1994; Stephan et al., 2021).
More recently, the two deepest stages were merged into a single stage,
now referred to as N3 (Iber, 2007). This progression in sleep depth is
accompanied by a reduction in signal complexity (Bandt, 2017; Burioka
et al., 2005; Gonzalez et al., 2022; Nicolaou & Georgiou, 2011; Schartner
et al,, 2017) and decreased functional connectivity between large-scale
resting-state networks (Kung et al., 2019; Tagliazucchi, von Wegner,
Morzelewski, Brodbeck, Borisov, et al., 2013; Tagliazucchi, von Wegner,
Morzelewski, Brodbeck, Jahnke, et al., 2013; Tarun et al., 2021). These
changes parallel the gradual loss of consciousness observed across
NREM stages, aligning with the information integration theory, which
posits that a system’s capacity to integrate information determines its
potential to support conscious subjective experiences (Kung et al., 2019;
Nemirovsky et al., 2023; Tononi, 2004; Tononi et al., 2016).

1.2.21. N1

Stage N1 (or NREM 1) is often considered a transitional state from
wakefulness to sleep. Often relatively short in duration, this period is
marked by a progressive decrease in EEG amplitude and frequency,
shifting from alpha dominance (8-12 Hz) to slower theta (4-8 Hz)
waves, with patterns of slow rolling eye movements (Dauvilliers &
Billiard, 2004; Dement & Kleitman, 1957). During this phase, subjects
often report having hallucinatory-like perceptual experiences, often
including visual imagery, called ‘hypnagogia” (Foulkes & Vogel, 1965).

Hypnagogic episodes are characterized by the original
association of seemingly unrelated concepts, during which individuals
are still somehow able to process and even respond to environmental
stimuli (see Ghibellini & Meier, 2023 for a review). In fact, N1 has been
described as a state of heightened creativity and problem-solving
(Lacaux et al., 2021), which can be modulated by the presentation of
sensory cues (Haar Horowitz et al., 2018, 2020, 2023).

1.2.2.2. N2

N2 (or NREM 2) is the most prominent sleep stage, accounting for
about half of total sleep time (Carskadon & Dement, 1989). It is
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characterized by a background of low-amplitude mixed frequencies
with a gradual increase in slow-wave activity (SWA; 0.5-4 Hz), overlaid
with the hallmarks of this stage: sleep spindles and K-complexes
(Bernardi et al., 2017; Colrain, 2005; Davis et al., 1939). Sleep spindles
are fast bursts of waxing and waning waves oscillating in the sigma
frequency range (12-16 Hz), reflecting thalamocortical interactions.
They play a crucial role in synaptic plasticity, learning, and memory,
and their presence has been linked to greater resilience against external
sensory perturbations (Antony et al., 2019; Buzsaki, 1998; Cairney et al.,
2018; Dang-Vu et al., 2011; Fernandez & Liithi, 2019; Ulrich, 2016). K-
complexes, on the other hand, are large, sharp slow waves (< 2 Hz) that
occur either spontaneously or in response to external stimuli (Bernardi
et al., 2017; Davis et al., 1939; Halasz, 2005; Steriade & Amzica, 1998).
They are thought to serve a dual function of environmental monitoring
and sleep protection, as they represent reactive events while sharing
the same physiological generation mechanism as sleep slow waves
(Andrillon & Kouider, 2020; Czisch et al., 2002, 2009; Jahnke et al.,
2012).

The presence of physiological markers associated with sensory
stimulation during N2 sleep suggests that the brain continues to
process external information in this stage. The nature of the stimuli
plays a critical role in shaping the brain's response, with novel and
salient information triggering specific activation patterns (Ameen et al.,
2022; Bastuji & Garcia-Larrea, 1999; Ibanez et al., 2006; Moyne et al.,
2022; Perrin et al., 1999, 2000, 2002; Portas et al., 2000; Ruby et al., 2008;
Strauss et al., 2015). Furthermore, complex task-relevant EEG responses
have been observed even in the absence of conscious awareness
(Andrillon et al., 2016; Kouider et al., 2014; Legendre et al., 2019),
indicating that higher-order cognitive and sensory processing
mechanisms remain active during this stage. Recent studies suggest
that fluctuations in these EEG responses may also translate to overt
behavioural reactions, even without conscious appraisal or sleep
disruption (Ttiirker et al., 2023).



Regarding dreams, reported rates vary significantly across
studies, although it is generally accepted that subjective experiences are
relatively frequent during N2 sleep, with about half of awakenings
resulting in conscious recall (Nielsen et al., 2001; Siclari et al., 2013). The
content of these N2 reports tends to be shorter and more thought-like
rather than perceptual, often incorporating a higher proportion of
episodic memory fragments compared to REM dreams (Baylor &
Cavallero, 2001; Siclari et al., 2013; Stickgold et al., 1994). Notably,
NREM stages, including N2, have been consistently associated with
memory processing, largely due to hippocampal neural replay events
thought to be crucial for memory consolidation (Wamsley & Stickgold,
2011). These replay events have been proposed as potential
mechanisms for the incorporation of memories into ongoing dream
experiences (Picard-Deland et al., 2023; Wamsley, Perry, et al., 2010;
Wamsley, Tucker, et al., 2010).

1.2.2.3. N3

N3 (or NREM 3), also sometimes referred to as slow-wave sleep (SWS)
or deep sleep, represents the most globally synchronized state (Guo et
al.,, 2022; Steriade, 1993). This stage is most prevalent during the early
sleep cycles and gradually diminishes as the night progresses,
becoming less frequent or even absent in the later hours of sleep
(Dement & Kleitman, 1957; Iber, 2007). During N3, the EEG is
dominated by high-amplitude delta activity (0.5 - 4 Hz), with increased
SWA, particularly in frontal regions (Bernardi et al., 2017; Dijk, 2009;
Finelli et al., 2001). This reflects a generalized state of neuronal
bistability, where cortical neurons oscillate spontaneously between
active (up-state) and silent (down-state) periods (Steriade, 2003;
Steriade et al., 2001).

Down-states are believed to impair information integration, a
process essential for both consciousness and the effective processing of
external stimuli (Andrillon et al., 2016; Massimini et al., 2005; Pigorini
et al., 2015; Schabus et al., 2012). Hence, neuronal bistability acts as a
cortical gating mechanism, restricting sensory processing and leading
to higher arousal thresholds and deeper sleep (Andrillon et al., 2016).
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These low levels of information integration may help explain why
dream reports are infrequent upon awakening from N3, with only 20%
of awakenings yielding a dream report (Siclari et al., 2013). The low
dream recall frequency associated with this stage might be further
compounded by the negative effects of increased sleep inertia on recall
abilities (Hobson, 2009a).

Functionally, N3 sleep has been associated with learning,
cerebral restoration, and recovery functions, with its characteristic
SWA representing a main marker of sleep pressure (Born, 2010; Dijk,
2009; Tamaki et al., 2013; Walker, 2009; Girardeau & Lopes-dos-Santos,
2021). The synaptic homeostasis hypothesis provides an explanatory
framework, postulating that sleep facilitates the downscaling of
synaptic strength (Cirelli & Tononi, 2008). According to this hypothesis,
SWA drives the downregulation of previously strengthened synaptic
connections, ultimately supporting memory consolidation by
enhancing the signal-to-noise ratio between significant learning-related
neural activations and irrelevant ones. Additionally, SWA is believed to
play a crucial role in information transfer from the hippocampus to the
cortex, indicating memory consolidation processes beyond synaptic
weakening mechanisms (Fujisawa & Buzsaki, 2011).

1.2.3. REM-NREM Alternation

The ultradian sleep process determines the cyclic alternation of REM
and NREM stages throughout sleep (Hobson & Pace-Schott, 2002).
Ultradian cycles were originally thought to be driven by the reciprocal
interaction between a REM-on cholinergic system, located in the
pontine reticular formation, and a REM-off monoaminergic system,
mainly distributed over the locus coeruleus and dorsal raphe nuclei
(Hobson, 1992; Hobson & Pace-Schott, 2002; Le Bon, 2020; McCarley &
Hobson, 1975; Merica & Fortune, 2004). Since, evidence for a
GABAergic REM-suppressing system has extended and updated this
view (S.-H. Park & Weber, 2020; Weber et al., 2018), indicating the
occurrence of a complex interaction among excitatory, inhibitory, and
autoregulatory circuits involving a large panel of neurotransmitters,
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including GABA, glutamate, dopamine, orexin, and histamine (Hobson
& Pace-Schott, 2002; Le Bon, 2020; S.-H. Park & Weber, 2020).

The structure of ultradian cycles fluctuates throughout the
night, with early cycles characterized by deeper and longer NREM
stages and later cycles featuring lighter sleep with a higher prevalence
of REM stages (Feinberg & Floyd, 1979; Hartmann, 1968; Le Bon et al.,
2001, 2002). REM dreams are generally more frequent, longer, more
vivid, complex, perceptual, bizarre, and emotional than those during
NREM (R. Fosse et al., 2004; Foulkes, 1962; Kales et al., 1967; Martin et
al.,, 2020; Nielsen, 2010; Wamsley et al., 2007). However, evidence
suggests that stage-dependent differences in dream recall, length, and
complexity diminish across cycles, with NREM and REM reports
becoming increasingly similar as the night progresses (Antrobus et al.,
1995; Chellappa et al., 2011; Chellappa & Cajochen, 2013; Cicogna et al.,
1998; R. Fosse et al., 2004; Malinowski & Horton, 2014c; Montangero &
Cavallero, 2015; Nielsen, 2011; Wamsley et al., 2007). Interestingly,
within cycles, dream recall appears to follow opposite U-shaped
patterns: for NREM sleep, increased recall occurs at the beginning and
end of the stage, while in REM sleep, higher content recall is noted in
the middle parts of the stage (Hobson et al., 2000; Nielsen, 2010;
Stickgold, 2001).

Although the roles of REM and NREM sleep have traditionally
been evaluated separately, their recurrent alternation suggests that the
typical NREM-REM sequentiality may have an inherent functional
significance. It is proposed that NREM sleep primarily processes
previously encoded memories, while the subsequent REM sleep stage
facilitates their integration and generalization into existing memory
networks (Ficca et al., 2000; Giuditta, 2014; Pereira & Lewis, 2020;
Satchell et al., 2024). This sequential hypothesis aligns well with the
observed changes in dream content throughout the night, where early
dreams tend to be more closely related to wake-like and episodic
memories, while later dreams become increasingly emotional and
associative (Malinowski & Horton, 2021).
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1.2.4. Sleep-Wake Regulation

At a larger scale, the alternation between stable periods of sleep and
wakefulness is governed by a ‘flip-flop” switch, orchestrated by the
hypothalamus (Saper et al., 2005, 2010). This switch operates through a
mutually inhibitory circuit that balances wake-promoting structures,
primarily driven by the reticular activating system (Moruzzi &
Magoun, 1949), against sleep-promoting structures, with the
ventrolateral preoptic nucleus playing a central role (Saper et al., 2005).
The flip-flop switch enables rapid transitions between wakefulness and
sleep, modulated by several interrelated mechanisms.

The most widely accepted model of sleep regulation is the two-
process system (Borbély, 2066, 2022; Borbély & Achermann, 1999). This
model involves the homeostatic process ’S,” which represents the
accumulation of sleep pressure during wakefulness, and the circadian
process ‘C,” which regulates daily fluctuations in physiological
activation. Sleep pressure, reflected by an increase in SWA, dissipates
as sleep progresses. High sleep pressure is associated with higher
subjective sleepiness and changes in brain activity including increases
in delta and theta power and decreases in alpha activity during
wakefulness (De Gennaro et al., 2007; Finelli et al., 2000, 2001; Snipes et
al.,, 2023), along with increased slow-wave density, amplitude, and
steepness during subsequent sleep (Achermann et al., 1993; Beersma,
1998; Bersagliere & Achermann, 2010; Borbély & Achermann, 1999;
Riedner et al., 2007). Homeostatic sleep pressure also influences the
ultradian sleep cycle, affecting the proportions of NREM and REM
sleep within each cycle, particularly following sleep deprivation
(Beersma et al., 1990; Borbély et al., 1981; Dijk & Beersma, 1989; Endo et
al., 1998). High sleep pressure tends to extend NREM sleep duration in
the first cycle, while lower sleep pressure is associated with longer
REM phases (Cajochen et al., 2024).

The circadian process ‘C’ is driven by the central circadian
clock in the suprachiasmatic nucleus of the hypothalamus, which is
synchronized by external light. The suprachiasmatic nucleus, along
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with peripheral pacemakers, regulates various physiological processes,
including hormonal cycles, blood pressure, and body temperature
(Borbély et al., 2016; Mohawk et al., 2012; Richards & Gumz, 2012).
While no definitive EEG marker of circadian drive has been
established, spindle frequency appears to follow the timing of the ‘C’
process, with higher spindle frequencies observed in early and late-
night cycles, as well as during daytime naps (Bddizs et al., 2022, 2024).

Interestingly, circadian influences have been posited as a
candidate for the modulation of dream activity during sleep,
promoting - along with ultradian mechanisms - the required levels of
cortical activation for the emergence of consciousness. This is
supported by studies showing that stage-dependent differences in
dream content and length tend to dissipate across the night, with
NREM and REM reports becoming highly comparable in moments of
stronger circadian wake drive, namely during early morning and day
naps (Antrobus et al., 1995; Chellappa et al., 2009; Chellappa &
Cajochen, 2013; Cicogna et al., 1998; R. Fosse et al., 2004; Malinowski &
Horton, 2021; Montangero & Cavallero, 2015; Nielsen, 2011; Wamsley
et al., 2007).

Recently, processes S and C have been reinterpreted as
representing two distinct forms of homeostasis. Process S is thought to
involve reactive homeostasis, encompassing the restorative functions of
sleep for metabolism, immunity, and cognition. This is aligned with the
prevalence of slow-wave NREM sleep during the first part of the night,
which is often accompanied by thought-like conscious experiences that
tend to contain episodic and autobiographical memories (Baylor &
Cavallero, 2001; Cavallero et al., 1990; Nielsen & Stenstrom, 2005; Simor
et al., 2023). In contrast, process C would reflect predictive homeostasis,
which prepares the brain for subsequent waking periods during the
later hours of sleep. This process is associated with a relative increase
in REM sleep and intense embodied dreaming featuring complex and
associative content, namely including future-oriented elements (Simor
et al., 2023; Wamsley, 2013).
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Beyond the two-process mechanism, sleep regulation is also
influenced by allostatic load, which refers to the body’s adaptive
response to stress (McEwen, 2000, 2006; Saper et al., 2005). High levels
of allostatic load can disrupt sleep homeostasis, leading to various
sleep disturbances (Juster & McEwen, 2015; Radwan et al., 2021) that, in
turn, affect subjective experiences during sleep (Nofzinger et al., 2004;
Werner et al., 2016). A notable example of this is the detrimental effect
of the COVID-19 pandemic on sleep and dreaming activity, illustrating
how environmental stressors can alter these patterns across the general
population (Conte et al., 2022; Gorgoni et al., 2022; Jahrami et al., 2021;
Scarpelli, Nadorff, et al., 2022; Simor, Polner, et al., 2021).

In summary, sleep is a complex process shaped by multiple
interdependent factors, resulting in a highly variable and dynamic
state, both physiologically and phenomenologically. The interaction of
these factors directly influences vigilance and sleepiness during
wakefulness (Ruby et al., 2024), as well as consciousness and
arousability during sleep (Achermann et al., 1995; Akerstedt & Folkard,
1996; Borbély & Achermann, 1992; Cajochen et al., 2014), contributing
to significant variations in subjective experiences throughout the sleep-
wake cycle. However, emerging evidence suggests that these processes
may be more nuanced than previously thought, often involving
localized rather than system-wide modulations, offering a more
detailed understanding of how sleep is regulated.

1.2.5. Local Sleep Regulation

Sleep has traditionally been regarded as a generalised state, viewed in
contrast to wakefulness (Avvenuti & Bernardi, 2022; Nobili et al., 2012;
Siclari & Tononi, 2017). However, sleep hallmarks such as slow waves
and spindles appear to be temporally and topographically
heterogeneous, with regional differences suggested to reflect intrinsic
variations in vulnerability to sleep pressure, wakefulness-dependent
use, or a combination of both (Bastuji et al., 2020; Bernardi et al., 2017;
Huber et al., 2004, 2006; Jang et al., 2022; Kattler et al., 1994; Krueger &
Obél Jr., 1993; Murphy et al., 2011; Nir et al., 2011; Nobili et al., 2011).
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Research has shown that changes in SWA following sleep
deprivation are not uniformly distributed across the scalp: they
increase most significantly in frontal regions, with minimal changes in
posterior areas (De Gennaro et al., 2001; Finelli et al., 2001). Moreover,
studies have demonstrated that brain regions heavily used during
wakefulness—such as those involved in tasks requiring extensive
practice —exhibit increased SWA during subsequent sleep, while other
regions show no significant changes in activity (Huber et al., 2004;
Hung et al., 2013; Murphy et al., 2011). This experience-dependent
fatigue is also linked to the emergence of local sleep-like slow waves
during wakefulness, which are thought to reflect neuronal sleep need.
Notably, the presence of these waves correlates with task-related
behavioural errors and attentional lapses (Andrillon et al., 2021;
Andrillon & Oudiette, 2023; Avvenuti et al., 2021; Avvenuti & Bernardi,
2022; Bernardi et al., 2015; Hung et al., 2013; Van Dongen et al., 2011).

These observations suggest that sleep and wakefulness are not
merely opposing states but can coexist simultaneously. Interestingly,
intrusions of sleep-like activity during wakefulness, and vice versa,
have been linked to the nature of concurrent subjective experiences
(Siclari & Tononi, 2017). For instance, periods of mind-wandering or
mind-blanking have been associated with sleep-like brain activity
during wakefulness, resulting in decreased behavioural performance
(Andrillon et al., 2019; Jubera-Garcia et al., 2021; Poh et al., 2016).
Conversely, wake-like activity during sleep has been linked to
dreaming (Siclari et al., 2017), and is believed to contribute to
parasomnias, including sleepwalking, confusional arousals, and sleep
terrors (Andrillon & Oudiette, 2023; Castelnovo et al., 2016, 2018;
Cataldi et al., 2024; Idir et al., 2022; Stephan et al., 2021; Terzaghi et al.,
2009, 2012).

Thus, sleep and wakefulness appear to be locally regulated,
with specific patterns of brain activity directly impacting behavioural
responsiveness, arousal thresholds, and sensory disconnection
(Andrillon et al., 2016; Kouider et al., 2014; Legendre et al., 2019;
Tamaki et al., 2016; Tiirker et al., 2023), while also influencing
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subjective experiences (Mainieri et al., 2021; Ruby et al., 2024; Siclari et
al,, 2017; Stephan et al., 2021; Uguccioni et al., 2013). Consequently,
sleep may be regarded as a naturally fluctuating state with ‘fluid
boundaries’ (Sarasso et al., 2014) existing on a continuum from highly
synchronized to highly heterogeneous brain activity, the specificities of
which define the nature of the accompanying conscious experiences.

1.3. Studying Sleep Consciousness

1.3.1. Defining Dreams

The varied terminology used to refer to sleep conscious experiences
and the numerous attempts to characterise dreams across the literature
highlight the complexity of this task (Nielsen, 2000; Pagel et al., 2001).
Although these differences might seem trivial, they have significantly
impacted dream research, as recall rates and reported content are
heavily influenced by the chosen definition. Some researchers consider
dreams as the highly perceptual, emotional, and often bizarre
immersive experiences typically associated with REM sleep (Domhoff,
2022; Hobson et al., 2000; Hobson & Stickgold, 1994; Windt, 2020),
contrasting with the less vivid, more thought-like subjective
experiences reported during NREM sleep (Foulkes, 1962; Hobson &
Stickgold, 1994). However, this dissertation adopts a more inclusive
view: dreams are understood to encompass all types of conscious
experience during sleep, from simple thoughts and static images to
complex, movie-like scenarios (Nir & Tononi, 2010; Siclari et al., 2013,
2017; Wong et al., 2020).

The diverse nature of dreams has led to the development of
various models to explain their origin. The initial ‘REM-dream
isomorphism’ view, which equated dreaming with REM sleep, was
challenged by evidence that dreaming can also occur without REM
sleep (Oudiette et al., 2012; Solms, 2000; Suzuki et al., 2004). This led to
the proposal of new dream generation mechanisms. The ‘two-
generator’ model posited that REM and NREM dreaming arise from
distinct, stage-specific processes (Hobson et al., 2000; Hobson &
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McCarley, 1977). In contrast, ‘one-generator’ models suggested that
dreaming relies on a single underlying mechanism, with qualitative
differences depending on stage-dependent levels of cognitive and
memory access (Antrobus, 1983, 2000; Foulkes, 1985; Koulack &
Goodenough, 1976). Over time, several variations and reinterpretations
of these models have emerged, including the ‘covert-REM’ model
(Nielsen, 2000), the ‘Activation-Input-Modulation’ model (Hobson,
2009b; Hobson et al., 2000), and the ‘dual rhythm model’ (Wamsley et
al., 2007), among others.

Despite these efforts, the specific mechanisms underlying the
emergence of dreams remain largely unknown, mirroring the broader
mystery of consciousness itself (Chalmers, 1997; Nagel, 1974). The
debate over stage-dependent differences between REM and NREM
conscious experiences continues, yet there is growing consensus that
dreaming is shaped by local neural activity patterns rather than being
solely determined by the global state of sleep or arousal (Andrillon &
Oudiette, 2023; Desseilles et al., 2011; Fazekas & Nemeth, 2018). Recent
advances in neuroscience and increasingly sophisticated methodologies
have rekindled interest in understanding the neural underpinnings of
dreaming, progressively bridging the gap between the
neurophysiological and phenomenological aspects of sleep.

1.3.1.1. The Neural Correlates of Dreaming

The neural correlates of dreaming have been explored from various
perspectives, with research converging on a set of common substrates,
particularly the medial prefrontal cortex and the temporo-parieto-
occipital regions. Early insights into the brain regions involved in
dreaming, beyond those related to REM sleep (Braun, 1997; Dang-Vu et
al.,, 2010; Desseilles et al., 2011; Maquet et al., 1996, 2005), stemmed
from clinical observations. These studies found that specific localized
brain injuries, especially in the temporal posterior areas and
ventromedial frontal regions, were associated with the alteration or
cessation of dreaming activity (Bischof & Bassetti, 2004; Cathala et al.,
1983; Murri et al., 1984; Solms, 1997, 2000).
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Other researchers have placed dreaming along a continuum
with mind-wandering —those moments of waking spontaneous
thought during which attention is internally oriented, also known as
daydreaming (Christoff et al., 2016; Domhoff, 2011; Domhoff & Fox,
2015; Fox et al., 2013). This conceptualization underscores the
significant involvement of the default-mode network (DMN) during
periods of mind-wandering and, to an even greater extent, during REM
sleep, proposing the DMN as the neural substrate for internally
generated conscious experiences (Chow et al., 2013; Domhoff, 2019).
Moreover, the DMN has also been shown to maintain its functional
connectivity during NREM sleep, though it progressively disintegrates
in deeper stages (Horovitz et al., 2007; Larson-Prior et al., 2009; Simann
et al., 2011). Key DMN hubs, including the medial prefrontal cortex,
precuneus, temporo-parietal junction, and posterior cingulate cortex,
have been linked to spontaneous thoughts about the present and future
self (Andrews-Hanna et al., 2010; Domhoff & Fox, 2015). However, this
viewpoint tends to narrow the concept of dreams to the most vivid and
immersive forms of sleep mentation —those "enhanced forms of
spontaneous thought that can be characterized as an ‘embodied simulation””
(Dombhoff, 2019), contrasting with the broader definition of dreaming
embraced by much of the dream research community and adopted in
the present work.

While the previously mentioned accounts relied on
retrospective and indirect associations, the advent of neuroimaging
techniques, including high-density EEG and functional magnetic
resonance imaging (fMRI), has enabled more empirical approaches to
characterizing the neural correlates of dreaming. Some researchers
have tried to elucidate trait-like characteristics relating to individual
dream recall frequency, showing that high dream recallers present
higher intra-sleep wakefulness and increased brain reactivity to
external stimulation, both during wakefulness and sleep, compared to
low recallers (Eichenlaub, Bertrand, et al., 2014; Moyne et al., 2022;
Ruby et al., 2022; Vallat, Lajnef, et al., 2017; van Wyk et al., 2019). Good
dream recallers also present higher white-matter density in the medial
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prefrontal cortex, increased resting state regional cerebral blood flow
over the temporo-parietal junction and prefrontal cortex during sleep,
and greater DMN connectivity upon awakening relative to low
recallers (Eichenlaub, Nicolas, et al., 2014; Vallat et al., 2018, 2020).

Another area of research investigates the relationship between
EEG pattern variations occurring just before awakening and the
conscious experiences reported immediately afterward. REM dream
recall has been associated with specific changes in EEG activity,
including decreases in delta and increases in theta oscillations in frontal
areas, as well as alterations in alpha and beta activity (Chellappa et al.,
2011; Esposito et al., 2004; Marzano et al., 2011; Ruby, 2020; Scarpelli,
Bartolacci, et al., 2020; Scarpelli et al., 2015; Siclari et al., 2017; Takeuchi
et al., 2003). During NREM sleep, dreaming has also been linked to
higher levels of brain activation, evidenced by reduced low-frequency
activity and increased high-frequency activity, particularly in parieto-
occipital regions (Chellappa et al., 2011, 2012; D’ Atri et al., 2019;
Esposito et al., 2004; Scarpelli, D’ Atri, et al., 2020; Scarpelli et al., 2017;
Siclari et al., 2017, 2018; Takeuchi et al., 2003; Williamson et al., 1986; J.
Zhang & Wamsley, 2019).

While the literature lacks complete consistency, some common
patterns have emerged in recent years. Notably, increased high-
frequency activity and/or decreased SWA seem to differentiate
conscious from unconscious experiences in both NREM and REM sleep.
Recent work has highlighted the significance of brain activity changes
in a specific ‘posterior cortical hot zone’ —encompassing low- and high-
level sensory areas, the precuneus, posterior cingulate, and
retrosplenial cortex—in distinguishing between dream experiences and
periods without dreams (Siclari et al., 2017). Instead, the recall of dream
content appears to be associated with heightened high-frequency
activity in medial and lateral frontoparietal areas compared to cases of
no recall (Siclari et al., 2017).

Brain activity patterns also seem to reflect qualitative
differences in dream content. During REM sleep, thought-like content
correlates with high-frequency activity in frontal regions, while
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perceptual content is linked to high-frequency activity in parieto-
occipital regions (Siclari et al., 2017). Moreover, the incorporation of
recent waking life experiences into dreams is associated with increased
frontal theta activity during REM (Eichenlaub et al., 2018).
Furthermore, structural variations in the amygdala, medial prefrontal
cortex, and hippocampus have been related to qualitative differences
regarding the length, bizarreness, vividness, and emotional tone of
individual dream reports (De Gennaro et al., 2011, 2016).

Interestingly, functional neuroimaging studies have
demonstrated the potential for decoding dream content, with visual
dream perceptions predicted from neural activity based on previous
wake-like measurements or deep neural network-driven feature-level
representations (Horikawa et al., 2013; Horikawa & Kamitani, 2017).
Waking and sleeping EEG activity related to specific subjective content
have also been shown to overlap, with observations of increased
activity in the fusiform face area when dreaming about faces, in the
Wernicke area for speech-related dreams (Siclari et al., 2017), and
increased frontal alpha asymmetry linked to higher levels of dream
anger (Sikka et al., 2019).

1.3.1.2. The Special Case of Lucid Dreaming

Among the various types of dream experiences, one stands out for its
significance in the scientific study of sleep consciousness and its
relevance to this dissertation: lucid dreams (LDs). Dream lucidity is
defined as a state of awareness about the dreaming state, in contrast to
the typical obliviousness of oneiric experiences (Baird, Mota-Rolim, et
al.,, 2019). This awareness indicates the presence of logical, reflective,
and higher-order metacognitive abilities that usually fade away during
REM sleep—the stage where most lucid experiences occur (Baird,
Mota-Rolim, et al., 2019; Filevich et al., 2015; Kahan & LaBerge, 1994).

This enhanced cognitive appraisal of the ongoing conscious
state has been associated with the unusual activation of the precuneus,
frontopolar, and dorsolateral prefrontal cortex during lucid dreaming,
regions that are otherwise relatively deactivated during REM sleep
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(Dresler et al., 2012). Moreover, the cuneus, precuneus, and temporo-
parieto-occipital regions appear to be even more active during lucid
than non-lucid REM sleep, potentially reflecting the higher vividness
and perceptual intensification of lucid compared to non-lucid dreams
(Dodet et al., 2015; Dresler et al., 2012). Frequent lucid dreamers also
present increased resting-state functional connectivity between
frontopolar and temporo-parietal areas (Baird et al., 2018).

Scalp EEG studies showed that lucidity is associated with
increases in frontal gamma and parietal beta power and decreased
delta activity compared to non-lucid REM (Baird, Mota-Rolim, et al.,
2019; Dodet et al., 2015; Holzinger et al., 2006; Voss et al., 2009). These
observations have led some to suggest that lucid dreaming represents a
transitional state combining wake-like and sleep-like features (Hobson,
2009b; Voss et al., 2009), while others defend that lucidity is a
particularly active form of REM sleep (Baird et al., 2022; Dodet et al.,
2015).

Phenomenologically, LDs are also characterized by the ability
to access waking memories and exert volitional control over certain
aspects of the dream (Dresler et al., 2014; Erlacher, 2009; Mallett, 2020;
Voss et al., 2013). These features enable the execution of predefined
tasks while dreaming, making lucidity particularly valuable for the
neurocognitive study of sleep consciousness. In fact, lucid dreamers
can signal their awareness by performing actions that translate into
measurable behaviours, such as specific eye movements or changes in
respiration patterns. This ability provides an objective temporal marker
for the onset of lucidity and dream control, as well as a means of
communication between the dreamer and the external world (Konkoly
et al., 2021; LaBerge et al., 1981; Oudiette et al., 2018). Moreover, lucid
control over the dream allows for measuring the neural correlates of
specific dreamed actions, with evidence suggesting significant overlap
between the brain areas activated during these dreamt actions and
those engaged in similar behaviours while awake (Dresler et al., 2011;
Erlacher et al., 2003; Erlacher & Schredl, 2008).
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These attributes can also be leveraged in more applied
research, particularly within the clinical field. Indeed, lucid dreaming
shows promise as a treatment for insomnia, nightmare disorders, and
related symptoms (de Macédo et al., 2019; Ellis et al., 2021a; Ouchene et
al., 2023; Spoormaker & van den Bout, 2006). Additionally, lucidity
may be harnessed in motor and sports sciences, as studies suggest that
practicing specific movements during LDs may lead to improvements
in wakeful performance (Erlacher & Schredl, 2010; Schéadlich &
Erlacher, 2018). Given its considerable potential and relatively rare
spontaneous occurrence (Saunders et al., 2016), various lucid dream
induction techniques have been developed over the years. These
methods range from cognitive training and sensory stimulation to brain
stimulation and pharmacological interventions, though success rates
vary widely, indicating substantial room for improvement (Oldoni et
al.,, 2024; Stumbrys et al., 2012; Tan & Fan, 2023).

1.3.2. Methods for Studying Dreams

Since dreams are not directly observable, their study relies on the
recollection and reporting of dream memories, which are accessed in a
different vigilance state than the one in which they originated (Nemeth,
2022; Rosen, 2013; Schwartz & Maquet, 2002; Wamsley, 2013). This
reliance on indirect measures introduces several limitations and
potential biases, making it essential to adopt careful methodological
considerations and remain vigilant about possible confounding factors
when investigating the phenomenon of dreaming.

1.3.2.1. Approaches to Dream Collection and Analysis

Dream reports can be collected using various methods. Retrospective
methods ask participants to estimate the frequency and quality of their
past dream experiences, whereas prospective approaches involve
maintaining a dream diary or collecting reports during experimental
sleep studies. Home-based prospective methods tend to yield higher
dream recall frequencies than retrospective ones, likely due to better
accuracy and recall, but they require greater compliance and
motivation from participants (Aspy, 2016; Aspy et al., 2015; Nemeth,
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2022; Zadra & Robert, 2012). Alternatively, prospective dream reports
can be obtained in a laboratory setting using serial awakening
paradigms, which have proven effective in collecting multiple dream
reports within short time intervals (Noreika et al., 2009; Schoch et al.,
2019; Siclari et al., 2013).

Compared to home-based methods, serial awakening studies in
the lab provide greater control over the timing and conditions of
awakening and reporting. This controlled environment allows for the
integration of dream collection with neurophysiological measurements
and more sophisticated experimental designs, such as sensory or brain
stimulation paradigms (Zadra & Domhoff, 2017). However, laboratory
paradigms come with their own set of challenges, including significant
effort and cost. Additionally, dreams collected in such a controlled
setting often differ qualitatively from those recorded at home: they
tend to be less emotional and are more likely to include elements
related to the laboratory or experimental environment (Picard-Deland
et al., 2023; Picard-Deland, Nielsen, et al., 2021; Schredl, 2008; Sikka et
al.,, 2018; Stickgold et al., 1994; Valli et al., 2023).

Once dream reports are collected, they can be analysed to
extract various measures, which can be divided into quantitative and
qualitative aspects of oneiric activity. Quantitative measures typically
focus on the incidence and frequency of dream reports, with dream
recall frequency being the most common metric (Beaulieu-Prévost &
Zadra, 2007; Blagrove & Pace-Schott, 2010; Schredl, 2007; Schred]l et al.,
2003; Zadra & Robert, 2012). In contrast, qualitative features are
assessed using scales and structured questionnaires or through analysis
of free dream reports. Structured questionnaires limit the scope of
information to predefined categories (Schredl, 2010), while free reports
offer a more comprehensive view but require rigorous processing to
extract comparable measures. These measures might focus on
structural aspects, such as report length or total word count, or on the
semantic features of the reported content (Elce et al., 2021).

Traditionally, content analysis has relied on standardized
coding systems, like the Hall and Van de Castle system (1966) or the
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factored scale by Hauri and colleagues (1967), which categorize dream
elements into thematic dimensions (Domhoff & Schneider, 2008; Pesant
& Zadra, 2006). However, manual rating methods are often limited by
their reliance on predefined structures and the potential interpretative
biases introduced by external raters (Schredl & Doll, 1998; Sikka et al.,
2014). These limitations can be addressed with computational
linguistics tools, which offers promising, objective, replicable, and
automated approaches to dream content analysis (Elce et al., 2021;
Pennebaker et al., 2015; Schwartz & Maquet, 2002).

1.3.2.2. Factors Influencing Dream Recall & Content

Various factors have been identified as influential in determining
dream recall. Personal traits, such as gender and age, along with
psychological and cognitive characteristics like openness to experience,
absorption, thought suppression, visual imagery, creativity, verbal
fluency, attitudes toward dreams, and a tendency for mind-wandering,
all play a significant role in how frequently dreams are remembered
(Beaulieu-Prévost & Zadra, 2007; Blagrove & Pace-Schott, 2010; Elce et
al., 2024; Malinowski, 2015; Mangiaruga et al., 2018; Nielsen, 2012;
Schredl, 2010; Schredl & Reinhard, 2008; Zadra & Robert, 2012). In
addition to these individual differences, situational factors such as the
sleep stage, timing and mode of awakening, sleep quality, the salience
and bizarreness of the dream, and the presence of distracting
information upon awakening can significantly affect the degree to
which a dream is recalled (Cipolli et al., 1993, 2015; Cohen, 1974, p. 197;
Cohen & Wolfe, 1973; Nemeth, 2023; Parke & Horton, 2009; Pivik &
Foulkes, 1968; Schredl & Fulda, 2005).

Regarding dream content, the ongoing psychological and
emotional state of the subject greatly influences the quality and content
of dream reports, in line with the ‘continuity hypothesis’ between
waking and dreaming (Pesant & Zadra, 2006; Schredl & Hofmann,
2003). This hypothesis is supported by numerous observations
indicating that our dreams are closely related to our daily lives,
personal experiences, and concerns, contrary to the common belief that
dreams are predominantly bizarre (Domhoff, 2007; Hall, 1953;
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Revonsuo & Salmivalli, 1995). Consequently, dreams can serve as
valuable tools for evaluating an individual's psychological well-being,
as many psychiatric disorders are associated with alterations in dream
quality or frequency (Armitage et al., 1995; del Giudice et al., 2022;
Hadjez et al., 2003; Hartmann, 1998; Kramer & Roth, 1973; Levin &
Nielsen, 2007; Schredl & Engelhardt, 2001; Spoormaker et al., 2006;
Stompe et al., 2003; Wittmann et al., 2007; Zanasi et al., 2008, 2011).

Studies exploring the relationship between dream content and
waking experiences have also shown that dream memory sources
follow specific timelines. Variations in the temporal remoteness of
dream memories occur overnight, with later awakenings incorporating
more distant memories (Malinowski & Horton, 2021; Picard-Deland et
al,, 2022). Over a broader timescale, dreams tend to incorporate
elements from the previous day —known as 'day residues'—or from the
previous week (5-7 days prior), following the 'dream-lag effect'
(Blagrove, Henley-Einion, et al., 2011; Nielsen et al., 2004; Nielsen &
Powell, 1989, 1992; Powell et al., 1995). Day residues are predominantly
observed during light NREM sleep and, when they involve recently
learned tasks, are associated with improved subsequent performance,
potentially reflecting memory consolidation processes (Fogel et al.,
2018; Hudachek & Wamsley, 2023; Plailly et al., 2019; Schoch et al.,
2019; Stickgold, 2000; Wamsley, Perry, et al., 2010; Wamsley, Tucker, et
al.,, 2010). In contrast, delayed incorporation is more frequent in REM
dreams and often involves significant or emotionally salient events,
emphasizing the emotional regulation function of REM sleep (Battaglia
et al., 1987; Blagrove, Fouquet, et al., 2011; Eichenlaub et al., 2019, p.
201; Nielsen et al., 2004; Nielsen & Powell, 1992; Vallat, Chatard, et al.,
2017; van Rijn et al., 2015).

1.3.2.3. Open Issues & New Directions in Dream Research

The body of evidence on the building blocks of dream content

primarily stems from two main approaches. The first involves post-hoc

analyses, where researchers examine the associations between dream

content and semantic, episodic, or autobiographical memories (e.g.,

(Baylor & Cavallero, 2001; Blagrove, Fouquet, et al., 2011; M. J. Fosse et
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al., 2003; Horton & Malinowski, 2015; Malinowski & Horton, 2014b,
2014a; Picard-Deland et al., 2022). This line of research has also
extended towards exploring the presence of prospective memory and
future-oriented thought within dreams (Wamsley, 2022). The second
approach focuses on the experimental manipulation of pre-sleep
conditions to assess how these factors influence subsequent dream
content (e.g., (Cipolli et al., 2004; Corsi-Cabrera et al., 1986; De Koninck
et al,, 1996; De Koninck & Koulack, 1975; Foulkes & Rechtschaffen,
1964; Goodenough et al., 1975; Kusse et al., 2012; Picard-Deland et al.,
2020; Schoch et al.,, 2019; Tauber et al., 1968; Wamsley, Tucker, et al.,
2010; Wamsley & Stickgold, 2019; J. Zhang et al., 2024).

However, these methods face significant challenges. The
variability in the timing between waking experiences and their
appearance in dreams, as well as the potential for these experiences to
be altered, distorted, or forgotten, complicates the accurate linking of
real-life events to their dream representations. Moreover, there is still a
lack of understanding of how various dream elements bind together to
create virtual perceptually unified story-like subjective experiences
(Corsi-Cabrera, 2003; Nielsen & Stenstrom, 2005; Revonsuo, 1999;
Revonsuo & Tarkko, 2002). Another critical issue concerns the debate
over the distinction between dream recall and dream generation
(Fazekas et al., 2019; Nemeth, 2023; Ruby, 2020; Siclari et al., 2017).
Consequently, several lines of research have shifted towards more
direct and causal approaches to better understand the complex nature
of dreams.

One promising avenue involves studying clinical conditions
and parasomnias associated with overt behavioural representations of
ongoing conscious experiences, such as sleepwalking, sleep-talking,
confusional arousals, and dream enactments typical of REM behaviour
disorder (Alfonsi et al., 2019; Baldini et al., 2019; Fasiello et al., 2022;
Longe et al., 2022; Oudiette et al., 2011; Siclari, 2020; Uguccioni et al.,
2013). The use of video-PSG in these clinical populations has
demonstrated a correspondence between subjective reports and
observed behaviours, with some sleep enactment sequences closely
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resembling previously trained movements, providing evidence for the
replay of recent memories during sleep (Mwenge et al., 2013; Oudiette
et al.,, 2011; Rocha & Arnulf, 2020; Valli et al., 2012). Interestingly,
recurrent dream enactment behaviour occurs even in patients who
never recall subjective experiences from sleep, giving proof of a
distinction between dream recall and dream generation (Herlin et al.,
2015). Moreover, the degree of consciousness, awareness, and
responsiveness to the environment varies greatly during parasomnia
episodes, offering a unique window into sleep sensory disconnection
mechanisms (Castelnovo et al., 2018; Cataldi et al., 2024; Perrault et al.,
2014).

Another approach focuses on using non-invasive brain
stimulation techniques to experimentally modify ongoing dream
experiences (Nieminen et al., 2016; Noreika et al., 2010, 2020; Stumbrys
et al., 2013; Voss et al.,, 2014). Studies using transcranial direct current
stimulation (tDCS) to excite parietal cortical areas have demonstrated
effects on dream imagery when applied during NREM 2 but not during
SWS or REM sleep (Jakobson, Conduit, et al., 2012; Jakobson,
Fitzgerald, et al., 2012b, 2012a). Instead, during REM sleep, tDCS
application over the somatomotor cortex was shown to reduce dream
movement, while targeting prefrontal regions increased dream lucidity
(Noreika et al., 2020; Stumbrys et al., 2013). Dream awareness has also
been linked to transcranial alternative current stimulation (tACS) in the
gamma band over fronto-temporal regions (Voss et al., 2014), though
this result has not been consistently replicated (Blanchette-Carriére et
al., 2020). Furthermore, transcranial magnetic stimulation (TMS)-
evoked activity over posterior regions during NREM sleep has shown
to vary depending on the presence or absence of conscious experiences
(Darracq et al., 2018; Nieminen et al., 2016). Nonetheless, evidence
proving the efficacy of non-invasive brain stimulation techniques in
modulating dream activity is still limited and their mechanism of
action remain debated (Asamoah et al., 2019; Fertonani & Miniussi,
2017; Horvath et al., 2015; Noury et al., 2016).
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Finally, sensory stimulation techniques emerge as optimal
candidates for studying dreams in a simple and controlled manner,
offering an easily adjustable and reproducible method for tweaking
dream content. The impact of sensory perception on dreams has been
documented for centuries. Early systematic analyses, such as those by
Claviere (1897), Calkins (1893), and Hervey de Saint-Denys (1867),
already highlighted the significant role of external stimuli in shaping
oneiric activity (see Appendix I: Supplementary Text 1), as evidenced
by the following observation: “This fact, that in the sleeping man there is
often an immediate correlation between the impressions which the body
undergoes and the ideas which form the dream, is so universally recognised
that I do not think I need to stop to demonstrate it.” (Hervey de Saint
Denys, 1867, p. 44).

The growing evidence that the brain remains responsive to its
environment during sleep has sparked renewed interest in sensory
stimulation within dream research. While the exact mechanisms linking
this neural reactivity to conscious experiences are still not fully
understood (Andrillon & Kouider, 2020; Andrillon & Oudiette, 2023),
this area has gained momentum with the development of innovative
'dream engineering' techniques (Carr, Haar Horowitz, et al., 2020).
These techniques combine controlled stimulation protocols with
advanced technologies, leading to the creation of 'dream incubation'
devices for both laboratory and personal use (Amores Fernandez et al.,
2023; Amores & Maes, 2017; Haar Horowitz et al., 2018, 2020, 2023).

Over the years, various sensory stimulation methods have been
proposed to influence sleep-dependent processes such as memory
consolidation, emotional regulation, and creativity —functions that
appear to be mirrored and potentially enhanced by concurrent changes
in subjective experiences (Bloxham & Horton, 2024; Carbone &
Diekelmann, 2024; Haar Horowitz et al., 2023; Picard-Deland et al.,
2023; Schwartz et al., 2022). Sensory stimulation has also been used to
induce lucid dreaming, a state particularly valuable for studying dream
consciousness due to its ability to establish objective markers of dream
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content and enable real-time communication with the dreamer
(Konkoly et al., 2021; Oudiette et al., 2018).

However, despite the promising potential of sensory-based
dream engineering techniques, much remains to be understood about
their ability to alter dream content and the associated neural correlates.
To advance this area, future research should employ cutting-edge
neurophysiological and neuroimaging techniques, engage in
collaborative efforts to allow for larger sample sizes, and work toward
the systematic standardization and pre-registration of experimental
protocols. By doing so, the field will enhance the replicability and
reliability of findings, ultimately deepening our knowledge about how
external stimuli can influence and shape dreaming.

1.4. Aims of the Dissertation

The overarching aim of this dissertation was to evaluate the role of
sensory stimulation in dream research. This endeavour was pursued on
several fronts. First, a theoretical analysis of the literature about
sensory-dependent dream changes (SDDCs) was conducted through a
systematic review, offering a comprehensive overview of the current
state of knowledge in this field.

Following this, results from an experimental study involving
multimodal sensory stimulation during REM sleep for dream lucidity
induction are presented. This study relied on a sensory stimulation
protocol based on the integration of portable EEG devices with open-
source dream engineering software, providing an easily implementable
and highly replicable dream engineering technique. The findings
suggest that the stimulation procedure effectively modulated dream
awareness and control, enabling the objective verification of sensory
perception within the dream.

Finally, to explore potential markers of sleep subjective
experiences, data from multimodal sensory stimulation applied during
N2 sleep were analysed, focusing on aperiodic spectral features of the
EEG signal. The results indicate that stimulus-induced changes in the
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aperiodic slope may reflect within-stage fluctuations in consciousness
and arousal levels during sleep, showing a significant association with
the type of collected subjective reports.

Overall, the evidence presented here offers promising
implications for advancing the understanding of sensory disconnection
during sleep conscious experiences, providing deeper insights into the
interplay between the external environment and the dreaming brain.
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Chapter 2.
Influencing Dreams Through Sensory
Stimulation: A Systematic Review

The content of this chapter and the corresponding appendices is adapted
from the following open-access publication:

Salvesen, L., Capriglia, E., Dresler, M., & Bernardi, G. (2024). Influencing dreams
through sensory stimulation: A systematic review. Sleep Medicine Reviews, 101908.
https://doi.org/10.1016/1.smrv.2024.101908

2.1. Introduction

Dreams— those spontaneous, internally generated conscious
experiences that emerge while we sleep—have sparked our curiosity
since the dawn of humanity. However, despite being a prevalent
component of our daily (or rather nightly) lives, dreams are still poorly
understood. Contrary to the long-held belief that dreaming is exclusive
to REM sleep, it is now clear that conscious subjective experiences
ranging from simple abstract thoughts to complex movie-like
narratives occupy a significant portion of our nights (Nir & Tononi,
2010; Siclari et al., 2017). Extensive sampling over multiple nights and
different sleep stages revealed that the memory of having dreamt
accompanies more than 70% of awakenings from sleep; nevertheless,
individuals may be unable to recall any specific content in up to 40% of
cases (Siclari et al., 2013). Therefore, if humans spend about one-third
of their lives sleeping, they must also dream for at least one-fifth of
their lives.

This estimate is already reason enough to drive scientific
interest towards dream neurophysiology, yet it is hardly the only one.
The occurrence and content of dreams are also intricately related to the
dreamers' mental and physical health (Graveline & Wamsley, 2015;
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Scarpelli, Alfonsi, et al., 2022). Changes in dream frequency or content
are commonly reported symptoms of primary sleep disorders,
including insomnia and parasomnias, and psychiatric and neurologic
diseases such as post-traumatic stress disorder, anxiety disorder,
narcolepsy, or Parkinson's disease (Siclari et al., 2020). However,
studying dreams and their alterations objectively and reproducibly is
difficult due to their highly subjective nature and large variability
across and within individuals (Elce et al., 2021).

These considerations have piqued the scientific community's
interest in approaches that may arbitrarily and systematically influence
the features of dream experiences (Carr et al., 2020). Such ‘dream
engineering’ approaches could significantly advance basic and
translational research. For instance, they could allow for empirical
investigation into the biological functions of dreaming via direct
manipulations of oneiric features and even counteract dream
alterations associated with pathological conditions (Vitali et al., 2022).
Yet, while several dream engineering approaches have been
scientifically tested, ranging from pre-sleep experience manipulation to
sensory or brain stimulation procedures (Carr et al., 2020), their precise
physiological and phenomenological effects remain largely unknown.

Among the available dream engineering techniques, sensory
stimulation protocols seem particularly promising. In fact, while sleep
is known to involve some degree of sensory disconnection from the
external environment (Andrillon & Kouider, 2020), dream
modifications caused by sensory perceptions have been documented
and even sought after by philosophers, artists, and scientists alike for
centuries (Solomonova & Carr, 2019; see Appendix I: Supplementary
Text 1 for a brief narrative review of early research about this topic).
Nonetheless, a consensus has yet to be reached regarding the
underlying mechanisms and functional significance of stimulus-
dependent dream changes (SDDCs), defined here as any change in
dream features induced by an external stimulus. Crucially, advancing
our understanding of how external stimuli affect dreams may provide
new insights into the physiological mechanisms that ensure sleep
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continuity in the presence of external disturbances and the functional
underpinnings of perceptual awareness at different

Therefore, we aimed to summarise and evaluate the available
evidence about the effects of experimental sensory stimulation during
sleep on ongoing mental activity. We described previous findings
about SDDCs and evaluated the feasibility and effectiveness of sensory
stimulation approaches for dream engineering. All findings were
assessed for potential methodological and statistical limitations.
Finally, we addressed open issues and suggested a roadmap for future
investigations.

2.2. Methods

2.2.1. Identification of Publications

This systematic review was conducted following the preferred
reporting items for systematic reviews and meta-analyses (PRISMA)
guidelines (Moher et al., 2009; Page et al., 2021). Four online databases
(PsycNET, PubMed, ScienceDirect, and Scopus) were searched for
publications investigating the effects of sensory stimuli administered
during sleep on dream characteristics. The search query was “dream*
AND (stimul* OR sensory OR modulat*)”, with slight variations
depending on specific search engine parameters. The literature search
was first conducted on February 1, 2021, and then again on October 15,
2022. All resulting articles were screened based on the inclusion criteria
outlined below. Additionally, the bibliographic references of all
selected articles were recursively reviewed for potential inclusion;
eligible ones are referred to as external references.

2.2.2. Inclusion Criteria

One author (LS) conducted a three-step evaluation process to select
publications. First, off-topic publications were excluded based on their
title. Then, the abstracts of all remaining articles were assessed to
evaluate their potential compliance with a set of pre-selection criteria
(see Appendix I: Supplementary Table 1). We pre-selected all published
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or in-press research articles in English that included an experimental
stimulation protocol during sleep targeting at least one of the following
sensory modalities: visual, auditory, olfactory, gustatory, vestibular, or
somatosensory, with the latter encompassing touch, thermal
perception, nociception, and proprioception. We included any article
that reported sensory stimulation effects on dreaming, even when this
was not the study's primary goal. Instead, we excluded articles
focusing only on neuromodulation or brain stimulation techniques,
namely tDCS, tACS, and TMS. This type of stimulation aims to bypass
canonical information processing pathways by modulating neuronal
oscillatory activity directly and thus differs substantially from pure
sensory stimulation techniques. Moreover, a sensory component may
be involved (e.g., somatosensory perceptions due to electrical
stimulation), which is indistinguishable from the direct
neuromodulatory effects of the procedure. Articles that relied on drug
administration were also excluded.

Subsequently, pre-selected articles were narrowed down based
on finer exclusion criteria (see Appendix I: Supplementary Table 2). We
discarded studies for which we could not retrieve the full manuscript.
Publications that did not use a standard sleep monitoring technique
(i.e., EEG or actigraphy) were excluded since participants' vigilance
state might not have been adequately confirmed. We also excluded
single-case studies and non-experimental publications, such as
anecdotal reports and observational studies, as well as research
involving hypnotic states or post-hypnotic conscious experiences. We
further excluded papers that failed to provide any quantitative or
qualitative information about the collected dream reports (i.e., studies
that claimed to have gathered dream data without reporting it).
Articles that lacked any methodological details about the stimulation
procedure were also discarded. In the same vein, we excluded
publications that reported multiple manipulations without properly
separating the resulting data, as this prevented the identification of any
specific effects of the different stimulation techniques.
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Finally, we focused our review on non-lucid dream data since
lucid dreaming is often regarded as a distinct state of sleep
consciousness. In fact, lucid dreams are characterised by different
patterns of brain activity relative to ordinary dreaming and present
unique qualitative features, namely the recovery of metacognition
(Baird, Mota-Rolim, et al., 2019). Nonetheless, we evaluated lucid-
dreaming publications for prospective findings about SDDCs in non-
lucid dreams. We thus excluded articles that solely reported on the
effects of sensory stimulation on lucid dream induction or content, as
well as those that pooled lucid and non-lucid dreaming data. A second
reviewer (GB) approved of the final selection.

2.2.3. Data Extraction

A meta-analysis was not possible within this systematic review due to
the broad differences concerning the metrics and methods adopted by
the selected articles. Therefore, results were qualitatively synthesised
by one author (LS) using textual descriptions and recapitulative tables.
A second author (GB) verified the extracted data and discussed with
the first author any disagreements, namely in cases of missing or
unclear data.

2.2.4. Methodological Assessment

We assessed the empirical validity and bias risk of all selected
publications using a partially modified version of the Downs and Black
checklist (Downs & Black, 1998), which was originally developed for
evaluating the methodological quality of randomised and non-
randomised studies of health care interventions. The adapted checklist
comprises 23 items and assesses several methodological aspects,
including result reporting, external and internal validity, and statistical
aspects, including power and effect size calculations (see Appendix I:
Supplementary Text 2). The final scores range from 0 to 25.

Two authors (LS, GB) independently scored the studies using
this checklist. A consensus was reached after discussing any grading
differences. Of note, the checklist was applied to evaluate the reported

35



dream data and dream-related results specifically, even when these
were not the focus of the study.

2.3. Results

2.3.1. Selected Publications

The literature search yielded 51 publications (Figure 1). Out of these, 21
reported data related to auditory stimulation, 10 to somatosensory
stimulation, eight to olfactory stimulation, two to vestibular
stimulation, four to visual stimulation, and one to multimodal (audio-
visual) stimulation (Figure 2). Moreover, nine studies involved
conditioned associative stimulation procedures: six used targeted
memory reactivation (ITMR) protocols, and three applied targeted
lucidity reactivation (TLR) protocols.

Figure 1. PRISMA-compliant article selection flowchart.

* This modality was evaluated in a publication that studied more than one modality
independently, justifying that the total count across all modalities is higher than the total
number of references. TMR: targeted memory reactivation; TLR: targeted lucidity

reactivation.
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Figure 2. Distribution of selected studies as a function of the targeted sensory modality (a) and year of publication (b).

Note: Three articles (Bradley & Meddis, 1974; Dement & Wolpert, 1958; Paul et al., 2014) evaluated more than one modality independently.
TMR: targeted memory reactivation; TLR: targeted lucidity reactivation.
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In summary, the selected studies were characterised by high
heterogeneity regarding experimental protocols and methodologies,
both across and within sensory modalities. In particular, the timing of
stimulation and the targeted sleep stage showed substantial variability.
Out of the selected studies, 25 targeted only REM sleep, two focused
solely on NREM sleep (N1-N2 and N3, respectively; (Haar Horowitz et
al.,, 2018; Lewin et al., 1973), and the remaining 24 stimulated both
during REM and NREM sleep (mainly N2). Six studies were performed
during a daytime nap (Bloxham & Durrant, 2014; Conduit & Coleman,
1998; Haar Horowitz et al., 2018; Nozoe et al., 2020; Picard-Deland,
Aumont, et al., 2021; Picard-Deland & Nielsen, 2022). Moreover, while
most studies involved serial-awakening procedures, five articles used
whole-night stimulation protocols, collecting data only once upon
spontaneous morning awakening (Ackerley et al., 2020; Martinec
Noviakova, Klikova, et al., 2021; Martinec Novakova, Miletinova, et al.,
2021; Schafer et al., 2019; Ziegler, 1973). Finally, most studies monitored
sleep using EEG, with only two relying on actigraphy measures
(Ackerley et al., 2020; Schéfer et al., 2019).

2.3.2. Methodological Assessment

Overall, the included studies obtained a mean score of 13 (13.25 + 4.48;
range 1-22) out of a maximum possible score of 25, indicating the
existence of significant methodological limitations. The item-by-item
and total scores reflecting the methodological quality of each article
based on our checklist are provided in Appendix I: Supplementary
Table 3, while the score distribution for each checklist item is shown in
Appendix I: Supplementary Figure 1.

Altogether, study results were typically based on a limited
number of observations, with an average sample size of 17.43 + 15.51
participants (range 3-65) and a small number of collected reports per
participant. In this regard, it should be emphasised that both sample
size and the number of observations play an essential role in
determining statistical power (G. Chen et al., 2022). Additionally,
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several publications merely reported descriptive findings, with around
30% of the assessed studies failing to provide statistical analyses.

Other significant issues are the implementation of protocols
without any adequate control conditions and the absence of effective
blinding measures. Some investigations, for example, made the
conditions explicit to the participants or proceeded without
randomising the stimulation schemes. Further, investigations relied on
human raters to evaluate the occurrence of SDDCs, even though they
were not always adequately blinded to the aims of the experiments.
Crucially, most studies failed to provide clear definitions and
guidelines for identifying SDDCs. Lastly, several studies include poor
or misleading statistical reporting, such as across-sample data
aggregation procedures. Indeed, rather than focusing on within-subject
analyses, about 80% of the evaluated studies pooled data across
participants, neglecting individual variance. Most analysed studies did
not include power calculations, and many failed to report exact p-
values and effect sizes.

The methodological quality of the publications shows a
positive trend over time, as evidenced by a significant positive
correlation between methodological scores and the year of publication
(r=0.45, p=0.001; Figure 3), but there is still room for improvement,
and future efforts should focus on addressing these limitations.
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2.3.3. Evidence of SDDCs

Most reviewed studies focused on specific SDDC types, yet only a few
described the adopted SDDC definitions and identification criteria.
Based on these, we proceeded to classify SDDCs into two main
categories: incorporation, which encompasses all instances in which the
stimulus permeates the dream content as an identifiable element (i.e.,
the presence of a novel dream element that presents overlapping
characteristics with the stimulus), and modulation, which includes all
SDDCs that appear to be contingent on the stimulus's presence but
cannot be explained by its intrinsic qualities (i.e., variations in general
dream features, such as emotional valence or number of dream
characters).

Whenever possible, depending on the availability of finer
categorisation provided by the authors themselves or by the presence
of detailed information about the dream content, incorporations were
further distinguished as either being direct (whenever the stimulus is
incorporated as is; e.g., a flashing light is incorporated as light in the
dream) or indirect (whenever the stimulus is incorporated in a
transformed way, namely through semantic or mnemonic associations;
e.g., white noise may be incorporated as the sound of waves or as a
visual representation of the ocean; see Figure 4). Otherwise, the
terminology was kept as used by the authors in the corresponding
publication.

. W) @ ’
Direct incorporation )|=- — o |omm

ﬂ" 2z 2z
Types of SDDC Indirect incorporation “) e — ou (L
Modulation LED) |=- > o I..

Figure 4. Schematic representation of the main types of stimulus-dependent dream
changes (SDDCs) identified in the present review.
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2.3.3.1. Auditory Stimulation

Auditory stimulation was first implemented in the 1960s and remains
the most targeted modality to this day. Indeed, over one-third of the
articles selected for this review concerned auditory stimulation (N = 21;
~41%). Studies within this category may be classified into two types,
which we summarised separately: those that employed sounds
associated with semantic information, such as words or certain
identifiable sounds (52%; Berger, 1963; Bloxham & Durrant, 2014; Bruck
& Horasan, 1995; Castaldo & Holzman, 1969, 1969; Castaldo & Shevrin,
1970; Haar Horowitz et al., 2018; Hoelscher et al., 1981; Rahimi et al.,
2015; Strauch, 1988; Tilley et al., 1987) and those that used non-semantic
stimuli, such as pure tones or white noise (48%; (Bradley & Meddis,
1974; Burton et al., 1988; Dement & Wolpert, 1958; Fedyszyn &
Conduit, 2007; Flo et al., 2011; Goodenough et al., 1965; Shapiro et al.,
1963, 1965; Stuart & Conduit, 2009; Zimmerman, 1970).

Of note, one study (Flo et al., 2011) used both auditory and
somatosensory stimulation independently and is described in the
somatosensory stimulation section. Another study used multimodal
stimulation (auditory and visual; Conduit et al., 1997) and is described
within this section due to its close relatedness with a series of similar
studies based on unimodal auditory stimulation.

2.3.3.1.1. Semantic Stimuli

These studies used verbal stimuli (i.e., spoken words or phrases), non-
verbal vocalisations, or recognisable sounds (e.g., traffic noise) to
influence ongoing sleep mentation. For instance, some authors
explored the degree to which different simple verbal prompts could
trigger the occurrence of semantically related elements within the
dream. Tilley, Luke, and Boehle (1987) used sets of thematically
connected words as stimuli and reported finding instances of
‘representational relationship” in a third of the collected dream reports,
with a higher incidence in REM (8/18) than in N2 reports (2/12). In
another study, a specific word was presented immediately after sleep
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onset during a daytime nap (Haar Horowitz et al., 2018). All six
participants reported ‘seeing’ the prompted word while dreaming.

Other researchers focused on non-verbal auditory stimuli
associated with semantic information. For example, Bruck and Horasan
examined the effects of fire alarms on sleep arousal to evaluate the
safety of these devices (Bruck & Horasan, 1995). Stimulus incorporation
was detected in ~17% of the participant's dream reports. In another
study, traffic sounds were played during REM sleep (Rahimi et al.,
2015). There were more thematically related categories (‘travel” and
‘streets’; Hall & Van de Castle, 1966) after stimulation (~24%) than in
non-stimulated dreams (~4%). Four direct incorporation instances were
identified across the 26 dream reports collected during the stimulation
night.

A series of studies explored whether variations in the saliency
or emotional valence of the stimulus could impact the occurrence of
SDDCs by using stimuli such as personally relevant names (R. J.
Berger, 1963), concern-related words (Hoelscher et al., 1981), or human
cries (Strauch, 1988). Hoelscher and collaborators showed that, in REM
reports, the incorporation rate of concern-related stimuli was
significantly higher than for non-concern-related stimuli. When
comparing REM and N2, incorporation rates were higher in REM
reports (Hoelscher et al., 1981). Similarly, Strauch observed higher
incorporation rates in REM reports for the meaningful stimulus (the
sound of a crying person) but not for the neutral stimulus (the sound of
a jet plane), compared to the control condition (Strauch, 1988).
Moreover, when comparing incorporation rates between stimulated
waking and sleeping mentation, direct incorporation was more
common than indirect incorporation during wakefulness, while the
opposite was true for REM sleep.

Others tried to evaluate how linguistic aspects, such as voice
ownership or language comprehension, were related to SDDCs.
Castaldo and collaborators performed a series of studies in which they
presented a set of words recorded either with the dreamer's own voice
or a stranger's voice (Castaldo & Holzman, 1967, 1969; Castaldo &
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Shevrin, 1970). Results showed that the main dream character was
more active, assertive, and independent when participants heard their
own voice, while the dreamer or main figure was more passive when a
stranger's voice was played. Dream reports collected after stimulation
also included more listening activities than non-stimulated dreams. The
authors further evaluated both direct (“phonological’) and indirect
(‘conceptual’) incorporations of the stimuli: when comparing
experimental to control awakenings, reports from N2 (but not from
REM) showed a greater number of words conceptually related to the
stimuli. Instead, Bloxham and Durrant investigated language
comprehension by presenting phrases in either English or German to
monolingual anglophones (Bloxham & Durrant, 2014). While all
collected dream reports contained speech or conversational activities,
those following German stimulation tended to be scored as stranger
and more unfamiliar, showing a potential modulation effect. Only two
reports were rated as possibly incorporating the stimulus.

2.3.3.1.2. Non-Semantic Stimuli

The employed stimuli included pure tones (800 Hz-1000 Hz), bell
rings, and white noise. Interestingly, the only publication that
compared different stimulation modalities found that pure tones had
the lowest incorporation rate (9%) compared to visual (23%) and
somatosensory (42%) stimuli (Dement & Wolpert, 1958).

Most studies in this category used sensory stimulation to
investigate the relationship between induced arousal and ongoing
conscious mentation. For instance, a series of works by Shapiro and
colleagues investigated the effect of the mode of awakening (gradual or
abrupt) on subsequently reported conscious experiences (Goodenough
et al., 1965; Shapiro et al., 1963, 1965), showing that gradually
increasing the stimulus volume until awakening led to more thought-
like reports than abrupt awakenings. When groups of low and high
dream recallers were compared, the difference between awakening
modes in the tendency to yield thought-like reports was more
pronounced for the former. An interaction between the time of night
and the method of awakening was also found, with effects being more
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significant in later REM periods for low recallers specifically.
Consistent with this, the authors found an interaction between the
sleep stage (NREM or REM) and the method of awakening, depending
on the type of report. The authors mention the occurrence of
incorporations in both dream-like and thought-like REM reports,
although no distinction was made between stimulus-related and
laboratory incorporations. Interestingly, the time between the last
phasic REM period and awakening was longer for thought-like reports
with incorporation than those without incorporation; conversely, for
dream-like reports, incorporation instances were closer to the last
phasic event.

Along similar lines, a few studies focused on the relationship
between arousal thresholds and stimulus incorporation (Bradley &
Meddis, 1974; Zimmerman, 1970). Zimmerman compared the effects of
increasingly loud pure tones on light and deep sleepers by stimulating
early REM and subsequent N3 stages (Zimmerman, 1970). He found no
clear differences in incorporation rates between light and deep sleepers.
Instead, Bradley and Meddis assessed variations of the arousal
threshold at the individual level, showing that dream reports
containing incorporations (43%) were associated with higher auditory
arousal thresholds than those without (Bradley & Meddis, 1974).

Burton and colleagues used beeping tones to investigate
changes in responsiveness to external stimuli during sleep (Burton et
al.,, 1988). Specifically, participants were stimulated during REM and
N2 sleep after being instructed to inhale deeply upon stimulus
perception. Evidence of stimulus incorporation (e.g., direct, related to
noise, or indirect, related to breathing) was found in 50.8% of REM and
37% of N2 reports, with no significant difference between stages.
Behavioural responsiveness to the tones also appeared to be similar for
REM and N2. However, it was significantly reduced for trials followed
by a dream report, which held true even when only N2 trials were
considered. Interestingly, the likelihood of responsiveness was lower in
trials with incorporation (50%) than in trials without incorporation
(79%), with no difference between sleep stages. In fact, the level of
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responsiveness for trials where there was no evidence of incorporation
was as high as when no dream report was collected.

In a series of three studies, Conduit and colleagues explored
how arousal signs and eye movements relate to oneiric experiences
(Conduit et al., 1997; Fedyszyn & Conduit, 2007; Stuart & Conduit,
2009). Two studies employed virtually identical experimental
paradigms, although one used multimodal stimulation combining a
pure tone with a red pulsing light (Conduit et al., 1997), while the other
applied the pure tone alone (Fedyszyn & Conduit, 2007). The
procedures involved repeatedly presenting the stimuli either in N2 or
late REM, progressively increasing the intensity until ocular activity
was observed. Stimulation in N2 sleep was associated with higher
dream imagery scores and more alpha activity relative to the condition
without stimulation. No differences were observed between stimulated
and non-stimulated trials regarding the amount of visual imagery in
REM dreams. Direct incorporation of the stimuli was observed in both
studies: in the multimodal experiment, 33% of REM reports were
deemed as have incorporated the stimuli, compared to only 12.5% of
N2 reports; in the auditory experiment, incorporation was found in
50% of REM and 11% of N2 reports. A follow-up study focusing
specifically on REM noted that stimulated trials were associated with a
lower amount and amplitude of eye movements (Stuart & Conduit,
2009). Compared to control trials, dream reports from stimulated trials
contained less visual imagery, presented fewer visualisable words, and
received lower imagery scores than the no-stimulation condition.

2.3.3.2. Somatosensory Stimulation

Ten (~20%) studies involved somatosensory stimulation: six focused on
nociception (Bastuji et al., 2008; Dement & Wolpert, 1958; Flo et al.,
2011; Koulack, 1969; Lavigne et al., 2004; Nielsen et al., 1993), one on
thermoception (Ziegler, 1973), and the remaining three on
mechanoreception (Nielsen, 1993; Paul et al., 2014; Sauvageau et al.,
1998). Accordingly, stimulation methods differed substantially between
investigations.
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Only three studies by Nielsen and collaborators used
comparable stimuli and approaches. In particular, they used inflatable
blood pressure cuffs to stimulate the limbs during REM sleep (Nielsen,
1993; Nielsen et al., 1993; Sauvageau et al., 1998). Results from the first
study showed that post-stimulation dreams contained more references
to both pressure cuffs and leg sensations than unstimulated dreams,
with over 80% of reports collected after stimulation containing
instances of direct incorporation (Nielsen, 1993). In another study,
pressure cuffs were inflated until they reached the pain threshold
(Nielsen et al., 1993). The authors identified pain incorporation in
almost a third of post-stimulation dream reports (13/42), of which 11
explicitly mentioned leg pain and two mentioned pain in a transformed
way. Dreams presenting pain incorporation also included strong
negative emotions. Of note, the dreamed pain was described as more
intense than the actual pain experienced upon awakening, a
characteristic that has been mentioned repeatedly for many centuries
(Aristotle et al., 1908; Cubberley, 1923; see also Appendix I:
Supplementary Text 1). The last study in this series compared the effect
of pressure stimulation on dream activity in gymnasts and non-
gymnasts (Sauvageau et al., 1998)]. Overall, post-stimulation reports
included stimulus incorporation in nearly half of cases. However, non-
gymnasts presented more such references in their dreams than
gymnasts. Finally, stimulation was found to be associated with a
smaller number of characters in the dream plot, with this modulation
effect being mostly driven by the gymnast group.

Five other studies employed distinct types of somatosensory
stimuli to induce painful sensations, thus evaluating the effect of
nociceptive stimulation on sleep and dreams (Bastuji et al., 2008;
Dement & Wolpert, 1958; Flo et al., 2011; Koulack, 1969; Lavigne et al.,
2004). Dement and Wolpert sprayed cold water on different exposed
body parts and found that subsequent dream reports incorporated the
stimulus in up to 42% of cases (Dement & Wolpert, 1958). Koulack
applied electrical impulses to the wrists of the participants while
varying both the time of stimulation and awakening (Koulack, 1969).
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Results showed that stimulating shortly after REM detection was more
effective in modifying the dream experience than stimulating later in
REM or during NREM sleep. Overall, stimulus incorporation was more
frequent in stimulated than control trials. Furthermore, certain
qualitative aspects of the dream content related to somatosensory
perception (‘body centrality’ and ‘body activity') were more frequently
identified after stimulation in REM than in NREM or control trials.
Interestingly, the author also compared trials containing alpha activity
in the EEG signal with trials that did not and found that ‘alpha dreams’
presented higher incorporation rates than dreams without such arousal
signs (Koulack, 1969).

The three studies described hereafter were mainly focused on
exploring the physiological effects of nociceptive stimulation during
sleep, assessing its possible effects on dreams only as a secondary aim.
In the first one, hypertonic intramuscular infusions were applied to
evaluate nociceptive thresholds across the wake-sleep cycle (Lavigne et
al., 2004). Five out of nine participants reported perceiving pain in their
sleep, and two reported pain incorporation in their oneiric experiences.
In the second study, radiant heat laser pulses were applied overnight
(Bastuji et al., 2008). In this case, only four out of ten participants could
recall any conscious experience, none presenting any somatosensory or
pain incorporation. The third study presented aversive stimuli, either
unconditioned (mild electric shocks) or cued (by presenting a
negatively conditioned neutral auditory stimulus), both in N2 and
REM sleep (Flo et al., 2011). Self-reported dream emotionality showed a
shift towards higher negative valence ratings after experimental nights
compared to unstimulated baseline nights. Importantly, these three
studies collected dream-related details only after morning awakening.
This implies variable and potentially long temporal intervals relative to
when the stimulation occurred, which could contribute to the lack of
clear effects.

The only thermoception-based study included in our review
investigated how room temperature influences the type and intensity
of emotional content in dreams (Ziegler, 1973). Results showed that
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emotional intensity was significantly lower at higher temperatures (and
vice versa). Furthermore, unpleasant feelings tended to be scarcer at
higher temperatures, with pleasant dreams appearing more frequently.

The last publication in this section focused on lucid dreaming,
while also including data regarding non-lucid experiences (Paul et al.,
2014). Paul and collaborators administered visual (see corresponding
section) or vibrotactile stimuli during REM sleep. Self-rated
incorporations were identified in 43% of cases following vibration
applied to the index finger and in 48% of cases when stimulation was
applied to the wrist or ankle.

2.3.3.3. Olfactory Stimulation

Among the selected papers, eight (~16%) targeted olfaction (Ackerley
et al., 2020; Martinec Novakova, Klikov4, et al., 2021; Martinec
Novakova, Miletinov4, et al., 2021; Okabe et al., 2018, 2020; Schafer et
al., 2019; Schredl et al., 2009; Trotter et al., 1988). Odours have the
particularity of being processed differently than other sensory stimuli
since olfactory information bypasses the brainstem and thalamic hubs.
As a result, pure or mildly trigeminal odorants do not cause arousal or
increases in K-complexes during sleep; conversely, they even appear to
promote slow-wave and spindle activity (Arzi et al., 2010; Perl et al.,
2016). Furthermore, direct anatomical projections from the olfactory
bulb to the primary olfactory cortex connect to the amygdala and
hippocampi, which are known to be involved in emotional and
memory processing (Klinzing et al., 2019; Yang & Wang, 2017). In line
with this, most reviewed studies explored the potential effects of
different odour attributes, such as odour pleasantness, on dream
emotionality.

Trotter, Dallas, and Verdone presented a series of pleasant and
unpleasant scents during REM sleep. They observed that the
proportion of dream reports with a positive emotional tone was similar
for all trials, indicating that dream emotional ratings were unaffected
by odour pleasantness (Trotter et al., 1988). Stimulus incorporation was
found in 27% of pleasant and 11% of unpleasant trials. Later, Schredl
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and collaborators presented one pleasant and one unpleasant odour,
again during REM sleep (Schredl et al., 2009). Results revealed that the
emotional tone changed significantly based on pleasantness, with
pleasant trials rated more negatively than unpleasant and control trials.
No direct incorporation instances were identified.

Okabe and collaborators further investigated the impact of
odour pleasantness using a group-level design accounting for
individual differences concerning odour preferences (Okabe et al.,
2018). Participants who liked the odour had more negative dreams after
being stimulated than those who disliked it, indicating a significant
interaction between the group and stimulation conditions. Again, no
cases of direct incorporation were identified, but two post-stimulation
reports included elements associated with olfactory perception. Since
odour preference has been suggested to be associated with odour
familiarity, another study compared groups of people who were either
familiar or unfamiliar with the presented odour (Okabe et al., 2020).
The high-familiarity group judged their dreams more negatively after
stimulation than in the control condition, while no stimulus-induced
changes were observed in the low-familiarity group. Yet, when only
unstimulated trials were considered, the high-familiarity group rated
their dreams more positively than the low-familiarity group.

More recently, Martinec Novakova and colleagues made their
participants sleep one night with a pleasant or unpleasant odour and
one without (Martinec Novakova, Klikova, et al., 2021; Martinec
Novakova, Miletinova, et al., 2021). The authors found a significant
effect of the stimulation condition on dream emotionality ratings,
which seemed modulated by whether participants perceived the odour
upon awakening. Specifically, perceiving an odour without stimulation
was associated with lower dream pleasantness than accurate rejections.
Nonetheless, neither stimulation nor odour appraisal upon awakening
seemed to affect the frequency of chemosensory content in dreams.
Instead, ‘chemosensory dreams’ were more commonly reported by
participants with a greater propensity to detect and act upon smells in
everyday life.
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The last two studies in this category focused on the effects of
olfactory stimulation on overall sleep quality. Both used actigraphy-
based sleep monitoring to evaluate the influence of whole-night
stimulation with a pleasant odour on clinical populations suffering
from sleep disturbances (i.e., post-traumatic stress disorder (Schéfer et
al., 2019) and mild to moderate chronic insomnia patients (Ackerley et
al.,, 2020). The first found that emotional intensity ratings were
significantly lower for dreams collected after stimulation nights
compared to control nights, while no effect was observed regarding
emotional tone (Schéfer et al., 2019). The second was home-based, with
participants being asked to spray a fragrance on their pillow before
bed. Although one of the two tested fragrances was associated with
better sleep quality ratings, the results failed to show any effect of
odour stimulation on dream content (Ackerley et al., 2020).

2.3.3.4. Vestibular Stimulation

Two studies (~4%) targeted the vestibular system (Leslie & Ogilvie,
1996; Nozoe et al., 2020). One was originally aimed at inducing lucidity
in dreams (Leslie & Ogilvie, 1996). To do so, participants slept in a
hammock that started rocking either during early or late REM sleep.
Dreams collected from early stimulated REM periods were rated as
more self-reflective than unstimulated dreams. Stimulus incorporation
was identified in 25% of stimulated dreams and 7% of unstimulated
ones. Furthermore, there was a significant correlation between
vestibular incorporation and dream bizarreness. The other study
explored how different bed inclinations could affect conscious
experiences during sleep (Nozoe et al., 2020). Participants reported
hypnagogic imagery more frequently after control nap awakenings
than after stimulation. However, the amount of vestibular or
somatosensory content did not vary as a function of bed elevation.

2.3.3.5. Visual Stimulation

Four articles (~8%) involved visual stimulation (Dement & Wolpert,
1958; Lewin et al., 1973; Paul et al., 2014; Rechtschaffen & Foulkes,
1965). In one study, participants slept with their eyes taped open while
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physical objects were presented before them (Rechtschaffen & Foulkes,
1965). No obvious incorporation cases were identified among the 30
collected dream reports, and reports were matched to the
corresponding object at the chance level. However, the authors stated
that up to four reported experiences might have potentially
incorporated the light used to illuminate the presented objects.

In the remaining studies, the stimuli consisted of simple
flashing lights that could be perceived through closed eyelids. Using
such an approach, Dement & Wolpert identified stimulus incorporation
in seven of 30 dream reports (Dement & Wolpert, 1958). These
included, for instance, the report of a sudden fire, lightning, shooting
stars, or the experimenter shining a flashlight towards the eyes in the
dream scene.

In another study, visual or tactile stimuli were administered
during REM sleep to induce lucid dream episodes (Paul et al., 2014).
Dream reports were collected in 18 out of 24 stimulation trials, of which
the participants rated seven (38.9%) as having incorporated the
stimulus. Visual stimulation was also used to change the frequency of
oscillatory activity in visual areas during sleep. Specifically, photic
stimulation flickering at the frequency of the participants” alpha peak
(~10 Hz) was used to entrain neural oscillatory activity during N3,
under the hypothesis that increasing alpha oscillations would lead to
an increase in REM-like sleep mentation (Lewin et al., 1973). Oscillatory
stimulation at 26 Hz was used as a control condition. The percentages
of experiences judged as REM-like were 25% in unstimulated N3, 17%
after stimulation at 26 Hz, and 93% after alpha stimulation.

2.3.3.6. Conditioned Association

In nine selected studies (~18%), the presented stimuli had previously
been paired with a task or other stimuli during wakefulness. Such
procedures aim to associate a stimulus with some information that may
be subsequently reactivated by using the stimulus as a cue. This
technique can be used to induce the reactivation of specific memories,
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as in TMR protocols (Oudiette & Paller, 2013), or to induce lucidity
within the dream, as in TLR procedures (Carr, Konkoly, et al., 2020).

2.3.3.6.1. TMR

While most TMR studies focused on how memory reactivation relates
to learning and behavioural performance, six assessed its effects on
dream content. Of these, four used auditory cues (Borghese et al., 2022;
De Koninck & Koulack, 1975; Picard-Deland, Aumont, et al., 2021;
Picard-Deland & Nielsen, 2022), one used olfactory cues (Schredl et al.,
2014), and one used visual cues (Conduit & Coleman, 1998). Overall,
these studies showed inconsistent results regarding the immediate
incorporation of the reactivated information.

De Koninck and Koulack asked a group of volunteers to watch
a stressful film before sleep; the soundtrack was then played during
REM sleep (De Koninck & Koulack, 1975). Film incorporation ratings
were significantly higher for dreams collected after the soundtrack was
presented, but only for participants who had previously watched the
film. Direct incorporation of the audio stimulus reportedly occurred
only once. Anxiety ratings of the collected dreams did not differ
between stimulated and unstimulated conditions, and no correlation
was found between dream anxiety and film incorporations.

In a more recent experiment, participants engaged in a virtual
reality flying task before taking a nap, during which task-related audio
cues were once again presented (Picard-Deland, Aumont, et al., 2021;
Picard-Deland & Nielsen, 2022). Three of the 18 collected REM TMR
dreams were rated as incorporating the auditory cue, whereas none of
the 17 NREM TMR dream reports were. Yet, incorporation was not
associated with any improvement in post-sleep task performance
(Picard-Deland, Aumont, et al., 2021). On the other hand, the authors
found a significant positive effect of REM TMR on post-sleep task
performance, and spontaneous incorporation of kinaesthetic task
elements into the content of REM dreams was predictive of greater
performance improvement. Interestingly, while TMR cueing had no
discernible immediate effects on task-element dream incorporation, an
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increased incorporation of such elements was found in reports
collected with a home dream diary two days after the REM TMR nap or
five to six days after the NREM TMR nap (Picard-Deland & Nielsen,
2022).

The last auditory-based TMR study attempted to enhance
social fear extinction in individuals suffering from social anxiety
(Borghese et al., 2022). A group of patients participated in virtual-
reality-based exposure therapy sessions, of which the positive feedback
phase was either associated or not with an auditory cue. The following
week, cueing was done during home-based REM sleep using a
wearable EEG device. For participants in the experimental condition,
the change in dream fear between the weeks before and after exposure
was positively correlated with anxiety-related distress scores and
spontaneous electrodermal activity, as measured at the end of the
experimental procedure.

Schredl and colleagues (Schredl et al., 2014) paired images of
either urban or rural landscapes with one of two distinct odours, which
were then presented again during REM sleep. The presentation of the
odour associated with rural pictures seemed to increase the frequency
of rural-related dreams, but this effect was not observed for city topics.
There was no evidence of stimulus-dependent modulation of the
emotional tone of the dreams, and only two dream reports included
some reference to smell, one of which was not preceded by any odour
stimulation.

Finally, Conduit and Coleman implemented a protocol in
which citrus juice, known to induce saliva production, was paired with
the flashing of two red lights during wakefulness (Conduit & Coleman,
1998). The visual cue was then presented in REM sleep during a
daytime nap. While salivary excretion rates measured upon awakening
were significantly higher after cueing than after unstimulated REM
awakenings, none of the 14 collected dreams included any content
related to food, hunger, thirst, drinking, or citrus juice (i.e., indirect
incorporation). Nonetheless, one-third of stimulated dreams showed
signs of direct incorporation of the cue.

55



2.3.3.6.2. TLR

Erlacher and collaborators published three TLR studies that included
non-lucid dreaming data (Erlacher, Schmid, Bischof, et al., 2020;
Erlacher, Schmid, Schuler, et al., 2020; Schmid & Erlacher, 2020). The
first evaluated the effectiveness of associating reality-testing techniques
with an odour that would serve as a lucidity cue when presented
during REM sleep (Erlacher, Schmid, Schuler, et al., 2020). Out of 16
participants, only one reported incorporating the stimulus, leading to
lucidity.

The remaining studies were based on auditory cueing.
Volunteers received specific training in performing reality tests for
becoming lucid whenever they heard the cue —either a short phone
ringtone (Erlacher, Schmid, Bischof, et al., 2020) or a music track
(Schmid & Erlacher, 2020) —, which was then repeatedly presented
during REM sleep. In the first study, 12 out of 40 TLR dream reports
were judged as presenting some degree of direct incorporation of the
ringtone; in two cases, this also led to lucid dream episodes. Three TLR
reports showed potential indirect incorporation (i.e., the appearance of
a phone within the dream), and the difference in incorporation rates
between control and stimulation nights was significant (Erlacher,
Schmid, Bischof, et al., 2020). In the second study, music as a theme was
present in eight out of 38 late REM dreams without there being any
differences between stimulated (4/24) and control (4/14) trials (Schmid
& Erlacher, 2020). Direct incorporation of the stimulus within a dream
unrelated to music led to a lucid dream episode, whereas lucidity was
not reached when the stimulus was indirectly incorporated.

An interesting observation from all three studies is that the
realisation of being within a dream seems to be more commonly
triggered when the stimulus is directly incorporated as an out-of-
context element relative to when the stimulus is transformed to fit into
the ongoing dream narrative.
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2.4. Discussion

In the following sections, we summarise the main observations
reported in the literature regarding the effects of sensory stimuli on
dreams and highlight key issues and open questions for future
research.

2.4.1. Types of SDDCs

Most studies failed to provide any clear definition of what the authors
considered SDDCs. However, cases of stimulus incorporation have
been further classified by several authors as either direct or indirect
incorporations (R. J. Berger, 1963; Castaldo & Holzman, 1969; Koulack,
1969), although often with different terms. Additionally, some studies
have described SDDCs that do not fall into the above categories, which
we collectively labelled as dream modulations.

Given the current state of the literature, a specific assessment
regarding the comparative incidence and underlying mechanisms of
the several types of SDDCs is currently lacking and impossible to
achieve. Therefore, future research should consider at least two
significant limitations encountered in prior studies. First, experimenters
or blind raters can miss indirect incorporations and modulations.
Indeed, forms of indirect incorporation based on idiosyncratic
memories and beliefs may remain undetected unless the dreamer is
directly involved in their identification (R. J. Berger, 1963). Moreover,
dream modulations may take various forms, some of which may be
difficult to anticipate. Therefore, the possibility of detecting such
SDDCs depends on the specific study hypotheses and assumptions.
Second, as discussed below, perceptual distortions of the stimuli may
affect the ability of raters to identify instances of direct or indirect
incorporation of the transformed stimuli.

2.4.2. Differences Between Sensory Modalities

Almost all included studies focused on one sensory modality, limiting

the possibility of direct comparisons regarding the impact and efficacy

of distinct sensory stimuli in inducing SDDCs. Only one investigation
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(Dement & Wolpert, 1958) used different sensory stimuli (audio, visual,
and somatosensory) within the same experimental protocol, sleep stage
(REM), and participant sample. This work reported differences in the
effectiveness of distinct sensory stimuli at inducing direct or indirect
incorporations, with water spray being the most effective and a pure
tone being the least effective. However, the reported data were pooled
across participants, and the results remained at the descriptive level.
Bearing this limitation in mind, studies on single modalities appear
overall consistent with the reported findings. Indeed, somatosensory
stimuli were typically reported as relatively effective at inducing
SDDCs. In contrast, the success of auditory stimuli appeared to vary
significantly depending on the stimulus characteristics, being lower for
pure tones and higher for semantically charged stimuli.

It is interesting to note that olfactory stimuli are rarely
associated with direct incorporations but tend to influence emotional
aspects of oneiric experiences. Only one study (Trotter et al., 1988)
reported incorporations for about one-fifth of the presented olfactory
stimuli. However, as noted elsewhere (Schredl et al., 2009), the study
lacked appropriate control for potential odour appraisal upon
awakening and used potentially arousing trigeminal odours. The lack
of an EEG arousal response for pure odours has been suggested to
explain their low incorporation rate. In contrast, their impact on
dreams’ emotional tone could reflect the direct connection of the
olfactory bulb to the amygdala (Schredl et al., 2009). Another
interpretation is that specific functional mechanisms could prevent
odours from appearing in dreams, in line with the meagre rate of
spontaneous olfactory experiences observed in dream diaries (~1%)
(Schredl, 2019). Studying congenitally blind individuals, who often
present a substantial increase in the incidence of chemosensory content
in dreams, could provide further insight into this matter (Meaidi et al.,
2014).

Another interesting observation concerns the incorporation of
visual stimuli. Indeed, the direct incorporation of flashing lights
appeared to be relatively frequent, with light stimuli frequently being
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incorporated as a flashing of the entire scene or of specific objects
within the dream (Konkoly et al., 2021). On the other hand, visual
stimuli rarely seemed to trigger indirect incorporations or direct
incorporations of complex stimuli. Since almost all our dreams are
predominantly visual (Meaidi et al., 2014), this might reflect a
competition between ongoing visual experiences and bottom-up visual
inputs.

2.4.3. Factors Influencing SDDCs

The reported probability for sensory stimuli to induce changes in
dream content greatly varied across studies, ranging from ~0%
(Rechtschaffen & Foulkes, 1965) to ~80% (Nielsen et al., 1993). Besides
intrinsic differences between sensory modalities and possible
experimental differences among studies, several factors have been
suggested to contribute to this variability.

2.4.3.1. Subjective Relevance of the Stimulus

The fact that stimulus relevance may modulate the probability of
inducing an SDDC is especially evident for auditory stimuli. Indeed,
semantic auditory stimuli bearing particular significance to the sleeper
appear to be incorporated more frequently than less relevant sounds,
such as pure tones. Similarly, it has been proposed that the higher
incorporation rates for somatosensory stimuli compared to other
sensory modalities could be attributed to their greater relevance for the
sleeping organism, as physically close stimuli may indicate more
imminent danger than distant ones (Schredl et al., 2009).

2.4.3.2. Stimulus Intensity and Duration

The physical properties of a stimulus, such as its intensity or duration,
have been suggested to affect its probability of inducing SDDCs (R. J.
Berger, 1963; Castaldo & Holzman, 1967, 1969; Castaldo & Shevrin,
1970; Conduit et al., 1997; Fedyszyn & Conduit, 2007). Indeed, one
study (Bradley & Meddis, 1974) observed a positive association
between stimulus intensity and the probability of incorporation during
REM sleep. However, since most studies applied a predefined
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stimulation intensity, this observation requires further validation. The
possible impact of stimulus duration or repetition is even less clear.
Some authors specifically employed longer or repeated stimuli,
suggesting that this could increase the incorporation probability.
Nevertheless, stimulus repetition may reduce the relative saliency of
the stimulus (Jasper & Sharpless, 1956) and thus its ability to induce an
SDDC. Unfortunately, studies directly investigating the impact of
repeated versus rare stimuli on SDDCs are still lacking.

2.4.3.3. Coherence Between Stimulus and Oneiric Experience

Stimulus incorporation often occurs seamlessly within the ongoing
dream narrative (R. J. Berger, 1963; Dement & Wolpert, 1958; Koulack,
1969). Considering this, several authors suggested that a stimulus
might have a greater chance to be incorporated if it somewhat fits —or
could be ‘transformed’ to fit—into the oneiric experience. Indeed,
incorporating sensory stimuli as alien, out-of-context elements (e.g., a
verbal stimulus directly incorporated as an ‘external voiceover’) seems
less common. In these instances, dreamers may recognise the
incoherence of the stimulus to the ongoing dream scenery and thus
become aware that they are dreaming. This reasoning suggests two
potential implications. On the one hand, identifying and using stimuli
that are unlikely to fit into most dreams could increase the probability
of inducing lucid dreams. On the other hand, knowing what a person is
likely to dream about (e.g., typical or recurring dreams) may help select
stimuli that are more likely to be incorporated.

2.4.3.4. Sleep Stage and Time-Of-The-Night

About half of the reviewed articles investigated NREM (usually N2)
and REM sleep, but only a few performed direct comparisons across
stages. Of these, some reported a higher rate of SDDCs in REM relative
to NREM sleep (Conduit & Coleman, 1998; Fedyszyn & Conduit, 2007;
Tilley et al., 1987), some found more SDDCs in NREM than REM
dreams (Castaldo & Shevrin, 1970), and others found similar SDDC
rates for the two stages (Burton et al., 1988; Zimmerman, 1970).
Therefore, no conclusions can be drawn regarding potential differences
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across sleep stages. Moreover, although some studies tried to stimulate
both early and late in the night, specific time-of-the-night effects on
SDDCs and their relationship to different sleep stages remain to be
systematically evaluated.

2.4.3.5. Stimulation-To-Awakening Interval

The reviewed studies reported important methodological differences
concerning the time interval between stimulation and dream report
collection, which ranged from a few seconds to several hours. The
impact of this variable is likely to be significant but has never been
systematically addressed. Still, an increased SDDC probability has been
shown for dreams collected during the second and fourth REM
periods, even though only the second REM period had been stimulated
(Rahimi et al., 2015). Moreover, increased rates of incorporation were
observed two (for NREM) to six (for REM) days after a TMR
experimental session (Picard-Deland & Nielsen, 2022). While
preliminary, these findings suggest that SDDCs could occur with a
delay spanning minutes, hours, or even days.

2.4.4. Sleep Sensory Disconnection and SDDCs

Dreams and SDDCs seem to have tight reciprocal links with the
sensory disconnection mechanisms that preserve sleep continuity.
Indeed, such mechanisms could filter out or attenuate some of the
stimuli from the external environment. On the other hand, dreaming
and SDDCs might be among the lines of defence adopted by the
sleeping brain to tame potential sleep-disturbing stimuli.

2.4.4.1. The Effects of Sensory Disconnection on SDDCs

Three main, non-mutually exclusive mechanisms have been suggested
to sustain sensory disconnection during sleep (Andrillon & Kouider,
2020; Nir & Tononi, 2010). The so-called 'thalamic gating' hypothesis
(McCormick & Bal, 1994) proposes that sensory information may be
blocked or attenuated at the thalamus level before reaching the cortex.
Related to this, the notion of “cortical gating’ refers to the fact that the
information reaching sensory cortices may not propagate efficiently
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towards other cortical areas. Lastly, an 'informational gating'
mechanism has been hypothesised to be active during REM sleep and
dreaming experiences, when the focus of cognitive resources on
endogenous processes could prevent sleepers from processing
incoming sensory stimuli (Foulkes, 1966).

Sensory disconnection mechanisms likely have a key role in
determining whether a stimulus will affect an ongoing dream.
However, they may also determine a partial distortion of external
stimuli, which may ultimately increase the variability and, therefore,
decrease the detectability of SDDCs. Indeed, incoming information may
be partially altered or attenuated before or at the cortical level.
Moreover, while the dreamer is immersed in the oneiric experience, the
stimulus may be misperceived or even entirely missed, just as someone
busy on a particular task may fail to perceive or misperceive something
happening out of their attention focus. Following this, expectancy
based on the dream context and internal logic may bias the perception
of the stimulus towards something that fits the ongoing oneiric setting.
Inevitably, such effects could add up to the stimulus's alterations or
attenuations that may have taken place at any previous processing step.

2.4.4.2. The Role of SDDCs in Sensory Disconnection

A long-standing view, already proposed by Freud, is that dreams could
represent the ‘guardians of sleep” (Freud, 1990; see also Appendix I:
Supplementary Text 1). In this view, when an external stimulus reaches
the sleeping brain, "either the mind does not concern itself at all with the
causes of sensations’ or ‘if it is obliged to recognise the stimuli, [...] the actual
sensation is woven into the dream in order to deprive it of its reality." In other
words, when an external stimulus succeeds in reaching the dreamer's
awareness, the brain might attempt to integrate it into the ongoing
conscious stream, directly or through associations, to minimise
potential effects on sleep continuity.

In line with this, two studies (Shapiro et al., 1963, 1965; see also
pilot data in Schabus et al., 2012) suggested that arousal thresholds may
be higher when stimuli are successfully incorporated into the dream
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experience than when they are not incorporated or when no dreams are
experienced. Hence, dreams may provide two-level protection: 1/ at a
lower level, the stimulus may fail to reach awareness because the
dreamer's attention is focused on the internally generated experience
(‘competition’); 2/ at a higher level, the stimulus may be integrated into
the ongoing dream and is thus not recognised as an external and
potentially arousing element (‘integration’).

Observations consistent with the sleep-protective role of
SDDCs were also made in children aged 3 to 15 (Foulkes, 1982; Foulkes
et al., 1969). In a series of experiments with different stimuli and age
groups, Foulkes observed that stimulus incorporation rates in REM
sleep were close to zero for the youngest groups and tended to increase
with age, whereas the probability for stimulations to induce body
movements, indicating arousal, decreased substantially with age.

However, not all evidence supports the described relationship
between incorporation and arousal threshold. Indeed, no differences
were found between individuals with high and low arousal thresholds
regarding incorporation (Zimmerman, 1970). Although this
discrepancy could be explained using between-participant designs
instead of within-participant designs, additional research is required to
clarify the role of stimulus incorporation in sleep sensory
disconnection.

2.4.5. Open Questions and Future Directions
2.4.5.1. The Neurophysiological Correlates of SDDCs

Although none of the studies reviewed in the present work directly
investigated the neural correlates of SDDCs, we discuss the possible
relationship between SDDCs and typical stimulus-evoked responses
such as (micro)arousals or K-complexes, and we propose some
hypotheses regarding the functional mechanisms that may underlie the
different SDDC types.
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2.4.5.1.1. Microarousals

The presentation of sensory stimuli during sleep is often accompanied
by activations of the arousal system and the appearance of
microarousals. Some authors hypothesised that the occurrence of states
characterised by wake-like activity may be necessary for SDDCs —and
specifically for stimulus incorporation —to occur (Koulack, 1969;
Nielsen, 1993; Zimmerman, 1970). Following this viewpoint, several
studies used 'cortical registration, referring to microarousal-like
responses in the EEG signal, as a trial-selection criterion indicating that
the administered stimulus had reached the cortex (R. J. Berger, 1963;
Castaldo & Holzman, 1967, 1969; Castaldo & Shevrin, 1970). However,
only one study provided direct evidence in support of the arousal-
dependency of SDCC, noting that stimulations followed by increases in
alpha activity —typically accompanying microarousals —had a higher
rate of incorporation relative to cases without alpha changes (Koulack,
1969).

The apparent positive correlation between stimulus relevance
and the probability of arousal response and incorporation (Bonnet,
1989; Langford et al., 1974; Lavigne et al., 2000, 2004; Oswald et al.,
1960; Rechtschaffen et al., 1966), and the common observation that non-
arousing odour stimuli almost never lead to stimulus incorporation
(Okabe et al., 2018, 2020; Schredl et al., 2009) provide additional
indirect supporting evidence. However, some authors reported no
discernible differences in SDDC occurrence for stimuli followed or not
by changes in alpha activity (R. ]. Berger, 1963; Hoelscher et al., 1981;
Leslie & Ogilvie, 1996). Moreover, evidence of SDDCs has been
reported in experimental studies that excluded microarousals from the
analyses (Hoelscher et al., 1981; Koulack, 1969). These findings imply
that, while visually detectable microarousals may be associated with
SDDCs, they are unlikely to be a prerequisite for stimulus
incorporation.
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2.4.5.1.2. K-Complexes

Sensory stimuli presented during NREM sleep are known to evoke K-
complexes (KCs; Halasz, 2016; Schabus et al., 2012), but no studies have
investigated the effects of these events on SDDCs. Since KCs reflect
widely synchronised episodes of neuronal silence, they are commonly
thought to have a sleep-protective function (Cash et al., 2009; Forget et
al,, 2011). In fact, they have been suggested to quench incoming sensory
information to promote sleep continuity (Halasz, 1993; Laurino et al.,
2014). According to this view, a stimulus that evokes a KC should not
be capable of influencing the ongoing dream experience. Instead, KCs
may briefly disrupt the stream of consciousness through a widespread
suppression of brain activity. However, the subsequent increase in
high-frequency activity or full-fledged arousals often observed after KC
suggests a temporary restoration of the brain's ability to integrate
salient information (Haldsz, 1993; Legendre et al., 2019). This, in turn,
could favour the processing and incorporation of stimuli administered
after the KC. Altogether, it seems that both a suppressing and a
promoting effect of KC on SDDCs may coexist on different timescales.

2.4.5.2. Functional Mechanisms Underlying SDDCs

The reviewed literature offered no hints as to which physiological
mechanisms might underpin the distinct types of SDDCs. However, we
may provide some hypotheses based on prior findings that showed a
relationship between dream occurrence and local increases in wake-like
activity, with the regional distribution of such activations
corresponding to dream content (Perogamvros et al., 2017; Siclari et al.,
2017, 2018). Considering this, direct incorporations could be explained
by stimulus-dependent activations of brain areas involved in low-level
sensory processing. Moreover, whether the stimulus is fully
incorporated into the dream or remains as an alien element may
depend functionally on its coherence with the ongoing experience and
physically on the relative integration of the newly engaged areas within
the previously activated brain network (e.g., Sasai et al., 2016; Figure 5).
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Figure 5. Schematic representation of hypothetical neurophysiological mechanisms
underlying the incorporation of sensory stimuli in dreams.

Cases of indirect incorporation might instead reflect the
reactivation of brain areas storing memories somehow linked to the
stimulus (Favila et al., 2020), implying a higher-level processing of
incoming information. Interestingly, one could hypothesise that a
similar process may be involved in some forms of dream modulation.
Alternatively, dream modulation could emerge in response to non-
specific activations of ascending, arousal-related systems targeting
multiple brain areas. Future studies on SDDCs should combine a
rigorous definition of SDDC types and advanced neuroimaging
techniques, such as high-density EEG or simultaneous EEG-fMRI, to
test these hypotheses.

2.4.5.3. Are We Truly ‘Disconnected” During Sleep?

A common assumption in sleep research is that differences in stimulus
processing between sleep and wakefulness should inform us of how
sensory disconnection occurs during sleep. However, our review
revealed several important flaws in this logic. Evidence indicates that
many stimuli not only reach the cortex and influence brain activity
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during sleep, but a significant portion of them may also be
incorporated into the ongoing stream of consciousness. Still,
understanding how and when this occurs is far from simple. Several
factors, such as stimulus distortion or transformation, may prevent
incorporations from being identified. In addition, dreamers may fail to
report the perceived stimulus due to its potentially scarce relevance for
the experience or an incomplete recall of the dream upon waking.

Real-time communication protocols with lucid dreamers
overcome limitations related to dream retrieval and reporting (Konkoly
et al., 2021; Tiirker et al., 2023), showing that dreamers might be able to
consciously perceive -and even appropriately respond to-complex
stimuli. Notably, one recent study provided evidence for transient
windows of cognitive processing and behavioural responsivity to
external stimuli during N1, N2, and REM sleep, suggesting that high-
level stimulus processing may extend beyond the specific case of lucid
dreaming (Tiirker et al., 2023). While further research is required to
clarify the frequency and nature of observed ‘sensory connection’
windows, we suggest that the conscious processing of external sensory
information during sleep may be considerably more prevalent than
previously believed.

2.4.6. Conclusions

The ability to manipulate oneiric experiences holds the promise of
substantial scientific breakthroughs, ranging from understanding the
origin and function of dreams to developing new treatments for clinical
conditions associated with dream alterations. Consequently, the recent
surge in dream engineering is unsurprising (e.g., Carr, Haar, et al.,
2020; Carr, Konkoly, et al., 2020; Haar Horowitz et al., 2018; Kamal et
al., 2012). The utilisation of sensory stimuli is particularly relevant
among the various dream engineering techniques due to its reliance on
well-established physiological pathways and functions, ease of
implementation, and extensive history of anecdotal and empirical
observations. However, the present review revealed a substantial lack
of understanding of the processes regulating external sensory stimuli's
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effects on dreams. We highlighted several major concerns and open
questions, hoping this work will advance the field by stimulating
novel, rigorous, collaborative research efforts.

68



Chapter 3.
Lucid Dream Induction Using Cognitive-Sensory
Training

The study presented here is part of a pre-registered (https://osf.io/zfs57/)
multi-centric research project in collaboration with two partner institutions:
the Donders Institute (the Netherlands) and University of Montréal
(Canada). The results reported in this chapter exclusively concern the data
collected at the SPACE sleep laboratory (IMT School for Advanced Studies
Lucca, Italy). This chapter and the corresponding appendices are adapted
from preliminary results published as a pre-print:

Esfahani, M. ].*, Salvesen, L.*, Picard-Deland, C.*, Matzek, T., Demsar, E.,
Buijtene, T. van, Libucha, V., Pedreschi, B., Bernardi, G., Zerr, P., Adelhdfer, N.,
Schoch, S., Carr, M., & Dresler, M. (2024). Highly effective verified lucid dream
induction using combined cognitive-sensory training and wearable EEG: A multi-
centre study (p. 2024.06.21.600133). bioRxiv. *Co-first authors
https://doi.org/10.1101/2024.06.21.600133

3.1. Introduction

Lucid dreaming, the state in which one becomes consciously aware of
dreaming, is a fascinating yet relatively rare phenomenon. Although
approximately half of the population has experienced a spontaneous
lucid dream (LD) at least once, such occurrences remain infrequent
(Saunders et al., 2016). Lucid dreaming presents a unique opportunity
to explore the neuroscience of dreams by allowing the use of
measurable lucidity verification techniques, such as predefined eye
movements, breathing patterns, or facial muscle contractions (Baird et
al.,, 2022; Holzinger et al., 2006; Konkoly et al., 2021; LaBerge et al.,
1981). This ability to verify lucidity enhances experimental control over
dream content and duration, enables real-time external monitoring, and
even allows for two-way communication with dreamers (Baird, Mota-
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Rolim, et al., 2019; Dresler et al., 2012, 2015; Filevich et al., 2015;
Konkoly et al., 2021).

Moreover, increasing the level of insight and control within
dreams holds promise for various clinical applications, such as treating
nightmare disorder (Aurora et al., 2010; de Macédo et al., 2019;
Morgenthaler et al., 2018; Sandell et al., 2024; Spoormaker & van den
Bout, 2006), post-traumatic stress disorder (Holzinger et al., 2020;
Yount et al., 2023), insomnia (Ellis et al., 2021b),, and narcolepsy (Rak et
al., 2015), as well as for personal, recreational, and creative purposes
(Gott et al., 2020; Zink & Pietrowksy, 2013). As such, a key challenge in
current dream research lies in developing reliable methods for
inducing lucid dreams in everyday settings, clinical environments, and
laboratory conditions (Adventure-Heart, 2020; Mota-Rolim et al., 2019).

Previous attempts to induce LD have explored a wide array of
approaches, including cognitive training (Adventure-Heart, 2020;
Adventure-Heart et al., 2017; Appel et al., 2020; Baird, Riedner, et al.,
2019; Dyck et al., 2017, 2018; Erlacher & Stumbrys, 2020; Saunders et al.,
2017; Schredl et al., 2020; Taitz, 2011), external sensory stimulation
during REM sleep (Erlacher, Schmid, Bischof, et al., 2020; Erlacher,
Schmid, Schuler, et al., 2020; Kumar et al., 2018; Paul et al., 2014;
Schmid & Erlacher, 2020), pharmacological interventions (Kern et al.,
2017; LaBerge et al., 2018), brain stimulation (Blanchette-Carriére et al.,
2020; Stumbrys et al., 2013; Voss et al., 2014), and combinations of
different methods (Adventure-Heart, 2020; Carr, Konkoly, et al., 2020;
Erlacher, Schmid, Bischof, et al., 2020; Erlacher, Schmid, Schuler, et al.,
2020; Saunders et al., 2017; Schmid & Erlacher, 2020). Comprehensive
reviews of these induction techniques are available elsewhere
(Stumbrys et al., 2012; Tan & Fan, 2023). Despite extensive efforts,
many of these approaches have demonstrated only limited to moderate
success in reliably inducing objectively verified lucidity.

The most promising results in LD induction have been
achieved through targeted lucidity reactivation (TLR) protocols, which
currently hold the highest success rate in laboratory settings (Carr,
Konkoly, et al., 2020). This method combines pre-sleep lucidity training
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with sensory cues that are replayed during subsequent sleep. TLR
based on visual and auditory REM cueing has been shown to
successfully induce lucid dreams in 50% of participants (Carr et al.,
2020). Furthermore, participants were able to objectively verify lucidity
by signalling awareness within the dream through a predefined eye
movement pattern (left-right-left-right, LRLR).

However, current research on lucid dream induction
techniques faces several significant limitations, including small sample
sizes, heavy reliance on self-reported questionnaires without
physiological validation, and a focus on individuals with high baseline
experience in lucid dreaming (= 1 episode per month; Snyder &
Gackenbach, 1988). These factors restrict the generalisability of findings
to the broader population. To address these issues, we designed a
study to validate a novel combination of LD induction techniques in a
large and diverse sample with varying levels of prior lucid dreaming
experience. Our induction method combines a cognitive training based
on the senses-initiated lucid dreaming technique (SSILD; Adventure-
Heart, 2020) with multimodal (visual, auditory, and tactile) TLR during
REM sleep, utilizing commercially available wearable devices. We
compared the effects of SSILD training with and without REM cueing
during morning naps in a laboratory setting, following a within-subject
design. We hypothesized that REM cueing would significantly enhance
dream awareness and control compared to no cueing.

3.2. Methods

This study is part of a multi-centre project involving data collection in
three sleep laboratories located in the Netherlands (Donders Institute),
Canada (Université de Montréal), and Italy (IMT School for Advanced
Studies Lucca). The experimental protocol was pre-registered prior to
data collection at any of the participating centres (Salvesen, Esfahani,
Picard-Deland, et al., 2024). To achieve a pooled sample size of N = 60,
each centre collected data from 20 participants, all of whom completed
two nap sessions with at least one REM episode per session, following
a within-subject design. We used minimal sensing systems, specifically
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an EEG wearable headband (ZMax, Hypnodyne Corp., Sofia, Bulgaria)
supplemented with three additional chin EMG electrodes, monitored
through an open-source dream engineering toolbox, Dreamento
(Esfahani, Daraie, et al., 2023). For the purposes of this report, we will
focus exclusively on the data collected from the Italian centre.

3.2.1. Participants

Participants were recruited through various methods, including flyers,
word of mouth, and online platforms such as blogs and social media.
Compensation for each experimental nap session was set at 35 EUR,
totalling 70 EUR for the entire study. The study was approved by the
joint local ethical committee of Scuola Superiore Sant’ Anna and Scuola
Normale Superiore.

Interested individuals were initially screened based on general
inclusion and exclusion criteria. The inclusion criteria required
participants to be healthy, aged between 18 and 55, maintain a regular
sleep-wake pattern, have experienced at least one prior lucid dream,
and recall dreams frequently (> 3 times per week). Exclusion criteria
included a history of neurological, psychiatric, or neurodegenerative
disorders, previous brain surgery, an epilepsy diagnosis, pregnancy,
and the use of sleep-altering medication. Participants also completed a
series of questionnaires and underwent further screening for
depression (Beck Depression Inventory (BDI-II), score 2 20), anxiety
(Beck Anxiety Inventory, score > 15), prodromal symptoms (Prodromal
Questionnaire 16-item version, score > 9), sleep quality (Pittsburgh
Sleep Quality Index, score >7), and chronotype (Morningness-
Eveningness Questionnaire, with sleep time before 23:00 or rise time
before 07:00). Additionally, participants provided detailed information
on their sleep, dreams, and waking cognition through the Mannheim
Dream Questionnaire and the Vividness of Visual Imagery
Questionnaire.
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3.2.2. Study Procedure

Following an online screening process, eligible participants were
invited to an intake session, where they received detailed information
about the study and provided informed written consent. Participants
then attended two morning nap sessions at the laboratory, scheduled
approximately one and two weeks after the intake session. In
preparation for the experimental sessions, participants were asked to
maintain a home dream diary, beginning roughly one week before the
first nap session and continuing until the second nap session, spanning
a total of about two weeks (Figure 6).

Both nap sessions involved an SSILD cognitive training
procedure paired with a set of sensory cues during wakefulness. In one
session, these cues were also presented during subsequent REM sleep
periods (REM cueing session), while the other session served as a
control with no cueing during REM sleep (REM sham session), with the
order of sessions counterbalanced across participants. During the
sessions, participants were instructed to signal lucidity or cue
perception in real-time during sleep using a predefined eye movement
pattern (LRLR) and to report any subjective experiences upon

awakening.
Counterbalanced across subjects
: 1
REM REM
Sham/Cueing Sham/Cueing
e N Yy Ty
. Nap 1 Nap 2 ‘
‘ Screening ]_> Tntake =1 rial) ‘ = ! trial)
S \ . . A N . J
{ ' ‘ ¥ '
> | week > | week
Dream Diary + DLQ Dream Diary + DLQ
(home-based) (home-based)

Figure 6. General timeline of the study procedure.
DLQ: Dream Lucidity Questionnaire
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In this study, a nap ‘trial’ refers to each sleep opportunity
within an experimental nap session. A trial was considered valid if the
stimulation procedure —whether cued or sham —was correctly applied
during REM sleep according to the session's condition. A participant
qualified as valid if they completed at least one valid nap trial in both
experimental sessions; otherwise, a replacement participant was
recruited to maintain the target sample size of N = 20. To ensure
blinding to the experimental condition, participants were informed that
cueing might or might not occur during each nap trial, regardless of the
session. All analyses presented here are based exclusively on data from
valid participants.

3.2.2.1. Sleep and Dream Diaries

Participants were required to document their sleep-wake schedule and
provide subjective assessments of sleep quality throughout the entire
study. Additionally, they completed daily dream reports and Dream
Lucidity Questionnaires (DLQ; Stumbrys et al., 2013) to practice the
reporting procedure and enhance dream recall. These home diaries
were accessed and stored online through CastorEDC, an electronic
survey data management platform.

3.2.3. Experimental Nap Protocol

Participants arrived at the laboratory between 05:00 and 08:00 a.m.,
depending on their usual sleep-wake schedule and laboratory
availability. They were asked to refrain from consuming any alcoholic
or caffeinated beverages on the evening before and the morning of the
nap sessions. The experimental protocol for the nap sessions (Figure 7)
was based on a modified version of the SSILD procedure, adhering to
the preregistered study protocol (https://osf.io/rh286). Both sessions
followed an identical structure during the wakefulness period
preceding sleep, consisting of 30 minutes of cognitive training
combined with multimodal sensory stimulation. After the cognitive
training, participants were permitted to sleep for up to 2.5 hours.
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Figure 7. Schematic representation of the protocol during the experimental nap sessions.

3.2.3.1. Cognitive training

The cognitive training was delivered through a 30-minute vocal
recording, organized into distinct blocks (see Appendix II:
Supplementary Text 1 for the commented transcript of the training
recording). Before starting the training, participants' baseline intensity
thresholds for visual (minimum subjective light intensity) and auditory
stimuli (minimum subjective audio volume), as well as the continuous
background noise level, were individually calibrated based on their
subjective assessment. Once these thresholds were set, the recording
commenced.

Following a brief introduction, participants were guided
through a series of SSILD cycles. They were instructed to lie with their
eyes closed and focus their attention on each sensory modality (i.e.,
vision, hearing, bodily sensations). The cycles began with rapid shifts
between modalities (2-3 seconds per modality), then moved to
medium-length shifts (20 seconds), and finally to slower cycles (60
seconds). During the slow cycles, each sensory step was accompanied
by the corresponding cue (i.e., light, sound, vibration), signalling the
transition from one sensory focus to the next. In the first half of the
slow cycles, a vocal prompt encouraged participants to maintain a lucid
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mindset in sync with the sensory cues. In the latter half, the cues were
presented without vocal prompts, allowing participants to implicitly
consolidate the learned association and naturally drift into sleep.

3.2.3.2. REM Cueing Protocol

Cueing during sleep began approximately 20 seconds after detecting
the first rapid eye movement in the context of low EMG activity, which
indicated the onset of phasic REM sleep. The sensory cues were
presented in the same cyclic order as during the cognitive training
cycles in wakefulness (i.e., visual, auditory, and tactile), with each cue
delivered approximately every 20 seconds. The experimenter initiated
the cue presentation at the previously determined lowest subjective
perceptual thresholds. The intensity of each cue was gradually
increased as long as REM sleep persisted without any signs of arousal.
Specifically, audio and visual cues were increased by 5 dBA and 5% in
each cycle, respectively, while vibration cues were escalated from a
single repetition to up to three repetitions in subsequent cycles.

If the participant responded to a cue with the intentional
predefined eye signalling (LRLR), the intensity levels of the cues were
maintained unchanged until awakening. If signs of microarousal were
detected —such as a relative increase in EMG activity or alpha wave
activity —stimulation was temporarily halted and only resumed after
these signs had fully dissipated. When cueing was resumed, the
intensity levels were reduced to the settings used in the cycle preceding
the arousal (i.e., decreasing light intensity by 5%, reducing audio
volume by 5 dBA, and adjusting the tactile cue accordingly). Gradual
intensity increments were then reapplied as described previously. At
the end of each nap trial, the intensity levels for all cues were reset to
their baseline levels.

3.2.3.3. Dream Interview

Participants were awakened at the end of each REM period and asked
to report any subjective experiences they could recall from the
moments immediately preceding waking, including any sensations,
feelings, thoughts, or emotions (see Appendix II: Supplementary Figure
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1 for a representation of the dialogic flow of the semi-structured
interview). They were also asked whether they had felt asleep during
this period and if they were aware of their conscious state. Whenever
possible, participants were encouraged to provide additional details
about their experience, such as the estimated duration, specific content,
perception of cues, and whether they performed the eye signalling.

After completing the semi-structured interview, participants
were asked to fill out the DLQ based on their reported experience,
except in cases where no conscious experience or where a conscious
experience without recall was reported. Following this, an additional
nap trial was initiated until the 2.5-hour session was complete. To
maximize the likelihood of participants falling asleep multiple times
within the allocated time window, the experimenter kept the
interviews after intermediate nap trial awakenings brief, especially
when no significant experience was reported.

Dream reports were also collected after spontaneous LRLR
signal detection or in the event of experimental interruptions. Upon
final awakening, after the 2.5 hours had elapsed, participants provided
a final report and completed the LuCiD scale questionnaire (Voss et al.,
2013) for each subjective experience reported during the session. If
multiple trials were conducted during a single nap session, the
measures from associated questionnaires (i.e., DLQ, LuCiD) were
averaged across the session. These averaged values were then used for
subsequent statistical comparisons between conditions.

3.2.3.4. Lucidity Instructions

Participants were instructed to perform a predefined LRLR eye
movement sequence in the following scenarios: 1/ upon becoming
aware that they were dreaming, to provide an objective marker for the
initiation of the lucid episode; 2/ each time a sensory cue was perceived
during sleep, offering a physiological marker for potential
incorporation of the stimuli into the dream; and 3/ approximately every
30 seconds if no sensory cue was perceived, to help estimate the
duration of the lucid dream. This approach aimed to provide more
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objective measures of both the initiation and duration of each lucid
dreaming episode.

Participants were also informed about the high likelihood of
dreaming about the sleep laboratory and experiencing false
awakenings. They were instructed to perform a reality check —such as
attempting to breathe through a pinched nose or counting their
fingers—whenever they felt uncertain about whether they were awake
or dreaming. Additionally, if participants entered a state of dream
lucidity, they were encouraged to explore or observe the dream scene
and to avoid engaging in highly stimulating activities, such as flying or
free-falling, during the first few seconds of lucidity. This strategy was
intended to increase the chances of maintaining lucidity for a longer
duration.

3.2.4. Physiological Data Collection

Physiological data measurements were collected using ZMax EEG
headbands (Hypnodyne Corp., Sofia, Bulgaria), a validated sleep
wearable device (Esfahani, Weber, et al., 2023) equipped with various
sensors, including two frontal EEG channels (F7-Fpz, F8-Fpz), an
accelerometer, a photoplethysmography sensor, ambient light and
sound sensors, and a thermometer. In parallel, three EMG channels
recorded muscular activity from the chin area using a g.USBamp
Research system (g.tec medical engineering GmbH, Graz, Austria).
Data acquisition was managed through system-specific software
(g-Recorder for g.tec Suite).

We used the open-source dream engineering toolbox,
Dreamento (Esfahani, Daraie, et al., 2023), for real-time EEG signal
monitoring, recording, sensory stimulation, and offline data analysis.
For redundancy, ZMax signals were also recorded using the
manufacturer's proprietary software, as recommended (Esfahani,
Daraie, et al., 2023).

The session began with determining individual stimulation
thresholds, followed by a one-minute calibration period of closed-eye
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resting wakefulness to establish baseline physiological measures.
Participants were then instructed to clench their teeth three times to
synchronize the EMG recordings with the headband data at the
beginning and end of the session. This synchronization was repeated
after each awakening or experimental interruption. The EEG and EMG
signals were later synchronized offline using specific functions in
Dreamento. Participants also performed the predefined LRLR lucidity
signal with their eyes closed, which served as a reference for
identifying their unique eye movement patterns during sleep. After the
calibration period, the cognitive training session began.

3.2.5. Sleep Scoring

The data collected from each site underwent sleep scoring by
researchers from the other two participating laboratories to ensure
objectivity. Manual scoring was conducted using Offline Dreamento and
included the evaluation of sleep stages, arousals, and predefined eye
signals. The raters were blinded to both the experimental condition and
the real-time annotations from the experimenter, and had no access to
the participants' subjective data, such as dream reports or
questionnaires.

Inter-rater agreement for scoring each nap session was assessed
using Cohen’s kappa statistic. Due to the occasional difficulty in
differentiating between wake and N1 stages —particularly when frontal
alpha activity was not clearly visible and in the absence of occipital
EEG channels—we opted to merge both stages when calculating inter-
rater agreements. If the agreement scores for a nap session fell below
the 80% threshold, the scorers would reevaluate the conflicting epochs
until a consensus was reached. Sleep assessment metrics were further
analysed using a dedicated Python toolbox (YASA; Vallat & Walker,
2021).

3.2.6. Lucid Dream Classification

In this study, a signal-verified lucid dream (SVLD) was confirmed
when both objective and subjective indicators of lucidity were present:
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specifically, when a predefined eye movement was detected, and the
participant reported becoming lucid and intentionally performing that
signal. A lucid dream was classified as non-signal verified (non-SV LD)
if the participant reported becoming lucid or indicated being at least
moderately aware of dreaming (scoring at least 2 out of 4 on the first
question of the DLQ, "I was aware that I was dreaming"), but no
corresponding predefined eye signal was reported or detected. Lucid
episodes included both SVLD and non-SV LD episodes.

Additionally, dreams that were associated with a detected
predefined eye signal but lacked awareness were classified as signalled
non-LDs. Finally, dreams were categorized as non-LDs when
participants neither reported any awareness of dreaming nor exhibited
any predefined eye signals.

Predefined eye movements were assessed by the three main
experimenters from the participating centres (LS, MJE, and CPD). A
signal was considered valid only if it was confirmed by at least two of
the three scorers. If a participant performed a lucidity signal that
differed from the predefined LRLR sequence —such as a partial
sequence like LRL or a slower version of the LRLR movement used
during wakefulness—it was accepted as valid only if the participant
reported an attempt to perform the predefined sequence. The duration
of SVLDs was measured in two ways: 1/ the total SVLD duration,
which spanned from the first to the last predefined eye signal within
the same REM period, and 2/ the continuous SVLD duration, which
considered only the time between consecutive eye signals occurring
within one minute of each other. The one-minute threshold was chosen
because, in cases where participants perceived only a single type of cue,
that cue was presented every minute, based on the predefined 20-
second inter-stimulus interval.

Average scores from the DLQ and LuCiD questionnaires were
also used to assess various aspects of lucidity, including insight,
control, thought, realism, memory, dissociation, negative emotion, and
positive emotion (Voss et al., 2013).
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3.2.7. Statistical and Methodological Evaluation

Statistical analyses were conducted using Python (version 3.10) and R
(version 4.4.0; R Core Team) within the RStudio integrated
development environment (version 2023.06.0; RStudio Team).
Visualizations were created using Python’s matplotlib library (Hunter,
2007) and R packages ggplot2 (Wickham, 2016) and raincloudplot (Allen
et al., 2021).

Descriptive statistics were reported to summarise the data,
specifically the mean and standard deviation (m =+ std). For hypothesis
testing, paired t-tests were used to analyse continuous data that met
normality assumptions, as confirmed by the Shapiro-Wilk and
D'Agostino-Pearson tests. When normality assumptions were violated,
Wilcoxon signed-rank tests were applied. McNemar’s test was used to
compare paired nominal data, such as the presence or absence of
(SV)LD across experimental conditions. Eye signal response times
across the three cue modalities were compared using Friedman's test.
In line with our a priori hypothesis, statistical tests comparing lucidity-
related measures between REM cueing and REM sham sessions were
one-tailed, predicting higher values in the cueing condition.
Conversely, comparisons of sleep assessment metrics between
conditions were two-tailed, given the absence of directional
hypotheses.

The methodological quality of this study was independently
evaluated using an adapted version of the Downs & Black (1998)
methodological quality checklist (see Chapter 2; Appendix I:
Supplementary Text 1). This 23-item checklist assesses various aspects
of internal and external validity, as well as the thoroughness in
reporting methods and outcomes, resulting in a score ranging from 0 to
25. This standardized evaluation tool provides an objective measure of
scientific rigor, specifically validated for use in sleep and lucid
dreaming research (Stumbrys et al., 2012; Tan & Fan, 2023). The
adapted version has been tailored to assess the quality of studies in the
field of sleep and dream engineering (Salvesen et al., 2024).
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3.3. Results

The methodological assessment for this study reached a score of 20 out
of 25 (see Appendix II: Supplementary Table 1 for a detailed account of
all checklist item scores). This score is a compound of the assessment of
several aspects of the present manuscript: reporting (10/10), external
validity (2/4), internal validity - comprising bias (6/7) and confounding
(2/2) -, and power calculations (0/2).

3.3.1. Participants

A total of 57 participants were initially recruited for the study. Of these,
14 were excluded following the intake session due to exceeding
threshold scores on baseline questionnaires. Additionally, 4
participants voluntarily withdrew after the intake session. Among the
remaining participants, 13 failed to enter REM sleep during at least one
of the experimental nap sessions, with 1 participant withdrawing
voluntarily after the first session. Technical difficulties, including signal
loss or high noise levels, occurred in 6 sessions, rendering those data
unscorable and leading to the exclusion of those participants. The final
sample comprised 20 valid participants (mean age: 30.75 + 6.84 years; 9
females), on whom all subsequent analyses are based (Figure 8).

3.3.2. Sleep Measures

Following an initial round of independent sleep scoring by main
experimenters from the other two study sites, Cohen’s Kappa scores
indicated nearly perfect inter-rater agreement levels when combining
wake and N1 stages (Kappa = 0.83 + 0.11). Nap sessions that did not
meet the 80% agreement threshold (13/40 sessions) were re-evaluated
the data until consensus was achieved.

Standard sleep metrics indicated that the REM cueing
procedure did not significantly alter the global sleep architecture or
efficiency (see Appendix II: Supplementary Table 2). However, two
specific metrics differed significantly between REM cueing and REM
sham naps. Sleep period time was longer during REM cueing sessions
(164.03 + 16.13 min) compared to REM sham sessions (151.65 + 16.20
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min; Wilcoxon signed-rank test, W =32, p = 0.005). Additionally, the
percentage of NREM 2 sleep relative to total sleep time was lower
during REM cueing sessions (46.49 + 11.78%) compared to REM sham
sessions (54.95 + 14.51%; paired t-test, t =2.48, p = 0.02).
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Figure 8. Diagram of the participant selection process and lucidity-related outcomes for valid participants.
LD: Lucid Dream; Non-SV LD: Non-Signal-Verified Lucid Dream; SVLD: Signal-Verified Lucid Dream; PQ-16: Prodromal Questionnaire;
BAI: Beck Anxiety Inventory
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3.3.3. Dream Measures

Among the 20 valid participants, 12 (60%) experienced at least one
episode of lucidity in the laboratory, with 9 of them (45%) achieving
signal verification (SVLD). When comparing lucidity rates across
experimental conditions, we observed that 9 participants (45%)
achieved lucidity during the REM cueing sessions, of which 7 (35%)
included SVLDs. During the REM sham sessions, 9 participants (45%)
attained lucidity, but only 3 of them (15%) presented SVLDs (Figure 8).
Statistical analysis revealed that the occurrence of SVLDs was
significantly higher in REM cueing sessions compared to REM sham
sessions (McNemar test, x2(1) =3.0, p = 0.021).

To account for potential habituation effects between sessions,
we assessed differences in the incidence of lucid episodes between the
first and second experimental naps. The analysis revealed no
significant difference in the occurrence of lucid episodes between the
two sessions (Session 1: n =11 (55%); Session 2: n =7 (35%); McNemar
test, x2(1) =11.0, p = 0.84). However, a trend-level difference was
observed in for SVLD episodes (Session 1: n =7 (35%); Session 2: n =3
(15%); McNemar test, x2(1) = 7.0, p = 0.064).

Notably, both signalled and non-signalled lucidity were
successfully induced in participants who did not identify as highly
experienced lucid dreamers (Figure 9). The following SVLD induction
rates were observed: 20% (1/5) for those with less than yearly LD
experiences, 0% (0/3) for those with approximately yearly LD
experiences, 80% (4/5) for those with 2-4 times yearly LD experiences,
66.67% (2/3) for those with monthly LD experiences, 100% (2/2) for
those with weekly LD experiences, and 0% (0/2) for those with more
than once-a-week LD experiences.
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Figure 9. Distribution of dream categories by experimental condition and prior lucid experience.

SVLD: Signal-Verified Lucid Dream; Non-SV LD: Non-Signal Verified Lucid Dreams; Signalled non-LD: Signalled Non-Lucid Dreams
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3.3.3.1. Lucid Dream Classification

In total, 68 valid REM trials were collected: 33 from sham sessions and
35 from cued REM sessions (paired t-test, t = -0.44, p = 0.67). Of these, 9
trials (27.27%) from sham sessions and 12 trials (34.29%) from cued
sessions included lucid experiences. Specifically, 3 (33.33%) of the lucid
trials in the sham condition and 8 (75%) in the cued condition were
SVLD, with the remainder classified as non-SV LD.

While the total number of trials resulting in a lucid experience
(both SVLD and non-SV LD) did not significantly differ between the
two conditions, SVLD trials tended to be more frequent in cued
sessions (0.40 + 0.60) compared to sham sessions (0.15 + 0.37),
approaching statistical significance (Wilcoxon signed-rank test, W =
32.0, p=0.07). It is noteworthy that in three trials, participants reported
signalling lucidity without any detected predefined eye movements
(one in a sham session and two consecutive trials in a single cued
session), which were therefore classified as non-SV LD episodes.

Additionally, four REM trials (three cued and one sham)
exhibited predefined eye movements detected by the scorers without
participants reporting lucidity, leading to their classification as
signalled non-LD. In two of these cued REM trials, participants
provided non-lucid dream reports but acknowledged perceiving
sensory cues and responding with the predefined eye movement: in
one case, the participant reported not feeling asleep, while in the other,
the signalling occurred in response to the final sensory cue
immediately before awakening. In the third cued REM trial, the
participant confirmed perceiving and responding to multiple sensory
cues but was unable to recall any dream content upon awakening,
instead describing a state of confusion and not feeling fully asleep. The
fourth case involved a sham REM trial, which resulted in a non-lucid
dream report without any mention of signalling intention by the
participant, potentially representing a false identification of the eye
movement signal by the scorers.
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3.3.3.2. Predefined Eye Movement Signalling

A total of 58 predefined eye movements were detected during the
study: 12 were spontaneous (10 observed during REM sham sessions
and 2 during REM cueing sessions), while 46 were in response to
sensory cues (including seven instances of repeated responses to cues
that had already been signalled). A trend was observed suggesting a
higher frequency of eye movements during cued REM trials (2.4 + 6.56)
compared to sham REM trials (0.5 + 1.40), although this difference did
not reach statistical significance (Wilcoxon signed-rank test, W = 44.0, p
=0.09).

When examining the impact of different cue modalities within
REM cueing sessions, considering only the first eye signal following
each cue, we found that 13 eye movements were in response to visual
cues, 13 to auditory cues, and 13 to tactile cues. The average response
time for predefined eye signalling following a sensory cue was 6.26 +
7.86 seconds, with no significant difference between cue modalities
(visual: 5.77 + 8.96 s; auditory: 6.62 + 6.42 s; tactile: 6.38 + 8.58 s;
Friedman test, x2 (2) = 0.86, p = 0.65).

Among all SVLD trials, 8 included at least two predefined eye
movements, allowing for a more accurate estimation of the episode’s
duration. These comprised 6 cued trials and 2 sham trials. The average
total duration of SVLD episodes was 516.38 + 612.81 seconds (REM
cued: 506.33 + 643.73 s; REM sham: 546.5 + 744.58 s), with substantial
variability, ranging from 12 to 1783 seconds (see light red highlights in
Figure 10). Focusing on continuous SVLD episodes, defined as those
with a maximum of 1 minute between consecutive signals, we
identified 9 distinct bouts of continuous SVLD, averaging 83.22 + 70.40
seconds. Of these, 8 occurred during cued REM sessions (91.13 + 70.87
s), involving 31 ocular responses to sensory cues, and 1 during a sham
REM session (20 s), involving 2 spontaneous eye signals (see dark red
highlights in Figure 10). Unfortunately, due to the limited and uneven
number of observations, statistical comparison was not feasible.

88



P2351 | & = * ® s Ak abea|d T=1783s ®
t=29s t=229s 1=90s t=73s t=130s
P24 52 1 &
P36_S1t1 1@ " ® spontancous
A Responseto visual cue
P36_S1 02 1 & & T=3425%

51 % Responseto auditory cue
.E: P36_51_t3 - 4—++—H T=274s . % Responseto tactile cue
= t=1285
=
o P39 51 4 =

PS1_51 h T=12s

t=12s
PS4 511 Hﬂ T=168%
t=385

PS5 521 @ w  T=459s

P30_51 1 @
5
z ps1521 88 T=205
& t=20s

PS6_51 1 @ s . s o & T-1073s

CPE PP PP IE PP FPPEP PSP LS SEPCEPSECPEF B R R Al R e et S e Ll Lo
Duration (s)
Figure 10. Visualization of signal-verified lucid dream episodes and their estimated duration.
The initial verified eye signal in each trial was aligned to t=0 and subsequent eye signals were plotted sequentially. Continuous (dark red; t:
continuously verified lucid duration) and total (light red; T: total verified lucid duration) SVLD episode durations are indicated in seconds.
Black markers correspond to spontaneous eye signals, red to visual cue responses, blue to auditory cue responses, and green to tactile cue
responses. SVLD: Signal-Verified Lucid Dream

89



3.3.3.3. Lucidity Scores

DLQ scores were analysed to assess dream awareness (DLQ item #1)
and control (DLQ item #4), as well as the total summed score for all
DLQ items (Figure 11). Scores were averaged within each session.
Awareness ratings showed a trend toward being higher in REM cueing
sessions (1.74 + 1.55) compared to REM sham sessions (1.3 + 1.46),
although this difference did not reach statistical significance (Wilcoxon
signed-rank test, W = 55, p = 0.07). In contrast, DLQ control ratings
were significantly higher in the REM cueing condition (1.19 + 1.34) than
in the REM sham condition (0.56 + 0.90), indicating greater dream
control during REM cueing (Wilcoxon signed-rank test, W =40.0, p =
0.047). However, total DLQ scores did not differ significantly between
the two conditions (REM sham: 9.24 + 9.33; REM cueing: 10.73 + 9.96;
Wilcoxon signed-rank test, W =78, p=0.17).
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Figure 11. DLQ score distribution for dream awareness (left), dream control (centre),
and total score (right), averaged per session, as a function of experimental condition.
DLQ: Dream Lucidity Questionnaire; * p < 0.05

We examined potential differences in LuCiD scale factors,
averaged within sessions (Figure 12). Among participants who
completed at least one LuCiD questionnaire for each session (N =18
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out of 20), the ‘memory’ factor was significantly higher in REM cueing
sessions (7.38 + 4.70) compared to REM sham sessions (4.93 + 4.51;
paired t-test, t = -2.26, p = 0.04). Additionally, there was a trend toward
higher “control” scores in REM cueing sessions (4.36 = 5.98) compared to
REM sham sessions (2.49 + 3.72), though this difference did not reach
statistical significance (Wilcoxon signed-rank test, W =48, p = 0.09).
Differences in the remaining LuCiD scale factors were not statistically
significant: ‘insight’ (paired t-test, t = -0.74, p = 0.24), ‘thought’ (paired t-
test, t =-0.69, p = 0.25), ‘realism’ (paired t-test, t =-0.93, p = 0.18),
‘dissociation” (Wilcoxon signed-rank test, W =58, p =0.14), ‘negative
emotion’ (Wilcoxon signed-rank test, W =93.5, p = 0.65), and “positive
emotion’ (paired t-test, t = 0.37, p = 0.64).
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Figure 12. LuCiD factor scores as a function of the experimental condition.
LuCiD factor scores are averaged within sessions. Bars indicate the standard error.
*p<0.05
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3.4. Discussion

This study aimed to evaluate a novel LD induction technique that
integrates SSILD with TLR, using wearable EEG devices and an open-
source dream engineering toolbox. The method, involving multimodal
sensory cueing during REM sleep, significantly enhanced both
objective lucidity and dream control, successfully triggering predefined
eye-movement signals even in participants with limited prior LD
experience. This approach addresses critical limitations in existing LD
research by incorporating physiological measurements, allowing for
objective assessments of lucidity, and enhancing the generalizability of
findings through the inclusion of a larger, more diverse sample.

3.4.1. Lucid Dream Induction Effectiveness

Overall, nearly half of participants achieved lucidity when considering
both SVLD and non-SV LD episodes, with no significant differences
between conditions. Notably, SVLD incidence was significantly higher
for REM cueing than REM sham sessions. Moreover, we observed a
significant enhancement in dream control ratings for REM cueing
sessions compared to sham, as well as higher scores for the ‘memory’
factor of the LuCiD scale in cued relative to sham REM sessions.

These results align with previous studies suggesting that SSILD
and TLR are promising methods for LD induction. SSILD has shown
moderate success based on home-based subjective reports (Adventure-
Heart, 2020; Tan & Fan, 2023), requiring further validation within
controlled experimental settings. On the other hand, studies involving
sensory stimulation and TLR have led to inconsistent outcomes. Paul et
al. (2014) found visual and tactile stimulation to be ineffective, whereas
Erlacher and collaborators (Erlacher, Schmid, Bischof, et al., 2020;
Schmid & Erlacher, 2020) reported that auditory stimulation enhanced
subjective LD experiences but had limited impact on objective
measures. In contrast, Carr et al. (2020) achieved the highest SVLD
induction rates using a combination of visual and auditory cues,
underscoring the potential effectiveness of multimodal TLR
approaches.
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Our findings build on this research by demonstrating that the
combination of SSILD and TLR is effective in inducing objective
lucidity. This technique was associated with higher SVLD frequency,
enhanced dream control ratings, and improved memory scores in cued
compared to sham sessions. These effects may reflect cue-dependent
reminiscence and execution of lucid instructions, particularly regarding
predefined eye signalling. However, our SVLD success rate of 35% is
somewhat lower than the 50% reported by Carr et al. and the 40%
reported by Appel et al. (2020), indicating that further optimization of
the induction protocol is warranted.

Our study also provided objective measurements of the
duration of induced verified lucid episodes, although the limited
number of observations precluded statistical comparisons. Notably, the
collected SVLD episodes were relatively lengthy, with the longest
episode lasting nearly 30 minutes, corresponding to a cued session.
This suggests that cueing may help sustain lucidity, as indicated by the
higher number of predefined eye signals in response to sensory cues
compared to spontaneous signals (46 vs. 12). Thus, this induction
method could be a valuable tool for researchers conducting specific
tasks within lucid dreams, especially when prolonged dream control is
necessary.

Importantly, our approach was effective independently from
baseline LD frequencies, successfully inducing SVLD episodes even in
participants with limited prior experience in dream awareness and
control. This suggests that the method may be broadly applicable for
modulating conscious experiences during sleep in the general
population, opening new avenues for dream engineering and
enhancing our understanding of stimulus-dependent dream changes
(SDDCs) and sensory awareness during sleep.

3.4.2. Sensory Cueing Efficacy

All three evaluated sensory modalities —visual, auditory, and tactile —
appeared to be similarly effective in eliciting behavioural responses
during REM sleep. The rates of predefined eye signalling in response to
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these cues showed no modality-specific differences, nor did the
response times between cue presentation and the subsequent eye
movement. This suggests that lucid REM sleep is equally receptive to
all tested sensory modalities, with cues being integrated and
recognized as external elements requiring a predefined signalling
response, all while preserving sleep continuity.

Future research should conduct more detailed analyses of the
reported conscious content to determine whether different types of
SDDCs are distinctly related to the occurrence of each evaluated
category (i.e.,, SVLD, non-SV LD, signalled non-LD, and non-LD)
namely by relying on computational linguistic methods. Additionally,
it would be interesting to explore potential inter-individual differences
in the effectiveness of various sensory modalities, as well as to examine
how different levels of stimulus saliency influence the induction of
dream lucidity and the corresponding SDDCs.

In our study, some subjective reports described the sensory
stimulation procedure as more detrimental than beneficial to the lucid
experience. Paradoxically, one of the clearest examples of this coincided
with the longest recorded SVLD episode of the entire study: "I decided
to fly a lot. [...] I perceived all [the stimuli], in a very vivid way. [...] They were
almost annoying, in the sense that every time a stimulus arrived, it seemed as
if I had to learn to fly again. As if they were bringing me back to reality".
Instead, others explicitly noted the positive impact of cueing on
initiating and maintaining lucidity: “As long as [the stimuli] were there,
they helped me maintaining the thought of telling myself 'It's a dream’. Then 1
lost them [the stimuli], so I started thinking 'Wait, then it has to be real [the
experience] ...”. These examples underscore the considerable variability
in LD phenomenology, SDDCs, and awareness of external stimuli
during dreaming.

Despite this variability, sensory cues have demonstrated clear
potential to initiate and sustain objective lucidity, independent of
subjective appraisal. We propose that the extent to which conscious
subjective experiences are influenced by sensory stimulation may
depend on the stability of sleep, suggesting that cueing is most effective
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as a lucidity reminder when sleep is properly consolidated. Conversely,
if sleep stability is compromised, cue perception may lead to arousal
rather than lucidity. Comparing factors such as the presence of
microarousals, arousal thresholds, the proportion of phasic and tonic
REM, and subjective sleep depth ratings in relation to different SVLD
content and durations could offer valuable insight into the factors that
contribute to successful sensory cueing.

Interestingly, our cueing protocol has also shown promise for
the objective assessment of sensory perception and conscious
processing during sleep outside of lucidity. The present findings
demonstrated the possibility to trigger stimulus-induced behavioural
responses in both lucid and non-lucid REM sleep, thereby opening new
avenues for the field of dream engineering, which currently lacks
reliable methods for tracking SDDCs. In this context, cueing techniques
emerge as valuable tools for the objective investigation of the
determinants of stimulus permeability during sleep and dreaming,
beyond the confines of lucidity.

3.4.3. Limitations and Future Prospects

This study demonstrated the effectiveness of a novel lucidity induction
technique using a recently developed open-source dream engineering
toolbox with minimal sensing systems. Our goal was to present a
comprehensive, ready-to-use lucid dream induction ‘package’ —
comprising an easily implementable induction protocol, minimal
technical equipment, and the necessary software environment —to
illustrate the feasibility of achieving objective lucidity without the need
for complex setups or cumbersome experimental methods. However,
this approach was not without limitations.

The current design did not allow for a clear assessment of the
individual contributions of SSILD training and sensory cueing on lucid
dream induction. To address this, future studies should include a
control condition without pre-sleep SSILD training or REM cueing to
determine whether the high induction rates observed in the sham
condition were due to the combined sensory-cognitive training during
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wakefulness, or if other factors inherent to the protocol (e.g., the sleep
laboratory environment, participation in a lucid dream study, early-
morning napping, etc.) contributed to our findings. The trend-level
higher incidence of SVLD during the first nap session compared to the
second may suggest an effect of the novelty of the experimental setting
or the influence of the first-night effect (Tamaki & Sasaki, 2019) on the
ability to attain dream control and maintain environmental awareness,
although these interpretations remain speculative. Moreover, it would
be interesting to investigate the effects of laboratory incorporations on
the incidence of lucidity, as these have been related to ‘meta-dreaming’
and sensory incorporation (Picard-Deland, Nielsen, et al., 2021),
potentially facilitating the occurrence of dream awareness.

Furthermore, the use of EEG wearables for sleep recordings
brings several challenges, particularly in terms of the resolution of
physiological measurements. The ZMax device, for instance, lacks
occipital EEG channels, which can hinder the detection of alpha band
fluctuations, complicating the distinction between N1 sleep and
wakefulness and potentially affecting accurate arousal detection.
Moreover, the limited number of frontal channels, which are also used
to detect ocular activity, restricts the ability to conduct in-depth
spectral analyses.

Despite these limitations, general EEG-based sleep metrics
were reliably extracted from the data. These metrics indicated a longer
total sleep period time —defined as the duration from the first to the last
period of sleep —and a lower proportion of N2 relative to total sleep
time in REM cued sessions compared to sham sessions. This
discrepancy may be attributed to longer intermediate nap interruptions
due to more extensive dream interviews when SVLDs were reported,
which occurred more frequently during cued sessions. Even so, since
no differences in REM sleep metrics were observed between conditions,
these effects are unlikely to have significant implications for the
validity of our findings.

Remarkably, the minimalistic design of the employed system
enables the possibility of home-based study replications, offering a
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more natural sleep environment and thereby enhancing external
validity. However, conducting a study outside the laboratory would
necessitate further automation improvements. These would require the
development of reliable automatic arousal detection algorithms capable
of adjusting stimulus intensity based on real-time brain activity and
individual arousal thresholds. Additionally, more accurate real-time
autoscoring models would be needed to reliably identify REM sleep.
Lastly, while most existing studies on sensory stimulation for LD
induction have used open-loop techniques (Antony et al., 2022;
Esfahani, Farboud, et al., 2023), future research could benefit from
adopting closed-loop stimulation approaches that take into
consideration the temporal dynamics of the EEG signal to enhance the
effectiveness of the sensory cueing (Harrington et al., 2021).

In terms of methodological quality, our study was evaluated as
moderate (20/25), aligning with much of the existing literature, which
generally ranges from poor to moderate quality (Stumbrys et al., 2012;
Tan & Fan, 2022). This underscores the imperative for heightened
scientific rigor to advance the field —an issue we aim to address by
aggregating data from the three laboratories involved in this multi-
centre research project. This strategy will substantially increase the
sample size to 60 participants, positioning it as the most extensive
laboratory-based LD study conducted to date, thereby enhancing both
the statistical robustness and generalisability of our findings.

Finally, concerns have been raised regarding the potential
adverse effects of lucid dreaming. Frequent LD may, in some cases,
disrupt sleep hygiene, blur the boundaries between wakefulness and
sleep, and lead to restlessness or sleep paralysis (Ableidinger &
Holzinger, 2023; Soffer-Dudek, 2020). Yet, recent evidence suggests that
lucidity itself does not negatively impact sleep quality (Ribeiro et al.,
2020; Schadow et al., 2018; Schredl et al., 2020; Stocks et al., 2020;
Stumbrys, 2021). Instead, the risks seem to be associated with
unsuccessful LD induction attempts. This highlights the critical need
for developing effective LD induction techniques that minimize
potential risks while maximizing benefits. Our study contributes to this
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effort by advancing the development of more reliable, adaptable, and
practical methods for LD induction that can be applied across various
settings, from everyday life to research and clinical practice.
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Chapter 4.

Stimulus-Dependent Variations in Aperiodic
EEG Activity and Their Relation to Subjective
Experiences During Sleep

4.1. Introduction

Sleep has long been considered a state of disconnection from the
environment due to the concurrent lack of behavioural responsiveness
to external stimuli (Andrillon & Kouider, 2020; Carskadon & Dement,
1989). However, this unawareness does not imply the absence of
consciousness, since reports of subjective experiences that we refer to as
dreams are observed throughout all stages of sleep (Nir & Tononi,
2010; Siclari et al., 2017). While the content of such conscious
experiences is mainly spontaneously internally originated, often
paralleled to hallucinatory activity (Waters et al., 2016), it has been
shown that dreams may also be influenced by external information (see
Chapter 2). Therefore, our brain seems able to monitor and process
environmental cues even while remaining deep asleep.

At the neural level, stimulus-dependent activation patterns can
be observed in the EEG during sleep, typically manifesting as evoked
oscillatory activity or event-related potentials in response to external
stimulation (Bastuji et al., 1995; Blume et al., 2017, 2017, 2018, 2018;
Halasz, 2005; Hayat et al., 2022; Kouider et al., 2014; Legendre et al.,
2019, 2022; Nir et al., 2013; Perrin et al., 1999; Portas et al., 2000; Strauss
& Dehaene, 2019; Wislowska et al., 2022). NREM sleep hallmarks have
also repeatedly been shown to track external sensory stimuli. For
instance, spindle activity increases shortly after auditory, visual, or
somatosensory stimulation in modality-specific cortical regions (Cote et
al., 2000; Sato et al., 2007); oscillating white noise can entrain slow and
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fast spindles in frontal and parietal regions, respectively (Antony &
Paller, 2016); and power in several frequency bands including delta,
theta, alpha and sigma seem to be modulated in a saliency-dependent
manner (Ameen et al., 2022; Blume et al., 2017, 2018; C. Chen et al.,
2016; Legendre et al., 2019).

However, the most prominent response to sensory stimuli
during sleep remains the evoked K-complex (eKC), a slow wave shortly
following an initial positive response over modality-dependent
primary sensory areas, characterised by a very large global cortical
negative-to-positive deflection with maximal amplitudes in
frontocentral regions (Bastuji & Garcia-Larrea, 1999; Colrain, 2005;
Halasz, 2005, 2016; Laurino et al., 2014, 2019; Riedner et al., 2011).
Importantly, eKCs seem to be a key element in the selective processing
of relevant information during NREM sleep, being associated with
other sensory-dependent EEG changes such as micro-arousals,
spindles, or variation in low- or high-frequency activity (Ameen et al.,
2022; Forget et al., 2011; Latreille et al., 2020).

The role of K-complexes (KCs) in sleep is still debated, with
evidence pointing on one side to a sleep-protective, sensory-quenching
role (Bastien et al., 2000; Blume et al., 2017, 2018; Campbell et al., 2005;
Cash et al., 2009; Forget et al., 2011; Laurino et al., 2014), and on the
other, to an arousal-promoting, sensory processing function (Ameen et
al., 2022; Koroma et al., 2022; Legendre et al., 2019; Perrin et al., 1999).
This long-standing interpretative ambivalence is consistent with the
understanding of the sleeping brain’s responsiveness to external
stimuli as a state of ‘standing sentinel,” allowing to monitor potential
danger while gating irrelevant information that could disrupt rest
(Andrillon & Kouider, 2020).

Most previously reported evidence is based on the evaluation
of stimulation-dependent oscillatory changes in the EEG signal,
typically computed within canonical fixed-frequency bands (Capilla et
al.,, 2022; Cole & Voytek, 2017). However, neural oscillations exhibit
significant variation in peak frequencies both within and between
individuals and brain regions (Klimesch, 1999; Lansbergen et al., 2011;
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Saad et al., 2018; Watrous & Buchanan, 2020). Consequently, commonly
used frequency range boundaries remain arbitrary and potentially sub-
optimal, hindering comparability and complicating interpretation
(Donoghue, Dominguez, et al., 2020).

Importantly, the EEG signal reflects complex neural
interactions beyond rhythmic oscillatory patterns. Its spectrum is
characterised by a 1/f-like power-law decay, indicating a continuous
decline in power from low to high frequencies (Donoghue, Haller, et
al., 2020; He, 2014; He et al., 2010). The exponent of this power-law
distribution expresses the steepness of the slope of the power spectrum
when plotted on a log-log scale. This fitted line is referred to as the
aperiodic slope, representing the spectral power decay rate across
frequencies and corresponding to non-oscillatory background activity
(Ahmad et al., 2022; Podvalny et al., 2015). However, typical frequency
band analyses sometimes fail to isolate oscillatory activity from this
background, conflating the two and potentially leading to
misinterpretation of the data (Cellier et al., 2021; Donoghue,
Dominguez, et al., 2020; Donoghue, Haller, et al., 2020; Donoghue &
Watrous, 2023; Finley et al., 2022; Ouyang et al., 2020; Schneider et al.,
2022; Thuwal et al., 2021; Trondle et al., 2022).

The functional relevance of the background aperiodic
component of the EEG has long been overlooked, often attributed to
random noise. However, seminal computational work proposed that
aperiodic spectral slopes reflect the balance of excitatory and inhibitory
activity (E/I ratio), with high-frequency aperiodic slopes becoming
steeper with increased inhibition and flatter with more excitation (R.
Gao et al., 2017). Recognizing the biological significance of neuronal
background activity has brought great ferment to the field, leading to
substantial interest in aperiodic EEG activity in recent years (e.g.,
(Helfrich et al., 2021; Lendner et al., 2020; Lombardi et al., 2017; Medel
et al., 2023; Voytek & Knight, 2015; Waschke et al., 2021). Studies have
shown that the aperiodic EEG component varies with age and
development (Favaro et al., 2023; Hill et al., 2022; Schaworonkow &
Voytek, 2021; Voytek et al., 2015), gender (Kozhemiako et al., 2022), and
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cognitive and behavioural performance (Bueren et al., 2023; Euler et al.,
2024; He et al., 2010; Hohn et al., 2024; Immink et al., 2021; Ouyang et
al.,, 2020; Pathania et al., 2021; Pi et al., 2024; Podvalny et al., 2015;
Virtue-Griffiths et al., 2022), while demonstrating high within-subject
reliability (Demuru & Fraschini, 2020; Kozhemiako et al., 2022).

Aperiodic slopes have shown promise in distinguishing clinical
populations from healthy controls and even differentiating between
distinct medication regimes within the same diagnosis in conditions
such as schizophrenia (Peterson et al., 2023), attention-
deficit/hyperactivity disorder (Arnett et al., 2022; Karalunas et al., 2022;
Ostlund et al., 2021; Pertermann et al., 2019; Robertson et al., 2019),
autism (Manyukhina et al., 2022), Alzheimer’s disease (Martinez-
Cafiada et al., 2023), and multiple sclerosis (Akbarian et al., 2023).
Remarkably, some of these studies suggest that aperiodic-based
methods may even outperform traditional narrow-band frequency
analyses in characterising individual traits (Demuru & Fraschini, 2020;
Peterson et al., 2023).

Aperiodic activity also appears to vary significantly across
different states of consciousness and arousal, as evidenced by its
modulation during anaesthesia (Colombo et al., 2019; Lendner et al.,
2020; Waschke et al., 2021; Y. Zhang et al., 2023) and disorders of
consciousness (Alnes et al., 2021; Colombo et al., 2023; Maschke et al.,
2023). Notably, aperiodic slopes exhibit spontaneous fluctuations
across the sleep-wake cycle (Ameen et al., 2024; Bédizs et al., 2021;
Favaro et al., 2023; Hohn et al., 2024; Horvath et al., 2022; Lendner et al.,
2020; Miskovic et al., 2018; Rosenblum et al., 2022, 2024; Schneider et
al.,, 2022). During wakefulness, the aperiodic slope is generally flat,
reflecting a more complex and dynamic neural landscape. In contrast,
the slope steepens during NREM stages, reflecting increasingly
synchronised neural activity (Lendner et al., 2020; Schneider et al.,
2022), often accompanied by scarcer and rather simple conscious
experiences (Siclari et al., 2013).

During REM sleep —a state characterised by vivid perceptual
conscious experiences (Siclari et al., 2013) and high subjective sleep
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depth (Stephan et al., 2021) —the aperiodic slope tends to flatten toward
wakefulness levels when considering low (upper boundary < 30 Hz;
Alnes et al., 2024; Rosenblum et al., 2024) and broadband frequency
ranges (Ameen et al., 2024; Hohn et al., 2024; Miskovic et al., 2018;
Schneider et al., 2022) but becomes even steeper for higher frequencies
(30-45 Hz in Hohn et al., 2024; Kozhemiako et al., 2022; Lendner et al.,
2020; 20-40 Hz in Alnes et al., 2024). Interestingly, this progressive
steepening of the high-frequency slope from wakefulness to NREM and
REM sleep is accompanied by parallel changes from low to high
subjective sleep depth (Stephan et al., 2021).

Moreover, aperiodic slopes have been shown to differ
significantly between individuals with chronic insomnia —including
sleep state misperceptors, who report abnormally low subjective sleep
depth (Stephan et al., 2021) —and healthy sleepers, with the former
presenting flatter slopes during NREM compared to controls
(Andrillon et al., 2020). These findings collectively suggest a possible
link between the aperiodic slope and subjective sleep measures, such as
sleep depth or sleepiness (Chatburn et al., 2024), both between and
within sleep stages. However, these associations still require
confirmation through empirical evidence.

Given these state-dependent variations, the potential of the
aperiodic slope as an indicator of different levels of arousal and
consciousness during sleep is particularly compelling. However,
aperiodic slopes have predominantly been used to measure
spontaneous brain activity. Their capacity to reflect changes in brain
activity in response to external stimulation —and how these changes
relate to subjective experience —remains largely unexplored.

This knowledge gap provides a strong rationale for the present
study, which aimed to probe the effects of external stimulation on
NREM sleep by measuring stimulus-dependent variations in the
aperiodic slope and how these could, in turn, predict subsequent
subjective reports. To do so, we first examined the effects of auditory,
tactile, and visual stimulation events on the aperiodic slope in different
frequency ranges (low: 0.5-30, high: 30-45, broadband: 0.5-45 Hz) and
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scalp locations (Fz, Cz, Pz, Oz). Then, we evaluated how such event-
related aperiodic slope variations (AS) related to subjective experiences,
namely the recall and content of conscious experiences (i.e., dreams),
and subjective ratings of sleep depth and sleepiness upon awakening.
In a more exploratory way, we assessed the characteristics of the eKC
to probe any potential mediating effect they could have on the
relationship between AS and the reported subjective experiences.

4.2. Methods

4.2.1. Experimental Protocol
4.2.1.1. Participants

We collected data from 25 healthy adults aged 18 to 40 (m =27.7 +4.53
years; 12 females). The following inclusion criteria were applied: right-
handedness, Italian as native speaking language, regular sleep-wake
patterns, intermediate chronotype, 6 to 9 hours of nightly sleep, no
diagnosed sleep-related or other pathological conditions affecting brain
function or behaviour. We excluded individuals with neurological,
psychiatric, or neurodegenerative diseases, sleep disorders, a history of
substance abuse, contraindications to MRI, recent COVID-19 symptoms
or exposure, and pregnancy or breastfeeding. All participants provided
informed consent and were requested to abstain from alcohol and limit
caffeinated beverage consumption before noon on experimental days to
minimise potential confounding effects on sleep quality. The study was
approved by the joint local ethical committee of Scuola Superiore
Sant’Anna and Scuola Normale Superiore.

4.2.1.2. Study Design

Participants completed four non-consecutive overnight sleep sessions
at the laboratory following a serial awakening paradigm. We measured
high-density EEG (256 channels) with additional bodily sensors to
record comprehensive PSG data, including EOG, EMG, ECG, and
respiratory activity. Sleep-wake patterns during the study were
controlled by continuous actigraphy measurement (MotionWatch 8,
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MotionWare, Camntech, UK), starting 7 days before the first session
and continuing until the last experimental session.

Each overnight session consisted of a waking resting-state
period with closed eyes, followed by a sleep period during which
auditory, vibrotactile, or visual stimuli were presented at pseudo-
random intervals during NREM sleep. Stimulation was followed by an
awakening whenever a KC was evoked. In particular, the alarm sound
was played 4 to 6 seconds after the sensory stimulus if a potential eKC
was visually identified by the experimenter. Sham trials involved
awakening without prior stimulation. Each night included 6 to 12
awakenings following a pseudo-randomized order concerning the
stimulated modality. Upon awakening, participants were asked to
report their last subjective experience (if any) and were probed using a
standardised pre-recorded questionnaire assessing several aspects of
the recalled experience.

4.2.1.3. Sensory Stimulation Procedure

Sensory stimulation was performed after at least 10 minutes of stable
NREM sleep. The order of stimulation modalities was pseudo-
randomized within each night, and attempts were made to balance the
number of stimulations for each modality across nights. For cases
where the stimulation was not followed by a visually detected KC, the
same modality was stimulated after a waiting period of at least 2
minutes. If no eKC was detected the second time, a different modality
was stimulated after a waiting period of at least 2 minutes.

All stimuli had a fixed duration of 50 ms with a single
repetition. Auditory stimuli were 1000 Hz pure tones (50 ms duration,
including a 5 ms ramp-up and 5 ms ramp-down) delivered binaurally
through stereo in-ear headphones (Maxrock, Guangdong, China) at a
stable intensity level of 40 dB. Tactile stimuli were 80 Hz mechanical
vibrations applied to the right index fingertip via an electromagnetic
solenoid-type vibrotactile stimulator (Tactor, Dancer Design, Ingleton,
UK) connected to a four-channel amplifier (Tactamp, Dancer Design,
Ingleton, UK). Visual stimuli consisted of a 50 ms red light flash
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delivered through two LED lights (FL1P-8QW-2-R12V, Mallory Sonalert
Products Inc., IN, US). These LEDs were integrated into a custom-made
sleep mask, positioned bilaterally in 8 mm cutouts centred above the
eyes, emitting light with a wavelength of 622 nm at an intensity level of
1500 millicandela and a 35° viewing angle.

4.2.1.4. Subjective Reports Upon Awakening

Upon experimental awakening, participants were prompted by a pre-
recorded vocal message to orally report any conscious experiences (i.e.,
dreams) they could recall from the time immediately preceding the
alarm. Participants first indicated whether they could recall an
experience and, if so, were asked to provide a detailed description of it
(contentful dream, CD). If an experience was recalled, participants were
then asked to rate the type of conscious content (thought-like vs.
perceptual) on a 5-point Likert scale. Several other dream dimensions
were evaluated as part of the protocol, including vividness,
bizarreness, awareness of the dream state (i.e., lucidity), emotional
valence and intensity, and completeness and accuracy of the recall, but
were not considered in the present study. If participants did not recall
any experience, they were asked to report whether they had the
impression of having had an experience without being able to recall it
(white dream, WD) or not having had any experience at all (no dream,
ND).

Regardless of the presence and type of conscious content
report, participants were asked to rate their sleep depth level
immediately before awakening using a 5-point Likert scale from 1
(feeling fully awake) to 5 (feeling deeply asleep), as well as their
sleepiness levels upon awakening, using a 5-point Likert scale from 1
(very low) to 5 (very high).

4.2.2. EEG Data
4.2.2.1. PSG Recordings

Overnight high-density EEG was recorded using the actively shielded
eego™ mylab system (ANT Neuro, The Netherlands) with 256-
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electrodes waveguard™ original caps (ANT Neuro, The Netherlands).
Electrode impedances were maintained below 20 kQ. Data were
collected using the eego™ mylab software package (ANT Neuro, The
Netherlands), with a 500 Hz sampling rate. The EEG recording was
extended with electrooculogram, electromyogram, electrocardiogram,
and respiratory belt recordings. Sleep stages were scored according to
the American Academy of Sleep Medicine criteria (Berry et al., 2017) by
expert sleep scorers.

4.2.2.2. Data Pre-processing

Recordings were segmented into 6-minute epochs preceding each
awakening, and only NREM-scored epochs were kept for further
analysis. Data segments were pre-processed using a custom, semi-
automated pipeline developed in MATLAB (The Matworks) and based
on the EEGLAB toolbox (version 2021.0; Delorme & Makeig, 2004). Line
noise was removed using ZapLine toolbox (de Cheveigné, 2020), while
noisy channels were identified and excluded using the PREP pipeline's
findNoisyChannels wrapper function (Bigdely-Shamlo et al., 2015).
Artifacts were reduced via independent component analysis (ICA;
runica function): a duplicate of the raw data was filtered between 0.5
and 45 Hz (pop_eegfiltnew function), and a principal component analysis
for dimensionality reduction was performed on it, keeping only the
first 150 components. The ICLabel plugin (Pion-Tonachini et al., 2019)
was then applied to the extracted independent components (IC). Those
classified as ‘brain” with a probability above 25%, or with a brain-to-
noise ratio (based on the first non-brain IC) above 0.80 were kept.
Selected ICs were confirmed or modified after visual inspection by
expert scorers. Finally, ICA weights and IC indices were applied to the
original, unfiltered recording, and bad channels were interpolated
using spherical splines (pop_interp function).

4.2.2.3. Slow Wave Detection

For each trial, slow waves were automatically detected following
methods similar to those described by Avvenuti et al. (2020). First, the
EEG recordings were filtered between 0.5 and 40 Hz and re-referenced
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to the average of the two mastoid electrodes. Then, a negative-going
signal envelope was calculated by computing, for each time-point, the
average of the three most negative samples (across electrodes) after
exclusion of the most negative value. This computation was restricted
to a subset of 191 electrodes, excluding those covering the neck and
cheeks, to minimise the inclusion of residual artefactual high-
amplitude signal changes. Finally, the signal envelope was filtered
between 0.5 and 4 Hz) before applying a slow-wave detection
procedure based on half-wave zero-crossings (Siclari et al., 2014;
Vyazovskiy et al., 2007). We selected negative half-waves with a
duration between 0.25 and 1.25 seconds.

While the negative-going signal envelope allows the detection
of potential slow waves regardless of their amplitude and scalp
location, the signal may become very different from the one recorded at
the level of individual electrodes. For this reason, slow waves were
detected also at the level of individual channels and, for each slow
wave detected on the envelope signal, we identified the channel in
which the largest corresponding temporally overlapping slow wave
was found. For this ‘representative wave’, we extracted the overall
negative amplitude (in microvolts, uV) and the lag relative to the
stimulation event (in seconds).

4.2.2.4. Trial Selection

Our trials consisted of data segments that included the 4 seconds
immediately preceding and the 4 seconds immediately following the
stimulation (or sham) events. For this study, only trials where the N2
sleep stage was confirmed by sleep scoring were included in the
analysis. Additionally, only trials with more than 4 seconds between
the event and the alarm sound were retained.

For stimulation trials to be considered valid, the detected slow
wave parameters needed to meet specific criteria: there had to be a lag
between the stimulus onset and the maximum negative peak of 0.25 to
1.75 seconds, and a negative amplitude of at least 20 uV. These
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thresholds were applied to avoid including spurious or non-evoked
brain activity as stimulus responses.

4.2.2.5. Aperiodic Slope Extraction

The spectral features of our pre-processed EEG data were extracted
following the methods from Rosenblum et al. (2020). Specifically, the
signal was decomposed into its aperiodic and oscillatory components
using the irregularly resampled auto-spectral analysis (IRASA; Wen &
Liu, 2016)toolbox implemented in FieldTrip (revision 20230118;
Ostenveld et al., 2011). We applied the ft_freganalysis function with
cfg.method = "irasa’ to the data segments, with cfg.output = 'fractal’ to
extract the aperiodic component. The aperiodic component was then
transformed to log-log coordinates using standard least-squares
regression, where the slope of the line was calculated as the power-law
exponent estimation. Aperiodic slopes were computed for all measured
EEG channels in three distinct frequency ranges: low (0.5-30 Hz), high
(30-45 Hz), and broadband (0.5-45 Hz).

Slope variations (AS) relative to the stimulation event were
calculated by subtracting the absolute value of the aperiodic slope in
the 4 seconds following the stimulation event from the absolute value
of the aperiodic slope in the 4 seconds preceding the stimulation event.

AS = |Aperiodic slope pre-event| — |Aperiodic slope post-event|

We computed AS for all channels in all frequency bands. To
ensure coherence in further interpretation, instances for which the
slope was positive either in the pre-event or post-event period were
omitted, i.e., 16 out of 11,064 (922 trials * 3 frequency bands * 4
channels) = 0.15% excluded values. Therefore, positive AS indicated a
post-event steepening of the slope, whereas negative AS indicated a
flattening.
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4.2.3. Statistical Analyses

We investigated the effect of sensory stimulation on AS by pooling
across stimulation trials (stimulation vs. sham) and by examining
potential AS differences between various modalities (auditory, visual,
tactile, and sham). Statistical analyses focused on AS within three
selected frequency ranges (low, high, and broadband) using data from
four midline electrodes representative of the frontal (Fz, channel Z4Z),
central (Cz, channel Z97), parietal (Pz, channel Z13Z), and occipital
(Oz, channel Z18Z) regions. To control for multiple comparisons, we
applied the Bonferroni correction, setting the significance threshold at p
=0.0042 (0.05 / [3 frequency bands * 4 channels]).

Depending on the results of the Shapiro-Wilk test for
normality, we employed either paired t-tests or Wilcoxon signed-rank
tests to compare AS in stimulation trials (pooled or for each modality)
against the sham condition, and between different stimulation
modalities, averaged per subject. Raincloud plots were generated with
the dplyr (version 1.1.4; Wickham et al., 2023), ggplot2 (Wickham, 2016),
ggpubr (version 0.6.0; Kassambara, 2023), and ggpp (version 0.5.7;
Aphalo, 2024) packages in R (version 4.4.0; R Core Team) within the
RStudio integrated development environment (version 2023.06.0;
RStudio Team).

We investigated the relationship between conscious
experiences and AS using generalised linear mixed models (GLMMs) in
MATLAB (R2022b, version 9.13). These models included AS and time of
the night as predictors, while controlling for night order and subject as
random effects. Conscious experience categories (CD, WD, ND) were
evaluated through pairwise comparisons (CD vs. ND, CD vs. WD, WD
vs. ND), modelled as dichotomous outcomes with a binomial
distribution (Content recall ~ AS + Time of night + 11 Night + 1| Subject).

The relationship between subjective reports (type of conscious
content, sleep depth, sleepiness) and AS was assessed using cumulative
link mixed models (CLMMs) with the ordinal package (version 2023.12-
4; Christensen, 2023) in R. This method allowed us to model ordinal
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outcomes, such as subjective ratings on 5-point Likert scales, including
fixed effects (AS and time of the night) and random effects (night order
and subject), akin to the GLMMSs (Subjective rating ~ AS + Time of night +
11Night + 11 Subject). Before fitting the CLMMs, fixed effect variables
were standardised (m = 0, std = 1) to optimise model convergence and
improve the comparability of estimated coefficients.

To assess potential modality-dependent differences in eKCs
and determine the degree to which slope variations represent a non-
redundant informative marker of the subjective experiences reported
upon awakening, we set out to exclude the possibility that these
variations were mediated by the presence of the eKC. Therefore,
whenever AS showed significant effects on subjective reports, we
included the negative amplitude of the eKC as an additional predictor.
This allowed us to compare outcomes from models with and without
factoring in the eKC, enabling us to detect potential mediation effects.

4.3. Results

Of the 922 collected trials, 852 were scored as N2 sleep stage (70 trials
excluded; 7.59%). Of these, 777 trials included at least 4 seconds
between the stimulation event and the alarm sound (75 trials excluded;
8.8%). When applying slow-wave detection thresholds to the remaining
548 stimulation trials, 491 showed the maximum negative peak
between 0.25 and 1.75 seconds after the stimulation event (57 trials
excluded; 10.4%). Of these, 482 trials exhibited a maximum negative
peak of at least 20 puV (9 trials excluded; 1.83%). Overall, 711 trials were
retained for further analysis: 214 trials (23.35%) involved auditory
stimulation events, 166 trials (23.35%) involved tactile stimulation
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events, 102 trials (14.35%) involved visual stimulation events, and 229
trials (32.21%) involved sham events (Figure 13).

uoLB[NUIS
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[ Collected ( N2 trials Y ( z4sechetween | [ Slow-wave detected | | Tactile N=166 - 4!
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Figure 13. Trial selection procedure.

4.3.1. Stimulus-Dependent Aperiodic Slope Variations

We plotted the topographical distribution of AS for all evaluated
modalities (Figure 14) and performed pairwise statistical comparisons
for selected channels to assess potential differences across stimulation
modalities. To enhance readability, detailed results are provided in
forms of tables reporting descriptive and inferential statistics.
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Figure 14. Topographical distribution of the slope variation relative to the stimulation

event (AS) for different stimulation modalities.

Stimulation values were computed by averaging across auditory, visual, and tactile trials.
Positive differences denote a post-event steepening of the slope following a red gradient,

while negative differences indicate a flattening following a blue gradient. Black dots
indicate electrodes of interest.
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4.3.1.1. Comparison Between Stimulation and Sham Conditions

When pooling across stimulation trials, we found a significant increase
in AS compared to the sham condition in the high-frequency band for
all evaluated channels. When considering the low and broadband
frequency ranges, a significant increase in AS was observed at all
channels but Cz (Table 1).

Frf'grl:z:cy CEfniel Stimﬁlsation Sl?asm Statistics P-value
Low Fz 0.35+0.21 0.07+0.11 | t(24)=6.73 | 5.78E-07 *
Low Cz 0.14+0.21 0.03+0.12 | t(24)=2.15 | 4.16E-02
Low Pz 0.19+£0.23 | 0.03+£0.12 | t(24)=3.29 | 3.08E-03 *
Low Oz 0.31+0.21 0.07+0.08 | t(24)=5.72 | 6.89E-06 *
High Fz 0.58+0.25 | 0.05+£0.22 | t(21)=9.64 | 3.70E-09 *
High Cz 0.56+0.23 | 0.08+0.19 | t(22)=8.45 | 2.35E-08 *
High Pz 0.55+0.23 | -0.03+0.23 | t(22)=9.41 | 3.60E-09 *
High Oz 031+0.25 | 0.06+0.18 | t(21)=5.00 | 5.94E-05 *

Broadband Fz 0.42+£0.21 0.07+0.10 | t(24)=7.88 | 4.08E-08 *

Broadband Cz 0.19+0.19 | 0.04+0.13 z=2.54 1.10E-02

Broadband Pz 024+0.22 | 0.03+£0.10 | t(24)=4.82 | 6.64E-05 *

Broadband Oz 0.31+0.20 | 0.07+0.08 | t(24)=5.90 | 439E-06 *

Table 1. Stimulus-dependent aperiodic slope variation comparison (AS) between

stimulation (pooled) and sham trials for all evaluated frequency ranges and channels.

Low frequency: 0.5-30 Hz; High frequency: 30-45 Hz; Broadband: 0.5-45 Hz. AS values
correspond to m + std. * statistical significance at Bonferroni-corrected threshold (p <
0.042)
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Then, we compared AS in trials from each specific sensory
modality to sham trials (Figure 15). Auditory stimulation resulted in a
significant increase in AS in the high-frequency band for all evaluated

channels. When considering the broadband frequency range, a

significant increase in AS was observed only in Fz. In the low-

frequency band, no significant differences were observed in any of the

evaluated regions (Table 2).

Frf'grlllzlelcy CE::niel Au(?i?ory Sl?asm Statistics P-value
Low Fz 027+0.42 | 0.07+0.11 | t(24)=2.43 | 2.30E-02
Low Cz -0.03+0.34 | 0.03+0.12 | t(24)=-0.85 | 4.02E-01
Low Pz 0.09 £0.41 0.03+£0.12 | %(24)=0.79 | 4.36E-01
Low Oz 0.20+0.40 | 0.07+0.08 z=155 1.22E-01
High Fz 0.75+£0.36 | 0.05+0.22 | t(21)=9.57 | 4.20E-09
High Cz 0.69+0.28 | 0.08+0.19 | t(23)=9.95 | 8.33E-10
High Pz 0.74+0.32 | -0.03+0.23 | t(22)=9.50 | 3.03E-09
High Oz 0.47 +£0.33 0.06£0.18 | t(21)=6.28 | 3.17E-06

Broadband Fz 037+042 | 0.07+0.10 | t(24)=3.59 | 1.48E-03

Broadband Cz 0.05+0.35 0.04+0.13 | t(24)=0.23 | 8.17E-01

Broadband Pz 0.18+0.40 | 0.03+0.10 | t(24)=1.90 | 6.92E-02

Broadband Oz 0.24+0.38 | 0.07+0.08 z=2.25 2.47E-02

Table 2. Stimulus-dependent aperiodic slope variation comparison (AS) between

auditory and sham trials for all evaluated frequency ranges and channels.

Low frequency: 0.5-30 Hz; High frequency: 30-45 Hz; Broadband: 0.5-45 Hz. AS values
correspond to m =+ std. * statistical significance at Bonferroni-corrected threshold (p <

0.042)
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Figure 15. Distribution of stimulus-dependent aperiodic slope variation (AS) across all

evaluated channels and frequency bands for different stimulation modalities in comparison

to sham.

Low frequency: 0.5-30 Hz; High frequency: 30-45 Hz; Broadband: 0.5-45 Hz.

* statistical significance at Bonferroni-corrected threshold (p < 0.042)
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Tactile stimulation was associated with a significant AS
increase relative to sham for all evaluated frequencies and regions.
Significant differences were observed in all channels of interest for the
low and the broadband frequency ranges, and for all but Oz in the high
frequency range (Table 3).

Friggzcy Cffn(l;lel TaAcfile Sl?asm Statistics | P-value
Low Fz 0.43+0.19 0.07 £0.11 t(24)=8.87 | 4.90E-09 *
Low Cz 0.25+0.19 0.03+0.12 t(24)=4.87 | 5.72E-05 *
Low Pz 0.27 +0.19 0.03+0.12 t(24)=5.30 | 1.93E-05 *
Low Oz 0.42 +0.20 0.07 £0.08 t(24)=8.29 | 1.68E-08 *
High Fz 0.44 +0.27 0.05+0.22 t(23)=5.54 | 1.24E-05 *
High Cz 0.47 +£0.31 0.08+£0.19 z=4.00 6.33E-05 *
High Pz 0.45+0.28 -0.03£0.23 t(24)=6.71 | 6.18E-07 *
High Oz 0.16 £0.30 0.06 £0.18 t(24)=1.59 | 1.25E-01

Broadband Fz 0.45+0.19 0.07+0.10 t(24)=8.39 | 1.34E-08 *

Broadband Cz 0.28 +0.16 0.04 £0.13 t(24)=6.14 | 2.43E-06 *

Broadband Pz 0.29 +0.17 0.03+£0.10 t(24)=6.73 | 5.85E-07 *

Broadband Oz 0.37+0.20 0.07 +£0.08 t(24)=7.05 | 2.76E-07 *

Table 3. Stimulus-dependent aperiodic slope variation comparison (AS) between

tactile and sham trials for all evaluated frequency ranges and channels.

Low frequency: 0.5-30 Hz; High frequency: 30-45 Hz; Broadband: 0.5-45 Hz. AS values
correspond to m + std. * statistical significance at Bonferroni-corrected threshold (p <
0.042)
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Significant increases in AS were also observed in visual
stimulation trials relative to sham for all evaluated cases. Significant

differences were observed for all selected channels and frequency
ranges (Table 4).

Frig:;cy CEfn(I;lel V;:lslal sﬁasm Statistics | P-value
Low Fz | 043023 | 0.07+0.11 | (24)=683 |4.58E-07
Low Cz | 030£020 | 003£0.12 | t(24)=537 | 1.64E-05
Low Pz | 025+0.19 | 0.03£0.12 | t(24)=462 | 1.10E-04
Low 0z | 039021 | 0074008 | t(24)=6.63 |7.36E-07
High Fz | 048035 | 0.05+022 | t(23)=492 |5.71E-05
High Cz | 043+044 | 008019 | t(24)=353 | 1.72E-03
High Pz | 037+041 | -003£023 | t(24)=4.19 |3.28E-04
High 0z | 026033 | 006=0.18 | t(24)=343 |2.16E-03

Broadband | Fz | 0464022 | 0.07+0.10 | t(24)=7.56 |8.44E-08

Broadband | Cz | 035+0.18 | 0.04=0.13 | (24)=654 |9.16E-07

Broadband | Pz | 0.29+0.18 | 0.03£0.10 | (24)=5.78 | 5.86E-06

Broadband | Oz | 037+0.19 | 0.07+0.08 | t(24)=7.22 |1.86E-07

Table 4. Stimulus-dependent aperiodic slope variation comparison (AS) between

visual and sham trials for all evaluated frequency ranges and channels.

Low frequency: 0.5-30 Hz; High frequency: 30-45 Hz; Broadband: 0.5-45 Hz. AS values
correspond to m =+ std. * statistical significance at Bonferroni-corrected threshold (p <

0.042)
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4.3.1.2. Inter-Modality Comparisons for Stimulation Conditions

When comparing the different sensory modalities (Figure 16), auditory
trials showed larger AS compared to tactile and visual trials in several
conditions. Instead, no differences were observed between tactile and
visual trials. Significant outcomes are reported in Table 5 (see
Appendix III: Supplementary Table 1 for a comprehensive summary of
the outcomes for all evaluated comparisons).

Frequency | EEG

ASA | AST | ASV | Test Statistics P-value
range Channel

0.03 | 025 | 030 | A-T | t(24)=-554 1.08E-05

Low Cz + + +
0.34 | 0.19 | 0.20 | A-V t(24) =-4.69 9.17E-05

020 | 042 | 039
Low 0z + + + | AT | t(24)=-321 | 3.76B-03
0.40 | 0.20 | 0.21

0.75 | 0.44 | 0.48 | A-T t(22) =4.20 3.71E-04

High Fz + + +
036 | 0.27 | 035 | A-V | t(22)=3.27 3.47E-03

0.74 | 045 | 037 | A-T t(22) =4.57 1.50E-04

High Pz + + +
032 | 0.28 | 041 | A-V t(22) =3.99 6.23E-04

0.47 ] 0.16 | 0.26
High Oz + + + A-T z=3.62 2.95E-04
0.33 | 0.30 | 0.33

Broad 0.05 | 028 | 035 | A-T | t(24)=-4.16 | 3.50E-04

Cz + + +

band 035 | 0.16 | 0.18 | A-V | t(24)=-3.78 | 9.18E-04

Table 5. Significant comparisons of stimulus-dependent aperiodic slope variation (AS)

across sensory modalities.

Low frequency: 0.5-30 Hz; High frequency: 30-45 Hz; Broadband: 0.5-45 Hz. A: Auditory;
T: Tactile; V: Visual. AS values correspond to m + std. * statistical significance at
Bonferroni-corrected threshold (p < 0.042)
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Figure 16. Distribution of stimulus-dependent aperiodic slope variation (AS) across all
evaluated channels and frequency bands for each stimulation modality.

Low frequency: 0.5-30 Hz; High frequency: 30-45 Hz; Broadband: 0.5-45 Hz.
* statistical significance at Bonferroni-corrected threshold (p < 0.042)
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4.3.1.3. K-Complex Amplitude Variations Between Conditions

We explored potential modality-specific variations regarding KC
amplitudes. Significant differences in the KC negative amplitude were
observed across and between various stimulation modalities. However,
it is important to note that stimulation trials were selected based on the
presence and amplitude of the detected evoked slow wave (see Section
4.2.2.3). Moreover, many sham trials did not include spontaneous slow
waves, with only 13 subjects presenting at least one unthresholded
detected slow wave among their sham trials.

When comparing trials from all sensory modalities against
sham, stimulation trials exhibited significantly higher KC negative
amplitudes. Similarly, when examined modality-wise, each stimulation
modality resulted in significantly higher KC negative amplitudes
compared to sham (Table 6).

Sham

KC amplitude Modality eKC amplitude Statistics P-value

Stimulation 116.80 £27.77 t(12)=8.62 | 1.73E-06 *

Auditory | 129.12+3451 | t(12)=9.48 |6.32E-07 *
54.72 +16.37

Tactile 111.12 £ 35.49 w=091 2.44E-04 *

Visual 102.05 +33.18 t(12)=5.27 | 1.99E-04 *

Table 6. Comparison of slow-wave negative amplitudes across sensory modalities and
sham trials.

Slow wave negative amplitudes (KC and eKCs) values correspond to m + std (in pV).
(e)KC: (evoked) K-Complex. * statistical significance at Bonferroni-corrected threshold (p
<0.042)
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Comparing between stimulation modalities, auditory
stimulation resulted in significantly higher eKC negative amplitudes
relative to tactile and visual stimulation. Instead, no differences were
found between tactile and visual stimulation eKCs.

Test Statistics P-value
A-T t(24) =4.25 2.83E-04 *
A-V t(24)=3.34 2.72E-03 *
T-V t(24)=0.95 3.50E-01

Table 7. Statistical comparison of evoked K-complex (eKC) negative amplitudes across

different sensory modalities.

A: Auditory; T: Tactile; V: Visual. * statistical significance at Bonferroni-corrected
threshold (p < 0.042)

4.3.2. Subjective Experience as a Function of Stimulus-
Dependent Aperiodic Slope Variations

To understand the impact of AS on subjective experiences reported
upon awakening, we analysed the data using mixed-effects models,
including binomial GLMMs and CLMMs. In the case of CLMMs, the
coefficient estimates for each tested predictor correspond to normalised
fixed effect variables (see Section 4.2.3). Furthermore, we aimed to
assess the extent to which AS serves as a non-redundant and
informative marker for variations in subjective experiences upon
awakening. Therefore, whenever AS demonstrated significant effects
on subjective reports, we included the negative amplitude of the eKC
as an additional predictor to identify any potential mediation effects.
To enhance readability, we report only the outcomes related to the
fixed effects (i.e., AS and time of night), with detailed results provided
only when the effect of AS was significant.
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4.3.2.1. Conscious Experience Reports

4.3.2.1.1. Type of Conscious Reports

We investigated the relationship between variations in the type of
reported conscious experience upon awakening (i.e., contentful dream,
CD; white dream, WD; no dream, ND; see Table 8), AS, and the time of
night using binomial GLMMs. Conscious report categories were
modelled pairwise, with each computed model contrasting only two
categories at a time.

Conscious | Auditory | Tactile | Visual Sham Stimulation | TOTAL
Category
CDh 100 83 48 98 231 329
WD 59 55 21 75 135 210
ND 55 28 33 56 116 172
TOTAL 214 166 102 229 482 711

Table 8. Contingency table of trials by conscious report category across stimulation
modalities.

CD: Contentful Dream; WD: White Dream; ND: No Dream

In the comparison of CD and ND trials, the GLM identified a
significant effect of AS in the auditory modality for the high-frequency
band at electrode Cz (ASco: 0.44 + 0.74; ASnp: 0.99 + 0.87; p = 4.10E-04),
but not between WD (ASwp: 0.68 + 0.56) and ND, nor CD and WD trials.
To better understand the direction of this effect, we plotted the values
of the pre- and post-event aperiodic slopes (Figure 17). The graphical
interpretation of the aperiodic slope variation indicates that the effect is
due to a greater steepening of the slope in ND relative to CD trials.

123



4 n=100 n=>59 n=2>55
- 3
&~
@z
o
£1 =
1
=
1 Epoch (auditory)
® Pre-event
@ Post-event
0
CD WD ND

Type of Conscious Report

Figure 17. Aperiodic slopes before and after auditory stimulation events at Cz in the
high-frequency range (30-45 Hz) for different types of conscious reports.

Aperiodic slope values are presented as absolute values. Error bars represent the
standard deviation. The number of ratings for each conscious category is shown. CD:
Contentful Dream; WD: White Dream; ND: No Dream; AS: stimulus-dependent aperiodic
slope variation. * statistical significance at Bonferroni-corrected threshold (p < 0.042).

We explored the potential role of eKC in the observed effects
(Recall CD vs ND ~ AS + Time of night + Negative amplitude of eKC +
11Night + 115ub). The effect of AS in this new model remained
consistent with the original model (p = 4.43E-04).

No other effects of AS were found for the auditory modality in
any other frequency band or region. Moreover, no significant effects of
the fixed predictors (AS and time of the night) were found when
evaluating all stimulation trials, nor for the other stimulation
modalities when tested individually (tactile, visual, or sham).

4.3.2.1.2. Type of Conscious Content

We evaluated whether variations in the type of reported conscious
content, rated on a 5-point scale ranging from purely thought-like (1) to
purely perceptual (5), were related to AS and the time of the night
using CLMMs. A significant effect of AS was identified for the auditory
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modality in the low-frequency band at Fz (normalised AS estimate =
0.64, std =0.21, z =3.03, p = 2.49E-03; Figure 18). No other effects of AS
were found for the auditory modality in any other frequency band or
region.
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Figure 18. Aperiodic slopes before and after auditory stimulation events at Fz in the low-
frequency range (0.5-30 Hz) for different types of conscious content.

Aperiodic slope values are presented as absolute values. Error bars indicate the standard
deviation. The number of ratings for each content level is shown. Note: One auditory trial
was missing its corresponding conscious content rating.

We explored the potential role of the eKC in the observed effect
(Type of content ~ AS + Time of night + Negative amplitude of KC + 1| Night
+ 115ub). When including the KC amplitude, the previously significant
effect of AS in the low frequencies on the type of content disappeared.

To verify whether the KC amplitude alone could predict the
type of content, we modelled it without AS (Type of content ~ Time of
night + Negative amplitude of KC + 1|1 Night + 1| Sub). No significant
effects were observed with this model. No significant effects of the
fixed predictors (AS and time of the night) were found when evaluating
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all stimulation trials, nor for any of the other stimulation modalities
when tested individually.

4.3.2.2. Subjective Sleep Ratings
4.3.2.2.1. Sleep Depth

We investigated the relationship between sleep depth ratings, AS, and
the time of night. In sham trials, sleep depth was significantly
positively correlated with the time of night, showing increased ratings
as the night progressed across all regions of interest and frequency
bands (normalized time of night estimates: 0.94-1.05, all p < 9.58E-05).
No effect of AS was identified for sham trials.

In stimulation trials, sleep depth was positively associated with
AS in the broadband frequency range at Fz (normalised AS estimate =
0.47, std =0.15, z =3.16, p = 1.58E-03), Pz (normalised AS estimate =
0.51, std =0.17, z=3.09, p = 1.98E-03), and Oz (normalised AS estimate =
0.47, std = 0.15, z=3.15, p = 1.63E-03), but not at Cz. This suggests that
higher AS is associated with increased sleep depth ratings (Figure 19).
We also evaluated modality-specific effects within these significant
outcomes by examining auditory, tactile, and visual trials separately;
however, no significant results were found.

When analysing low and high-frequency bands, AS did not
significantly affect sleep depth in any region of interest. Nonetheless, a
positive association between time of night and sleep depth was
consistently observed across all regions and frequencies (time of night
estimates: 0.41-0.48, all p < 3.13E-03).
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Figure 19. Aperiodic slopes before and after stimulation events at Fz (top), Pz (centre),
and Oz (bottom) in the broadband frequency range (0.5-45 Hz) across different sleep
depth ratings.

Aperiodic slope values are presented as absolute values. Error bars indicate the standard
deviation. The number of ratings for each sleep depth level is shown in the top subfigure.
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We explored the potential impact of eKC on the significant
effects observed at Fz, Pz, and Oz in the broadband frequency range
(Sleep depth ~ AS + Time of night + Negative amplitude of eKC + 11 Night +
11Sub). The results remained similar to the previously described
findings (Fz: normalised AS estimate = 0.48, std =0.16, z=3.05, p=
2.30E-03; Pz: normalised AS estimate = 0.50, std =0.17, z=2.99, p =
2.76E-03; Oz: normalised AS estimate = 0.47, std =0.15,z=3.03, p =
2.42E-03).

4.3.2.2.2. Sleepiness

We evaluated the relationship between sleepiness ratings, AS, and time
of night, analysing sham and stimulation trials separately. While no
significant relationships were found in sham trials, stimulation trials
revealed a significant variation in sleepiness ratings as a function of AS
in the low-frequency band at Fz (normalised AS estimate = 0.46, std =
0.16, z=2.87, p = 4.08E-03; Figure 20). No modality-specific effects were
identified when auditory, tactile, and visual trials were evaluated
separately, and no additional AS effects were observed in other
frequency bands or locations.
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Figure 20. Aperiodic slopes before and after stimulation events at Fz in the low
frequency range (0.5-30 Hz) across different sleepiness ratings.

Aperiodic slope values are presented as absolute values. Error bars indicate the standard
deviation. The number of ratings for each sleepiness level is shown.
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To assess the potential impact of eKC on our results, we added
the negative amplitude of eKC to the model (Sleepiness ~ AS + Time of
night + Negative amplitude of eKC + 1|Night + 11Sub). Including the eKC
amplitude led to the disappearance of the previously significant effect
of AS on sleepiness ratings at Fz in the low frequencies. To explore
whether the eKC amplitude alone could predict sleepiness, we
removed AS from the model (Sleepiness ~ Time of night + Negative
amplitude of eKC + 1| Night + 11Sub) but found no significant effects.

Finally, in stimulation trials, sleepiness showed a significant
positive association with the time of night, with sleepiness ratings
increasing significantly as the night progressed (normalised time of the
night estimates range: 0.44-0.48, all p-values < 2.88E-03).

4.4. Discussion

This study aimed at investigating the effects of multimodal sensory
stimulation on EEG aperiodic activity, exploring whether stimulus-
dependent aperiodic slope variations (AS) relate to subjective
experiences during sleep. Our results show that auditory, tactile, and
visual stimulation applied during N2 sleep induce significant
variations in the aperiodic slope relative to no stimulation, with specific
local and modality-dependent differences. Moreover, we found that AS
in response to auditory stimulation varied as a function of the presence
and type of conscious experience reported upon awakening. Finally, AS
in response to stimulation events were associated with subjective
measures of sleep depth and sleepiness.

4.4.1. Stimulus-Dependent Aperiodic Slope Variations

The aperiodic slope steepened from pre- to post-stimulation for
all evaluated modalities compared to sham events (i.e., no stimulation).
When pooling data across modalities, AS differed significantly from
sham trials for all evaluated channels in the high-frequency range (30-
45 Hz). In the low (0.5-30 Hz) and broadband (0.5-45 Hz) frequency
ranges, the difference was significant at all evaluated channels but Cz.
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The auditory modality induced the largest AS in the higher
frequencies, with significant effects observed across all channels within
this range. However, in the broadband range, significant differences
were noted only at Fz, and no effects were observed in the lower
frequencies. In contrast, both tactile and visual modalities, when
compared to the sham condition, exhibited significant differences in AS
across all channels and frequency ranges. Overall, we observed a
consistent steepening of the slope from pre- to post-stimulation,
particularly in the higher frequencies. Interestingly, steeper aperiodic
slopes have been linked to a decrease in the excitation/inhibition (E/I)
ratio in previous studies (R. Gao et al.,, 2017; Medel et al., 2023),
suggesting the possibility of a post-stimulation reduction in this ratio.

Inter-modality comparisons revealed that auditory AS differed
significantly from tactile and visual AS in several instances, while no
significant differences were observed between tactile and visual AS.
These findings may reflect distinct modality-specific sensory
processing mechanisms during sleep, as indicated by the steeper
slopes—and the potentially lower E/I ratio—following auditory
stimulation. However, further investigation is needed to confirm this.
Alternatively, the observed differences between modalities could be
due to the fixed stimulation intensities used in our protocol, which
were not adjusted for individual sensory thresholds, perhaps making
auditory stimuli more arousing than tactile and visual stimuli.

Interestingly, comparisons of eKCs across modalities paralleled
results obtained for AS. Indeed, significantly larger negative
amplitudes were observed for the auditory modality compared to the
visual and tactile modalities, which, in turn, did not present any
differences. This finding aligns with previous research indicating that
auditory eKCs tend to exhibit higher amplitudes than those elicited by
other sensory modalities (Bellesi et al., 2014; Laurino et al., 2014). Since
eKCs are a type of slow wave that contributes to lower frequency
activity, the modality-specific effects on high-frequency AS and eKCs
may reflect two distinct functional mechanisms that could conceivably
interact.
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Given that our stimulation trials systematically involved an
eKC, the results may also be interpreted as evidence of an inhibitory
drive associated with the eKC. The steeper post-stimulation slopes in
the high-frequency band could indicate a decrease in the E/I ratio,
supporting the notion that eKCs may play a sensory quenching role by
triggering an inhibitory response in higher-order cortical areas. This
interpretation aligns with the concept of a cortical gating mechanism
(Andrillon & Kouider, 2020; Halasz, 2005; Halasz et al., 2004). The most
pronounced and consistent AS effects were observed in fronto-central
regions, where KCs are most prominent, further reinforcing this
interpretation. However, further studies should investigate this
hypothesis, particularly by including trials that do not involve eKCs.

A recent study by Ameen et al. (2024) examining AS in
response to sensory stimulation during NREM sleep found that slopes
became steeper following auditory stimulation, with a notable effect of
saliency: higher AS values were observed in response to unfamiliar
voices compared to familiar ones. This study demonstrated that AS is
not solely dependent on the presence of eKCs or clear event-related
potentials, although AS values were indeed higher in trials containing
an eKC (Ameen et al.,, 2024). In another study, Alnes et al. (2024)
investigated AS using pure tones during both wakefulness and sleep.
Contrary to Ameen et al. (2024) and our own findings, significant AS
changes were observed only during wakefulness, not during sleep.
This discrepancy could be attributed to differences in the epoch lengths
used: Alnes et al. (2024) analysed 500 ms before and after the auditory
tone, whereas Ameen’s study (2024) assessed 10-second epochs centred
around stimulus onset, more closely aligning with the two 4-second
segments used in our study. Overall, the evidence suggests that ASis a
valuable proxy for brain dynamics associated with sensory processing,
offering insights beyond those provided by eKCs and event-related
potentials.
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4.4.2. Conscious Experience as a Function of AS

4.4.2.1. Type of Conscious Report

Our results indicate that auditory AS in the high-frequency band (30-45
Hz) measured at Cz predicts whether a subject will report a dream
upon awakening. Specifically, smaller AS values were observed when a
dream was reported compared to when not. In other words, the
aperiodic slope became steeper following an auditory stimulation event
when subjects reported no dreams (ND) as opposed to contentful
dreams (CD). Importantly, this effect was independent of the
amplitude of the evoked K-complex.

One possible interpretation of this finding is that neural
responses to external perturbation, as reflected by AS, may be
influenced by the ongoing brain state. During conscious experiences,
the brain may be more resilient to sensory stimulation, while in the
absence of consciousness, the brain reacts more readily, resulting in a
larger AS. This is consistent with previous evidence showing that TMS-
evoked EEG responses are larger during NREM 2 sleep when no
dreams are reported compared to when a dream is recalled upon
awakening (Nieminen et al., 2016). Furthermore, this aligns with the
idea that during dreaming, the brain’s attentional resources are
primarily internally oriented, potentially competing with external
sensory inputs. In contrast, in the absence of conscious experience,
attention may be more easily directed towards external stimuli (Ameen
et al., 2024; Gyurkovics et al., 2022).

Although not statistically explored, it is noteworthy that pre-
stimulus slopes appear similar across different report types, with
differences emerging primarily in the post-stimulus period. This
observation suggests that sensory stimulation may directly influence
the occurrence or encoding of dream experiences by altering the brain's
functional states. Prior research has shown that dreaming —whether
involving CD or WD —is associated with decreased low-frequency and
increased high-frequency power within a ‘posterior hot zone’ relative
to ND (Siclari et al., 2017). Moreover, CD is related to an increase in
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high-frequency activity in centro-frontal areas relative to WD. Our
findings reveal that high-frequency AS is greater for ND compared to
CD at Cz, which might indicate a higher level of post-stimulation high-
frequency activity in central regions of the scalp during CD trials,
consistent with previous studies. This suggests that stimulation events
producing stronger high frequency AS may suppress dreaming activity
or disrupt the encoding of dream content, while smaller AS might
preserve these processes.

Interestingly, the AS for WD falls between the values observed
for CD and ND at Cz, showing greater slope steepening than when
recalling a dream but less than when reporting no experience, although
these differences did not reach statistical significance. Notably, some
researchers have proposed that the WD category could encompass a
range of report types, including forgotten content, the absence of
experience with a positive response bias, and withheld recalled
experiences (Fazekas et al., 2019). This variability could explain why
WD is positioned between CD and ND in our findings.

4.4.2.2. Type of Conscious Content

Auditory AS demonstrated a predictive relationship with the type of
reported content when measured in the low-frequency band (0.5-30 Hz)
at Fz. Specifically, AS was significantly associated with variations in the
perceptual versus thought-like dimension of the conscious experience,
with greater AS corresponding to more perceptual ratings. However,
it's important to acknowledge that the most extreme perceptual ratings
exhibited a high degree of variability, which could complicate
interpretation. This variability may stem from a response bias or the
limited number of instances in the ‘purely perceptual content' category,
consistent with the more thought-like nature typically associated with
NREM 2 reports (Siclari et al., 2013).

Previous research has demonstrated that differences in dream
content, particularly along the perceptual versus thought-like
dimension, follow an anterior—posterior gradient. Thought-like reports
have been associated with increased high-frequency power in frontal
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regions, whereas perceptual reports have been linked to heightened
high-frequency activity in posterior regions (Siclari et al., 2017). Our
findings align with this pattern, as we observed increased frontal low-
frequency slope steepening with more perceptual ratings. This suggests
that thought-like reports are characterized by a reduced frontal low- to
high-frequency activity ratio, in line with prior research (Siclari et al.,
2017), while perceptual reports are associated with greater frontal low-
frequency activity. These results provide further evidence of a
relationship between local activation patterns and the nature of
reported content. Additionally, since aperiodic slope values did not
differ between conditions prior to the stimulus, it is possible that the
characteristics of the reported dream content were influenced by the
stimulation event. However, this interpretation remains speculative
and warrants further investigation.

Notably, the predictive power of low frequency AS at Fz on the
type of reported conscious content was no longer significant when the
amplitude of the eKC was accounted for, suggesting a potential
correlation between these two measures. This aligns with the
understanding that eKCs are low-frequency (<2 Hz) oscillations with
the largest amplitudes in fronto-central regions (Laurino et al., 2014;
Wennberg, 2010), indicating possible partial redundancy between eKCs
and low-frequency AS, especially when measured in overlapping scalp
areas.

4.4.3. Subjective Sleep Ratings as a Function of AS

Our study revealed a positive association between subjective ratings of
sleep depth and sleepiness with AS in stimulation trials, irrespective of
the sensory modality. Specifically, greater subjective sleep depth was
linked to increased stimulus-dependent broadband slope steepening
(0.5-45 Hz) at Fz, Cz, and Pz. On the other hand, higher sleepiness
ratings were associated with increased low-frequency slope steepening
(0.5-30 Hz) at Fz. Remarkably, while the effect of AS on subjective sleep
depth remained independent of the eKC, its relationship with
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sleepiness disappeared when the negative amplitude of the eKC was
taken into account.

Traditionally, sleep depth has been defined as the resilience of
sleep to external stimulation and is typically associated with SWA in
NREM sleep, an indicator of homeostatic sleep pressure that correlates
with subjective sleepiness in wakefulness (Blake & Gerard, 1937; Bédizs
et al,, 2024; Bonnet et al., 1978; De Gennaro et al., 2007; Finelli et al.,
2000, 2001; Snipes et al., 2023). Recent studies have proposed spectral
slopes as markers of homeostatic sleep pressure, potentially bridging
the gap between sleep depth and aperiodic activity (Bédizs et al., 2024;
C. G. Horvath et al., 2022). Moreover, evidence shows that broadband
aperiodic slopes become steeper with deeper sleep stages, paralleling
increased neural synchrony and decreased complexity across these
stages (Alnes et al., 2024; Ameen et al., 2024; Hohn et al., 2024; Miskovic
et al., 2018). Additionally, the age-related flattening of broadband
NREM fractal slopes mirrors the progressive lightening of sleep over
the lifespan, further highlighting the association between aperiodic
slopes and objective sleep depth (Bddizs et al., 2021; Carrier et al.,
2001).

However, clinical observations in individuals with insomnia
and sleep-state misperception indicate that the relationship between
objective and subjective sleep depth may not be as straightforward
(Andrillon et al., 2020; Stephan et al., 2021; Zhao et al., 2021). These
conditions are characterized by fragile sleep and increased subjective
awareness during sleep, with patients often mistakenly feeling awake,
especially in early NREM sleep (Stephan et al., 2021). Affected
individuals show decreased low-frequency activity, increased high-
frequency activity, lower delta/beta ratio, and flatter NREM slopes
relative to controls (Andrillon et al., 2020; Fasiello et al., 2024; Stephan
et al., 2021; Zhao et al., 2021). This association between wake-like
activation patterns and poor subjective sleep perception is also
observed in good sleepers and seems to be independent from SWA
variations typically associated with objective sleep depth (Stephan et
al., 2021). These patterns indicate that lower subjective sleep depth
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correlates with more wake-like patterns during sleep, in agreement
with the observed association between larger broadband AS —reflecting
larger low to high frequency ratio—and higher subjective sleep depth
ratings in our data.

On the other hand, high sleep inertia upon awakening —
characterized by decreased alpha and increased delta activity over
fronto-central areas— correlates with increased subjective sleepiness
(De Gennaro et al., 2010; Finelli et al., 2001; Marzano et al., 2010, 2011;
Trotti, 2017). This suggests that the feeling of sleepiness relates to local
increases in low frequency activity, consistent with our finding of
larger low frequency AS at Fz for higher sleepiness ratings.

Notably, this study is the first, to our knowledge, to examine
the relationship between aperiodic slope variations and subjective sleep
ratings. Previous research has primarily focused on between-stage
spontaneous slope variations, making direct comparisons with our
within-stage event-related approach challenging. Furthermore, since
we did not assess whether stimuli were perceived or compute changes
in spectral power, we cannot directly comment on the relationship
between subjective ratings and objective sleep depth or sleepiness
markers. Nevertheless, our findings suggest that AS may be a valuable
indicator of within-stage fluctuations in subjective sleep ratings.

In addition to AS variations, a significant positive correlation
was identified between the time of night and subjective sleep ratings,
with both sleep depth and sleepiness increasing as the night
progressed. Fluctuations in subjective sleep depth throughout the night
have already been documented, with lighter sleep ratings in the early
and late parts of the night, and the deepest ratings occurring in the
middle (Stephan et al., 2021). However, that study did not differentiate
between N2 and N3 sleep, instead grouping them together under a
general NREM category. In contrast, our findings focused exclusively
on N2 data, which may account for the discrepancy with the previously
reported U-shaped pattern.
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4.4.4. Limitations of the Study

Our study has several limitations that should be considered when
interpreting the findings. Firstly, the generalizability of our results
regarding conscious experiences is limited by the fact that AS effects
were observed only in the auditory modality. Since we used fixed
stimulation intensities that were not individually thresholded, it is
possible that auditory stimuli were generally more arousing than the
selected tactile and visual stimuli. Alternatively, the modality-
dependent differences in AS might reflect specific processing
mechanisms that are more responsive to auditory information. Indeed,
we found that auditory eKCs had larger amplitudes compared to visual
and tactile ones, consistent with previous research (Bellesi et al., 2014;
Laurino et al., 2014). Given that eKCs are known to include an initial
modality-specific positive component (Laurino et al., 2014, 2019;
Riedner et al., 2011), this activation might contribute differently to the
aperiodic slope across sensory modalities. However, our results also
showed greater overall AS variability following auditory stimulation
compared to other modalities, highlighting the importance of
controlling for individual arousal thresholds and post-stimulation signs
of arousal, such as increases in high-frequency EEG activity or EMG
activity.

Our study was limited to N2 sleep, which enabled us to
explore within-stage fluctuations but restricted our ability to make
between-stage comparisons that could have provided a more
comprehensive understanding of the mechanisms underlying sleep
sensory-dependent variations in the aperiodic slope. Future
investigations should encompass the entire sleep cycle, including finer
distinctions between sleep states, such as tonic and phasic REM. Tonic
REM has been associated with lower arousal thresholds and more
thought-like conscious experiences, while phasic REM has been linked
to higher levels of sensory disconnection and more vivid,
hallucinatory-like conscious content (Ermis et al., 2010; Sallinen et al.,
1996; Simor et al., 2018, 2020; Takahara et al., 2002; Wehrle et al., 2007).
Therefore, in view of the observed behaviour of AS regarding dreaming
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activity in NREM, it is likely that AS also presents within-stage
fluctuations in REM sleep.

Another significant limitation is that our stimulation trials
systematically included an eKC, which prevented a direct comparison
between trials with and without eKCs regarding AS and associated
variations in subjective experiences. This constraint complicates the
interpretation of AS independently of the eKC effect. However, our
exploratory models suggested that the effects of AS did not seem to
depend on the presence of an eKC. This implies that the brain's
response to external stimuli during sleep is likely a complex,
multicomponent process, of which the eKC is just one part. Therefore,
AS may provide a more comprehensive measure of this response,
capturing broader dynamics beyond those reflected by the eKC alone.

By focusing solely on the aperiodic spectral slope of the EEG
signal, our aim was to propose a single measure that could serve as a
snapshot of the general brain state at a particular point in time.
However, other aperiodic measures, such as the offset (Favaro et al.,
2023) or ‘knee’ frequency (Ameen et al., 2024), also appear promising
for the study of sleep. Furthermore, it may be beneficial to compare
results using different frequency ranges, as several authors have
evaluated aperiodic activity in sleep data with various cutoff values
(Alnes et al., 2021; Andrillon et al., 2020; Colombo et al., 2019; Favaro et
al., 2023; Miskovic et al., 2018). This variation is partly due to the
presence of a ‘knee’ around 20 Hz, which, however, has been shown to
be less prominent in NREM sleep (Ameen et al., 2024). Nonetheless, the
frequency ranges selected in the present study have been previously
used in the literature and have proven informative about E/I balance,
arousal, and conscious states across the sleep-wake cycle (R. Gao et al.,
2017; Hohn et al., 2024; Kozhemiako et al., 2022; Lendner et al., 2020;
Maschke et al., 2023).
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4.4.5. Conclusion

In summary, our findings suggest that stimulus-dependent slope
variations can effectively probe underlying brain states, providing
valuable insights into subjective experiences during sleep. To our
knowledge, this is the first study to evaluate aperiodic slope variations
in response to auditory, tactile, and visual stimulation during N2 sleep.
This approach may offer a useful tool for exploring sleep-dependent
variations in consciousness and arousal, particularly in relation to
associated subjective experiences, enhancing our understanding of how
these experiences may fluctuate within sleep stages, and allowing for a
more precise distinction of transient brain states. Furthermore, our
results suggest potential links between the background aperiodic
neural landscape, the presence and nature of ongoing conscious
experiences, and subjective sleep appraisal, extending beyond typical
stimulus-dependent evoked responses.
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Chapter 5.
General Discussion

The research presented in this thesis aimed to characterise the effects of
sensory stimulation during sleep in relation to subjective conscious
experiences. The findings challenge the traditional view of sleep as a
state of sensory disconnection, demonstrating that a significant number
of stimuli can penetrate conscious awareness during sleep, serving both
to probe and to shape ongoing subjective experiences. This suggests
that the concept of dreams as a form of ‘disconnected consciousness,’
where subjective experiences arise independently of external stimuli,
needs reconsideration.

5.1. Summary of Findings

A systematic review of the current literature on the influence of sensory
stimulation on dreams (see Chapter 2) highlighted the significant
heterogeneity among existing experimental protocols. The review's
findings suggest that stimulus-dependent dream changes (SDDCs) can
be categorized into three main types: direct incorporations, indirect
incorporations, and dream modulations. Direct incorporations involve
the seamless integration of stimuli into the dream narrative or their
recognition as external elements, which can sometimes trigger dream
lucidity, as demonstrated in one of the presented experimental studies
(see Chapter 3). In contrast, indirect incorporations occur through
semantic or mnemonic associations and often require the dreamer's
subjective input for identification. Dream modulations encompass all
other types of SDDCs; however, due to the high diversity of cases
included in this category, these changes are more difficult to predict
and objectively measure.

Among the various sensory modalities, somatosensory stimuli
appear to be the most effective at inducing SDDCs, with saliency
emerging as a particularly important factor in determining their
impact. However, research directly comparing the effects of different
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sensory modalities remains limited, and cross-study comparison is
hindered by the variability of reported findings. To address this gap, a
methodological assessment tool was developed to provide a reliable
measure of empirical quality, which may serve as a guideline for
prospective studies to adhere to state-of-the-art scientific standards in
the field of dream engineering (see Appendix I: Supplementary Text 1).
This tool revealed that most SDDC-related research presents several
methodological shortcomings, further hindering interpretation and
robustness of findings. Therefore, experimental work was conducted to
provide additional empirical evidence to the field: two multimodal
sensory stimulation sleep studies were performed to investigate the
effects of auditory, visual, and tactile stimuli on sleep subjective
experiences.

The first experimental study included a within-subject early
morning nap protocol based on a minimal laboratory-based setup,
involving portable EEG devices and open-source software, in view of
validating a dream lucidity induction technique (see Chapter 3). The
findings demonstrate that the implemented targeted-lucidity
reactivation (TLR) protocol, which combined cognitive training with
sensory stimulation during wake and subsequent REM sleep,
effectively enhanced dream awareness and control. Sensory stimuli
presented during REM sleep successfully elicited voluntary predefined
eye movement responses from the dreamer, enabling real-time
communication with the experimenter and serving as an objective
measure of both lucidity and stimulus awareness during sleep. These
outcomes suggest that multimodal stimulation protocols offer a
valuable approach for directly investigating sensory (dis)connection
during sleep and its influence on the qualitative aspects of ongoing
conscious experiences.

Notably, this study is part of a collaborative, multi-centric
research project involving three leading international sleep laboratories
in Italy, the Netherlands, and Canada. The protocol was pre-registered
before data collection commenced at any of the participating centres,
ensuring a high level of methodological consistency across sites. This
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approach will allow for the pooling of datasets, resulting in the largest
experimental study of lucid dream induction with EEG data collection
to date, showcasing robust methodological rigor, replicability, and
effective collaboration. Furthermore, the protocol was designed to be
cost-effective and rely on minimal technical requirements by using
commercially available, ready-to-use portable EEG devices and open-
source dream engineering software (Esfahani, Daraie, et al., 2023;
Esfahani, Sikder, et al., 2023). The pooled data will also be openly
shared in public repositories, in compliance with current scientific best
practices.

The second experimental study employed an overnight serial
awakening protocol over multiple nights, following a within-subject
design (see Chapter 4). This study focused exclusively on N2
awakenings, examining stimulus-dependent variations in the aperiodic
spectral slope (AS) and their relationship to various subjective sleep
measures, including the presence and content of conscious experiences,
as well as subjective assessments of sleep depth and sleepiness. The
findings revealed that aperiodic slopes consistently steepened after
stimulation compared to sham conditions, with the steepest slopes
observed following auditory stimulation, particularly in the high-
frequency range (30-45 Hz). These results align with inter-modality
differences in the amplitude of the evoked K-complexes (eKCs)—a low-
frequency response consistently elicited in our study —suggesting that
the modality-specific effects observed in both high-frequency AS and
eKCs likely reflect independent mechanisms that may interact with
each other.

Regarding conscious experiences, auditory AS emerged as a
predictive marker for the presence and type of dream activity during
N2 sleep. Specifically, contentful dream trials exhibited less high-
frequency slope steepening at Cz compared to trials without dreams,
likely indicating an association between dreaming and increased wake-
like high-frequency power. Additionally, thought-like reports were
linked to reduced low-frequency AS (0.5-30 Hz) at Fz compared to
perceptual experiences, suggesting reduced low-frequency activity in
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frontal regions in case of thought-like content. These findings align
with previous research which related NREM dreaming to relatively
heightened high-frequency activity in a posterior cortical “hot zone’,
further showing that thought-like experiences were associated with
greater wake-like activity in frontal areas (Siclari et al., 2017, 2018).
Together, these results suggest that AS represents a valuable marker of
within-stage fluctuations in sleep conscious activity.

Subjective sleep ratings also demonstrated a significant
relationship with post-stimulation slope variations across sensory
modalities. Both subjective sleep depth and sleepiness ratings were
positively associated with broadband and low frequency AS,
respectively. This indicates that smaller AS values, likely reflecting
decreased low-frequency power, correspond to lighter subjective sleep
and lower sleepiness ratings. These observations are consistent with
previous findings that correlated lower subjective sleep depth and
higher rates of sleep state misperception to increased wake-like activity
during sleep (Andrillon et al., 2020; Fasiello et al., 2024; Stephan et al.,
2021; Zhao et al., 2021). Thus, AS proves to be informative about
within-stage variations in subjective sleep appraisal.

5.2. Future Research Directions

The findings presented in this thesis open several avenues for future
research in the field of dream engineering, particularly in exploring the
complex interplay between sensory stimulation, neural activity, and
conscious experiences during sleep. This evidence challenges the
traditional view of sleep and dreaming as states of sensory
disconnection, advocating for a more fine-grained understanding of
brain state dynamics across the sleep-wake cycle. Traditional sleep
scoring methods, with their broad categorizations, often overlook
significant within-stage variability and micro-structural heterogeneity
(e.g., N1: Tanaka et al., 1996; N2: Brandenberger et al., 2005; Decat et al.,
2022; REM: Simor et al., 2016, 2018, 2019). In recent years, research has
underscored the shifting nature of sleep, characterized by local and
temporal fluctuations in brain activity, environmental responsiveness,
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and associated subjective experiences (Andrillon & Oudiette, 2023;
Avvenuti & Bernardi, 2022; Siclari & Tononi, 2017). This calls for more
precise tracking of transient changes in arousal and consciousness
during sleep, which may be orchestrated by the same naturally
oscillating infra-slow time course previously demonstrated for
fluctuations in neural excitability, environmental responsiveness, and
autonomic activity during sleep (Bueno-Junior et al., 2023; Lazar et al.,
2019; Lecci et al., 2017; Vanhatalo et al., 2004).

The outcomes reported through this work highlight the
potential of sensory stimulation-based measures as useful tools for
assessing these changes, enabling a more granular approach of sleep
physiology and phenomenology. Future research should focus on
developing new frameworks that use sensory processing markers to
characterize these dynamics, including arousal thresholds (Picchioni et
al., 2024), behavioural responsiveness (Tiirker et al., 2023; cf. Chapter
3), event-related potentials (Moyne et al., 2022), or stimulus-dependent
variations in aperiodic activity (Alnes et al., 2024; Ameen et al., 2024; cf.
Chapter 4). Moreover, it would be interesting to evaluate whether such
measures follow the previously mentioned infra-slow time course
through highly recurrent overnight sampling. Importantly, these
insights may have practical implications for enhancing the accuracy of
automated sleep staging algorithms, particularly by identifying periods
of heightened conscious activity or sensory awareness, thereby refining
dream engineering techniques. Additionally, they may be clinically
relevant for conditions such as sleep misperception and paradoxical
insomnia, offering non-invasive markers for within-stage fluctuations
in subjective experience.

A promising future direction involves combining the lucid
dream induction protocol validated in this thesis with aperiodic slope
measurements to explore whether AS varies with the degree of dream
lucidity or can predict the dreamer’s perception and response to
stimuli. Furthermore, measures like AS may serve as sensitive markers
of stimulus-dependent changes in conscious activity. Previous studies
on SDDCs suggest that dream modifications may be influenced by
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arousal or other indicators of “cortical registration” (Conduit et al., 1997;
Fedyszyn & Conduit, 2007; Koulack, 1969; Nielsen et al., 1993;
Zimmerman, 1970), but conclusive evidence is still lacking. Follow-up
studies should evaluate the neural correlates of SDDCs, their relation to
(micro)arousals, and their association with AS. Moreover, while the
focus of the current dissertation was restricted to external stimulation,
future research should also consider interoceptive signals (H.-D. Park
& Tallon-Baudry, 2014; Wei & Van Someren, 2020), further expanding
the range of possible SDDCs and evaluating their influence on sleep
subjective experiences.

The role of SDDCs in maintaining sleep continuity is also
significant, as dreams may protect sleep by either preventing external
stimuli from entering awareness —through competition for attentional
resources—or by integrating these stimuli into the dream narrative,
thereby reducing their arousing effects. However, fundamental
questions about SDDCs remain unanswered, particularly regarding the
factors that determine the type of SDDC elicited by a given stimulus.
To address these gaps, future research should establish standardized
definitions for SDDCs and dreams, as well as refine the queries used to
probe conscious experiences upon awakening. Moreover, the
identification of SDDCs should leverage automated computational
linguistics to ensure objective and reproducible quantification of dream
content, alongside the implementation of rigorous control conditions.

Finally, to overcome the current limitations in dream
engineering studies, large-scale research efforts will be essential. These
should involve multi-laboratory collaborations, pre-registered
protocols of high methodological quality, and open data sharing.
Additionally, increasing the spatial resolution of data in future studies,
particularly through high-density EEG or functional neuroimaging, is
advisable. Such improvements would enable the identification of
modality-specific regional variations in brain responses to sensory
stimulation and their connection to the qualitative aspects of ongoing
subjective experiences. Enhanced topographical resolution would also
facilitate more precise source modelling, deepening our understanding
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of subcortical contributions to sensory-dependent changes in sleep and
dream activity, and clarifying the time-course of neural responses to
sensory stimulation across the sleep-wake cycle.

5.3. Concluding Remarks

In summary, sensory stimulation offers valuable insights into the
dynamics of the dreaming brain. The investigation of SDDCs, the
development of lucid induction techniques that enable objective
measures of behavioural responsiveness to experimental stimuli, and
the analysis of stimulus-dependent aperiodic slope variations in
relation to subjective experiences all contribute to a deeper
understanding of the 'fluid boundaries' of sleep and their connection to
conscious experiences. It is now clear that dreaming does not represent
a state of complete sensory disconnection per se, but rather exists on a
continuum —from full awareness of both the external environment and
the internally generated experiences, as in lucid dreaming, to the total
absence of subjective experience, when the sleeper is reportedly
unconscious.

Despite considerable progress in characterizing the neural
correlates of dreaming, the development of a reliable ‘Dream Catcher’
formula remains elusive (Wong et al., 2020). This difficulty likely arises
from the inherently complex nature of subjective experiences, which
may not be fully captured by spontaneous electrophysiological patterns
alone. These patterns are likely to reflect a broad array of ongoing
processes, including potential noise from different sources and
spontaneous or random activity fluctuations, which limit their utility as
definitive indicators of dreaming activity. A more effective approach
might involve using neural and phenomenological permeability to
external stimuli as a marker of state-like fluctuations in consciousness.

More generally, the conceptualization of dreaming has
progressively been rooted in the philosophical framework of predictive
processing (Bucci & Grasso, 2017; Clark, 2012; Hobson & Friston, 2012;
Simor et al., 2020, 2022). This framework posits that the brain functions
as a Bayesian inferential machine, constantly striving to optimize the
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match between its internally generated predictions and the sensory
input it receives. This matching process is influenced by how
attentional resources are allocated and the precision of perceptual
processing. In this context, the brain’s access to reliable sensory
information—dictated by levels of sensory disconnection and
information integration —becomes a key determinant of subjective
experiences, including those during sleep. During periods of
heightened sensory processing, the brain may reduce predictive errors
by aligning internal conscious experiences with available sensory input,
leading to more stimulus-oriented content and SDDCs, as observed in
hypnagogic dream incubation (Haar Horowitz et al., 2023). In contrast,
periods of increased sensory thresholds, such as phasic REM sleep,
may allow the brain to generate purely internal experiences, creating
novel scenarios that could help prevent or mitigate future waking
prediction errors, as suggested by prospective coding and dream
simulation theories (Revonsuo, 2000; Revonsuo et al., 2016; Simor et al.,
2020, 2022; Tuominen et al., 2019; Valli & Revonsuo, 2009).

Overall, it becomes increasingly clear that dreams should not
be regarded as isolated bubbles of consciousness. As philosophers and
pioneering dream researchers have theorised for centuries, sensory
perception appears to play a fundamental role in shaping subjective
experiences during sleep. The intricate relationships between sensory
disconnection, the presence and content of conscious experiences, and
the underlying patterns of brain activity hold great promise for
advancing our understanding of dreams, likely offering valuable
insights into their functional aspects. However, these claims warrant
further empirical investigation. Therefore, it may be time to shift our
focus toward developing stimulation-based 'Dream Prober’ protocols
that can more accurately discern the intricacies of sleep consciousness,
eventually shedding light on the long-standing mysteries of dreaming.

147



Bibliography

Ableidinger, S., & Holzinger, B. (2023). Sleep Paralysis and Lucid
Dreaming —Between Waking and Dreaming: A Review about
Two Extraordinary States. Journal of Clinical Medicine, 12(10),
Article 10. https://doi.org/10.3390/jcm12103437

Achermann, P., Dijk, D. J., Brunner, D. P., & Borbély, A. A. (1993). A
model of human sleep homeostasis based on EEG slow-wave
activity: Quantitative comparison of data and simulations.
Brain Research Bulletin, 31(1-2), 97-113.
https://doi.org/10.1016/0361-9230(93)90016-5

Achermann, P., Werth, E., Dijk, D. J., & Borbely, A. A. (1995). Time
course of sleep inertia after nighttime and daytime sleep
episodes. Archives Italiennes De Biologie, 134(1), 109-119.

Ackerley, R, Croy, L., Olausson, H., & Badre, G. (2020). Investigating
the Putative Impact of Odors Purported to Have Beneficial
Effects on Sleep: Neural and Perceptual Processes.
Chemosensory Perception, 13. https://doi.org/10.1007/s12078-019-
09269-5

Adventure-Heart, D. J. (2020). Findings From the International Lucid
Dream Induction Study. Frontiers in Psychology, 11.
https://doi.org/10.3389/fpsyg.2020.01746

Adventure-Heart, D. J., Delfabbro, P., Proeve, M., & Mohr, P. (2017).
Reality testing and the mnemonic induction of lucid dreams:
Findings from the national Australian lucid dream induction
study. Dreaming, 27(3), 206-231.
https://doi.org/10.1037/drm0000059

Ahmad, J., Ellis, C., Leech, R., Voytek, B., Garces, P., Jones, E., Buitelaar,
J., Loth, E., dos Santos, F. P., Amil, A. F., Verschure, P. F. M. ],
Murphy, D., & McAlonan, G. (2022). From mechanisms to
markers: Novel noninvasive EEG proxy markers of the neural

148



excitation and inhibition system in humans. Translational
Psychiatry, 12(1), 1-12. https://doi.org/10.1038/s41398-022-
02218-z

Akbarian, F., Rossi, C., Costers, L., D’hooghe, M. B., D’haeseleer, M.,
Nagels, G., & Van Schependom, J. (2023). The spectral slope as
a marker of excitation/inhibition ratio and cognitive
functioning in multiple sclerosis. Human Brain Mapping, 44(17),
5784-5794. https://doi.org/10.1002/hbm.26476

Akerstedt, T., & Folkard, S. (1996). Predicting sleep latency from the
three-process model of alertness regulation. Psychophysiology,
33(4), 385-389. https://doi.org/10.1111/j.1469-
8986.1996.tb01063.x

Alfonsi, V., D’Atri, A., Scarpelli, S., Mangiaruga, A., & De Gennaro, L.
(2019). Sleep talking: A viable access to mental processes
during sleep. Sleep Medicine Reviews, 44, 12-22.
https://doi.org/10.1016/j.smrv.2018.12.001

Allen, M., Poggiali, D., Whitaker, K., Marshall, T. R., van Langen, J., &
Kievit, R. A. (2021). Raincloud plots: A multi-platform tool for
robust data visualization. Wellcome Open Research, 4, 63.
https://doi.org/10.12688/wellcomeopenres.15191.2

Alnes, S. L., Bachlin, L. Z. M., Schindler, K., & Tzovara, A. (2024).
Neural complexity and the spectral slope characterise auditory
processing in wakefulness and sleep. European Journal of
Neuroscience, 59(5), 822-841. https://doi.org/10.1111/ejn.16203

Alnes, S. L., Lucia, M. D., Rossetti, A. O., & Tzovara, A. (2021).
Complementary roles of neural synchrony and complexity for
indexing consciousness and chances of surviving in acute
coma. Neurolmage, 245, 118638.
https://doi.org/10.1016/j.neuroimage.2021.118638

Ameen, M. S., Heib, D. P. J., Blume, C., & Schabus, M. (2022). The Brain
Selectively Tunes to Unfamiliar Voices during Sleep. Journal of

149



Neuroscience, 42(9), 1791-1803.
https://doi.org/10.1523/J]NEUROSCI.2524-20.2021

Ameen, M. S., Jacobs, J., Schabus, M., Hoedlmoser, K., & Donoghue, T.
(2024). The Temporal Dynamics of Aperiodic Neural Activity Track
Changes in Sleep Architecture (p. 2024.01.25.577204). bioRxiv.
https://doi.org/10.1101/2024.01.25.577204

Amores Fernandez, J., Mehra, N., Rasch, B., & Maes, P. (2023).
Olfactory Wearables for Mobile Targeted Memory
Reactivation. Proceedings of the 2023 CHI Conference on Human
Factors in Computing Systems, 1-20.
https://doi.org/10.1145/3544548.3580892

Amores, ., & Maes, P. (2017). Essence: Olfactory Interfaces for
Unconscious Influence of Mood and Cognitive Performance.
Proceedings of the 2017 CHI Conference on Human Factors in
Computing Systems, 28-34.
https://doi.org/10.1145/3025453.3026004

Andrews-Hanna, J. R, Reidler, J. S., Sepulcre, J., Poulin, R., & Buckner,
R. L. (2010). Functional-Anatomic Fractionation of the Brain's
Default Network. Neuron, 65(4), 550-562.
https://doi.org/10.1016/j.neuron.2010.02.005

Andrillon, T., Burns, A., Mackay, T., Windyt, J., & Tsuchiya, N. (2021).
Predicting lapses of attention with sleep-like slow waves.
Nature Communications, 12(1), 3657.
https://doi.org/10.1038/s41467-021-23890-7

Andrillon, T., & Kouider, S. (2020). The vigilant sleeper: Neural
mechanisms of sensory (de)coupling during sleep. Current
Opinion in Physiology, 15, 47-59.
https://doi.org/10.1016/j.cophys.2019.12.002

Andrillon, T., & Oudiette, D. (2023). What is sleep exactly? Global and
local modulations of sleep oscillations all around the clock.
Neuroscience & Biobehavioral Reviews, 155, 105465.
https://doi.org/10.1016/j.neubiorev.2023.105465

150



Andrillon, T., Poulsen, A. T., Hansen, L. K., Léger, D., & Kouider, S.
(2016). Neural Markers of Responsiveness to the Environment
in Human Sleep. The Journal of Neuroscience: The Official Journal
of the Society for Neuroscience, 36(24), 6583—-6596.
https://doi.org/10.1523/ITNEUROSCI.0902-16.2016

Andrillon, T., Pressnitzer, D., Léger, D., & Kouider, S. (2017). Formation
and suppression of acoustic memories during human sleep.

Nature Communications, 8(1), Article 1.
https://doi.org/10.1038/s41467-017-00071-z

Andrillon, T., Solelhac, G., Bouchequet, P., Romano, F., Le Brun, M.-P,,
Brigham, M., Chennaoui, M., & Léger, D. (2020). Revisiting the
value of polysomnographic data in insomnia: More than meets
the eye. Sleep Medicine, 66, 184-200.
https://doi.org/10.1016/j.sleep.2019.12.002

Andrillon, T., Windt, ], Silk, T., Drummond, S. P. A., Bellgrove, M. A,
& Tsuchiya, N. (2019). Does the Mind Wander When the Brain
Takes a Break? Local Sleep in Wakefulness, Attentional Lapses
and Mind-Wandering. Frontiers in Neuroscience, 13.
https://doi.org/10.3389/fnins.2019.00949

Antony, J]. W.,, Ngo, H.-V. V., Bergmann, T. O., & Rasch, B. (2022). Real-
time, closed-loop, or open-loop stimulation? Navigating a
terminological jungle. Journal of Sleep Research, 31(6), e13755.
https://doi.org/10.1111/jsr.13755

Antony, J]. W,, & Paller, K. A. (2016). Using Oscillating Sounds to
Manipulate Sleep Spindles. Sleep, 40(3), zsw068.
https://doi.org/10.1093/sleep/zsw068

Antony, J]. W,, Schonauer, M., Staresina, B. P., & Cairney, S. A. (2019).
Sleep Spindles and Memory Reprocessing. Trends in
Neurosciences, 42(1), 1-3.
https://doi.org/10.1016/j.tins.2018.09.012

Antrobus, J. (1983). REM and NREM Sleep Reports: Comparison of
Word Frequencies by Cognitive Classes. Psychophysiology,

151



20(5), 562-568. https://doi.org/10.1111/j.1469-
8986.1983.tb03015.x

Antrobus, ]. (2000). How does the dreaming brain explain the dreaming
mind? Behavioral and Brain Sciences, 23(6), 904-907.
https://doi.org/10.1017/50140525X00214027

Antrobus, ., Kondo, T., Reinsel, R., & Fein, G. (1995). Dreaming in the
late morning: Summation of REM and diurnal cortical
activation. Consciousness and Cognition, 4(3), 275-299.
https://doi.org/10.1006/ccog.1995.1039

Aphalo, P. J. (2024). ggpp: Grammar Extensions to ‘ggplot2” [Computer
software]. https://CRAN.R-project.org/package=ggpp

Appel, K, Fiillhase, S., Kern, S., Kleinschmidt, A., Laukemper, A., Liith,
K., Steinmetz, L., & Vogelsang, L. (2020). Inducing signal-
verified lucid dreams in 40% of untrained novice lucid
dreamers within two nights in a sleep laboratory setting.
Consciousness and Cognition, 83, 102960.
https://doi.org/10.1016/j.concog.2020.102960

Aristotle, Beare, J. I., & Ross, G. R. T. (1908). The Parva Naturalia: De
Sensu Et Sensibili, De Memoria Et Reminiscentia, De Somno, De
Somniis, De Divinatione Per Somnum (J. 1. Beare & G. R. T. Ross,
Eds.). Clarendon Press.

Armitage, R., Rochlen, A., Fitch, T., Trivedi, M., & Rush, A. ]. (1995).
Dream recall and major depression: A preliminary report.
Dreaming, 5(3), 189-198. https://doi.org/10.1037/h0094434

Arnett, A. B., Peisch, V., & Levin, A. R. (2022). The role of aperiodic
spectral slope in event-related potentials and cognition among
children with and without attention deficit hyperactivity
disorder. Journal of Neurophysiology, 128(6), 1546-1554.
https://doi.org/10.1152/jn.00295.2022

152



Arnulf, I. (2011). The ‘scanning hypothesis” of rapid eye movements
during REM sleep: A review of the evidence. Archives Italiennes
De Biologie, 149, 367-382.

Arnulf, I. (2012). REM sleep behavior disorder: Motor manifestations
and pathophysiology. Movement Disorders: Official Journal of the
Movement Disorder Society, 27(6), 677-689.
https://doi.org/10.1002/mds.24957

Arzi, A., Sela, L., Green, A., Givaty, G., Dagan, Y., & Sobel, N. (2010).
The influence of odorants on respiratory patterns in sleep.
Chemical Senses, 35(1), 31-40.
https://doi.org/10.1093/chemse/bjp079

Asamoabh, B., Khatoun, A., & Mc Laughlin, M. (2019). tACS motor
system effects can be caused by transcutaneous stimulation of

peripheral nerves. Nature Communications, 10(1), 266.
https://doi.org/10.1038/s41467-018-08183-w

Aserinsky, E., & Kleitman, N. (1953). Regularly Occurring Periods of
Eye Motility, and Concomitant Phenomena, during Sleep.
Science, New Series, 118(3062), 273-274.
http://www jstor.org/stable/1680525

Aspy, D. J. (2016). Is dream recall underestimated by retrospective
measures and enhanced by keeping a logbook? An empirical
investigation. Consciousness and Cognition, 42, 181-203.
https://doi.org/10.1016/j.concog.2016.03.015

Aspy, D. ], Delfabbro, P., & Proeve, M. (2015). Is dream recall
underestimated by retrospective measures and enhanced by
keeping a logbook? A review. Consciousness and Cognition, 33,
364-374. https://doi.org/10.1016/j.concog.2015.02.005

Aurora, R. N,, Zak, R. S., Auerbach, S. H., Casey, K. R., Chowdhuri, S.,
Karippot, A., Maganti, R. K., Ramar, K., Kristo, D. A., Bista, S.
R., Lamm, C. I, Morgenthaler, T. I, Standards of Practice
Committee, & American Academy of Sleep Medicine. (2010).
Best practice guide for the treatment of nightmare disorder in

153



adults. Journal of Clinical Sleep Medicine: JCSM: Official
Publication of the American Academy of Sleep Medicine, 6(4), 389—
401.

Avvenuti, G., & Bernardi, G. (2022). Local sleep: A new concept in brain
plasticity. Handbook of Clinical Neurology, 184, 35-52.
https://doi.org/10.1016/B978-0-12-819410-2.00003-5

Avvenuti, G., Bertelloni, D., Lettieri, G., Ricciardi, E., Cecchetti, L.,
Pietrini, P., & Bernardi, G. (2021). Emotion Regulation Failures
Are Preceded by Local Increases in Sleep-like Activity. Journal
of Cognitive Neuroscience, 33(11), 2342-2356.
https://doi.org/10.1162/jocn_a_01753

Avvenuti, G., Handjaras, G., Betta, M., Cataldji, J., Imperatori, L. S.,
Lattanzi, S., Riedner, B. A., Pietrini, P., Ricciardi, E., Tononi, G.,
Siclari, F., Polonara, G., Fabri, M., Silvestrini, M., Bellesi, M., &
Bernardi, G. (2020). Integrity of Corpus Callosum Is Essential
for the Cross-Hemispheric Propagation of Sleep Slow Waves: A
High-Density EEG Study in Split-Brain Patients. The Journal of
Neuroscience, 40(29), 5589-5603.
https://doi.org/10.1523/JTNEUROSCI.2571-19.2020

Baird, B., Castelnovo, A., Gosseries, O., & Tononi, G. (2018). Frequent
lucid dreaming associated with increased functional
connectivity between frontopolar cortex and temporoparietal
association areas. Scientific Reports, 8(1), 17798.
https://doi.org/10.1038/s41598-018-36190-w

Baird, B., Mota-Rolim, S. A., & Dresler, M. (2019). The cognitive
neuroscience of lucid dreaming. Neuroscience and Biobehavioral
Reviews, 100, 305-323.
https://doi.org/10.1016/j.neubiorev.2019.03.008

Baird, B., Riedner, B. A., Boly, M., Davidson, R. J., & Tononi, G. (2019).
Increased lucid dream frequency in long-term meditators but
not following mindfulness-based stress reduction training.

154



Psychology of Consciousness: Theory, Research, and Practice, 6(1),
40-54. https://doi.org/10.1037/cns0000176

Baird, B., Tononi, G., & LaBerge, S. (2022). Lucid dreaming occurs in
activated rapid eye movement sleep, not a mixture of sleep and
wakefulness. Sleep, 45(4), zsab294.
https://doi.org/10.1093/sleep/zsab294

Baldini, T., Loddo, G., Sessagesimi, E., Mignani, F., Cirignotta, F.,
Mondini, S., Licchetta, L., Bisulli, F., Tinuper, P., & Provini, F.
(2019). Clinical Features and Pathophysiology of Disorders of
Arousal in Adults: A Window Into the Sleeping Brain. Frontiers
in Neurology, 10. https://doi.org/10.3389/fneur.2019.00526

Bandt, C. (2017). A New Kind of Permutation Entropy Used to Classify
Sleep Stages from Invisible EEG Microstructure. Entropy, 19(5),
Article 5. https://doi.org/10.3390/e19050197

Bastien, C. H., Ladouceur, C., & Campbell, K. B. (2000). EEG
characteristics prior to and following the evoked K-Complex.
Canadian Journal of Experimental Psychology / Revue Canadienne de
Psychologie Expérimentale, 54(4), 255-265.
https://doi.org/10.1037/h0087345

Bastuji, H., & Garcia-Larrea, L. (1999). Evoked potentials as a tool for
the investigation of human sleep. Sleep Medicine Reviews, 3(1),
23-45. https://doi.org/10.1016/s1087-0792(99)90012-6

Bastuji, H., Garcia-Larrea, L., Franc, C., & Mauguiere, F. (1995). Brain
processing of stimulus deviance during slow-wave and
paradoxical sleep: A study of human auditory evoked
responses using the oddball paradigm. Journal of Clinical
Neurophysiology: Official Publication of the American
Electroencephalographic Society, 12(2), 155-167.
https://doi.org/10.1097/00004691-199503000-00006

Bastuji, H., Lamouroux, P., Villalba, M., Magnin, M., & Garcia-Larrea,
L. (2020). Local sleep spindles in the human thalamus. The

155



Journal of Physiology, 598(11), 2109-2124.
https://doi.org/10.1113/JP279045

Bastuji, H., Perchet, C., Legrain, V., Montes, C., & Garcia-Larrea, L.
(2008). Laser evoked responses to painful stimulation persist
during sleep and predict subsequent arousals. Pain, 137(3),
589-599. https://doi.org/10.1016/j.pain.2007.10.027

Battaglia, D., Cavallero, C., & Cicogna, P. (1987). Temporal Reference of
the Mnemonic Sources of Dreams. Perceptual and Motor Skills,
64(3), 979-983E. https://doi.org/10.2466/pms.1987.64.3.979

Baylor, G. W., & Cavallero, C. (2001). Memory sources associated with
REM and NREM dream reports throughout the night: A new
look at the data. Sleep, 24(2), 165-170.

Beaulieu-Prévost, D., & Zadra, A. (2007). Absorption, psychological
boundaries and attitude towards dreams as correlates of dream
recall: Two decades of research seen through a meta-analysis.
Journal of Sleep Research, 16(1), 51-59.
https://doi.org/10.1111/j.1365-2869.2007.00572.x

Beersma, D. G. M. (1998). Models of human sleep regulation. Sleep
Medicine Reviews, 2(1), 31-43. https://doi.org/10.1016/51087-
0792(98)90052-1

Beersma, D. G. M., Dijk, D. J., Blok, C. G. H., & Everhardus, I. (1990).
REM sleep deprivation during 5 hours leads to an immediate
REM sleep rebound and to suppression of non-REM sleep
intensity. Electroencephalography and Clinical Neurophysiology,
76(2), 114-122. https://doi.org/10.1016/0013-4694(90)90209-3

Bellesi, M., Riedner, B. A., Garcia-Molina, G. N., Cirelli, C., & Tononi,
G. (2014). Enhancement of sleep slow waves: Underlying
mechanisms and practical consequences. Frontiers in Systems
Neuroscience, 8. https://doi.org/10.3389/fnsys.2014.00208

156



Berger, H. (1929). Uber das Elektrenkephalogramm des Menschen.
Archiv fiir Psychiatrie und Nervenkrankheiten, 87(1), 527-570.
https://doi.org/10.1007/BF01797193

Berger, R. J. (1963). Experimental Modification of Dream Content by
Meaningful Verbal Stimuli. British Journal of Psychiatry,
109(463), 722-740. https://doi.org/10.1192/bjp.109.463.722

Bernardi, G., Betta, M., Cataldji, J., Leo, A., Ricciardi, E., Haba-Rubio, J.,
Pietrini, P., Heinzer, R., & Siclari, F. (2017). The effects of acute,
short-term visual deprivation on low-frequency EEG activity
during wakefulness and sleep. Sleep Medicine, 40, €32.
https://doi.org/10.1016/j.sleep.2017.11.088

Bernardi, G., Betta, M., Ricciardji, E., Pietrini, P., Tononi, G., & Siclari, F.
(2019). Regional Delta Waves In Human Rapid Eye Movement
Sleep. Journal of Neuroscience, 39(14), 2686—2697.
https://doi.org/10.1523/JTNEUROSCI.2298-18.2019

Bernardi, G,, Siclari, F., Yu, X., Zennig, C., Bellesi, M., Ricciardi, E.,
Cirelli, C., Ghilardi, M. E., Pietrini, P., & Tononi, G. (2015).
Neural and behavioral correlates of extended training during
sleep deprivation in humans: Evidence for local, task-specific
effects. The Journal of Neuroscience: The Official Journal of the
Society for Neuroscience, 35(11), 4487-4500.
https://doi.org/10.1523/J]NEUROSCI.4567-14.2015

Berry, R. B., Brooks, R., Gamaldo, C. E., Harding, S. M., Lloyd, R. M.,
Marcus, C. L., & Vaughn, B. V. (2017). The AASM manual for the
scoring of sleep and associated events: Rules, terminology and
technical specifications (Version 2.4, Vol. 2). American Academy
of Sleep Medicine.

Bersagliere, A., & Achermann, P. (2010). Slow oscillations in human
non-rapid eye movement sleep electroencephalogram: Effects
of increased sleep pressure. Journal of Sleep Research, 19(1 Pt 2),
228-237. https://doi.org/10.1111/j.1365-2869.2009.00775.x

157



Bigdely-Shamlo, N., Mullen, T., Kothe, C., Su, K.-M., & Robbins, K. A.
(2015). The PREP pipeline: Standardized preprocessing for
large-scale EEG analysis. Frontiers in Neuroinformatics, 9.
https://doi.org/10.3389/fninf.2015.00016

Bischof, M., & Bassetti, C. L. (2004). Total dream loss: A distinct
neuropsychological dysfunction after bilateral PCA stroke.
Annals of Neurology, 56(4), 583-586.
https://doi.org/10.1002/ana.20246

Blagrove, M., Fouquet, N. C., Henley-Einion, J., Pace-Schott, E. F.,
Davies, C., Neuschaffer, J. L., & Turnbull, O. H. (2011).
Assessing the Dream-Lag Effect for REM and NREM Stage 2
Dreams. PLOS ONE, 6(10), e26708.
https://doi.org/10.1371/journal.pone.0026708

Blagrove, M., Henley-Einion, J., Barnett, A., Edwards, D., & Heidi
Seage, C. (2011). A replication of the 5-7day dream-lag effect
with comparison of dreams to future events as control for
baseline matching. Consciousness and Cognition, 20(2), 384-391.
https://doi.org/10.1016/j.concog.2010.07.006

Blagrove, M., & Pace-Schott, E. F. (2010). Trait And Neurobiological
Correlates Of Individual Differences In Dream Recall And
Dream Content. In International Review of Neurobiology (Vol. 92,
pp. 155-180). Elsevier. https://doi.org/10.1016/S0074-
7742(10)92008-4

Blake, H., & Gerard, R. W. (1937). Brain potentials during sleep.
American Journal of Physiology-Legacy Content, 119(4), 692-703.
https://doi.org/10.1152/ajplegacy.1937.119.4.692

Blanchette-Carriere, C., Julien, S.-H., Picard-Deland, C., Bouchard, M.,
Carrier, J., Paquette, T., & Nielsen, T. A. (2020). Attempted
induction of signalled lucid dreaming by transcranial

alternating current stimulation. Consciousness and Cognition, 83,
102957. https://doi.org/10.1016/j.concog.2020.102957

158



Bloxham, A., & Durrant, S. (2014). The effect of external stimuli on
dreams, as assessed using Q-Methodology. International Journal
of Dream Research, 7(2), 129-140.

Bloxham, A., & Horton, C. L. (2024). Enhancing and advancing the
understanding and study of dreaming and memory
consolidation: Reflections, challenges, theoretical clarity, and

methodological considerations. Consciousness and Cognition,
123, 103719. https://doi.org/10.1016/j.concog.2024.103719

Blume, C., Del Giudice, R., Lechinger, J., Wislowska, M., Heib, D. P. ],
Hoedlmoser, K., & Schabus, M. (2017). Preferential processing
of emotionally and self-relevant stimuli persists in unconscious
N2 sleep. Brain and Language, 167, 72-82.
https://doi.org/10.1016/j.band1.2016.02.004

Blume, C., del Giudice, R., Wislowska, M., Heib, D. P. ]., & Schabus, M.
(2018). Standing sentinel during human sleep: Continued
evaluation of environmental stimuli in the absence of
consciousness. Neurolmage, 178, 638-648.
https://doi.org/10.1016/j.neuroimage.2018.05.056

Bdédizs, R., Horvath, C. G,, Szalardy, O., Ujma, P. P, Simor, P., Gombos,
F., Kovacs, L., Genzel, L., & Dresler, M. (2022). Sleep-spindle
frequency: Overnight dynamics, afternoon nap effects, and
possible circadian modulation. Journal of Sleep Research, 31(3),
e13514. https://doi.org/10.1111/jsr.13514

Bdédizs, R., Schneider, B., Ujma, P. P., Horvath, C. G., Dresler, M., &
Rosenblum, Y. (2024). Fundamentals of sleep regulation: Model
and benchmark values for fractal and oscillatory
neurodynamics. Progress in Neurobiology, 234, 102589.
https://doi.org/10.1016/j.pneurobio.2024.102589

Bddizs, R., Szalardy, O., Horvath, C., Ujma, P. P., Gombos, F., Simor, P.,
Potari, A., Zeising, M., Steiger, A., & Dresler, M. (2021). A set of
composite, non-redundant EEG measures of NREM sleep
based on the power law scaling of the Fourier spectrum.

159



Scientific Reports, 11, 2041. https://doi.org/10.1038/s41598-021-
81230-7

Bonnet, M. H. (1989). The effect of sleep fragmentation on sleep and
performance in younger and older subjects. Neurobiology of
Aging, 10(1), 21-25. https://doi.org/10.1016/s0197-
4580(89)80006-5

Bonnet, M. H., Doghramiji, K., Roehrs, T., Stepanski, E. J., Sheldon, S.
H., Walters, A. S., Wise, M., & Chesson, A. L. (2007). The
scoring of arousal in sleep: Reliability, validity, and
alternatives. Journal of Clinical Sleep Medicine: JCSM: Official
Publication of the American Academy of Sleep Medicine, 3(2), 133
145.

Bonnet, M. H., Johnson, L. C., & Webb, W. B. (1978). The Reliability of
Arousal Threshold During Sleep. Psychophysiology, 15(5), 412—
416. https://doi.org/10.1111/j.1469-8986.1978.tb01407.x

Bonnet, M. H., & Moore, S. E. (1982). The threshold of sleep: Perception
of sleep as a function of time asleep and auditory threshold.
Sleep, 5(3), 267-276. https://doi.org/10.1093/sleep/5.3.267

Borbély, A. (2022). The two-process model of sleep regulation:
Beginnings and outlook. Journal of Sleep Research, 31(4), e13598.
https://doi.org/10.1111/jsr.13598

Borbély, A., & Achermann, P. (1992). Concepts and models of sleep
regulation: An overview. Journal of Sleep Research, 1(2), 63-79.
https://doi.org/10.1111/j.1365-2869.1992.tb00013.x

Borbély, A., & Achermann, P. (1999). Sleep Homeostasis and Models of
Sleep Regulation. Journal of Biological Rhythms, 14(6), 559-570.
https://doi.org/10.1177/074873099129000894

Borbély, A., Baumann, F., Brandeis, D., Strauch, I., & Lehmann, D.
(1981). Sleep deprivation: Effect on sleep stages and EEG
power density in man. Electroencephalography and Clinical

160



Neurophysiology, 51(5), 483—493. https://doi.org/10.1016/0013-
4694(81)90225-X

Borbély, A., Daan, S., Wirz-Justice, A., & Deboer, T. (2016). The two-
process model of sleep regulation: A reappraisal. Journal of
Sleep Research, 25(2), 131-143. https://doi.org/10.1111/jsr.12371

Borghese, F., Henckaerts, P., Guy, F., Perez Mayo, C., Delplanque, S.,
Schwartz, S., & Perogamvros, L. (2022). Targeted Memory
Reactivation During REM Sleep in Patients With Social Anxiety
Disorder. Frontiers in Psychiatry, 13. Scopus.
https://doi.org/10.3389/fpsyt.2022.904704

Born, J. (2010). Slow-wave sleep and the consolidation of long-term
memory. The World Journal of Biological Psychiatry: The Official
Journal of the World Federation of Societies of Biological Psychiatry,
11 Suppl 1, 16-21. https://doi.org/10.3109/15622971003637637

Bradley, C., & Meddis, R. (1974). Arousal threshold in dreaming sleep.
Physiological Psychology, 2(2), 109-110.
https://doi.org/10.3758/BF03333006

Brandenberger, G., Ehrhart, J., & Buchheit, M. (2005). Sleep stage 2: An
electroencephalographic, autonomic, and hormonal duality.
Sleep, 28(12), 1535-1540. https://doi.org/10.1093/sleep/28.12.1535

Braun, A. (1997). Regional cerebral blood flow throughout the sleep-
wake cycle. An H2(15)O PET study. Brain, 120(7), 1173-1197.
https://doi.org/10.1093/brain/120.7.1173

Bruck, D., & Horasan, M. (1995). Non-arousal and non-action of normal
sleepers in response to a smoke detector alarm. Fire Safety
Journal, 25(2), 125-139. https://doi.org/10.1016/0379-
7112(95)00041-0

Bucci, A., & Grasso, M. (2017). Sleep and Dreaming in the Predictive
Processing Framework. Philosophy and Predictive Processing.
https://doi.org/10.15502/9783958573079

161



Bueno-Junior, L. S., Ruckstuhl, M. S., Lim, M. M., & Watson, B. O.
(2023). The temporal structure of REM sleep shows minute-
scale fluctuations across brain and body in mice and humans.
Proceedings of the National Academy of Sciences, 120(18),
€2213438120. https://doi.org/10.1073/pnas.2213438120

Bueren, N. E. R. van, Ven, S. H. G. van der, Hochman, S., Sella, F., &
Kadosh, R. C. (2023). Human neuronal excitation/inhibition
balance explains and predicts neurostimulation induced
learning benefits. PLOS Biology, 21(8), €3002193.
https://doi.org/10.1371/journal.pbio.3002193

Burioka, N., Miyata, M., Cornélissen, G., Halberg, F., Takeshima, T.,
Kaplan, D. T., Suyama, H., Endo, M., Maegaki, Y., Nomura, T.,
Tomita, Y., Nakashima, K., & Shimizu, E. (2005). Approximate
Entropy in the Electroencephalogram during Wake and Sleep.
Clinical EEG and Neuroscience, 36(1), 21-24.
https://doi.org/10.1177/155005940503600106

Burton, S. A., Harsh, J. R., & Badia, P. (1988). Cognitive activity in sleep
and responsiveness to external stimuli. Sleep, 11(1), 61-68.

Busby, K. A., Mercier, L., & Pivik, R. T. (1994). Ontogenetic variations
in auditory arousal threshold during sleep. Psychophysiology,
31(2), 182-188. https://doi.org/10.1111/j.1469-
8986.1994.tb01038.x

Buzsaki, G. (1998). Memory consolidation during sleep: A
neurophysiological perspective. Journal of Sleep Research, 7
Suppl 1, 17-23.

Cairney, S. A., Guttesen, A. A. V., El Marj, N., & Staresina, B. P. (2018).
Memory Consolidation Is Linked to Spindle-Mediated
Information Processing during Sleep. Current Biology: CB, 28(6),
948-954.e4. https://doi.org/10.1016/j.cub.2018.01.087

Cajochen, C., Chellappa, S. L., & Schmidt, C. (2014). Circadian and
Light Effects on Human Sleepiness—Alertness. In S. Garbarino,
L. Nobili, & G. Costa (Eds.), Sleepiness and Human Impact

162



Assessment (pp. 9-22). Springer Milan.
https://doi.org/10.1007/978-88-470-5388-5_2

Cajochen, C., Reichert, C. F., Miinch, M., Gabel, V., Stefani, O.,
Chellappa, S. L., & Schmidt, C. (2024). Ultradian sleep cycles:
Frequency, duration, and associations with individual and
environmental factors— A retrospective study. Sleep Health:
Journal of the National Sleep Foundation, 10(1), S52-562.
https://doi.org/10.1016/j.sleh.2023.09.002

Calkins, M. W. (1893). Statistics of Dreams. The American Journal of
Psychology, 5(3), 311. https://doi.org/10.2307/1410996

Callaway, C. W., Lydic, R., Baghdoyan, H. A., & Hobson, ]. A. (1987).
Pontogeniculooccipital waves: Spontaneous visual system
activity during rapid eye movement sleep. Cellular and
Molecular Neurobiology, 7(2), 105-149.
https://doi.org/10.1007/BF00711551

Campbell, K., Michaud, D. S,, Keith, S. E., Muller-Gass, A., & Wiebe, S.
(2005). Event-related potential measures of the disruptive
effects of trains of auditory stimuli during waking and sleeping
states. Journal of Sleep Research, 14(4), 347-357.
https://doi.org/10.1111/j.1365-2869.2005.00478.x

Capilla, A., Arana, L., Garcia-Huéscar, M., Melcon, M., Gross, J., &
Campo, P. (2022). The natural frequencies of the resting human
brain: An MEG-based atlas. Neurolmage, 258, 119373.
https://doi.org/10.1016/j.neuroimage.2022.119373

Carbone, J., & Diekelmann, S. (2024). An update on recent advances in
targeted memory reactivation during sleep. Npj Science of
Learning, 9(1), 1-10. https://doi.org/10.1038/s41539-024-00244-8

Carr, M., Haar Horowitz, A., Amores, J., Lopes, P., Bernal, G., Vega, T,
Rosello, O, Jain, A., & Maes, P. (2020). Dream engineering:
Simulating worlds through sensory stimulation. Consciousness
and Cognition, 83, 102955.
https://doi.org/10.1016/j.concog.2020.102955

163



Carr, M., Konkoly, K., Mallett, R., Edwards, C., Appel, K., & Blagrove,
M. (2020). Combining presleep cognitive training and REM-
sleep stimulation in a laboratory morning nap for lucid dream
induction. Psychology of Consciousness: Theory, Research, and
Practice. https://doi.org/10.1037/cns0000227

Carrier, J., Land, S., Buysse, D. J., Kupfer, D. J., & Monk, T. H. (2001).
The effects of age and gender on sleep EEG power spectral
density in the middle years of life (ages 20-60 years old).
Psychophysiology, 38(2), 232-242.

Carskadon, M., & Dement, W. (1989). Normal Human Sleep: An
Overview. Principles and Practice of Sleep Medicine. M.H.
Kryger (Ed.). W.B. Saunders, Philadelphia, 3-13.

Cartwright, R., Luten, A., Young, M., Mercer, P., & Bears, M. (1998).
Role of REM sleep and dream affect in overnight mood
regulation: A study of normal volunteers. Psychiatry Research,
81(1), 1-8. https://doi.org/10.1016/50165-1781(98)00089-4

Cash, S. S., Halgren, E., Dehghani, N., Rossetti, A. O., Thesen, T., Wang,
C., Devinsky, O., Kuzniecky, R., Doyle, W., Madsen, J. R.,
Bromfield, E., Erdss, L., Halasz, P., Karmos, G., Csercsa, R.,
Wittner, L., & Ulbert, 1. (2009). The Human K-Complex
Represents an Isolated Cortical Down-State. Science (New York,
N.Y.), 324(5930), 1084-1087.
https://doi.org/10.1126/science.1169626

Castaldo, V., & Holzman, P. S. (1967). The effects of hearing one’s own
voice on sleep mentation. Journal of Nervous and Mental Disease,
144, 2-13. https://doi.org/10.1097/00005053-196701000-00002

Castaldo, V., & Holzman, P. S. (1969). The effects of hearing one’s own
voice on dream content: A replication. Journal of Nervous and
Mental Disease, 148(1), 74-82. https://doi.org/10.1097/00005053-
196901000-00008

Castaldo, V., & Shevrin, H. (1970). Different effect of an auditory
stimulus as a function of rapid eye movement and non-rapid

164



eye movement sleep. Journal of Nervous and Mental Disease,
150(3), 195-200. https://doi.org/10.1097/00005053-197003000-
00004

Castelnovo, A., Lopez, R., Proserpio, P., Nobili, L., & Dauvilliers, Y.
(2018). NREM sleep parasomnias as disorders of sleep-state
dissociation. Nature Reviews Neurology, 14(8), 470-481.
https://doi.org/10.1038/s41582-018-0030-y

Castelnovo, A., Riedner, B. A., Smith, R. F,, Tononi, G., Boly, M., &
Benca, R. M. (2016). Scalp and Source Power Topography in
Sleepwalking and Sleep Terrors: A High-Density EEG Study.
Sleep, 39(10), 1815-1825. https://doi.org/10.5665/sleep.6162

Cataldi, J., Stephan, A. M., Haba-Rubio, J., & Siclari, F. (2024). Shared
EEG correlates between non-REM parasomnia experiences and
dreams. Nature Communications, 15, 3906.
https://doi.org/10.1038/s41467-024-48337-7

Cathala, H. P., Laffont, F., & Siksou, M. (1983). Sleep and dreams in
patients with parietal and frontal lobes lesions. Revie
Neurologique, 139(8-9), 497-508. Scopus.

Cavallero, C., Foulkes, D., Hollifield, M., & Terry, R. (1990). Memory
sources of REM and NREM dreams. Sleep, 13(5), 449-455.

Cellier, D., Riddle, J., Petersen, I., & Hwang, K. (2021). The
development of theta and alpha neural oscillations from ages 3
to 24 years. Developmental Cognitive Neuroscience, 50, 100969.
https://doi.org/10.1016/j.dcn.2021.100969

Chalmers, D. J. (1997). The Conscious Mind: In Search of a Fundamental
Theory. OUP USA.

Chatburn, A., Lushington, K., & Cross, Z. R. (2024). Considerations
towards a neurobiologically-informed EEG measurement of
sleepiness. Brain Research, 1841, 149088.
https://doi.org/10.1016/j.brainres.2024.149088

165



Chellappa, S. L., & Cajochen, C. (2013). Ultradian and circadian
modulation of dream recall: EEG correlates and age effects.
International Journal of Psychophysiology, 89(2), 165-170.
https://doi.org/10.1016/j.ijpsycho.2013.03.006

Chellappa, S. L., Frey, S., Knoblauch, V., & Cajochen, C. (2011). Cortical
activation patterns herald successful dream recall after NREM
and REM sleep. Biological Psychology, 87(2), 251-256.
https://doi.org/10.1016/j.biopsycho.2011.03.004

Chellappa, S. L., Miinch, M., Blatter, K., Knoblauch, V., & Cajochen, C.
(2009). Does the Circadian Modulation of Dream Recall Modify
with Age? Sleep, 32(9), 1201-1209.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2737578/

Chellappa, S. L., Miinch, M., Knoblauch, V., & Cajochen, C. (2012). Age
effects on spectral electroencephalogram activity prior to
dream recall. Journal of Sleep Research, 21(3), 247-256.
https://doi.org/10.1111/j.1365-2869.2011.00947 .x

Chen, C,, Sung, J.-Y., & Cheng, Y. (2016). Neural Dynamics of
Emotional Salience Processing in Response to Voices during

the Stages of Sleep. Frontiers in Behavioral Neuroscience, 10, 117.
https://doi.org/10.3389/fnbeh.2016.00117

Chen, G,, Pine, D. S., Brotman, M. A., Smith, A. R., Cox, R. W., Taylor,
P. A., & Haller, S. P. (2022). Hyperbolic trade-off: The
importance of balancing trial and subject sample sizes in
neuroimaging. Neurolmage, 247, 118786.
https://doi.org/10.1016/j.neuroimage.2021.118786

Chow, H. M., Horovitz, S. G., Carr, W. S, Picchioni, D., Coddington,
N., Fukunaga, M., Xu, Y., Balkin, T. J., Duyn, J. H., & Braun, A.
R. (2013). Rhythmic alternating patterns of brain activity
distinguish rapid eye movement sleep from other states of
consciousness. Proceedings of the National Academy of Sciences of
the United States of America, 110(25), 10300-10305.
https://doi.org/10.1073/pnas.1217691110

166



Christensen, R. H. B. (2023). ordinal: Regression Models for Ordinal Data
(Version 2023.12-4) [Computer software]. https://cran.r-
project.org/web/packages/ordinal/index.html

Christoff, K., Irving, Z. C., Fox, K. C. R,, Spreng, R. N., & Andrews-
Hanna, J. R. (2016). Mind-wandering as spontaneous thought:
A dynamic framework. Nature Reviews Neuroscience, 17(11),
718-731. https://doi.org/10.1038/nrn.2016.113

Cicogna, P., Natale, V., Occhionero, M., & Bosinelli, M. (1998). A
Comparison of Mental Activity During Sleep Onset and
Morning Awakening. Sleep, 21(5), 462—470.
https://doi.org/10.1093/sleep/21.5.462

Cipolli, C., Bolzani, R., Comoldi, C., De Beni, R., & Fagioli, I. (1993).
Bizarreness Effect in Dream Recall. Sleep, 16(2), 163-170.
https://doi.org/10.1093/sleep/16.2.163

Cipolli, C., Fagioli, 1., Mazzetti, M., & Tuozzi, G. (2004). Incorporation
of presleep stimuli into dream contents: Evidence for a
consolidation effect on declarative knowledge during REM
sleep? Journal of Sleep Research, 13(4), 317-326.
https://doi.org/10.1111/j.1365-2869.2004.00420.x

Cipolli, C., Guazzelli, M., Bellucci, C., Mazzetti, M., Palagini, L.,
Rosenlicht, N., & Feinberg, 1. (2015). Time-of-night variations in
the story-like organization of dream experience developed
during rapid eye movement sleep. Journal of Sleep Research,
24(2), 234-240. https://doi.org/10.1111/jsr.12251

Cirelli, C., & Tononi, G. (2008). Is Sleep Essential? PLoS Biology, 6(8),
€216. https://doi.org/10.1371/journal.pbio.0060216

Clark, A. (2012). Dreaming the Whole Cat: Generative Models,
Predictive Processing, and the Enactivist Conception of
Perceptual Experience. Mind, 121(483), 753-771.
https://www jstor.org/stable/23321783

167



Claviere, J. (1897). La rapidité de la pensée dans le réve. Revue
Philosophique de La France et de 'Etranger, 43, 507-512.
https://www jstor.org/stable/41076557

Cohen, D. B. (1974). Toward a theory of dream recall. Psychological
Bulletin, 81(2), 138-154. https://doi.org/10.1037/h0037616

Cohen, D. B., & Wolfe, G. (1973). Dream recall and repression: Evidence
for an alternative hypothesis. Journal of Consulting and Clinical
Psychology, 41(3), 349-355. https://doi.org/10.1037/h0035333

Cole, S. R., & Voytek, B. (2017). Brain Oscillations and the Importance
of Waveform Shape. Trends in Cognitive Sciences, 21(2), 137-149.
https://doi.org/10.1016/j.tics.2016.12.008

Colombo, M. A., Comanducci, A., Casarotto, S., Derchi, C.-C., Annen,
J., Vigano, A., Mazza, A., Trimarchi, P. D., Boly, M., Fecchio,
M., Bodart, O., Navarro, J., Laureys, S., Gosseries, O.,
Massimini, M., Sarasso, S., & Rosanova, M. (2023). Beyond
alpha power: EEG spatial and spectral gradients robustly
stratify disorders of consciousness. Cerebral Cortex, 33(11),
7193-7210. https://doi.org/10.1093/cercor/bhad031

Colombo, M. A., Napolitani, M., Boly, M., Gosseries, O., Casarotto, S.,
Rosanova, M., Brichant, J.-F., Boveroux, P., Rex, S., Laureys, S.,
Massimini, M., Chieregato, A., & Sarasso, S. (2019). The spectral
exponent of the resting EEG indexes the presence of
consciousness during unresponsiveness induced by propofol,
xenon, and ketamine. Neurolmage, 189, 631-644.
https://doi.org/10.1016/j.neuroimage.2019.01.024

Colrain, I. M. (2005). The K-complex: A 7-decade history. Sleep, 28(2),
255-273. https://doi.org/10.1093/sleep/28.2.255

Colten, H. R., Altevogt, B. M., & Research, I. of M. (US) C. on S. M. and.
(2006). Sleep Physiology. In Sleep Disorders and Sleep
Deprivation: An Unmet Public Health Problem. National
Academies Press (US).
https://www.ncbi.nlm.nih.gov/books/NBK19956/

168



Conduit, R., Bruck, D., & Coleman, G. (1997). Induction of visual
imagery during NREM sleep. Sleep, 20(11), 948-956.
https://doi.org/10.1093/sleep/20.11.948

Conduit, R., & Coleman, G. (1998). Conditioned salivation and
associated dreams from REM sleep. Dreaming, 8(4), 243-262.
https://doi.org/10.1023/B:DREM.0000005906.02975.0a

Conte, F., Rescott, M. L., De Rosa, O., Cellini, N., Coppola, A.,
Cerasuolo, M., Malloggi, S., Giganti, F., & Ficca, G. (2022).
Changes in dream features across the first and second waves of
the Covid-19 pandemic. Journal of Sleep Research, 31(1). Scopus.
https://doi.org/10.1111/jsr.13425

Corsi-Cabrera, M. (2003). Rapid eye movement sleep dreaming is
characterized by uncoupled EEG activity between frontal and
perceptual cortical regions. Brain and Cognition, 51(3), 337-345.
https://doi.org/10.1016/50278-2626(03)00037-X

Corsi-Cabrera, M., Becker, J., Garcia, L., Ibarra, R., Morales, M., &
Souza, M. (1986). Dream content after using visual inverting
prisms. Perceptual and Motor Skills, 63(2 Pt 1), 415-423.
https://doi.org/10.2466/pms.1986.63.2.415

Corsi-Cabrera, M., Guevara, M. A., & del Rio-Portilla, Y. (2008). Brain
activity and temporal coupling related to eye movements
during REM sleep: EEG and MEG results. Brain Research, 1235,
82-91. https://doi.org/10.1016/j.brainres.2008.06.052

Cortelli, P., Gambetti, P., Montagna, P., & Lugaresi, E. (1999). Fatal
familial insomnia: Clinical features and molecular genetics.
Journal of Sleep Research, 8 Suppl 1, 23-29.
https://doi.org/10.1046/j.1365-2869.1999.00005.x

Cote, K. A., Epps, TinA. M., & Campbell, K. B. (2000). The role of the
spindle in human information processing of high-intensity
stimuli during sleep. Journal of Sleep Research, 9(1), 19-26.
https://doi.org/10.1046/j.1365-2869.2000.00188.x

169



Crick, F., & Mitchison, G. (1983). The function of dream sleep. Nature,
304(5922), 111-114. https://doi.org/10.1038/304111a0

Cubberley, A.J. (1923). The Effects of Tensions of the Body Surface
upon the Normal Dream. British Journal of Psychology, 13, 243—
267.

Czisch, M., Wehrle, R, Stiegler, A., Peters, H., Andrade, K., Holsboer,
F., & Samann, P. G. (2009). Acoustic Oddball during NREM
Sleep: A Combined EEG/fMRI Study. PLoS ONE, 4(8), e6749.
https://doi.org/10.1371/journal.pone.0006749

Czisch, M., Wetter, T. C., Kaufmann, C., Pollmécher, T., Holsboer, F., &
Auer, D. P. (2002). Altered processing of acoustic stimuli
during sleep: Reduced auditory activation and visual
deactivation detected by a combined fMRI/EEG study.
Neurolmage, 16(1), 251-258.
https://doi.org/10.1006/nimg.2002.1071

Dang-Vu, T. T., Bonjean, M., Schabus, M., Boly, M., Darsaud, A.,
Desseilles, M., Degueldre, C., Balteau, E., Phillips, C., Luxen,
A., Sejnowski, T. J., & Maquet, P. (2011). Interplay between
spontaneous and induced brain activity during human non-
rapid eye movement sleep. Proceedings of the National Academy
of Sciences of the United States of America, 108(37), 15438-15443.
https://doi.org/10.1073/pnas.1112503108

Dang-Vu, T. T., Schabus, M., Desseilles, M., Sterpenich, V., Bonjean, M.,
& Maquet, P. (2010). Functional neuroimaging insights into the
physiology of human sleep. Sleep, 33(12), 1589-1603.
https://doi.org/10.1093/sleep/33.12.1589

Darracq, M., Funk, C. M., Polyakov, D., Riedner, B., Gosseries, O.,
Nieminen, J. O., Bonhomme, V., Brichant, J.-F., Boly, M.,
Laureys, S., Tononi, G., & Sanders, R. D. (2018). Evoked Alpha
Power is Reduced in Disconnected Consciousness During Sleep
and Anesthesia. Scientific Reports, 8(1), 16664.
https://doi.org/10.1038/s41598-018-34957-9

170



D’Atri, A., Scarpelli, S., Schiappa, C., Pizza, F., Vandi, S., Ferrara, M.,
Cipolli, C., Plazzi, G., & De Gennaro, L. (2019). Cortical
activation during sleep predicts dream experience in
narcolepsy. Annals of Clinical and Translational Neurology, 6(3),
445-455. https://doi.org/10.1002/acn3.718

Dauvilliers, Y., & Billiard, M. (2004). Aspects du sommeil normal. EMC
- Neurologie, 1(4), 458—480.
https://doi.org/10.1016/j.emcn.2004.05.001

Davis, H., Davis, P. A., Loomis, A. L., Harvey, E. N., & Hobart, G.
(1939). Electrical reactions of the human brain to auditory
stimulation during sleep. Journal of Neurophysiology, 2(6), 500—
514. https://doi.org/10.1152/jn.1939.2.6.500

de Cheveigné, A. (2020). ZapLine: A simple and effective method to
remove power line artifacts. Neurolmage, 207, 116356.
https://doi.org/10.1016/j.neuroimage.2019.116356

De Gennaro, L., Cipolli, C., Cherubini, A., Assogna, F., Cacciari, C.,
Marzano, C., Curcio, G., Ferrara, M., Caltagirone, C., &
Spalletta, G. (2011). Amygdala and hippocampus volumetry
and diffusivity in relation to dreaming. Human Brain Mapping,
32(9), 1458-1470. https://doi.org/10.1002/hbm.21120

De Gennaro, L., Ferrara, M., Curcio, G., & Cristiani, R. (2001). Antero-
posterior EEG changes during the wakefulness—sleep
transition. Clinical Neurophysiology, 112(10), 1901-1911.
https://doi.org/10.1016/51388-2457(01)00649-6

De Gennaro, L., Lanteri, O., Piras, F., Scarpelli, S., Assogna, F., Ferrara,
M., Caltagirone, C., & Spalletta, G. (2016). Dopaminergic
system and dream recall: An MRI study in Parkinson’s disease
patients. Human Brain Mapping, 37(3), 1136-1147.
https://doi.org/10.1002/hbm.23095

De Gennaro, L., Marzano, C., Moroni, F., Curcio, G., Ferrara, M., &
Cipolli, C. (2010). Recovery sleep after sleep deprivation almost

171



completely abolishes dream recall. Behavioural Brain Research,
206(2), 293-298. https://doi.org/10.1016/j.bbr.2009.09.030

De Gennaro, L., Marzano, C., Veniero, D., Moroni, F., Fratello, F.,
Curcio, G., Ferrara, M., Ferlazzo, F., Novelli, L., Concetta
Pellicciari, M., Bertini, M., & Rossini, P. M. (2007).
Neurophysiological correlates of sleepiness: A combined TMS
and EEG study. Neurolmage, 36(4), 1277-1287.
https://doi.org/10.1016/j.neuroimage.2007.04.013

De Koninck, J., & Koulack, D. (1975). Dream content and adaptation to
a stressful situation. Journal of Abnormal Psychology, 84(3), 250—
260. https://doi.org/10.1037/h0076648

De Koninck, J., Prévost, F., & Lortie-Lussier, M. (1996). Vertical
inversion of the visual field and REM sleep mentation. Journal
of Sleep Research, 5(1), 16-20. https://doi.org/10.1046/j.1365-
2869.1996.00001.x

de Macédo, T. C. E., Ferreira, G. H., de Almondes, K. M., Kirov, R., &
Mota-Rolim, S. A. (2019). My Dream, My Rules: Can Lucid
Dreaming Treat Nightmares? Frontiers in Psychology, 10, 2618.
https://doi.org/10.3389/fpsyg.2019.02618

Decat, N., Walter, J., Koh, Z. H., Sribanditmongkol, P., Fulcher, B. D.,
Windt, J. M., Andrillon, T., & Tsuchiya, N. (2022). Beyond
traditional sleep scoring: Massive feature extraction and data-
driven clustering of sleep time series. Sleep Medicine, 98, 39-52.
https://doi.org/10.1016/j.sleep.2022.06.013

del Giudice, R., Saunders, A. S., Cavallotti, S., & D’Agostino, A. (2022).
Dream Consciousness and the Brain: Relevance to
Psychopathology. In R. Gupta, D. N. Neubauer, & S. R. Pandi-
Perumal (Eds.), Sleep and Neuropsychiatric Disorders (pp. 81-99).
Springer. https://doi.org/10.1007/978-981-16-0123-1_5

Delorme, A., & Makeig, S. (2004). EEGLAB: An open source toolbox for
analysis of single-trial EEG dynamics including independent

172



component analysis. Journal of Neuroscience Methods, 134(1), 9-
21. https://doi.org/10.1016/j.jneumeth.2003.10.009

Dement, W., & Kleitman, N. (1957). Cyclic variations in EEG during
sleep and their relation to eye movements, body motility, and
dreaming. Electroencephalography & Clinical Neurophysiology, 9,
673-690. https://doi.org/10.1016/0013-4694(57)90088-3

Dement, W., & Wolpert, E. A. (1958). The relation of eye movements,
body motility, and external stimuli to dream content. Journal of
Experimental Psychology, 55(6), 543-553.
https://doi.org/10.1037/h0040031

Demuru, M., & Fraschini, M. (2020). EEG fingerprinting: Subject-
specific signature based on the aperiodic component of power
spectrum. Computers in Biology and Medicine, 120, 103748.
https://doi.org/10.1016/j.compbiomed.2020.103748

Desseilles, M., Dang-Vu, T. T., Sterpenich, V., & Schwartz, S. (2011).
Cognitive and emotional processes during dreaming: A
neuroimaging view. Consciousness and Cognition, 20(4), 998—
1008. https://doi.org/10.1016/j.concog.2010.10.005

Dijk, D. J. (2009). Regulation and Functional Correlates of Slow Wave
Sleep. Journal of Clinical Sleep Medicine : JCSM : Official
Publication of the American Academy of Sleep Medicine, 5(2 Suppl),
56-515.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2824213/

Dijk, D. J., & Beersma, D. G. M. (1989). Effects of SWS deprivation on
subsequent EEG power density and spontaneous sleep
duration. Electroencephalography and Clinical Neurophysiology,
72(4), 312-320. https://doi.org/10.1016/0013-4694(89)90067-9

Dodet, P., Chavez, M., Leu-Semenescu, S., Golmard, J.-L., & Arnulf, 1.
(2015). Lucid dreaming in narcolepsy. Sleep, 38(3), 487-497.
https://doi.org/10.5665/sleep.4516

173



Dombhoff, G. W. (2007). Realistic simulation and bizarreness in dream
content: Past findings and suggestions for future research. The
New Science of Dreaming: Volume 2. Content, Recall, and
Personality Correlates., 1-27.

Dombhoff, G. W. (2011). Dreams are embodied simulations that
dramatize conceptions and concerns: The continuity hypothesis

in empirical, theoretical, and historical context. International
Journal of Dream Research, 4(2), 50-62.

Dombhoff, G. W. (2019). The neurocognitive theory of dreams at age 20:
An assessment and a comparison with four other theories of
dreaming. Dreaming, 29(4), 265-302.
https://doi.org/10.1037/drm0000119

Dombhoff, G. W. (2022). The neurocognitive theory of dreaming: The where,
how, when, what, and why of dreams. The MIT Press.

Dombhoff, G. W., & Fox, K. C. R. (2015). Dreaming and the default
network: A review, synthesis, and counterintuitive research

proposal. Consciousness and Cognition, 33, 342-353.
https://doi.org/10.1016/j.concog.2015.01.019

Dombhoff, G. W., & Schneider, A. (2008). Studying dream content using
the archive and search engine on DreamBank.net. Consciousness
and Cognition, 17(4), 1238-1247.
https://doi.org/10.1016/j.concog.2008.06.010

Dombhoff, G. W., & Schneider, A. (2018). Are dreams social simulations?
Or are they enactments of conceptions and personal concerns?
An empirical and theoretical comparison of two dream
theories. Dreaming, 28(1), 1-23.
https://doi.org/10.1037/drm0000080

Donoghue, T., Dominguez, J., & Voytek, B. (2020). Electrophysiological
Frequency Band Ratio Measures Conflate Periodic and
Aperiodic Neural Activity. eNeuro, 7(6), ENEURO.0192-20.2020.
https://doi.org/10.1523/ENEURO.0192-20.2020

174



Donoghue, T., Haller, M., Peterson, E. J., Varma, P., Sebastian, P., Gao,
R., Noto, T., Lara, A. H., Wallis, J. D., Knight, R. T., Shestyuk,
A., & Voytek, B. (2020). Parameterizing neural power spectra
into periodic and aperiodic components. Nature Neuroscience,
23(12), Article 12. https://doi.org/10.1038/s41593-020-00744-x

Donoghue, T., & Watrous, A. J. (2023). How Can We Differentiate
Narrow-Band Oscillations from Aperiodic Activity? In N.
Axmacher (Ed.), Intracranial EEG: A Guide for Cognitive
Neuroscientists (pp. 351-364). Springer International Publishing.
https://doi.org/10.1007/978-3-031-20910-9_22

Downs, S. H., & Black, N. (1998). The feasibility of creating a checklist
for the assessment of the methodological quality both of
randomised and non-randomised studies of health care

interventions. Journal of Epidemiology and Community Health,
52(6), 377-384. https://doi.org/10.1136/jech.52.6.377

Dresler, M., Eibl, L., Fischer, C. F.]., Wehrle, R., Spoormaker, V. L,
Steiger, A., Czisch, M., & Pawlowski, M. (2014). Volitional
components of consciousness vary across wakefulness,
dreaming and lucid dreaming. Frontiers in Psychology, 4, 987.
https://doi.org/10.3389/fpsyg.2013.00987

Dresler, M., Koch, S. P., Wehrle, R., Spoormaker, V. I, Holsboer, F.,
Steiger, A., Sdamann, P. G., Obrig, H., & Czisch, M. (2011).
Dreamed Movement Elicits Activation in the Sensorimotor
Cortex. Current Biology, 21(21), 1833-1837.
https://doi.org/10.1016/j.cub.2011.09.029

Dresler, M., Wehrle, R., Spoormaker, V. 1., Koch, S. P., Holsboer, F.,
Steiger, A., Obrig, H., Sdmann, P. G., & Czisch, M. (2012).
Neural Correlates of Dream Lucidity Obtained from
Contrasting Lucid versus Non-Lucid REM Sleep: A Combined
EEG/fMRI Case Study. Sleep, 35(7), 1017-1020.
https://doi.org/10.5665/sleep.1974

175



Dresler, M., Wehrle, R., Spoormaker, V. L, Steiger, A., Holsboer, F.,
Czisch, M., & Hobson, J. A. (2015). Neural correlates of insight
in dreaming and psychosis. Sleep Medicine Reviews, 20, 92-99.
https://doi.org/10.1016/j.smrv.2014.06.004

Dyck, S., Kummer, N., Kénig, N., Schredl, M., & Kiihnel, A. (2018).
Effects of lucid dream induction on external-rated lucidity,
dream emotions, and dream bizarreness. Infernational Journal of
Dream Research, 74-78.
https://doi.org/10.11588/ijodr.2018.1.43867

Dyck, S., Schredl, M., & Kiihnel, A. (2017). Lucid dream induction
using three different cognitive methods. International Journal of
Dream Research, 151-156.
https://doi.org/10.11588/ijodr.2017.2.37498

Eichenlaub, ].-B., Bertrand, O., Morlet, D., & Ruby, P. (2014). Brain
Reactivity Differentiates Subjects with High and Low Dream
Recall Frequencies during Both Sleep and Wakefulness.
Cerebral Cortex, 24(5), 1206-1215.
https://doi.org/10.1093/cercor/bhs388

Eichenlaub, J.-B., Nicolas, A., Daltrozzo, J., Redout¢, J., Costes, N., &
Ruby, P. (2014). Resting Brain Activity Varies with Dream
Recall Frequency Between Subjects. Neuropsychopharmacology,
39(7), 1594-1602. https://doi.org/10.1038/npp.2014.6

Eichenlaub, ].-B., van Rijn, E., Gaskell, M. G., Lewis, P. A., Maby, E.,
Malinowski, J. E., Walker, M. P., Boy, F., & Blagrove, M. (2018).
Incorporation of recent waking-life experiences in dreams
correlates with frontal theta activity in REM sleep. Social
Cognitive and Affective Neuroscience, 13(6), 637-647.
https://doi.org/10.1093/scan/nsy041

Eichenlaub, J.-B., van Rijn, E., Phelan, M., Ryder, L., Gaskell, M. G.,
Lewis, P. A, P. Walker, M., & Blagrove, M. (2019). The nature
of delayed dream incorporation (‘dream-lag effect’): Personally
significant events persist, but not major daily activities or

176



concerns. Journal of Sleep Research, 28(1), e12697.
https://doi.org/10.1111/jsr.12697

Elce, V., Bergamo, D., Bontempi, G., Pedreschi, B., Bellesi, M.,
Handjaras, G., & Bernardi, G. (2024). The individual determinants
of morning dream recall (p. 2024.05.23.595531). bioRxiv.
https://doi.org/10.1101/2024.05.23.595531

Elce, V., Handjaras, G., & Bernardi, G. (2021). The Language of Dreams:
Application of Linguistics-Based Approaches for the
Automated Analysis of Dream Experiences. Clocks & Sleep, 3(3),
495-514. https://doi.org/10.3390/clockssleep3030035

Ellis, J. G., De Koninck, J., & Bastien, C. H. (2021a). Managing Insomnia
Using Lucid Dreaming Training: A Pilot Study. Behavioral Sleep
Medicine.
https://www.tandfonline.com/doi/abs/10.1080/15402002.2020.17
39688

Ellis, J. G., De Koninck, J., & Bastien, C. H. (2021b). Managing Insomnia
Using Lucid Dreaming Training: A Pilot Study. Behavioral Sleep
Medicine, 19(2), 273-283.
https://doi.org/10.1080/15402002.2020.1739688

Endo, T., Roth, C., Landolt, H.-P., Werth, E., Aeschbach, D.,
Achermann, P., & Borbély, A. A. (1998). Selective REM sleep
deprivation in humans: Effects on sleep and sleep EEG.
American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology, 274(4), R1186-R1194.
https://doi.org/10.1152/ajpregu.1998.274.4.R1186

Erlacher, D. (2009). Recall of a specific word list in lucid dreams — an
explorative online study. International Journal of Dream Research,
37-40. https://doi.org/10.11588/ijodr.2009.1.166

Erlacher, D., Schmid, D., Bischof, F., Hammer, J., & Stumbrys, T. (2020).
Ring, ring, ring... Are you dreaming? Combining acoustic
stimulation and reality testing for lucid dream induction: A

177



sleep laboratory study. International Journal of Dream Research,
267-273. https://doi.org/10.11588/ijodr.2020.2.74880

Erlacher, D., Schmid, D., Schuler, S., & Rasch, B. (2020). Inducing lucid
dreams by olfactory-cued reactivation of reality testing during
early-morning sleep: A proof of concept. Consciousness and
Cognition, 83, 102975.
https://doi.org/10.1016/j.concog.2020.102975

Erlacher, D., & Schredl, M. (2008). Do REM (lucid) dreamed and
executed actions share the same neural substrate? International
Journal of Dream Research, 7-14.
https://doi.org/10.11588/ijodr.2008.1.20

Erlacher, D., & Schredl, M. (2010). Practicing a motor task in a lucid
dream enhances subsequent performance: A pilot study. Sport
Psychologist, 24(2), 157-167. Scopus.
https://doi.org/10.1123/tsp.24.2.157

Erlacher, D., Schred], M., & LaBerge, S. (2003). Motor area activation
during dreamed hand clenching: A pilot study on EEG alpha
band. Sleep and Hypnosis, 5(4), 182-187. Scopus.

Erlacher, D., & Stumbrys, T. (2020). Wake up, work on dreams, back to
bed and lucid dream: A sleep laboratory study. Frontiers in
Psychology, 11. https://doi.org/10.3389/fpsyg.2020.01383

Ermis, U., Krakow, K., & Voss, U. (2010). Arousal thresholds during
human tonic and phasic REM sleep. Journal of Sleep Research,
19(3), 400-406. https://doi.org/10.1111/j.1365-2869.2010.00831.x

Esfahani, M. J., Daraie, A., Zerr, P., Weber, E., & Dresler, M. (2023).
Dreamento: An open-source dream engineering toolbox for
sleep EEG wearables. SoftwareX, 24, 101595.
https://doi.org/10.1016/j.s0ftx.2023.101595

Esfahani, M. J., Farboud, S., Ngo, H.-V. V., Schneider, ]J., Weber, F. D,
Talamini, L. M., & Dresler, M. (2023). Closed-loop auditory
stimulation of sleep slow oscillations: Basic principles and best

178



practices. Neuroscience & Biobehavioral Reviews, 153, 105379.
https://doi.org/10.1016/j.neubiorev.2023.105379

Esfahani, M. J., Sikder, N., Horst, R. ter, Weber, F. D., Daraie, A. H.,
Appel, K., Bevelander, K., & Dresler, M. (2023). Citizen
neuroscience: Wearable technology and open software to study the
human brain in its natural habitat. OSF.
https://doi.org/10.31234/osf.io/4mfcd

Esfahani, M. J., Weber, E. D., Boon, M., Anthes, S., Almazova, T., Hal,
M. van, Keuren, Y., Heuvelmans, C.,, Simo, E., Bovy, L.,
Adelhofer, N., Avest, M. M. ter, Perslev, M., Horst, R. ter,
Harous, C., Sundelin, T., Axelsson, J., & Dresler, M. (2023).
Validation of the sleep EEG headband ZMax (p. 2023.08.18.553744).
bioRxiv. https://doi.org/10.1101/2023.08.18.553744

Esposito, M. ]., Nielsen, T. A., & Paquette, T. (2004). Reduced Alpha
power associated with the recall of mentation from Stage 2 and
Stage REM sleep. Psychophysiology, 41(2), 288-297.
https://doi.org/10.1111/j.1469-8986.00143.x

Euler, M. ], Vehar, J. V., Guevara, J. E., Geiger, A. R, Deboeck, P.R,, &
Lohse, K. R. (2024). Associations between the resting EEG
aperiodic slope and broad domains of cognitive ability.
Psychophysiology, 61(6), e14543.
https://doi.org/10.1111/psyp.14543

Fasiello, E., Gorgoni, M., Galbiati, A., Sforza, M., Berra, F., Scarpelli, S.,
Alfonsi, V., Annarumma, L., Casoni, F., Zucconi, M.,
Castronovo, V., Ferini-Strambi, L., & De Gennaro, L. (2024).
Decreased Delta/Beta ratio index as the sleep state-independent
electrophysiological signature of sleep state misperception in
Insomnia disorder: A focus on the sleep onset and the whole
night. Neurolmage, 298, 120782.
https://doi.org/10.1016/j.neuroimage.2024.120782

Fasiello, E., Scarpelli, S., Gorgoni, M., Alfonsi, V., & De Gennaro, L.
(2022). Dreaming in Parasomnias: REM Sleep Behavior

179



Disorder as a Model. Journal of Clinical Medicine, 11(21), 6379.
https://doi.org/10.3390/jcm11216379

Favaro, J., Colombo, M. A., Mikulan, E., Sartori, S., Nosadini, M.,
Pelizza, M. F., Rosanova, M., Sarasso, S., Massimini, M., &
Toldo, I. (2023). The maturation of aperiodic EEG activity
across development reveals a progressive differentiation of
wakefulness from sleep. Neurolmage, 277, 120264.
https://doi.org/10.1016/j.neuroimage.2023.120264

Favila, S. E., Lee, H., & Kuhl, B. A. (2020). Transforming the Concept of
Memory Reactivation. Trends in Neurosciences, 43(12), 939-950.
https://doi.org/10.1016/j.tins.2020.09.006

Fazekas, P., & Nemeth, G. (2018). Dream experiences and the neural
correlates of perceptual consciousness and cognitive access.
Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences, 373(1755), 20170356.
https://doi.org/10.1098/rstb.2017.0356

Fazekas, P., Nemeth, G., & Overgaard, M. (2019). White dreams are
made of colours: What studying contentless dreams can teach
about the neural basis of dreaming and conscious experiences.
Sleep Medicine Reviews, 43, 84-91.
https://doi.org/10.1016/j.smrv.2018.10.005

Fedyszyn, I. E., & Conduit, R. (2007). Tone induction of ocular activity
and dream imagery from stage 2 sleep. Dreaming, 17(1), 35-47.
https://doi.org/10.1037/1053-0797.17.1.35

Feinberg, 1., & Floyd, T. C. (1979). Systematic Trends Across the Night
in Human Sleep Cycles. Psychophysiology, 16, 283-291.
https://doi.org/10.1111/j.1469-8986.1979.tb02991.x

Fernandez, L. M. J., & Liithi, A. (2019). Sleep Spindles: Mechanisms and
Functions. Physiological Reviews, 100(2), 805-868.
https://doi.org/10.1152/physrev.00042.2018

180



Fernandez-Mendoza, J., Lozano, B., Seijo, F., Santamarta-Liébana, E.,
Ramos-Platén, M. J., Vela-Bueno, A., & Fernandez-Gonzalez, F.
(2009). Evidence of subthalamic PGO-like waves during REM
sleep in humans: A deep brain polysomnographic study. Sleep,
32(9), 1117-1126. https://doi.org/10.1093/sleep/32.9.1117

Fertonani, A., & Miniussi, C. (2017). Transcranial Electrical Stimulation:
What We Know and Do Not Know About Mechanisms. The
Neuroscientist, 23(2), 109-123.
https://doi.org/10.1177/1073858416631966

Ficca, G., Lombardo, P., Rossi, L., & Salzarulo, P. (2000). Morning recall
of verbal material depends on prior sleep organization.
Behavioural Brain Research, 112(1-2), 159-163.
https://doi.org/10.1016/s0166-4328(00)00177-7

Filevich, E., Dresler, M., Brick, T. R., & Kiihn, S. (2015). Metacognitive
mechanisms underlying lucid dreaming. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience,
35(3), 1082-1088. https://doi.org/10.1523/INEUROSCI.3342-
14.2015

Finelli, L. A., Baumann, H., Borbély, A. A., & Achermann, P. (2000).
Dual electroencephalogram markers of human sleep
homeostasis: Correlation between theta activity in waking and
slow-wave activity in sleep. Neuroscience, 101(3), 523-529.
https://doi.org/10.1016/s0306-4522(00)00409-7

Finelli, L. A., Borbély, A. A., & Achermann, P. (2001). Functional
topography of the human nonREM sleep

electroencephalogram. The European Journal of Neuroscience,
13(12), 2282-2290.

Finley, A.].,, Angus, D. J., van Reekum, C. M., Davidson, R. ]., &
Schaefer, S. M. (2022). Periodic and aperiodic contributions to
theta-beta ratios across adulthood. Psychophysiology, 59(11),
e14113. https://doi.org/10.1111/psyp.14113

181



Flanagan, O. (1995). Deconstructing Dreams: The Spandrels of Sleep.
The Journal of Philosophy, 92(1), 5-27.
https://doi.org/10.2307/2940806

Flo, E., Steine, I, Blagstad, T., Gronli, J., Pallesen, S., & Portas, C. M.
(2011). Transient changes in frontal alpha asymmetry as a
measure of emotional and physical distress during sleep. Brain
Research, 1367, 234-249.
https://doi.org/10.1016/j.brainres.2010.09.090

Fogel, S. M., Ray, L. B., Sergeeva, V., De Koninck, J., & Owen, A. M.
(2018). A Novel Approach to Dream Content Analysis Reveals
Links Between Learning-Related Dream Incorporation and
Cognitive Abilities. Frontiers in Psychology, 9, 1398.
https://doi.org/10.3389/fpsyg.2018.01398

Forget, D., Morin, C. M., & Bastien, C. H. (2011). The role of the
spontaneous and evoked k-complex in good-sleeper controls
and in individuals with insomnia. Sleep, 34(9), 1251-1260.
https://doi.org/10.5665/SLEEP.1250

Fosse, M. J., Fosse, R., Hobson, J. A., & Stickgold, R. J. (2003). Dreaming
and episodic memory: A functional dissociation? Journal of
Cognitive Neuroscience, 15(1), 1-9.
https://doi.org/10.1162/089892903321107774

Fosse, R., Stickgold, R., & Hobson, J. (2004). Thinking and
hallucinating: Reciprocal changes in sleep. Psychophysiology, 41,
298-305. https://doi.org/10.1111/j.1469-8986.2003.00146.x

Foulkes, D. (1962). Dream reports from different stages of sleep. The
Journal of Abnormal and Social Psychology, 65(1), 14-25.
https://doi.org/10.1037/h0040431

Foulkes, D. (1966). The psychology of sleep. Scribner.

Foulkes, D. (1982). Children’s Dreams: Longitudinal Studies (First
Printing, Highlighting edition). John Wiley & Sons.

182



Foulkes, D. (1985). Dreaming: A cognitive-psychological analysis. L.
Erlbaum Associates.

Foulkes, D., Larson, ]J. D., Swanson, E. M., & Rardin, M. (1969). Two
Studies of Childhood Dreaming. American Journal of
Orthopsychiatry, 39(4), 627-643. https://doi.org/10.1111/j.1939-
0025.1969.tb02457 .x

Foulkes, D., & Rechtschaffen, A. (1964). Presleep Determinants of
Dream Content: Effects of Two Films. Perceptual and Motor
Skills, 19(3), 983-1005. https://doi.org/10.2466/pms.1964.19.3.983

Foulkes, D., & Vogel, G. (1965). Mental activity at sleep onset. Journal of
Abnormal Psychology, 70(4), 231-243.
https://doi.org/10.1037/h0022217

Fox, K. C. R,, Nijeboer, S., Solomonova, E., Domhoff, G. W., & Christoff,
K. (2013). Dreaming as mind wandering: Evidence from
functional neuroimaging and first-person content reports.
Frontiers in Human Neuroscience, 7.
https://doi.org/10.3389/fnhum.2013.00412

Frauscher, B., Ellenrieder, N. von, Dolezalova, 1., Bouhadoun, S.,
Gotman, J., & Peter-Derex, L. (2020). Rapid Eye Movement
Sleep Sawtooth Waves Are Associated with Widespread
Cortical Activations. Journal of Neuroscience, 40(46), 8900-8912.
https://doi.org/10.1523/JNEUROSCI.1586-20.2020

Freud, S. (1997). The Interpretation of Dreams (A. A. Brill, Trans.).
Wordsworth Editions. (Original work published 1900).

Fujisawa, S., & Buzsaki, G. (2011). A 4-Hz oscillation adaptively
synchronizes prefrontal, VTA and hippocampal activities.
Neuron, 72(1), 153-165.
https://doi.org/10.1016/j.neuron.2011.08.018

Gao, J.-X,, Yan, G,, Li, X.-X,, Xie, J.-F., Spruyt, K., Shao, Y.-F., & Hou, Y .-
P. (2023). The Ponto-Geniculo-Occipital (PGO) Waves in

183



Dreaming: An Overview. Brain Sciences, 13(9), 1350.
https://doi.org/10.3390/brainsci13091350

Gao, R, Peterson, E. J., & Voytek, B. (2017). Inferring synaptic
excitation/inhibition balance from field potentials. Neurolmage,
158, 70-78. https://doi.org/10.1016/j.neuroimage.2017.06.078

Ghibellini, R., & Meier, B. (2023). The hypnagogic state: A brief update.
Journal of Sleep Research, 32(1), e13719.
https://doi.org/10.1111/jsr.13719

Girardeau, G., & Lopes-dos-Santos, V. (2021). Brain neural patterns and
the memory function of sleep. Science, 374(6567), 560-564.
https://doi.org/10.1126/science.abi8370

Giuditta, A. (2014). Sleep memory processing: The sequential
hypothesis. Frontiers in Systems Neuroscience, 8.
https://doi.org/10.3389/fnsys.2014.00219

Gonzadlez, J., Mateos, D., Cavelli, M., Mondino, A., Pascovich, C.,
Torterolo, P., & Rubido, N. (2022). Low frequency oscillations
drive EEG’s complexity changes during wakefulness and sleep.
Neuroscience, 494, 1-11.
https://doi.org/10.1016/j.neuroscience.2022.04.025

Goodenough, D. R,, Lewis, H. B., Shapiro, A, Jaret, L., & Sleser, L
(1965). Dream reporting following abrupt and gradual
awakenings from different types of sleep. Journal of Personality
and Social Psychology, 2, 170-179.
https://doi.org/10.1037/h0022424

Goodenough, D. R., Witkin, H. A., Koulack, D., & Cohen, H. (1975). The
effects of stress films on dream affect and on respiration and
eye-movement activity during Rapid-Eye-Movement sleep.
Psychophysiology, 12(3), 313-320. https://doi.org/10.1111/j.1469-
8986.1975.tb01298.x

Gorgoni, M., Scarpelli, S., Alfonsi, V., & De Gennaro, L. (2022).
Dreaming during the COVID-19 pandemic: A narrative review.

184



Neuroscience and Biobehavioral Reviews, 138. Scopus.
https://doi.org/10.1016/j.neubiorev.2022.104710

Gott, J. A, Liley, D. T. ]J., & Hobson, J. A. (2017). Towards a Functional
Understanding of PGO Waves. Frontiers in Human Neuroscience,
11, 89. https://doi.org/10.3389/fnhum.2017.00089

Gott, J. A, Rak, M., Bovy, L., Peters, E., van Hooijdonk, C. F. M.,
Mangiaruga, A., Varatheeswaran, R., Chaabou, M., Gorman, L.,
Wilson, S., Weber, F., Talamini, L., Steiger, A., & Dresler, M.
(2020). Sleep fragmentation and lucid dreaming. Consciousness
and Cognition, 84, 102988.
https://doi.org/10.1016/j.concog.2020.102988

Graveline, Y. M., & Wamsley, E. J. (2015). Dreaming and waking
cognition. Translational Issues in Psychological Science, 1(1), 97—
105. https://doi.org/10.1037/tps0000018

Guo, D, Thomas, R. ], Liu, Y., Shea, S. A,, Ly, ]., & Peng, C.-K. (2022).
Slow wave synchronization and sleep state transitions.
Scientific Reports, 12(1), 7467. https://doi.org/10.1038/s41598-022-
11513-0

Gyurkovics, M., Clements, G. M., Low, K. A,, Fabiani, M., & Gratton, G.
(2022). Stimulus-Induced Changes in 1/f-like Background
Activity in EEG. Journal of Neuroscience, 42(37), 7144-7151.
https://doi.org/10.1523/I]NEUROSCI.0414-22.2022

Haar Horowitz, A., Cunningham, T. J., Maes, P., & Stickgold, R. (2020).
Dormio: A targeted dream incubation device. Consciousness and
Cognition, 83, 102938.
https://doi.org/10.1016/j.concog.2020.102938

Haar Horowitz, A., Esfahany, K., Galvez, T. V., Maes, P., & Stickgold,
R. (2023). Targeted dream incubation at sleep onset increases
post-sleep creative performance. Scientific Reports, 13(1), 7319.
https://doi.org/10.1038/s41598-023-31361-w

185



Haar Horowitz, A., Grover, 1., Reynolds-Cuéllar, P., Breazeal, C., &
Maes, P. (2018). Dormio: Interfacing with Dreams. Extended
Abstracts of the 2018 CHI Conference on Human Factors in
Computing Systems, 1-10.
https://doi.org/10.1145/3170427.3188403

Hadjez, ]., Stein, D., Gabbay, U., Bruckner, J., Meged, S., Barak, Y.,
Elizur, A., Weizman, A., & Rotenberg, V. S. (2003). Dream
content of schizophrenic, nonschizophrenic mentally ill, and
community control adolescents. Adolescence, 38(150), 331-342.

Halész, P. (1993). Arousals without awakening —Dynamic aspect of
sleep. Physiology & Behavior, 54(4), 795-802.
https://doi.org/10.1016/0031-9384(93)90094-V

Halasz, P. (2005). K-complex, a reactive EEG graphoelement of NREM
sleep: An old chap in a new garment. Sleep Medicine Reviews,
9(5), 391-412. https://doi.org/10.1016/j.smrv.2005.04.003

Halasz, P. (2016). The K-complex as a special reactive sleep slow
wave—A theoretical update. Sleep Medicine Reviews, 29, 34—40.
https://doi.org/10.1016/j.smrv.2015.09.004

Halasz, P., Terzano, M., Parrino, L., & Bddizs, R. (2004). The nature of
arousal in sleep. Journal of Sleep Research, 13(1), 1-23.

Hall, C. S. (1953). A Cognitive Theory of Dreams. The Journal of General
Psychology, 49(2), 273-282.
https://doi.org/10.1080/00221309.1953.9710091

Hall, C. S., & Van de Castle, R. L. (1966). The Content Analysis of Dreams.
Appleton-Century-Crofts.

Harrington, M. O., Ashton, J. E., Ngo, H.-V. V., & Cairney, S. A. (2021).
Phase-locked auditory stimulation of theta oscillations during
rapid eye movement sleep. Sleep, 44(4), zsaa227.
https://doi.org/10.1093/sleep/zsaa227

Hartmann, E. (1966). Mechanism underlying the Sleep—Dream Cycle.
Nature, 212(5062), 648—650. https://doi.org/10.1038/212648b0

186



Hartmann, E. (1968). The 90-Minute Sleep-Dream Cycle. Archives of
General Psychiatry, 18(3), 280-286.
https://doi.org/10.1001/archpsyc.1968.01740030024004

Hartmann, E. (1998). Dreams and nightmares: The new theory on the origin
and meaning of dreams (pp. x, 315). Plenum Trade.

Hauri, P., Sawyer, ]., & Rechtschaffen, A. (1967). Dimensions of
dreaming: A factored scale for rating dream reports. Journal of
Abnormal Psychology, 72(1), 16-22.
https://doi.org/10.1037/h0020079

Hayat, H., Marmelshtein, A., Krom, A. ], Sela, Y., Tankus, A., Strauss,
1., Fahoum, F., Fried, 1., & Nir, Y. (2022). Reduced neural
feedback signaling despite robust neuron and gamma auditory
responses during human sleep. Nature Neuroscience, 25(7), 935—
943. https://doi.org/10.1038/s41593-022-01107-4

He, B. ]. (2014). Scale-free brain activity: Past, present, and future.
Trends in Cognitive Sciences, 18(9), 480-487.
https://doi.org/10.1016/j.tics.2014.04.003

He, B.]., Zempel, ]. M., Snyder, A. Z., & Raichle, M. E. (2010). The
temporal structures and functional significance of scale-free
brain activity. Neuron, 66(3), 353-369.
https://doi.org/10.1016/j.neuron.2010.04.020

Helfrich, R. F., Lendner, J. D., & Knight, R. T. (2021). Aperiodic sleep
networks promote memory consolidation. Trends in Cognitive
Sciences, 25(8), 648-659. https://doi.org/10.1016/j.tics.2021.04.009

Herlin, B., Leu-Semenescu, S., Chaumereuil, C., & Arnulf, 1. (2015).
Evidence that non-dreamers do dream: A REM sleep behaviour
disorder model. Journal of Sleep Research, 24(6), 602—-609.
https://doi.org/10.1111/jsr.12323

Hervey de Saint-Denys, L. (1867). Les réves et les moyens de les diriger:
Observations pratiques. Amyot.
https://gallica.bnf.fr/ark:/12148/bpt6k1520131t

187



Hill, A. T., Clark, G. M., Bigelow, F.J., Lum, J. A. G., & Enticott, P. G.
(2022). Periodic and aperiodic neural activity displays age-
dependent changes across early-to-middle childhood.
Developmental Cognitive Neuroscience, 54, 101076.
https://doi.org/10.1016/j.dcn.2022.101076

Hobson, J. A. (1990). Sleep and dreaming. Journal of Neuroscience, 10(2),
371-382. https://doi.org/10.1523/J]NEUROSCI.10-02-00371.1990

Hobson, J. A. (1992). A new model of brain—-mind state: Activation
level, input source, and mode of processing (AIM). In The
neuropsychology of sleep and dreaming (pp. 227-245). Lawrence
Erlbaum Associates, Inc.

Hobson, J. A. (2009a). REM sleep and dreaming: Towards a theory of
protoconsciousness. Nature Reviews Neuroscience, 10(11), 803—
813. https://doi.org/10.1038/nrn2716

Hobson, J. A. (2009b). The AIM Model of Dreaming, Sleeping, and Waking
Consciousness (pp. 963-970). Elsevier.
https://doi.org/10.1016/b978-008045046-9.00042-5

Hobson, J. A., & Friston, K. J. (2012). Waking and dreaming
consciousness: Neurobiological and functional considerations.
Progress in Neurobiology, 98(1), 82-98.
https://doi.org/10.1016/j.pneurobio.2012.05.003

Hobson, J. A., Hong, C. C.-H., & Friston, K. J. (2014). Virtual reality and
consciousness inference in dreaming. Frontiers in Psychology, 5.
https://doi.org/10.3389/fpsyg.2014.01133

Hobson, J. A., & McCarley, R. (1977). The brain as a dream state
generator: An activation-synthesis hypothesis of the dream
process. American Journal of Psychiatry, 134(12), 1335-1348.
https://doi.org/10.1176/ajp.134.12.1335

Hobson, J. A., & Pace-Schott, E. F. (2002). The cognitive neuroscience of
sleep: Neuronal systems, consciousness and learning. Nature

188



Reviews Neuroscience, 3(9), 679-693.
https://doi.org/10.1038/nrn915

Hobson, J. A., Pace-Schott, E. F., & Stickgold, R. (2000). Dreaming and
the brain: Toward a cognitive neuroscience of conscious states.
The Behavioral and Brain Sciences, 23(6), 793-842; discussion 904-
1121.

Hobson, J. A., & Stickgold, R. (1994). Dreaming: A neurocognitive
approach. Consciousness and Cognition: An International Journal,
3(1), 1-15. https://doi.org/10.1006/ccog.1994.1001

Hobson, J. A., Stickgold, R., & Pace-Schott, E. F. (1998). The
neuropsychology of REM sleep dreaming. Neuroreport, 9(3), R1-
14.

Hoel, E. (2021). The overfitted brain: Dreams evolved to assist
generalization. Patterns, 2(5), 100244.
https://doi.org/10.1016/j.patter.2021.100244

Hoelscher, T. J., Klinger, E., & Barta, S. G. (1981). Incorporation of
concern- and nonconcern-related verbal stimuli into dream
content. Journal of Abnormal Psychology, 90, 88-91.
https://doi.org/10.1037/0021-843X.90.1.88

Hohn, C., Hahn, M. A., Lendner, ]J. D., & Hoedlmoser, K. (2024).
Spectral Slope and Lempel-Ziv Complexity as Robust Markers
of Brain States during Sleep and Wakefulness. eNeuro, 11(3),
ENEURO.0259-23.2024. https://doi.org/10.1523/ENEURO.0259-
23.2024

Holzinger, B., LaBerge, S., & Levitan, L. (2006). Psychophysiological
correlates of lucid dreaming. Dreaming, 16(2), 88-95.
https://doi.org/10.1037/1053-0797.16.2.88

Holzinger, B., Saletu, B., & Klosch, G. (2020). Cognitions in Sleep: Lucid
Dreaming as an Intervention for Nightmares in Patients With
Posttraumatic Stress Disorder. Frontiers in Psychology, 11.
https://doi.org/10.3389/fpsyg.2020.01826

189



Hong, C. C.-H,, Potkin, S. G., Antrobus, J. S., Dow, B. M., Callaghan, G.
M., & Gillin, J. C. (1997). REM sleep eye movement counts
correlate with visual imagery in dreaming: A pilot study.
Psychophysiology, 34(3), 377-381. https://doi.org/10.1111/j.1469-
8986.1997.tb02408.x

Horikawa, T., & Kamitani, Y. (2017). Hierarchical Neural
Representation of Dreamed Objects Revealed by Brain
Decoding with Deep Neural Network Features. Frontiers in
Computational Neuroscience, 11, 4.
https://doi.org/10.3389/fncom.2017.00004

Horikawa, T., Tamaki, M., Miyawaki, Y., & Kamitani, Y. (2013). Neural
Decoding of Visual Imagery During Sleep. Science (New York,
N.Y.), 340. https://doi.org/10.1126/science.1234330

Horovitz, S. G., Fukunaga, M., de Zwart, J. A., van Gelderen, P., Fulton,
S. C., Balkin, T.]., & Duyn, J. H. (2007). Low frequency BOLD
fluctuations during resting wakefulness and light sleep: A
simultaneous EEG-fMRI study. Human Brain Mapping, 29(6),
671-682. https://doi.org/10.1002/hbm.20428

Horton, C. L., & Malinowski, J. E. (2015). Autobiographical memory
and hyperassociativity in the dreaming brain: Implications for

memory consolidation in sleep. Frontiers in Psychology, 6.
https://doi.org/10.3389/fpsyg.2015.00874

Horvath, C. G., Szalardy, O., Ujma, P. P., Simor, P., Gombos, F., Kovacs,
L, Dresler, M., & Bddizs, R. (2022). Overnight dynamics in
scale-free and oscillatory spectral parameters of NREM sleep
EEG. Scientific Reports, 12. https://doi.org/10.1038/s41598-022-
23033-y

Horvath, C., Szalardy, O., Ujma, P. P., Simor, P., Gombos, F., Kovacs, 1.,
Dresler, M., & Bodizs, R. (2022). Overnight dynamics in scale-
free and oscillatory spectral parameters of NREM sleep EEG.
Scientific Reports, 12(1), 18409. https://doi.org/10.1038/s41598-
022-23033-y

190



Horvath, J. C., Forte, J. D., & Carter, O. (2015). Quantitative Review
Finds No Evidence of Cognitive Effects in Healthy Populations
From Single-session Transcranial Direct Current Stimulation
(tDCS). Brain Stimulation, 8(3), 535-550.
https://doi.org/10.1016/j.brs.2015.01.400

Huber, R., Ghilardi, M. F., Massimini, M., Ferrarelli, F., Riedner, B. A.,
Peterson, M. J., & Tononi, G. (2006). Arm immobilization
causes cortical plastic changes and locally decreases sleep slow
wave activity. Nature Neuroscience, 9(9), 1169-1176.
https://doi.org/10.1038/nn1758

Huber, R., Ghilardi, M. F., Massimini, M., & Tononi, G. (2004). Local
sleep and learning. Nature, 430(6995), 78-81.
https://doi.org/10.1038/nature02663

Hudachek, L., & Wamsley, E. (2023). A Meta-Analysis of the Relation
between Dream Content and Memory Consolidation. Sleep, 46.
https://doi.org/10.1093/sleep/zsad111

Hung, C.-S,, Sarasso, S., Ferrarelli, F., Riedner, B., Ghilardi, M. F.,
Cirelli, C., & Tononi, G. (2013). Local experience-dependent
changes in the wake EEG after prolonged wakefulness. Sleep,
36(1), 59-72. https://doi.org/10.5665/sleep.2302

Hunter, J. D. (2007). Matplotlib: A 2D Graphics Environment.
Computing in Science & Engineering, 9(03), 90-95.
https://doi.org/10.1109/MCSE.2007.55

Ibanez, A., Lopez, V., & Cornejo, C. (2006). ERPs and contextual
semantic discrimination: Degrees of congruence in wakefulness
and sleep. Brain and Language, 98(3), 264-275.
https://doi.org/10.1016/j.bandl.2006.05.005

Iber, C. (2007). The AASM Manual for the Scoring of Sleep and Associated
Events: Rules, Terminology and Technical Specifications. American
Academy of Sleep Medicine.

191



Idir, Y., Oudiette, D., & Arnulf, I. (2022). Sleepwalking, sleep terrors,
sexsomnia and other disorders of arousal: The old and the new.
Journal of Sleep Research, 31(4), e13596.
https://doi.org/10.1111/jsr.13596

Immink, M. A,, Cross, Z. R., Chatburn, A., Baumeister, ]., Schlesewsky,
M., & Bornkessel-Schlesewsky, I. (2021). Resting-state aperiodic
neural dynamics predict individual differences in visuomotor
performance and learning. Human Movement Science, 78,
102829. https://doi.org/10.1016/j.humov.2021.102829

Inc, T. M. (2022). MATLAB version: 9.13.0 (R2022b) [Computer
software]. The MathWorks Inc. https://www.mathworks.com

Irwin, M. R. (2015). Why Sleep Is Important for Health: A
Psychoneuroimmunology Perspective. Annual Review of
Psychology, 66(1), 143-172. https://doi.org/10.1146/annurev-
psych-010213-115205

Jahnke, K., von Wegner, F., Morzelewski, A., Borisov, S., Maischein, M.,
Steinmetz, H., & Laufs, H. (2012). To wake or not to wake? The
two-sided nature of the human K-complex. Neurolmage, 59(2),
1631-1638. https://doi.org/10.1016/j.neuroimage.2011.09.013

Jahrami, H., BaAHammam, A. S., Bragazzi, N. L., Saif, Z., Faris, M., &
Vitiello, M. V. (2021). Sleep problems during the COVID-19
pandemic by population: A systematic review and meta-
analysis. Journal of Clinical Sleep Medicine: JCSM: Official
Publication of the American Academy of Sleep Medicine, 17(2), 299—
313. https://doi.org/10.5664/jcsm.8930

Jakobson, A.J., Conduit, R., & Fitzgerald, P. B. (2012). Investigation of
visual dream reports after transcranial direct current
stimulation (tDCS) during REM sleep. International Journal of
Dream Research, 87-93.
https://doi.org/10.11588/ijodr.2012.1.9272

Jakobson, A. ., Fitzgerald, P. B., & Conduit, R. (2012a). Induction of
visual dream reports after transcranial direct current

192



stimulation (tDCs) during Stage 2 sleep. Journal of Sleep
Research, 21(4), 369-379. https://doi.org/10.1111/j.1365-
2869.2011.00994.x

Jakobson, A.]., Fitzgerald, P. B., & Conduit, R. (2012b). Investigation of
dream reports after transcranial direct current stimulation
(tDCs) during slow wave sleep (SWS). Sleep and Biological
Rhythms, 10(3), 169-178. https://doi.org/10.1111/j.1479-
8425.2012.00538.x

Jang, R. S., Ciliberti, D., Mankin, E. A., & Poe, G. R. (2022). Recurrent
Hippocampo-neocortical sleep-state divergence in humans.
Proceedings of the National Academy of Sciences, 119(44),
€2123427119. https://doi.org/10.1073/pnas.2123427119

Jasper, H., & Sharpless, S. (1956). Habituation of the arousal reaction.
Brain: A Journal of Neurology, 79(4), 655-680.
https://doi.org/10.1093/brain/79.4.655

Jouvet, M. (1965). Paradoxical Sleep: A Study of its Nature and
Mechanisms. In K. Akert, C. Bally, & J. P. Schadé (Eds.),
Progress in Brain Research (Vol. 18, pp. 20-62). Elsevier.
https://doi.org/10.1016/50079-6123(08)63582-7

Jouvet, M., Michel, F., & Courjon, J. (1959). [On a stage of rapid cerebral
electrical activity in the course of physiological sleep.]. Comptes
rendus des seances de la Societe de biologie et de ses filiales, 153,
1024-1028. http://europepmc.org/abstract/med/14408003

Jouvet, M., Michel, F., & Courjon, J. (1960). [EEG study of physiological
sleep in the intact, decorticated and chronic mesencephalic cat].
Revue neurologique, 102, 309-310.
https://www lissa.fr/fr/rep/articles/13790850

Jubera-Garcia, E., Gevers, W., & Van Opstal, F. (2021). Local build-up of
sleep pressure could trigger mind wandering: Evidence from
sleep, circadian and mind wandering research. Biochemical
Pharmacology, 191, 114478.
https://doi.org/10.1016/j.bcp.2021.114478

193



Juster, R.-P., & McEwen, B. S. (2015). Sleep and chronic stress: New
directions for allostatic load research. Sleep Medicine, 16(1), 7-8.
https://doi.org/10.1016/j.sleep.2014.07.029

Kahan, T. L., & LaBerge, S. (1994). Lucid Dreaming as Metacognition:
Implications for Cognitive Science. Consciousness and Cognition,
3(2), 246-264. https://doi.org/10.1006/ccog.1994.1014

Kales, A., Hoedemaker, F. S., Jacobson, A., Kales, J. D., Paulson, M. ]., &
Wilson, T. E. (1967). Mentation during sleep: REM and NREM
recall reports. Perceptual and Motor Skills, 24(2), 555-560.
https://doi.org/10.2466/pms.1967.24.2.555

Kales, A., & Rechtschaffen, A. (1968). A manual of standardized
terminology, techniques and scoring system for sleep stages of human
subjects (University of California, Los Angeles & NINDB
Neurological Information Network (U.S.), Eds.). U. S. National
Institute of Neurological Diseases and Blindness, Neurological
Information Network.

Kamal, N., Hajri, A. A., & Fels, S. (2012). DreamThrower: An
audio/visual display for influencing dreams. Entertainment
Computing, 3(4), 121-128.
https://doi.org/10.1016/j.entcom.2011.11.002

Karalunas, S. L., Ostlund, B. D., Alperin, B. R, Figuracion, M.,
Gustafsson, H. C., Deming, E. M., Foti, D., Antovich, D., Dude,
J., Nigg, J., & Sullivan, E. (2022). Electroencephalogram
aperiodic power spectral slope can be reliably measured and
predicts ADHD risk in early development. Developmental
Psychobiology, 64(3), €22228. https://doi.org/10.1002/dev.22228

Kassambara, A. (2023). ggpubr: ‘ggplot2’ Based Publication Ready Plots
[Computer software]. https://CRAN.R-
project.org/package=ggpubr

Kattler, H., Dijk, D. J., & Borbély, A. A. (1994). Effect of unilateral
somatosensory stimulation prior to sleep on the sleep EEG in

194



humans. Journal of Sleep Research, 3(3), 159-164.
https://doi.org/10.1111/j.1365-2869.1994.tb00123.x

Kern, S., Appel, K., Schredl, M., & Pipa, G. (2017). No effect of a-GPC
on lucid dream induction or dream content. Somnologie, 21(3),
180-186. https://doi.org/10.1007/s11818-017-0122-8

Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive
and memory performance: A review and analysis. Brain
Research. Brain Research Reviews, 29(2-3), 169-195.
https://doi.org/10.1016/s0165-0173(98)00056-3

Klinzing, J. G., Niethard, N., & Born, J. (2019). Mechanisms of systems
memory consolidation during sleep. Nature Neuroscience,
22(10), 1598-1610. https://doi.org/10.1038/s41593-019-0467-3

Konkoly, K., Appel, K., Chabani, E., Mangiaruga, A., Gott, J., Mallett,
R., Caughran, B., Witkowski, S., Whitmore, N., Mazurek, C.,
Berent, J., Weber, F., Tiirker, B., Leu-Semenescu, S., Marandi, J.-
B., Pipa, G., Arnulf, I, Oudiette, D., Dresler, M., & Paller, K.
(2021). Real-time dialogue between experimenters and
dreamers during REM sleep. Current Biology.
https://doi.org/10.1016/j.cub.2021.01.026

Konkoly, K., Picard-Deland, C., Morris, D., & Mallett, R. (2023).
Dreaming outside the Box: Evidence for Memory Abstraction
in REM Sleep. Journal of Neuroscience, 43(42), 6952-6953.
https://doi.org/10.1523/J]NEUROSCI.1374-23.2023

Koroma, M., Elbaz, M., Léger, D., & Kouider, S. (2022). Learning New
Vocabulary Implicitly During Sleep Transfers With Cross-
Modal Generalization Into Wakefulness. Frontiers in
Neuroscience, 16, 801666.
https://doi.org/10.3389/fnins.2022.801666

Kouider, S., Andrillon, T., Barbosa, L. S., Goupil, L., & Bekinschtein, T.
A. (2014). Inducing Task-Relevant Responses to Speech in the
Sleeping Brain. Current Biology, 24(18), 2208-2214.
https://doi.org/10.1016/j.cub.2014.08.016

195



Koulack, D. (1969). Effects of somatosensory stimulation on dream
content. Archives of General Psychiatry, 20(6), 718-725.
https://doi.org/10.1001/archpsyc.1969.01740180102010

Koulack, D., & Goodenough, D. R. (1976). Dream recall and dream
recall failure: An arousal-retrieval model. Psychological Bulletin,
83(5), 975-984. https://doi.org/10.1037/0033-2909.83.5.975

Kozhemiako, N., Mylonas, D., Pan, J. Q., Prerau, M. J., Redline, S., &
Purcell, S. M. (2022). Sources of Variation in the Spectral Slope
of the Sleep EEG. eNeuro, 9(5), ENEURO.0094-22.2022.
https://doi.org/10.1523/ENEURO.0094-22.2022

Kramer, M., & Roth, T. (1973). A comparison of dream content in
laboratory dream reports of schizophrenic and depressive
patient groups. Comprehensive Psychiatry, 14(4), 325-329.
https://doi.org/10.1016/0010-440x(73)90024-2

Krueger, J. M., & Obél Jr., F. (1993). A neuronal group theory of sleep
function. Journal of Sleep Research, 2(2), 63—69.
https://doi.org/10.1111/j.1365-2869.1993.tb00064.x

Kumar, G,, Sasidharan, A., Nair, A. K., & Kutty, B. M. (2018). Efficacy
of the combination of cognitive training and acoustic
stimulation in eliciting lucid dreams during undisturbed sleep:
A pilot study using polysomnography, dream reports and
questionnaires. International Journal of Dream Research, 11(2),
197-202.

Kung, Y.-C, Li, C.-W,, Chen, S., Chen, S. C.-],, Lo, C.-Y. Z, Lane, T. ].,
Biswal, B., Wu, C. W,, & Lin, C.-P. (2019). Instability of brain
connectivity during nonrapid eye movement sleep reflects
altered properties of information integration. Human Brain
Mapping, 40(11), 3192-3202. https://doi.org/10.1002/hbm.24590

Kusse, C., Shaffii-LE Bourdiec, A., Schrouff, J., Matarazzo, L., &
Magquet, P. (2012). Experience-dependent induction of
hypnagogic images during daytime naps: A combined

196



behavioural and EEG study. Journal of Sleep Research, 21(1), 10—
20. https://doi.org/10.1111/j.1365-2869.2011.00939.x

LaBerge, S., LaMarca, K., & Baird, B. (2018). Pre-sleep treatment with
galantamine stimulates lucid dreaming: A double-blind,
placebo-controlled, crossover study. PloS One, 13(8), €0201246.
https://doi.org/10.1371/journal.pone.0201246

LaBerge, S., Nagel, L. E., Dement, W. C., & Zarcone, V. P. (1981). Lucid
dreaming verified by volitional communication during REM
sleep. Perceptual and Motor Skills, 52(3), 727-732.
https://doi.org/10.2466/pms.1981.52.3.727

Lacaux, C., Andrillon, T., Bastoul, C., Idir, Y., Fonteix-Galet, A., Arnulf,
L., & Oudiette, D. (2021). Sleep onset is a creative sweet spot.
Science Advances, 7(50), eabj5866.
https://doi.org/10.1126/sciadv.abj5866

Langford, G. W., Meddis, R., & Pearson, A.]. D. (1974). Awakening
Latency From Sleep For Meaningful and Non-Meaningful
Stimuli. Psychophysiology, 11(1), 1-5.
https://doi.org/10.1111/j.1469-8986.1974.tb00815.x

Lansbergen, M. M., Arns, M., van Dongen-Boomsma, M., Spronk, D., &
Buitelaar, J. K. (2011). The increase in theta/beta ratio on
resting-state EEG in boys with attention-deficit/hyperactivity
disorder is mediated by slow alpha peak frequency. Progress in
Neuro-Psychopharmacology & Biological Psychiatry, 35(1), 47-52.
https://doi.org/10.1016/j.pnpbp.2010.08.004

Larson-Prior, L. J., Zempel, J. M., Nolan, T. S., Prior, F. W., Snyder, A.
Z., & Raichle, M. E. (2009). Cortical network functional
connectivity in the descent to sleep. Proceedings of the National
Academy of Sciences of the United States of America, 106(11), 4489—
4494. https://doi.org/10.1073/pnas.0900924106

Latreille, V., von Ellenrieder, N., Peter-Derex, L., Dubeau, F., Gotman,
J., & Frauscher, B. (2020). The human K-complex: Insights from

197



combined scalp-intracranial EEG recordings. Neurolmage, 213,
116748. https://doi.org/10.1016/j.neuroimage.2020.116748

Laurino, M., Menicucci, D., Piarulli, A., Mastorci, F., Bedini, R.,
Allegrini, P., & Gemignani, A. (2014). Disentangling different
functional roles of evoked K-complex components: Mapping
the sleeping brain while quenching sensory processing.
Neurolmage, 86, 433—445.
https://doi.org/10.1016/j.neuroimage.2013.10.030

Laurino, M., Piarulli, A., Menicucci, D., & Gemignani, A. (2019). Local
Gamma Activity During Non-REM Sleep in the Context of
Sensory Evoked K-Complexes. Frontiers in Neuroscience, 13.
https://www.frontiersin.org/articles/10.3389/fnins.2019.01094

Lavigne, G., Brousseau, M., Kato, T., Mayer, P., Manzini, C., Guitard,
F., & Monplaisir, J. (2004). Experimental pain perception
remains equally active over all sleep stages. Pain, 110(3), 646—
655. https://doi.org/10.1016/j.pain.2004.05.003

Lavigne, G., Zucconi, M., Castronovo, C., Manzini, C., Marchettini, P.,
& Smirne, S. (2000). Sleep arousal response to experimental
thermal stimulation during sleep in human subjects free of pain
and sleep problems. Pain, 84(2), 283-290.
https://doi.org/10.1016/50304-3959(99)00213-4

Lazar, Z. 1, Dijk, D.-J., & Lazar, A. S. (2019). Infraslow oscillations in
human sleep spindle activity. Journal of Neuroscience Methods,
316, 22-34. https://doi.org/10.1016/j.jneumeth.2018.12.002

Le Bon, O. (2020). Relationships between REM and NREM in the
NREM-REM sleep cycle: A review on competing concepts.
Sleep Medicine, 70, 6-16.
https://doi.org/10.1016/j.sleep.2020.02.004

Le Bon, O., Staner, L., Hoffmann, G., Kentos, M., Pelg, 1., & Linkowski,
P. (2001). Shorter REM latency associated with more sleep
cycles of a shorter duration in healthy humans. Psychiatry

198



Research, 104(1), 75-83. https://doi.org/10.1016/s0165-
1781(01)00295-5

Le Bon, O., Staner, L., Rivelli, S. K., Hoffmann, G., Pelg, I., & Linkowski,
P. (2002). Correlations using the NREM-REM sleep cycle
frequency support distinct regulation mechanisms for REM
and NREM sleep. Journal of Applied Physiology, 93(1), 141-146.
https://doi.org/10.1152/japplphysiol.00917.2001

Lecdi, S., Fernandez, L. M. J., Weber, F. D., Cardis, R., Chatton, J.-Y.,
Born, J., & Liithi, A. (2017). Coordinated infraslow neural and
cardiac oscillations mark fragility and offline periods in
mammalian sleep. Science Advances, 3(2), €1602026.
https://doi.org/10.1126/sciadv.1602026

Legendre, G., Andrillon, T., Koroma, M., & Kouider, S. (2019). Sleepers
track informative speech in a multitalker environment. Nature
Human Behaviour, 3(3), Article 3. https://doi.org/10.1038/s41562-
018-0502-5

Legendre, G., Bayer, L., Seeck, M., Spinelli, L., Schwartz, S., &
Sterpenich, V. (2022). Reinstatement of emotional associations
during human sleep: An intracranial EEG study (p.
2022.06.24.497499). bioRxiv.
https://doi.org/10.1101/2022.06.24.497499

Lendner, J. D., Helfrich, R. F., Mander, B. A., Romundstad, L., Lin, J. ],
Walker, M. P., Larsson, P. G., & Knight, R. T. (2020). An
electrophysiological marker of arousal level in humans. eLife, 9,
€55092. https://doi.org/10.7554/eLife.55092

Leslie, K., & Ogilvie, R. (1996). Vestibular dreams: The effect of rocking
on dream mentation. Dreaming, 6(1), 1-16.
https://doi.org/10.1037/h0094442

Levin, R., & Nielsen, T. A. (2007). Disturbed dreaming, posttraumatic
stress disorder, and affect distress: A review and
neurocognitive model. Psychological Bulletin, 133(3), 482-528.
https://doi.org/10.1037/0033-2909.133.3.482

199



Lewin, I, Bergman, Y., Globman, H., Melamed, S., & Yehuda, S. (1973).
The Induction of a Quasi-Dreaming Mental State by Means of
Flickering Photic Stimulation. Sleep: Physiology, Biochemistry,
Psychology, Pharmacology, Clinical Implications. 1st Europ. Congt.
Sleep Res., Basel., 403—-411.

Llewellyn, S. (2015). Dream to Predict? REM Dreaming as Prospective
Coding. Frontiers in Psychology, 6, 1961.
https://doi.org/10.3389/fpsyg.2015.01961

Lombardi, F., Herrmann, H. J., & de Arcangelis, L. (2017). Balance of
excitation and inhibition determines 1/f power spectrum in
neuronal networks. Chaos: An Interdisciplinary Journal of
Nonlinear Science, 27(4), 047402.
https://doi.org/10.1063/1.4979043

Longe, O., Omodan, A., Leschziner, G., & Rosenzweig, 1. (2022). Non-
REM parasomnias: A scoping review of dreams and dreamlike
mentation. Croatian Medical Journal, 63(6), 525-535.
https://doi.org/10.3325/cmj.2022.63.525

Loomis, A. L., Harvey, E. N., & Hobart, G. (1935). Potential Rhythms of
the Cerebral Cortex During Sleep. Science, §1(2111), 597-598.
https://doi.org/10.1126/science.81.2111.597

Loomis, A. L., Harvey, E. N., & Hobart, G. A. (1937). Cerebral states
during sleep, as studied by human brain potentials. Journal of
Experimental Psychology, 21(2), 127-144.
https://doi.org/10.1037/h0057431

Luyster, F. S., Strollo, P. J., Zee, P. C., Walsh, J. K., & Boards of Directors
of the American Academy of Sleep Medicine and the Sleep
Research Society. (2012). Sleep: A health imperative. Sleep,
35(6), 727-734. https://doi.org/10.5665/sleep.1846

Mainieri, G., Maranci, J.-B., Champetier, P., Leu-Semenescu, S., Gales,
A., Dodet, P., & Arnulf, I. (2021). Are sleep paralysis and false
awakenings different from REM sleep and from lucid REM
sleep? A spectral EEG analysis. Journal of Clinical Sleep

200



Medicine : JCSM : Official Publication of the American Academy of
Sleep Medicine, 17(4), 719-727. https://doi.org/10.5664/jcsm.9056

Malinowski, J. E. (2015). Dreaming and personality: Wake-dream
continuity, thought suppression, and the Big Five Inventory.
Consciousness and Cognition, 38, 9-15.
https://doi.org/10.1016/j.concog.2015.10.004

Malinowski, J. E., & Horton, C. L. (2014a). Evidence for the preferential
incorporation of emotional waking-life experiences into
dreams. Dreaming, 24(1), 18-31.
https://doi.org/10.1037/a0036017

Malinowski, J. E., & Horton, C. L. (2014b). Memory sources of dreams:
The incorporation of autobiographical rather than episodic
experiences. Journal of Sleep Research, 23(4), 441-447.
https://doi.org/10.1111/jsr.12134

Malinowski, J. E., & Horton, C. L. (2014c). The effect of time of night on
wake—dream continuity. Dreaming, 24(4), 253-269.
https://doi.org/10.1037/a0037817

Malinowski, J. E., & Horton, C. L. (2021). Dreams reflect nocturnal
cognitive processes: Early-night dreams are more continuous
with waking life, and late-night dreams are more emotional
and hyperassociative. Consciousness and Cognition, 88, 103071.
https://doi.org/10.1016/j.concog.2020.103071

Mallett, R. (2020). Partial memory reinstatement while (lucid) dreaming
to change the dream environment. Consciousness and Cognition,
83, 102974. https://doi.org/10.1016/j.concog.2020.102974

Mangiaruga, A., Scarpelli, S., Bartolacci, C., & De Gennaro, L. (2018).
Spotlight on dream recall: The ages of dreams. Nature and
Science of Sleep, 10, 1-12. https://doi.org/10.2147/NSS.5135762

Manyukhina, V. O., Prokofyev, A. O., Galuta, I. A., Goiaeva, D. E,,
Obukhova, T. S., Schneiderman, J. F., Altukhov, D. L,
Stroganova, T. A., & Orekhova, E. V. (2022). Globally elevated

201



excitation—inhibition ratio in children with autism spectrum
disorder and below-average intelligence. Molecular Autism,
13(1), 20. https://doi.org/10.1186/s13229-022-00498-2

Magquet, P. (2010). Understanding non rapid eye movement sleep
through neuroimaging. The World Journal of Biological
Psychiatry, 11(supl), 9-15.
https://doi.org/10.3109/15622971003637736

Magquet, P., Péters, ].-M., Aerts, ]., Delfiore, G., Degueldre, C., Luxen,
A., & Franck, G. (1996). Functional neuroanatomy of human
rapid-eye-movement sleep and dreaming. Nature, 383(6596),
163-166. https://doi.org/10.1038/383163a0

Magquet, P., Ruby, P., Maudoux, A., Albouy, G., Sterpenich, V., Dang-
Vu, T., Desseilles, M., Boly, M., Perrin, F., Peigneux, P., &
Laureys, S. (2005). Human cognition during REM sleep and the
activity profile within frontal and parietal cortices: A
reappraisal of functional neuroimaging data. In S. Laureys
(Ed.), The Boundaries of Consciousness: Neurobiology and
Neuropathology (Vol. 150, pp. 219-595). Elsevier.
https://doi.org/10.1016/S0079-6123(05)50016-5

Martin, J. M., Andriano, D. W., Mota, N. B., Mota-Rolim, S. A., Aratijo,
J. F., Solms, M., & Ribeiro, S. (2020). Structural differences
between REM and non-REM dream reports assessed by graph
analysis. PLOS ONE, 15(7), e0228903.
https://doi.org/10.1371/journal. pone.0228903

Martinec Novakova, L., Klikova, M., Miletinova, E., & Buskova, J.
(2021). Olfaction-Related Factors Affecting Chemosensory
Dream Content in a Sleep Laboratory. Brain Sciences, 11, 1225.
https://doi.org/10.3390/brainsci11091225

Martinec Novakova, L., Miletinova, E., Klikova, M., & Buskova, ]J.
(2021). Effects of all-night exposure to ambient odour on

dreams and affective state upon waking. Physiology & Behavior,
230, 113265. https://doi.org/10.1016/j.physbeh.2020.113265

202



Martinez-Canada, P., Perez-Valero, E., Minguillon, J., Pelayo, F., Lépez-
Gordo, M. A., & Morillas, C. (2023). Combining aperiodic 1/f
slopes and brain simulation: An EEG/MEG proxy marker of
excitation/inhibition imbalance in Alzheimer’s disease.
Alzheimer’s & Dementia: Diagnosis, Assessment & Disease
Monitoring, 15(3), €12477. https://doi.org/10.1002/dad2.12477

Marzano, C., Ferrara, M., Curcio, G., & De Gennaro, L. (2010). The
effects of sleep deprivation in humans: Topographical
electroencephalogram changes in non-rapid eye movement
(NREM) sleep versus REM sleep. Journal of Sleep Research, 19(2),
260-268. https://doi.org/10.1111/j.1365-2869.2009.00776.x

Marzano, C., Ferrara, M., Mauro, F., Moroni, F., Gorgoni, M., Tempesta,
D., Cipolli, C., & De Gennaro, L. (2011). Recalling and
Forgetting Dreams: Theta and Alpha Oscillations during Sleep
Predict Subsequent Dream Recall. The Journal of Neuroscience,
31(18), 6674-6683. https://doi.org/10.1523/INEUROSCI.0412-
11.2011

Maschke, C., Duclos, C., Owen, A. M., Jerbi, K., & Blain-Moraes, S.
(2023). Aperiodic brain activity and response to anesthesia vary
in disorders of consciousness. Neurolmage, 275, 120154.
https://doi.org/10.1016/j.neuroimage.2023.120154

Massimini, M., Ferrarelli, F., Huber, R., Esser, S. K., Singh, H., &
Tononi, G. (2005). Breakdown of cortical effective connectivity
during sleep. Science (New York, N.Y.), 309(5744), 2228-2232.
https://doi.org/10.1126/science.1117256

McCarley, R. W., & Hobson, J. A. (1975). Neuronal excitability
modulation over the sleep cycle: A structural and mathematical
model. Science (New York, N.Y.), 189(4196), 58-60.
https://doi.org/10.1126/science.1135627

McCormick, D. A., & Bal, T. (1994). Sensory gating mechanisms of the
thalamus. Current Opinion in Neurobiology, 4(4), 550-556.
https://doi.org/10.1016/0959-4388(94)90056-6

203



McEwen, B. S. (2000). The neurobiology of stress: From serendipity to
clinical relevance. Brain Research, 886(1-2), 172-189.
https://doi.org/10.1016/s0006-8993(00)02950-4

McEwen, B. S. (2006). Sleep deprivation as a neurobiologic and
physiologic stressor: Allostasis and allostatic load. Metabolism,
55, 520-S23. https://doi.org/10.1016/j.metabol.2006.07.008

Meaidi, A., Jennum, P., Ptito, M., & Kupers, R. (2014). The sensory
construction of dreams and nightmare frequency in
congenitally blind and late blind individuals. Sleep Medicine,
15(5), 586-595. https://doi.org/10.1016/j.sleep.2013.12.008

Medel, V., Irani, M., Crossley, N., Ossandon, T., & Boncompte, G.
(2023). Complexity and 1/f slope jointly reflect brain states.
Scientific Reports, 13(1), 21700. https://doi.org/10.1038/s41598-
023-47316-0

Merica, H., & Fortune, R. D. (2004). State transitions between wake and
sleep, and within the ultradian cycle, with focus on the link to
neuronal activity. Sleep Medicine Reviews, 8(6), 473-485.
https://doi.org/10.1016/j.smrv.2004.06.006

Miskovic, V., MacDonald, K. J., Rhodes, L. ]., & Cote, K. A. (2018).
Changes in EEG multiscale entropy and power-law frequency
scaling during the human sleep cycle. Human Brain Mapping,
40(2), 538-551. https://doi.org/10.1002/hbm.24393

Miyauchi, S., Misaki, M., Kan, S., Fukunaga, T., & Koike, T. (2009).
Human brain activity time-locked to rapid eye movements
during REM sleep. Experimental Brain Research, 192(4), 657667 .
https://doi.org/10.1007/s00221-008-1579-2

Mohawk, J. A., Green, C. B., & Takahashi, J. S. (2012). Central and
peripheral circadian clocks in mammals. Annual Review of
Neuroscience, 35, 445-462. https://doi.org/10.1146/annurev-
neuro-060909-153128

204



Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., & Group, T. P. (2009).
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLOS Medicine, 6(7),
€1000097. https://doi.org/10.1371/journal.pmed.1000097

Montangero, J., & Cavallero, C. (2015). What renders dreams more or
less narrative? A microstructural study of REM and Stage 2
dreams reported upon morning awakening. International
Journal of Dream Research, 8(2), 105-119. Scopus.

Morgenthaler, T. I, Auerbach, S., Casey, K. R., Kristo, D., Maganti, R.,
Ramar, K., Zak, R., & Kartje, R. (2018). Position Paper for the
Treatment of Nightmare Disorder in Adults: An American
Academy of Sleep Medicine Position Paper. Journal of Clinical
Sleep Medicine, 14(06), 1041-1055.
https://doi.org/10.5664/jcsm.7178

Moruzzi, G., & Magoun, H. W. (1949). Brain stem reticular formation
and activation of the EEG. Electroencephalography and Clinical
Neurophysiology, 1(4), 455-473.

Mota-Rolim, S. A., Pavlou, A., Nascimento, G. C., Fontenele-Araujo, J.,
& Ribeiro, S. (2019). Portable Devices to Induce Lucid
Dreams— Are They Reliable? Frontiers in Neuroscience, 13, 428.
https://doi.org/10.3389/fnins.2019.00428

Moyne, M., Legendre, G., Arnal, L., Kumar, S., Sterpenich, V., Seeck,
M., Grandjean, D., Schwartz, S., Vuilleumier, P., & Dominguez-
Borras, J. (2022). Brain reactivity to emotion persists in NREM
sleep and is associated with individual dream recall. Cerebral
Cortex Communications, tgac003.
https://doi.org/10.1093/texcom/tgac003

Murphy, M., Huber, R, Esser, S., Riedner, B. A., Massimini, M.,
Ferrarelli, F., Ghilardi, M. F., & Tononi, G. (2011). The Cortical
Topography of Local Sleep. Current Topics in Medicinal
Chemistry, 11(19), 2438-2446.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3243778/

205



Murri, L., Arena, R., Siciliano, G., Mazzotta, R., & Muratorio, A. (1984).
Dream Recall in Patients With Focal Cerebral Lesions. Archives
of Neurology, 41(2), 183-185.
https://doi.org/10.1001/archneur.1984.04050140081031

Mwenge, B., Brion, A., Uguccioni, G., & Arnulf, I. (2013). Sleepwalking;:
Long-term home video monitoring. Sleep Medicine, 14(11),
1226-1228. https://doi.org/10.1016/j.sleep.2013.04.027

Nagel, T. (1974). What Is It Like to Be a Bat? The Philosophical Review,
83(4), 435-450. https://doi.org/10.2307/2183914

Nashida, T., Yabe, H., Sato, Y., Hiruma, T., Sutoh, T., Shinozaki, N., &
Kaneko, S. (2000). Automatic auditory information processing
in sleep. Sleep, 23(6), 821-828.

Nemeth, G. (2022). The route to recall a dream: Theoretical
considerations and methodological implications. Psychological
Research. Scopus. https://doi.org/10.1007/s00426-022-01722-7

Nemeth, G. (2023). The route to recall a dream: Theoretical
considerations and methodological implications. Psychological
Research, 87(4), 964-987. https://doi.org/10.1007/s00426-022-
01722-7

Nemirovsky, I. E., Popiel, N. ]J. M., Rudas, J., Caius, M., Naci, L., Schiff,
N.D., Owen, A. M., & Soddu, A. (2023). An implementation of
integrated information theory in resting-state fMRIL
Communications Biology, 6(1), 1-14.
https://doi.org/10.1038/s42003-023-05063-y

Nicolaou, N., & Georgiou, J. (2011). The Use of Permutation Entropy to
Characterize Sleep Electroencephalograms. Clinical EEG and
Neuroscience, 42(1), 24-28.
https://doi.org/10.1177/155005941104200107

Nielsen, T. A. (1993). Changes in the kinesthetic content of dreams
following somatosensory stimulation of leg muscles during

206



REM sleep. Dreaming, 3(2), 99-113.
https://doi.org/10.1037/h0094374

Nielsen, T. A. (2000). A review of mentation in REM and NREM sleep:
‘covert’ REM sleep as a possible reconciliation of two opposing
models. The Behavioral and Brain Sciences, 23(6), 851-866;
discussion 904-1121. https://doi.org/10.1017/s0140525x0000399x

Nielsen, T. A. (2010). Ultradian, Circadian, and Sleep-Dependent
Features of Dreaming. In Principles and Practice of Sleep
Medicine: Fifth Edition (pp. 576-584). Scopus.
https://doi.org/10.1016/B978-1-4160-6645-3.00049-9

Nielsen, T. A. (2011). Ultradian, Circadian, and Sleep-Dependent
Features of Dreaming. In Principles and Practice of Sleep Medicine
(pp. 576-584). Elsevier. https://doi.org/10.1016/B978-1-4160-
6645-3.00049-9

Nielsen, T. A. (2012). Variations in Dream Recall Frequency and Dream
Theme Diversity by Age and Sex. Frontiers in Neurology, 3.
https://doi.org/10.3389/fneur.2012.00106

Nielsen, T. A., Kuiken, D., Alain, G., Stenstrom, P., & Powell, R. A.
(2004). Immediate and delayed incorporations of events into
dreams: Further replication and implications for dream
function. Journal of Sleep Research, 13(4), 327-336.
https://doi.org/10.1111/j.1365-2869.2004.00421.x

Nielsen, T. A., Kuiken, D., Hoffmann, R., & Moffitt, A. (2001). REM and
NREM sleep mentation differences: A question of story
structure? Sleep and Hypnosis, 3(1), 9-17.

Nielsen, T. A., McGregor, D. L., Antonio Zadra, Zadra, A., IInicki, D., &
Ouellet, L. (1993). Pain in dreams. Sleep, 16(5), 490-498.
https://doi.org/10.1093/sleep/16.5.490

Nielsen, T. A., & Powell, R. A. (1989). The ‘dream-lag’ effect: A 6-day
temporal delay in dream content incorporation. Psychiatric

207



Journal of the University of Ottawa: Revue De Psychiatrie De
I"Universite d’Ottawa, 14(4), 561-565.

Nielsen, T. A., & Powell, R. A. (1992). The day-residue and dream-lag
effects: A literature review and limited replication of two

temporal effects in dream formation. Dreaming, 2(2), 67-77.
https://doi.org/10.1037/h0094348

Nielsen, T. A., & Stenstrom, P. (2005). What are the memory sources of
dreaming? Nature, 437(7063), 1286-1289.
https://doi.org/10.1038/nature04288

Nieminen, J. O., Gosseries, O., Massimini, M., Saad, E., Sheldon, A. D.,
Boly, M., Siclari, F., Postle, B. R., & Tononi, G. (2016).
Consciousness and cortical responsiveness: A within-state
study during non-rapid eye movement sleep. Scientific Reports,
6, 30932. https://doi.org/10.1038/srep30932

Nir, Y., Massimini, M., Boly, M., & Tononi, G. (2013). Sleep and
consciousness. In Neuroimaging of Consciousness (pp. 133-182).
Scopus. https://doi.org/10.1007/978-3-642-37580-4_9

Nir, Y., Staba, R. J., Andrillon, T., Vyazovskiy, V. V., Cirelli, C., Fried, I.,
& Tononi, G. (2011). Regional Slow Waves and Spindles in
Human Sleep. Neuron, 70(1), 153-169.
https://doi.org/10.1016/j.neuron.2011.02.043

Nir, Y., & Tononi, G. (2010). Dreaming and the brain: From
phenomenology to neurophysiology. Trends in Cognitive
Sciences, 14(2), 88. https://doi.org/10.1016/j.tics.2009.12.001

Nobilj, L., De Gennaro, L., Proserpio, P., Moroni, F., Sarasso, S.,
Pigorini, A., De Carli, F., & Ferrara, M. (2012). Local aspects of
sleep: Observations from intracerebral recordings in humans.
Progress in Brain Research, 199, 219-232.
https://doi.org/10.1016/B978-0-444-59427-3.00013-7

Nobili, L., Ferrara, M., Moroni, F., De Gennaro, L., Russo, G. L.,
Campus, C., Cardinale, F., & De Carli, F. (2011). Dissociated

208



wake-like and sleep-like electro-cortical activity during sleep.
Neurolmage, 58(2), 612-619.
https://doi.org/10.1016/j.neuroimage.2011.06.032

Nofzinger, E. A., Buysse, D. J., Germain, A, Price, J. C., Miewald, J. M.,
& Kupfer, D. J. (2004). Functional neuroimaging evidence for
hyperarousal in insomnia. The American Journal of Psychiatry,
161(11), 2126-2128. https://doi.org/10.1176/appi.ajp.161.11.2126

Nofzinger, E. A., Buysse, D. J., Miewald, J. M., Meltzer, C. C., Price, J.
C., Sembrat, R. C., Ombao, H., Reynolds, C. F., Monk, T. H.,
Hall, M., Kupfer, D. J., & Moore, R. Y. (2002). Human regional
cerebral glucose metabolism during non-rapid eye movement
sleep in relation to waking. Brain, 125(5), 1105-1115.
https://doi.org/10.1093/brain/awf103

Noreika, V., Valli, K., Lahtela, H., & Revonsuo, A. (2009). Early-night
serial awakenings as a new paradigm for studies on NREM
dreaming. International Journal of Psychophysiology, 74(1), 14-18.
https://doi.org/10.1016/j.ijpsycho.2009.06.002

Noreika, V., Windt, J. M., Kern, M., Valli, K., Salonen, T., Parkkola, R.,
Revonsuo, A., Karim, A. A, Ball, T., & Lenggenhager, B. (2020).
Modulating dream experience: Noninvasive brain stimulation
over the sensorimotor cortex reduces dream movement.
Scientific Reports, 10(1), 6735. https://doi.org/10.1038/s41598-020-
63479-6

Noreika, V., Windt, ]J. M., Lenggenhager, B., & Karim, A. A. (2010). New
perspectives for the study of lucid dreaming: From brain stimulation
to philosophical theories of self-consciousness. 3(1), 10.

Noury, N., Hipp, J. F., & Siegel, M. (2016). Physiological processes non-
linearly affect electrophysiological recordings during
transcranial electric stimulation. Neurolmage, 140, 99-109.
https://doi.org/10.1016/j.neuroimage.2016.03.065

Nozoe, K., Fukuda, K., Kogure, T., Shiino, T., & Asaoka, S. (2020). Does
upper-body elevation affect sleepiness and memories of

209



hypnagogic images after short daytime naps? Consciousness and
Cognition, 80, 102916.
https://doi.org/10.1016/j.concog.2020.102916

Okabe, S., Fukuda, K., Mochizuki-Kawai, H., & Yamada, K. (2018).
Favorite odor induces negative dream emotion during rapid
eye movement sleep. Sleep Medicine, 47, 72-76.
https://doi.org/10.1016/j.sleep.2018.03.026

Okabe, S., Okabe, S., Mitsuo Hayashi, Hayashi, M., Takashi Abe, Abe,
T., Kazuhiko Fukuda, & Fukuda, K. (2020). Presentation of
familiar odor induces negative dream emotions during rapid
eye movement (REM) sleep in healthy adolescents. Sleep
Medicine, 66, 227-232.
https://doi.org/10.1016/j.sleep.2019.11.1260

Oldoni, A. A., Bacchi, A. D., Mendes, F. R., Tiba, P. A., & Mota-Rolim,
S. (2024). Neuropsychopharmacological Induction of (Lucid)
Dreams: A Narrative Review. Brain Sciences, 14(5), 426.
https://doi.org/10.3390/brainscil4050426

Ostlund, B. D., Alperin, B. R., Drew, T., & Karalunas, S. L. (2021).
Behavioral and cognitive correlates of the aperiodic 1/f-like
exponent of the EEG power spectrum in adolescents with and
without ADHD. Developmental Cognitive Neuroscience, 48,
100931. https://doi.org/10.1016/j.dcn.2021.100931

Oswald, L., Taylor, A. M., & Treisman, M. (1960). Discriminative
responses to stimulation during human sleep. Brain: A Journal
of Neurology, 83, 440-453. https://doi.org/10.1093/brain/83.3.440

Ouchene, R., El Habchi, N., Demina, A., Petit, B., & Trojak, B. (2023).
The effectiveness of lucid dreaming therapy in patients with
nightmares: A systematic review. L’Encéphale, 49(5), 525-531.
https://doi.org/10.1016/j.encep.2023.01.008

Oudiette, D., Constantinescu, I., Leclair-Visonneau, L., Vidailhet, M.,
Schwartz, S., & Arnulf, I. (2011). Evidence for the re-enactment

210



of a recently learned behavior during sleepwalking. PloS One,
6(3), €18056. https://doi.org/10.1371/journal. pone.0018056

Oudiette, D., Dealberto, M.-J., Uguccioni, G., Golmard, J.-L., Merino-
Andreu, M., Tafti, M., Garma, L., Schwartz, S., & Arnulf, L.
(2012). Dreaming without REM sleep. Consciousness and
Cognition, 21(3), 1129-1140.
https://doi.org/10.1016/j.concog.2012.04.010

Oudiette, D., Dodet, P., Ledard, N., Artru, E., Rachidji, I., Similowski, T.,
& Arnulf, I. (2018). REM sleep respiratory behaviours match
mental content in narcoleptic lucid dreamers. Scientific Reports,
8(1), Article 1. https://doi.org/10.1038/s41598-018-21067-9

Oudiette, D., & Paller, K. A. (2013). Upgrading the sleeping brain with
targeted memory reactivation. Trends in Cognitive Sciences,
17(3), 142-149. https://doi.org/10.1016/j.tics.2013.01.006

Ouyang, G., Hildebrandt, A., Schmitz, F., & Herrmann, C. S. (2020).
Decomposing alpha and 1/f brain activities reveals their
differential associations with cognitive processing speed.
Neurolmage, 205, 116304.
https://doi.org/10.1016/j.neuroimage.2019.116304

Page, M. J., McKenzie, ]. E., Bossuyt, P. M., Boutron, 1., Hoffmann, T. C,,
Mulrow, C. D., Shamseer, L., Tetzlaff, J. M., & Moher, D. (2021).
Updating guidance for reporting systematic reviews:
Development of the PRISMA 2020 statement. Journal of Clinical
Epidemiology, 134, 103-112.
https://doi.org/10.1016/j.jclinepi.2021.02.003

Pagel, J. F., Blagrove, M., Levin, R., States, B., Stickgold, B., & White, S.
(2001). Definitions of dream: A paradigm for comparing field
descriptive specific studies of dream. Dreaming, 11(4), 195-202.
https://doi.org/10.1023/A:1012240307661

Park, H.-D., & Tallon-Baudry, C. (2014). The neural subjective frame:
From bodily signals to perceptual consciousness. Philosophical

211



Transactions of the Royal Society B: Biological Sciences, 369(1641),
20130208. https://doi.org/10.1098/rstb.2013.0208

Park, S.-H., & Weber, F. (2020). Neural and Homeostatic Regulation of
REM Sleep. Frontiers in Psychology, 11, 1662.
https://doi.org/10.3389/fpsyg.2020.01662

Parke, A., & Horton, C. (2009). A Re-Examination of the Interference
Hypothesis on Dream Recall. International Journal of Dream
Research; Vol 2, No 2 (October 2009); 60-69.
https://doi.org/10.11588/ijodr.2009.2.364

Pathania, A., Schreiber, M., Miller, M. W., Euler, M. ]., & Lohse, K. R.
(2021). Exploring the reliability and sensitivity of the EEG
power spectrum as a biomarker. International Journal of
Psychophysiology, 160, 18-27.
https://doi.org/10.1016/j.ijpsycho.2020.12.002

Paul, F., Schddlich, M., & Erlacher, D. (2014). Lucid dream induction by
visual and tactile stimulation: An exploratory sleep laboratory
study. International Journal of Dream Research, 7(1), 61-66.

Peigneux, P., Laureys, S., Delbeuck, X., & Maquet, P. (2001). Sleeping
brain, learning brain. The role of sleep for memory systems.
Neuroreport, 12(18), A111-124. https://doi.org/10.1097/00001756-
200112210-00001

Peigneux, P., Laureys, S., Fuchs, S., Delbeuck, X., Degueldre, C., Aerts,
J., Delfiore, G., Luxen, A., & Maquet, P. (2001). Generation of
Rapid Eye Movements during Paradoxical Sleep in Humans.
Neurolmage, 14(3), 701-708.
https://doi.org/10.1006/nimg.2001.0874

Pennebaker, J. W., Boyd, R. L., Jordan, K., & Blackburn, K. (2015). The
Development and Psychometric Properties of LIWC2015.
http://hdl.handle.net/2152/31333

Pereira, S. 1. R., & Lewis, P. A. (2020). The differing roles of NREM and
REM sleep in the slow enhancement of skills and schemas.

212



Current Opinion in Physiology, 15, 82-88.
https://doi.org/10.1016/j.cophys.2019.12.005

Pereira, S. I. R, Santamaria, L., Andrews, R., Schmidt, E., Van Rossum,
M. C. W,, & Lewis, P. (2023). Rule Abstraction Is Facilitated by
Auditory Cuing in REM Sleep. The Journal of Neuroscience: The
Official Journal of the Society for Neuroscience, 43(21), 3838-3848.
https://doi.org/10.1523/JNEUROSCI.1966-21.2022

Perl], O., Arzi, A, Sela, L., Secundo, L., Holtzman, Y., Samnon, P.,
Oksenberg, A., Sobel, N., & Hairston, I. S. (2016). Odors
enhance slow-wave activity in non-rapid eye movement sleep.
Journal of Neurophysiology, 115(5), 2294-2302.
https://doi.org/10.1152/jn.01001.2015

Perogamvros, L., Baird, B., Seibold, M., Riedner, B., Boly, M., & Tononi,
G. (2017). The Phenomenal Contents and Neural Correlates of
Spontaneous Thoughts across Wakefulness, NREM Sleep, and
REM Sleep. Journal of Cognitive Neuroscience, 29(10), 1766-1777.
https://doi.org/10.1162/jocn_a_01155

Perogamvros, L., Dang-Vu, T. T., Desseilles, M., & Schwartz, S. (2013).
Sleep and dreaming are for important matters. Frontiers in
Psychology, 4. https://doi.org/10.3389/fpsyg.2013.00474

Perrault, R., Carrier, J., Desautels, A., Montplaisir, J., & Zadra, A.
(2014). Electroencephalographic slow waves prior to
sleepwalking episodes. Sleep Medicine, 15(12), 1468-1472.
https://doi.org/10.1016/j.sleep.2014.07.020

Perrin, F., Bastuji, H., & Garcia-Larrea, L. (2002). Detection of verbal
discordances during sleep. Neuroreport, 13(10), 1345-1349.
https://doi.org/10.1097/00001756-200207190-00026

Perrin, F., Bastuji, H., Mauguiere, F., & Garcia-Larrea, L. (2000).
Functional dissociation of the early and late portions of human
K-complexes. Neuroreport, 11(8), 1637-1640.
https://doi.org/10.1097/00001756-200006050-00008

213



Perrin, F., Garcia-Larrea, L., Mauguiere, F., & Bastuji, H. (1999). A
differential brain response to the subject’s own name persists
during sleep. Clinical Neurophysiology, 110(12), 2153-2164.
https://doi.org/10.1016/51388-2457(99)00177-7

Pertermann, M., Bluschke, A., Roessner, V., & Beste, C. (2019). The
Modulation of Neural Noise Underlies the Effectiveness of
Methylphenidate Treatment in Attention-Deficit/Hyperactivity
Disorder. Biological Psychiatry: Cognitive Neuroscience and
Neuroimaging, 4(8), 743-750.
https://doi.org/10.1016/j.bpsc.2019.03.011

Pesant, N., & Zadra, A. (2006). Dream content and psychological well-
being: A longitudinal study of the continuity hypothesis.
Journal of Clinical Psychology, 62(1), 111-121.
https://doi.org/10.1002/jclp.20212

Peterson, E. ], Rosen, B. Q., Belger, A., Voytek, B., & Campbell, A. M.
(2023). Aperiodic Neural Activity is a Better Predictor of
Schizophrenia than Neural Oscillations. Clinical EEG and
Neuroscience, 54(4), 434-445.
https://doi.org/10.1177/15500594231165589

Pi, Y., Yan, J., Pscherer, C., Gao, S., Miickschel, M., Colzato, L.,
Hommel, B., & Beste, C. (2024). Interindividual aperiodic
resting-state EEG activity predicts cognitive-control styles.
Psychophysiology, 61(8), €14576.
https://doi.org/10.1111/psyp.14576

Picard-Deland, C., Aumont, T., Samson-Richer, A., Paquette, T., &
Nielsen, T. A. (2021). Whole-body procedural learning benefits
from targeted memory reactivation in REM sleep and task-
related dreaming. Neurobiology of Learning and Memory, 183,
107460. https://doi.org/10.1016/j.nlm.2021.107460

Picard-Deland, C., Bernardi, G., Genzel, L., Dresler, M., & Schoch, S. F.
(2023). Memory reactivations during sleep: A neural basis of

214



dream experiences? Trends in Cognitive Sciences, 27(6), 568-582.
https://doi.org/10.1016/].tics.2023.02.006

Picard-Deland, C., Konkoly, K., Raider, R., Paller, K. A., Nielsen, T. A.,
Pigeon, W. R., & Carr, M. (2022). The memory sources of
dreams: Serial awakenings across sleep stages and time of
night. Sleep, zsac292. https://doi.org/10.1093/sleep/zsac292

Picard-Deland, C., & Nielsen, T. A. (2022). Targeted memory
reactivation has a sleep stage-specific delayed effect on dream
content. Journal of Sleep Research, 31(1), e13391.
https://doi.org/10.1111/jsr.13391

Picard-Deland, C., Nielsen, T. A., & Carr, M. (2021). Dreaming of the
sleep lab. PloS One, 16(10), e0257738.
https://doi.org/10.1371/journal.pone.0257738

Picard-Deland, C., Pastor, M., Solomonova, E., Paquette, T., & Nielsen,
T. A. (2020). Flying dreams stimulated by an immersive virtual
reality task. Consciousness and Cognition, 83, 102958.
https://doi.org/10.1016/j.concog.2020.102958

Picchioni, D., Yang, F. N., De Zwart, J. A., Wang, Y., Mandelkow, H.,
Ozbay, P. S., Chen, G,, Taylor, P. A., Lam, N., Chappel-Farley,
M. G,, Chang, C,, Liu, J., Van Gelderen, P., & Duyn, J. H. (2024).
Sleep defined by arousal threshold reveals decreases in corticocortical
functional correlations independently from the conventional sleep
stages. https://doi.org/10.1101/2024.08.09.607376

Pigorini, A., Sarasso, S., Proserpio, P., Szymanski, C., Arnulfo, G.,
Casarotto, S., Fecchio, M., Rosanova, M., Mariotti, M., Lo
Russo, G., Palva, J. M., Nobili, L., & Massimini, M. (2015).
Bistability breaks-off deterministic responses to intracortical
stimulation during non-REM sleep. Neurolmage, 112, 105-113.
https://doi.org/10.1016/j.neuroimage.2015.02.056

Pion-Tonachini, L., Kreutz-Delgado, K., & Makeig, S. (2019). The
ICLabel dataset of electroencephalographic (EEG) independent

215



component (IC) features. Data in Brief, 25.
https://doi.org/10.1016/j.dib.2019.104101

Pivik, T., & Foulkes, D. (1968). NREM mentation: Relation to
personality, orientation time, and time of night. Journal of
Consulting and Clinical Psychology, 32(2), 144-151.
https://doi.org/10.1037/h0025489

Plailly, J., Villalba, M., Vallat, R., Nicolas, A., & Ruby, P. (2019).
Incorporation of fragmented visuo-olfactory episodic memory
into dreams and its association with memory performance.
Scientific Reports, 9(1), 15687. https://doi.org/10.1038/s41598-019-
51497-y

Podvalny, E., Noy, N., Harel, M., Bickel, S., Chechik, G., Schroeder, C.
E., Mehta, A. D., Tsodyks, M., & Malach, R. (2015). A unifying
principle underlying the extracellular field potential spectral
responses in the human cortex. Journal of Neurophysiology,
114(1), 505-519. https://doi.org/10.1152/jn.00943.2014

Poh, J.-H., Chong, P. L. H., & Chee, M. W. L. (2016). Sleepless night,
restless mind: Effects of sleep deprivation on mind wandering.
Journal of Experimental Psychology: General, 145(10), 1312-1318.
https://doi.org/10.1037/xge0000207

Portas, C. M., Krakow, K., Allen, P., Josephs, O., Armony, ]. L., & Frith,
C. D. (2000). Auditory processing across the sleep-wake cycle:

Simultaneous EEG and fMRI monitoring in humans. Neuron,
28(3), 991-999. https://doi.org/10.1016/s0896-6273(00)00169-0

Powell, R. A., Cheung, J. S., Nielsen, T. A., & Cervenka, T. M. (1995).
Temporal delays in incorporation of events into dreams.
Perceptual and Motor Skills, 81(1), 95-104.
https://doi.org/10.2466/pms.1995.81.1.95

Price, L. J., & Kremen, 1. (1980). Variations in behavioral response
threshold within the REM period of human sleep.
Psychophysiology, 17(2), 133-140. https://doi.org/10.1111/j.1469-
8986.1980.tb00125.x

216



R Core Team. (2024). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.
https://www.R-project.org/

Radwan, B., Yanez Touzet, A., Hammami, S., & Chaudhury, D. (2021).
Prolonged Exposure to Social Stress Impairs Homeostatic Sleep
Regulation. Frontiers in Neuroscience, 15.
https://doi.org/10.3389/fnins.2021.633955

Rahimi, S., Naghibi, S. M., Mokhber, N., Schredl, M., Assadpour, H.,
Farkhani, A. R, Karimoui, H. A. N., Mohajeri, S. M. R,
Darvish, A., Naghibi, S. S., & Sadjadi, S. A. (2015).
Sophisticated evaluation of possible effect of distinct auditory
stimulation during REM sleep on dream content. International
Journal of Dream Research, 8(2), 146-151.

Rak, M., Beitinger, P., Steiger, A., Schredl, M., & Dresler, M. (2015).
Increased lucid dreaming frequency in narcolepsy. Sleep, 38(5),
787-792. https://doi.org/10.5665/sleep.4676

Rasch, B., & Born, J. (2013). About Sleep’s Role in Memory. Physiological
Reviews, 93(2), 681-766.
https://doi.org/10.1152/physrev.00032.2012

Rechtschaffen, A., & Foulkes, D. (1965). Effect of visual stimuli on
dream content. Perceptual and Motor Skills, 20(3, Pt. 2), 1149—
1160. https://doi.org/10.2466/pms.1965.20.3c.1149

Rechtschaffen, A., Hauri, P., & Zeitlin, M. (1966). Auditory awakening
thresholds in REM and NREM sleep stages. Perceptual and
Motor Skills, 22(3), 927-942.
https://doi.org/10.2466/pms.1966.22.3.927

Revonsuo, A. (1999). Binding and the Phenomenal Unity of
Consciousness. Consciousness and Cognition, 8(2), 173-185.
https://doi.org/10.1006/ccog.1999.0384

Revonsuo, A. (2000). The reinterpretation of dreams: An evolutionary
hypothesis of the function of dreaming. Behavioral and Brain

217



Sciences, 23(6), 877-901; 904-1018; 1083-1121.
https://doi.org/10.1017/50140525X00004015

Revonsuo, A., & Salmivalli, C. (1995). A Content Analysis of Bizarre
Elements in Dreams. Dreaming, 5, 169-187.
https://doi.org/10.1037/h0094433

Revonsuo, A., & Tarkko, K. (2002). Binding in Dreams —The
Bizarreness of Dream Images and the Unity of Consciousness.
Journal of Consciousness Studies, 9, 3-24.

Revonsuo, A., Tuominen, J., & Valli, K. (2016). Avatars in the Machine:
Dreaming as a simulation of social reality. In T. Metzinger & J.
Windt (Eds.), Open MIND: Philosophy of Mind and the Cognitive
Sciences in the 21st Century. (Vol. 2, pp. 1295-1322). MIT Press.

Ribeiro, N., Gounden, Y., & Quaglino, V. (2020). Is There a Link
Between Frequency of Dreams, Lucid Dreams, and Subjective
Sleep Quality? Frontiers in Psychology, 11.
https://doi.org/10.3389/fpsyg.2020.01290

Richards, J., & Gumz, M. L. (2012). Advances in understanding the
peripheral circadian clocks. The FASEB Journal, 26(9), 3602—
3613. https://doi.org/10.1096/fj.12-203554

Riedner, B. A., Hulse, B. K., Murphy, M. J., Ferrarelli, F., & Tononi, G.
(2011). Temporal dynamics of cortical sources underlying
spontaneous and peripherally evoked slow waves. Progress in
Brain Research, 193, 201-218. https://doi.org/10.1016/B978-0-444-
53839-0.00013-2

Riedner, B. A., Vyazovskiy, V. V., Huber, R., Massimini, M., Esser, S.,
Murphy, M., & Tononi, G. (2007). Sleep homeostasis and
cortical synchronization: III. A high-density EEG study of sleep
slow waves in humans. Sleep, 30(12), 1643-1657.
https://doi.org/10.1093/sleep/30.12.1643

Robertson, M. M., Furlong, S., Voytek, B., Donoghue, T., Boettiger, C.
A., & Sheridan, M. A. (2019). EEG power spectral slope differs

218



by ADHD status and stimulant medication exposure in early
childhood. Journal of Neurophysiology, 122(6), 2427-2437.
https://doi.org/10.1152/jn.00388.2019

Rocha, A. L., & Arnulf, I. (2020). NREM parasomnia as a dream
enacting behavior. Sleep Medicine, 75, 103-105.
https://doi.org/10.1016/j.sleep.2020.02.024

Rosen, M. G. (2013). What I make up when I wake up: Anti-experience
views and narrative fabrication of dreams. Frontiers in
Psychology, 4, 514. https://doi.org/10.3389/fpsyg.2013.00514

Rosenblum, Y., Bovy, L., Weber, F. D., Steiger, A., Zeising, M., &
Dresler, M. (2022). Increased Aperiodic Neural Activity During
Sleep in Major Depressive Disorder. Biological Psychiatry Global
Open Science. https://doi.org/10.1016/j.bpsgos.2022.10.001

Rosenblum, Y., Esfahani, M. J., Adelhofer, N., Zerr, P., Furrer, M.,
Huber, R., Steiger, A., Zeising, M., Horvath, C. G., Schneider,
B., Bodizs, R., & Dresler, M. (2024). Fractal cycles of sleep: A
new aperiodic activity-based definition of sleep cycles. eLife, 13.
https://doi.org/10.7554/eLife.96784.1

RStudio Team. (2023). RStudio: Integrated Development Environment for R
[Computer software]. RStudio, PBC. http://www.rstudio.com/

Ruby, P. (2020). The Neural Correlates of Dreaming Have Not Been
Identified Yet. Commentary on “The Neural Correlates of
Dreaming. Nat Neurosci. 2017”. Frontiers in Neuroscience, 14.
https://doi.org/10.3389/fnins.2020.585470

Ruby, P., Blochet, C., Eichenlaub, J.-B., Bertrand, O., Morlet, D., &
Bidet-Caulet, A. (2013). Alpha reactivity to first names differs
in subjects with high and low dream recall frequency. Frontiers
in Psychology, 4, 419. https://doi.org/10.3389/fpsyg.2013.00419

Ruby, P., Caclin, A., Boulet, S., Delpuech, C., & Morlet, D. (2008). Odd
sound processing in the sleeping brain. Journal of Cognitive

219



Neuroscience, 20(2), 296-311.
https://doi.org/10.1162/jocn.2008.20023

Ruby, P., Evangelista, E., Bastuji, H., & Peter-Derex, L. (2024). From
physiological awakening to pathological sleep inertia:
Neurophysiological and behavioural characteristics of the
sleep-to-wake transitionyr. Neurophysiologie Clinique, 54(2),
102934. https://doi.org/10.1016/j.neucli.2023.102934

Ruby, P., Masson, R., Chatard, B., Hoyer, R., Bottemanne, L., Vallat, R.,
& Bidet-Caulet, A. (2022). High dream recall frequency is
associated with an increase of both bottom-up and top-down
attentional processes. Cerebral Cortex (New York, N.Y.: 1991),
32(17), 3752-3762. https://doi.org/10.1093/cercor/bhab445

Saad, J. F., Kohn, M. R,, Clarke, S., Lagopoulos, J., & Hermens, D. F.
(2018). Is the Theta/Beta EEG Marker for ADHD Inherently
Flawed? Journal of Attention Disorders, 22(9), 815-826.
https://doi.org/10.1177/1087054715578270

Sallinen, M., Kaartinen, J., & Lyytinen, H. (1996). Processing of auditory
stimuli during tonic and phasic periods of REM sleep as
revealed by event-related brain potentials. Journal of Sleep
Research, 5(4), 220-228. https://doi.org/10.1111/j.1365-
2869.1996.00220.x

Salvesen, L., Esfahani, M. J., Picard-Deland, C., Matzek, T., Demsar, E.,
Buijtene, T. van, Libucha, V., Pedreschi, B., Bernardi, G., Zerr,
P., Adelhofer, N., Schoch, S., Carr, M., & Dresler, M. (2024).
Highly effective verified lucid dream induction using combined
cognitive-sensory training and wearable EEG: A multi-centre study
(p. 2024.06.21.600133). bioRxiv.
https://doi.org/10.1101/2024.06.21.600133

Samann, P. G., Wehrle, R., Hoehn, D., Spoormaker, V. L, Peters, H.,
Tully, C., Holsboer, F., & Czisch, M. (2011). Development of the
brain’s default mode network from wakefulness to slow wave

220



sleep. Cerebral Cortex (New York, N.Y.: 1991), 21(9), 2082-2093.
https://doi.org/10.1093/cercor/bhq295

Samson, D. R., Clerget, A., Abbas, N., Senese, J., Sarma, M. S., Lew-
Levy, S., Mabulla, I. A., Mabulla, A. Z. P., Miegakanda, V.,
Borghese, F., Henckaerts, P., Schwartz, S., Sterpenich, V.,
Gettler, L. T., Boyette, A., Crittenden, A. N., & Perogamvros, L.
(2023). Evidence for an emotional adaptive function of dreams:
A cross-cultural study. Scientific Reports, 13, 16530.
https://doi.org/10.1038/s41598-023-43319-z

Sandell, C., Stumbrys, T., Paller, K. A., & Mallett, R. (2024).
Intentionally awakening from sleep through lucid dreaming.
Current Psychology, 43(21), 19236-19245.
https://doi.org/10.1007/s12144-024-05718-x

Saper, C., Fuller, P. M., Pedersen, N. P, Lu, J., & Scammell, T. E. (2010).
Sleep State Switching. Neuron, 68(6), 1023-1042.
https://doi.org/10.1016/j.neuron.2010.11.032

Saper, C., Scammell, T., & Lu, J. (2005). Hypotalamic regulation of sleep
and circadian rhythms. Nature, 437, 1257-1263.
https://doi.org/10.1038/nature04284

Sarasso, S., Pigorini, A., Proserpio, P., Gibbs, S., Massimini, M., &
Nobili, L. (2014). Fluid boundaries between wake and sleep:
Experimental evidence from Stereo-EEG recordings. Archives
Italiennes de Biologie, 152, 169-177.
https://doi.org/10.12871/0002982920142311

Sasai, S., Boly, M., Mensen, A., & Tononi, G. (2016). Functional split
brain in a driving/listening paradigm. Proceedings of the National
Academy of Sciences, 113(50), 14444-14449.
https://doi.org/10.1073/pnas.1613200113

Satchell, M., Fry, B., Noureddine, Z., Simmons, A., Ognjanovski, N. N.,
Aton, S. J., & Zochowski, M. R. (2024). Neuromodulation via
muscarinic acetylcholine pathway can facilitate distinct,
complementary, and sequential roles for NREM and REM states

221



during sleep-dependent memory consolidation (p.
2023.05.19.541465). bioRxiv.
https://doi.org/10.1101/2023.05.19.541465

Sato, Y., Fukuoka, Y., Minamitani, H., & Honda, K. (2007). Sensory
stimulation triggers spindles during sleep stage 2. Sleep, 30(4),
511-518. https://doi.org/10.1093/sleep/30.4.511

Saunders, D. T., Clegg, H., Roe, C. A., & Smith, G. D. (2017). Exploring
the role of need for cognition, field independence and locus of
control on the incidence of lucid dreams during a 12-week
induction study. Dreaming, 27(1), 68-86.
https://doi.org/10.1037/drm0000044

Saunders, D. T., Roe, C. A., Smith, G., & Clegg, H. (2016). Lucid
dreaming incidence: A quality effects meta-analysis of 50 years
of research. Consciousness and Cognition, 43, 197-215.
https://doi.org/10.1016/j.concog.2016.06.002

Sauvageau, A., Nielsen, T. A., & Montplaisir, J. (1998). Effects of
somatosensory stimulation on dream content in gymnasts and
control participants: Evidence of vestibulomotor adaptation in
REM sleep. Dreaming, 8(2), 125-134.
https://doi.org/10.1023/B:DREM.0000005902.04938.fe

Scarpelli, S., Alfonsi, V., Gorgoni, M., & De Gennaro, L. (2022). What
about dreams? State of the art and open questions. Journal of
Sleep Research, 31(4). Scopus. https://doi.org/10.1111/jsr.13609

Scarpelli, S., Bartolacci, C., D’Atri, A., Camaioni, M., Annarumma, L.,
Gorgoni, M., Cloos, C., Ferrara, M., & De Gennaro, L. (2020).
Electrophysiological Correlates of Dream Recall During REM
Sleep: Evidence from Multiple Awakenings and Within-
Subjects Design. Nature and Science of Sleep, Volume 12, 1043
1052. https://doi.org/10.2147/NSS.5279786

Scarpelli, S., Bartolacci, C., D’Atri, A., Gorgoni, M., & De Gennaro, L.
(2019). The Functional Role of Dreaming in Emotional

222



Processes. Frontiers in Psychology, 10, 459.
https://doi.org/10.3389/fpsyg.2019.00459

Scarpelli, S., D’Atri, A., Bartolacci, C., Gorgoni, M., Mangiaruga, A.,

Ferrara, M., & De Gennaro, L. (2020). Dream Recall upon
Awakening from Non-Rapid Eye Movement Sleep in Older
Adults: Electrophysiological Pattern and Qualitative Features.
Brain Sciences, 10(6), 343.
https://doi.org/10.3390/brainsci10060343

Scarpelli, S., D’Atri, A., Gorgoni, M., Ferrara, M., & De Gennaro, L.

(2015). EEG oscillations during sleep and dream recall: State- or
trait-like individual differences? Frontiers in Psychology, 6.
https://doi.org/10.3389/fpsyg.2015.00605

Scarpelli, S., D’Atri, A., Mangiaruga, A., Marzano, C., Gorgoni, M.,

Schiappa, C., Ferrara, M., & De Gennaro, L. (2017). Predicting
Dream Recall: EEG Activation During NREM Sleep or Shared
Mechanisms with Wakefulness? Brain Topography, 30(5), 629—
638. https://doi.org/10.1007/s10548-017-0563-1

Scarpelli, S., Nadorff, M. R,, Bjorvatn, B., Chung, F., Dauvilliers, Y.,

Espie, C. A., Inoue, Y., Matsui, K., Merikanto, I., Morin, C. M.,
Penzel, T., Sieminski, M., Fang, H., Macédo, T., Mota-Rolim, S.
A, Leger, D., Plazzi, G., Chan, N. Y., Partinen, M., ... De
Gennaro, L. (2022). Nightmares in People with COVID-19: Did
Coronavirus Infect Our Dreams? Nature and Science of Sleep, 14,
93-108. https://doi.org/10.2147/NSS.5344299

Schabus, M., Dang-Vu, T. T., Heib, D., Boly, M., Desseilles, M.,

Vandewalle, G., Schmidt, C., Albouy, G., Darsaud, A., Gais, S.,
Degueldre, C., Balteau, E., Phillips, C., Luxen, A., & Maquet, P.
(2012). The Fate of Incoming Stimuli during NREM Sleep is
Determined by Spindles and the Phase of the Slow Oscillation.
Frontiers in Neurology, 3.
https://www.frontiersin.org/articles/10.3389/fneur.2012.00040

223



Schéadlich, M., & Erlacher, D. (2018). Practicing sports in lucid dreams —
characteristics, effects, and practical implications. Current Issues
in Sport Science, 3. https://doi.org/10.15203/CISS_2018.007

Schadow, C., Schredl, M., Rieger, J., & Goritz, A. S. (2018). The
relationship between lucid dream frequency and sleep quality:
Two cross-sectional studies. International Journal of Dream
Research, 154-159. https://doi.org/10.11588/ijodr.2018.2.48341

Schafer, L., Schellong, J., Hahner, A., Weidner, K., Hiittenbrink, K.-B.,
Trautmann, S.,, Hummel, T., & Croy, L. (2019). Nocturnal
Olfactory Stimulation for Improvement of Sleep Quality in
Patients With Posttraumatic Stress Disorder: A Randomized
Exploratory Intervention Trial: Nocturnal Olfactory
Stimulation in PTSD. Journal of Traumatic Stress, 32(1), 130-140.
https://doi.org/10.1002/jts.22359

Schartner, M. M., Pigorini, A., Gibbs, S. A., Arnulfo, G., Sarasso, S.,
Barnett, L., Nobili, L., Massimini, M., Seth, A. K., & Barrett, A.
B. (2017). Global and local complexity of intracranial EEG
decreases during NREM sleep. Neuroscience of Consciousness,
2017(1), niw022. https://doi.org/10.1093/nc/niw022

Schaworonkow, N., & Voytek, B. (2021). Longitudinal changes in
aperiodic and periodic activity in electrophysiological
recordings in the first seven months of life. Developmental
Cognitive Neuroscience, 47, 100895.
https://doi.org/10.1016/j.dcn.2020.100895

Schmid, D., & Erlacher, D. (2020). Lucid dream induction by auditory
stimulation and reality testing during early-morning sleep.
International Journal of Dream Research, 99-104.
https://doi.org/10.11588/ijodr.2020.1.71695

Schneider, B., Szalardy, O., Ujma, P. P., Simor, P., Gombos, F., Kovéacs,
L., Dresler, M., & Bddizs, R. (2022). Scale-free and oscillatory

spectral measures of sleep stages in humans. Frontiers in
Neuroinformatics, 16. https://doi.org/10.3389/fninf.2022.989262

224



Schoch, S. F., Cordi, M. ]., Schredl, M., & Rasch, B. (2019). The effect of
dream report collection and dream incorporation on memory
consolidation during sleep. Journal of Sleep Research, 28(1),
€12754. https://doi.org/10.1111/jsr.12754

Schredl, M. (2007). Dream recall: Models and empirical data. In The new
science of dreaming: Volume 2. Content, recall, and personality
correlates (pp. 79-114). Praeger Publishers/Greenwood
Publishing Group.

Schredl, M. (2008). Laboratory references in dreams: Methodological
problem and/or evidence for the continuity hypothesis of
dreaming? International Journal of Dream Research, 1(1), 3-6.

Schredl, M. (2010). Dream content analysis: Basic principles.
International Journal of Dream Research, 3(1), 65-73.
https://doi.org/10.11588/ijodr.2010.1.474

Schredl, M. (2019). Olfactory perception in dreams: Analysis of a long
dream series. International Journal of Dream Research, 134-137.
https://doi.org/10.11588/ijodr.2019.1.57845

Schredl, M., Atanasova, D., Hormann, K., Maurer, J. T., Hummel, T., &
Stuck, B. A. (2009). Information processing during sleep: The
effect of olfactory stimuli on dream content and dream
emotions. Journal of Sleep Research, 18(3), 285-290.
https://doi.org/10.1111/j.1365-2869.2009.00737.x

Schredl, M., & Doll, E. (1998). Emotions in diary dreams. Consciousness
and Cognition: An International Journal, 7(4), 634-646.
https://doi.org/10.1006/ccog.1998.0356

Schredl, M., Dyck, S., & Kiihnel, A. (2020). Lucid Dreaming and the
Feeling of Being Refreshed in the Morning: A Diary Study.
Clocks & Sleep, 2(1), Article 1.
https://doi.org/10.3390/clockssleep2010007

225



Schredl, M., & Engelhardt, H. (2001). Dreaming and psychopathology:
Dream recall and dream content of psychiatric inpatients. Sleep
and Hypnosis, 3(1), 44-54.

Schredl, M., & Fulda, S. (2005). Dream Recall and Sleep Duration: State
or Trait Factor. Perceptual and Motor Skills, 101(2), 613-616.
https://doi.org/10.2466/pms.101.2.613-616

Schredl, M., Hoffmann, L., Sommer, J. U., & Stuck, B. A. (2014).
Olfactory Stimulation During Sleep Can Reactivate Odor-
Associated Images. Chemosensory Perception, 7(3), 140-146.
https://doi.org/10.1007/s12078-014-9173-4

Schredl, M., & Hofmann, F. (2003). Continuity between waking
activities and dream activities. Consciousness and Cognition,
12(2), 298-308. https://doi.org/10.1016/51053-8100(02)00072-7

Schredl, M., & Reinhard, 1. (2008). Gender differences in dream recall: A
meta-analysis. Journal of Sleep Research, 17(2), 125-131.
https://doi.org/10.1111/j.1365-2869.2008.00626.x

Schredl, M., Wittmann, L., Ciric, P., & Gotz, S. (2003). Factors of home
dream recall: A structural equation model. Journal of Sleep
Research, 12(2), 133-141. https://doi.org/10.1046/j.1365-
2869.2003.00344.x

Schwartz, S., Clerget, A., & Perogamvros, L. (2022). Combined treatment
of nightmares with targeted memory reactivation and imagery
rehearsal therapy: A randomized controlled trial (p.
2022.02.17.22270256). medRxiv.
https://doi.org/10.1101/2022.02.17.22270256

Schwartz, S., & Maquet, P. (2002). Sleep imaging and the neuro-
psychological assessment of dreams. Trends in Cognitive
Sciences, 6(1), 23-30.

Shapiro, A., Goodenough, D. R., D, P, Lewis, H. B., D, P., & Sleser, 1.
(1965). Gradual arousal from sleep: A determinant of thinking
reports. Psychosom. Med, 342-349.

226



Shapiro, A., Goodenough, D. R., & Gryler, R. B. (1963). Dream recall as
a function of method of awakening. Psychosomatic Medicine, 25,
174-180. https://doi.org/10.1097/00006842-196303000-00009

Siclari, F. (2020). Sleep: The Sensory Disconnection of Dreams. Current
Biology, 30(14), R826—-R828.
https://doi.org/10.1016/j.cub.2020.05.060

Siclari, F., Baird, B., Perogamvros, L., Bernardi, G., LaRocque, J. J.,
Riedner, B., Boly, M., Postle, B. R., & Tononi, G. (2017). The
neural correlates of dreaming. Nature Neuroscience, 20(6), 872—
878. https://doi.org/10.1038/nn.4545

Siclari, F., Bernardi, G., Cataldi, ]., & Tononi, G. (2018). Dreaming in
NREM Sleep: A High-Density EEG Study of Slow Waves and
Spindles. The Journal of Neuroscience: The Official Journal of the
Society for Neuroscience, 38(43), 9175-9185.
https://doi.org/10.1523/JTNEUROSCI.0855-18.2018

Siclari, F., Bernardi, G., Riedner, B. A., LaRocque, ].]., Benca, R. M., &
Tononi, G. (2014). Two Distinct Synchronization Processes in
the Transition to Sleep: A High-Density
Electroencephalographic Study. Sleep, 37(10), 1621-1637.
https://doi.org/10.5665/sleep.4070

Siclari, F., Larocque, J. J., Postle, B. R., & Tononi, G. (2013). Assessing
sleep consciousness within subjects using a serial awakening
paradigm. Frontiers in Psychology, 4, 542.
https://doi.org/10.3389/fpsyg.2013.00542

Siclari, F., & Tononi, G. (2017). Local aspects of sleep and wakefulness.
Current Opinion in Neurobiology, 44, 222-227.
https://doi.org/10.1016/j.conb.2017.05.008

Siclari, F., Valli, K., & Arnulf, I. (2020). Dreams and nightmares in
healthy adults and in patients with sleep and neurological
disorders. The Lancet Neurology, 19(10), 849-859.
https://doi.org/10.1016/51474-4422(20)30275-1

227



Siegel, J. M. (2005). Clues to the functions of mammalian sleep. Nature,
437(7063), 1264-1271. https://doi.org/10.1038/nature04285

Sikka, P., Revonsuo, A., Noreika, V., & Vallj, K. (2019). EEG Frontal
Alpha Asymmetry and Dream Affect: Alpha Oscillations over
the Right Frontal Cortex during REM Sleep and Presleep
Wakefulness Predict Anger in REM Sleep Dreams. The Journal
of Neuroscience: The Official Journal of the Society for Neuroscience,
39(24), 4775-4784. https://doi.org/10.1523/I]NEUROSCI.2884-
18.2019

Sikka, P., Revonsuo, A., Sandman, N., Tuominen, J., & Valli, K. (2018).
Dream emotions: A comparison of home dream reports with
laboratory early and late REM dream reports. Journal of Sleep
Research, 27(2), 206-214. https://doi.org/10.1111/jsr.12555

Sikka, P., Valli, K., Virta, T., & Revonsuo, A. (2014). I know how you
felt last night, or do I? Self- and external ratings of emotions in
REM sleep dreams. Consciousness and Cognition, 25, 51-66.
https://doi.org/10.1016/j.concog.2014.01.011

Simor, P., Bogdany, T., Bédizs, R., & Perakakis, P. (2021). Cortical
monitoring of cardiac activity during rapid eye movement
sleep: The heartbeat evoked potential in phasic and tonic rapid-
eye-movement microstates. Sleep, 44(9), zsab100.
https://doi.org/10.1093/sleep/zsab100

Simor, P., Bogdany, T., & Peigneux, P. (2022). Predictive coding,
multisensory integration, and attentional control: A
multicomponent framework for lucid dreaming. Proceedings of
the National Academy of Sciences, 119(44), e2123418119.
https://doi.org/10.1073/pnas.2123418119

Simor, P., Gombos, E., Blaskovich, B., & Bodizs, R. (2018). Long-range
alpha and beta and short-range gamma EEG synchronization
distinguishes phasic and tonic REM periods. Sleep, 41(3).
https://doi.org/10.1093/sleep/zsx210

228



Simor, P., Gombos, F., Szakadat, S., Sandor, P., & Bodizs, R. (2016). EEG
spectral power in phasic and tonic REM sleep: Different
patterns in young adults and children. Journal of Sleep Research,
25(3), 269-277. https://doi.org/10.1111/jsr.12376

Simor, P., Peigneux, P., & Bodizs, R. (2023). Sleep and dreaming in the
light of reactive and predictive homeostasis. Neuroscience &
Biobehavioral Reviews, 147, 105104.
https://doi.org/10.1016/j.neubiorev.2023.105104

Simor, P., Polner, B., Bathori, N., Sifuentes-Ortega, R., Van Roy, A.,
Albajara Saenz, A., Luque Gonzalez, A., Benkirane, O., Nagy,
T., & Peigneux, P. (2021). Home confinement during the
COVID-19: Day-to-day associations of sleep quality with
rumination, psychotic-like experiences, and somatic symptoms.
SLEEP, 44(7), zsab029. https://doi.org/10.1093/sleep/zsab029

Simor, P., van Der Wijk, G., Gombos, F., & Kovdcs, L. (2019). The
paradox of rapid eye movement sleep in the light of oscillatory
activity and cortical synchronization during phasic and tonic
microstates. Neurolmage, 202, 116066.
https://doi.org/10.1016/j.neuroimage.2019.116066

Simor, P., van der Wijk, G., Nobili, L., & Peigneux, P. (2020). The
microstructure of REM sleep: Why phasic and tonic? Sleep
Medicine Reviews, 101305.
https://doi.org/10.1016/j.smrv.2020.101305

Snipes, S., Meier, E., Meissner, S., Landolt, H.-P., & Huber, R. (2023).
Theta and alpha EEG oscillations reflect sleep need — Except during
the wake maintenance zone (p. 2023.02.03.526951). bioRxiv.
https://doi.org/10.1101/2023.02.03.526951

Snyder, T. J., & Gackenbach, J. (1988). Individual Differences
Associated with Lucid Dreaming. In J. Gackenbach & S.
LaBerge (Eds.), Conscious Mind, Sleeping Brain: Perspectives on
Lucid Dreaming (pp. 221-259). Springer New York.
https://doi.org/10.1007/978-1-4757-0423-5_10

229



Soffer-Dudek, N. (2020). Are Lucid Dreams Good for Us? Are We
Asking the Right Question? A Call for Caution in Lucid Dream
Research. Frontiers in Neuroscience, 13.
https://doi.org/10.3389/fnins.2019.01423

Solms, M. (1997). The Neuropsychology of Dreams: A Clinico-anatomical
Study. Psychology Press. https://doi.org/10.4324/9781315806440

Solms, M. (2000). Dreaming and REM sleep are controlled by different
brain mechanisms. The Behavioral and Brain Sciences, 23(6), 843—
850; discussion 904-1121.
https://doi.org/10.1017/s0140525x00003988

Solomonova, E., & Carr, M. (2019). Incorporation of external stimuli
into dream content. In K. Valli & R. Hoss (Eds.), Dreams:
Biology, Psychology and Culture (pp. 213-218). Greenwood
Publishing Group.

Spoormaker, V.1, Schredl, M., & Bout, J. van den. (2006). Nightmares:
From anxiety symptom to sleep disorder. Sleep Medicine
Reviews, 10(1), 19-31. https://doi.org/10.1016/j.smrv.2005.06.001

Spoormaker, V.1, & van den Bout, J. (2006). Lucid dreaming treatment
for nightmares: A pilot study. Psychotherapy and Psychosomatics,
75(6), 389-394. https://doi.org/10.1159/000095446

Stephan, A. M., Lecdi, S., Cataldi, J., & Siclari, F. (2021). Conscious
experiences and high-density EEG patterns predicting
subjective sleep depth. Current Biology, 31(24), 5487-5500.e3.
https://doi.org/10.1016/j.cub.2021.10.012

Steriade, M. (1993). Central core modulation of spontaneous oscillations
and sensory transmission in thalamocortical systems. Current
Opinion in Neurobiology, 3(4), 619-625.
https://doi.org/10.1016/0959-4388(93)90064-6

Steriade, M. (2003). Neuronal Substrates of Sleep and Epilepsy. Cambridge
University Press.

230



Steriade, M., & Amzica, F. (1998). Slow sleep oscillation, rhythmic K-
complexes, and their paroxysmal developments. Journal of Sleep
Research, 7 Suppl 1, 30-35. https://doi.org/10.1046/j.1365-
2869.7.51.4.x

Steriade, M., Timofeev, L., & Grenier, F. (2001). Natural Waking and
Sleep States: A View From Inside Neocortical Neurons. Journal
of Neurophysiology, 85(5), 1969-1985.
https://doi.org/10.1152/jn.2001.85.5.1969

Sterpenich, V., Albouy, G., Darsaud, A., Schmidt, C., Vandewalle, G.,
Vu, T. T. D., Desseilles, M., Phillips, C., Degueldre, C., Balteau,
E., Collette, F., Luxen, A., & Maquet, P. (2009). Sleep Promotes
the Neural Reorganization of Remote Emotional Memory.
Journal of Neuroscience, 29(16), 5143-5152.
https://doi.org/10.1523/JTNEUROSCI.0561-09.2009

Sterpenich, V., Schmidt, C., Albouy, G., Matarazzo, L.,
Vanhaudenhuyse, A., Boveroux, P., Degueldre, C., Leclercq, Y.,
Balteau, E., Collette, F., Luxen, A., Phillips, C., & Maquet, P.
(2014). Memory Reactivation during Rapid Eye Movement
Sleep Promotes Its Generalization and Integration in Cortical
Stores. Sleep, 37(6), 1061-1075.
https://doi.org/10.5665/sleep.3762

Stickgold, R. (2000). Replaying the Game: Hypnagogic Images in
Normals and Amnesics. Science, 290(5490), 350-353.
https://doi.org/10.1126/science.290.5490.350

Stickgold, R. (2001). Watching the sleeping brain watch us — sensory
processing during sleep. Trends in Neurosciences, 24(6), 307-308.
https://doi.org/10.1016/S0166-2236(00)01825-7

Stickgold, R., Pace-Schott, E., & Hobson, ]J. A. (1994). A New Paradigm
for Dream Research: Mentation Reports Following
Spontaneous Arousal from REM and NREM Sleep Recorded in
a Home Setting. Consciousness and Cognition, 3(1), 16-29.
https://doi.org/10.1006/ccog.1994.1002

231



Stocks, A., Carr, M., Mallett, R., Konkoly, K., Hicks, A., Crawford, M.,
Schredl, M., & Bradshaw, C. (2020). Dream lucidity is
associated with positive waking mood. Consciousness and
Cognition, 83, 102971.
https://doi.org/10.1016/j.concog.2020.102971

Stompe, T., Ritter, K., Ortwein-Swoboda, G., Schmid-Siegel, B., Zitterl,
W., Strobl, R., & Schanda, H. (2003). Anxiety and hostility in
the manifest dreams of schizophrenic patients. The Journal of
Nervous and Mental Disease, 191(12), 806-812.
https://doi.org/10.1097/01.nmd.0000100924.73596.b8

Strauch, I. (1988). The effects of meaningful acoustic stimuli on waking
mentation and dreams. In W. P. Koella, F. Obal, H. Schulz, & P.
Visser (Eds.), Sleep” 86 (pp. 87-90). Gustav Fischer Verlag.

Strauss, M., & Dehaene, S. (2019). Detection of arithmetic violations
during sleep. Sleep, 42(3), zsy232.
https://doi.org/10.1093/sleep/zsy232

Strauss, M., Sitt, J. D., King, J.-R., Elbaz, M., Azizi, L., Buiatti, M.,
Naccache, L., van Wassenhove, V., & Dehaene, S. (2015).
Disruption of hierarchical predictive coding during sleep.
Proceedings of the National Academy of Sciences of the United States
of America, 112(11), E1353-1362.
https://doi.org/10.1073/pnas.1501026112

Stuart, K., & Conduit, R. (2009). Auditory inhibition of rapid eye
movements and dream recall from REM sleep. Sleep, 32(3), 399-
408. https://doi.org/10.1093/sleep/32.3.399

Stumbrys, T. (2021). Dispelling the shadows of the lucid night: An
exploration of potential adverse effects of lucid dreaming.
Psychology of Consciousness: Theory, Research, and Practice, No
Pagination Specified-No Pagination Specified.
https://doi.org/10.1037/cns0000288

Stumbrys, T., Erlacher, D., Schadlich, M., & Schredl, M. (2012).
Induction of lucid dreams: A systematic review of evidence.

232



Consciousness and Cognition, 21(3), 1456-1475.
https://doi.org/10.1016/j.concog.2012.07.003

Stumbrys, T., Erlacher, D., & Schredl, M. (2013). Testing the

Suzuki,

involvement of the prefrontal cortex in lucid dreaming: A tDCS
study. Consciousness and Cognition, 22(4), 1214-1222.
https://doi.org/10.1016/j.concog.2013.08.005

H., Uchiyama, M., Tagaya, H., Ozaki, A., Kuriyama, K.,
Aritake, S., Shibui, K., Tan, X., Kamei, Y., & Kuga, R. (2004).
Dreaming during non-rapid eye movement sleep in the
absence of prior rapid eye movement sleep. Sleep, 27(8), 1486—
1490.

Tagliazucchi, E., von Wegner, F., Morzelewski, A., Brodbeck, V.,

Borisov, S., Jahnke, K., & Laufs, H. (2013). Large-scale brain
functional modularity is reflected in slow
electroencephalographic rhythms across the human non-rapid
eye movement sleep cycle. Neurolmage, 70, 327-339.
https://doi.org/10.1016/j.neuroimage.2012.12.073

Tagliazucchi, E., von Wegner, F., Morzelewski, A., Brodbeck, V.,

Taitz, I.

Jahnke, K., & Laufs, H. (2013). Breakdown of long-range
temporal dependence in default mode and attention networks
during deep sleep. Proceedings of the National Academy of
Sciences, 110(38), 15419-15424.
https://doi.org/10.1073/pnas.1312848110

(2011). Learning lucid dreaming and its effect on depression in
undergraduates. International Journal of Dream Research, 4(2),
117-126.

Takahara, M., Nittono, H., & Hori, T. (2002). Comparison of the event-

related potentials between tonic and phasic periods of rapid
eye movement sleep. Psychiatry and Clinical Neurosciences, 56(3),
257-258. https://doi.org/10.1046/j.1440-1819.2002.00999.x

233



Takahara, M., Nittono, H., & Hori, T. (2006). Effect of voluntary
attention on auditory processing during REM sleep. Sleep,
29(7), 975-982. https://doi.org/10.1093/sleep/29.7.975

Takeuchi, T., Ogilvie, R. D., Murphy, T. I, & Ferrelli, A. V. (2003). EEG
activities during elicited sleep onset REM and NREM periods
reflect different mechanisms of dream generation. Clinical
Neurophysiology, 114(2), 210-220. https://doi.org/10.1016/51388-
2457(02)00385-1

Tamaki, M., Bang, ]. W., Watanabe, T., & Sasaki, Y. (2016). Night Watch
in One Brain Hemisphere during Sleep Associated with the
First-Night Effect in Humans. Current Biology, 26(9), 1190-1194.
https://doi.org/10.1016/j.cub.2016.02.063

Tamaki, M., Huang, T.-R., Yotsumoto, Y., Hamaladinen, M., Lin, F.-H.,
Nafiez, ]J. E., Watanabe, T., & Sasaki, Y. (2013). Enhanced
Spontaneous Oscillations in the Supplementary Motor Area
Are Associated with Sleep-Dependent Offline Learning of
Finger-Tapping Motor-Sequence Task. The Journal of
Neuroscience, 33(34), 13894-13902.
https://doi.org/10.1523/J]NEUROSCI.1198-13.2013

Tamaki, M., & Sasaki, Y. (2019). Surveillance During REM Sleep for the
First-Night Effect. Frontiers in Neuroscience, 13, 1161.
https://doi.org/10.3389/fnins.2019.01161

Tan, S., & Fan, J. (2023). A systematic review of new empirical data on
lucid dream induction techniques. Journal of Sleep Research,
32(3), €13786. https://doi.org/10.1111/jsr.13786

Tanaka, H., Hayashi, M., & Hori, T. (1996). Statistical features of
hypnagogic EEG measured by a new scoring system. Sleep,
19(9), 731-738. https://doi.org/10.1093/sleep/19.9.731

Tarun, A., Wainstein-Andriano, D., Sterpenich, V., Bayer, L.,
Perogamvros, L., Solms, M., Axmacher, N., Schwartz, S., & Van
De Ville, D. (2021). NREM sleep stages specifically alter

234



dynamical integration of large-scale brain networks. iScience,
24(1), 101923. https://doi.org/10.1016/j.isci.2020.101923

Tauber, E. S., Roffwarg, H. P., & Herman, J. (1968). The effects of
longstanding perceptual alterations on the hallucinatory
content of dreams. Psychophysiology, 5(2), 219-219.

Terzaghi, M., Sartori, 1., Tassi, L., Didato, G., Rustioni, V., LoRusso, G.,
Manni, R., & Nobili, L. (2009). Evidence of dissociated arousal
states during NREM parasomnia from an intracerebral
neurophysiological study. Sleep, 32(3), 409-412.
https://doi.org/10.1093/sleep/32.3.409

Terzaghi, M., Sartori, 1., Tassi, L., Rustioni, V., Proserpio, P., Lorusso,
G., Manni, R., & Nobili, L. (2012). Dissociated local arousal
states underlying essential clinical features of non-rapid eye
movement arousal parasomnia: An intracerebral stereo-
electroencephalographic study. Journal of Sleep Research, 21(5),
502-506. https://doi.org/10.1111/j.1365-2869.2012.01003.x

Thuwal, K., Banerjee, A., & Roy, D. (2021). Aperiodic and Periodic
Components of Ongoing Oscillatory Brain Dynamics Link
Distinct Functional Aspects of Cognition across Adult Lifespan.
eNeuro, 8(5), ENEURO.0224-21.2021.
https://doi.org/10.1523/ENEURO.0224-21.2021

Tilley, A., Luke, D., & Bohle, P. (1987). Dream themes: Effect of a series
of thematically related words on the content of dreams.
Perceptual and Motor Skills, 64(3, Pt 1), 739-743.
https://doi.org/10.2466/pms.1987.64.3.739

Tononi, G. (2004). An information integration theory of consciousness.
BMC Neuroscience, 5(1), 42. https://doi.org/10.1186/1471-2202-5-
42

Tononi, G., Boly, M., Massimini, M., & Koch, C. (2016). Integrated
information theory: From consciousness to its physical
substrate. Nature Reviews Neuroscience, 17(7), Article 7.
https://doi.org/10.1038/nrn.2016.44

235



Trondle, M., Popov, T., Dziemian, S., & Langer, N. (2022).
Decomposing the role of alpha oscillations during brain
maturation. eLife, 11, €77571. https://doi.org/10.7554/eLife.77571

Trotter, K., Dallas, K., & Verdone, P. (1988). Olfactory stimuli and their
effects on REM dreams. Psychiatric Journal of the University of
Ottawa: Revue De Psychiatrie De I'Universite d'Ottawa, 13(2), 94—
96.

Trotti, L. M. (2017). Waking up is the hardest thing I do all day: Sleep
inertia and sleep drunkenness. Sleep Medicine Reviews, 35, 76—
84. https://doi.org/10.1016/j.smrv.2016.08.005

Tuominen, J., Stenberg, T., Revonsuo, A., & Valli, K. (2019). Social
contents in dreams: An empirical test of the Social Simulation
Theory. Consciousness and Cognition, 69, 133-145.
https://doi.org/10.1016/j.concog.2019.01.017

Ttirker, B., Musat, E. M., Chabani, E., Fonteix-Galet, A., Maranci, J.-B.,
Wattiez, N., Pouget, P., Sitt, J., Naccache, L., Arnulf, I, &
Oudiette, D. (2023). Behavioral and brain responses to verbal
stimuli reveal transient periods of cognitive integration of the
external world during sleep. Nature Neuroscience, 26(11), Article
11. https://doi.org/10.1038/s41593-023-01449-7

Uguccioni, G., Golmard, J.-L., de Fontréaux, A. N., Leu-Semenescu, S.,
Brion, A., & Arnulf, I. (2013). Fight or flight? Dream content
during sleepwalking/sleep terrors vs rapid eye movement sleep
behavior disorder. Sleep Medicine, 14(5), 391-398.
https://doi.org/10.1016/j.sleep.2013.01.014

Ulrich, D. (2016). Sleep Spindles as Facilitators of Memory Formation and
Learning [Research article]. Neural Plasticity.
https://doi.org/10.1155/2016/1796715

Vallat, R., Chatard, B., Blagrove, M., & Ruby, P. (2017). Characteristics
of the memory sources of dreams: A new version of the
content-matching paradigm to take mundane and remote

236



memories into account. PLoS ONE, 12(10).
https://doi.org/10.1371/journal.pone.0185262

Vallat, R., Eichenlaub, J.-B., Nicolas, A., & Ruby, P. (2018). Dream
Recall Frequency Is Associated With Medial Prefrontal Cortex
White-Matter Density. Frontiers in Psychology, 9, 1856.
https://doi.org/10.3389/fpsyg.2018.01856

Vallat, R., Lajnef, T., Eichenlaub, J.-B., Berthomier, C., Jerbi, K., Morlet,
D., & Ruby, P. (2017). Increased evoked potentials to arousing
auditory stimuli during sleep: Implication for the
understanding of dream recall. Frontiers in Human Neuroscience,
11. https://doi.org/10.3389/fnhum.2017.00132

Vallat, R., Nicolas, A., & Ruby, P. (2020). Brain functional connectivity
upon awakening from sleep predicts interindividual
differences in dream recall frequency. Sleep, 43(12).
https://doi.org/10.1093/sleep/zsaall6

Vallat, R., & Walker, M. P. (2021). An open-source, high-performance
tool for automated sleep staging. eLife, 10, €70092.
https://doi.org/10.7554/eLife.70092

Valli, K., Frauscher, B., Gschliesser, V., Wolf, E., Falkenstetter, T.,
Schonwald, S. V., Ehrmann, L., Zangerl, A., Marti, L., Boesch, S.
M., Revonsuo, A., Poewe, W., & Hogl, B. (2012). Can observers
link dream content to behaviours in rapid eye movement sleep
behaviour disorder? A cross-sectional experimental pilot study.
Journal of Sleep Research, 21(1), 21-29.
https://doi.org/10.1111/j.1365-2869.2011.00938.x

Valli, K., Radek, L., Kallionpad, R. E., Scheinin, A., Langs;jo, J., Kaisti, K.,
Kantonen, O., Korhonen, J., Vahlberg, T., Revonsuo, A., &
Scheinin, H. (2023). Subjective experiences during
dexmedetomidine- or propofol-induced unresponsiveness and
non-rapid eye movement sleep in healthy male subjects. BJA:
British Journal of Anaesthesia, 131(2), 348-359.
https://doi.org/10.1016/j.bja.2023.04.026

237



Valli, K., & Revonsuo, A. (2009). The threat simulation theory in light of
recent empirical evidence: A review. The American Journal of
Psychology, 122(1), 17-38. https://doi.org/10.2307/27784372

Valli, K., Revonsuo, A., Pélkas, O., Ismail, K. H., Alj, K. J., & Punamaki,
R.-L. (2005). The threat simulation theory of the evolutionary
function of dreaming: Evidence from dreams of traumatized
children. Consciousness and Cognition, 14(1), 188-218.
https://doi.org/10.1016/51053-8100(03)00019-9

Van Dongen, H. P. A, Belenky, G., & Krueger, ]. M. (2011). A local,
bottom-up perspective on sleep deprivation and
neurobehavioral performance. Current Topics in Medicinal
Chemistry, 11(19), 2414-2422.
https://doi.org/10.2174/156802611797470286

van Rijn, E., Eichenlaub, J.-B., Lewis, P. A., Walker, M. P., Gaskell, M.
G., Malinowski, J. E., & Blagrove, M. (2015). The dream-lag
effect: Selective processing of personally significant events
during Rapid Eye Movement sleep, but not during Slow Wave
Sleep. Neurobiology of Learning and Memory, 122, 98-109.
https://doi.org/10.1016/j.nlm.2015.01.009

van Wyk, M., Solms, M., & Lipinska, G. (2019). Increased Awakenings
From Non-rapid Eye Movement Sleep Explain Differences in
Dream Recall Frequency in Healthy Individuals. Frontiers in

Human Neuroscience, 13, 370.
https://doi.org/10.3389/fnhum.2019.00370

Vanhatalo, S., Palva, J. M., Holmes, M. D., Miller, J. W., Voipio, J., &
Kaila, K. (2004). Infraslow oscillations modulate excitability
and interictal epileptic activity in the human cortex during
sleep. Proceedings of the National Academy of Sciences, 101(14),
5053-5057. https://doi.org/10.1073/pnas.0305375101

Virtue-Griffiths, S., Fornito, A., Thompson, S., Biabani, M., Tiego, J.,
Thapa, T., & Rogasch, N. C. (2022). Task-related changes in
aperiodic activity are related to visual working memory capacity

238



independent of event-related potentials and alpha oscillations (p.
2022.01.18.476852). bioRxiv.
https://doi.org/10.1101/2022.01.18.476852

Vitali, H., Campus, C., De Giorgis, V., Signorini, S., & Gori, M. (2022).
The vision of dreams: From ontogeny to dream engineering in
blindness. Journal of Clinical Sleep Medicine : [CSM : Official
Publication of the American Academy of Sleep Medicine, 18(8),
2051-2062. Scopus. https://doi.org/10.5664/jcsm.10026

Voss, U., Holzmann, R., Hobson, A., Paulus, W., Koppehele-Gossel, ].,
Klimke, A., & Nitsche, M. A. (2014). Induction of self awareness
in dreams through frontal low current stimulation of gamma
activity. Nature Neuroscience, 17(6), Article 6.
https://doi.org/10.1038/nn.3719

Voss, U., Holzmann, R., Tuin, 1., & Hobson, ]J. A. (2009). Lucid
Dreaming: A State of Consciousness with Features of Both
Waking and Non-Lucid Dreaming. Sleep, 32(9), 1191-1200.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2737577/

Voss, U., Schermelleh-Engel, K., Windt, J., Frenzel, C., & Hobson, A.
(2013). Measuring consciousness in dreams: The lucidity and
consciousness in dreams scale. Consciousness and Cognition,
22(1), 8-21. https://doi.org/10.1016/j.concog.2012.11.001

Voytek, B., & Knight, R. T. (2015). Dynamic network communication as
a unifying neural basis for cognition, development, aging, and
disease. Biological Psychiatry, 77(12), 1089-1097.
https://doi.org/10.1016/j.biopsych.2015.04.016

Voytek, B., Kramer, M. A,, Case, ]., Lepage, K. Q., Tempesta, Z. R.,
Knight, R. T., & Gazzaley, A. (2015). Age-Related Changes in
1/f Neural Electrophysiological Noise. Journal of Neuroscience,
35(38), 13257-13265. https://doi.org/10.1523/]NEUROSCI.2332-
14.2015

Vyazovskiy, V. V., Riedner, B. A,, Cirelli, C., & Tononi, G. (2007). Sleep
Homeostasis and Cortical Synchronization: II. A Local Field

239



Potential Study of Sleep Slow Waves in the Rat. Sleep, 30(12),
1631-1642.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2276140/

Walker, M. P. (2009). The Role of Slow Wave Sleep in Memory
Processing. Journal of Clinical Sleep Medicine, 5(2 suppl), S20-
526. https://doi.org/10.5664/jcsm.5.25.520

Walker, M. P., & van der Helm, E. (2009). Overnight therapy? The role
of sleep in emotional brain processing. Psychological Bulletin,
135(5), 731-748. https://doi.org/10.1037/a0016570

Wamsley, E. J. (2013). Dreaming, waking conscious experience, and the
resting brain: Report of subjective experience as a tool in the
cognitive neurosciences. Frontiers in Psychology, 4.
https://doi.org/10.3389/fpsyg.2013.00637

Wamsley, E. J. (2022). Constructive episodic simulation in dreams.
PLOS ONE, 17(3), e0264574.
https://doi.org/10.1371/journal.pone.0264574

Wamsley, E. ], Hirota, Y., Tucker, M. A., Smith, M. R, & Antrobus, J. S.
(2007). Circadian and ultradian influences on dreaming: A dual
rhythm model. Brain Research Bulletin, 71(4), 347-354.
https://doi.org/10.1016/j.brainresbull.2006.09.021

Wamsley, E. J., Perry, K., Djonlagic, I., Reaven, L. B., & Stickgold, R.
(2010). Cognitive Replay of Visuomotor Learning at Sleep
Onset: Temporal Dynamics and Relationship to Task
Performance. Sleep, 33(1), 59-68.
https://doi.org/10.1093/sleep/33.1.59

Wamsley, E. J., & Stickgold, R. (2011). Memory, Sleep and Dreaming;:
Experiencing Consolidation. Sleep Medicine Clinics, 6(1), 97-108.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3079906/

Wamsley, E. J., & Stickgold, R. (2019). Dreaming of a learning task is
associated with enhanced memory consolidation: Replication

240



in an overnight sleep study. Journal of Sleep Research, 28(1),
€12749. https://doi.org/10.1111/jsr.12749

Wamsley, E. ], Tucker, M., Payne, ]. D., Benavides, ]. A., & Stickgold, R.
(2010). Dreaming of a Learning Task Is Associated with
Enhanced Sleep-Dependent Memory Consolidation. Current
Biology, 20(9), 850-855. https://doi.org/10.1016/j.cub.2010.03.027

Waschke, L., Donoghue, T., Fiedler, L., Smith, S., Garrett, D. D., Voytek,
B., & Obleser, J. (2021). Modality-specific tracking of attention
and sensory statistics in the human electrophysiological
spectral exponent. eLife, 10, e70068.
https://doi.org/10.7554/eLife.70068

Waters, F., Blom, J. D., Dang-Vu, T. T,, Cheyne, A. ]., Alderson-Day, B.,
Woodruff, P., & Collerton, D. (2016). What Is the Link Between
Hallucinations, Dreams, and Hypnagogic—-Hypnopompic
Experiences? Schizophrenia Bulletin, 42(5), 1098.
https://doi.org/10.1093/schbul/sbw076

Watrous, A.J., & Buchanan, R. J. (2020). The Oscillatory ReConstruction
Algorithm adaptively identifies frequency bands to improve
spectral decomposition in human and rodent neural
recordings. Journal of Neurophysiology, 124(6), 1914-1922.
https://doi.org/10.1152/jn.00292.2020

Weber, F., Hoang Do, J. P., Chung, S., Beier, K. T., Bikov, M., Saffari
Doost, M., & Dan, Y. (2018). Regulation of REM and Non-REM
Sleep by Periaqueductal GABAergic Neurons. Nature
Communications, 9(1), 354. https://doi.org/10.1038/s41467-017-
02765-w

Webhrle, R., Kaufmann, C., Wetter, T. C., Holsboer, F., Auer, D. P.,
Pollmécher, T., & Czisch, M. (2007). Functional microstates
within human REM sleep: First evidence from fMRI of a
thalamocortical network specific for phasic REM periods. The
European Journal of Neuroscience, 25(3), 863—871.
https://doi.org/10.1111/j.1460-9568.2007.05314.x

241



Wei, Y., & Van Someren, E. ]. (2020). Interoception relates to sleep and
sleep disorders. Current Opinion in Behavioral Sciences, 33, 1-7.
https://doi.org/10.1016/j.cobeha.2019.11.008

Wen, H., & Liu, Z. (2016). Separating Fractal and Oscillatory
Components in the Power Spectrum of Neurophysiological
Signal. Brain Topography, 29(1), 13-26.
https://doi.org/10.1007/s10548-015-0448-0

Wennberg, R. (2010). Intracranial cortical localization of the human K-
complex. Clinical Neurophysiology: Official Journal of the
International Federation of Clinical Neurophysiology, 121(8), 1176—
1186. https://doi.org/10.1016/j.clinph.2009.12.039

Werner, K. B., Griffin, M. G., & Galovski, T. E. (2016). Objective and
subjective measurement of sleep disturbance in female trauma
survivors with posttraumatic stress disorder. Psychiatry
Research, 240, 234-240.
https://doi.org/10.1016/j.psychres.2016.04.039

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag New York. https://ggplot2.tidyverse.org

Wickham, H., Frangois, R., Henry, L., Miiller, K., & Vaughan, D. (2023).
dplyr: A Grammayr of Data Manipulation [Computer software].
https://CRAN.R-project.org/package=dplyr

Williamson, P. ¢, Csima, A., Galin, H., & Mamelak, M. (1986). Spectral
EEG correlates of dream recall. Biological Psychiatry, 21(8), 717—
723. https://doi.org/10.1016/0006-3223(86)90236-2

Windyt, J. M. (2020). Consciousness in sleep: How findings from sleep
and dream research challenge our understanding of sleep,
waking, and consciousness. Philosophy Compass, 15(4).
https://doi.org/10.1111/phc3.12661

Wislowska, M., Klimesch, W., Jensen, O., Blume, C., & Schabus, M.
(2022). Sleep-Specific Processing of Auditory Stimuli Is
Reflected by Alpha and Sigma Oscillations. Journal of

242



Neuroscience, 42(23), 4711-4724.
https://doi.org/10.1523/JNEUROSCI.1889-21.2022

Wittmann, L., Schredl, M., & Kramer, M. (2007). Dreaming in
posttraumatic stress disorder: A critical review of
phenomenology, psychophysiology and treatment.
Psychotherapy and Psychosomatics, 76(1), 25-39.
https://doi.org/10.1159/000096362

Wong, W., Noreika, V., Méro, L., Revonsuo, A., Windt, J., Valli, K., &
Tsuchiya, N. (2020). The Dream Catcher experiment: Blinded
analyses failed to detect markers of dreaming consciousness in
EEG spectral power. Neuroscience of Consciousness, 2020(1).
https://doi.org/10.1093/nc/niaa006

Yang, Y., & Wang, J.-Z. (2017). From Structure to Behavior in
Basolateral Amygdala-Hippocampus Circuits. Frontiers in
Neural Circuits, 11, 86. https://doi.org/10.3389/fncir.2017.00086

Yount, G., Stumbrys, T., Koos, K., Hamilton, D., & Wahbeh, H. (2023).
Decreased posttraumatic stress disorder symptoms following a
lucid dream healing workshop. Traumatology, No Pagination
Specified-No Pagination Specified.
https://doi.org/10.1037/trm0000456

Zadra, A., Desjardins, S., & Marcotte, E. (2006). Evolutionary function
of dreams: A test of the threat simulation theory in recurrent
dreams. Consciousness and Cognition, 15(2), 450—463.
https://doi.org/10.1016/j.concog.2005.02.002

Zadra, A., & Dombhoff, G. W. (2017). Chapter 49 - Dream Content:
Quantitative Findings. In M. Kryger, T. Roth, & W. C. Dement
(Eds.), Principles and Practice of Sleep Medicine (Sixth Edition) (pp-.
515-522.e4). Elsevier. https://doi.org/10.1016/B978-0-323-24288-
2.00049-0

Zadra, A., & Robert, G. (2012). Dream recall frequency: Impact of
prospective measures and motivational factors. Consciousness

243



and Cognition, 21(4), 1695-1702.
https://doi.org/10.1016/j.concog.2012.08.011

Zanasi, M., Calisti, F., Di Lorenzo, G., Valerio, G., & Siracusano, A.
(2011). Oneiric activity in schizophrenia: Textual analysis of
dream reports. Consciousness and Cognition, 20(2), 337-348.
https://doi.org/10.1016/j.concog.2010.04.008

Zanasi, M., Pecorella, M., Chiaramonte, C., Niolu, C., & Siracusano, A.
(2008). Dreams by persons with mood disorders. Psychological
Reports, 103(2), 381-394. https://doi.org/10.2466/pr0.103.2.381-
394

Zhang, ., Pena, A., Delano, N., Sattari, N., Shuster, A. E., Baker, F. C,,
Simon, K., & Mednick, S. C. (2024). Evidence of an active role of
dreaming in emotional memory processing shows that we
dream to forget. Scientific Reports, 14(1), 8722.
https://doi.org/10.1038/s41598-024-58170-z

Zhang, J., & Wamsley, E. J. (2019). EEG Predictors of Dreaming Outside
of REM Sleep. Psychophysiology, 56(7), e13368.
https://doi.org/10.1111/psyp.13368

Zhang, Y., Wang, Y., Cheng, H., Yan, F., Li, D, Song, D., Wang, Q., &
Huang, L. (2023). EEG spectral slope: A reliable indicator for
continuous evaluation of consciousness levels during propofol
anesthesia. Neurolmage, 283, 120426.
https://doi.org/10.1016/j.neuroimage.2023.120426

Zhao, W., Van Someren, E.]J. W., Li, C., Chen, X., Gui, W, Tian, Y., Liu,
Y., & Lei, X. (2021). EEG spectral analysis in insomnia disorder:
A systematic review and meta-analysis. Sleep Medicine Reviews,
59, 101457. https://doi.org/10.1016/j.smrv.2021.101457

Ziegler, A.]. (1973). Dream Emotions in Relation to Room
Temperature. In W. P. Koella & P. Levin (Eds.), Sleep:
Physiology, Biochemistry, Psychology, Pharmacology, Clinical
Implications. 1st Europ. Congr. Sleep Res., Basel. (pp. 419-422).
Karger.

244



Zielinski, M. R., McKenna, J. T., & McCarley, R. W. (2016). Functions
and Mechanisms of Sleep. AIMS Neuroscience, 3(1), 67-104.
https://doi.org/10.3934/Neuroscience.2016.1.67

Zimmerman, W. B. (1970). Sleep mentation and auditory awakening
thresholds. Psychophysiology, 6(5), 540-549.
https://doi.org/10.1111/j.1469-8986.1970.tb02243.x

Zink, N., & Pietrowksy, R. (2013). Relationship between lucid
dreaming, creativity and dream charakteristics. International
Journal of Dream Research, 98-103.
https://doi.org/10.11588/ijodr.2013.2.10640

245



Appendices

Appendix I.

Supplementary Figure 1.1. Methodological assessment checklist item-
by-item score distribution (m * std) for selected studies.
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Supplementary Table 1.1. Articles excluded following pre-selection

criteria.
Not research Other
. artlcle.: Brain senso.r.y Not in Drug
Article (e.g., review . . modalities . .. .
. stimulation . English administration
article, (e.g., internal
comment...) stimulation)
Oswald (1965) X
Baldridge (1966) X
Koulack (1987) X
Stickgold (1999) X
Stickgold (2001) X
Schredl & Stuck
X X
(2009)
Braun & Cheok %
(2014)
Wiseman (2014) X
Carr et al.
X
(2020a)
Carr et al. X
(2020b)
Siclari (2020) X
Fazekas et al. %
(2021)
Baird et al.
(2021) X
Heijden et al. X

(2022)
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Vitali et al.
(2022)

Jakobson et al.
(2012a)

Jakobson et al.
(2012b)

Jakobson et al.
(2012c¢)

Voss et al.
(2014)

Blanchette-
Carriére et al.
(2020)

Noreika et al.
(2020)

Finley (1921)

Yazmajian
(1967)

Gross & Lavie
(1994)

Schredl et al.,
(1999)

Raymond et al.
(2002)

Canziani (1950)

Angeleri &
Ferroni (1965)

Leuschner
(1986)

Stuck (2010)
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Moore &
Seymour (1987)

Aceto et al.
(2007)

Radek et al.
(2018)
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Supplementary Table 1.2. Articles excluded following final selection

criteria.
No No sleep Pooled data (Post-)
dream measure (e.g., across Hypnotic Only Results
Article (i.e., EEG modalities, P LD published
data ‘dream’
reported or LD & non- states data elsewhere
P actigraphy) LD..))
Loomis et x
al. (1937)
Ornitz et al.
X
(1967)
Salamy
X
(1971)
Oltman et X
al. (1977)
Zepelin et %
al. (1984)
Miyauchi et X
al. (1990)
Sallinen et X
al. (1996)
Lavie et al.
X
(1998)
Perrin et al. X
(2002)
Blagrove et X
al. (2006)
Ruby et al.
(2008) X
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Rihm &
Rasch
(2015)

Watt et al.
(2015)

Zist et al.
(2019)

Koroma et
al. (2020)

o

Neumann et
al. (2020)

Fogel et al.
(2022)

Moyne et al.
(2022)

Max (1935)

LaBerge &
Levitan
(1995)

Kamal et al.
(2010)

Kamal et al.
(2012)

Vitinius et
al. (2014)

Horowitz et

al. (2020)
Moiseeva
X
(1975)
Carr et al.
X
(2020c)
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Konkoly et
al. (2021)

Schjelderup
(1960)

Arkin et al.
(1966)

Stross &
Shevrin
(1968)

Torda
(1975)

Kumar et al.

(2018)

Koulack
(1968)
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Supplementary Table 1.3. Methodological assessment checklist scores
for selected studies.

Tot

Article 1123 4 56 7/ 89 123456780901 2 3 sco

re

Ackerley et
al. (2020)

Bastuji et al.
(2008)

Berger
(1963)

Bloxham &
Durrant 110/0 1, 0{0[{0 1 1/0/0 0 0/0/0 1/1/0/0 0 0 0 0| 6
(2014)

Borghese et
al. (2022)

Bradley &
Meddis ot o010 1t 0 1 1,0[{0/0 0 O 1 1/ 1 1|0 01 00 10
(1974)

Bruck &
Horasan 1/0/0/ 1,0/ 1,0 1, 1/0 1, 0 0 1/0 0 1|0/ 0 0/0 00 8
(1995)

Burton et al.
(1988)

Castaldo &
Holzman | 1/ 0 O] 1 1, 1,0 1|1 0/ 1|0 1| 1|1 11 12 1,0 0 0| 16
(1967)

Castaldo &
Holzman | 1/ 0 O] 1 1, 1,0 1|1 1/ 1[0 1| 1|1 1)1 1] 1 1,0 0 0| 16
(1969)
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Castaldo &
Shevrin

(1970)

12

Conduit &
Coleman
(1998)

Counduit et
al. (1997)

12

De Koninck
& Koulack
(1975)

Dement &
Wolpert
(1958)

Erlacher,
Schmid,
Bischof, et
al. (2020)

13

Erlacher,
Schmid,
Schuler, et
al. (2020)

11

Fedyszyn &
Conduit
(2007)

14

Flo et al.
(2011)

13

Goodenough
et al. (1965)

Hoelscher et
al. (1981)

Horowitz et
al. (2018)
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Koulack
(1969)

11

Lavigne et
al. (2004)

11

Leslie &
Ogilvie
(1996)

Lewin et al.
(1973)

12

Martinec
Novakova,
Klikova, et
al. (2021)

20

Martinec
Novakova,
Miletinova,
etal. (2021)

Nielsen
(1993)

16

Nielsen et al.

(1993)

Nozoe et al.
(2020)

Okabe et al.
(2018)

16

Okabe et al.
(2020)

18

Paul et al.
(2014)

Picard-

Deland et al.

(2021)

Picard-
Deland &

255



Nielsen
(2022)

Rahimi et al.
(2015)

19

Rechstaffen
& Foulkes
(1965)

Sauvageau et
al. (1998)

16

Schifer et al.
(2019)

22

Schmid &
Erlacher
(2020)

Schredl et al.
(2009)

20

Schredl et al.
(2014)

18

Shapiro et al.
(1963)

Shapiro et al.
(1965)

Strauch
(1988)

13

Stuart &
Conduit
(2009)

Tilley et al.
(1987)

Trotter et al.
(1988)
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Ziegler
(1973)

0/ 20 0 0

12

Zimmerman

(1970)
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Supplementary Text I.1. Historical overview: Early work and
preliminary findings about sensory-dependent dream changes.

Observations regarding the influence of external stimuli on oneiric
experiences have been recorded for millennia. Early writings about the
effect of sensory perceptions on ongoing dreams date back to ancient
Greece, with Aristotle mentioning how “dreamers fancy that they are
affected by thunder and lightning, when in fact there are only faint ringings in
their ears; or that they are enjoying honey or other sweet savours, when only a
tiny drop of phlegm is flowing down [the oesophagus]; or that they are walking
through fire, and feeling intense heat, when there is only a slight warmth
affecting certain parts of the body.” (Aristoteles. Parva Naturalia / De
Divinatione per Somnum - Chapter I, Section 463a). The philosopher
introduces this by observing that “in sleep [...] even trifling movements
seem considerable [to the dreamers]”, yet “when they are awakened, these
things appear to them in this their true character”, already making
assumptions about state-dependent perceptual variations that would
be unravelled experimentally over 20 centuries later (Cubberley, 1923;
Nielsen et al., 1993).

In fact, we need to jump forward to the late nineteenth century
to find the first documented accounts of systematic dream
manipulation by the hand of Hervey de Saint-Denys (1867), whose
pioneering work paved the way for modern dream science. He
reported that olfactory stimuli could lead to the incorporation into the
dream of memories associated with that particular odour, setting the
premises for what we now know as TMR. He was also one of the first
to describe a potential link between the emotional tone of an odour and
declarative memory. Later, Cane (1889) published a short essay in The
Lancet where he wrote that “all the phenomena of dreams are fully
accounted for by the auto-sensations physiologically developed within the
body, and which are sometimes increased by pathological or semi-pathological
conditions and modified by external impressions or stimuli. [...] The external
influences which are well known to affect the sleeper are noises, voices,

258



touches, lights, and changes of temperature”, further underlining the core,
long-held belief that dreams naturally involve and even originate from
both internal and external perceptual events — although, as can be seen
below, the truthfulness of this kind of statement has been challenged
over time.

Another dream researcher who focused more extensively on
this topic was Weygandt (1893), a disciple of Wundt (as cited in
Schredl, 2010) who also defended the opinion that all dreams emerge

",

from sensory impressions, whether internal (“tiredness”; “urge to
urinate”, “sexual arousal”; “breathing”; “blood circulation”; “hunger/thirst”;
“vestibular system”) or external (“visual/auditory stimuli”;
“olfactory/gustatory stimuli”; “tactile/temperature stimuli”). Furthermore,
he hypothesised that the emotional tone of these sensory impressions
determines the overall emotional tone of the dream and that the
affective tone of dreams is actually linked to the waking mood. He
provided a few examples to illustrate how these sensory impressions
could act upon the dream content, namely reporting a dream about
being in a train in the mountains with snow all around and the air
getting colder and colder, which upon awakening was associated with
the fact that a cold breeze was flowing into the bedroom. Although the
claim that all oneiric experiences originate from perceptual events has
been disproved, certain statements remain true. They are the base upon
which we have built up our current knowledge about dream
incorporation events, such as that “impressions of external sensory
perception being above the perceptual threshold are merged into the dream

images and can give the dream a new turn” (Weygandt, 1893).

Calkins (1893) examined over three hundred dream reports
from two subjects who performed multiple awakenings per night and
then immediately wrote down any dreams they had experienced. This
work allowed for a general overview of what dreams are typically
made of, providing valuable insight into the qualitative and
quantitative aspects of oneiric experiences, and establishing the well-
known continuity between waking and dreaming (Schredl & Hofmann,
2003) over a century ago. Concerning dream elements, Calkins stated

259



that they may be considered either as presentations — “connected
through sense excitation with the immediate present” - or as representations
— “connected though the fact of association with the waking life of the past”
(Calkins, 1893; p. 319). The first category seems to relate to the matter at
hand, including perception and physical sensation in the dream.
Calkins found out that only about 10% (33/335) of the recorded dreams
could be linked to a physical or perceptual event of the sleeping body,
with auditory events being the most frequent (14/33; ~42%), followed
by thermal (6/33; ~18%) and somatosensory (5/33; ~15%) events.

Two follow-up studies attempted to replicate these findings:
the first attempted to experimentally modulate the dream experience
by stimulating subjects with music, odours, and cool surfaces, but all
stimulation events resulted in the subject’s premature awakening,
preventing any result from being achieved (Andrews, 1900). The
second evaluated several aspects of a large set of dream reports from
two subjects, much like in Calkins’ study. Following the above
definition, the occurrence of ‘presentation’ events —where there is
“consciousness within the dream of actual external stimuli”— remained
infrequent. However, one subject reported twenty dreams supposedly
caused by external stimuli and 13 in which stimulation was taken up
into an ongoing dream (out of 150 reports). About a third of these
dreams were ‘experimentally” induced; the subject had fragrant
elements placed by her bedside or was sprinkled with water drops, or
noise was presented during her sleep (Weed & Hallam, 1896).

Without any surprise, Freud, one of the pioneers in what we
may call 'early dream science’, is also to be mentioned for his
contribution to theorising about the interaction between the dreaming
self and the external environment. His take on the numerous clinical
observations and oneiric self-reports he collected throughout his career
is still almost systematically cited as one of the cornerstones of our
knowledge about dreaming. Freud hypothesised that dreams have a
protective function and serve as ‘guardians of sleep’ by disguising the
meaningfulness of external stimuli, which could otherwise provoke
arousal and disturb the normal course of the sleeping episode (Freud,
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1997). Therefore, dreams would be used by the sleeping mind to ‘deny’
the stimulus. Nevertheless, he also admitted that external stimuli could
be incorporated into the dream if they are coherent with the sleeper’s
ongoing subjective experience and current preoccupations (Freud,
1997), the latter having been proven to be a major determinant of
dream content (Cartwright et al., 2006; Domhoff, 2010; Eichenlaub et
al.,, 2018; van Rijn et al., 2015).

To provide evidence to these statements, Freud mentioned
several pre-existing examples of both spontaneous and provoked
sensory events that influenced the realm of dreams (Freud, 1997): over
a century before, Meier reported a dream in which he felt he was being
stretched out by some men who then planted a stake into the ground
in-between his two toes, which upon awakening was linked to the fact
that a straw was stuck between his toes (Meier, 1758); instead,
Hildebrant’s dreams involved the ringing of an alarm clock that was
incorporated sometimes as the bells of a church, sometimes as the
clinking of breaking china plates (Hildebrandt, 1881). However, the
most famous example is Maury’s ‘guillotine dream’: set in Paris during
the Reign of Terror, Maury witnesses the trial and decapitation of
fellow citizens only to end up getting murdered by guillotine himself —
the decapitation being the dream interpretation of the fact that the top
of his bed had fallen on his neck during his sleep (Maury, 1861). The
latter has often been cited as a demonstration that dreams may emerge
at the time of stimulation and that the dreamed timeline does not
correspond to the equivalent sleep time lapse. It is to be noted,
however, that the episode was not recorded until more than ten years
after it happened (Ellis, 1922), and numerous reconstructions and false
memories may have tainted the report (Claviere, 1897). Claviére tried
to evaluate the time-lapse assumption on his own by comparing the
timing of incorporation into the dream of an alarm clock that was set to
ring twice: the first alarm was incorporated into the dream in the form
of a ringing telephone, and the second one woke up the author. Having
access to the exact interval between these two alarms, he could
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successfully closely match the ‘real” time-lapse and the approximated
dream time-lapse, invalidating Maury’s claim (Claviere, 1897).

Cubberley (1923) also counts among the first researchers who
tried to explain how physical sensations could influence dreams: he
explored the effects of continuous somatosensory sensation on various
regions of the body by applying what he called “tensors’ (elements
which induce tightness or contraction; e.g., a small piece of gummed
paper) or ‘detensors’ (elements which induce relaxation or loosening,
such as cream or oily matter). Among the hundreds of post-stimulation
dream reports he collected, he declared that when proper dream recall
was possible, the effect of the light tensors systematically appeared in
the dreams and even represented the central theme of the dream plot.
Examples from the transcribed oneiric extracts include dreaming about
clumsy dancers when applying tensors to the soles of the feet, or
dreaming of being examined by a doctor with a stethoscope when the
tensor was located on the chest area. ‘Detensor’ incorporation into the
dream scenery appeared less clear-cut, with examples including
dreaming of sliding on the stomach with the feet raised in the air when
the stimulus was applied to the sole of the feet or not finding any free
seat at a theatre when applied to the buttocks.

Interestingly, the author stated that “tensor experiments upon
almost all parts of the trunk and head, while in other respects strictly in line
with those on the limbs, are apt to be attended by affects” (Cubberley, 1923;
p. 249). In other words, a stronger emotional component was associated
with external stimuli targeting core and vital body parts. This
observation suggests that the processing of environmental stimuli
during sleep may be partially related to their potentially harmful or
disturbing effect on the sleeper. Another interesting observation made
by Cubberley is an apparent magnification effect, such that light to
moderate external stimuli appeared to be represented in a much more
intense way once integrated into the dream. The author concluded by
stating that “the development of the dream is governed by the configuration of
tensions in the dreamer’s body,” in line with previous accounts on the
hypothetical sources of dream elements. Of course, we must take great
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caution when interpreting this data, as auto-suggestion is a major
hindrance to any experimental design where the experimenter is his
own subject.

Around a decade later, Max (1935) made some interesting
observations while researching motor activity during sleep in deaf-
mute individuals. Based on myographic activity recorded from the
upper limbs, he attempted to establish varying consciousness and sleep
depth states. He awakened the subjects after identifying spontaneous
variations in muscle activity or after applying external stimuli, such as
light flashes, tactile vibrations, or objects placed on the body. The
author noticed that awakenings were often accompanied by a dream
report when preceded by sustained muscular activity (without overt
body movement), whether spontaneous or in response to stimulation.
In fact, out of 33 cases of spontaneously increased arm or finger muscle
activity, 30 resulted in a dream report upon awakening. As for
awakenings following stimulation, those with a dream report also
showed higher muscular activity than those without a dream recall.
Interestingly, this increased activity seems specific to deaf-mutes
compared to control subjects and to upper-limb activity compared to
lower-limb activity. Following the author’s rationale, this may be
explained by the fact that for deaf individuals, the upper limbs are one
of the main seats of linguistic abilities and, therefore, one of the key
sites for conscious expression, which would arguably be more
operative while dreaming than while dreamlessly sleeping.

Canziani (1950) suggested that external stimulation events
could adopt different values for the sleeping consciousness, depending
on how the interaction between the stimulus features and the
physiological state of the sleeper unfolds. He provided an original
classification of dream states, which could be interpreted as what we
refer to as SDDC:s: (a) “dissociated atonite states”, in which the perceptual
features of the stimulus are perceived but do not seem to have any
effect on the intellectual-emotional state of the dreamer, so the sleeper
perceives the sensory information but is not able to process its
meaning; (b) “seemingly unjustified emotional states”, in which the subject
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wakes up without any awareness of the stimulus (or of any related
dream) while appearing to be in an emotional state of confusion that
may have been initiated by the stimulus through subliminal associative
processes; (c) “oneiric confusion states with illusory transformation of the
scenery and adjustment of the stimulus to the scenery”, that is, an inclusion
of the perceived stimulus into the dream in a form which is coherent to
the plot; and (d) “states of immediate or gradual recognition of the
stimulus”, in which the stimulus is perceived and accurately recognised,
provoking the cessation of the dream and sleep episode.

Furthermore, Canziani defended the idea that dreams that
incorporate external stimuli are initiated at the time of stimulation,
with the ensuing dream scenario elaborated through three successive
phases. The first would represent, as the author calls it, a ‘generic
premise’: an introductory phase of the dream plot that does not seem to
relate to the stimulus particularly; here, the stimulus excites the sensory
system and is unconsciously processed while disturbing the
equilibrium of the oneiric consciousness. This is followed by the
‘specific premise’ phase, where the scenery is adapted and transformed
into some specific situation that may allow the inclusion of the stimulus
into the dream plot; at that point, the stimulus is closely reaching the
dream consciousness threshold, with the consequent activation of
associative networks that allow for the dream setting to adapt to the
stimulus. The final phase would then consist of the dream scene’s
conclusion, in which the stimulus reaches the dream consciousness
threshold and is more or less transformed to be included in the plot;
this third phase may or may not be followed by an arousal. He
illustrated this with a few examples, namely using Maury’s ‘guillotine
dream’: the first phase would correspond to the French Revolution
scenery, the second to the conviction and condemnation to guillotine,
and the last would correspond to the decapitation.

During the first half of the past century, the democratisation of
EEG as a tool for measuring scalp electrical activity in humans, paired
with the discovery of REM sleep in the 1950s by Aserinsky & Kleitman,
marked the transition towards a more neurophysiological approach to
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sleep and dream science (Aserinsky & Kleitman, 1953; Berger, 1929).
Sleep studies started very early to include sensory stimulation
protocols to study their effects on conscious experiences and time
perception during dreams (e.g., Baldridge, 1966; Dement & Wolpert,
1958; Loomis et al., 1937; Max, 1935). Since then, methodological
approaches, including clearly defined experimental and control
conditions, have allowed us to progressively build up evidence about
the phenomenological aspects and physiological correlates of SDDC,
which we tried to summarise in our systematic review (see Chapter 2).
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Supplementary Text I.2. Methodological assessment checklist

Methodological assessment checklist adapted from Downs & Black
(1998). Modified items are marked with an asterisk (*). Score choices for
each item are indicated within brackets. Total scores may range from 0
to 25. Definitions and/or examples are provided in italics.

¢ Reporting

1. Is the hypothesis/aim/objective of the study clearly described?
[01-[1]

2. Are the main outcomes to be measured clearly described in the
Introduction or Methods section? [0] — [1]
If the main outcomes are first mentioned in the Results section, the
question should be answered "0”.

3. Are the characteristics of the subjects included in the study
clearly described? [0] — [1]
Inclusion and/or exclusion criteria should be given.

4. Are the interventions of interest clearly described? [0] — [1]
Experimental manipulations should be clearly described.

5. Is there an adequately defined baseline or control condition? *
[0] - [1]
Baseline and/or control conditions (where relevant) that are to be
compared to experimental interventions should be clearly described.

6. Are the main findings of the study clearly described? [0] - [1]
Simple outcome data (e.g., denominators/numerators, group
averages) should be reported for all major findings so that the reader
can check the major analyses and conclusions. NB: This question does
not cover statistical tests, which are considered below.

7. Does the study provide estimates of the random variability in
the data for the outcomes of interest? [0] - [1]
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10.

In non-normally distributed data, the interquartile range of results
should be reported. In normally distributed data, the standard error,
standard deviation, or confidence intervals should be reported. It
must be assumed that any used estimates were appropriate, and the
question should be answered “1”.

In cases where experimental trials have been excluded from the
analyses, have the exclusion criteria been provided? * [0] — [1]
In cases where no trials have been excluded post-hoc, this question
should be answered “1”. In cases where trials have been excluded
without any proper justification (including number and reason for
rejection), this question should be answered “0”. Ex: “8 trials were
excluded from main analyses because the EEG signal preceding the
awakening included signs of arousal (alpha bursts or major body
movements)” would be rated “1”.

In cases where subjects have been excluded from the analyses,
have the exclusion criteria been provided? * [0] — [1]

In cases where no subjects have been excluded post hoc, this question
should be answered “1”. In data where subjects have been excluded
without any proper justification (including number and reason for
rejection), this question should be answered “0”. Ex: “2 subjects were
excluded because they were unable to maintain sleep”, “1 subject was
excluded from main analyses because he couldn’t provide any dream

report” would both be rated “1”.

Have actual probability values been reported (e.g., 0.035 rather
than < 0.05) for the main outcomes except where the
probability value is < 0.001? [0] —[1]
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External validity

All the following criteria attempt to address the representativeness of
the findings of the study and whether they may be generalised to the
population from which the study subjects were derived.

11.

12.

13.

14.

Is the sampling procedure described? * [0] - [1]

The study must identify the source population for subjects and
describe how they were selected (e.g., random sampling, convenience
sampling).

Is the sampling procedure unbiased? * [0] - [1]

Whenever the previous item (11) has been answered “0”, this item
will be answered “0” too. If any potential confounding effects are
inherent to the sampling procedure, the answer should be “0”. If the
study states that it is evaluating certain characteristics of the general
population, but the sample is composed only of members of a specific
population, the answer should be “0”. Ex: “the sample included the

authors of the study”, “all subjects were 1st year medical students”
would both be rated “0”.

Is the experimental setting representative of the natural context
targeted by the study? * [0] - [1] - [2]

The question should be answered “2” for home-based studies, “1” for
studies that include at least one habituation session in the laboratory,
and “0” for studies that do not report or consider the ecological factor
of the experimental setting.

Internal validity / Bias

Was an attempt made to blind study subjects to the
intervention they have received? [0] - [1]

For studies where the patients would have no way of knowing which
intervention they received and no way of predicting the type of
manipulation for each trial, this should be answered “1”. For studies
that explicitly mentioned which methods they applied to minimise the
risk that subjects were aware of the intervention, this should be
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15.

16.

17.

18.

answered “1”. When no blinding strategies are mentioned, this
question should be answered “0”. Ex: “The study compared randomly
presented trials, either with or without stimulation, collected from the
same night following a within-subject design” would be rated “1”.

Was an attempt made to blind those measuring the main
outcomes of the intervention? [0] - [1]

The blinding procedure must be clearly described. When only
independent judges were involved in rating the outcome measures,
the answer should be “1”. If the experimenters are involved in the
analyses in any way, the anonymization and randomization of the
data must be explicitly stated. If the subjects were included in the
analyses to provide additional personally relevant insight, the answer
should be “0”.

If any of the results of the study were based on “data
dredging”, was this made clear? [0] - [1]

Any analyses that had not been planned at the outset of the study
should be clearly indicated. If no retrospective, unplanned subgroup
analyses were reported, then answer “1”.

Is the experimental duration (e.g., number of experimental
sessions, number of trials, etc.) comparable for all subjects? *
(0] - [1]

For studies where the total duration of the study is closely similar for
all subjects, the answer should be “1”. For studies where there are
differences in duration, but these are reported and accounted for
using appropriate models, the answer should be “1”.

Were the statistical tests used to assess the main outcomes
appropriate? [0] - [1]
The statistical techniques used must be appropriate to the data. For
example, non-parametric methods should be used whenever
assumptions allowing the applicability of parametric tests are not
met. Where little statistical analysis has been undertaken but there is
no evidence of bias, the question should be answered “1”. If the
distribution of the data (normal or not) is not described, it must be
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19.

20.

21.

assumed that the estimates used were appropriate, and the question
should be answered “1”. When no statistical testing has been done,
the answer should be “0”.

Were the main outcome measures accurately defined, valid,
and reliable? * [0] - [1] - [2]

For studies where the outcome measures are clearly described and
objective scoring criteria that ensure potential replicability are
provided, the question should be answered “2”. For studies where
information about outcome measures is provided but details remain
insufficient to ensure exact replication, the question should be
answered “1”. Studies in which the scoring criteria for the outcome
measures are not provided should be scored “0”. Ex: “an automatic
scoring algorithm was used” or “the scoring grid may be found in the
supplementary material” would both be scored “2”; “stimulus
incorporation was rated as direct when an unambiguous
representation of the stimulus was present in the report and as
indirect when elements semantically associated with the stimulus
were present in the report” would be scored “1”; “stimulus
incorporation was rated by 2 independent judges” would be scored
“0”.

Internal validity / Confounding (selection bias)

Were appropriate randomization procedures applied to the
experimental conditions/groups? * [0] - [1]

Unless the method of randomization would not ensure random
allocation, studies that state that subjects were randomised to
intervention groups or that the trial order was randomised and
properly counterbalanced should be answered “1”. For example, an
alternate allocation would score “0” because it is predictable.

Was there an adequate adjustment for relevant confounding
variables in the analyses from which the main findings were
drawn? * [0] - [1]
This question should be answered “0” for trials if the distribution of
known confounders in the different treatment groups was not
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22.

23.

described or the distribution of known confounders differed between
the treatment groups but was not considered in the analyses. In the
case of group-level design, at least age and gender should have been
evaluated.

Power

Has any power calculation been performed and described? *

(01 -[1]

Have appropriately chosen effect sizes been reported? * [0] - [1]
Ex: r-scores, Cohen’s d

273



Appendix II.

Supplementary Figure II.1. Dialogic flow of the semi-structured
dream interview.

| [Participant name]? I

Do you remember anything from the last So, you don't having any
few minutes/moments before | called you? feelings, thoughts, or emotions?
' 3 'S
Remembers | [Confirms no Recalls having had
/ ion of i but
Please d be your luding any *|Unsure any experience
15, feelings, though in these
last few minutes/moments?
*
No recall White dream
(no further (no further
Open report q ) q )
|
If necessary, ask ? b- i (see on the left). |
. I Were you asleep during this experience?
If they report lucidity: Inquire, in a non-leading way, into when and
how it began (including potential trigger, e.g. cue, reality check)
and ended. Report
eye sii Do you making an eye signal?

‘ And if needed: How did you make it?

At the end of the report: Do you remember anything else? Or: Do you
ber any other feelings, thoughts or jons?

[ Could you estimate how lang this experience seemed to last?

*
| Were you asleep during this experience?
Report

+
Were you, to any degree, aware that you d /!
{Adapt the question if needed.)

[ Didyou, to any degree, have the sense that you could control this —_—

dream / experience / state ... ?

Did you notice any cues while you were dreaming / having this
experience [ state .7

Please describe which kind of cues you noticed, how many times, and
how you experienced them.

sound, vibration, or other bodily sensations?

i

‘ Do you ber any other bl of light, color,

| Is there anything else you would like to add to this report? Report]

v

Now, we will complete the questionnaire for this experience that you've just described.

* Remind them of the DLQ scores.

Read out each item on the DLQ scale and ask for a score.

Discuss the rationale behind selected score for the relevant items (1, 2; potentially 4, 6, 8, 10, or if the selected
score doesn’t seem to correspond to their dream report / other items): Why did you choose this score?

1
[Less than 15 min until the end of the sessi |

No I Yes 1
| Do you have a feeling that you can fall back asleep? |

Continuation of the protocol:

= Ask if they are feeling well and Y | ll" End of the session.

are OKto try to fall back asleep.
* Short cognitive training.




Supplementary Table II.1. Item-by-item scores for the adapted
methodological assessment checklist.

Item Score

Is the hypothesis/aim/objective of the
study clearly described?

Are the main outcomes to be measured
R 2 | clearly described in the Introduction or 1
Methods section?

Are the characteristics of the subjects

R 3. . . 1
included in the study clearly described?
Are the interventions of interest clearly

R 4 ) 1
described?
Is there an adequately defined baseline

R 5 .. 1
or control condition?
Are the main findings of the study

R 6 . 1
clearly described?
Does the study provide estimates of the

R 7 | random variability in the data for the 1
outcomes of interest?
In cases where experimental trials have

R 8 | been excluded from the analyses, have 1

the exclusion criteria been provided?

275



In cases where subjects have been
excluded from the analyses, have the
exclusion criteria been provided?

10

Have actual probability values been
reported (e.g. 0.035 rather than <0.05)
for the main outcomes except where the
probability value is <0.001?

EV

11

Is the sampling procedure described?

EV

12

Is the sampling procedure unbiased?

EV

13

Is the experimental setting
representative of the natural context
targeted by the study?

IV/B

14

Was an attempt made to blind study
subjects to the intervention they have
received?

IV/B

15

Was an attempt made to blind those
measuring the main outcomes of the
intervention?

IV/B

16

If any of the results of the study were
based on “data dredging”, was this
made clear?

IV/B

17

Is the experimental duration (e.g.
number of experimental sessions,
number of trials, etc.) comparable for
all subjects?
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Were the statistical tests used to assess
Iv/B 18 . . 1
the main outcomes appropriate?

VB 19 Were the main outcom.e measure§ )
accurately defined, valid, and reliable?

Were appropriate randomization
IV/C 20 | procedures applied to the experimental 1
conditions/groups?

Was there adequate adjustment for
e 21 potential/known conff)undmg effects in
the analyses from which the main

findings were drawn?

Has any power calculation been

P 22 . 0
performed and described?
Have appropriately chosen effect sizes
P 23 0
been reported?
TOTAL SCORE 20

R: Reporting; EV: External Validity; IV-B: Internal Validity (Bias); IV-C:
Internal Validity (Confounding); P: Power.
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Supplementary Table II.2. Evaluation of sleep metrics for valid

participants.
Experimental Session
Metrics REM Cueing REM Sham
TIB (min) 196.3 +13.83 190.68 + 15.12
SPT (min) 164.03 +16.13 ** 151.65 £ 16.2 **
WASO (min) 45.68 +19.33 4143 +£15.58
TST (min) 117.93 +26.82 109.85 +22.49
N1 (min) 37.2+25.04 27.13+16.32
N2 (min) 552+19.59 60.78 £19.31
SWS (min) 9.23+11.31 6+10.44
REM (min) 16.3+10.97 15.95+10.87
NREM (min) 101.63 £28.15 93.9+19.42
SOL (min) 24.55+10.89 30.75+17.03
Latency N1 (min) 24.55+10.89 32.2+19.34
Latency N2 (min) 42.93 +24.85 41.43 £14.35
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Latency SWS (min) ' 119.7 + 46.08 124.72 £49.21
[
Latency REM (min) 91.6 + 38.63 84.08 £41.43
N1 (%) 31.95 +20.41 25.86 £ 17.29
N2 (%) 46.49 £ 11.78 * 5495+ 1451 *
SWS (%) ' 7324933 525+£8.82
REM (%) 14.25 +10.08 13.94 £8.57
NREM (%) 85.75+10.08 86.06 + 8.57
SE (%) 59.71 % 12.11 5776+ 11.6
SME (%) 7137+ 13.25 7212+ 11.67

Values are represented in the form of mean + standard deviation. SPT:
Sleep Period Time; TST: Total Sleep Time; SE: Sleep Efficiency; SME:
Sleep Maintenance Efficiency; SOL: Sleep Onset Latency; WASO: Wake

After Sleep Onset.

*' P <0.05; *: P<0.01; T Only 9 sessions in the REM sham and 10 in REM
cueing condition included SWS. Therefore, measures related to SWS were

excluded from statistical analysis.
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Supplementary Text II.1. SSILD-based cognitive-sensory training
protocol.

The cognitive training was delivered through a ~30-minute vocal
recording, organized into distinct blocks. Each centre used different
languages for the recording (NL: English; IT: Italian; CA: French and
English) while keeping the content, length, and structure identical. The
English version is presented here (see also Supplementary Figure II.1).

The audio track starts with a general definition of lucid
dreaming, provides a summary of the cognitive training protocol, and
then describes the different fast (2-3 seconds of focus on each of the
senses in cyclic order, i.e., vision, hearing, and bodily-sensation
exercises) and slow (20 seconds of focus on each of the senses in cyclic
order, i.e., vision, hearing, and bodily-sensation exercises) cycles of
SSILD training in detail.

The first training block instructs participants to perform 4
uncued fast cycles, followed by 4 uncued slower cycles (Block 1).
Afterward, the audio track describes the association of the stimuli with
the SSILD cycles: light cues with the vision exercises, audio cues with
the hearing exercises, and vibration cues with bodily-sensation
exercises (Block 2). Each SSILD exercise (vision, hearing, and bodily
sensations, respectively) lasts one minute and concludes with the
administration of the corresponding sensory cue by the experimenter to
remind the participant to keep a lucid mindset. The cues also mark the
transition from one exercise to the next, with a light cue indicating the
end of the vision exercise and the start of the hearing exercise, an audio
cue signalling the completion of the hearing exercise and the initiation
of the bodily-sensation exercise, and a tactile cue marking the
conclusion of the cycle and the start of a new one. During this block,
each sensory cue is accompanied by a verbal prompt describing the
targeted lucid mindset, as in Carr et al. (2020).
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Finally, the last block of the cognitive training consists of a
repetition of the previous cued SSILD section, with the sole exception
that no verbal prompts are played after each cue (Block 3).
Consequently, participants are expected to transition autonomously
from one exercise to another whenever they perceive a cue. Participants
are also reminded to perform the predefined LRLR eye movement
signalling in cases of lucidity or stimulus perception after falling asleep.

The transcription of the audio track is provided below:
“[Introduction]:

A lucid dream is a dream in which you are aware of the fact that you are
dreaming while you are still asleep. With this realization, you can sometimes
influence or control what happens in a dream. In this experiment, you’ll get
instructions on how to practice becoming lucid while awake.

For lucid dreams to occur, you need to train your mind and body into a subtle
state that is optimised for lucid dreaming. This involves focusing on your
vision, hearing, and bodily sensations in cycles. From this point, we guide you
through the training process and describe the practicing cycles. The cycles
always start with a vision exercise, then continue towards the hearing exercise,
and finally end with the bodily-sensation practices. We describe each of the
vision, hearing, and bodily-sensation exercises now:

[Vision exercise]

For the vision exercise, you should keep your eyes closed and focus all your
attention on the darkness behind your closed eyelids. Keep your eyes
completely still and totally relaxed. You might see coloured dots, complex
patterns, images, or maybe nothing at all. It doesn’t matter what you can or
cannot see — just pay attention in a passive and relaxed manner and don't try
to see anything.

[Hearing exercise]:

For the hearing exercise, we want you to shift all of your attention to your
ears. You might be able to hear the faint sounds of traffic or the wind from
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outside. You might also be able to hear sounds from within you, such as your
own heartbeat or a faint ringing in your ears. It doesn’t matter what, if
anything, you can hear — just focus all of your attention on your hearing.

[Bodily sensations exercise]:

For the bodily sensations exercise, you should shift all of your attention to
sensations from your body. Feel the weight of your blanket, your heartbeat, the
temperature of the air, etc. You might also notice some unusual sensations
such as tingling, heaviness, lightness, spinning sensations, and so on. If this
happens, simply relax, observe them passively and try not to get excited.

Before starting with the first exercise, I would like to mention that you may
have intrusive thoughts during this process. For instance, you may think of
what you need to buy or do after this experiment. It doesn’t matter if the
intrusive thoughts come to your mind, but what matters is that you can
intentionally let them go and focus on your body and mind.”

Then, the SSILD training (Block 1) started, comprising 1 minute
of fast cycles practice followed by 4 minutes of short cycles practice:

“Now you should start with the first step of the training. Practice four fast
cycles during which you spend only 2-3 seconds focusing each on the vision,
hearing, and bodily sensations. You don’t have to count the seconds, but you
should complete at least 4 cycles during this time. You can start now.

[After 1 min]:

You can stop now. At this point, you should perform four to six slower cycles
that approximately take 20 seconds focusing each on the vision, hearing, and
bodily sensation steps. Again, you don’t have to count the seconds, but you
should complete at least 4 cycles during this time. You can start now.

[Silence continues for 4 minutes]”
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During the following 12 minutes, the combined SSILD and
sensory cueing with additional verbal prompts were presented (Block
2):

“Now, I want to train your mind to recognize the flashing lights, beeping
sounds, and vibration cues as lucidity cues so that when one is played during
your sleep, you will become lucid in a dream. While you rest here, we are going
to play the cues at intervals. Whenever you hear, see, or feel one of the cues,
you should remain in the same position with your eyes closed, but you will
become lucid by attending to where your mind has been, attending to your
body, and attending to your surroundings. The same as before, each cycle
starts with vision training. You should continue the vision practice until you
see a light cue. Then a prompt will be played to help you focus. Once the
prompt is ended you should move forward to the hearing exercise. You should
continue the hearing practice until you hear an audio cue. Again, a prompt
will be played to help you focus. Once the prompt is ended you should move
forward to the bodily-sensations exercise. The vibration cue will indicate when
the exercise is ended and then you should start a new cycle. Please note that, as
a response to the cues, you do not need to do the Left-right-left-right eye
signals while training, only do the eye signals when you become lucid in a
dream. You can start with vision practice, now ...”

The prompted cueing included 6 cues (Light-Audio-Tactile-
Light-Audio-Tactile) with 1-minute inter-stimulus intervals. The
prompt after each cue was the following;:

"[Cue]

As you notice the cue, you become lucid. Bring your attention to your
thoughts ... [pause] ..., notice where your mind has wandered ...[pause]... Now
observe your body ... [pause] ..., your sensations ... [pause] ..., and your
feelings... [pause] ... Observe your breathing...[pause]... remain critically
aware, lucid, and notice how aspects of this experience are in any way different
from your normal waking experience. [pause]
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[The next exercise will be started by mentioning the type of the exercise, i.e.,
vision, hearing, or bodily sensation.]”

After the last cue, the final block started, consisting in 8
minutes of cueing without vocal prompts (Block 3), during which the
participant was expected to transition independently to the next
exercise following each cue. The participant was also reminded of
doing the predefined LRLR eye movement in case of lucidity during
sleep. The instructions were the following:

“The cues will continue to be played in intervals over the next 6 minutes. The
prompts, however, will not be played anymore. You should continue to
practice becoming lucid by focusing on your vision, hearing, and bodily
sensations, the same as before and again in cycles. We keep sending you the
cues when you need to move from one exercise to another. Pay attention to
your mind, your body, and your surroundings. Notice how aspects of your
experience are in any way different from your normal waking experience. At
the end of this block, when the cues are stopped, you can fall asleep normally
and you don’t have to do the exercises anymore. Please keep in mind that when
the cognitive training is ended, you should do the left-right-left-right eye
signalling in three cases: 1/ when you become lucid in a dream, 2/ as a
response to the cues while being lucid, and 3/ approximately every 30 seconds
while you are lucid, even though you do not perceive any cue.

Now you can start with the vision exercise...”

[6 cues (2 from each modality: Light-Audio-Tactile-Light-Audio-Tactile)
should be played in 1-min intervals, then the recording ends and the 2.5h nap
window begins]”
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Appendix III.

Supplementary Table III.1. Stimulus-dependent aperiodic slope
variation (AS) comparison between modalities for all evaluated
frequency ranges and channels.

Frequency EEG

ASA |AST |ASV | Test Statistics P-value
range Channel

A-T t24)=-2.15 | 4.21E-02
027 | 0.43 | 0.43

Low Fz + + + | AV t(24)=-1.64 | 1.13E-01
042 | 0.19 | 0.23

T-V t(24)=-0.02 | 9.83E-01

A-T t(24)=-5.54 | 1.08E-05
-0.03 | 0.25 | 0.30

Low Cz + + + | AV | t24)=469 | 9.17E-05

0.34 | 0.19 | 0.20
T-V t24)=-1.13 | 2.71E-01

A-T 1(24) = -2.68 1.31E-02
0.09 | 0.27 | 0.25

Low Pz + + + A-V z=-1.68 9.26E-02
041 | 0.19 | 0.19

T-V t(24) =0.38 7.10E-01

A-T t(24)=-321 | 3.76E-03
020 | 0.42 | 0.39

Low Oz + + + A-V z=-1.79 7.36E-02
0.40 | 0.20 | 0.21

T-V t(24) =0.50 6.19E-01

A-T 1(22) =4.20 3.71E-04
0.75 | 0.44 | 0.48

High Fz + + + | AV 1(22) =327 3.47E-03
0.36 | 0.27 | 0.35

T-V z=-0.31 7.57E-01

A-T t(22) =2.66 1.44E-02
High Cz

A-V t(23) =2.39 2.56E-02
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0.69 | 047 | 0.43

+ + + T-V t(23)=0.54 5.97E-01
0.28 | 0.31 | 0.44

A-T t(22) =4.57 1.50E-04
0.74 | 045 | 0.37

High Pz + + + A-V t(22)=3.99 6.23E-04
0.32 | 0.28 | 0.41

T-V z=1.04 3.00E-01

A-T z=13.62 2.95E-04
0.47 | 0.16 | 0.26

High Oz + + + A-V t(21)=2.74 1.23E-02
0.33 | 0.30 | 0.33

T-V t(24)=-1.28 2.14E-01

A-T z=-0.87 3.82E-01
0.37 | 045 | 0.46

Broadband Fz + + + A-V t(24) =-0.92 3.68E-01
042 | 0.19 | 0.22

T-V t(24) =-0.15 8.86E-01

A-T t(24)=-4.16 3.50E-04
0.05 | 0.28 | 0.35

Broadband Cz + + + A-V t(24)=-3.78 9.18E-04
0.35 | 0.16 | 0.18

T-V t(24)=-1.57 1.30E-01

A-T t(24) =-1.69 1.04E-01
0.18 | 0.29 | 0.29

Broadband Pz + + + A-V z=-0.87 3.82E-01
0.40 | 0.17 | 0.18

T-V z=0.47 6.38E-01

A-T t(24) =-2.09 4.74E-02
0.24 | 0.37 | 0.37

Broadband Oz + + + A-V z=-1.06 2.88E-01
0.38 | 0.20 | 0.19

T-V t(24)=0.02 9.85E-01

Low frequency: 0.5-30 Hz; High frequency: 30-45 Hz; Broadband: 0.5-45
Hz. A: Auditory; T: Tactile; V: Visual. AS values correspond to m * std.
* statistical significance at Bonferroni-corrected threshold (p < 0.042)
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Research Data Management

This thesis is based on the results of human experimental studies,
which were conducted in accordance with the principles of the
Declaration of Helsinki. The joint local ethical committee of Scuola
Superiore Sant’Anna and Scuola Normale Superiore has given
approval to conduct the studies related to Chapters 3 (n. 31/2022) and 4
(n. 12/2021).

Ethics and Privacy

Informed consent was obtained from participants for data collection,
processing, and sharing of pseudonymized data after the research.
Participants' anonymity and privacy were ensured using unique
individual subject codes, which corresponded with codes on paper and
electronic forms. The correspondence between these codes and
participant identities was stored separately from any participant data,
with access restricted to the researchers involved.

Data Collection and Storage

Paper materials are securely stored in the repositories of the Sleep,
Plasticity, and Conscious Experience laboratory. The electronic data
reported in Chapter 3 were collected using the CastorEDC data
management software and are stored in a project archive folder within
the servers of the Donders Centre for Cognitive Neuroimaging (code:
3013102.01). Data management and monitoring for this study were also
performed within CastorEDC. The datasets analysed during these
studies are available from the corresponding author upon reasonable
request. All studies are, or will be, published as open access. Datasets
suitable for reuse will be made available online upon publication of the
main outcomes. The study in Chapter 3 is part of a multi-centric, pre-
registered research project, and the research protocol was made

available online prior to data collection at any participating centres
(https://osf.io/zfs57)).
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IMT School for Advanced Studies Lucca

The IMT School for Advanced Studies Lucca is dedicated to cultivating
the next generation of leading researchers and scholars. Central to this
mission is the IMT PhD program, which is recognized nationally and
internationally for its rigorous academic training and interdisciplinary
approach. The PhD programs at IMT cover a broad spectrum of fields,
including economics, computer science, engineering, cognitive and
social neuroscience, cultural heritage, and political history. This
diversity reflects the school's commitment to addressing complex
global challenges through a combination of theoretical and applied
research.

The PhD curriculum at IMT is designed to be closely integrated
with the research activities of the school’s research units. Students
benefit from a rich academic environment, where they are encouraged
to engage in collaborative projects that often span multiple disciplines.
The IMT School’s research centres are equipped with state-of-the-art
facilities and resources, providing an ideal setting for cutting-edge
research.

The IMT School closely monitors the career progression of its
PhD graduates, with many securing prestigious postdoctoral positions
and faculty roles at top academic institutions globally. Alumni have
continued their academic careers at universities such as Harvard
University, University of Oxford, MIT, and the University of
Cambridge. Outside of academia, graduates have found success in
various sectors including governmental agencies, international
organizations, and private industry, particularly in fields such as data
science, public policy, technology, and cultural management.

The comprehensive training provided at IMT ensures that
graduates are well-prepared for high-level positions that contribute
significantly to both the academic community and the broader
knowledge economy.
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For more detailed information about the IMT PhD program,
including application procedures and upcoming thesis defences, please
visit: http://www.imtlucca.it
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Donders Graduate School for Cognitive
Neuroscience

For a successful research institute, it is vital to train the next generation
of young scientists. To achieve this goal, the Donders Institute for
Brain, Cognition and Behaviour established the Donders Graduate
School for Cognitive Neuroscience (DGCN), which was officially
recognized as a national graduate school in 2009. The Graduate School
covers training at both Master's and PhD levels and provides an
excellent educational context fully aligned with the research program
of the Donders Institute.

The school successfully attracts highly talented national and
international students in biology, physics, psycholinguistics,
psychology, behavioural science, medicine, and related disciplines.
Selective admission and assessment centres guarantee the enrolment of
the best and most motivated students.

The DGCN tracks the careers of PhD graduates carefully. More
than 50% of PhD alumni continue in academia with postdoc positions
at top institutes worldwide, such as Stanford University, University of
Oxford, University of Cambridge, UCL London, MPI Leipzig, Hanyang
University in South Korea, NTNU Norway, University of Illinois,
Northwestern University, Northeastern University in Boston, ETH
Ziirich, and the University of Vienna. Positions outside academia are
spread among the following sectors: specialists in a medical
environment (mainly in genetics, geriatrics, psychiatry, and neurology),
specialists in a psychological environment (e.g., as specialists in
neuropsychology, psychological diagnostics, or therapy), and positions
in higher education as coordinators or lecturers. A smaller percentage
enters business as research consultants, analysts, or heads of research
and development. Fewer graduates stay in a research environment as
lab coordinators, technical support, or policy advisors. Upcoming
possibilities include positions in the IT sector and management
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positions in the pharmaceutical industry. In general, the PhD graduates
almost invariably continue with high-quality positions that play an
important role in our knowledge economy.

For more information on the DGCN as well as past and
upcoming defences, please visit: http://www.ru.nl/donders/graduate-

school/phd/

291


http://www.ru.nl/donders/graduate-school/phd/
http://www.ru.nl/donders/graduate-school/phd/

RI0e

Unless otherwise expressly stated, all original material of whatever
nature created by Leila Salvesen and included in this thesis, is licensed
under a Creative Commons Attribution-Noncommercial-Sharealike 4.0
International License.

Check on the Creative Commons site:
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