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ARTICLE INFO ABSTRACT

Keywords: Dreams are often viewed as fascinating but irrelevant mental epihenomena of the sleeping mind with ques-
Sleep tionable functional relevance. Despite long hours of oneiric activity, and high individual differences in dream

Dreaming recall, dreams are lost into oblivion. Here, we conceptualize dreaming and dream amnesia as inherent aspects of
I:sszgtasis the reactive and predictive homeostatic functions of sleep. Mental activity during sleep conforms to the interplay
Mind-wandering of restorative processes and future anticipation, and particularly during the second half of the night, it unfolds as
Prospection a special form of non-constrained, self-referent, and future-oriented cognitive process. Awakening facilitates

constrained, goal-directed prospection that competes for shared neural resources with dream production and
dream recall, and contributes to dream amnesia. We present the neurophysiological aspects of reactive and
predictive homeostasis during sleep, highlighting the putative role of cortisol in predictive homeostasis and
forgetting dreams. The theoretical and methodological aspects of our proposal are discussed in relation to the

study of dreaming, dream recall, and sleep-related cognitive processes.

1. Introduction: dreaming is relevant but evanescent

The human brain constructs enormous amounts of dreams -
approximately 4.8 h during an average (8-hour-long) night of sleep
(Nielsen, 2000a), which, if combined would add up to around 1750 h of
mental experiences a year. Yet if we asked someone to recall a dream
over the past year, hardly any reliable dream reports could be collected.
Even if we were Truman Capote’s Mr. Revercomb, a fictional character,
who purchases dreams for cash every day (Capote, 1949), and we dealt
with a rare individual, who can recall dreams every morning, we would
(be able to) gather only a collection of vague and fragmented dreams,
which would amount to approximately 18 h in a year. In fact, even in-
dividuals with a high rate of dream recall only remember 1-2 min of
their oneiric experiences upon awakening (Schredl et al., 2019). Still,
the peculiar nature of dreams — their bizarreness, vividness, emotional
intensity and surprisingly complex narrative structure — has always been
a fascinating topic for intellectual inquiry. From ancient religious in-
terpretations (Hughes, 2000; Oppenheim, 1956) and philosophical ac-
counts (Gottesmann, 2010), until recent times, many researchers
pondered on the putative functions of dreaming (Crick and Mitchison,
1983; Hobson, 2009; Nielsen and Levin, 2007; Revonsuo, 2000).
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Nevertheless, since dreaming can only be indirectly accessed through
dream reports (De Gennaro et al., 2012), the number of empirical studies
lags behind the study of other cognitive processes by far, such as
attention, memory or emotions. Consequently, dreaming remained an
overlooked topic in cognitive science (Wamsley, 2013). Perhaps more
surprisingly, dream research is also a relatively neglected topic within
the field of sleep science (Nielsen, 2011), indicating that, albeit inter-
estingly, it is still considered an epiphenomenal aspect of sleep with
limited scientific relevance. However, a closer look at past and ongoing
research indicates that dreaming is more than an appendix; it is an in-
tegral part of human sleep. For instance, the qualitative aspects of
dreams have been shown to reflect key cognitive processes during sleep,
such as sleep-related memory consolidation (Picard-Deland and Nielsen,
2022a; Wamsley, 2014; Wamsley et al., 2010) or sensory processing
during sleep (Carr et al., 2020; Flo et al., 2011a; Schredl et al., 2009a;
Wamsley and Antrobus, 2009a). Moreover, dreams are altered in con-
ditions of disrupted sleep (Schredl, 2009; Siclari et al., 2020), their
emotional quality is associated with the perceived quality of sleep
(Soffer-Dudek, 2017), and they seem to depict personally relevant
thoughts and concerns (Nielsen and Stenstrom, 2005; Van Rijn et al.,
2015). The last two points have been dramatically highlighted by the
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impact of the COVID-19 pandemic on sleep and dreaming. A wealth of
studies implied that home confinement under stressful environmental
conditions had a pronounced influence not only on sleep (Gorgoni et al.,
2022; Jahrami et al., 2021; Simor et al., 2021) but also on dreaming
(Gorgoni et al., 2022, 2021; Pesonen et al., 2020). More specifically, an
increase in dream recall rates and dreams related to the pandemic was
evidenced, which, among other factors, was potentially associated with
longer sleep durations, delay in rising times (and hence, more time spent
in REM sleep), as well as with reduced sleep depth and more nocturnal
awakenings (Gorgoni et al., 2022). These studies show that changes in
sleep and dreaming go hand in hand, even if memories about dreams are
quite evanescent. Moreover, such “pandemic dreams” clearly illustrate
how dreaming provides a means to imagine and simulate (i.e.,
pre-experience) self-relevant life-scenarios, which may or may not
happen in the future. The renewed interest in the scientific study of
dreaming latches onto the emerging line of studies that focus on sub-
jective experiences, rediscovering a Jamesian “stream of consciousness”
for cognitive neuroscience (Smallwood and Schooler, 2015). Instead of
being conceptualized as a mental by-product of sleep, dreaming is
viewed as a variation of self-generated thought processes. As such,
dreaming shares, to some extent, the neural underpinnings, cognitive
mechanisms, and functions of daytime mind-wandering (Domhoff,
2011; Fox et al., 2013). In this article we propose a framework that
builds upon this view, but extends it by linking dreaming and dream
amnesia to the homeostatic processes of sleep. In this theoretical review,
we will elucidate the roles of reactive and predictive homeostasis during
sleep. The former refers to the corrective actions in response to a change
which has already occurred, whereas the latter encompasses corrective
responses initiated in anticipation of a future challenge (Moore-Ede,
1986). We will show that reactive homeostasis during the early hours of
sleep facilitates a variety of restorative processes at multiple levels
(neural, neurohormonal, immune, and cognitive functions), and may
also impact the qualitative aspects of dreaming. In addition, we will
elucidate the influence of predictive homeostasis on sleep and
sleep-related cognitive processes, with a special emphasis on dreaming.
Finally, we will highlight the influence of predicitive homeostasis on
spontaneous self-referent thoughts in wakefulness, and point to the
putative effect of goal-directed prospection on morning dream recall and
dream amnesia. More specifically, the core arguments of this review are
the following: 1) the dreaming mind aligns to the fundamental functions
of sleep involving reactive and predictive homeostasis; 2) whereas the
first part of sleep is dominated by reactive homeostasis, the second part
mobilizes predictive homeostatic functions, and 3) facilitates dreaming
as a form of non-constrained self-referent future thinking (prospection);
4) predictive homeostasis and its expression in the form of dreaming is
constrained by awakening and goal-directed prospective memory pro-
cesses initiated upon awakening; 5) the gradual increase in cortisol in
the second half of the night initiates behavioral and cognitive processes
subserving the predictive homeostatic engagement; 6) whereas the
abrupt increase in cortisol upon awakening facilitates waking pro-
spection and contributes to dream amnesia. In the following sections we
will argue that dreaming and their forgetting are inherent features of the
temporal progression of sleep. In this respect, the present review pro-
vides a novel framework for the study of dreaming and dream recall,
with implications for the understanding of sleep-related cognitive pro-
cesses (i.e., learning and off-line memory consolidation).

2. Reactive and predictive homeostasis during sleep

As put forward by Cannon (1929), homeostasis refers to a set of
physiological and behavioral mechanisms devoted to maintain stability
or balance by keeping the organism within its viable states in response to
changes in the environment. Although the usefulness of this concept is
undisputable, the theory was significantly enhanced six decades later.
While Canon described and conceptualized the initiation of corrective
actions as emerging only after the physiological system has been
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perturbed (e.g., a decrease in blood glucose level), it became clear that
the effects can be manifested with significant time delays for many
effector mechanisms (e.g., protein synthesis). Moreover, the
self-sustaining nature of circadian and circaannual rhythms became
more and more evident, whereas their utmost importance in physio-
logical adaptation got strong empirical support (Borbély et al., 2016).
Thus, the corrective actions in response to a change which has already
occurred were considered as reactive homeostatic mechanisms, whereas
corrective responses initiated in anticipation of a predictably timed
challenge (e.g., temperature and/or light intensity) were included in a
new concept of predictive homeostasis (Moore-Ede, 1986). In other words,
predictive homeostasis is a chronobiological concept focusing on
anticipation and preparedness instead of corrective reactions.

The most widely accepted and empirically supported model of sleep-
wake regulation that integrates the interplay of reactive and predictive
homeostasis is undisputedly the two-process model proposed by Alex-
ander Borbély (Borbély, 1982). According to the model, the timing, the
depth, the continuity, and the duration of sleep are determined by the
interaction of homeostatic sleep pressure (process S) and circadian drive
(process C). While the former accumulates during wakefulness and de-
clines over the course of sleep, the latter reflects the sinusoidal oscilla-
tion of the circadian drive, a stable biological rhythm aligned with
environmental timing cues (e.g., light-dark cycles and social time cues).
Process S depends on the “history” of preceding time spent asleep and in
wakefulness (Borbély, 2022), a form of "need-fulfilment" (Borbély,
1982), anchored to individual-specific setpoints of slow wave EEG ac-
tivity feeded by use-dependent, plasticity-related changes in the central
nervous system (Borbély et al., 2016). In turn, the timing of sleep pro-
vided by Process C supports the optimization of metabolic processes at
the appropriate phase of the 24-h cycle (Borbély et al., 2016). Thus, the
two processes are well cohering with the concepts of reactive and pre-
dictive homeostasis, ensuring corrective actions after the perturbation of
the system by use-dependent processes and anticipation of environ-
mental changes by ensuring appropriate sleep timing, respectively. In
this regard, processes S and C of the Borbély model are two specific
instances of the reactive and predictive homeostasis, respectively.

The validity of the mathematical formulation of the model was
extensively studied and independently confirmed by a large body of
data, and a variety of markers was introduced to quantify both processes
(Achermann et al., 1993; Borbély et al., 2016; Borbély and Achermann,
1992; Daan et al., 1984; Reid, 2019). Amongst these, low frequency
electroencephalographic (EEG) oscillations, also known as slow wave
activity (SWA), emerged as the most powerful indices of sleep pressure.
Indeed, SWA (contributing to Slow Wave Sleep, SWS) dominates the first
part of the night and decays through consecutive sleep cycles, and its
magnitude increases after extended wakefulness (Hung et al., 2013),
sleep deprivation (Achermann et al., 1993), and demanding pre-sleep
activity such as physically challenging activities, learning, or novel
experience (Horne and Minard, 1985; Ribeiro et al., 2004; Tononi and
Cirelli, 2006). SWA in the beginning of the night reflects the restorative
properties of sleep, providing the organism with a period to recover from
the “burden of wakefulness” preceding sleep; that is, it allows the body’s
biological resources that were depleted during wakefulness to repair and
to replenish (Bodizs, 2021).

2.1. Reactive homeostasis: the restorative functions of sleep

The restorative function of sleep, which parallels reactive homeo-
static mechanisms, especially during the first, SWS-dominated part of
the sleep period was evidenced at multiple levels (Fig. 1/A, B). For
instance, the widespread central and peripheral effects of the somato-
tropic axis are well known for facilitating neural growth, neuro-
protection, overall anabolic processes, protein synthesis and cellular
repair. Indeed, several key molecules of the somatotropic axis were
shown to be critical endocrine/paracrine sleep regulatory factors, with
hypothalamic growth hormone releasing hormone (GHRH) being
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Fig. 1. Reactive and predictive homeostasis in sleep I. A) The reactive homeostatic functions of sleep during the first part of the night coincide with the pre-
dominance of slow waves sleep (SWS), and the secretion of growth hormone, whereas in the second part of the night the secretion of growth hormone is attenuated
while cortisol levels and core body temperature rise gradually. B) Reactive and predictive homeostasis seem to facilitate a variety of physiological functions and
neurocognitive processes, that are also reflected at the phenomenological, mental level. The hypnogram, reflecting the succession and distribution of sleep stages is
depicted in the background. S1-S4: Stage 1-Stage 4 sleep. Note that S3 and S4 are called SWS in current nomenclatures; however, in this illustration we differentiate

S3 and S4 to indicate more precisely the overnight decrease of SWS.

involved in NREM sleep promotion (Obal and Krueger, 2004). Besides,
the secretion peaks of growth hormone (GH) associate with the rise of
SWS (Davidson et al., 1991; Van Cauter and Plat, 1996), whereas GH
itself promotes the increase of subsequent REM sleep (Obal and Krueger,
2004)(Fig. 1/A). Furthermore, SWS was shown to facilitate the replen-
ishment of energy stores (Benington and Craig Heller, 1995), as well as
to promote cellular maintenance to overcome cellular stress induced by

synaptic and spiking activity during wakefulness (Vyazovskiy and Har-
ris, 2013). Recent findings indicate that glymphatic clearance (i.e., the
elimination of metabolic waste products from the interstitial space) is
markedly increased in sleep (Xie et al., 2013), particularly during SWA
(Fultz et al., 2019). Additionally, the first part of the night dominated by
SWS plays a key role in cognition. Experimental and field studies point
out that frontal cortical functions are characterized by heightened
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vulnerability to extended wakefulness, while the recovery of these
functions occurs during human SWS (Horne, 1993). In addition, SWS
plays an important role in the consolidation of previously encoded in-
formation (i.e., memory consolidation; see Rasch and Born, 2013 for an
extensive review). The two most influential models of sleep-related
memory consolidation are the synaptic downscaling or synaptic ho-
meostasis hypothesis (SHY) (Tononi and Cirelli, 2006) and the memory
reactivation theory (Buzsaki, 1998; Rasch and Born, 2013). The SHY
postulates that sleep facilitates learning by locally renormalizing syn-
aptic weights saturated by prolonged wakefulness experience inducing
synaptic plasticity. The elimination of weak synaptic links and the
strengthening of stronger and functionally relevant (learning-related)
synaptic connections increase the signal to noise ratio and optimize in-
formation processing (Tononi and Cirelli, 2006). The reactivation hy-
pothesis claims that newly acquired memories are reactivated during
sleep and reorganized into widely distributed cortical networks
(Buzsaki, 1998; Rasch and Born, 2013). Whereas the two theories pro-
vide different mechanistic explanations for the role of sleep in consoli-
dating memories, they are not mutually exclusive, and can be combined
into one model (Genzel et al., 2014; Lewis and Durrant, 2011). Notably,
both assume that SWS provides a window to process the ‘neurocognitive
impact’ of previous, pre-sleep experience. The processing of pre-sleep
experience might not be limited to the neurocognitive domain: a
growing number of studies indicate that SWS facilitates immunological
functions especially in the presence of antigens requiring the adaptive
immune response (Westermann et al., 2015). In sum, the first part of the
night serves to restore homeostatic balance at multiple scales; in other
words, it is dedicated to process the ‘personal past’ of the organism
(Fig. 1/B). In the next section we will briefly consider how reactive
homeostasis might influence the nature of dream experiences during
early-night slow wave sleep.

2.2. Mental activity during early slow wave sleep

Mental (dream) experiences during the first part of the night might
also reflect the influence of early night sleep on the consolidation of
previously encoded information (Wamsley and Stickgold, 2011).
Despite the long-standing belief that dreaming occurs mainly in REM
sleep, it is widely accepted nowadays that dreaming can occur also in
NREM sleep, including the deepest sleep states of SWS (Scarpelli et al.,
2022). Although the rates of the so-called white dreams (i.e., the
impression of having dreamt, but being unable to recall it) do not appear
to vary across early and latenight dreams (Noreika et al., 2009), suc-
cessfully recalled dreams do exhibit qualitative differences: early night
dreams were rated as less bizarre, and were more strongly associated
with previous waking-life events, while late night dreams were consid-
ered more emotional, personally important, and
hyperassociative-metaphorical (Malinowski and Horton, 2021). More-
over, cognitive activities resembling the waking state, such as thinking,
planning, and making decisions are more frequent in dreams that occur
in the beginning of the night, whereas dreams become more
hallucinatory-like and dominated by sensorimotor experiences as the
night progresses (Fosse et al., 2004). As a reminder, early night sleep is
dominated by SWS, while REM sleep is much more abundant in the late
part of the night. Interestingly, however, studies investigating the dif-
ferences between the content and the memory sources of NREM and
REM dreams were not that conclusive (Cavallero et al., 1992; Scarpelli
et al., 2022), suggesting that different sleep states may not be the major
determinant of the nature of dream reports. A circadian factor also ap-
pears to influence the qualitative aspects of dreaming: mental experi-
ences during the first part of the night are dominated by past-oriented
dreams and episodic recollections compared to dreams that occur in the
second half of the night (Malinowski and Horton, 2021; Wamsley,
2022), and NREM dreams are more similar to REM dreams in the late
compared to the early part of the night (Fosse et al., 2004). In any case,
studying the content of dreams is methodologically challenging, as
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forced awakenings may bias the natural process of dreaming, and the
memory of a specific dream might not necessarily originate from the
preceding minutes, but potentially from other parts of the night, espe-
cially if the dreamer is forced to wake up and access dream content
several times during the night. In this respect, parasomnias with dream
enacting movements (e.g., SWS sleepwalking or REM behavior disorder)
offer a unique opportunity to study dreaming in relation to memory
consolidation. Although such studies are still relatively scarce, a
groundbreaking study reported the case of a patient who showed the
re-enactement of previously learned motor movements during a sleep-
walking episode (Oudiette et al., 2011). Systematic studies on dream
enacting behaviors in sleep disordered patients may open new avenues
to unravel the links between dreaming and memory consolidation.

2.3. Anticipation of wakefulness: predictive homeostasis during sleep

The dissipation of reactive homeostasis in the first half of the night
does not terminate sleep. As the influence of process S decays and the
system is relieved from homeostatic sleep pressure, SWS dissipates and
sleep becomes dominated by Stage 2 and REM sleep (Carskadon and
Dement, 2005). Under optimal nocturnal sleep timing conditions, the
decay of process S coincides with the rising phase of process C (Borbély,
2022), which facilitates REM sleep and boosts predictive homeostasis
that precedes awakening (Borbély et al., 2016). This aspect is well
exemplified by the density of eye movement bursts during REM sleep,
which reflects sleep satiety, more REM eye movements indicating higher
satiety (Aserinsky, 1973, 1969). Whereas REM sleep exhibits a strong
circadian modulation with a clear peak positioned shortly after the
minimum of the core body temperature (Dijk and Czeisler, 1995), the
modulation of REM density is dominantly sleep-dependent. The rela-
tionship between sleep satiety and REM density was corroborated by a
forced desynchrony protocol, in which 20 consecutive sleep opportu-
nities were scheduled over the full circadian cycle. This study showed
that REM density was the highest when sleep pressure was low,
regardless of the circadian phase; however, an additional boost of REM
density was observed if the end of the sleep period coincided with the
wake maintenance zone (Khalsa et al., 2002). Moreover, sleep
deprivation-induced lowering of sleep satiety was shown to reduce the
intensity and the overnight increase of REM eye movement density
(Marzano et al., 2011). Thus, the attenuation of SWS during the course
of a night of sleep, marking the diminished influence of restorative
processes, associates with a build-up of peak REM eye movement den-
sity, a measure known to be related to the vividness of dream imagery
and dream recall frequency (Hong et al., 1997) (Fig. 2/A). In sum,
physiological processes that facilitate reactive homeostasis recede and
give room for predictive homeostasis, with important consequences.
Indeed, if reactive homeostasis is dedicated to process the ‘personal
past’, the function of predictive homeostasis is to envision the ‘personal
future’.

Predictive homeostasis entails a set of physiological mechanisms
dedicated to anticipate future challenges, which, in the context of sleep,
prepare the organism for upcoming wakefulness (Moore-Ede, 1986;
Riede et al., 2017). Among these processes the activation of the
mesocortical-mesolimbic-dopaminergic system (MMDS) stands out,
comprising the ventral tegmental area, diencephalic structures, in
particular the nucleus accumbens, and parts of the prefrontal cortex
(Alcaro et al., 2007). The MMDS is part of the more extensive Seeking
system dedicated to process exploratory and approach behaviours in
anticipation of rewards (Panksepp, 2004). Several lines of evidence
indicate that the MMDS is involved in the processing of future rewards,
punishments and signals of novelty (Fibiger and Phillips, 1988; Per-
ogamvros and Schwartz, 2012; Reichardt et al., 2020). The activity of
the key regions of the MMDS is enhanced during REM periods, and even
before the onset of REM sleep, indicating the involvement of REM sleep
in anticipatory processes (Perogamvros and Schwartz, 2012). Although
REM peridos are more abundant during the second part of the night, it is
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Fig. 2. Reactive and predictive homeostasis in sleep II. A) The intensity of SWS and Rapid Eye Movements (REMs) show inverse patterns: the occurrence of REMs
is enhanced when the pressure of SWS dissipates. The key nodes of the Default Mode Network (DMN), i.e., the medial prefrontal and posterior/parietal nodes are
decoupled in the first and deepest sleep cycle, but are active again the second half of the night when SWS dissipates and sleep is dominated by REM periods and
shallow stage 2 sleep (Chow et al., 2013). B) The phenomenological aspects and memory sources of dreams conform to the dynamic interplay of reactive and
predictive homeostasis, and dream recall is constrained by goal-directed morning prospection upon awakening. The hypnogram, reflecting the succession and
distribution of sleep stages is depicted in the background. S1-S4: Stage 1-Stage 4 sleep. Note that S3 and S4 are called SWS in current nomenclatures; however, in this
illustration we differentiate S3 and S4 to indicate more precisely the overnight decrease of SWS.

not clear whether the activation of the MMDS is limited to REM periods,
or also to Stage 2 sleep, which alternates with REM sleep in the second
part of the night. Nevertheless, the MMDS was shown top play a sig-
nificant role in dreaming regardless of REM sleep (Solms, 2000),
implying that the reward-related activity of the Seeking system goes
beyond REM sleep, and may characterize sleep whenever dreaming is
more intense (i.e., in the second part of the night).

The activity of the HPA (hypothalamus-pituitary-adrenal) axis,
which secretes cortisol from the adrenal cortex, is another key process in
maintaining predictive homeostasis during the second half of the night
(Born et al., 1999). Nocturnal cortisol secretion (the end product of the
HPA axis) shows an inverse pattern with that of growth hormone, as it
reaches its lowest level during the first half of the night (when growth
hormone secretion peaks) and progressively increases towards the
morning (Weitzman et al., 1971) (Fig. 1/A). A specific role of cortisol in
anticipating wakefulness was demonstrated in a study involving the

continuous assessment of the hormone adrenocorticotropin (ACTH, the
trophic hormone of cortisol) during the night. ACTH gradually increased
after the middle of the night, and a sharp rise in ACTH was evidenced in
a subgroup who expected to be woken up early in the morning. Such
steep rise in nocturnal ACTH was not observed if participants were
allowed to wake up spontaneously, or did not expect to be awakened by
the experimenters (Born et al., 1999). Above this gradual increase in
nocturnal cortisol, a further and even sharper increase in cortisol
secretion occurs after awakening, also known as the cortisol awakening
response (CAR) (Wilhelm et al., 2007). Noticeably, the CAR is larger if
the upcoming day involves stressful challenges (e.g., workdays versus
weekends, job interview, sport competition, etc.), suggesting that the
morning rise in cortisol reflects anticipatory predictive homeostasis
mechanisms that help to prepare the organism to face anticipated future
demands (Clow et al., 2010; Fries et al., 2009). Evidently, cortisol is not
the only regulator of predictive homeostasis. = Other
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time-of-day-dependent physiological changes were also shown to serve
an important function in the anticipation of and coping with wakeful
demands. Beyond cortisol, the decrease in pineal melatonin production,
as well as a consequent increase of core body temperature contribute to
increased efficiency in maintaining wakefulness and an appropriate
level of arousal (Moore-Ede, 1986; VanSomeren, 2000; Wright Jr et al.,
2002) (Fig. 1/A).

2.4. Predictive homeostasis and mental simulations

2.4.1. Mind-wandering as dream-like mental simulations

Humans spend about one third of their time by engaging in mind
wandering during wakefulness, which involves a variety of self-
generated mental contents such as simulations of personally relevant
past episodes, imagined events, and planned behaviours (Buckner and
Carroll, 2007). Mind-wandering was already recognized by ancient
Greek philosophers and modern founders of psychological science. For
instance, William James himself described in his Principles of Psychol-
ogy (James et al., 1890) frequent ebbs and flows in attention eventually
leading to a mind vacancy state, during which the individual’s mind
escapes its ongoing activity focus. Hence, mind-wandering is charac-
terized by the spontaneous occurrence of mental contents in the awake
state that appear to be independent of the ongoing context, which makes
it at least partially akin to the dreaming activity experienced in the sleep
state. Another common characteristic of mind-wandering and dreaming
is that they are both subjective in nature, and only accessible through
the individual’s self-report. In mind-wandering, the most common data
collection method is experience sampling: participants are unexpectedly
asked to report on their thoughts at various time points while
completing a cognitive task (Jubera-Garcia et al., 2021). Similarly, it is
possible to sample dreams during sleep by awakening participants at
various time points in their night of sleep and asking them to report on
their dream content. In both cases, an inherent limitation is that verbal
reports are often only distorted and abbreviated versions of the partic-
ipant’s train of thoughts, for various reasons ranging from partial
amnesia to reconstruction mechanisms. Mind-wandering also arguably
differs from mind-blanking, in which we also experience attentional
lapses but are unable to report any mental content; rather, we have the
feeling of an empty mind. This could partially parallel the frequently
reported feeling experienced at awakening: having dreamt during the
night but being totally unable to report the content or even the topic of
the dream (white dreams). What mind-wandering and mind-blanking
have in common, however, is that their frequency tends to increase
with accumulated sleep pressure (Andrillon et al., 2019; Poh et al.,
2016), and attentional out-of-focus experiences are associated with local
neuronal lapses (Nir et al., 2017), suggesting that they reflect (or at least,
correlate with) local brain exhaustion in continuously facing a task that
demands cognitive focus. In this respect, the occurrence (mind--
wandering) or not (mind-blanking) of a mental content during atten-
tional drifts was also shown to be associated to local sleep-like activity in
the awake state with spatio-temporally localized slow waves dis-
tinguishing mind-blanking from mind-wandering. More precisely,
mind-wandering was globally associated with an increased number of
slow waves and slow-wave amplitude over frontal electrodes, and an
increased slope of downward and upward slow waves over
centro-frontal  electrodes, mind-blanking differentiating from
mind-wandering by reduced slow-wave amplitude over frontal elec-
trodes and increased upward slope over parietal electrodes (Andrillon
et al., 2021). How and to what extent variations in the topography and
temporal organization of local brain oscillations both during sleep and
wakefulness could similarly explain the presence vs. absence of reported
mental content in mind-wandering/mind-blanking and dreaming is a
hypothesis that remains to be investigated.

2.4.2. Predictive homeostasis instigates self-referent mental simulations
Mind-wandering mainly features self-referent and personally
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relevant mental contents (D’Argembeau, 2018). Self-referent mental
processes appear to be associated with the coordinated activity of a
large-scale neural network known as the default mode network (DMN)
(Raichle and Snyder, 2007). The DMN encompasses a set of brain re-
gions including a frontal network along the midline (medial prefrontal
cortex, mPFC), a network of lateral and medial parietal regions (inferior
parietal lobule, lateral temporal cortex, angular gyrus), and medial
temporal lobe structures (hippocampus, parahippocampus) that feature
correlated blood oxygen level dependent (BOLD) fluctuations during
periods of non-directed, internally generated thoughts (Buckner and
Carroll, 2007; Raichle and Snyder, 2007; Smallwood and Schooler,
2015). Although self-generated cognition encompasses a mixture of
past, present- and future-directed thoughts, research findings indicate
that (especially under non-demanding task conditions) people tend to
engage more in future-related themes depicting personally relevant
goals, plans and future behaviors (Baird et al., 2022, 2011; Smallwood
et al., 2011; Smallwood and Schooler, 2015). These findings led to the
speculation that one of the adaptive functions of self-generated thoughts
may be to promote personally relevant mental simulations to anticipate
and evaluate future scenarios (Buckner et al., 2008). Notably, the DMN
partly overlaps with the reward processing system of the
mesolimbic-dopaminergic system (in the mPFC) considered to be critical
in the anticipation of relevant and salient stimuli (reward, punishment
and novelty, see Perogamvros and Schwartz, 2012).

If self-generated thoughts associated with the DMN reflect predictive
homeostatic functions at a neurocognitive level, we expect them to vary
throughout the course of sleep. In fact, conscious mental activity is
largely diminished early in the night during periods of deep sleep (i.e.
during the predominance of the reactive homeostatic processes), as re-
flected by the relative absence of elaborate, intense, and vivid forms of
dreaming (Nielsen, 2000b). In contrast, mental experiences become
more intense later (i.e. during the predictive homeostatic period)
yielding to more complex, story-like, and vivid forms of dreaming with a
mixture of sensory hallucinations, emotions and cognitive content
(Nielsen, 2000b; Siclari and Tononi, 2016). The fading of mental ex-
periences is associated with connectivity changes in the DMN. Whereas
increased connectivity between the nodes of the DMN is not restricted to
wakefulness and conscious mental experiences (Buckner and Carroll,
2007), the synchronized activity between its key areas undergoes
considerable changes during the first hours of sleep. The combined
analysis of electroencephalography (EEG) and functional magnetic
resonance imaging (fMRI) signals has opened up new avenues for
exploring the activity of brain networks during various stages of sleep.
One of the primary areas of interest in these studies has been the default
mode network (DMN). Early EEG-fMRI studies revealed that the corre-
lated activity of the DMN nodes is not restricted to wakefulness but is
also present during light sleep (Fukunaga et al., 2006; Horovitz et al.,
2008). Subsequent research, however, has shown that as sleep deepens,
the connectivity within the DMN progressively diverges from that seen
in both resting wakefulness and light sleep. More specifically, a gradual
decoupling between the medial prefrontal and posterior/parietal DMN
nodes was observed in the first sleep cycle as sleep deepened (Horovitz
et al., 2009; Samann et al., 2011). That is, the observed pattern indi-
cating reduced connectivity within the DMN is in line with the obser-
vation of impoverished and less elaborate oneiric (dream) activity
during the deepest states of sleep (Nielsen, 2000b) and almost
completely reduced processing of environmental inputs (Andrillon et al.,
2016). Moreover, these findings are in line with the observations of a
general breakdown of large-scale fronto-parietal connectivity and the
shift towards more localized (modularized) networks during the deepest
stage of sleep (Ferri et al., 2008; Spoormaker et al., 2012, 2010; Tononi
and Massimini, 2008). In contrast, as the first sleep cycle and the deepest
period of sleep dissipate, the subregions of the DMN appear to recouple
during REM sleep (Chow et al., 2013; Wu et al., 2012). For instance,
Chow and colleagues found that whereas the main nodes of the DMN
(mPFC and posterior cingulate cortex) showed reduced coupling in SWS
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compared to wake, interregional connectivity was restored in REM, and
was not different from wake. Moreover, correlated activity between the
posterior cingulate cortex and the dorsal portions of the mPFC, and the
dorsal IPLs were even stronger during REM than during wakefulness
(Chow et al., 2013). Another study (Wu et al., 2012) also observed
reduced connectivity in deep NREM sleep between sensorimotor regions
and the nodes of the DMN, but re-established connectivity in both net-
works when participants entered into REM sleep. These findings indicate
that the transition from restorative to predictive homeostasis involves
the recoupling of the key nodes of the DMN. The reinstatement of the
DMN does not seem to depend on specific sleep stages, but rather on the
circadian phase: connectivity among the DMN core regions was main-
tained in NREM sleep including periods of SWS in a study where sleep
was scheduled after 3.00 a.m. (Koike et al., 2011), corresponding to the
rise of predictive homeostasis during sleep.

In line with the increased coupling in the DMN, the recall and
vividness of dreaming are intensified with the rise of the circadian drive
boosting predictive homeostasis (Nielsen, 2004). The initiation of REM
sleep itself is under strong circadian influence related to the activity of
the circadian (C)-process (Borbély, 1982). Consistently, findings indi-
cate that the subsystems of the DMN constitute neural substrates for
dreaming (Fox et al., 2013). For instance, lesions in widespread regions
of the DMN, such as the white matter of the mPFC (that is part of the
mesolimbic dopaminergic reward system) and the temporoparietal
junction (TPJ), appear to lead to the cessation of dream experiences
(Solms, 1997). Furthermore, healthy participants with high dream recall
show increased cerebral blood flow in the mPFC and TPJ during REM
sleep and resting wakefulness, and increased white matter density in the
mPFC as compared to low dream recallers (Eichenlaub et al., 2014b;
Vallat et al.,, 2018). In a meta-analysis, Fox and colleagues (2013)
examined the neural correlates of REM sleep and waking rest based on
data from functional neuroimaging studies. Since the chance of detect-
able dreaming is very high during REM sleep, such as the occurrence of
mind-wandering during waking rest, the researchers used these datasets
as proxies for dreaming and mind-wandering. From eight identified
clusters showing enhanced activity in REM sleep, seven overlapped with
the key regions of the DMN. Parts of these key regions, such as the mPFC,
the retrosplenial, and the posterior cingulate cortex (Fox et al., 2013)
were implicated in self-referential processing in a variety of studies
(D’Argembeau et al., 2007; Kurczek et al., 2015; van Buuren et al., 2010;
Whitfield-Gabrieli et al., 2011). The authors noted the certain brain
regions, such as the dorsolateral PFC and the anterior cingulate gyrus,
were relatively inactive during REM, leading them to conclude that
dreaming may be a heightened form of mind-wandering with attenuated
goal-directed thought processes (Fox et al., 2013). We should note
however, REM sleep is rarely observed in the MRI environment due to
noise and vibration (Samann et al., 2011; Wehrle et al., 2007), making
neuroimaging studies on REM sleep limited by low sample size and in
need of further data.

Beyond the shared neural substrates, first-person reports of dream
experiences share strong resemblance to daytime mind-wandering with
respect to emotionality, social interactions, personally relevant topics
and temporal focus (Fox et al., 2013). Dream reports are organized
around a self-referent narrative related to personally relevant events,
goals, and emotional concerns. Similarly to daytime mind-wandering,
dreams also seem to exhibit a prospective (future-oriented) bias often
depicting events and activities that may (or may not) happen in the
future (Wamsley, 2013). These findings argue against a sharp division
between the phenomenology of dreams and spontaneous daytime
thoughts, and suggest that dreaming is a night-time variation of daytime
mind-wandering, or vice versa (Gross et al., 2021). Despite the conti-
nuity between waking and dream mentation, however, differences are
also noticeable: whereas dreams appear to revolve around recent and
remote past experiences and future goals (Nielsen and Stenstrom, 2005;
Wamsley, 2013, 2014), they rarely contain specific episodic memories
or specific (well-circumscribed) future goals (Baird et al., 2022; Gross

Neuroscience and Biobehavioral Reviews 147 (2023) 105104

et al., 2021). Dreams rather combine fragments of past experiences and
anticipated future events. In this sense, dreams feature less constrained
simulations of past experiences and imagined future scenarios than
spontaneous daytime thoughts (Gross et al., 2021). Whereas waking rest
and REM sleep feature partly overlapping patterns of neural activity
(Chow et al., 2013; Fox et al., 2013; Nir and Tononi, 2010), and spon-
taneous thought processes sampled during daydreaming (at wake), and
dreaming in NREM and REM sleep showed overlapping EEG correlates,
more specifically a reduction in slow frequency power — indicating
activation — over the midcingulate cortex (Perogamvros et al., 2017),
attenuated activity in frontoparietal networks distinguishes REM and
NREM sleep from resting wakefulness (Maquet et al., 2005, 2000; Nir
and Tononi, 2010). Reduced activity in the frontoparietal network
limiting access to executive resources might explain the difficulties in
recalling and focusing on specific memories and future plans during
dreaming (Baird et al., 2022, 2011; Gross et al., 2021). Moreover,
spontaneous thoughts during wakefulness were associated with a more
extended network along medial prefrontal regions, which was linked to
increased metacognitive processes (Perogamvros et al., 2017). In sum,
the transition from restorative to predictive homeostasis is associated
with the reinstatement of connectivity between the key nodes of the
DMN. The reinstatement of the DMN may associate with self-referent
mental simulations similarly to daytime, spontaneous thought pro-
cesses. Nevertheless, night-time mental simulations are not constrained
by specific events or future plans to the same degree as daytime
thoughts.

2.4.3. Reactive and predictive homeostasis and the temporal dimension of
dreams

Research findings suggest that the dynamic balance between reactive
and predictive homeostasis has a major impact on nocturnal mental
simulations. Sleep deprivation leading to increased reactive homeostatic
pressure almost completely abolishes dream recall during the recovery
night (De Gennaro et al., 2010), whereas high sleep duration as well as
extending the duration of sleep are associated with higher rates of dream
recall (Leproult et al., 2015; Schredl and Reinhard, 2008). (A similar
phenomenon might explain the sudden rise of dream reports during the
first wave of the COVID-19 pandemic (Bottary et al., 2020)). While the
transition from reactive to predictive homeostasis is not an all-or-none
phenomenon, but is rather highly dynamic depending on several fac-
tors (e.g., external noise, abrupt awakenings) affecting sleep throughout
the night, the influence of reactive homeostasis gradually diminishes,
and predictive homeostasis unfolds throughout the night under normal
conditions. Notably, the “takeover” of predictive over reactive homeo-
stasis later in the night is not absolute, but relative, as restorative pro-
cesses still may take place to some extent at later hours, and similarly,
predictive homeostasis might also play a more prominent role in early
night sleep in some cases (for instance, in case of disturbed sleep in
insomnia disorder). The qualitative features of dreaming seem to reflect
the shift from reactive to predictive homeostasis to some extent.
Early-night dreams as compared to late-night dreams are more contin-
uous with waking activities, probably reflecting memory processing
related to waking life events (Malinowski and Horton, 2021). Moreover,
the incorporation of recent versus distant memory sources into dreams
also appeared to vary across the night. The proportion of recent to
distant memory sources was relatively higher in early night than in late
night dreams, which in turn, featured more remote memory sources
(Picard-Deland et al., 2022b). In another study, past-related memory
sources were less common in dreams reported in the last quartile of the
night compared to dreams in the first quartile (Wamsley, 2022). Three
recent studies applying serial awakenings and dream collection, sys-
tematically examined if future-oriented dreams were more frequent at
later times of the night regardless of the stage of sleep (i.e., time of night
effects). One study reported a relatively higher incidence of future
temporal orientation in dream content in dreams that were recalled later
(Picard-Deland et al., 2021), and two studies observed upward trends in
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the proportion of future-oriented dream content in late versus
early-night dreams (Picard-Deland et al., 2022b; Wamsley, 2022). While
the relative increase in future-oriented dream themes should be
corroborated in further studies, serial awakening protocols may intro-
duce a systematic bias in the incorporation of memory sources. Since
participants are awakened multiple times during the night, their recalled
dreams may be incorporated into later-night dream reports (Pic-
ard-Deland et al., 2022b); hence, the memory sources of early-night
dreams may be overrepresented in late-night dreams. Future studies
assessing dream reports at different time points over multiple nights may
reduce the potential bias induced by serial awakenings.

2.4.4. The future in sleep and dreams

In this section we will highlight the relevance of prospection during
sleep and dreaming by focusing on three research domains: sleep-related
memory consolidation, dreaming about future challenges, and the
incorporation of external stimuli into dreams.

Sleep-related memory processing can be conceptualized as an
adaptive mechanism to consolidate past experiences (Ellenbogen et al.,
2006); however, it can also be viewed as a kind of preparatory process in
order to anticipate future events and regulate future behavior (Die-
kelmann et al., 2013). A variety of studies demonstrates that sleep
selectively facilitates the consolidation of the memories that are “tag-
ged” as relevant (for the future) (Blaskovich et al., 2017; Rauchs et al.,
2011; Saletin et al., 2011; Wilhelm et al., 2011). For instance, post-sleep
memory consolidation was more pronounced if the memory was asso-
ciated with an anticipated future reward (Fischer and Born, 2009;
Oudiette et al., 2013), or if it was emotionally salient (Payne et al., 2008;
Sterpenich et al., 2009, 2007; Wagner et al., 2006), and supposedly
self-relevant (Saletin and Walker, 2012). In addition, prospective
memory performance (assessed as intentions to be implemented in the
future) also benefits from sleep (Hoedlmoser et al., 2022), and according
to a recent study appears to be associated specifically with REM sleep
(Scullin et al., 2019). Recent and more remote waking life experiences
are often incorporated into the content of dreams that likely reflect
memory processing during sleep (Fogel et al., 2018; Schoch et al., 2019).
While dream reports reflecting pre-sleep learning may reflect processes
of memory reactivation (replay), task-related dreams can also be viewed
as forms of future anticipation (pre-play), especially when participants
expect to be re-tested on the task after sleep. Interestingly, despite the
long-standing popular belief that dreams provide insights into the
future, the anticipatory or future-oriented quality of dreams was only
scarcely subjected to scientific scrutiny. Former studies imply that
dreams with and without assumed precognitive references do not differ
in statistical terms (Schriever, 1987), and precognitive dreams were
indeed modeled as meaningful coincidences (Houran and Lange, 1998).
Although dreams are probably not mental crystal balls, different ap-
proaches indicate that the constructive simulation of future goals,
planned actions and expected events are some of the most remarkable
features of dreaming (Wamsley, 2013). In fact, one of the first theorists
about the function of dreams, Sigmund Freud (1899) already empha-
sized the role of dreams in allegorically depicting repressed desires,
motivations and goals that have happened yet, but may point towards
(usually socially and morally unacceptable) future behaviors or events.
Early empirical studies by Klinger and colleagues (see Klinger, 2013)
showed that dream content can be efficiently manipulated if pre-sleep
dream suggestions (instructions to dream about specific topics) or
goal-related acoustic stimuli (words or phrases) delivered during sleep
are related to the participants’ personal concerns or goals (Klinger,
2013). Whereas participants often dream about tasks that they engaged
with before falling asleep (Stickgold et al., 2000; Wamsley et al., 2010;
Wamsley and Stickgold, 2019), task-related dreams were observed even
before participants had any experience with the task, but had known
(and presumably anticipated) that they would be tested later (Wamsley,
2013). Apart from experimental manipulations, the high prevalence of
anticipatory dream content was also witnessed in natural settings,
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especially during emotionally intense periods such as giving birth to a
child or preparing for an important exam (Arnulf et al., 2014a; Nielsen
and Paquette, 2007). For instance, Arnulf and colleagues (Arnulf et al.,
2014a) examined the dreams of medical students who had to pass a
high-stakes entrance examination. Around 60% of the responders re-
ported to have dreamt about the test the preceding night. The dreams
mainly depicted negative scenarios of being late or having difficulties to
answer the questions. In spite of these dreamt failures, dreaming about
the examination the previous night, and having examination-related
dreams during the preparatory period predicted higher scores on the
test. The authors conclude that examination-related dreams irrespective
of their emotional valence, might have helped the students to prepare
for the situation by simulating different aspects of the stressful event
(Arnulf et al., 2014b). This finding indicates that although dreams are
generally less constrained mental simulations of future concerns than
waking thoughts, stressful experiences and challenges might narrow the
array of envisioned future scenarios. Alternatively, dreams that cohere
with waking prospection (such as concerns about the examination in the
same morning) might be more salient and easier to remember than
dreams that are unrelated to specific goals recalled after awakening.
Apart from personal concerns, dreams are also influenced by the present
environment of the sleeper. Although the incorporation of external in-
puts into dreams is rare, and environmental stimuli are not represented
in dreams in a realistic manner (Oudiette and Paller, 2013), the
emotional quality of external inputs impacts dream content. For
instance, pleasant and unpleasant odors delivered during sleep resulted
in emotionally positive and negative dream experiences, respectively
(Schredl et al., 2009b), and aversive conditioning before sleep resulted
in dysphoric dream reports when the conditioned stimuli were presented
during post-learning sleep (Flo et al., 2011b; Wamsley and Antrobus,
2009b). The incorporation of the relevant features of the environment
into dreams might help to anticipate proximate events that the sleeper
may face with upon awakening. The association between dreaming and
such environmental sampling during sleep is exemplified by findings
showing enhanced cortical responses to external inputs in high versus
low dream recallers (Eichenlaub et al., 2014a).

3. Dream recall interferes with goal-directed prospection

Difficulties in dream recall pose perhaps the biggest methodological
challenge for dream research.

In the following section, we consider the phenomenon of dream
amnesia (and dream recall) within the present framework of reactive
and predictive homeostasis during sleep. However, a detailed discussion
of dream amnesia and dream recall is far beyond the scope of the present
article; therefore, we provide only a brief and focused overview here (for
arecent comprehensive review on this topic, see Nemeth, 2022). Despite
the individual differences in overall dream recall rates (inter-individual
variability) and day-to-day fluctuations (intra-individual variability) in
dream recall, dream amnesia is so profound that it seems to be an
inherent part of dreaming. In fact, some forms of dreaming are present
approximately in more than half of the time during the entire sleep
process (Nielsen, 2000a; Schredl, 2007), but even individuals with high
dream recall rates may only retain vague fragments lasting a couple of
minutes. Classical theories of dream amnesia emphasized personality
factors and attitudes towards dreams (Freud, 1899; Hartmann et al.,
1991; Schonbar, 1965), phenomenological aspects, such as the salience
of dreams (Cohen and MacNeilage, 1974), or cognitive mechanisms
(Cohen, 1974) as critical factors of dream forgetting. A more compre-
hensive theory, the arousal-retrieval model (Koulack and Goodenough,
1976) suggests that the recall of dreams requires some form of wake-
fulness; therefore, dreams must be followed by short awakenings to be
encoded in memory. After encoding, the fate of dreams is dependent on
memory retrieval. During retrieval, the salience of dream content (e.g.,
vividness and bizarreness) as well as interfering memories might affect
the consolidation of the dream material. Furthermore, the engagement
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in retrieval processes might also vary as a function of personality factors
such as introspection or openness to mental experiences (Koulack and
Goodenough, 1976; Schredl, 2007).

The first assumption of the model received support from empirical
findings. Individuals with high dream recall wake up more often during
the night, and presumably spend more time awake when sleep is
interrupted (Vallat et al., 2017; van Wyk et al., 2019). Moreover, EEG
patterns indicating cortical arousal, wake-like activity, or
encoding-related processes predicted successful dream recall upon
forced awakenings in laboratory settings (Cipolli et al., 2017; Scarpelli
et al., 2020, 2015). Whereas arousals might facilitate dreaming (Siclari
et al.,, 2020, 2017), they may not be sufficient for successful dream
recall. Cortical arousals during sleep are usually transient events that do
not lead to complete awakening, and hence, the continuity of sleep may
hinder the retrieval and consolidation of dream experiences, especially
because information encoded shortly before falling asleep was shown to
be forgotten later (Wyatt and Bootzin, 1994). Nevertheless, this argu-
ment does not explain why the majority of dreams are also forgotten
upon final awakening in the morning. In sharp contrast with sponta-
neous dream recall, laboratory studies applying forced awakenings and
the collection of dream reports yield very high recall rates (70-100%) if
participants are awakened from Stage2 and REM sleep (Nielsen, 2000a;
Schoch et al., 2019). Nocturnal awakenings by ambulatory devices if
properly timed around shallow sleep or arousals also facilitate dream
recall in home environment (Carr et al., 2020; Stickgold et al., 1994). In
addition, it is a common observation that spontaneous morning dream
recall is enhanced when participants are instructed, and more impor-
tantly, motivated enough to keep a dream diary and report their dreams
upon awakening (Aspy et al., 2015). Effortful dream recall in the
morning was believed to facilitate retrieval by reducing interference
with distracting thoughts and environmental stimuli after awakening
(Cohen and Wolfe, 1973). In the following section we will extend this
argument, and propose that the key obstacle of dream recall is
goal-directed prospection initiated in the morning upon awakening.
More specifically, we suggest that the difficulties in recalling dreams are
caused by the competition for resources between dream-related retro-
spection and goal-directed morning prospection (unrelated to the dream
experience). On the other hand, we will also argue that dream recall will
be enhanced if the object of morning prospection coincides with the aim
to recall dreams.

We argued that predictive homeostasis taking place during the sec-
ond half of the night facilitates unconstrained self-referent mental sim-
ulations that are associated with the reinstated activity of the DMN. In
turn, awakening, especially in the morning, sets the stage for focused,
goal-directed prospective memory processes. These may include spon-
taneous, self-referent thought processes that re-establish the coherent
sense of the self and its orientation in space and time, as well as cue-
driven immediate (e.g., drinking coffee) or future plans (e.g., finishing
a manuscript). After awakening, the efficient recoupling of fronto-
parietal networks with the DMN (Wu et al., 2012) may facilitate exec-
utive functions that help to focus (constrain) the scope of morning
prospection and select appropriate behaviors in accordance with specific
goals (Fig. 2/B). Since self-referent simulations generated during sleep
and goal-directed self-referent thoughts rely on overlapping neural
networks, they compete for resources: goal-directed prospection inhibits
the recall of dreams that fall into oblivion without retrieval. On the other
hand, successful dream recall may also inhibit and temporarily delay
goal-directed prospective memories (i.e., we are not able to envision
future goals while recalling a dream). In other words, we forget our
dreams to remember the future.

The competition between goal-directed morning prospection and
dream recall may explain why dream recall is enhanced when partici-
pants are instructed or motivated to recall their dreams in the morning.
When keeping a dream diary and writing down dreams each morning,
the object of goal-directed morning prospection coincides with the task
to recall dreams. Similarly, laboratory studies on dreaming may also
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enhance dream recall, since participants are instructed to recall their
dreams after forced awakenings. Therefore, in such settings, the recol-
lections of dream experiences (i.e., dream related retrospection) are
assigned as specific goals in prospective memory. Goal-directed morning
prospection peaks after complete awakening (when participants do not
return to sleep); therefore, longer nocturnal awakenings that do not
boost morning prospection may also lead to more frequent dream recall.
Accordingly, reduced competition between goal-directed prospection
and dream recall may contribute to the association between intra-sleep
wakefulness and increased dream recall, as goal-directed prospection is
reduced during the night (Ohayon et al., 1997; Schredl, 2009; Vallat
et al.,, 2017; van Wyk et al., 2019). We may also speculate that the
likelihood of dream recall will be increased if the content of dreams
overlaps with the content of goal-directed morning prospection. The
predominantly future-oriented nature of dreams in natural (Gross et al.,
2021) and laboratory settings (Picard-Deland et al., 2021) might reflect
the selective retrieval of dreams that are related to the contents of
morning prospection. Likewise, the relatively high prevalence of
dysphoric dreams related to past (traumatic) experiences in patients
with posttraumatic stress disorder (PTSD)(Mellman et al., 2007) might
be facilitated by the predominance of past-oriented daytime sponta-
neous thoughts in these patients (Sutherland and Bryant, 2005). Dreams
about anticipated daytime challenges such as job interviews, or
demanding examinations may not be inhibited, but in contrast, cued by
morning prospection. Likewise, more mundane dreams related to im-
mediate goals may also be easily recalled. A trivial example could be the
highly frequent ‘toilet dream’, which may coincide with the urge and
intention to urinate after awakening (Schredl, 2011). While remem-
bering a dream after awakening competes with morning prospection,
the opposite may occur in case of false awakenings. In false awakenings,
the sleepers usually dream about their normal morning routine (e.g.,
going to the toilet, eating breakfast, visiting friends, etc.) and believe
they are awake while they are still sleeping. According to our frame-
work, false awakenings provide peculiar examples for the intrusion of
goal-directed morning prospection into the stream of otherwise uncon-
strained dreaming. In such cases, goal-directed prospection competes
and interferes with dreaming while individuals are still asleep. Relat-
edly, false awakenings seem to occur in sleep-state transitions, in a state
when unconstrained nocturnal thought processes compete with
goal-directed prospection for shared neurocognitive resources (Raduga
et al., 2020).

3.1. Dream recall: trait or state?

Although dream amnesia is a pervasive phenomenon, questionnaire-
based studies measuring dream recall frequency (DRF) indicate that
individuals differ in their ability to recall their dreams. DRF appears to
show a normal distribution between low dream recallers who almost
never remember their dreams, and frequent dream recallers who report
to recall one or more dreams each morning (Schredl, 2007). Such dif-
ferences in DRF were associated with a variety of factors including age,
gender, personality dimensions, sleep habits, and cognitive functions
such as visual memory or creativity (Schredl and Montasser, 1996).
Nevertheless, the associations between DRF and dispositional factors (e.
g., personality traits) are rather weak and somewhat inconsistent
(Nemeth, 2022). Beyond individual differences in DRF, dream recall is
also influenced by a number of state factors. Prospective assessments
involving multiple laboratory awakenings or home-based assessments
with dream logs are used to capture situational factors contributing to
intraindividual fluctuations in dream recall. Sleep duration, the sleep
stage (REM vs. NREM) preceding awakening, specific cortical activities,
and motivation to recall dreams were identified as the most relevant
state factors (Nemeth, 2022). Importantly, studies focusing on state
factors of dream recall instruct participants to recall their dreams. This is
a substantial methodological aspect, since the task to report a dream (e.
g., keeping a dream diary) was shown to enhance (and hence
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overestimate) dream recall frequency (Aspy, 2016). Reporting dreams
after awakening boosts dream recall especially in low dream recallers
(Aspy et al., 2015), suggesting that dream recall is also a skill that can be
practised and developed. Keeping a dream diary may facilitate memory
retrieval after awakening and also increase interest in dreaming (Aspy
et al., 2015), the latter being linked to higher DRF (Schonbar, 1965). We
argue that prospective memory processes related to specific goals of the
upcoming day interfere with dream recall. Relatedly, if individuals are
motivated to recall their dreams in the morning, goal-directed pro-
spective memory processes related to the demands of the upcoming day
may not immediately interfere with the recollection of dream memories.
We assume that recalling a dream will be assigned to prospective
memory as a goal to accomplish upon awakening, and hence coincide
with goal-directed morning prospection. If morning prospection and
dream recall compete for shared neurocognitive resources, individuals
with enhanced prospective memory capacity might be more efficient in
dream recall. In line with this assumption, high dream recallers
compared to low dream recallers exhibited increased functional con-
nectivity in the DMN and between key nodes associated with pro-
spection and episodic memory retrieval after awakening from a daytime
nap (Vallat et al., 2020). Nevertheless, the putative link between pro-
spective memory functions and dream recall was not examined to date,
and should be tested in further experiments.

3.2. Morning cortisol as a potential modulator of dream amnesia

As discussed above, the gradual increase in nocturnal cortisol reflects
predictive homeostasis that prepares the sleeping organism to its
imminent awakening. This gradual increase is most often followed by an
additional and steeper rise in cortisol 15-45 min after morning awak-
ening, also known as the CAR. The CAR cannot be accounted for by the
circadian rise of cortisol that begins in the second half of the night, but is
viewed as a distinct physiological marker of the transition from sleep to
full alertness (Wilhelm et al., 2007). Compelling evidence indicates that
beyond its energetic effect to overcome fatigue and regain arousal, the
CAR reflects a rapid anticipation of upcoming demands (Adam et al.,
2006; Elder et al., 2014; Fries et al., 2009). Indeed, the CAR is greater on
weekdays compared to weekends (Schlotz et al., 2004), and particularly
increased if individuals anticipate a busy or challenging day, while
attenuated or negative CARs were observed on days off associated with
reduced demands (Rohleder et al., 2007; Stalder et al., 2010, 2009).
That is, the CAR reflects a stress response that precedes the specific
potential stressor. Therefore, the CAR is associated with anticipatory,
goal-directed prospective memory processes (Adam et al., 2006; Fries
et al., 2009; Wilhelm et al., 2007), and as such, may modulate the recall
and the forgetting of dreams. Studies suggest that morning cortisol may
impair the recall of episodic and declarative memories and hence,
facilitate the forgetting of dreams in the morning (Payne, 2011).
Although it was not the specific purpose of the authors, a recent study
(Antypa et al., 2021) can be viewed as an experimental model of dream
amnesia and dream recall. The focus of the study was the influence of
morning cortisol on the ability to recall a specific memory reactivated
during the night. The authors found that the pharmacological suppres-
sion of morning cortisol facilitated the recall of a previously learned
material that was reactivated by a memory cue at 4 a.m., compared to a
control condition where the morning rise in cortisol was not inhibited
(Antypa et al., 2021). The finding is also in line with other studies
showing negative associations between the CAR and memory recall. The
CAR was negatively correlated with verbal and visuospatial memory
performance in unmedicated depressed patients (showing an elevated
CAR compared to medicated patients and controls) (Hinkelmann et al.,
2013), and a greater CAR was associated with impaired verbal memory
in older individuals (Hidalgo et al., 2016). Nevertheless, correlational
studies on the associations between the physiological morning rise in
cortisol and declarative/episodic memory functions are somewhat
inconsistent (Law and Clow, 2020). More consistent findings emerge
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regarding prospective memory: in line with the notion of the CAR as a
marker of goal-directed prospection, task performance requiring pro-
spective memory were linked to greater CARs (Baumler et al., 2014b,
2014a), and morning cortisol facilitated adaptive responses to antici-
pated stimuli (Brueckner et al., 2019; Meuret et al., 2016).

Day-to-day variations of the CAR indicate that situational factors are
more relevant than dispositional ones in determining the morning rise of
cortisol (Hellhammer et al., 2007); however, trait-like associations be-
tween the CAR and dream recall may exist to some extent. Although the
association between dream recall and the CAR was not directly exam-
ined, clinical disorders featuring an altered CAR provide some hints in
this regard. For instance, a reduced CAR was found in PTSD (de Kloet
et al., 2007; Rohleder et al., 2004), a psychiatric condition with intense
and dysphoric dreams among the core symptoms (Spoormaker and
Montgomery, 2008). Moreover, a blunted CAR was associated with
symptom severity, in particular with intrusive recollections in an
adolescent group of PTSD patients (Keeshin et al., 2014). A reduced CAR
was observed in a variety of clinical conditions such as in Cushing
syndrome (Roa et al., 2013), narcolepsy (Kok et al., 2002), attachment
anxiety (Quirin et al., 2008), nightmare disorder in females (Nagy et al.,
2015), and insomnia disorder (Dressle et al., 2022), all of which feature
increased and vivid dream recall (McNamara et al., 2001; Schredl, 2009;
Starkman and Schteingart, 1981). State-like variations between the CAR
and dream recall were not systematically studied either. State-like
changes in sleep patterns, such as sleep at weekends versus on week-
days, late awakening times, or longer sleep duration were associated
with increased dream recall (Leproult et al., 2015; Schredl and Rein-
hard, 2008) and an attenuated CAR (Elder et al., 2014; Randler and
Schaal, 2010). We should note, however, that beyond the morning rise
in cortisol, other factors, such as longer REM sleep due to extended sleep
and late awakenings may also influence dream recall (Schredl and
Reinhard, 2008). Future studies are warranted to examine the direct
links between dream recall and the CAR, taking into consideration the
influence of sleep (e.g., sleep quality and duration, night-time awaken-
ings), as well as the role of homeostatic and circadian factors that affect
both variables. The CAR was also associated with executive functions on
a trait-and state-like level: older individuals with greater CARs showed
better executive functions in general (Evans et al., 2012), and increased
CARs predicted better executive functions the same morning in a single
case study involving 50 days of daily assessments (Law et al., 2015). We
argued that executive functions are reinstated after awakening and
facilitate self-referent prospection constrained to specific goals. We
speculate here that the CAR boosts goal-directed thoughts and behaviors
at the expense of dream recall. Nevertheless, if the recall of dreams is the
object of morning prospection (as it is the case in laboratory studies of
dream recall or when individuals are highly motivated to keep a dream
log), our assumptions imply that the CAR would actually facilitate the
recall of dreams. In order to test these assumptions, future studies should
aim to manipulate the object of morning prospection or participants’
expectations about morning demands to examine the modulatory role of
cortisol on memory processes and more specifically, morning dream
recall.

4. Concluding remarks

Dreaming is an inherent part of the neurocognitive processes and
homeostatic functions of sleep. In this review, we emphasized the role of
the dreaming mind in the context of reactive and predictive homeostasis
taking place in sleep during the first and second part of the night,
respectively. We highlighted the dynamic interplay between reactive
and predictive homeostatic functions that facilitate restorative processes
and future anticipation. We argued that the dreaming mind aligns with
these fundamental functions, and associated with the reinstatement of
the DMN, particularly during the second part of the night, unfolds as a
special form of non-constrained, self-referent cognition. We hypothesize
that more constrained, goal-directed prospection after awakening
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interferes with the process of dreaming and dream recall and contributes
to dream amnesia. Although dream production and dream recall are
usually treated as separate mechanisms, here we aimed to provide a
common framework for these processes. In this respect, future studies
should consider the critical role of morning prospection when studying
the recall and the forgetting of dreams. Finally, the role of cortisol in
future anticipation and dream amnesia, as well as the intimate links
between sleep disorders and peculiar dream experiences remain elusive
and need to be explored in clinical studies and experimental settings.

Conflict of interest
The authors report no conflicts of interest.
Acknowledgments

This work was supported by The Ministry of Innovation and Tech-
nology of Hungary (TKP2021-EGA-25), the Fonds de la Recherche Sci-
entifique (FNRS) Excellence of Science (EOS) MEMODYN Project
30446199, the Hungarian National Research, Development and Inno-
vation Office Grant NKFI FK 142945. PS was supported by the UNKP-
22-5 New National Excellence Program of the Ministry for Culture and
Innovation from the source of the National Research, Development and
Innovation Fund.

References

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 Res. Bull. 31, 97-113. https://doi.org/10.1016/0361-9230(93)
90016-5.

Adam, E.K., Hawkley, L.C., Kudielka, B.M., Cacioppo, J.T., 2006. Day-to-day dynamics of
experience—cortisol associations in a population-based sample of older adults. Proc.
Natl. Acad. Sci. 103, 17058-17063. https://doi.org/10.1073/pnas.0605053103.

Alcaro, A., Huber, R., Panksepp, J., 2007. Behavioral functions of the mesolimbic
dopaminergic system: an affective neuroethological perspective. Brain Res. Rev. 56,
283-321.

Andrillon, T., Poulsen, A.T., Hansen, L.K., Léger, D., Kouider, S., 2016. Neural markers of
responsiveness to the environment in human sleep. . J. Neurosci. 36, 6583-6596.
https://doi.org/10.1523/IJNEUROSCI.0902-16.2016.

Andrillon, T., Burns, A., Mackay, T., Windt, J., Tsuchiya, N., 2021. Predicting lapses of
attention with sleep-like slow waves. Nat. Commun. 12, 1-12.

Andrillon, T., Windt, J., 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. Front. Neurosci. 13, 949. https://doi.org/
10.3389/fnins.2019.00949.

Antypa, D., Perrault, A.A., Vuilleumier, P., Schwartz, S., Rimmele, U., 2021. Suppressing
the morning cortisol rise after memory reactivation at 4 am enhances episodic
memory reconsolidation in humans. J. Neurosci. 41, 7259-7266.

Arnulf, L., Grosliere, L., Le Corvec, T., Golmard, J.-L., Lascols, O., Duguet, A., 2014a. Will
students pass a competitive exam that they failed in their dreams? Conscious. Cogn.
29, 36-47.

Arnulf, I, Grosliere, L., Le Corvec, T., Golmard, J.-L., Lascols, O., Duguet, A., 2014b. Will
students pass a competitive exam that they failed in their dreams. Conscious Cogn.
29, 36-47. https://doi.org/10.1016/j.concog.2014.06.010.

Aserinsky, E., 1969. The maximal capacity for sleep: rapid eye movement density as an
index of sleep satiety. Biol. Psychiatry 1, 147-159.

Aserinsky, E., 1973. Relationship of rapid eye movement density to the prior
accumulation of sleep and wakefulness. Psychophysiology 10, 545-558. https://doi.
0rg/10.1111/j.1469-8986.1973.tb00804.x.

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

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

Baird, B., Smallwood, J., Schooler, J.W., 2011. Back to the future: autobiographical
planning and the functionality of mind-wandering. Conscious. Cogn. 20, 1604-1611.

Baird, B., Aparicio, M.K., Alauddin, T., Riedner, B., Boly, M., Tononi, G., 2022. Episodic
thought distinguishes spontaneous cognition in waking from REM and NREM sleep.
Conscious. Cogn. 97, 103247.

Baumler, D., Kliegel, M., Kirschbaum, C., Miller, R., Alexander, N., Stalder, T., 2014a.
Effect of a naturalistic prospective memory-related task on the cortisol awakening
response in young children. Biol. Psychol. 103, 24-26.

Béumler, D., Voigt, B., Miller, R., Stalder, T., Kirschbaum, C., Kliegel, M., 2014b. The
relation of the cortisol awakening response and prospective memory functioning in
young children. Biol. Psychol. 99, 41-46. https://doi.org/10.1016/j.
biopsycho.2014.02.011.

11

Neuroscience and Biobehavioral Reviews 147 (2023) 105104

Benington, J.H., Craig Heller, H., 1995. Restoration of brain energy metabolism as the
function of sleep. Prog. Neurobiol. 45, 347-360. https://doi.org/10.1016/0301-
0082(94)00057-0.

Blaskovich, B., Sz\Holl\Hosi, A., Gombos, F., Racsmany, M., Simor, P., 2017. The benefit
of directed forgetting persists after a daytime nap: the role of spindles and rapid eye
movement sleep in the consolidation of relevant memories. Sleep 40.

Bddizs, R., 2021. Theories on the functions of sleep, in: Sleep Medicine Textbook.
Regensburg, Germany.

Borbély, A., 2022. The two-process model of sleep regulation: beginnings and outlook.
J. Sleep. Res., e13598

Borbély, A.A., 1982. A two process model of sleep regulation. Hum. Neurobiol. 1,
195-204.

Borbély, A.A., Achermann, P., 1992. Concepts and models of sleep regulation: an
overview. J. Sleep. Res. 1, 63-79.

Borbély, A.A., Daan, S., Wirz-Justice, A., Deboer, T., 2016. The two-process model of
sleep regulation: a reappraisal. J. Sleep. Res 25, 131-143. https://doi.org/10.1111/
jsr.12371.

Born, J., Hansen, K., Marshall, L., Molle, M., Fehm, H.L., 1999. Timing the end of
nocturnal sleep. Nature 397, 29-30.

Bottary, R., Simonelli, G., Cunningham, T.J., Kensinger, E.A., Mantua, J., 2020. Sleep
extension: an explanation for increased pandemic dream recall? Sleep 43, zsaal31.
https://doi.org/10.1093/sleep/zsaal31.

Brueckner, A.H., Lass-Hennemann, J., Wilhelm, F.H., Ferreira de S4, D.S., Michael, T.,
2019. Cortisol administration after extinction in a fear-conditioning paradigm with
traumatic film clips prevents return of fear. Transl. Psychiatry 9, 1-10. https://doi.
0rg/10.1038/541398-019-0455-0.

Buckner, R.L., Carroll, D.C., 2007. Self-projection and the brain. Trends Cogn. Sci. 11,
49-57. https://doi.org/10.1016/j.tics.2006.11.004.

Buckner, R.L., Andrews-Hanna, J.R., Schacter, D.L., 2008. The brain’s default network:
anatomy, function, and relevance to disease. Ann. N. Y. Acad. Sci. 1124, 1-38.

van Buuren, M., Gladwin, T.E., Zandbelt, B.B., Kahn, R.S., Vink, M., 2010. Reduced
functional coupling in the default-mode network during self-referential processing.
Hum. Brain Mapp. 31, 1117-1127. https://doi.org/10.1002/hbm.20920.

Buzsaki, G., 1998. Memory consolidation during sleep: a neurophysiological perspective.
J. Sleep. Res. 7, 17-23.

Cannon, W.B., 1929. Organization for physiological homeostasis. Physiol. Rev. 9,
399-431.

Capote, T., 1949. A Tree of Night: And Other Stories. Random House.

Carr, M., Haar, A., Amores, J., Lopes, P., Bernal, G., Vega, T., Rosello, O., Jain, A.,
Maes, P., 2020. Dream engineering: simulating worlds through sensory stimulation.
Conscious. Cogn. 83, 102955.

Carskadon, M.A., Dement, W.C., 2005. Normal human sleep: an overview. Princ. Pract.
Sleep. Med. 4, 13-23.

Cavallero, C., Cicogna, P., Natale, V., Occhionero, M., Zito, A., 1992. Slow wave sleep
dreaming. Sleep 15, 562-566. https://doi.org/10.1093/sleep/15.6.562.

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. Proc. Natl. Acad. Sci. 110, 10300-10305. https://doi.org/10.1073/
pnas.1217691110.

Cipolli, C., Ferrara, M., De Gennaro, L., Plazzi, G., 2017. Beyond the neuropsychology of
dreaming: insights into the neural basis of dreaming with new techniques of sleep
recording and analysis. Sleep. Med. Rev. 35, 8-20.

Clow, A., Hucklebridge, F., Stalder, T., Evans, P., Thorn, L., 2010. The cortisol awakening
response: more than a measure of HPA axis function. Neurosci. Biobehav. Rev. 35,
97-103.

Cohen, D.B., 1974. Toward a theory of dream recall. Psychol. Bull. 81, 138-154.

Cohen, D.B., Wolfe, G., 1973. Dream recall and repression: evidence for an alternative
hypothesis. J. Consult. Clin. Psychol. 41, 349.

Cohen, D.B., MacNeilage, P.F., 1974. A test of the salience hypothesis of dream recall.
J. Consult Clin. Psychol. 42, 699-703.

Crick, F., Mitchison, G., 1983. The function of dream sleep. Nature 304, 111-114.

D’Argembeau, A., 2018. Mind-wandering and self-referential thought. The Oxford
handbook of spontaneous thought 181-191.

D’Argembeau, A., Ruby, P., Collette, F., Degueldre, C., Balteau, E., Luxen, A., Maquet, P.,
Salmon, E., 2007. Distinct regions of the medial prefrontal cortex are associated with
self-referential processing and perspective taking. J. Cogn. Neurosci. 19, 935-944.
https://doi.org/10.1162/jocn.2007.19.6.935.

Daan, S., Beersma, D.G., Borbély, A.A., 1984. Timing of human sleep: recovery process
gated by a circadian pacemaker. Am. J. Physiol. -Regul., Integr. Comp. Physiol. 246,
R161-R183.

Davidson, J.R., Moldofsky, H., Lue, F.A., 1991. Growth hormone and cortisol secretion in
relation to sleep and wakefulness. J. Psychiatry Neurosci. 16, 96-102.

De Gennaro, L., Marzano, C., Cipolli, C., Ferrara, M., 2012. How we remember the stuff
that dreams are made of: neurobiological approaches to the brain mechanisms of
dream recall. Behav. Brain Res. 226, 592-596. https://doi.org/10.1016/j.
bbr.2011.10.017.

De Gennaro, L., Marzano, C., Moroni, F., Curcio, G., Ferrara, M., Cipolli, C., 2010.
Recovery sleep after sleep deprivation almost completely abolishes dream recall.
Behav. Brain Res. 206, 293-298. https://doi.org/10.1016/].bbr.2009.09.030.

Diekelmann, S., Wilhelm, I., Wagner, U., Born, J., 2013. Sleep improves prospective
remembering by facilitating spontaneous-associative retrieval processes. PLoS One
8, €77621. https://doi.org/10.1371/journal.pone.0077621.

Dijk, D.J., Czeisler, C.A., 1995. Contribution of the circadian pacemaker and the sleep
homeostat to sleep propensity, sleep structure, electroencephalographic slow waves,


https://doi.org/10.1016/0361-9230(93)90016-5
https://doi.org/10.1016/0361-9230(93)90016-5
https://doi.org/10.1073/pnas.0605053103
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref3
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref3
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref3
https://doi.org/10.1523/JNEUROSCI.0902-16.2016
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref5
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref5
https://doi.org/10.3389/fnins.2019.00949
https://doi.org/10.3389/fnins.2019.00949
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref7
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref7
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref7
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref8
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref8
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref8
https://doi.org/10.1016/j.concog.2014.06.010
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref10
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref10
https://doi.org/10.1111/j.1469-8986.1973.tb00804.x
https://doi.org/10.1111/j.1469-8986.1973.tb00804.x
https://doi.org/10.1016/j.concog.2016.03.015
https://doi.org/10.1016/j.concog.2015.02.005
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref14
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref14
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref15
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref15
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref15
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref16
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref16
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref16
https://doi.org/10.1016/j.biopsycho.2014.02.011
https://doi.org/10.1016/j.biopsycho.2014.02.011
https://doi.org/10.1016/0301-0082(94)00057-O
https://doi.org/10.1016/0301-0082(94)00057-O
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref19
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref19
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref19
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref20
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref20
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref21
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref21
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref22
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref22
https://doi.org/10.1111/jsr.12371
https://doi.org/10.1111/jsr.12371
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref24
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref24
https://doi.org/10.1093/sleep/zsaa131
https://doi.org/10.1038/s41398-019-0455-0
https://doi.org/10.1038/s41398-019-0455-0
https://doi.org/10.1016/j.tics.2006.11.004
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref28
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref28
https://doi.org/10.1002/hbm.20920
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref30
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref30
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref31
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref31
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref32
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref32
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref32
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref33
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref33
https://doi.org/10.1093/sleep/15.6.562
https://doi.org/10.1073/pnas.1217691110
https://doi.org/10.1073/pnas.1217691110
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref36
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref36
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref36
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref37
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref37
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref37
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref38
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref39
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref39
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref40
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref40
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref41
https://doi.org/10.1162/jocn.2007.19.6.935
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref43
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref43
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref43
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref44
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref44
https://doi.org/10.1016/j.bbr.2011.10.017
https://doi.org/10.1016/j.bbr.2011.10.017
https://doi.org/10.1016/j.bbr.2009.09.030
https://doi.org/10.1371/journal.pone.0077621

P. Simor et al.

and sleep spindle activity in humans. J. Neurosci. 15, 3526-3538. https://doi.org/
10.1523/JNEUROSCI.15-05-03526.1995.

Dombhoff, G.W., 2011. The neural substrate for dreaming: is it a subsystem of the default
network? Conscious. Cogn. 20, 1163-1174.

Dressle, R.J., Feige, B., Spiegelhalder, K., Schmucker, C., Benz, F., Mey, N.C.,
Riemann, D., 2022. HPA axis activity in patients with chronic insomnia: a systematic
review and meta-analysis of case-control studies. Sleep. Med Rev. 62, 101588
https://doi.org/10.1016/j.smrv.2022.101588.

Eichenlaub, J.-B., Bertrand, O., Morlet, D., Ruby, P., 2014a. Brain reactivity
differentiates subjects with high and low dream recall frequencies during both sleep
and wakefulness. Cereb. Cortex 24, 1206-1215. https://doi.org/10.1093/cercor/
bhs388.

Eichenlaub, J.-B., Nicolas, A., Daltrozzo, J., Redouté, J., Costes, N., Ruby, P., 2014b.
Resting brain activity varies with dream recall frequency between subjects.
Neuropsychopharmacol 39, 1594-1602. https://doi.org/10.1038/npp.2014.6.

Elder, G.J., Wetherell, M.A., Barclay, N.L., Ellis, J.G., 2014. The cortisol awakening
response-applications and implications for sleep medicine. Sleep. Med. Rev. 18,
215-224.

Ellenbogen, J.M., Payne, J.D., Stickgold, R., 2006. The role of sleep in declarative
memory consolidation: passive, permissive, active or none? Curr. Opin. Neurobiol.
16, 716-722.

Evans, P., Hucklebridge, F., Loveday, C., Clow, A., 2012. The cortisol awakening
response is related to executive function in older age. Int. J. Psychophysiol. 84,
201-204.

Ferri, R., Rundo, F., Bruni, O., Terzano, M.G., Stam, C.J., 2008. The functional
connectivity of different EEG bands moves towards small-world network
organization during sleep. Clin. Neurophysiol. 119, 2026-2036. https://doi.org/
10.1016/j.clinph.2008.04.294.

Fibiger, H.C., Phillips, A.G., 1988. Mesocorticolimbic dopamine systems and reward.
Ann. New York Acad. Sci. 537, 206-215. https://doi.org/10.1111/j.1749-
6632.1988.tb42107.x.

Fischer, S., Born, J., 2009. Anticipated reward enhances offline learning during sleep.
J. Exp. Psychol. Learn Mem. Cogn. 35, 1586-1593. https://doi.org/10.1037/
a0017256.

Flo, E., Steine, L., Blagstad, T., Grenli, J., Pallesen, S., Portas, C.M., 2011a. Transient
changes in frontal alpha asymmetry as a measure of emotional and physical distress
during sleep. Brain Res. 1367, 234-249. https://doi.org/10.1016/].
brainres.2010.09.090.

Flo, E., Steine, L., Blagstad, T., Grenli, J., Pallesen, S., Portas, C.M., 2011b. Transient
changes in frontal alpha asymmetry as a measure of emotional and physical distress
during sleep. Brain Res. 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. Front. Psychol. 9.

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

Fox, K., Nijeboer, S., Solomonova, E., Domhoff, G.W., Christoff, K., 2013. Dreaming as
mind wandering: evidence from functional neuroimaging and first-person content
reports. Front. Hum. Neurosci. 7.

Freud, S., 1899. The interpretation of dreams, trans. J. Crick. Oxford University Press.

Fries, E., Dettenborn, L., Kirschbaum, C., 2009. The cortisol awakening response (CAR):
facts and future directions. International journal of Psychophysiology, 72, 67-73.

Fultz, N.E., Bonmassar, G., Setsompop, K., Stickgold, R.A., Rosen, B.R., Polimeni, J.R.,
Lewis, L.D., 2019. Coupled electrophysiological, hemodynamic, and cerebrospinal
fluid oscillations in human sleep. Science 366, 628-631.

Genzel, L., Kroes, M.C.W., Dresler, M., Battaglia, F.P., 2014. Light sleep versus slow wave
sleep in memory consolidation: a question of global versus local processes. Trends
Neurosci. 37, 10-19. https://doi.org/10.1016/j.tins.2013.10.002.

Gorgoni, M., Scarpelli, S., Alfonsi, V., De Gennaro, L., 2022. Dreaming during the COVID-
19 pandemic: a narrative review. Neurosci. Biobehav. Rev. 138, 104710 https://doi.
org/10.1016/j.neubiorev.2022.104710.

Gorgoni, M., Scarpelli, S., Alfonsi, V., Annarumma, L., Cordone, S., Stravolo, S., De
Gennaro, L., 2021. Pandemic dreams: quantitative and qualitative features of the
oneiric activity during the lockdown due to COVID-19 in Italy. Sleep. Med. 81,
20-32.

Gottesmann, C., 2010. The development of the science of dreaming. Int. Rev. Neurobiol.
92, 1-29.

Gross, M.E., Smith, A.P., Graveline, Y.M., Beaty, R.E., Schooler, J.W., Seli, P., 2021.
Comparing the phenomenological qualities of stimulus-independent thought,
stimulus-dependent thought and dreams using experience sampling. Philos. Trans. R.
Soc. B: Biol. Sci. 376, 20190694. https://doi.org/10.1098/rstb.2019.0694.

Hartmann, E., Elkin, R., Garg, M., 1991. Personality and dreaming: the dreams of people
with very thick or very thin boundaries. Dreaming.

Hellhammer, J., Fries, E., Schweisthal, O.W., Schlotz, W., Stone, A.A., Hagemann, D.,
2007. Several daily measurements are necessary to reliably assess the cortisol rise
after awakening: state- and trait components. Psychoneuroendocrinology 32, 80-86.
https://doi.org/10.1016/j.psyneuen.2006.10.005.

Hidalgo, V., Almela, M., Pulopulos, M.M., Salvador, A., 2016. Memory performance is
related to the cortisol awakening response in older people, but not to the diurnal
cortisol slope. Psychoneuroendocrinology 71, 136-146. https://doi.org/10.1016/j.
psyneuen.2016.05.019.

Hinkelmann, K., Muhtz, C., Dettenborn, L., Agorastos, A., Moritz, S., Wingenfeld, K.,
Spitzer, C., Gold, S.M., Wiedemann, K., Otte, C., 2013. Association between cortisol

12

Neuroscience and Biobehavioral Reviews 147 (2023) 105104

awakening response and memory function in major depression. Psychol. Med. 43,
2255-2263. https://doi.org/10.1017/50033291713000287.

Hobson, J.A., 2009. REM sleep and dreaming: towards a theory of protoconsciousness.
Nat. Rev. Neurosci. 10, 803-813. https://doi.org/10.1038/nrn2716.

Hoedlmoser, K., Peigneux, P., Rauchs, G., 2022. Recent advances in memory
consolidation and information processing during sleep. J. Sleep. Res 31, €13607.
https://doi.org/10.1111/jsr.13607.

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, 377-381. https://doi.org/10.1111/j.1469-
8986.1997.tb02408.x.

Horne, J.A., 1993. Human sleep, sleep loss and behaviour: implications for the prefrontal
cortex and psychiatric disorder. Br. J. Psychiatry 162, 413-419.

Horne, J.A., Minard, A., 1985. Sleep and sleepiness following a behaviourally
‘active’day. Ergonomics 28, 567-575.

Horovitz, S.G., Braun, A.R., Carr, W.S., Picchioni, D., Balkin, T.J., Fukunaga, M., Duyn, J.
H., 2009. Decoupling of the brain’s default mode network during deep sleep. Proc.
Natl. Acad. Sci. 106, 11376-11381.

Houran, J., Lange, R., 1998. Modeling precognitive dreams as meaningful coincidences.
Psychol. Rep. 83, 1411-1414. https://doi.org/10.2466/pr0.1998.83.3f.1411.

Hughes, J.D., 2000. Dream interpretation in ancient civilizations. Dreaming 10, 7-18.

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, 59-72. https://doi.org/10.5665/sleep.2302.

Jahrami, H., BaHammam, 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. J. Clin. Sleep Med. 17 (2), 299-313. https://doi.org/10.5664/
jesm.8930.

James, W., Burkhardt, F., Bowers, F., Skrupskelis, I.K., 1890. The principles of
psychology. Macmillan London.

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. Biochem. Pharmacol. 191, 114478.

Keeshin, B.R., Strawn, J.R., Out, D., Granger, D.A., Putnam, F.W., 2014. Cortisol
awakening response in adolescents with acute sexual abuse related posttraumatic
stress disorder. Depress Anxiety 31, 107-114. https://doi.org/10.1002/da.22154.

Khalsa, S.B.S., Conroy, D.A., Duffy, J.F., Czeisler, C.A., Dijk, D.-J., 2002. Sleep- and
circadian-dependent modulation of REM density. J. Sleep. Res. 11, 53-59. https://
doi.org/10.1046/j.1365-2869.2002.00276.x.

Klinger, E., 2013. Goal Commitments and the content of thoughts and dreams: basic
principles. Front Psychol. 4, 415. https://doi.org/10.3389/fpsyg.2013.00415.

de Kloet, C.S., Vermetten, E., Heijnen, C.J., Geuze, E., Lentjes, E.G.W.M., Westenberg, H.
G.M., 2007. Enhanced cortisol suppression in response to dexamethasone
administration in traumatized veterans with and without posttraumatic stress
disorder. Psychoneuroendocrinology 32, 215-226. https://doi.org/10.1016/j.
psyneuen.2006.12.009.

Koike, T., Kan, S., Misaki, M., Miyauchi, S., 2011. Connectivity pattern changes in
default-mode network with deep non-REM and REM sleep. Neurosci. Res. 69,
322-330.

Kok, S.W., Roelfsema, F., Overeem, S., Lammers, G.J., Strijers, R.L., Frolich, M.,
Meinders, A.E., Pijl, H., 2002. Dynamics of the pituitary-adrenal ensemble in
hypocretin-deficient narcoleptic humans: blunted basal adrenocorticotropin release
and evidence for normal time-keeping by the master pacemaker. J. Clin. Endocrinol.
Metab. 87, 5085-5091. https://doi.org/10.1210/jc.2002-020638.

Koulack, D., Goodenough, D.R., 1976. Dream recall and dream recall failure: an arousal-
retrieval model. Psychol. Bull. 83, 975-984. https://doi.org/10.1037/0033-
2909.83.5.975.

Kurczek, J., Wechsler, E., Ahuja, S., Jensen, U., Cohen, N.J., Tranel, D., Duff, M., 2015.
Differential contributions of hippocampus and medial prefrontal cortex to self-
projection and self-referential processing. Neuropsychologia 73, 116-126. https://
doi.org/10.1016/j.neuropsychologia.2015.05.002.

Law, R., Clow, A., 2020. Stress, the cortisol awakening response and cognitive function.
Int. Rev. Neurobiol. 150, 187-217.

Law, R., Evans, P., Thorn, L., Hucklebridge, F., Clow, A., 2015. The cortisol awakening
response predicts same morning executive function: results from a 50-day case study.
Stress 18, 616-621. https://doi.org/10.3109/10253890.2015.1076789.

Leproult, R., Deliens, G., Gilson, M., Peigneux, P., 2015. Beneficial impact of sleep
extension on fasting insulin sensitivity in adults with habitual sleep restriction. Sleep
38, 707-715.

Lewis, P.A,, Durrant, S.J., 2011. Overlapping memory replay during sleep builds
cognitive schemata. Trends Cogn. Sci. 15, 343-351.

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. Conscious. Cogn. 88, 103071 https://doi.org/
10.1016/j.concog.2020.103071.

Maquet, P., Laureys, S., Peigneux, P., Fuchs, S., Petiau, C., Phillips, C., Aerts, J., Del
Fiore, G., Degueldre, C., Meulemans, T., 2000. Experience-dependent changes in
cerebral activation during human REM sleep. Nat. Neurosci. 3, 831-836.

Maquet, 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: Laureys, S. (Ed.), Progress in Brain
Research, The Boundaries of Consciousness: Neurobiology and Neuropathology.
Elsevier, pp. 219-595. https://doi.org/10.1016/50079-6123(05)50016-5.

Marzano, C., De SIMONI, E., Tempesta, D., Ferrara, M., De GENNARO, L., 2011. Sleep
deprivation suppresses the increase of rapid eye movement density across sleep


https://doi.org/10.1523/JNEUROSCI.15-05-03526.1995
https://doi.org/10.1523/JNEUROSCI.15-05-03526.1995
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref49
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref49
https://doi.org/10.1016/j.smrv.2022.101588
https://doi.org/10.1093/cercor/bhs388
https://doi.org/10.1093/cercor/bhs388
https://doi.org/10.1038/npp.2014.6
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref53
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref53
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref53
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref54
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref54
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref54
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref55
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref55
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref55
https://doi.org/10.1016/j.clinph.2008.04.294
https://doi.org/10.1016/j.clinph.2008.04.294
https://doi.org/10.1111/j.1749-6632.1988.tb42107.x
https://doi.org/10.1111/j.1749-6632.1988.tb42107.x
https://doi.org/10.1037/a0017256
https://doi.org/10.1037/a0017256
https://doi.org/10.1016/j.brainres.2010.09.090
https://doi.org/10.1016/j.brainres.2010.09.090
https://doi.org/10.1016/j.brainres.2010.09.090
https://doi.org/10.1016/j.brainres.2010.09.090
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref61
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref61
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref61
https://doi.org/10.1111/j.1469-8986.2003.00146.x
https://doi.org/10.1111/j.1469-8986.2003.00146.x
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref63
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref63
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref63
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref64
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref65
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref65
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref66
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref66
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref66
https://doi.org/10.1016/j.tins.2013.10.002
https://doi.org/10.1016/j.neubiorev.2022.104710
https://doi.org/10.1016/j.neubiorev.2022.104710
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref69
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref69
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref69
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref69
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref70
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref70
https://doi.org/10.1098/rstb.2019.0694
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref72
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref72
https://doi.org/10.1016/j.psyneuen.2006.10.005
https://doi.org/10.1016/j.psyneuen.2016.05.019
https://doi.org/10.1016/j.psyneuen.2016.05.019
https://doi.org/10.1017/S0033291713000287
https://doi.org/10.1038/nrn2716
https://doi.org/10.1111/jsr.13607
https://doi.org/10.1111/j.1469-8986.1997.tb02408.x
https://doi.org/10.1111/j.1469-8986.1997.tb02408.x
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref79
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref79
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref80
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref80
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref81
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref81
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref81
https://doi.org/10.2466/pr0.1998.83.3f.1411
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref83
https://doi.org/10.5665/sleep.2302
https://doi.org/10.5664/jcsm.8930
https://doi.org/10.5664/jcsm.8930
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref86
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref86
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref86
https://doi.org/10.1002/da.22154
https://doi.org/10.1046/j.1365-2869.2002.00276.x
https://doi.org/10.1046/j.1365-2869.2002.00276.x
https://doi.org/10.3389/fpsyg.2013.00415
https://doi.org/10.1016/j.psyneuen.2006.12.009
https://doi.org/10.1016/j.psyneuen.2006.12.009
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref91
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref91
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref91
https://doi.org/10.1210/jc.2002-020638
https://doi.org/10.1037/0033-2909.83.5.975
https://doi.org/10.1037/0033-2909.83.5.975
https://doi.org/10.1016/j.neuropsychologia.2015.05.002
https://doi.org/10.1016/j.neuropsychologia.2015.05.002
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref95
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref95
https://doi.org/10.3109/10253890.2015.1076789
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref97
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref97
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref97
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref98
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref98
https://doi.org/10.1016/j.concog.2020.103071
https://doi.org/10.1016/j.concog.2020.103071
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref100
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref100
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref100
https://doi.org/10.1016/S0079-6123(05)50016-5

P. Simor et al.

cycles: Sleep deprivation and eye movements in REM sleep. J. Sleep. Res. 20,
386-394. https://doi.org/10.1111/§.1365-2869.2010.00886.x.

McNamara, P., Andresen, J., Clark, J., Zborowski, M., Duffy, C.A., 2001. Impact of
attachment styles on dream recall and dream content: a test of the attachment
hypothesis of REM sleep. J. Sleep. Res. 10, 117-127.

Mellman, T.A., Pigeon, W.R., Nowell, P.D., Nolan, B., 2007. Relationships between REM
sleep findings and PTSD symptoms during the early aftermath of trauma. J. Traum
Stress 20, 893-901. https://doi.org/10.1002/jts.20246.

Meuret, A.E., Rosenfield, D., Bhaskara, L., Auchus, R., Liberzon, 1., Ritz, T., Abelson, J.L.,
2016. Timing matters: endogenous cortisol mediates benefits from early-day
psychotherapy. Psychoneuroendocrinology 74, 197-202.

Moore-Ede, M.C., 1986. Physiology of the circadian timing system: predictive versus
reactive homeostasis. Am. J. Physiol. -Regul., Integr. Comp. Physiol. 250,
R737-R752.

Nagy, T., Salavecz, G., Simor, P., Purebl, G., Bédizs, R., Dockray, S., Steptoe, A., 2015.
Frequent nightmares are associated with blunted cortisol awakening response in
women. Physiol. Behav. 147, 233-237.

Nemeth, G., 2022. The route to recall a dream: theoretical considerations and
methodological implications. Psychol. Res. 1-24.

Nielsen, T., 2011. Introduction: the changing historical context of dream research. In:
Principles and Practice of Sleep Medicine. Elsevier, pp. 561-562.

Nielsen, T., Paquette, T., 2007. Dream-associated behaviors affecting pregnant and
postpartum women. Sleep 30, 1162-1169.

Nielsen, T., Levin, R., 2007. Nightmares: a new neurocognitive model. Sleep. Med. Rev.
11, 295-310. https://doi.org/10.1016/j.smrv.2007.03.004.

Nielsen, T.A., 2000a. A review of mentation in REM and NREM sleep:“covert” REM sleep
as a possible reconciliation of two opposing models. Behav. Brain Sci. 23, 851-866.

Nielsen, T.A., 2000b. Covert REM sleep effects on REM mentation: further
methodological considerations and supporting evidence. Behav. Brain Sci. 23,
1040-1057.

Nielsen, T.A., 2004. Chronobiological features of dream production. Sleep. Med. Rev. 8,
403-424.

Nielsen, T.A., Stenstrom, P., 2005. What are the memory sources of dreaming? Nature
437, 1286-1289.

Nir, Y., Tononi, G., 2010. Dreaming and the brain: from phenomenology to
neurophysiology. Trends Cogn. Sci. 14, 88-100.

Nir, Y., Andrillon, T., Marmelshtein, A., Suthana, N., Cirelli, C., Tononi, G., Fried, L.,
2017. Selective neuronal lapses precede human cognitive lapses following sleep
deprivation. Nat. Med. 23, 1474-1480.

Noreika, V., Valli, K., Lahtela, H., Revonsuo, A., 2009. Early-night serial awakenings as a
new paradigm for studies on NREM dreaming. Int. J. Psychophysiol. 74, 14-18.
https://doi.org/10.1016/j.ijpsycho.2009.06.002.

Obal, F., Krueger, J.M., 2004. GHRH and sleep. Sleep. Med. Rev. 8, 367-377. https://doi.
org/10.1016/j.smrv.2004.03.005.

Ohayon, M.M., Morselli, P.L., Guilleminault, C., 1997. Prevalence of nightmares and
their relationship to psychopathology and daytime functioning in insomnia subjects.
Sleep 20, 340-348.

Oppenheim, A.L., 1956. The interpretation of dreams in the Ancient Near East. With a
Translation of an Assyrian Dream-book. Trans. Am. Philos. Soc. 46, 179-373.

Oudiette, D., Paller, K.A., 2013. Upgrading the sleeping brain with targeted memory
reactivation. Trends Cogn. Sci. 17, 142-149.

Oudiette, D., Antony, J.W., Creery, J.D., Paller, K.A., 2013. The role of memory
reactivation during wakefulness and sleep in determining which memories endure.
J. Neurosci. 33, 6672-6678. https://doi.org/10.1523/JNEUROSCI.5497-12.2013.

Oudiette, D., Constantinescu, I., Leclair-Visonneau, L., Vidailhet, M., Schwartz, S.,
Arnulf, I., 2011. Evidence for the re-enactment of a recently learned behavior during
sleepwalking. PloS One 6, e18056.

Panksepp, J., 2004. Affective neuroscience: The foundations of human and animal
emotions. Oxford Univ. Press.

Payne, J.D., 2011. Learning, memory, and sleep in humans. Sleep. Med. Clin. 6, 15-30.

Payne, J.D., Stickgold, R., Swanberg, K., Kensinger, E.A., 2008. Sleep preferentially
enhances memory for emotional components of scenes. Psychol. Sci. 19, 781.

Perogamvros, L., Schwartz, S., 2012. The roles of the reward system in sleep and
dreaming. Neurosci. Biobehav. Rev. 36, 1934-1951.

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. J. Cogn. Neurosci. 29, 1766-1777.
https://doi.org/10.1162/jocn_a_01155.

Pesonen, A.-K., Lipsanen, J., Halonen, R., Elovainio, M., Sandman, N., Makela, J.-M.,
Antila, M., Béchard, D., Ollila, H.M., Kuula, L., 2020. Pandemic dreams: network
analysis of dream content during the COVID-19 lockdown. Front. Psychol. 11.

Picard-Deland, C., Nielsen, T., 2022a. Targeted memory reactivation has a sleep stage-
specific delayed effect on dream content. J. Sleep. Res. 31, 13391 https://doi.org/
10.1111/jsr.13391.

Picard-Deland, C., Nielsen, T., Carr, M., 2021. Dreaming of the sleep lab. PLoS One 16,
€0257738. https://doi.org/10.1371/journal.pone.0257738.

Picard-Deland, C., Konkoly, K., Raider, R., Paller, K.A., Nielsen, T., Pigeon, W.R.,

Carr, M., 2022b. The memory sources of dreams: Serial awakenings across sleep
stages and time of night. Sleep, zsac292. https://doi.org/10.1093/sleep/zsac292.

Poh, J.-H., Chong, P.L., Chee, M.W., 2016. Sleepless night, restless mind: effects of sleep
deprivation on mind wandering. J. Exp. Psychol.: Gen. 145, 1312.

Quirin, M., Pruessner, J.C., Kuhl, J., 2008. HPA system regulation and adult attachment
anxiety: individual differences in reactive and awakening cortisol.
Psychoneuroendocrinology 33, 581-590.

Raduga, M., Kuyava, O., Sevcenko, N., 2020. Is there a relation among REM sleep
dissociated phenomena, like lucid dreaming, sleep paralysis, out-of-body

13

Neuroscience and Biobehavioral Reviews 147 (2023) 105104

experiences, and false awakening? Med. Hypotheses 144, 110169. https://doi.org/
10.1016/j.mehy.2020.110169.

Raichle, M.E., Snyder, A.Z., 2007. A default mode of brain function: a brief history of an
evolving idea. Neuroimage 37, 1083-1090.

Randler, C., Schaal, S., 2010. Morningness—eveningness, habitual sleep-wake variables
and cortisol level. Biol. Psychol. 85, 14-18.

Rasch, B., Born, J., 2013. About sleep’s role in memory. Physiol. Rev.

Rauchs, G., Feyers, D., Landeau, B., Bastin, C., Luxen, A., Maquet, P., Collette, F., 2011.
Sleep contributes to the strengthening of some memories over others, depending on
hippocampal activity at learning. J. Neurosci. 31, 2563-2568. https://doi.org/
10.1523/JNEUROSCI.3972-10.2011.

Reichardt, R., Polner, B., Simor, P., 2020. Novelty manipulations, memory performance,
and predictive coding: The role of unexpectedness. Front. Hum. Neurosci. 14, 152.

Reid, K.J., 2019. Assessment of circadian rhythms. Neurol. Clin. 37, 505-526.

Revonsuo, A., 2000. The reinterpretation of dreams: An evolutionary hypothesis of the
function of dreaming. Behav. Brain Sci. 23, 877-901.

Ribeiro, S., Gervasoni, D., Soares, E.S., Zhou, Y., Lin, S.-C., Pantoja, J., Lavine, M.,
Nicolelis, M.A.L., Schultz, W., 2004. Long-lasting novelty-induced neuronal
reverberation during slow-wave sleep in multiple forebrain areas. PLoS Biol. 2, e24.

Riede, S.J., van der Vinne, V., Hut, R.A., 2017. The flexible clock: predictive and reactive
homeostasis, energy balance and the circadian regulation of sleep-wake timing.

J. Exp. Biol. 220, 738-749.

Roa, S.L.R., Elias, P.C.L., Castro, M., Moreira, A.C., 2013. The cortisol awakening
response is blunted in patients with active Cushing’s disease. Eur. J. Endocrinol. 168,
657-664. https://doi.org/10.1530/EJE-12-0982.

Rohleder, N., Joksimovic, L., Wolf, J.M., Kirschbaum, C., 2004. Hypocortisolism and
increased glucocorticoid sensitivity of pro-Inflammatory cytokine production in
Bosnian war refugees with posttraumatic stress disorder. Biol. Psychiatry 55,
745-751. https://doi.org/10.1016/j.biopsych.2003.11.018.

Rohleder, N., Beulen, S.E., Chen, E., Wolf, J.M., Kirschbaum, C., 2007. Stress on the
dance floor: the cortisol stress response to social-evaluative threat in competitive
ballroom dancers. Pers. Soc. Psychol. Bull. 33, 69-84. https://doi.org/10.1177/
0146167206293986.

Saletin, J.M., Walker, M.P.P., 2012. Nocturnal mnemonics: sleep and hippocampal
memory processing. Front. Neur. 3, 59. https://doi.org/10.3389/fneur.2012.00059.

Saletin, J.M., Goldstein, A.N., Walker, M.P., 2011. The role of sleep in directed forgetting
and remembering of human memories. Cereb. Cortex 21, 2534-2541. https://doi.
org/10.1093/cercor/bhr034.

Samann, P.G., Wehrle, R., Hoehn, D., Spoormaker, V.I., Peters, H., Tully, C., Holsboer, F.,
Czisch, M., 2011. Development of the brain’s default mode network from
wakefulness to slow wave sleep. Cereb. Cortex 21, 2082-2093.

Scarpelli, S., Alfonsi, V., Gorgoni, M., De Gennaro, L., 2022. What about dreams? State of
the art and open questions. J. Sleep. Res.

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? Front.
Psychol. 6, 605.

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 Sci.
10, 343. https://doi.org/10.3390/brainsci10060343.

Schlotz, W., Hellhammer, J., Schulz, P., Stone, A.A., 2004. Perceived work overload and
chronic worrying predict weekend-weekday differences in the cortisol awakening
response. Psychosom. Med. 66, 207-214. https://doi.org/10.1097/01.
psy.0000116715.78238.56.

Schoch, S.F., Cordi, M.J., Schredl, M., Rasch, B., 2019. The effect of dream report
collection and dream incorporation on memory consolidation during sleep. J. Sleep.
Res. 28, 12754 https://doi.org/10.1111/jsr.12754.

Schonbar, R.A., 1965. Differential dream recall frequency as a component of “life style.
J. Consult Psychol. 29, 468-474.

Schredl, M., 2007. Dream recall: Models and empirical data.

Schredl, M., 2009. Dreams in patients with sleep disorders. Sleep. Med. Rev. 13,
215-221.

Schredl, M., 2011. Toilet dreams: Incorporation of waking-life memories? Int. J. Dream.
Res. 41-44. https://doi.org/10.11588/ijodr.2011.1.9081.

Schredl, M., Montasser, A., 1996. Dream recall: state or trait variable? Part I: model,
theories, methodology and trait factors. Imagin., Cogn. Personal. 16, 181-210.
Schredl, M., Reinhard, I., 2008. Dream recall, dream length, and sleep duration: state or

trait factor. Percept. Mot. Skills 106, 633-636.

Schredl, M., Atanasova, D., Hormann, K., Maurer, J.T., Hummel, T., Stuck, B.A., 2009a.
Information processing during sleep: the effect of olfactory stimuli on dream content
and dream emotions. J. Sleep. Res. 18, 285-290. https://doi.org/10.1111/j.1365-
2869.2009.00737.x.

Schredl, M., Atanasova, D., Hormann, K., Maurer, J.T., Hummel, T., Stuck, B.A., 2009b.
Information processing during sleep: the effect of olfactory stimuli on dream content
and dream emotions. J. Sleep. Res 18, 285-290. https://doi.org/10.1111/j.1365-
2869.2009.00737.x.

Schredl, M., Dreer, J., Mosle, A., Rall, M., Rauch, L., Rose, S., Seuffert, S., 2019. Voice-
recorded vs. written dream reports: a research note. Int. J. Dream. Res. 138-140.
https://doi.org/10.11588/ijodr.2019.1.58801.

Schriever, F., 1987. A 30-year “experiment with time” evaluation of an individual case
study of precognitive dreams. Eur. J. Parapsychol. 7, 49-72.

Scullin, M.K., Gao, C., Fillmore, P., Roberts, R.L., Pruett, N., Bliwise, D.L., 2019. Rapid
eye movement sleep mediates age-related decline in prospective memory
consolidation. Sleep 42, zsz055. https://doi.org/10.1093/sleep/zsz055.

Siclari, F., Tononi, G., 2016. Chapter 7 - sleep and dreaming. In: Laureys, S.,
Gosseries, O., Tononi, G. (Eds.), The Neurology of Conciousness, second ed.


https://doi.org/10.1111/j.1365-2869.2010.00886.x
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref103
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref103
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref103
https://doi.org/10.1002/jts.20246
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref105
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref105
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref105
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref106
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref106
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref106
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref107
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref107
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref107
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref108
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref108
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref109
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref109
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref110
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref110
https://doi.org/10.1016/j.smrv.2007.03.004
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref112
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref112
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref113
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref113
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref113
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref114
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref114
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref115
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref115
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref116
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref116
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref117
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref117
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref117
https://doi.org/10.1016/j.ijpsycho.2009.06.002
https://doi.org/10.1016/j.smrv.2004.03.005
https://doi.org/10.1016/j.smrv.2004.03.005
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref120
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref120
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref120
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref121
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref121
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref122
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref122
https://doi.org/10.1523/JNEUROSCI.5497-12.2013
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref124
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref124
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref124
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref125
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref125
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref126
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref127
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref127
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref128
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref128
https://doi.org/10.1162/jocn_a_01155
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref130
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref130
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref130
https://doi.org/10.1111/jsr.13391
https://doi.org/10.1111/jsr.13391
https://doi.org/10.1371/journal.pone.0257738
https://doi.org/10.1093/sleep/zsac292
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref134
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref134
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref135
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref135
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref135
https://doi.org/10.1016/j.mehy.2020.110169
https://doi.org/10.1016/j.mehy.2020.110169
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref137
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref137
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref138
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref138
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref139
https://doi.org/10.1523/JNEUROSCI.3972-10.2011
https://doi.org/10.1523/JNEUROSCI.3972-10.2011
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref141
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref141
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref142
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref143
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref143
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref144
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref144
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref144
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref145
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref145
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref145
https://doi.org/10.1530/EJE-12-0982
https://doi.org/10.1016/j.biopsych.2003.11.018
https://doi.org/10.1177/0146167206293986
https://doi.org/10.1177/0146167206293986
https://doi.org/10.3389/fneur.2012.00059
https://doi.org/10.1093/cercor/bhr034
https://doi.org/10.1093/cercor/bhr034
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref151
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref151
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref151
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref152
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref152
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref153
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref153
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref153
https://doi.org/10.3390/brainsci10060343
https://doi.org/10.1097/01.psy.0000116715.78238.56
https://doi.org/10.1097/01.psy.0000116715.78238.56
https://doi.org/10.1111/jsr.12754
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref157
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref157
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref158
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref158
https://doi.org/10.11588/ijodr.2011.1.9081
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref160
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref160
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref161
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref161
https://doi.org/10.1111/j.1365-2869.2009.00737.x
https://doi.org/10.1111/j.1365-2869.2009.00737.x
https://doi.org/10.1111/j.1365-2869.2009.00737.x
https://doi.org/10.1111/j.1365-2869.2009.00737.x
https://doi.org/10.11588/ijodr.2019.1.58801
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref165
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref165
https://doi.org/10.1093/sleep/zsz055

P. Simor et al.

Academic Press, San Diego, pp. 107-128. https://doi.org/10.1016/B978-0-12-
800948-2.00007-8.

Siclari, F., Valli, K., Arnulf, I., 2020. Dreams and nightmares in healthy adults and in
patients with sleep and neurological disorders. Lancet Neurol. 19, 849-859.

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. Nat. Neurosci. 20,
872-878.

Simor, P., Polner, B., Bathori, N., Sifuentes-Ortega, R., Van Roy, A., Albajara Sdenz, 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, zsab029.

Smallwood, J., Schooler, J.W., 2015. The science of mind wandering: empirically
navigating the stream of consciousness. Annu. Rev. Psychol. 487-518.

Smallwood, J., Schooler, J.W., Turk, D.J., Cunningham, S.J., Burns, P., Macrae, C.N.,
2011. Self-reflection and the temporal focus of the wandering mind. Conscious.
Cogn., Dreams Psychos. A Eur. Sci. Found. Explor. Workshop 20, 1120-1126.
https://doi.org/10.1016/j.concog.2010.12.017.

Soffer-Dudek, N., 2017. Arousal in Nocturnal Consciousness: How Dream- and Sleep-
Experiences May Inform Us of Poor Sleep Quality, Stress, and Psychopathology.
Front. Psychol. 8.

Solms, M., 1997. The neuropsychology of dreams: A clinico-anatomical study, The
neuropsychology of dreams: A clinico-anatomical study. Lawrence Erlbaum
Associates Publishers,, Mahwah, NJ, US.

Solms, M., 2000. Dreaming and REM sleep are controlled by different brain mechanisms.
Behav. Brain Sci. 23, 843-850.

Spoormaker, V.I., Montgomery, P., 2008. Disturbed sleep in post-traumatic stress
disorder: secondary symptom or core feature? Sleep. Med. Rev. 12, 169-184.

Spoormaker, V.I, Gleiser, P.M., Czisch, M., 2012. Frontoparietal connectivity and
hierarchical structure of the brain’s functional network during sleep. Front. Neurol.
3. https://doi.org/10.3389/fneur.2012.00080.

Spoormaker, V.I., Schroter, M.S., Gleiser, P.M., Andrade, K.C., Dresler, M., Wehrle, R.,
Samann, P.G., Czisch, M., 2010. Development of a large-scale functional brain
network during human non-rapid eye movement sleep. J. Neurosci. 30,
11379-11387. https://doi.org/10.1523/JNEUROSCI.2015-10.2010.

Stalder, T., Hucklebridge, F., Evans, P., Clow, A., 2009. Use of a single case study design
to examine state variation in the cortisol awakening response: relationship with time
of awakening. Psychoneuroendocrinology 34, 607-614.

Stalder, T., Evans, P., Hucklebridge, F., Clow, A., 2010. Associations between
psychosocial state variables and the cortisol awakening response in a single case
study. Psychoneuroendocrinology 35, 209-214. https://doi.org/10.1016/].
psyneuen.2009.06.006.

Starkman, M.N., Schteingart, D.E., 1981. Neuropsychiatric manifestations of patients
with cushing’s syndrome: relationship to cortisol and adrenocorticotropic hormone
levels. Arch. Intern. Med. 141, 215-219. https://doi.org/10.1001/
archinte.1981.00340020077021.

Sterpenich, V., Albouy, G., Boly, M., Vandewalle, G., Darsaud, A., Balteau, E., Dang-
Vu, T.T., Desseilles, M., D’Argembeau, A., Gais, S., et al., 2007. Sleep-related
hippocampo-cortical interplay during emotional memory recollection. PLoS Biol. 5,
e282.

Sterpenich, V., Albouy, G., Darsaud, A., Schmidt, C., Vandewalle, G., Dang Vu, T.T.,
Desseilles, M., Phillips, C., Degueldre, C., Balteau, E., et al., 2009. Sleep promotes the
neural reorganization of remote emotional memory. J. Neurosci. 29, 5143.

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. Conscious. Cogn. 3, 16-29. https://doi.org/10.1006/
cc0g.1994.1002.

Stickgold, R., Malia, A., Maguire, D., Roddenberry, D., O’Connor, M., 2000. Replaying
the game: hypnagogic images in normals and amnesics. Science 290, 350-353.

Sutherland, K., Bryant, R.A., 2005. Self-defining memories in post-traumatic stress
disorder. Br. J. Clin. Psychol. 44, 591-598. https://doi.org/10.1348/
014466505X64081.

Tononi, G., Cirelli, C., 2006. Sleep function and synaptic homeostasis. Sleep. Med. Rev.
10, 49-62. https://doi.org/10.1016/j.smrv.2005.05.002.

Tononi, G., Massimini, M., 2008. Why does consciousness fade in early sleep? Ann. N. Y
Acad. Sci. 1129, 330-334. https://doi.org/10.1196/annals.1417.024.

Vallat, R., Nicolas, A., Ruby, P., 2020. Brain functional connectivity upon awakening
from sleep predicts interindividual differences in dream recall frequency. Sleep 43,
zsaall6. https://doi.org/10.1093/sleep/zsaall6.

Vallat, R., Eichenlaub, J.-B., Nicolas, A., Ruby, P., 2018. Dream recall frequency is
associated with medial prefrontal cortex white-matter density. Front. Psychol. 9.

14

Neuroscience and Biobehavioral Reviews 147 (2023) 105104

Vallat, R., Lajnef, T., Eichenlaub, J.-B., Berthomier, C., Jerbi, K., Morlet, D., Ruby, P.M.,
2017. Increased evoked potentials to arousing auditory stimuli during sleep:
implication for the understanding of dream recall. Front. Hum. Neurosci. 11, 132.

Van Cauter, E., Plat, L., 1996. Physiology of growth hormone secretion during sleep.

J. Pediatr. 128, S32-S37.

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. Neurobiol. Learn. Mem. 122, 98-109.

VanSomeren, E.J., 2000. More than a marker: interaction between the circadian
regulation of temperature and sleep, age-related changes, and treatment
possibilities. Chronobiol. Int. 17, 313-354.

Vyazovskiy, V.V., Harris, K.D., 2013. Sleep and the single neuron: the role of global slow
oscillations in individual cell rest. Nat. Rev. Neurosci. 14, 443-451.

Wagner, U., Hallschmid, M., Rasch, B., Born, J., 2006. Brief sleep after learning keeps
emotional memories alive for years. Biol. Psychiatry 60, 788-790.

Wamsley, E., 2013. Dreaming, waking conscious experience, and the resting brain: report
of subjective experience as a tool in the cognitive neurosciences. Front. Psychol. 4,
637. https://doi.org/10.3389/fpsyg.2013.00637.

Wamsley, E.J., 2014. Dreaming and offline memory consolidation. Curr. Neurol.
Neurosci. Rep. 14, 1-7.

Wamsley, E.J., 2022. Constructive episodic simulation in dreams. PLoS One 17,
€0264574. https://doi.org/10.1371/journal.pone.0264574.

Wamsley, E.J., Antrobus, J.S., 2009a. The expression of trace conditioning during non-
REM sleep and its relation to subjective experience. Neurobiol. Learn. Mem. 92,
283-291.

Wamsley, E.J., Antrobus, J.S., 2009b. The expression of trace conditioning during non-
REM sleep and its relation to subjective experience. Neurobiol. Learn Mem. 92,
283-291. https://doi.org/10.1016/j.nlm.2009.02.012.

Wamsley, E.J., Stickgold, R., 2011. Memory, sleep, and dreaming: experiencing
consolidation. Sleep. Med. Clin. 6, 97-108.

Wamsley, E.J., Stickgold, R., 2019. Dreaming of a learning task is associated with
enhanced memory consolidation: Replication in an overnight sleep study. J. Sleep.
Res. 28, e12749.

Wamsley, E.J., Tucker, M., Payne, J.D., Benavides, J.A., Stickgold, R., 2010. Dreaming of
a learning task is associated with enhanced sleep-dependent memory consolidation.
Curr. Biol. 20, 850-855.

Webhrle, R., Kaufmann, C., Wetter, T.C., Holsboer, F., Auer, D.P., Pollméacher, T.,
Czisch, M., 2007. Functional microstates within human REM sleep: first evidence
from fMRI of a thalamocortical network specific for phasic REM periods. Eur. J.
Neurosci. 25, 863-871.

Weitzman, E.D., Fukushima, D., Nogeire, C., Roffwarg, H., Gallagher, T.F., Hellman, L.,
1971. Twenty-four hour pattern of the episodic secretion of cortisol in normal
subjects. J. Clin. Endocrinol. Metab. 33, 14-22.

Westermann, J., Lange, T., Textor, J., Born, J., 2015. System consolidation during
sleep-a common principle underlying psychological and immunological memory
formation. Trends Neurosci. 38, 585-597.

Whitfield-Gabrieli, S., Moran, J.M., Nieto-Castanén, A., Triantafyllou, C., Saxe, R.,
Gabrieli, J.D.E., 2011. Associations and dissociations between default and self-
reference networks in the human brain. NeuroImage 55, 225-232. https://doi.org/
10.1016/j.neuroimage.2010.11.048.

Wilhelm, I., Born, J., Kudielka, B.M., Schlotz, W., Wiist, S., 2007. Is the cortisol
awakening rise a response to awakening? Psychoneuroendocrinology 32, 358-366.

Wilhelm, 1., Diekelmann, S., Molzow, ., Ayoub, A., Molle, M., Born, J., 2011. Sleep
selectively enhances memory expected to be of future relevance. J. Neurosci. 31,
1563-1569. https://doi.org/10.1523/JNEUROSCI.3575-10.2011.

Wright Jr, K.P., Hull, J.T., Czeisler, C.A., 2002. Relationship between alertness,
performance, and body temperature in humans. Am. J. Physiol. -Regul., Integr.
Comp. Physiol.

Wu, C.W., Liu, P.-Y., Tsai, P.-J., Wu, Y.-C., Hung, C.-S., Tsai, Y.-C., Cho, K.-H., Biswal, B.
B., Chen, C.-J., Lin, C.-P., 2012. Variations in connectivity in the sensorimotor and
default-mode networks during the first nocturnal sleep cycle. Brain Connect. 2,
177-190.

Wyatt, J.K., Bootzin, R.R., 1994. Cognitive processing and sleep: implications for
enhancing job performance. Hum. Perform. 7, 119-139.

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.
Front. Hum. Neurosci. 13, 370. https://doi.org/10.3389/fnhum.2019.00370.

Xie, L., Kang, H., Xu, Q., Chen, M.J., Liao, Y., Thiyagarajan, M., O’Donnell, J.,
Christensen, D.J., Nicholson, C., 1liff, J.J., Takano, T., Deane, R., Nedergaard, M.,
2013. Sleep drives metabolite clearance from the adult brain. Science 342, 373-377.
https://doi.org/10.1126/science.1241224.


https://doi.org/10.1016/B978-0-12-800948-2.00007-8
https://doi.org/10.1016/B978-0-12-800948-2.00007-8
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref168
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref168
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref169
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref169
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref169
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref170
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref170
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref170
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref170
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref171
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref171
https://doi.org/10.1016/j.concog.2010.12.017
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref173
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref173
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref173
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref174
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref174
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref174
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref175
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref175
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref176
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref176
https://doi.org/10.3389/fneur.2012.00080
https://doi.org/10.1523/JNEUROSCI.2015-10.2010
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref179
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref179
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref179
https://doi.org/10.1016/j.psyneuen.2009.06.006
https://doi.org/10.1016/j.psyneuen.2009.06.006
https://doi.org/10.1001/archinte.1981.00340020077021
https://doi.org/10.1001/archinte.1981.00340020077021
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref182
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref182
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref182
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref182
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref183
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref183
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref183
https://doi.org/10.1006/ccog.1994.1002
https://doi.org/10.1006/ccog.1994.1002
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref185
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref185
https://doi.org/10.1348/014466505X64081
https://doi.org/10.1348/014466505X64081
https://doi.org/10.1016/j.smrv.2005.05.002
https://doi.org/10.1196/annals.1417.024
https://doi.org/10.1093/sleep/zsaa116
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref190
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref190
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref191
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref191
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref191
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref192
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref192
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref193
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref193
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref193
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref193
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref194
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref194
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref194
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref195
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref195
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref196
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref196
https://doi.org/10.3389/fpsyg.2013.00637
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref198
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref198
https://doi.org/10.1371/journal.pone.0264574
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref200
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref200
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref200
https://doi.org/10.1016/j.nlm.2009.02.012
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref202
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref202
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref203
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref203
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref203
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref204
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref204
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref204
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref205
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref205
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref205
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref205
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref206
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref206
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref206
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref207
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref207
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref207
https://doi.org/10.1016/j.neuroimage.2010.11.048
https://doi.org/10.1016/j.neuroimage.2010.11.048
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref209
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref209
https://doi.org/10.1523/JNEUROSCI.3575-10.2011
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref211
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref211
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref211
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref212
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref212
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref212
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref212
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref213
http://refhub.elsevier.com/S0149-7634(23)00073-8/sbref213
https://doi.org/10.3389/fnhum.2019.00370
https://doi.org/10.1126/science.1241224

	Sleep and dreaming in the light of reactive and predictive homeostasis
	1 Introduction: dreaming is relevant but evanescent
	2 Reactive and predictive homeostasis during sleep
	2.1 Reactive homeostasis: the restorative functions of sleep
	2.2 Mental activity during early slow wave sleep
	2.3 Anticipation of wakefulness: predictive homeostasis during sleep
	2.4 Predictive homeostasis and mental simulations
	2.4.1 Mind-wandering as dream-like mental simulations
	2.4.2 Predictive homeostasis instigates self-referent mental simulations
	2.4.3 Reactive and predictive homeostasis and the temporal dimension of dreams
	2.4.4 The future in sleep and dreams


	3 Dream recall interferes with goal-directed prospection
	3.1 Dream recall: trait or state?
	3.2 Morning cortisol as a potential modulator of dream amnesia

	4 Concluding remarks
	Conflict of interest
	Acknowledgments
	References


