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Summary

Sleep is fundamental to allow proper memory and emotional processing. In
particular, rapid eye movement (REM) sleep duration and continuity are
supposed to be crucial for ensuring adequate encoding and consolidation of
emotional events. However, how REM sleep acts on the emotional reactivity
associated with the emotional information needs to be clarified. Different
methodological limitations affect the studies in this field. Recently, studies on
clinical populations highlighted that REM sleep fragmentation (manifested in
cortical arousals and stage transitions that disrupt the continuity of REM
periods) negatively interferes with emotional processing that is assumed to
occur during REM sleep. Therefore, experimentally induced REM sleep
fragmentation in healthy participants could be adopted as an alternative
paradigm to investigate REM sleep's effects on emotional memory and
emotional reactivity, overcoming existing methodological limitations. In this
view, we aim to investigate the role of REM sleep in consolidating emotional
memory and modulating emotional reactivity by inducing REM sleep
fragmentation through cortical arousals elicited via a wristband delivering
vibrotactile stimulations. Recruited participants underwent two experimental
conditions (Fragmentation and Control) in a counterbalanced order. In each
condition, the participants took part in: i) a baseline assessment of emotional
reactivity followed by a stimulus encoding phase and a baseline assessment of
emotional memory in the afternoon (at 18:00); /i) a nocturnal polysomnographic
recording with 64-channel high-density EEG of the nocturnal sleep with
(Fragmentation) or without (Control) vibrotactile stimulation; iij) a post-sleep

emotional memory and emotional reactivity assessment one hour after the final



awakening, (iv) and a follow-up assessment of emotional reactivity and
emotional memory after 48 hours. The effects of the experimental manipulation
of REM sleep continuity on emotional memory and emotional reactivity for
negative and neutral stimuli were evaluated by collecting behavioural (old/new
paradigm), self-report (self-assessment manikin scale), and physiological (skin
conductance responses and heart rate deceleration) measurements. We
demonstrated that experimentally induced REM sleep fragmentation led to a
lack of psychophysiological habituation to previously encountered emotional
stimuli in healthy participants without affecting their subjective emotional
reactivity ratings and emotional memory consolidation. Moreover, we revealed
that re-exposing participants to emotional stimuli after a night of experimental
REM sleep fragmentation did not allow this information to be correctly
processed during two subsequent nights of regular sleep. Finally, we proved
that our new methodological approach of experimentally induced REM sleep
fragmentation is able to hinder REM sleep continuity, minimising
macrostructural sleep alteration.

Altogether, our data support the importance of unperturbed REM sleep
continuity in promoting a proper psychophysiological reaction to known

emotional events.






1. Sleep and emotional processing

Sleep is a regular and recurring behavioural state that alternates with
wakefulness and is characterised by significant central and peripheral
physiological modifications (Kryger, Roth & Dement, 2010). During sleep,
people undergo an increased response threshold to sensory input, a decreased
motor output, and a modified state of consciousness. Nonetheless, sleep can
be distinguished from other states of quiescence due to its rapid reversibility
towards wakefulness through sufficient stimulation (Lesku, Martinez-Gonzalez

& Rattenborg, 2009).

Sleep is a fundamental component of human health (Lowe, Satati & Hall, 2017).
A healthy adult’s recommended amount of sleep falls between 7 and 9 hours.
Generally, sleeping less than 7 hours per night is associated with adverse
negative health outcomes such as weight loss or obesity, type 2 diabetes, heart
disease, hypertension, stroke, reduced immune function, lowered muscular
strength, and an elevated risk of mortality (Craven et al., 2022; Watson et al.,
2015).

Although there is a focus on the quantity of experienced sleep, it is
acknowledged that sleep quality is also crucial for optimal psychophysical well-
being (Scott et al., 2021). Sleep quality, partially dependent on duration, also
relies on sleep latency, the number of nocturnal awakenings, the time spent
awake after sleep onset, waking up too early compared to the desired time, the
amount of arousal during the night, and the subjective satisfaction of the sleep

experience (McCarter et al., 2022; Nelson, Davis & Corbett, 2022).



While sleep may outwardly appear as a homogeneous state, it is, in reality, a
complex process comprised of distinct stages. Sleep comprises rapid eye
movement (REM) sleep and non-rapid eye movement (NREM) sleep. NREM
sleep is, in turn, subdivided into three stages (NREM1, NREM2, and NREM3)
depicting different degrees of sleep depth (Berry et al., 2015). All these stages
intricately delineate the essence of sleep, each possessing unique
characteristics and fulfilling a specific role (Rasch & Born, 2013). For instance,
the NREM stage primarily consolidates declarative and semantic memories. At
the same time, REM sleep is associated with consolidating procedural
memories and seems involved in emotional processing (Diekelmann & Born,

2010; Diekelmann, Wilhem & Born 2009).

The deleterious effects of inadequate sleep are not solely confined to physical
health. Inadequate sleep primarily influences psychological functioning,
significantly compromising cognitive performance. For instance, recent meta-
analyses show how inadequate sleep compromises the ability to learn,
consolidate, and remember information and is also associated with reduced
attention, distorted perception, and impaired executive functions (Lo et al.,
2016; Newbury & Monaghan, 2019; Newbury et al., 2021; Qin et al., 2023).

While inadequate sleep adversely affects cognitive functions, poor sleep quality
and quantity have an even more significant impact on mood and emotional

functioning (Pilcher & Huffcutt, 1996).

Among the several negative consequences on human health related to poor
sleep quality, the present work focuses on the role of disturbed human sleep on
emotional processing, starting by outlining the role of sleep in mood and

emotions.



1.1 Sleep, mood and emotions

As highlighted above, sleep is crucial for optimal psychophysiological
functioning, but emotions also influence our entire lives. For instance, emotions
affect decision-making ability, social interactions, learning capacity, and health
(Engen & Anderson, 2018; Ferrer & Mendes, 2018; Skurvydas et al., 2021).
Numerous pieces of evidence emphasise how sleep influences our emotional
functioning and how our emotions affect our sleep (Kahn et al., 2014; Tempesta

et al., 2018).

Theoretically, there are six basic emotions: anger, happiness, sadness, disgust,
surprise, and fear (Ekman, 1970). Sleep research has yet to investigate the
relationship between basic emotions and sleep directly, except for a few
exceptions, but has focused more on some aspects of these emotions. For
example, many studies have explored the relationship between sleep and
irritability, tension, pleasure, anxiety, depression, hostility, empathic abilities,
calmness, and confusion. Furthermore, many studies have investigated sleep
effects on the more general concept of mood, encompassing positive and
negative aspects or adopting broader concepts such as overall distress (a
composite measure of anger, depression and anxiety), bringing together
emotions and mood in relation to sleep. Despite mood and emotions being
distinct constructs (Gray & Watson, 2001), their relationship with sleep appears
clear and coherent for both concepts. Therefore, we will address mood and

emotions in relation to sleep together in this context.

Regarding negative mood and emotions, numerous studies support a primary
role for sleep. To go into detail, Hruska, Anderson & Barduhn (2022) reported

anger levels that were 18 to 35% higher in emergency medical services
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professionals who reported poor sleep quality relative to colleagues with good
sleep quality. Moreover, irrespective of their usual sleep quality, workers
denounce higher levels of anger when they face poorer sleep than usual
(Hruska, Anderson & Barduhn, 2022). Recently, the relationship between
perceived sleep quality and anger was evaluated in a large sample of university
students (Arbinaga Joaquin-Mingorance & Fernandez-Cuenca, 2019). After
assessing sleep quality and anger through validated questionnaires, the
authors reported a remarkable relationship between these variables.
Specifically, participants with a sleep efficiency < 85% reported greater state-
anger. Likewise, subjects who reported sleeping < 7 hours per night scored
higher on both state-anger and trait-anger. Similarly, state-anger and trait-anger
are higher in participants with higher sleep latencies. In addition, a study based
on a larger (N=4695) and older (age range 20-69) sample reported similar
results (Shin et al., 2005). Here, the authors highlighted a positive significant
association between trait-anger levels and sleep disturbances. In particular,
difficulty initiating and maintaining sleep and early morning awakenings were
associated with more significant trait-anger levels. It should be noted that sleep
and anger are not associated only in the adult population. Many studies
emphasise how this relationship is already present in children and adolescents.
In a sample of N=8950 preschool children (4 years old), Scharf et al. (2013)
found that children who sleep less than 9.45 hours have higher odds of
exhibiting anger, aggression, impulsivity, overactivity, tantrums, and annoying
behaviours relative to their peers who sleep longer. Likewise, adolescents
(range age 14-18) report greater anger levels following one night of total sleep

deprivation (TSD) (Short & Louca, 2015). Similar findings were reported by a



study with a larger (N=2767, range age 12—-16) sample, in which adolescents
with reduced or borderline total sleep time relative to the suggested one (7
hours) reported higher feelings of anger and more norm-breaking behaviour
(e.g., stealing, drug use, violence et cetera) (Bauducco et al., 2016).

Research investigating the relationship between sleep and feelings of fear is
scarce. Generally, researchers explore the link between sleep and fear in terms
of fear conditioning and extinction learning rather than as a direct correlation
between sleep and fear feelings. Nevertheless, some authors assessed the
relationship between sleep and fear by focusing on the ability to recognise
fearful facial expressions under sleep deprivation/restriction conditions. Overall,
these studies report that inadequate sleep does not compromise the ability to
identify fearful facial expressions (Cote et al., 2014; Huck et al., 2008; Killgore
et al., 2017). The authors of these studies posit that the ability to recognise fear
is an evolutionary advance, making this skill more resistant to the deleterious
effects of sleep loss. Despite this, inadequate sleep compromises the ability to
recognise happiness and sadness (Huck et al., 2008; Killgore et al., 2017).
Researchers have conducted few studies on the relationship between disgust,
surprise and sleep. Indeed, studies in this field have primarily evaluated
recognition abilities for the visual expression of these emotions. Overall, studies
indicate the absence of a sleep effect on the ability to recognise disgust and
surprise (Beattie et al., 2015; de Almondes et al., 2016; Killgore et al., 2017).
Moreover, these results are confirmed also in clinical populations. For instance,
Cronlein et al. (2016) compared the recognition ability of the six basic emotions
among insomniac subjects, subjects with sleep apnoea, and healthy controls.

They found no significant differences in recognising emotions of disgust,



surprise, anger and fear between healthy and clinical participants. Nonetheless,
clinical subjects exhibited a reduced ability to recognise the affective state of
happiness and sadness compared to the control cohort. Similar results were
also highlighted in healthy subjects under sleep deprivation conditions (Killgore
et al., 2017). Interestingly, several authors attribute the lack of results in this
type of experiment to the methodological approach (e.g., tasks with low
ecological validity), emphasising that, in most studies, tasks involve static
images of faces expressing emotion presented on the screen for a brief period
(up to 5 seconds). Indeed, some authors have sought to investigate this
relationship using more ecological methodologies. For instance, Holding et al.
(2017) substituted emotional video clips for static images, expanding the range
of emotions to be recognised to 12 (fear, pleasure, disgust, despair, anxiety,
sadness, relief, pride, happiness, interest, irritation, and anger). Furthermore,
the study was composed of two different experiments: in the first one, sleep
was subjectively assessed through the Karolinska Sleep Diary, while in the
second one, sleep variables were objectively categorised via actigraphy.
Despite the methodological precautions, the authors found only a positive
correlation between self-reported sleep quality and accuracy in recognising
disgust. No other sleep variables, whether self-reported or objectively
assessed, were associated with emotion recognition. Additionally, Sack, Brier
& Anders (2019) evaluated if recognition ability under a sleep deprivation
condition could be affected by different stimulus presentation times (2s vs 4s vs
8s vs 10s stimuli duration). In this study, the authors highlighted no significant
differences in the ability to recognise emotions when the exposure time of the

image ranged from 2s to 4s between subjects in normal sleep and sleep



deprivation conditions. Surprisingly, when stimulus exposure times reached
8/10s, sleep-deprived participants showed better emotion recognition abilities
than subjects in the regular sleep group. Thus, these studies emphasise how
subtle variations in the methodology can bring out differences that would
otherwise go unnoticed. Furthermore, other authors attempted to evaluate if
inadequate sleep could differently impact the ability to recognise the valence of
the facial expressions of emotion (e.g., if the face shows a negative or positive
or neutral emotion) and the ability to recognise the valence of the emotional
content of words (e.g., if the written word is associated with a negative, positive
or neutral emotion) (Maccari et al., 2014). Here, the proficiency in recognising
the emotional content of the words deteriorated during sleep deprivation
conditions for all the valences. Conversely, the ability to recognise the emotional
valence of the facial expression was compromised only when the facial
expression was neutral during sleep deprivation. Overall, the inconsistent
results in these studies underscore the importance of a correct methodological
approach in evaluating the relationship between sleep and emotions to prevent
conflicting results due to confounding effects.

In contrast, the results of the literature appear more coherent regarding the
relationship between sadness and sleep. In addition to compromising the ability
to recognise the facial expressions of sadness and happiness (Killgore et al.,
2017), inadequate sleep is associated with higher levels of sadness the
following day (Patapoff et al., 2022). Furthermore, sleep-deprived individuals
also visually appear sadder. Sundelin et al. (2013) asked participants to
evaluate face pictures of individuals after regular sleep or after 31 hours of TSD

on 12 aspects (including looking sad). Among the others, the faces of subjects



in the sleep deprivation condition were rated significantly sadder. As mentioned
earlier, the relationship between sleep and emotion is bidirectional. In addition
to the effect of sleep on sadness, it is acknowledged that sadness emerges as
a significant predictor of poor sleep quality and lower total sleep time (Kahn et
al., 2014; Kalmbach et al., 2014). The relationship between sleep and sadness
is also solid in the younger population. For instance, Garnow et al. (2021) found
a positive relationship between sadness and sleep difficulties in a large sample
(N=1489) of adolescents (age range 15-17). Similarly, Settineri et al. (2012)
found a positive association between daytime sleepiness and sadness in a
sample of approximately 2000 adolescent/young adults (age range 16-22).
Finally, Otsuka et al. (2020) reported comparable results on a broader sample
of Japanese adolescents (N=64329, age range 12-19, 53,9% males),

highlighting higher levels of sadness associated with poor sleep quality.

Although emotions are divided into six basic emotions, restricting the
investigation of the relationship between sleep and emotion solely based on
these constructs is limiting. Various aspects and behaviours contribute to
forming the six basic emotions. We can conceptualise emotions broadly by
categorising them as positive or negative. Furthermore, emotions represent a
momentary state in response to an event not encompassing the more enduring
concept of mood, which represents the individual's general affective disposition
(again, positive or negative) that influences their attitude towards life (Gray &
Watson, 2001). Indeed, sleep researchers have not limited their study of the
relationship between sleep and emotions to predetermined categories, such as
the six basic emotions. Here, the literature is broader and highlights the

detrimental effect of inadequate sleep on emotional functioning. Acheson et al.



(2007), using the Profile of Mood States (McNair et al., 1971) (a standardised
questionnaire providing both a general measure of total mood disturbance and
scores on six different subscales: anxiety, depression, anger, vigour, fatigue,
confusion), highlighted an increase in levels of anger, anxiety, depression, and
confusion in a sample (N=20, age range 18—45) subjected to 24 hours of TSD.
Different studies have replicated similar results, which show that TSD causes a
general decline in mood while also increasing levels of depression, anxiety,
stress, and fatigue (Babson et al., 2010; Ben Simon et al., 2020; Campbell,
Feldner & Leen-Feldner, 2022; Sagaspe et al., 2006; Scott, McNaughton &
Polman, 2006; Vardar et al., 2007). Moreover, Thompson et al. (2022)
highlighted compromised emotional and cognitive functioning with higher levels
of depression, anxiety, and anger, accompanied by altered biomarkers of
inflammation and cortisol levels after a single night of TSD. Studies that
extended beyond a single night of TSD also reported similar results. For
example, Skurvydas et al. (2021) reported a significant worsening of mood
alongside reduced motivation in a sample of young adults (N=36, mean age
21.2 years) after two nights of TSD. Similarly, healthy participants (N=25, age
range 20—35) subjected to 56 hours of TSD reported increased pathological
symptomatology relative to baseline. Specifically, participants reported greater
depression, anxiety, paranoia, and somatic complaints as assessed by the
Personality Assessment Inventory (Morey, 2014). Interestingly, studies of
prolonged sleep deprivation reveal large interindividual variability in the
deleterious effects of sleep deprivation (Floros et al., 2021; Kuna et al., 2012;
Rupp et al.,, 2012). For instance, Beutler et al. (2003), assessing healthy

subjects (N=48, age range 18-25) after 30 and 60 hours of sleep deprivation,



found worsened depressive symptomatology. However, looking at the results
carefully, the authors highlighted individual differences in response to sleep
deprivation. Specifically, they were able to distinguish three different subgroups
of participants regarding the effects of sleep deprivation on depressive
symptoms. Most of the participants (n=25) showed a significant, albeit modest,
worsening of depressive symptomatology; other participants (n=11) showed a
massive worsening of depressive symptomatology, while the remaining
participants (n=12) showed a significant improvement in depressive
symptomatology. Furthermore, the participants with the worst response showed
worsening symptomatology throughout measurements. In contrast, the
worsening/improvement in symptomatology in the other participants was

evident after 30 hours of deprivation and remained stable at 60 hours.

Sleep restriction studies also found deleterious effects of inadequate sleep on
negative affect. For example, Kahn et al. (2014) subjected a sample of adults
(N=61, age range 20-29) to three different experimental conditions: one night
of normal sleep, one night of sleep restriction (4 hours), and one fragmentation
night (awakenings induced every 90 minutes lasting 10/15 minutes). Here, in
both sleep manipulation conditions, participants reported an increase in levels
of depression, fatigue, and confusion compared to control. Again, even when
sleep is restricted to 5 hours for a single night, there seems to be a general
impairment in mood accompanied by a worsening in depression, anger,
confusion, vigour, and fatigue levels (Romney et al., 2016). Furthermore, in
conditions of partial sleep restriction, it seems that the deleterious effects of
sleep deprivation on mood are cumulative. Reducing sleep duration by 33%

(relative to the average obtained during a typical week of sleep monitored via
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actigraphy), mood appears significantly worse after the first day of sleep
restriction, but the impairment continues to rise, resulting in a significantly worse
mood on the fourth day relative to the first one of sleep restriction (Cote et al.,
2008). Similar results were also reported in the young population. Lo et al.
(2017) subjected healthy participants (N=47, age range 15-19) to two cycles of
sleep restriction (5 hours per night for five nights in each sleep restriction cycle)
interspersed with two nights in which participants were allowed to sleep 9 hours
per night. The results showed a cumulative worsening in mood, cognitive
functions, and subjective alertness over time. Interestingly, the authors
highlighted that these neurobehavioral functions did not fully recover after the
two recovery nights. Moreover, the second cycle of sleep restriction accelerates
the deterioration of neurobehavioral functions. It is worth noting that participants
who took a 1-hour nap in the afternoon experienced a slower decay in both
cognitive performance and mood levels (Lo et al., 2017). Other studies in
younger populations reported similar results. For instance, Baum et al. (2014)
studied the effects of chronic sleep restriction (6.5 hours per night for five nights)
on mood and emotional regulation in a sample of adolescents (N=50, age range
14-17). Through a cross-over design, participants were subjected to chronic
sleep restriction and a regular sleep condition (10 hours of bedtime for five
nights) and monitored via actigraphy. The authors report that adolescents in the
sleep restriction condition are significantly more depressed, anxious, and
irritable. Furthermore, McMakin et al. (2016) involved an even younger
population (age range 11.5-15) investigating the effects of two nights of sleep
restriction (4 hours per night) versus two nights of normal sleep (10 hours per

night) on social interactions in a peer social context and self-reported mood.
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When subjected to sleep restriction, early adolescents report increased
negative affect and greater negative affective behaviour in a peer social context.
In addition, some authors assessed if different amounts of sleep restriction were
able to induce different effects among younger people. Booth et al. (2021)
recruited a sample of adolescents (N=34, age range 15-17) that underwent
nine nights of sleep with 9.5 hours in bed per night before being randomly
assigned to one of the following three groups: 5 hours of sleep for five nights,
7.5 hours of sleep for five nights, and 10 hours of sleep for five nights. The
authors report worsening levels of depression, anxiety, and confusion only in
the 5-hour sleep restriction condition. Moreover, happiness levels increased in
the group of subjects who were allowed to sleep for 10 hours compared to the
baseline. Finally, in this experiment, each group was allowed two recovery
nights (10 hours of sleep) before being reassessed on the study variables. The
authors highlight how negative emotions in the 5-hour group did not return to
baseline after recovery nights (Booth et al., 2021). It is interesting to note the
consistency of the deleterious effects of sleep on emotional functioning. As
reported above, studies with varying sleep deprivation methodologies, samples,
and methods to assess participants' emotional states obtained nearly identical

results.

It should be noted that our emotional life is not composed solely of negative
emotions. Happiness or joy represents another fundamental emotion included
in the six basic emotions. As previously reported, sleep deprivation
compromises the ability to recognise the facial expression of this emotion
(Killgore et al., 2017), but it also compromises the ability to experience

happiness or joy (Fuligni & Hardway, 2006; Jackowska et al., 2011; Ong et al.,
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2017; Troxel et al., 2009). For example, Jackowska et al. (2011) highlighted a
positive association between sleep efficiency and happiness. Furthermore,
other authors showed how happiness experienced during the day is positively
associated with subsequent sleep duration (Fuligni & Hardway, 2006).

However, focusing solely on joy as a basic emotion would limit the review of the
effects of sleep on positive affect. Sleep is known to impact the positive
emotional domain in a broader sense negatively. Kaida & Niki (2013)
highlighted how a single night of TSD, in addition to increasing negative affect,
also reduces positive affect. Moreover, these effects are also observed in
conditions of sleep restriction. For example, Rossa et al. (2014) showed that a
single night of sleep restriction to 4 hours significantly reduced positive affect.
Similarly, Saksvik-Lehouillier et al. (2020) showed that lowering the habitual
sleep time by 2 hours for three consecutive nights had a negative impact on
positive affect. Furthermore, Cote et al. (2009), restricting sleep to 3 hours for
two nights, highlighted a dose-dependent effect of sleep restriction on positive
mood. Participants exhibited a significant reduction in positive affect after the
first night of sleep restriction relative to baseline. Furthermore, the impairment
in the positive effect was significantly higher after the second night of sleep
restriction than the first (Cote et al., 2009). Some authors evaluated whether
the younger population is more sensitive to the deleterious effects of sleep loss
on positive mood. Schwarz et al. (2019) conducted a study comparing a sample
of young adults (18-30 years, N=63) and older adults (60-72 years, N=47) to
see if deprivation would have a more negative impact on the younger adult
group. Both groups were subjected to 30 hours of TSD and a night of normal

sleep. After TSD, younger subjects reported higher levels of stress and a
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significantly greater reduction in positive affects. Moreover, the other variables
investigated (affect, depression, confusion, tension, anger, fatigue, total mood
disturbance, and irritability) showed a significant worsening only in the young
adult population, indicating that older adults are more resilient to the deleterious
effects of sleep on mood. In this regard, it is worth citing the study by Talbot et
al. (2010), which also included an adolescent population (early adolescence
N=20 age range 10-13; mid-adolescence N=24 age range 13-16; and
adulthood N=20 age range 30—60). Here, a significant worsening of positive
effects associated with increased anxiety was observed in all the groups
investigated, regardless of age. Notwithstanding that, when presented with
emotional stimuli, the early adolescents evaluated these stimuli as significantly
more threatening than other age groups (Talbot et al., 2010). The deleterious
effects of sleep deprivation and restriction in adolescents have been repeatedly
confirmed by others (e.g., Dagys et al., 2012; Lo, Ong, et al., 2016). Recently,
the effects of sleep restriction in prepubertal children have also been
investigated (N=53, age range 7 — 11), confirming a worsening of positive affect
after inadequate sleep even in this population (Alfano et al., 2020). Notably,
these evidences have recently been included in an in-depth meta-analysis by
Palmer et al. (2023). The authors investigated the effects of different
experimental sleep manipulation methods on emotions. Specifically, they
reviewed the effects of sleep deprivation, restriction, and fragmentation on
emotions. The authors emphasise that the most deleterious effects of sleep on
emotions concern the domain of positive emotions, with larger effects given by
TSD. However, effects also emerge following sleep restriction and sleep

fragmentation. Small effect sizes for the negative affect domain were reported

14



only for sleep deprivation and restriction studies. Similarly, medium effect sizes
emerge for general mood disturbances only for sleep deprivation and restriction
studies. However, the authors emphasise that fragmentation studies' results
should be considered cautiously. The literature in this area is limited, and the
assessed emotional aspects are very different, limiting the statistical power of

meta-analytical procedures.

In conclusion, a robust bidirectional relationship between sleep and the
emotional domain is evident. Sleep can influence our emotional functioning, not
only in terms of our ability to experience certain emotions but also to recognise
them in others, not merely as a visual expression of emotions but also our ability
to empathise with others' emotional experiences (Amicucci et al., 2021).
Inadequate sleep compromises our emotional functioning broadly and dose-
dependently. The greater our sleep alteration, the greater the emotional
repercussions we experience. Furthermore, it should be emphasised that our
sleep influences our emotional functioning, and our emotional experiences
condition our subsequent sleep. This effect is not only limited to an impairment
of our sleep due to the experience of negative emotions, but it also extends to

the beneficial effects of positive emotions on our sleep.

Now, we will see how the relationship between sleep and emotions goes

beyond the emotional experiences, influencing our ability to manage the

emotions we endure based on the quality of our sleep.
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1.2 Sleep and emotional regulation

Emotional regulation refers to the process through which we attempt to
influence our emotions, when we have them, how we experience them, and
how we express them (Gross et al., 1998). It can lead to changes in the latency,
magnitude, and duration of emotion at both behavioural and
experiential/physiological levels (Gross, 2002). Emotional regulation applies to
positive and negative emotions, can be either an automatic or conscious
process, and is adaptively based on the context. In other words, a specific
emotion regulation strategy can be functional in some contexts and
dysfunctional in others (Gross et al., 1998). The most widely recognised and
accepted theoretical model of emotion regulation is Gross's Process Model of
Emotion Regulation (Gross et al., 1998). This model differentiates five families
of emotional regulation strategies along the emotion-generative process,
assuming that individuals can employ emotional regulation strategies at
different stages. The first type of applicable strategies are the situation selection
strategies. These strategies are implemented to avoid or approach specific
places, individuals, or things to regulate the emotion that might arise from those
situations before it is experienced. Another type of applicable strategies are the
situation modification strategies. These strategies encompass modifying a
situation to reduce/change the emotional impact it might have. The third type of
strategy in the model are attentional deployment strategies, which involve
choosing which aspects of the situation to focus attention on. Such strategies
include distraction, concentration, and rumination. The fourth type of strategy in
the model, cognitive changes, encompasses strategies to alter the

interpretation of the emotion-eliciting experience. Generally, this appraisal
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modification helps decrease the magnitude of the emotional response. The last
emotional regulation strategy is implemented after the onset of emotion and,
thus, after generating response tendencies. These strategies refer to attempts
to influence the emerged emotional response tendency. Researchers
categorise the five families of emotional regulation strategies as antecedent-
focused and response-focused (McRae & Gross, 2020; Palmer & Alfano, 2017).
Antecedent-focused strategies are the strategies that we use before our
emotional response tendencies affect our behaviour and peripheral physiology.
Response-focused strategies refer to the strategies an individual uses after
their emotion have already started and they have generated a set of response

tendencies (Gross, 2002; McRae & Gross, 2020; Palmer & Alfano, 2017).

Generally, emotional regulation strategies belonging to cognitive change (e.g.,
reappraisal) are considered inherently functional, compared to other families of
emotional regulation strategies (e.g., situation selection) that are considered
inherently dysfunctional (Aldao & Nolen-Hoeksema, 2012). More importantly, a
strategy's “functionality” nature may depend on the context in which it occurs
(Aldao et al., 2014). It is worth noting that individuals who habitually employ
inherently adaptive emotional regulation strategies tend to exhibit greater
psychological well-being. Conversely, those habitually utilising inherently
maladaptive emotional regulation strategies tend to show poorer psychological
health (Aldao & Nolen-Hoeksema, 2012; Conklin et al., 2015; Navas-Casado et
al., 2023). Besides the habitual use of adaptive/maladaptive emotion regulation
strategies, flexibility in using these strategies based on contextual aspects is
another fundamental feature of psychological well-being (Aldao et al., 2014;

Aldao & Nolen-Hoeksema, 2012).
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This brief description of emotion regulation strategies shows how properly
regulating emotions plays a significant role in psychological health. Similarly,
experiencing adequate sleep is another fundamental aspect of psychological
well-being. Indeed, it is not surprising that researchers have investigated the
relationship between sleep and emotional regulation. Researchers sustain that
emotional regulation links psychological well-being and mental health (Palmer
& Alfano, 2017) since sleep can alter our ability to use emotion regulation
strategies (Lollies et al., 2022; Palmer & Alfano, 2017; Tomaso et al., 2021). A
recent meta-analysis highlighted that inadequate sleep is associated with a
reduced ability to use adaptive emotional regulation strategies without altering
maladaptive emotional regulation strategies (Tomaso et al., 2021). These
results were also confirmed in adolescent and child populations (Lollies et al.,

2022).

Beyond the concept of intrinsically adaptive or maladaptive emotional
regulation strategies, we can consider the effects of inadequate sleep on
emotional regulation strategies by examining how sleep influences certain
behaviours associated with the five families of emotion regulation strategies

proposed in Gross's model (Gross et al., 1998).

Cognitive change and response modulation are the most studied families of
emotion regulation strategies in relation to sleep. Concerning cognitive change,
reappraisal is the primary strategy in this category, and many researchers have
examined the effects of inadequate sleep on the functional capacity to adopt
this emotional regulation strategy. A critical study conducted on 156 adults
(mean age 43.5, age range 26-60) highlighted that poor sleep quality is
associated with a reduced ability to regulate emotions through cognitive

18



reappraisal. This result held even after controlling for important potential
confounding variables (e.g., sleep duration, caffeine use, time of day, verbal
intelligence, working memory capacity, mood, anxiety, stress, emotional
reactivity, age, and gender), suggesting that the relationship between poor
sleep quality and the inability to use cognitive reappraisal properly is not due to
third-variable confounds (Mauss, Troy & LeBourgeois, 2013). Results
replicated in different sleep deprivation studies revealed that individuals under
sleep deprivation conditions are less able to regulate their emotional
experiences through cognitive reappraisal (Li et al., 2023; Stenson et al., 2021;
Zhang, Lau & Hsiao, 2019). However, some authors do not report the
deleterious effects of inadequate sleep on cognitive reappraisal (Boon et al.,
2023; Reddy et al., 2017; Shermohammed, Kordyban & Somerville, 2019). For
instance, Reddy et al. (2017) investigated the ability to use reappraisal to
decrease negative emotional responses in a group of adolescents (N = 42; age
range 13-17), comparing a night of sleep restriction (4 hours) with a night of
regular sleep (9.5 hours). Despite participants under sleep restriction reporting
higher levels of anxiety and negative mood, as well as a greater response to
negative emotional stimuli, the use of cognitive reappraisal was able to
downregulate the negative emotional response in both conditions. Similarly,
Shermohammed, Kordyban & Somerville, (2019) investigated the ability to use
cognitive reappraisal in a group of adults (N=34, age range 18-30), comparing
a regular night of sleep with a night of TSD, finding no differences in the ability
to use cognitive reappraisal between the two conditions. Despite contrasting
findings in the literature, a recent meta-analysis (Tomaso et al., 2021)

highlighted that inadequate sleep significantly reduces the ability to use
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adaptive emotional regulation strategies (including cognitive reappraisal)

following inadequate sleep.

Regarding the effects of sleep on response modulation, it is essential to
consider that this family of strategies is more complex and broader than others.
Firstly, this type of response involves altering the emotional, behavioural, and
physiological response to an emotional event. Therefore, these strategies can
range from "simple" techniques, such as the voluntary suppression of emotional
experiences, to complex behaviours, such as substance abuse, used as a
strategy to mitigate the psychophysiological reaction to an emotional event.
Therefore, studying sleep's effects on these emotional regulation strategies is
challenging. However, expressive suppression, an emotional regulation
strategy within the family of response modulation strategies, has been
extensively studied. Expressive suppression is considered a maladaptive
emotional regulation strategy and involves the active effort to inhibit/suppress
the emotional response elicited by the situation. The ability to use expressive
suppression as a mechanism for emotional regulation is unaffected by sleep
deprivation/fragmentation (Boon et al., 2023; Zhang et al., 2019). Furthermore,
it is interesting to note that insomnia patients adopt expressive suppression as
their preferential emotion regulation strategy (Harvey, 2001; Mojsa-Kaja &
Ivcevic, 2023). In addition, insufficient sleep can impair an individual's
behavioural functioning, leading to maladaptive behaviours such as substance
use that may serve as dysfunctional emotional regulation strategies (Gross et

al., 1998; Lopez-Mucifio et al., 2022; Valentino & Volkow, 2020).

Regarding the other emotion regulation strategies (situation selection, situation
modification, attentional deployment), studies have yet to explicitly focus on
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how sleep impacts their use. However, studies investigating the relationship
between sleep and specific behaviours that underlie these emotion regulation
strategies provide insights into the effect of sleep on these strategies. For
example, concerning situation selection, sleep loss significantly compromises
individuals' likelihood of engaging in positive emotional situations. Individuals
with inadequate sleep generally participate less in social activities than good
sleepers, reporting lower social well-being (Gordon et al., 2017). However, such
behaviours may also be associated with automatic mechanisms, as evidenced
by decreased motivation to participate in social and enjoyable activities. For
instance, it is known that sleepiness is associated with reduced motivation to
engage in social activities (Axelsson et al., 2020). These effects could
automatically lead individuals to avoid potential emotional contexts without an
active and conscious intent of emotion regulation. For the situation modification
strategies, studies indicate that inadequate sleep compromises the behavioural
abilities underlying these emotion regulation strategies. For instance,
inadequate sleep impairs decision-making skills (Harrison & Home, 2000; Salfi
et al., 2020). Moreover, sleep deprivation makes individuals more impulsive,
compromising the ability to choose one situation over another (Liu et al., 2022).
Furthermore, empathic abilities (Amicucci et al., 2021; Guadagni et al., 2014),
self-monitoring, and social interaction abilities (Christian & Ellis, 2011; Harrison
& Home, 2000) are altered following inadequate sleep, compromising the ability
to modify an event to reduce/alter its emotional impact. Finally, attentional
allocation involves internal modifications rather than external environmental
changes like the previous strategies. As mentioned above, most of these

strategies refer to distraction, rumination, or focused attention on specific
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aspects of the experience to limit the emotional experience. As is well-known,
sleep deprivation compromises our attentional functioning (Alhola & Polo-
Kantola, 2022; Hudson, Van Dongen & Honn, 2020; Shenfield et al., 2020).
Sleep deprivation compromises the ability to shift attention from one thing to
another (Couyoumdjian et al., 2010; Whitney et al., 2017). Moreover, sustained
attention, a fundamental concentration characteristic, is significantly
compromised under sleep deprivation/restriction conditions (Shenfield et al.,
2020). Therefore, sleep firmly impairs emotional regulation abilities based on

attentional deployment due to its deleterious effects on attentional functioning.

Despite the categorisation proposed by Gross’s process model, emotion
regulation strategies could be collapsed into adaptive (e.g., reappraisal) and
maladaptive (e.g., expressive suppression) strategies. In a recent meta-
analysis, Tomaso et al. (2021) assert that inadequate sleep compromises the
ability to use adaptive emotional regulation strategies without interfering with
maladaptive ones. Instead, particularly concerning dysfunctional behaviours
due to sleep loss (e.g., impulsivity, aggression, substance abuse, attention
deficits), maladaptive strategies seem to be used more frequently after

inadequate sleep.

It is evident that healthy sleep can facilitate the use of more functional strategies
for regulating emotional experiences. Furthermore, irrespective of the specific
emotional regulation strategy used (adaptive vs. maladaptive), flexibility in
employing different strategies plays a crucial role in psychological well-being
(Aldao et al., 2014; Aldao & Nolen-Hoeksema, 2012). Additionally, it is
interesting to note that similar to the relationship between sleep, emotions, and
mood, the relationship between sleep and emotional regulation capacity is
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bidirectional. Not only does inadequate sleep compromise our ability to use
emotional regulation strategies flexibly, but also the inappropriate use of
emotional regulation strategies can compromise our sleep quality (Mazzer et
al., 2019; Thomsen et al., 2003; Vandekerckhove & Wang, 2018). For instance,
Demichelis et al. (2023) highlighted that emotional regulation skills can protect
against the deleterious effects of inadequate sleep. In their study, 740
participants (mean age = 34.77, age range = 18 — 65) completed a series of
validated questionnaires to investigate sleep quality, stress, aggression, and
difficulties in emotional regulation. The results, besides highlighting that poor
sleep quality was associated with higher levels of stress, aggression, and worse
emotional regulation capacity, revealed a mediation effect of emotional
regulation skills on aggression levels. Specifically, emotional regulation partially
mediated the relationship between sleep quality and verbal aggression, anger,
and hostility while fully mediated the relationship between sleep quality and

physical aggression.

Sleep's role in emotional processing is not confined to affecting our emotions
nor to how sleep affects our ability to cope with our emotional experiences. As
we will see in the next session, sleep also plays a fundamental role in emotional

memory and reactivity.

1.3 Sleep, emotional memory, and emotional reactivity

Sleep plays a crucial role in memory formation. Older theories sustained that
sleep facilitated memory formation by avoiding interference from external

stimuli, reducing the likelihood of interfering stimuli exposure due to the
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quiescent state sleep induces in individuals (Jenkins & Dallenbach, 1924).
However, contemporary and widely accepted theories propose an active role of
sleep in memory formation rather than a passive role merely involving
disconnection from the external world. According to the synaptic homeostasis
hypothesis (Cirelli & Tononi, 2022; Tononi & Cirelli, 2003, 2014, 2020), learning
episodes during wakefulness strengthen synaptic connections in cortical
networks, leading to an increase in the system's energy demands, reducing the
learning capacity and affecting information processing. Consequently, during
subsequent sleep, specifically during slow-wave sleep (SWS), the strength of
these synaptic connections is linearly reduced, restoring cellular homeostasis.
This active process of synaptic reduction indirectly consolidates memories by
eliminating weak synaptic connections formed during wakefulness, improving
the signal-to-noise ratio for more strongly encoded memory traces. Moreover,
it allows the brain to renew its ability to acquire information during subsequent
wakefulness (Cirelli & Tononi, 2022; Tononi & Cirelli, 2003, 2014, 2020). Other
theories also emphasise the importance of REM sleep in memory formation.
For instance, the two-process model of memory consolidation (Marshall & Born,
2007; Plihal & Born, 1997) suggests that REM and NREM sleep are involved in
processing different information types. Specifically, NREM sleep, particularly
SWS, is crucial for processing declarative memories, while REM sleep is
essential for elaborating procedural and emotional memories. In addition, other
authors emphasise the (uninterrupted) cyclic alternation of SWS and REM
sleep for proper memory processing rather than differentiating the effects of
sleep stages based on the type of information they are supposed to process.

The sequential hypothesis (Giuditta, 2014; Giuditta et al., 1995) asserts that
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SWS and REM sleep play sequential and complementary roles in processing
memories acquired during wakefulness. Specifically, during SWS, unnecessary
memories are eliminated or weakened, while relevant memories are
preserved/strengthened. Then, relevant memories are integrated into pre-
existing memory networks during the subsequent REM period. Another
influential theory that partially integrates aspects of the previous theories is the
active system consolidation hypothesis (Diekelmann & Born, 2010; Klinzing,
Niethard & Born, 2019; Rasch & Born, 2013). According to this model, memory
consolidation during sleep is an active process originating from repeated
reactivation of newly encoded memory representations. During SWS, slow
oscillations (SO, rhythmic electrical activity <1 Hz) guide the repeated
reactivation of hippocampal memory representations in conjunction with
hippocampal sharp-wave-ripples (SW-Rs, hippocampal neural events
characterised by a fast depolarising wave superimposed by a ~200 Hz field
potential named “ripple”) and thalamocortical spindles (waxing-and-waning
waves with a frequency range between 10—15 Hz involved in inducing enduring
plasticity changes in cortical areas) to redistribute and integrate neo-acquired
hippocampal information into pre-existing cortical memory networks. This
process induces qualitative changes in long-term memory stores that need
stabilisation. The stabilisation process should occur during the subsequent
REM sleep periods (Diekelmann & Born, 2010; Klinzing, Niethard & Born, 2019;
Rasch & Born, 2013).

Overall, neural plasticity processes occurring during sleep actively ensure
memory processing. These processes allow our brain to encode information

without saturating, consolidate encoded information by integrating it into pre-
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existing neural networks, and facilitate recalling the consolidated information
when necessary. Indeed, inadequate sleep can compromise all these three
stages of memory processing (Cousins & Fernandez, 2019; Newbury et al.,

2021; Rasch & Born, 2013).

On the other hand, what happens when the information to be processed is
emotional? Emotional memories refer to memories of events able to elicit an
emotional response (Faul & LaBar, 2020). These events are characterised by
a psychophysiological reaction, namely the emotional reactivity, associated with
the emotional experience. It is believed that the emotional reaction associated
with the event allows for better consolidation of the emotional information.
According to the memory modulation hypothesis (Roozendaal & Mcgaugh,
2011), significant emotional experiences activate brain and hormonal systems
that modulate memory formation. Specifically, noradrenergic activation of the
basolateral amygdala induced by the emotional event would regulate the
consolidation of memories through interaction with different brain areas (e.g.,
hippocampus) responsible for the consolidation of recent experiences.
Therefore, it is unsurprising that emotional memories have a privileged status
in memory (LaBar & Cabeza, 2006). Indeed, emotional events are better and

longer remembered than other types of information.

1.3.1. The impact of sleep on emotional memory encoding

Researchers sustain that sleep plays an active role in elaborating emotional
information, similar to its involvement in other categories of information

(Cunningham, Stickgold & Kensinger, 2022; Tempesta et al., 2018). Some

26



studies assessed sleep's role in encoding emotional information by
manipulating sleep prior to a learning task. In two different experiments, Kaida
et al. (2015) investigated the effects of TSD and selective REM sleep
deprivation (REMD) on the ability to encode neutral and emotional stimuli
compared to a regular sleep condition. Two groups of participants (TSD, n=14,
mean age 21.4; REM n=18, mean age 22.0) underwent the experimental
condition (TSD or REMD) and the regular sleep night in a counterbalanced
cross-over design. After each condition, subjects underwent an emotional
picture learning task, and their performance was evaluated immediately after
the encoding phase (D1) and seven days later (D8). Participants’ adherence to
the TSD condition was monitored through actigraphy, while participants in the
REMD condition slept in the laboratory on both REMD and control nights.
REMD was induced by administering sounds at the onset of the first signs of
REM sleep in the electroencephalogram (EEG) trace. Overall, the ability to
encode stimuli was compromised after TSD but not following REMD or regular
sleep, regardless of the emotional valence of the stimuli. Moreover, sleep
manipulation by TSD and REMD did not influence the ability to evaluate the
emotional reactivity associated with the pictures, assessed through self-
reported valence and arousal ratings of the administered stimuli. Similarly,
Tempesta et al. (2016) investigated the effect of one night of TSD on the ability
to encode contextual and non-contextual emotional information. Contextual
material involves retrieving specific details associated with the test item (e.g.,
the temporal order of events). In contrast, non-contextual memories involve
only the ability to recognise if an item has been encountered before.

Participants recruited in this study (N=48, mean age 21.6, age range 19-28)

27



were randomly assigned to a TSD or regular sleep night before a learning phase
of emotional stimuli (6 film clips of different emotional valences, 2 neutral, 2
negative, and 2 positive). Subsequently, both groups were allowed two nights
of regular sleep before assessing their mnemonic performance to avoid the
potential confounding effects of sleep deprivation. The results highlighted a
significantly compromised ability to encode contextual and non-contextual
memory aspects following TSD. Moreover, participants in TSD performed
equally to participants in regular sleep conditions in recognising non-contextual
negative events, suggesting that the ability to encode negative information is
more resistant to the deleterious effects of sleep deprivation (Tempesta et al.,
2016). Walker & Stickgold (2006) reported a similar effect in subjects who
learned words with negative, positive, and neutral valence after 36 hours of
TSD. Participants were tested on their ability to recognise these stimuli after
two nights of regular sleep. Participants who executed the learning task after
TSD showed significantly worse performance in recognising positive stimuli
than subjects in the control condition. Despite the TSD, recognition
performance for negative and neutral stimuli was equal to that of subjects
allowed to sleep before the encoding phase.

According to these studies, encoding emotional information requires adequate
sleep. However, some events (e.g., adverse events) could be consolidated

regardless of previous sleep.

1.3.2 The impact of sleep on emotional memory consolidation

After properly encoding, the newly acquired information must be adequately

consolidated to avoid forgetting. Different studies have investigated the effects
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of sleep on the ability to consolidate emotional information and the associated
emotional reactivity. In this regard, Wagner and colleagues (Wagner, Gais &
Born, 2001; Wagner et al., 2006) highlighted how post-learning sleep positively
influences the retention of emotional memories even years later. In their first
study (Wagner, Gais & Born (2001), participants had to learn text with negative
or neutral emotional content before a re-test session after about 3 hours. During
this interval, one group of participants could sleep normally (n=12), while
another group had to stay awake (n=11). In the first experimental condition,
participants in the sleep group could sleep from 23:00 to 02:00 after the learning
phase to experience SWS-rich sleep before the memory performance re-test
(around 02:30). A week later, in a within-subject design, participants in the sleep
group could sleep from 03:00 to 06:00 to experience REM-rich sleep before the
memory performance re-test (around 06:30). Here, memory performance was
significantly better for emotional information relative to neutral one only after
REM-rich sleep. Then, the authors point out that emotional memories benefit
more from REM-rich sleep than SWS-rich sleep Wagner, Gais & Born, (2001).
Four years later, the same participants were contacted and tested again on the
previously learned material (Wagner et al., 2006). Despite the elapsed time,
participants allowed to sleep after learning showed better performance for
emotional stimuli than participants in the wake group, regardless of whether
they belonged to the SWS-rich or REM-rich sleep condition. The beneficial
effect of sleep on the consolidation of emotional information has been replicated
in different studies. For example, Hu, Stylos-Allan & Walker, (2006) reported a
positive and selective effect of post-learning sleep on the ability to consolidate

negative emotional pictures. Similarly, (Cox et al., 2018) evaluated the impact
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of post-learning sleep on the consolidation of emotional memories by subjecting
participants to an emotional picture-encoding task and investigating the
contextual memory of these stimuli (i.e., the ability to recognise the stimuli’
location during the encoding phase). After the encoding phase and an
immediate re-test, a 12-hour interval followed, including sleep or wakefulness.
Participants in the sleep group (n=46) performed the encoding task with an
immediate re-test in the evening and a delayed re-test in the morning. Task
timing was reversed in the wake group (n=25). In this study, no significant
differences emerged in the ability to recognise stimuli after 12 hours, regardless
of the stimuli valence, between the two groups. Nevertheless, the contextual
memory of negative stimuli was selectively consolidated only in the sleep group.
Moreover, the contextual memory of neutral stimuli in the sleep group and the
contextual memory for both categories of stimuli in the wake group were
impaired after a 12-hour interval.

Other researchers have investigated the role of sleep in consolidating emotional
memories not only through manipulating sleep itself but also by considering the
subjective quality of participants' sleep. Tempesta et al. (2015) assessed the
effects of sleep on emotional memory and emotional reactivity by comparing
good sleepers (GS, n=31), poor sleepers (PS, n=30), and a group of
participants undergoing one night of TSD (n=23). Sleep quality was determined
through a validated questionnaire (Pittsburgh Sleep Quality Index, PSQI,
Buysse et al., 1989; Curcio et al., 2013), and participants categorised as PS
were monitored through actigraphy to objectively confirm their poor sleep
condition. Participants in this study underwent an emotional picture encoding

task (10:00, Day 1) followed by an immediate re-test (11:00, Day 1) before being
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sleep deprived (TSD) or spending a regular night of sleep at home (GS and
PS). Then, emotional memory and reactivity were tested again (11:00, Day 2).
During the encoding task, participants were required to indicate the valence and
arousal of the stimuli to assess the associated emotional reactivity. Valence and
arousal values for the images were also assessed during the re-test to evaluate
variations in emotional reactivity due to the condition. The results highlighted
memory recognition performance impairment only after TSD. Meanwhile, PS
had a memory performance equivalent to GS's. Moreover, TSD participants
rated positive and neutral images more negatively than GS. Similarly, PS
participants rated neutral images more negatively than GS. No differences were
found in the arousal associated with stimuli between the groups after each
condition. This study shows how TSD compromises the emotional memory
consolidation process and predisposes individuals to perceive stimuli more
negatively. It also highlights how the ability to consolidate emotional information
is preserved in individuals with poor sleep quality, even though they report a
more negative perception of stimuli (Tempesta et al., 2015). The same authors
subsequently investigated the effects of sleep on the consolidation of emotional
memories and associated reactivity through a more ecological paradigm using
emotional film clips instead of static images (Tempesta et al., 2017).
Participants recruited in this study were randomly assigned to a TSD condition
or a regular sleep condition. Before each condition, participants performed an
encoding task in which 6 video clips (2 positives, 2 negatives, and 2 neutrals)
were shown. In this study, the re-test phase took place 48 hours after the
encoding phase, allowing TSD subjects to sleep normally before the test. This

recovery sleep night was granted to eliminate side effects of sleep deprivation
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that could have biased the results, affecting the retrieval abilities. TSD
participants reported significantly worse recognition performance than subjects
in the regular sleep condition. The results highlighted how post-encoding sleep
is crucial for properly consolidating information, regardless of the emotional
valence of the stimuli to be encoded. Other authors have also adopted video
clips as encoding material instead of static images to investigate the effects of
sleep on the consolidation of emotional information. For example, Van Heugten-
Van Der Kloet et al. (2015) subjected participants (N=56, mean age 20.7, age
range 18-29) to a 36-hour TSD condition (n=28) or a regular sleep night (n=28)
before assessing memory performance to emotionally negative, neutral, and
positive cartoons video clips. Emotional memory performance was assessed
through free recall, where participants were instructed to write down everything
they remembered about each video clip. The results highlighted that after TSD,
memory performance was significantly impaired only for positive stimuli.
Meanwhile, the experimental condition did not affect the recall of negative and
neutral information. Not limiting the evaluation to emotional memory but also
considering the emotional reactivity associated with the stimuli, (Chambers &
Payne, 2014) assessed the effects of sleep on the consolidation of emotional
memories and emotional reactivity associated with positive stimuli. Participants
recruited in this study were assigned to a sleep condition (n=37) or a daytime
wakefulness condition (n=33). Before each condition, participants were shown
video clips (15 seconds) of cartoons, after which participants had to evaluate
mood, valence, arousal, and familiarity. The results highlighted a better ability
to recall positive emotional information only in the sleep group, while memory

for neutral stimuli was equivalent in both conditions. Additionally, emotional
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reactivity associated with positive stimuli was reduced only in the sleep group.
Thus, the authors emphasise how the effects of sleep on negative memories
and emotional reactivity associated with this category of stimuli should also be
extended to positive stimulus categories.

The number of studies that investigated the effects of sleep on the ability to
consolidate emotional information is massive. Indeed, various reviews and
meta-analyses have been recently carried out to systematically assess the
results of previous research on the relationship between sleep and emotional
memory (Cunningham, Stickgold & Kensinger, 2022; Davidson et al., 2021;
Lipinska et al., 2019; Schafer et al., 2020; Tempesta et al., 2018). In their review,
Tempesta et al. (2018) focused on exploring the effects of sleep on emotional
processing. Here, it is emphasised that sleep is crucial to ensure correct
encoding and consolidation processes of emotional information. Furthermore,
it is reported that sleep loss prevents consolidation processes, leading to the
decay of emotional memory traces. Additionally, the authors emphasised that
the beneficial effects of post-encoding sleep on emotional memory
consolidation are present even after short periods of sleep (naps). This review
also highlighted how sleep (especially REM sleep) appeared involved in the
consolidation and extinction processes of fear memories. In a subsequent
meta-analysis, Lipinska et al. (2019) investigated whether there was a
preferential consolidation for emotional memories compared to neutral ones
during sleep. In this context, preferential consolidation referred to a greater
difference in performance in favour of emotional material compared to neutral
material after a time interval containing sleep compared to wakefulness.

However, the authors did not find a preferential consolidation effect for
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emotional over neutral information. Specifically, the results showed that
emotional information was better remembered than neutral information both
after sleep and wakefulness. Moreover, the authors highlighted how the study
methodology influenced the results, pointing out two methodological conditions
that moderated the relationship between sleep and emotional memory
performance. Specifically, the type of outcome measure (free recall vs. stimulus
recognition) and controlling for baseline performance (subtracting baseline
performance from post-experimental condition performance) moderated the
results, leading to outcomes where the difference between emotional and
neutral material in post-sleep performance was significantly greater than the
wake condition (highlighting a preferential sleep effect for the consolidation of
emotional information through different methodology). Furthermore, the authors
emphasised that other methodological characteristics (e.g., a full night of sleep
instead of a nap as a sleep condition, TSD instead of daytime waking as a
control condition) or sample characteristics (e.g., age) should be carefully
considered in future studies, as they could influence the results. Subsequently,
another meta-analysis was conducted on the same topic (Schafer et al., 2020)
to investigate whether sleep selectively improved memories for emotional
stimuli compared to neutral ones. Schafer et al. (2020) confirmed that memory
performance for emotional memories was higher than for neutral memories
both after a period of sleep and after a period of wakefulness. They also
highlighted that memory performance (both emotional and non-emotional) was
always better after a period of sleep than after a period of wakefulness.
However, as in Lipinska et al. (2019), the hypothesised selective effect of sleep

on emotional information was not reported. Conversely, a substantial difference
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in memory performance was found between emotional (better remembered)
and neutral material in wake compared to sleep. According to the authors, this
result suggests that consolidation processes during wakefulness are selective
for emotional information, while sleep acts to consolidate information regardless
of its emotional valence. Moreover, additional analyses regarding the specific
effects of SWS and REM sleep on the consolidation of emotional information
revealed that REM sleep selectively consolidates this type of information
(Schéafer et al., 2020). Subsequently, two other reviews have investigated the
relationship between sleep and emotional memories, reasserting how sleep
was essential for consolidating memories regardless of their emotional valence.
For example, Davidson et al. (2021), despite finding few studies that highlighted
a preferential consolidation effect for emotional over neutral information,
emphasised that most studies did not support this hypothesis. Indeed, in most
of the reviewed works, sleep benefits memories regardless of their emotional
valence. Finally, noteworthy is the recent review by Cunningham, Stickgold &
Kensinger (2022) examining the effects of sleep and sleep loss on different
memory stages of episodic emotional memory. Here, the authors emphasised
how TSD compromised all stages of memory processing and how good sleep
improved memory regardless of the stimuli's emotional valence compared to
wakefulness. They also highlighted that the protocols used in studies
investigating the relationship between sleep and emotional memories lead to
confounding factors (e.g., circadian factors and different levels of sleep
pressure) that made it challenging to interpret the results, especially when

attempting to explore the differential effects of SWS and REM sleep.
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Overall, sleep emerges as crucial to ensuring proper emotional memory
consolidation, although adverse emotional events may be partially consolidated

even under conditions of sleep deprivation.

Finally, less is known about the effects of the sleep on the third stage of
emotional memory processing. Indeed, there has yet to be a specific human
study on the effects of sleep on the ability to recall emotional information.
Nevertheless, it is believed that sleep also plays a fundamental role in the ability
to recall emotional information properly (Cunningham et al., 2022; Davidson et
al., 2021; Lipinska et al., 2019; Schafer et al., 2020) although this effect has
been explicitly investigated only in an animal study where pre-retrieval sleep for
consolidated emotional information was shown to be crucial for recall emotional

information (Fernandes-Santos et al., 2012).

1.3.3 The effect of sleep on emotional reactivity

Different studies report decreased emotional reactivity after a night of regular
sleep (Chambers & Payne, 2014; Cunningham et al., 2014; Pace-Schott et al.,
2011). For example, (Cunningham et al., 2014) assessed the effects of sleep
on emotional reactivity and memory by exposing participants to a regular night
of sleep (n=18) or a diurnal wake condition (n=21). In the wake condition,
participants performed an encoding task of negative and neutral emotional
stimuli between 8:00 and 10:00, with a re-test after approximately 12 hours
(between 20:00 and 22:00). In the nocturnal sleep condition, the timing of tasks
was reversed. Additionally, emotional reactivity was assessed through

subjective measures (self-reported arousal and valence ratings) and objective
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measures (skin conductance response SCR, heart rate deceleration HRD)
during both encoding and re-test phases. The results revealed a significant
reduction in HRD and SCR only in the sleep condition, with no differences
observed in HRD and SCR in the wake group. Furthermore, the authors
reported a positive correlation between physiological activation levels during
image viewing at encoding (HRD and SCR) and mnemonic performance for
those stimuli during retrieval, but only in the sleep group. These results
demonstrate that a sleep period is essential to ensure a downregulation of
emotional reactivity associated with emotional events. Moreover, despite the
belief that strong emotional activation enhances memory for that event, the
authors emphasise that this process requires the intervention of a sleep period.
Moreover, although some authors report an increase in emotional reactivity
after a sleep period (Wagner et al., 2002), many researchers report the
preservation of emotional reactivity after sleep (Ashton et al., 2019; Harrington
et al., 2018; Prehn-Kristensen et al., 2017). For instance, in the Ashton et al.
(2019) study, participants (N=48) underwent either a nocturnal sleep condition
(n=24, mean age 20.04) or a diurnal wake condition (n=24, mean age 19.96).
Before each condition, participants performed an encoding task of emotional
stimuli in which emotional reactivity was assessed through SCR and HRD, as
well as subjective ratings of valence and arousal. Measures of emotional
reactivity were evaluated again after 12 hours during the memory performance
task. The results showed maintenance of HRD and SCR values and self-
reported valence and arousal after the sleep condition, indicating that sleep

preserves the emotional reactivity associated with emotional stimuli.
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Researchers have also explored the link between sleep and emotional reactivity
in the context of sleep deprivation. Studies on sleep deprivation highlight how
the lack of sleep increases emotional reactivity to negative events, decreases
emotional reactivity to positive events, and alters the ability to interpret neutral
events (Lipinska et al., 2022; Pilcher, Callan & Posey, 2015; Tempesta et al.,
2010, 2015). For instance, Tempesta et al. (2010) reported that a night of TSD
leads individuals to evaluate neutral stimuli more negatively, indicating a
negative bias in event interpretation due to sleep loss. Furthermore, Zohar et
al. (2005) reported that sleep loss significantly reduces emotional reactivity to
positive daily events while significantly increasing how individuals respond to
disruptive events. Even studies that adopt objective measures to assess
emotional reactivity replicate these results. For example, Franzen et al. (2009)
reported an increase in pupillary dilation (an indicator of affective and cognitive
processing) in response to negative emotional stimuli in a group of participants
subjected to TSD, while pupillary dilation in response to stimuli retained in

subjects after a night of regular sleep.

As evident from the works mentioned above, outcomes regarding the role of
sleep on emotional reactivity are contradictory, so it is necessary to clarify
whether sleep reduces or preserves emotional reactivity. Nevertheless,
researchers believe that sleep deprivation results in heightened emotional
reactivity. Today, the scientific community widely accepts that REM sleep
processes emotional information. According to the literature, REM sleep plays
a role in processing emotional reactivity linked to emotional memories. As we
will see in the next paragraph, studies on the role of REM sleep in emotional

memory and emotional reactivity have led to the development of two opposing
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hypotheses regarding the effects of this sleep stage on the emotional reactivity

associated with the emotional event.

1.3.4 The role of REM sleep on emotional memory and

emotional reactivity

As mentioned above, a growing body of literature emphasises the primary role
of REM sleep in emotional processing (Schafer et al., 2020; Schenker et al.,
2021; Tempesta et al., 2018; Vandekerckhove & Wang, 2018). Furthermore, as
early as 1997, it was hypothesised that REM sleep is directly involved in
processing procedural and emotional information (Plihal & Born, 1997). Based
on this hypothesis, various studies have sought to investigate the specific
effects of REM sleep on emotional memory and the associated emotional
reactivity (Baran et al., 2012; Carollo, Degasperi & Cellini, 2022; Groch et al.,
2013, 2015; Kaida, Niki & Born, 2015; Lara-Carrasco et al., 2009; Morgenthaler
et al., 2014; Pace-Schott et al., 2011; Wagner et al., 2002; Werner et al., 2021;
Wiesner et al., 2015). Researchers primarily utilised the split-night design and
the selective REM sleep deprivation paradigms to study this relationship. In the
split-night design paradigm, one group of participants sleeps in the first part of
the night (e.g., 00:00-03:00), experiencing SWS-rich sleep (and poor in REM
sleep), while another group of participants (or the same group in a different
session in a within-subject design) sleeps in the second part of the night (e.g.,
04:00-07:00) theoretically experiencing REM-rich sleep (and poor in SWS).
Alternatively, in the selective REM sleep deprivation (REMD) paradigm,

participants are awakened (e.g., through acoustic stimulation) whenever they
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enter the REM sleep stage during the night to minimise the time spent in this
sleep stage.

By significantly reducing or almost eliminating the time spent in REM sleep
throughout the night, these studies aimed to understand the role of REM sleep
in the consolidation of emotional memories and associated psychophysiological

reactivity.

1.3.4.1 Behavioural and psychophysiological studies about the
role of REM sleep on emotional memory and emotional

reactivity

In one of the early works in this field, the split-night paradigm was used, allowing
participants 3 hours of sleep in either the first (SWS-rich sleep) or the last (REM-
rich sleep) part of the night (Wagner, Fischer & Born, 2002). In this study,
participants were asked to evaluate emotional reactivity through self-reported
measures of valence and arousal for pictures presented before and after each
condition. After REM-rich sleep, the images were rated as more negative and
more arousing, while after SWS-rich sleep, the images were significantly rated
as more positive. Therefore, the authors emphasised that emotional reactivity
increased after REM-rich sleep. Likewise, Groch et al. (2013) investigated the
effects of SWS-rich or REM-rich sleep on emotional memory and associated
emotional reactivity using event-related potentials (ERPs). Participants
recruited in this study (N=16, mean age 22.06, age range 18—26) underwent 3
hours of SWS-rich sleep and 3 hours of REM-rich sleep in counterbalanced

order across participants, with conditions separated by a wash-out period of at
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least two weeks. Before each condition (22:30 for SWS-rich sleep and 03:30
for REM-rich sleep), participants underwent an emotional stimulus encoding
task while recording ERPs. Memory performance was assessed in participants
approximately 45 minutes after awakening in each condition. To evaluate
memory performance, authors adopted a memory recognition task (old-new
paradigm) in which pictures presented during the encoding were shown again
mixed with new images. Participants had to recognise whether they had
encountered the stimuli during encoding, indicating "OLD" for pictures already
seen and "NEW" for the new stimuli. Additionally, during the memory
performance task, participants had to indicate the valence and arousal values
of the images (subjective emotional reactivity), and ERPs were again recorded.
Memory for emotional pictures was better after REM-rich sleep compared to
SWS-rich sleep. This effect manifested in the late-sleep condition as an
increased frontal Late Positive Potential (LPP, signal related to item recognition
accuracy) 300-500 ms after stimulus presentation for images correctly
categorised as "OLD" compared to those categorised as "NEW", reinforcing the
assumption that REM-rich sleep enhances memory for emotional events.
However, REM sleep did not alter valence and arousal ratings, which were
equivalent between the two conditions. Thus, the authors concluded that REM
sleep significantly contributes to emotional memory consolidation while
preserving the associated emotional reactivity. Subsequently, the same authors
(Groch et al.,, 2015) investigated the effects of SWS and REM sleep on
emotional memory and source memory (defined as the ability to recall the
spatial location of the item test and his encoding context, given by the frame

colour in which the item was presented) using a split-night paradigm. The
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authors reported a significantly increased memory for emotional stimuli only
after REM-rich sleep and not after SWS-rich sleep. Furthermore, source
memory for neutral memories was significantly better only after SWS-rich sleep.
Therefore, the authors concluded by emphasising the crucial role of REM sleep
in the preferential consolidation of emotional stimuli. Other studies that
employed similar sleep design paradigms supported these results (Harrington

et al., 2018; Sopp et al., 2018).

To further reduce the amount of REM sleep during the night and allow
participants to experience longer sleep relative to the split-night paradigm, other
authors have investigated the effects of REM sleep on emotional memory and
emotional reactivity through the selective sleep stage deprivation paradigm.
Lara-Carrasco et al. (2009) assessed the impact of REM sleep on emotional
adaptation using a selective REMD paradigm. Participants (N=35) were
randomly assigned to a REMD condition (n=17, mean age 26.4) or a control
condition (n=18, mean age 23.7). Sleep was monitored through
polysomnography (PSG) in both conditions. The adopted REMD paradigm was
partial, as participants could normally experience the first and second REM
periods. Starting from the third REM period, they were awakened every 5
minutes during REM sleep. Control group participants were awakened 25
minutes after the third REM period to control for the confounding effect of
nocturnal awakenings. Experimentally induced nocturnal awakenings were
limited to 6 to avoid excessive sleep fragmentation in both conditions. Before
each condition, participants performed a task involving viewing emotionally
negative and neutral images while rating valence and arousal for each image.

The same task was administered one hour after awakening in each condition.
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Results showed a higher level of emotional adaptation in participants with
reduced %REM than those with higher %REM. The authors concluded that
REM sleep preserves/increases emotional reactivity associated with known
emotional stimuli. In addition to assessing emotional reactivity in REMD
protocols, other authors have investigated concurrent emotional memory
performance. For example, Morgenthaler et al. (2014) examined the effects of
REM sleep on emotional memory by randomly assigning participants (N=29) to
either REMD or regular sleep groups. Here, participants in each group
underwent a control condition in which emotional memory was assessed during
daytime wakefulness. As in other studies, REMD was applied through
awakenings after the first epoch of REM sleep. Despite the correct application
of the REMD protocol, no differences emerged between groups regarding
memory performance, which was superior for negative images in both sleep
conditions (REMD and regular) compared to the wakefulness condition.
Therefore, the authors emphasised that REM sleep does not influence the
consolidation of memories. However, other authors do not support this view.
Wiesner et al. (2015) assessed the effects of REM sleep, SWS, and
wakefulness on emotional memory and reactivity using a selective sleep stage
deprivation protocol. Participants were assigned to either a REMD condition
(n=21, mean age 23.5), a selective SWS deprivation condition (SWSD, n=20,
mean age 23.5), or a daytime wakefulness condition (n=21, mean age 23.4).
REMD and SWSD were applied by awaking the participant for at least one
minute after the first epoch of REM or SWS. Before each condition, participants
performed a task involving encoding emotional and neutral images followed by

an immediate re-test of memory performance. Subsequently, memory
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performance was assessed approximately 9 hours after the first re-test.
Additionally, participants provided subjective valence and arousal ratings for
each picture during each task to assess subjective emotional reactivity. In the
SWSD group, significantly better performance for emotional than neutral stimuli
was observed. This effect was supported by a positive correlation between time
spent in REM sleep and memory for emotional stimuli in the SWSD group.
However, no differences in emotional reactivity associated with stimuli were
reported between conditions. Therefore, the authors emphasised that REM
sleep selectively processes emotional memory without altering the associated
emotional reactivity. Alternatively, other authors have investigated the effects of
REM sleep on emotional memory and reactivity through daytime sleep (nap
paradigm). In this manner, it is possible to manage nap duration to prevent
(through naps of 30-60 minutes) or guarantee (through naps of 90-120
minutes) the presence of REM sleep without excessively manipulating sleep
continuity (due to continuous awakenings in selective sleep stage deprivation
paradigms). For instance, Pace-Schott et al. (2011) evaluated the effects of a
nap on emotional reactivity to negative and neutral arousing stimuli.
Participants in this study (N=43) were randomly assigned to a nap condition
(n=22, mean age 20.1) or a wakefulness condition (n=21, mean age 21.3).
Before each condition, an emotional stimulus viewing task was performed in
which participants were asked to self-report valence and arousal ratings for
each picture. Additionally, during the presentation of each stimulus, skin
conductance response (SCR), heart rate, and the surface electromyographic
response of the corrugator zygomatic muscle (zEMG) were recorded as

objective indices of emotional reactivity. This was followed by a 2.5-hour interval
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in which participants in the nap group had a 120-minute sleep opportunity. In
contrast, the wakefulness group underwent 120 minutes of exposure to a non-
arousing video. After this interval, subjects were exposed again to the stimulus
presentation task. Half of the stimuli were completely new this time, and the
other half were old stimuli already presented during the first task administration.
No differences were found in self-reported emotional reactivity to stimuli after
each condition. However, during the presentation of old stimuli, objective
indices of emotional reactivity showed a habituation effect in the nap condition
(SCR and zEMG). In contrast, the zEMG index of emotional reactivity was
increased in the wakefulness group for the old stimuli. No differences were
found in objective emotional reactivity for the new stimuli category. These
results demonstrated a sleep psychophysiological dampening effect specific to
familiar stimuli. Moreover, this study emphasised that the level of
psychophysiological habituation to negative images for the zZEMG signal was
positively related to the SWS amount during the nap. In contrast, the amount of
REM sleep was negatively associated with habituation in SCR response to
negative images. Thus, the authors speculated that REM sleep may reinforce
the emotional salience of stimuli by reducing habituation, while SWS promotes
emotional homeostasis. Adopting a similar paradigm, Werner et al. (2021)
assessed the effects of REM sleep on emotional reactivity and intrusive
memories through a nap paradigm. Participants underwent an image evaluation
task in which they were asked to rate the perceived aversiveness of negative
and neutral stimuli. The aversiveness of pictures was tested again after a 90-
minute nap opportunity. Additionally, from the last evaluation task until 48 hours

later, participants were asked to report whenever the stimuli came to mind
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during the day and rate the aversiveness of these intrusive memories.
Regarding nap conditions, one group of participants was awakened before
entering REM sleep (n=25), another group was awakened a few minutes after
entering REM sleep (n=22), and a group was allowed to complete the REM
sleep period before being awakened (n=29). No differences in aversiveness
ratings were found between groups. However, regarding the image evaluation
task performed immediately after the nap opportunity, results showed a positive
correlation between time spent in REM sleep and high aversiveness ratings for
negative images. Moreover, in the group allowed to complete the REM period,
the aversiveness of intrusive memories assessed two days after the nap
opportunity was significantly lower than in participants who were awakened
before entering REM sleep. Therefore, the authors sustained that REM sleep
preserves/increases emotional reactivity to negative stimuli immediately after
the encoding but facilitates processing this information over time, reducing the

reactivity to intrusive memories in the long term.

Finally, the relationship between REM sleep, emotional memory, and emotional
reactivity has been investigated by comparing nocturnal sleep and daytime
wakefulness, correlating sleep stages duration with emotional reactivity and
emotional memory performance. Baran et al. (2012) assessed the association
between sleep, memory, and emotional reactivity using an incidental learning
task (participants were unaware that their memory performance would be
evaluated) administered before a night of sleep (n=54, sleep monitored with
PSG) or daytime wakefulness (n=28). Memory performance was better after
the sleep condition than after wakefulness for all stimulus categories (negative

and neutral). However, the performance was superior for emotional stimuli
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relative to neutral ones. Moreover, a significant reduction in the associated
emotional reactivity was observed in the wake group, while emotional reactivity
was preserved in the sleep group. Furthermore, preserved emotional reactivity
was positively associated with the time spent in REM sleep during the night.
Thus, the authors conclude by emphasising the beneficial effect of sleep on
memories (regardless of their emotional valence) and a REM sleep "protective"
effect on emotional reactivity associated with emotional memories. Additionally,
Jones et al. (2016), in a study involving young adults (age range 18-30) and
older adults (age range 50-80), found an association between the percentage
of REM sleep in the third quarter of the night and preserved emotional valence
ratings for stimuli. Furthermore, a recent study was the first to highlight an
interesting correlation between the percentage of REM sleep the night before
encoding emotional stimuli and memory performance for negative images in
the immediate post-encoding memory performance assessment, emphasising
the importance of REM sleep for proper emotional stimuli encoding (Carollo,
Degasperi & Cellini, 2022).

The above-reported results primarily refer to behavioural studies, and only
some authors have employed objective methodologies to assess emotional
reactivity (e.g., SCR, ERPs, zEMG). However, some works in this field have
utilised neuroimaging techniques to investigate the effects of REM sleep on the

functioning of cortical and subcortical areas involved in emotional processing.
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1.3.4.2 Neuroimaging studies about the role of REM sleep on

emotional memory and emotional reactivity

Crucial for emotional processing is the activity of different cortical areas and
subcortical structures such as the amygdala, insula, striatum, hippocampus,
anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), ventromedial
prefrontal cortex (vmPFC), and dorsolateral prefrontal cortex (dIPFC) (Altena et
al., 2016). Regarding emotional reactivity, the amygdala is generally considered
of primary importance. The amygdala is activated in response to an emotional
event, influencing memory formation through reciprocal connections with other
subcortical structures and with frontal and temporal cortical areas. Specifically,
through connections with the medial temporal lobe memory systems, the
amygdala influences the hippocampus, the entorhinal cortex, and the perirhinal
cortex, conditioning memory formation (Faul & LaBar, 2020; LaBar & Cabeza,
2006; Roozendaal & Mcgaugh, 2011). Additionally, through connections with
the hypothalamic-pituitary-adrenal axis (HPA), the amygdala triggers hormonal
release capable of affecting memory trace formation for extended time
intervals. Moreover, the activity of the amygdala under these conditions can be
modulated (e.g., reduced/maintained) by different areas of the prefrontal cortex
(PFC) (Faul & LaBar, 2020; LaBar & Cabeza, 2006; Roozendaal & Mcgaugh,
2011). Studies quantifying brain metabolism during sleep show that global brain
metabolism is comparable to wakefulness during REM sleep, while it is reduced
during NREM sleep (Buchsbaum et al.,, 2001; Dang-Vu et al., 2010).
Specifically, some cortical areas exhibit hyperactivity, and others exhibit
hypoactivity. Specifically, during REM sleep, there is hyperactivation of the

pontine tegmentum, thalamus, amygdala, hippocampus, ACC, occipital and
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temporal areas, and the basal forebrain. Conversely, areas showing reduced
activation include the inferior parietal cortex, dIPFC, posterior cingulate gyrus,

and precuneus (Buchsbaum et al., 2001; Dang-Vu et al., 2010).

Therefore, it is clear that areas involved in emotional processing are activated
(similarly to wakefulness) during REM sleep. Moreover, positron emission
tomography (PET) studies also emphasised the role of REM sleep in memory
processing. Maquet et al. (2000) highlighted that specific cortical areas
activated in wakefulness during a learning task were reactivated during
subsequent REM sleep only in subjects engaged in that task. These results
emphasise the involvement of REM sleep in memory processing (Maquet et al.,

2000).

The reactivation of cortical structures involved in emotional processing during
wakefulness in the course of REM sleep, along with imaging and behavioural
studies that emphasise the role of REM sleep in memory processing, has
increasingly prompted researchers to directly investigate the relationship
between REM sleep, emotional memories, and emotional reactivity through
neuroimaging techniques. Rosales-Lagarde et al. (2012) assessed the effects
of REM sleep on emotional reactivity through functional magnetic resonance
imaging (fMRI) in a sample of subjects during REMD. The REMD protocol was
applied by awakening participants (n=12) each time they entered REM sleep
during the night. As a control, another group of participants (n=8) underwent the
same number of awakenings during NREM sleep (NREM-I) to control for the
effects of repeated awakenings and total sleep time reduction. Participants
performed an emotional reactivity task in fMRI after a baseline night and after
the sleep manipulation night (REMD or NREM-I). During the task, participants
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were asked to imagine themselves as part of the scene shown and decide
whether to intervene by defending themselves (reaction indicated by pressing
a button). Trials where participants decided to intervene were interpreted as
high emotional reactivity trials. The results showed a significant behavioural and
emotional reactivity increase only after REMD. Additionally, cortical areas
involved in emotional processing showed significantly reduced activation
compared to baseline only in the NREM-I condition. Participants undergoing
REMD showed activation levels in prefrontal and temporal regions comparable
to baseline. Specifically, the ventrolateral prefrontal cortex, involved in top-down
emotion regulation, exhibited activation levels identical to those at baseline in
trials categorised as high emotional reactivity. Additionally, occipital and
temporal areas involved in evaluating emotional stimuli showed activation
levels similar to baseline only in the REMD group. The authors conclude that
the lack of REM sleep is associated with increased emotional reactivity at
behavioural and neural levels. Therefore, the authors emphasised the specific
role of REM sleep in the homeostasis of neural substrates involved in emotional
reactivity. Similarly, Van Der Helm et al. (2011) investigated whether REM sleep
decreased behavioural and amygdala reactivity to previously encountered
emotional stimuli and how it influenced the functional connectivity between the
amygdala and the medial prefrontal cortex in response to them. Participants
recruited in this study (N=34, age range 18-30) underwent two separate fMRI
scans separated by 12 hours containing either daytime wakefulness (n=16) or
a regular night of sleep (n=18). During fMRI scans, participants performed an
emotional stimulus presentation task where emotional reactivity was assessed

through self-reported valence and arousal ratings. The task was identical in
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both sessions. In the sleep group, there was a reduction in amygdala activity
associated with increased functional connectivity between the amygdala and
vmPFC compared to the wake condition. Furthermore, this decrease in
amygdala activity in the sleep group was associated with a reduction in self-
reported emotional reactivity to the stimuli, which decreased only in the sleep
group. Additionally, a positive correlation emerged between decreased
overnight amygdala activity and reduced prefrontal gamma (>30 Hz) EEG
activity during REM sleep (gamma EEG activity during REM sleep is an index
of unsuppressed adrenergic activity during this sleep stage). Moreover, the
same correlation was also reported between reduced behavioural and
emotional reactivity and reduced prefrontal gamma EEG activity during REM
sleep. Therefore, the authors sustain that REM sleep is associated with the
dissipation of the psychophysiological reactivity to previously experienced
emotional events. Furthermore, Glosemeyer et al. (2020) assessed the effects
of selective REMD on affect, perception of social exclusion, emotion regulation
through cognitive reappraisal, and the neural bases of these aspects. Forty-two
subjects (mean age 23.76) were randomly assigned to one of three study
conditions: REMD (n=17), SWSD (n=10), and control (n=15). Both deprivation
conditions involved awakening participants every time they entered the target
sleep stage during the night. Results showed a negative correlation between
the amount of REM sleep and negative affect. However, there was no influence
of REMD on the subjective emotional response to the social exclusion task, nor
on the ability to use cognitive reappraisal. Despite this, amygdala neural activity
was increased, and its functional connectivity with the ACC was altered when

participants experienced social exclusion during the task only in the REMD
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group. Therefore, the results support the fundamental role of REM sleep in
ensuring correct emotional processes, especially regarding functional

connectivity and the proper activation of cortical structures.

Given the reported findings, REM sleep seems crucial for ensuring proper
encoding and consolidation processes of emotional events. Furthermore, the
deprivation/reduction of REM sleep alters the activity of various brain structures
involved in emotional processing and the functional connectivity between them.
Nevertheless, how this sleep stage acts on the intrinsic emotional reactivity
associated with emotional information needs to be clarified. Specifically,
whether REM sleep acts to reduce, preserve, or even enhance the emotional

reactivity associated with the emotional event is still to be determined.

The conflicting results in the literature regarding the effects of REM sleep on
emotional memory and the associated emotional reactivity have led to the
formulation of two conflicting theoretical hypotheses. Although both hypotheses
agree that REM sleep has a beneficial effect on emotional memory
consolidation, they postulate opposed effects of this sleep stage on the
psychophysiological reactivity associated with this type of memory. Wagner et
al. (2002) claim that while REM sleep consolidates and improves emotional
memory traces, it also strengthens/preserves the associated emotional
reactivity. Based on this hypothesis, Wagner et al. (2002) suggest that selective
REMD could be used therapeutically to prevent the formation of traumatic
memories and to reduce the psychophysiological activation associated with
these memories. According to this view, REMD could be used preventively
against phobic disorders or post-traumatic stress disorder (PTSD). This theory
has been challenged by the subsequent hypothesis of Walker & van der Helm,
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(2009). According to the "sleep to forget, sleep to remember" hypothesis
(SFSR) (Walker & van der Helm, 2009), REM sleep leads to the consolidation
of emotional information while simultaneously reducing the psychophysiological
activation associated with these memory traces. Moreover, they sustain that the
psychophysiological reduction associated with the emotional event will be more
significant when more REM cycles intervene after stimulus encoding. Thus,
psychophysiological reactivity will weaken over the days following the
consolidation process. The authors attribute this dissociated effect (enhancing
emotional memory while reducing emotional reactivity) to the reactivation of
cortical areas involved in emotional and memory processing during REM sleep
while the brain has a neuro-biochemical state that favours memory formation
without consolidating the associated psychophysiological activation.
Specifically, during the REM stage, there would be a condition of elevated levels
of acetylcholine coupled with increased activity in limbic structures (i.e.,
hippocampus and amygdala) that would facilitate the formation of emotional
memories. Simultaneously, the locus coeruleus (LC) activity is reduced in the
REM phase, leading the brain to reduced levels of noradrenaline (associated
with physiological arousal). Therefore, in an environment that promotes
emotional memory formations, the brain would not have the opportunity to
consolidate the activation associated with this information over time, retaining
that memory trace free from the psychophysiological reactivity previously
associated with it. Thus, according to this theory, experiencing REM sleep after
traumatic events would be therapeutic because it would allow the dissociation
of the psychophysiological reaction associated with the traumatic event (Walker

& van der Helm, 2009).
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Despite the considerable body of research assessing the relationship between
REM sleep, emotional memory, and emotional reactivity, this literature presents
various conflicting results. Therefore, neither of the two theoretical assumptions
can be confirmed. However, these contradictory results stem from
methodological limitations of the studies investigating the effects of REM sleep

on emotional memory and emotional reactivity.
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2. The methodological challenge

The above-mentioned studies investigating REM sleep's role in emotional
memory and reactivity primarily utilised split-night and selective REMD study
paradigms. However, these research paradigms suffer from significant

methodological limitations.

2.1 Intrinsic limitations of the studies on the role of REM sleep

on cognition and emotions

The fundamental assumption of split-night and selective REMD study
paradigms is to minimise or eliminate REM sleep throughout the night and
assess how the absence of this sleep stage influences cognitive and emotional
functioning. Generally, as a control condition in REMD protocols, participants
can experience i) a night of regular sleep, i) multiple nocturnal awakenings
during another sleep stage (e.g., NREM2 or SWS), or jii) selective SWSD.
Concerning the split-night paradigm, the control condition involves participants
sleeping in the second half of the night (e.g., 04:00-07:00) and thus
experiencing REM-rich sleep. However, these experimental designs inevitably
introduce confounding variables affecting the interpretation of the outcomes.
Specifically, in REMD protocols, participants must be awakened numerous
times and kept awake for several minutes throughout the night to prevent REM
sleep. Despite repeated awakenings potentially compromising daily functioning
(Aakre et al., 2023; Wilckens et al., 2014), REMD studies often do not report
the number of induced nocturnal awakenings (e.g., Kaida, Niki & Born, 2015;

Morgenthaler et al., 2014). Moreover, during these enforced awakenings,
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participants are often engaged in cognitive tasks (e.g., mental arithmetic
calculations) to reduce the likelihood of subsequent REM sleep onset. These
continuous and prolonged awakenings inevitably reduce total sleep time (TST)
and increase wake after sleep onset (WASO). Indeed, the time spent awake in
these studies varies from approximately 70 to 90 minutes (e.g., (Kaida et al.,
2015; Morgenthaler et al., 2014), and sleep efficiency (SE) values are lower
than deemed normal (i.e., 80%) (Desjardins et al., 2019; Ohayon et al., 2004).
Forinstance, Wiesner et al. (2015) reported a SE of 68% in subjects undergoing
REMD.

Due to these reasons, some authors have arbitrarily set a maximum limit on
nocturnal awakenings during the REMD protocol (e.g., a maximum of 6
awakenings in Lara-Carrasco et al., 2009). However, this deprivation method
led to a partial REMD, as participants still experienced a significant amount of
REM sleep during the night. Nevertheless, REM sleep is partially experienced
in all existing REMD protocols as depriving subjects of REM sleep inevitably
requires waiting for participants to enter REM sleep itself.

Split-night paradigms halve TST, as participants can only sleep in the first or
second half of the night. Moreover, the assessment phase in the REM-rich sleep
and SWS-rich sleep groups in these protocols occurs at different times of the
day (e.g., participants in the SWS-rich sleep group are generally tested at 22:00
and 03:00, while participants in the REM-rich sleep group are tested at 03:00
and 08:00). Therefore, the evaluations are affected by significant circadian
influences. Moreover, participants in SWS-rich conditions even experience a
small amount of REM sleep. Instead, participants in the REM-rich sleep

condition go to sleep in the second half of the night experiencing partial sleep
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deprivation (e.g., they are allowed to sleep at 4:00), resulting in a rebound of
SWS in the second half of the night. Thus, REM and NREM2 sleep do not
exclusively characterise participants' sleep during REM-rich sleep conditions
since SWS will also be present. Some authors (Groch et al., 2013; Wagner,
Fischer & Born, 2002) have modified the split-night paradigm to overcome this
issue. In this modified version of the split-night paradigm, participants in the
REM-rich sleep group start to sleep at a regular time (e.g., 23:00, like the SWS-
rich group) while the behavioural assessment is maintained at mid (e.g., 03:00)
and at the end of the night (e.g., 08:00). Consequently, this modified version of
the split-night paradigm avoids a rebound of SWS and a TST reduction.
However, it generates a significantly different REM-rich sleep condition from the
SWS-rich sleep condition, which serves as a control. Specifically, despite the
post-task sleep period of approximately 3—4 hours in both conditions,
participants in REM-rich sleep have a TST of 7-8 hours, while participants in
SWS-rich condition sleep only 3—-4 hours. Therefore, despite the correct
theoretical assumptions, the split-night paradigm is highly limiting in its practical
application.

As highlighted in the introduction (see section 1.3.4.1), some authors have
utilized the nap paradigm to overcome the methodological limitations
characterizing REMD and split-night studies (Cellini et al., 2016; Pace-Schott
et al.,, 2011; Werner et al.,, 2021). Indeed, the nap paradigm partially
compensates for the confounding effects of reduced TST, increased WASO,
and nocturnal awakenings. Additionally, it eliminates the circadian confounding
factor due to different assessment timing in SWS-rich and REM-rich sleep,

which are intrinsic to the split-night paradigm. However, the nap paradigm's
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main limitation is the involvement of daytime sleep. Although daytime sleep
comprises NREM and REM sleep, it often lacks SWS and is not aligned with
the natural circadian rhythm (Mantua & Spencer, 2017). Consequently, the nap
paradigm is not a resolutive solution to understanding REM sleep's role in

emotional/cognitive functioning.

From these observations, it is clear that study paradigms investigating the
effects of REM sleep on cognitive/emotional functioning are strongly affected
by confounding variables. Specifically, these protocols are affected by a
significant reduction in TST and SE, a substantial increase in WASO and in the
number of nocturnal awakenings relative to a regular night of sleep. All these
potential confounding variables could explain conflicting results in studies
attempting to investigate the effects of REM sleep on emotional memories and
associated emotional reactivity.

Moreover, sleep studies in this field are affected by small sample sizes and the

use of convenience samples (Davidson et al., 2021; Tempesta et al., 2018).

The existence of methodological limitations in this literature field suggests the
necessity of developing an alternative study paradigm. Sleep fragmentation
studies could be a strategy for investigating the effects of REM sleep on
emotional/cognitive  functioning  without excessively affecting sleep

macrostructure.

2.2 Sleep fragmentation as an alternative paradigm

Sleep fragmentation refers to a condition in which sleep is frequently interrupted

by awakenings, changes in sleep stage toward lighter sleep (e.g., from NREM2
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to NREM1; from NREM3 to NREM2; and from REM to NREM1), body
movements, and arousals (brief and sudden changes in EEG frequency that
include alpha, theta, or frequencies greater than 16 Hz, but not spindles, lasting
at least 3 seconds and preceded by at least 10 seconds of stable sleep; Berry
et al., 2017) that compromise sleep continuity (Bhagavan & Sahota, 2021;
Mezick et al., 2009). However, the term sleep fragmentation often refers to only
some of these aspects, depending on the research methodology applied in the
study. Indeed, sleep fragmentation can indicate only nocturnal awakenings and
body movements during sleep in studies that recorded sleep through actigraphy
(Lim et al., 2013). Furthermore, some authors considered sleep fragmentation
only in terms of the number of nocturnal awakenings (Gott et al., 2020;
lacovides et al., 2017). For instance, in the protocol adopted by lacovides et al.
(2017), sleep fragmentation was realised through enforced awakenings of a
minimum duration of 20 minutes. Additionally, other authors considered shifts
to light sleep as sleep fragmentation only when these transitions were towards
NREM1 (Morrell et al., 2000). Given the lack of agreement in the variables to
include in the construct of sleep fragmentation and the fact that its assessment
strictly depends on the adopted methodology (e.g., actigraphy, self-reported
nocturnal awakenings in sleep studies without PSG), sleep fragmentation can
be considered as referring to a multitude of factors that negatively affect the
micro- and macro-structure of sleep (Bhagavan & Sahota, 2021; Mezick et al.,
2009). Moreover, sleep fragmentation can be due to external (e.g., stimulations,
noises) and internal (e.g., apnoea, limb movements) events (Bhagavan &
Sahota, 2021), and is often present in clinical conditions. For example,

fragmented sleep is observed in individuals with sleep apnoea, insomnia,
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depressive disorder, and PTSD (Benjamins et al., 2017; Murphy & Peterson,
2015; Pesonen et al., 2019; Riemann et al., 2020; Van Liempt, 2012). In these
clinical conditions, sleep fragmentation seems to interfere with the normal
physiological processes occurring during sleep, compromising sleep functions.
For instance, sleep fragmentation in PTSD compromised fear memory
extinction, synaptic plasticity, and physical recovery, establishing a cycle of
reciprocal influences where these impairments affected PTSD symptomatology,
which in turn impaired sleep continuity (Van Liempt, 2012). Furthermore, in
patients with sleep apnoea, sleep fragmentation appears to be associated with
adverse cardiovascular consequences (Staats et al., 2020). Indeed, sleep
fragmentation in patients with sleep apnoea is associated with dyslipidaemia,
potentially contributing to cardiovascular diseases in this population (Qian et
al., 2016). Moreover, Bonnet & Arand (2003) highlighted that in patients with
periodic limb movements and respiratory-event-induced arousals, sleep
fragmentation was the leading cause of daytime sleepiness. Finally, in the
elderly population, sleep fragmentation is associated with increased cognitive
decline and an increased incidence of Alzheimer's disease (AD) (Lim et al.,
2013). This effect has also been highlighted in mice (Vasciaveo et al., 2023),
where experimentally induced sleep fragmentation accelerates Alzheimer's
progression in a mice model of AD and compromises learning and memory

abilities in wild-type mice (Joiner, 2019; Vasciaveo et al., 2023).

The effects of sleep fragmentation have also been investigated in the healthy
population. As observed in individuals with sleep apnoea (Staats et al., 2020),
sleep fragmentation increased systolic blood pressure levels in healthy subjects

during wakefulness, constituting a risk factor for cardiovascular disease (Morrell
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et al., 2000). Moreover, awakening participants two times during the night (the
first time for 1 hour and the second time for 20 minutes) to experimentally
induce sleep fragmentation was sufficient to reduce positive mood in healthy
subjects (Finan et al., 2015). Similarly, lacovides et al. (2017) highlighted that
experimentally induced sleep fragmentation reduced sleep quality, overall
mood, and morning alertness and increased subjects' pain sensitivity. In this
study, sleep fragmentation was induced for two consecutive nights by
awakening participants for a minimum of 20 minutes and a maximum of 1 hour,
allowing them to sleep for a maximum of 280 minutes each night (lacovides et
al., 2017). Furthermore, sleep fragmentation alters hormonal balance. For
instance, it can alter cortisol and adrenocorticotropic hormone levels (Bonnet &
Arand, 2003). Moreover, it alters leptin and ghrelin levels, affecting feelings of
hunger and satiety (Baranwal et al., 2023). Indeed, sleep fragmentation seems
to promote obesity in mice (Wang et al., 2014).

Nowadays, there are only two literature reviews of sleep fragmentation's effects
on healthy subjects' daytime functioning (Bonnet & Arand, 2003; Stepanski et
al., 2002). In these reviews, the authors reported the results of studies in which
sleep fragmentation was experimentally induced at different intensities, either
by nocturnal awakenings (e.g., 1 awakening every minute of sleep, 1
awakening every 5 minutes of sleep, 1 awakening every 10 minutes of sleep)
or by arousal induction (e.g., 1 arousal every 30 seconds of sleep, 1 arousal
every 60 seconds of sleep, 1 arousal every 90 seconds of sleep). These reviews
showed that sleep fragmentation can negatively affect daytime functioning by
increasing daytime sleepiness, compromising cognitive functioning and

decreasing mood. Furthermore, in their review, Bonnet & Arand, (2003)
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emphasised that the differences between sleep fragmentation, sleep
deprivation, and sleep restriction depend on the degree to which sleep is
compromised. Indeed, sleep fragmentation induced by an arousal/awakening
rate of one every 30s/one per minute of sleep led to effects comparable to one

night of TSD.

In light of these results, it seems that sleep fragmentation can compromise the
physiological processes occurring during sleep that allow the brain to function
properly the following day. Moreover, it should be emphasised that sleep
fragmentation minimally affects sleep macrostructure compared to sleep
deprivation/restriction protocols or split-night paradigms. Specifically, obtaining
sleep fragmentation through arousals and sleep stage transitions toward lighter
sleep (rather than through multiple awakenings) allows unchanged TST,
WASO, and nocturnal awakenings compared to sleep deprivation/restriction
protocols or split-night paradigms (Benkirane et al., 2022; Short & Banks,
2014). Thus, sleep fragmentation could be used as an alternative study
paradigm to assess the effects of sleep on cognitive/emotional functioning since
it appears capable of limiting the influence of confounding variables compared

to commonly used sleep deprivation/restriction protocols.

Finally, it is interesting to note that recent studies on sleep fragmentation
showed that it affects REM sleep in some clinical conditions (PTSD, depression,
insomnia) (Colvonen et al., 2019; Pesonen et al., 2019; Wassing et al., 2019;

Wu et al., 2021).
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2.2.1 REM sleep fragmentation studies

According to Feige et al. (2023), REM sleep fragmentation, named REM sleep
instability, is characterised by increased arousal number associated with a
slight reduction in REM sleep duration and occurs in individuals with insomnia,
leading them to perceive REM sleep as wakefulness. Riemann et al. (2012) first
proposed REM sleep fragmentation as a different mechanism to explain the
discrepancies between objective and subjective sleep reports in insomniac
individuals. Specifically, the authors speculated that the mismatch between the
mild objective alterations detected through PSG in sleep parameters and the
significant self-reported sleep impairment in insomnia patients may be
attributed to REM sleep instability. Several studies highlighted how REM sleep
in individuals with insomnia is characterised by numerous micro- and macro-
arousals. Moreover, these patients reported concerns about poor sleep quality,
especially in the pre-sleep phases. According to Riemann et al. (2012), REM
sleep fragmentation may make sleep concerns more accessible to
consciousness, memory storage, and retrieval during REM sleep, resulting in
non-restorative sleep. Furthermore, this work highlighted how REM sleep
fragmentation negatively impacts the functionality of the cortical and subcortical
structures involved in emotional processing (as reported in section 1.3),
potentially contributing to cognitive and emotional alterations that may increase
the risk of emotional disorders in insomniac people (Riemann et al., 2012). In
addition, other authors emphasised the role of REM sleep fragmentation also
in individuals with PTSD. Specifically, Saguin et al. (2021) hypothesised that
REM sleep fragmentation compromised traumatic experience processing, thus

playing a crucial role in maintaining PTSD symptoms (Saguin et al., 2021). A
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previous study evaluating military personnel with PTSD highlighted a
relationship between earlier-life traumatic events and REM sleep fragmentation
(Insana et al., 2012). This study also emphasised that increased REM sleep
fragmentation is associated with the development of disruptive nocturnal
behaviours (Insana et al., 2012). REM sleep fragmentation role in PTSD is also
emphasised in studies on animal models (Grafe et al., 2024; Pace-Schott et al.,
2015). Aimed at analysing whether REM sleep fragmentation could have a
mechanistic role in maintaining PTSD, Marshall et al. (2014) assessed the
association between fear conditioning, safety learning, and REM sleep
fragmentation in healthy subjects. Here, REM sleep fragmentation was referred
to as reduced REM sleep latency, lower REM %, and increased number of
transitions to waking/NREM stages during the REM period. In this study, the
authors reported a positive correlation between consolidated REM sleep and
learning levels. Specifically, REM sleep fragmentation compromised safety
learning and the ability to discriminate between safety and threatening stimuli.
Therefore, the findings supported a mechanistic role of REM sleep
fragmentation in PTSD (Marshall et al., 2014). Lipinska & Thomas, (2019)
investigated the effects of REM sleep fragmentation on sleep-dependent
emotional memory consolidation by comparing subjects with PTSD, trauma-
exposed non-PTSD individuals, and healthy subjects. REM sleep fragmentation
was defined as the total number of arousals during this sleep stage. The authors
highlighted a negative relationship between REM sleep fragmentation and
memory performance for emotionally arousing stimuli (Lipinska & Thomas,
2019). Furthermore, in a recent narrative review (McCall & Watson, 2022)

discussing the relationship between obstructive sleep apnoea (OSA) and
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PTSD, it was emphasised an elevated comorbidity rate between these two
disorders and the presence of fragmented sleep due to OSA-induced arousal-
like features affecting PTSD. Specifically, it was highlighted that OSA-induced
REM sleep fragmentation may interfere with emotional processing, potentially
playing a role in the development and maintenance of PTSD (McCall & Watson,
2022).

The presence of fragmented REM sleep has been reported also in depressive
disorder. For instance, Pesonen et al. (2019) emphasised that REM sleep
fragmentation in the adolescent population is associated with depressive
symptoms and genetic risk for somatic complaints. Moreover, Wu et al. (2021)
recently highlighted that REM sleep fragmentation is positively related to
depressive symptom levels in individuals with insomnia.

Since REM sleep fragmentation has a significant role in insomnia and PTSD,
some authors attempted to reduce REM sleep fragmentation experimentally
(Maurer et al., 2024; Vethe et al., 2022). For instance, Maurer et al. (2024) tried
reducing REM sleep fragmentation by submitting insomniac individuals to
chronic sleep restriction or through time in bed regularisation. However, neither
of the two methodologies was capable of reducing REM sleep fragmentation in
insomnia patients. Conversely, Vethe et al. (2022), exposing healthy
participants to a blue-depleted light environment (BDLE) in the evening,
significantly reduced REM sleep fragmentation during the subsequent night
compared to a standard light environment exposure before sleep. Here, REM
sleep fragmentation refers to the total number of sleep transitions through
wakefulness or NREM sleep during the REM period divided by the total duration

of REM sleep (Vethe et al., 2022).
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The investigation of Wassing et al. (2019) is noteworthy in this field. In this
study, the authors assessed whether endogenous REM sleep fragmentation
interfered with the nocturnal reorganisation of limbic structures activity in
subjects with a wide range of insomnia severity. REM sleep fragmentation was
quantified as the total number of arousals recorded during REM sleep and the
number of transitions to NREM/wakefulness during the REM period divided by
the total duration of the REM episode. Each participant underwent two fMRI
scans to record the activity of limbic structures (particularly the amygdala) in
response to induced emotional distress. Participants' sleep was recorded via
PSG between the two fMRI recordings. The results highlighted a positive
correlation between reduced amygdala activation and increased duration of

undisturbed REM sleep (Wassing et al., 2019).

As reported in Chapter 1, REM sleep is accompanied by suppressed LC activity
(Van Egroo et al., 2022). However, the occurrence of cortical arousals during
REM sleep (that leads to REM sleep fragmentation) indicates a failure of LC
activity suppression (Van Egroo et al., 2022). The silencing of LC activity during
REM sleep is hypothesised to allow adequate emotional reactivity dampening,
reducing the emotional reactivity associated with the memory trace (Swift et al.,
2018; Walker & van der Helm, 2009). On the other hand, during wakefulness,
LC activity maintains noradrenaline release at a level that prevents synaptic
depotentiation (Pace-Schott & Hobson, 2002; Swift et al., 2018). Therefore,
cortical arousals during REM sleep might interfere with emotional processing,
compromising REM sleep function. Indeed, as we have seen, fragmented REM
sleep is present in depressive disorders, PTSD, and insomnia (Colvonen et al.,

2019; Pesonen et al., 2019; Wassing et al., 2019; Wu et al., 2021). However, to
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date, the association between LC activation during sleep and cortical arousals
has only been reported in animal studies. In contrast, no study has empirically

assessed whether arousal during REM sleep inhibited LC silencing in humans.

These studies highlighted how REM sleep fragmentation could interfere with
cognitive functioning. Specifically, REM sleep fragmentation is supposed to
interfere with the emotional processing assumed to occur during REM sleep.
However, these investigations are based on clinical populations that present
other macrostructural sleep alterations, limiting the generalizability of the results
(Baglioni et al., 2016; Bastien, 2011; Palagini et al., 2013; Steiger & Pawlowski,
2019). Nevertheless, these studies demonstrate that REM sleep fragmentation
could compromise the psychophysiological processes occurring during REM
sleep, affecting human functioning. Therefore, experimentally inducing REM
sleep fragmentation in healthy subjects could be adopted as an alternative
paradigm to investigate REM sleep's effects on emotional functioning,
overcoming previous limitations of the studies in this field. Consequently, we
aim to induce REM sleep fragmentation in healthy subjects to evaluate its effect

on emotional memory and reactivity.
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3. The experimental study

3.1 Reproducing REM sleep fragmentation in healthy subjects

The few studies that have experimentally fragmented participants' sleep have
primarily employed multiple nocturnal awakenings, significantly altering sleep
macrostructure (Finan et al., 2015; Gott et al., 2020; lacovides et al., 2017).
Thus, we aim to induce REM sleep fragmentation mainly inducing cortical
arousals. To achieve this aim, we have chosen a tool that provides high
sensitivity in delivering mild stimuli to the sleeping subject, thus avoiding the
induction of nocturnal awakenings (i.e., cortical activations >15 seconds). Since
the brain appears particularly sensitive to somatosensorial information during
sleep (Wei & Van Someren, 2020), our interest has turned to vibrotactile
stimulation as a method to fragment REM sleep. In the past, some authors have
effectively induced cortical arousal during sleep by coupling vibrotactile and
acoustic stimulation (Kato et al., 2003, 2004), with an arousal induction rate
during REM sleep of approximately 85% (Kato et al., 2004). To this aim, we
developed a semi-automatised vibrotactile stimulation device based on

Arduino® technology to induce cortical arousals during REM sleep.

3.1.1 Development of a device to deliver vibrotactile

stimulations

Our vibrotactile stimulation device comprises an elastic fabric wristband
housing five 5V vibration motors (Figure 1) connected to an Arduino® based

control system (Figure 2).
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Figure 1. The left figure shows the five 5V vibration motors. The central figure shows
the vibrotactile stimulation wristband housing the 5 vibration motors. In the right figure,
the wristband is shown worn by a participant during an experimental session.

The control system hardware comprises an Arduino Uno Rev3 board
(ARDUINO®, Italy) connected to a printed circuit board with a 5V Micro SD card
module for Arduino®. These components are powered by a computer
connection via a USB-B/USB-A cable and semi-automatically manage the
activity of an externally powered 5V relay that supplies current to a power
regulator, allowing for the vibration power control of the motors in the wristband.
All these hardware components are enclosed in an ABS plastic module case,
on which three buttons and the power regulator knob are positioned (Figure 2),

allowing the handling of the stimulation during participants sleep.
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Fig. 2 The Arduino® based control system.

The green button generates a continuous automated stimulation-pause cycle,
consisting of a 3 s stimulation followed by a 3 s pause. The red button can interrupt
this cycle at the end of the 3 s stimulation. Instead, the blue button introduces a 40 s
pause within the automated stimulation cycle, which will automatically resume at the
end of the pause. Finally, the silver power regulator knob is used to manage the motor's
stimulation power, ranging from a minimum of 0.8V to a maximum of 5V.

The above-described version is the final version of the vibrotactile stimulation
device. In the development phase, the initial version comprised a wristband
housing four 3V vibration motors. However, this first version was not powerful
enough to prevent habituation effects in participants, and it compromised the
effectiveness of arousal induction during the night. Thus, we developed the

more powerful version described above.

3.2. Aims of the study

The existing studies on the role of REM sleep in emotional processing have
relied on methodologies that do not allow to define the specific role of REM
sleep on emotional memory and emotional reactivity. As above reported in

detail, these studies have been based on REMD and split-night protocols that
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inevitably introduce confounding variables (increased WASO and nocturnal
awakenings, reduced TST). Moreover, the role of REM sleep fragmentation in
emotional processing has been reported only in clinical populations, limiting the
results' generalizability. Lastly, REM sleep fragmentation due to cortical arousal
interferes with LC silencing, potentially compromising REM sleep emotional
processing.

In this view, we aim to investigate the effect of REM sleep fragmentation in
consolidating the declarative component of the emotional memory trace and on
the associated emotional reactivity via behavioural, self-report and
psychophysiological measures in healthy subjects adopting a within-subjects
design. We aim to induce, for the first time, REM sleep fragmentation by means

of cortical arousals elicited via vibrotactile stimulation through our device.

3.3 Materials and Methods

3.3.1 Participants

Twenty-six students from the University of L’Aquila were recruited to participate
in the study. From the recruited sample, a total of 9 participants were removed:
6 dropped out since they were unable to fall asleep during the night, 1 showed
a sleep disorder not detected during the screening procedure, 1 exhibited
restless REM sleep, 1 began to report flu symptoms before going to sleep and
woke up with fever. Thus, our total sample comprised 15 subjects (mean age +

SD, 23.67 + 3.94, age range 19-34, 3 males).

A screening test battery was administered before the enroliment to evaluate if

the participants fulfilled all the recruitment criteria. The screening battery
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encompassed the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989;
Curcio et al., 2013), the Insomnia Severity Index (ISI; Bastien, 2011;
Castronovo et al., 2016), and the Depression Anxiety Stress Scale (DASS-21;
Bottesi et al., 2015; Lovibond & Lovibond, 1995). Moreover, through dedicated
questions, we assessed if participants had a regular sleep schedule, a
normal/correct to normal vision, if they used medications, and the presence of
a sleep disorder and/or a skin disease.

Recruitment criteria encompassed: i) good sleep quality (PSQI global score <
6, participants mean = SD, 3.73 £ 1.16), /i) no insomnia symptoms (ISI score <
7, mean = SD, 2.60 £ 2.29), jii) absence of depression (DASS—-21 Depression
subscale score < 14, mean + SD, 3.87 + 3.89), stress (DASS-21 Stress
subscale score < 19, mean = SD, 9.07 + 4.71), and anxiety symptoms (DASS—
21 Anxiety subscale score < 10, mean = SD, 1.87 £ 2.20), iv) regular sleep
schedule, v) normal/correct to normal vision, vi) absence of medication intake
potentially interfering with sleep architecture, vii) absence of sleep disorders
(i.e., sleep bruxism, sleep apnoea, snoring, sleep talking, sleepwalking, periodic
leg movement disorder), and viii) absence of skin disease.

Finally, all female participants were recruited at the end of their menstrual cycle
to uniform the influence of hormonal fluctuations on the collected

psychophysiological variables.

The study was approved by the institutional review board of the University of
L'Aquila (protocol n. 49/2021) and was performed according to the principles

established by the Declaration of Helsinki.
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3.3.2 Procedure

The present study was conducted in the Laboratory of Sleep Psychophysiology
and Cognitive Neurosciences of the University of L’Aquila.

We adopted a within-subject design in which the enrolled participant undergoes
two experimental conditions (Fragmentation night - FRG- and Control night -
CTR) in a counterbalanced order across participants, with a minimum washout
period between each condition of three weeks (21 days).

In each condition, participants were required to arrive at the Laboratory at
17:00; here, we provided instructions for the emotional reactivity and emotional
memory tasks (for details about the tasks, see section 3.1.3) and the electrodes
for electrodermal activity (EDA) and heart rate (HR) recording were applied. At
18:00, the participants performed the emotional reactivity task, which lasted
about 15 minutes. Before and after the emotional reactivity task, we acquired 5
and 3 minutes, respectively, of EDA and HR resting values while participants
sat on an armchair. Subsequently, EDA and HR electrodes were removed.
Then, as an active break between the two emotional tasks, participants
underwent the sequential finger-tapping task (SFTT). Subsequently, they were
exposed to the encoding phase of the emotional memory task, which lasted
about 10 minutes. Then, participants had a 15-minute break before the first
recognition phase of the emotional memory task, which lasted about 8 minutes.
We refer to the above-reported testing phase as TO for each task. Collectively,
the TO testing phase lasted about 1 hour.

After dinner, the participants were prepared for the PSG recording with the
application of the 64-channel high-density EEG cap (BrainCap, Brain Products

GmbH, Germany) and the electrodes for electrooculogram (EOG),
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electromyogram (EMG), and electrocardiogram (ECG) recording. Then, 5
minutes of waking EEG with eyes open and closed were recorded while the
participants sat on an armchair. Then, the participants could go to bed; here,
they wore the vibration wristband, and two stimuli of different intensities were
provided to make participants aware of the stimulation they might feel during
the night. This procedure was performed to reduce the likelihood of awakening
induction due to the novelty of the first stimulation. Participants' sleep was then
monitored via video-PSG, and during FRG night, vibrotactile stimulation was
provided by a sleep expert during REM sleep (for the REM sleep fragmentation
procedure, see section 3.1.3.1).

During each night participants were allowed to sleep for 8 hours after the first
NREM2 sleep epoch (Berry et al., 2017) before being awakened. Immediately
after the final awakening, participants were asked to record their dream recall
on a digital voice recorder (K9, Benjie, China). Moreover, within 15 minutes of
the final awakening, they answered questions about the laboratory sleep night
(see 3.2.2.1 for details). Participants were then allowed to have breakfast
without consuming caffeine products (e.g., coffee, chocolate). Then, a 5-minute
waking EEG recording was performed with eyes open and closed.
Subsequently, the subjects were freed from the PSG equipment.

About one hour after the final awakening, participants performed the emotional
reactivity task that lasted about 15 minutes. Again, we acquired 5 and 3 minutes
of EDA and HR resting before and after the emotional reactivity task. Then, after
removing EDA and HR electrodes, the participants underwent the SFTT. Finally,
they performed the second recognition phase of the emotional memory task.

Subsequently, the participants left the Laboratory and were asked to return 48
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hours later to be evaluated after 2 nights of regular sleep at home. During this
delayed assessment, as in the first-morning evaluation session, participants
performed the emotional reactivity task (with pre- and post-task EDA/HR
baseline recording), the SFTT, and the emotional memory recognition task. On
the morning of the delayed assessment session, participants were required to
have breakfast free from caffeine products (e.g., chocolate, coffee, tea). We
refer to the testing phase participants underwent the morning after the night of
laboratory sleep as T1 for each task and to the delayed assessment that
participants performed after two nights of sleep at home as T2. Collectively, the
T1 and T2 testing phase lasted about 30 minutes each. Participants' sleep was
monitored via actigraphy from two days before the TO session until T2 in each
condition. During these days, participants were required to fill out a sleep diary
each morning after the final awakening and to maintain a regular sleep

schedule. Figure 6 shows a schematic representation of the study protocol.
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Figure 6. Schematic representation of the experimental protocol.

The hand icon with the index and middle fingers extended, and the heart icon
represents the emotional reactivity task. The black screen monitor that shows a
numerical sequence represents the SFTT. On Day 1, the grey bar on the left containing
a sequence of images represents the encoding phase of the emotional memory task.
Meanwhile, the grey bar with the sequence of images inside, accompanied by the head
icon with a green checkmark and a red cross, represents the recognition phase of the
emotional memory task. The open-hand icon with the wristband indicates that
participants wear the vibrating bracelet at night. The orange saw line indicates
vibration, and the orange bar overimposed to REM sleep in fragmentation night
specifies that stimulation was provided during REM sleep.

3.3.2.1 REM sleep fragmentation procedure

During the FRG night, participants’ REM sleep was fragmented according to

the following protocol:

¢ the stimulation started at the minimum power after the first REM sleep
epoch according to AASM® criteria (Berry et al., 2017);

¢ the stimulation lasted a maximum of 3 s or it was stopped before the 3 s
in case of the appearance of a cortical arousal on any EEG trace;

¢ In case of the absence of response to the stimulation, the experimenter
waited 3 s before delivering another stimulation with an increased
vibration power;

e In the case of cortical arousal, the stimulation was turned off and:
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o If the participant remained in REM sleep, the experimenter waited
30 s from the end of the cortical arousal and then provided
another stimulation;

o If the participant exits from REM sleep, the experimenter waits

until the participant returns to REM sleep.

The stimulation device was semi-automatised. Specifically, by pressing the
green button of our Arduino®-based control system (see Figure 2, section 3.1.1)
a continuous automated stimulation-pause cycle, consisting of a 3 s stimulation
followed by a 3 s pause, was generated. This stimulation-pause cycle could be
interrupted for 40 s by pressing the blue button of the control system. As an
example, when the participant remained in REM sleep after a cortical arousal
due to the stimulation, the experimenter should only suspend the stimulation
until the device automatically delivered another stimulation 40 s after the end of

the previous one.

3.3.3 Tasks

We developed the tasks utilised in our project through PsychoPy® coder
v2020.2.10 and administered it with the same software on a 24-inch monitor

(NILOX®, NXMMIPS240004) powered by a Mac mini (Apple® M1, 2020).

Before starting our experimental study, the emotional reactivity task and the
emotional memory task described below were optimised by performing a pilot
study.

Specifically, arousal and valence ratings were collected for sixty-eight images

taken from the International Affective Picture System (IAPS; Lang et al., 2005)
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and the Mnemonic Similarity Task (MST; Stark et al., 2019) to establish
reference values for building the emotional reactivity task. For this purpose, 25
university students (mean age + SD, 24.68 + 2.40, 14 males) underwent an
online picture evaluation task through Pavlovia software (Open Science Tools,
Nottingham, UK). This data collection was carried out as images of the MST

database lacked arousal and valence ratings.

For the emotional memory task, we aimed to create a task in which memory
performance would decline over time, avoiding the ceiling effect that generally
affects memory recognition tasks (Kopelman et al., 2007). We tested the first
version of the emotional memory task on a different sample of 24 university
students (mean age = SD, 24.83 £ 2.40, 12 males) through Pavlovia software.
However, this first version did not demonstrate a performance deterioration
across the experimental sessions. Consequently, we developed a revised
emotional memory task and evaluated this new version on 10 university
students (mean age + SD, 24.10 £ 2.64, 4 males). This second version emerged
as reliable due to reduced recognition performance across the experimental
sessions. Therefore, the second version of the emotional memory task was

used in our study.

3.3.3.1 Emotional reactivity task

The emotional reactivity task was utilised to evaluate whether the
experimentally induced REM sleep fragmentation altered the
psychophysiological reactivity associated with the emotional stimuli. This task

involved presenting the participants with emotionally negative and neutral
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pictures while recording their EDA and HR. After each image presentation,
participants were asked to rate the arousal and valence of the picture using a
Likert scale ranging from 1 to 9 on a self-assessment manikin (SAM; Bradley &
Lang, 1994; Lang, 1980).

The task consisted of 28 trials; each trial implied: i) the presentation of the
emotional picture for 6 s, /i) 4 s Inter-Stimuli Interval (I1Sl), iii) the request to the
participant to subjectively rate the arousal and valence of the image on the
SAM, iv) 8 to 12 s (jitter time) Inter-Trial Interval (ITl). In Figure 3, a schematic

representation of the task is reported.

EMOTIONAL REACTIVITY
TEST (TO, T1, T2)

X 28 trials
(14 Neutral — 14 Negative)
T0O=T1=T2

Figure 3. Schematic representation of the emotional reactivity task.

The heart icon indicates HR recording, while the hand icon with black electrodes on
the middle and index fingers indicates EDA recording during picture presentation. The
“SAM” word near the manikin images represents the arousal and valence assessment
after each picture is presented.
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Fifty-six images (28 negative high-arousal, 28 neutral) were selected to build
four task versions. The negative images are the most arousing and gruesome
images from the IAPS (Lang et al., 2005), while the neutral ones are white
background images of sports objects derived from the MST (Stark et al., 2019).
The total pool of images was divided into 4 numerically identical blocks
(E1_Neg, E2 _Neg, E1_Neu, E2_Neu); within each emotional category, the
blocks were balanced for arousal and valence scores (all p > 0.780,
comparisons performed with independent sample T-test) derived from our pilot

study (Table 1).

TABLE 1. Mean £ SD of valence and arousal value for each block of images of the
emotional reactivity task.

Comparison tos p t26 p

E1_Neg |2.15+0.39 | 6.36+0.50
E2 Neg |2.15+0.49 | 6.36 + 0.52
E1 Neu |5.72+0.25|2.48+0.34
E2_Neu |5.74+0.22 | 250+ 0.34

E1 Neg-E2 Neg | -0.02 | 0.99 | 0.04 | 0.96

E1l Neu-E2 Neu | -0.28 | 0.78 | -0.15 | 0.87

By combining the four blocks derived from the total pool of images, we designed

4 versions of the task (Version1.1 = E1_Neg+E1 Neu; Version2.2

E2 Neg+E2 Neu; Version1.2 = E1_Neg+E2 Neu; Version2.1
E2_Neg+E1_Neu). This task composition was chosen to minimise potential
confounding effects due to pure randomisation of stimuli starting from the total
pool of images (e.g., more arousing negative images in one condition than
another for some participants and vice versa). Table 2 shows the task version

presentation pattern adopted in our task for each participant.
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TABLE 2. Emotional reactivity task version distribution for each participant.

Subject | Emotional reactivity task version distribution
Condition —» | CTR/T0 | CTR/T1 | CTR/T2 | FRG/TO0 | FRG/T1 | FRG/T2
1 1-1 1-1 1-1 2-2 2-2 2-2
2 2-2 2-2 2-2 1-1 1-1 1-1
3 1-2 1-2 1-2 2-1 2-1 2-1
4 2-1 2-1 2-1 1-2 1-2 1-2
5 1-1 1-1 1-1 2-2 2-2 2-2
6 2-2 2-2 2-2 1-1 1-1 1-1
7 1-2 1-2 1-2 2-1 2-1 2-1
8 2-1 2-1 2-1 1-2 1-2 1-2
9 1-1 1-1 1-1 2-2 2-2 2-2
10 2-2 2-2 2-2 1-1 1-1 1-1
11 1-2 1-2 1-2 2-1 2-1 2-1
14 2-2 2-2 2-2 1-1 1-1 1-1
15 1-2 1-2 1-2 2-1 2-1 2-1
17 1-1 1-1 1-1 2-2 2-2 2-2
19 1-2 1-2 1-2 2-1 2-1 2-1

Notes: V1-1 = task Version1.1, V2-2 = task Version2.2, V1-2 = task Version1.2, V2-1 =
task version 2.1.

3.3.3.2 Emotional memory task

The emotional memory task was adopted to assess the effects of REM sleep
fragmentation on the declarative component of the emotional memory trace .
This task consisted of a stimulus (emotionally negative/neutral pictures)
encoding phase followed by stimuli recognition phases at three different time
points (TO, T1, T2; for the encoding/assessment timing, see Procedure). During
the encoding phase, the participant was asked to memorise the image. In the
recognition phase, the participant had to discriminate between the stimuli
presented during the encoding phase (i.e., “OLD”) and the new pictures shown
during the recognition phase (i.e., “NEW”). The encoding phase consisted of
120 trials; each trial implied i) the presentation of the picture for 3s, ii) 1.5s ISI.

The recognition phase consisted of 80 trials; each trial implied i) the
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presentation of the image for 2.5s, ii) 0.5s IS, iii) the request to the participant
to indicate whether the picture was OLD or NEW, and iv) 1.5s ITI. In Figure 4,

a schematic representation of the task is reported.

EMOTIONAL MEMORY

ENCODING TEST (TO, T1, T2)

TO-T1-T2
x 120 % 80

(60 Neutral — 60 Negative) (40 New — 40 Old)
3s
S 155
[N
AN

TDNew #T1 New & T2Nsw
TOOid # T10Id & T20Ed

Figure 4. Schematic representation of the emotional memory task.

The schematic representation in the left part of the image refers to the task's encoding
phase, indicating the number of stimuli presented for each emotional category. In the
right part of the image, the schematic representation refers to the task's recognition
(test) phase, specifying the number of pictures shown in each test, which had half of
the images from the encoding phase and half completely new. It also specifies that all
the New and Old images differed during each test phase.

To build the task, four-hundred-eighty images (240 negative, 240 neutral) were
selected from the IAPS and Nencki Affective Picture System (NAPS, Lang et
al., 2005; Marchewka et al., 2014). The total pool of images was divided into 8
numerically identical (60 stimuli each) macro-blocks (S1_Neg, S2_Neg,
S3_Neg, S4 Neg, S1_Neu, S2_Neu, S3_Neu, S4_Neu) and each macro-block
was divided again into 3 numerically identical (20 stimuli each) sub-blocks. For

both valences, each macro-block and each sub-block were balanced for
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valence and arousal score using standardised values Lang et al., 2005;
Marchewka et al., 2014). The appropriateness of the above-reported balancing
between macro-blocks for each emotional category was assessed by analysis
of variance (ANOVA). The macro-block number (i.e., S1, S2, S3, S4) was

adopted as a fixed factor for the macro-block comparisons (all p = 1.00). The
same workflow was utilised for sub-block analysis (all p = 1.00). Table 3 shows

the valence and arousal mean values for each macro-block.

TABLE 3. Mean + SD of valence and arousal value for each macroblock of images of
the emotional memory task.

S1 Neg | 2.50+0.40 | 6.28 + 0.58
S2 Neg | 2.49+0.37 | 6.28 +0.71
S3_Neg | 2.50 +0.37 | 6.29 + 0.59
S4 Neg | 2.50+0.34 | 6.29 + 0.62
S1 Neu |5.02+0.31|4.03%0.87
S2 Neu |5.02+0.26 | 4.03 +0.92
S3_Neu |5.02+0.25 | 4.02 + 0.90
S4 Neu |5.02+0.25 | 4.03 +0.86

Subsequently, each macroblock was aggregated with its other valence’s

counterpart  (S1_Neg+S1 Neu, S2 Neg+S2 Neu, S3 Neg+S3 Neu,
S4 Neg+S4 Neu) to be used as stimuli set during the encoding phase. For the
recognition phase, each sub-block of the encoding phase was intermixed with
a sub-block taken from a different macroblock (e.g., macroblock S1 during
encoding, sub-block S1A intermixed with sub-block S2B in the 15t recognition
phase, sub-block S1C intermixed with sub-block S2A in the 2" recognition
phase, sub-block S1B intermixed with sub-block S2C in the 3 recognition

phase). This task composition was chosen to minimise the potential
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confounding effects due to the pure randomisation of stimuli starting from the
total pool of images. Table 4 shows the macroblocks/sub-blocks presentation

pattern adopted in our task for each subject.

TABLE 4. Emotional memory task stimuli distribution for each participant.

Subject | Emotional memory task version distribution
Condition —|CTR/ENC| CTR/TO | CTR/T1 | CTR/T2 FRG/ENC| FRG/TO | FRG/T1 | FRG/T2
1 S1 S2A-S1A|S2B-S1B|S2C-S1C| S3 |S4C-S3C|S4A-S3A|S4B-S3B
2 S4  |S3A-S4A|S3B-S4B|S3C-S4C| S2 |S1C-S2C|S1A-S2A|S1B-S2B
3 S2 S4A-S2A|S4B-S2B|S4C-S2C| S1  |S3C-S1C|S3A-S1A|S3B-S1B
4 S3 S1A-S3A|S1B-S3B|S1C-S3C| S4 |S2C-S4C|S2A-S4A|S2B-S4B
5 S3 S2B-S3B|S2A-S3A|S2C-S3C| S1 S4B-S1B|S4C-S1C|S4A-S1A
6 S4 |S1B-S4B|S1A-S4A|S1C-S4C| S2 S3B-S2B|S3C-S2C|S3A-S2A
7 S1 S4B-S1B|S4A-S1A(S4C-S1C| S3 S2B-S3B|S2C-S3C|S2A-S3A
8 S2 S3B-S2B|S3A-S2A|S3C-S2C| S4 |S1B-S4B|S1C-S4C|S1A-S4A
9 S4  |S3C-S4C|S3B-S4B|S3A-S4A| Si S2A-S1A|S2C-S1C|S2B-S1B

10 S2 S1C-S2C|S1B-S2B|S1A-S2A S3 S4A-S3A|S4C-S3C|S4B-S3B
11 S1 S2C-S1C|S2B-S1B|S2A-S1A S4 S3A-S4A|S3C-S4C|S3B-S4B
14 S3 S4A-S3A|S4C-S3C|S4B-S3B S1 S2C-S1C|S2B-S1B|S2A-S1A
15 S1 S3A-S1A|S3C-S1C|S3B-S1B S2 S4C-S2C|S4B-S2B|S4A-S2A
16 S4 S2A-S4A|S2C-S4C|S2B-S4B S3 S1C-S3C|S1B-S3B|S1A-S3A
17 S1 S4B-S1B|S4C-S1C|S4A-S1A S2 S3B-S2B|S3A-S2A|S3C-S2C

19 S2 |S3B-S2B|S3C-S2C|S3A-S2A| S1  |S4B-S1B|S4A-S1A|S4C-S1C
Notes: ENC = encoding phase.

3.3.3.3 Sequential finger-tapping task

The sequential finger-tapping task (SFTT) was utilised as a control measure to
assess potential effects of REM sleep fragmentation on procedural memory
performance. Moreover, it was useful as an active pause between the emotional
reactivity task and the emotional memory task to mitigate potential interfering
effects that may arise from performing two emotional tasks consecutively.

The SFTT required the participant to repeatedly digit a five-element numerical
sequence as quickly and accurately as possible for 30-second epochs followed
by 30-second breaks. The participant had to execute the task using the non-
dominant hand's fingers (excluding the thumb). Participants were advised not
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to correct occasional errors and to proceed with the task smoothly without
interruptions. During the 30-second epochs of digiting, the sequence was
always displayed on the screen to limit the working memory load. Below each
number, a white rectangle was shown. Each key digit resulted in a circular red
marker inside the white rectangle under the number, starting from left to right.
Instantly, after tapping the last digit to complete the sequence, all markers
vanished, signalling the start of a new sequence. During the 30-second pause,
a fixation cross was displayed on the monitor. Figure 5 shows a schematic

representation of the SFTT task.

SEQUENTIAL FINGER TAPPING TASK
TEST (TO, T1,T2)

x 12 trials TO
x 3 trials T1/T2

Figure 5. Schematic representation of the sequential finger-tapping task.

We adopted two different sequences in the SFTT (i.e., 1-4-2-1-3; 4-3-4-1-2).
Each sequence was designed according to the following rules: i) the first digit
of the sequence must be different from the last, ij) more than two sequential

digits were not possible, neither in ascending (e.g., 2-3-4) nor in descending
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order (e.g., 4-3-2), iij) each number could not appear twice sequentially, and iv)
three consecutive digits of a sequence could not appear in the other sequence
(Fischer et al., 2002; Pereira et al., 2015).

In our study, the participants performed the SFTT 3 times in each condition (TO,
T1, T2; see the procedure for details). The first time (T0), the participants had
to perform the SFTT executing 12 trials. Each SFTT trial comprised i) a 30-
second epoch of sequence digiting and ii) a 30-second pause. At the TO, the
first 9 trials were used as the learning phase, while the last 3 trials were taken
as performance (see data analyses for details). In the other task sessions (T1,
T2), the participants executed only 3 trials (all taken as performance). During
each condition, the SFTT sequence was the same. The sequences adopted in

each condition were counterbalanced across participants.

3.4 Data Acquisition and Pre-processing

3.4.1 Actigraphy data

All participants wore a GENEACctiv accelerometer (Activinsights Ltd., Kimbolton,
UK) on their non-dominant wrist from two days before the first laboratory sleep
night until the delayed assessment session (T2) in each condition. The
actigraphy devices were initialised through the GENEActiv PC software
(version 3.3, Activinsights Ltd., Kimbolton, UK) with a measurement frequency
of 50 Hz. Each participant wore the same device in both the CTR and FRG
conditions. GENEActiv accelerometers were previously validated as reliable

tools for adult sleep assessment (te Lindert & Van Someren, 2013).
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Moreover, participants filled out a sleep diary every morning (within 15 minutes
upon the final awakening), which has been used to support accelerometric data
scoring.

In detail, actigraphic sleep parameters were calculated offline, matching
accelerometric raw data with sleep diary data via CICADA software (version
0.10.4, beta, Australia). We derived the following variables: Time in Bed (TIB),
which indicates the time window from bedtime to get-up time; Sleep Onset,
which denotes sleep onset time; Final Awakening, which signals sleep end time;
Sleep Onset Latency (SOL), which indicates the time participants took to fall
asleep; #awakenings, which denotes the total number of awakenings during the
sleep period; Sleep Period, which indicates the time between Final Awakening
and Sleep Onset; Wake After Sleep Onset (WASO), which represents the total
time participant spent awake during the sleep period; Total Sleep Time (TST),
which denotes the total time participant spent sleeping at night (Sleep Period -
WASOQO); Sleep Efficiency (SE), calculated as 100 * TST =+ TIB;
#awakenings_Hour, which denotes the number of awakenings per hour during

the sleep period.

3.4.2 Behavioural and subjective data

3.4.2.1 Self-reported information about the laboratory nights

The morning after the laboratory nights, participants provided the following
information: Morning Sleepiness, measured via a 10-point Likert scale from
“‘extremely alert” to “extremely sleepy”; Sleep Depth, evaluated via a 10-point

Likert scale from “very light” to “very deep”; Sleep Calmness, assessed via a
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10-point Likert scale from “very agitated” to “very calm”; Sleep Restfulness,
measured via a 10-point Likert scale from “very restless” to “very restful’;
Bracelet disturbance, evaluated via a 10-point Likert scale from “not at all
disturbing” to “very disturbing”; #Perceived Stimulations, assessed requiring
participants to report the total number of perceived stimulation during the night;
Stimulation Disturbance, measured via a 10-point Likert scale from “not at all

disturbing” to “very disturbing”.

3.4.2.2 Subjective Emotional Reactivity

As reported in section 3.1.3.1, participants rated the arousal and valence levels
of the stimuli during the emotional reactivity task using a 9-point Likert scale on
the SAM (Bradley & Lang, 1994; Lang, 1980). The SAM scale depicted a
cartoon-type manikin representing human emotional expressions from smiling
and happy to frowning and unhappy for the valence rating scale. For the arousal
evaluation scale, the SAM manikin represented expressions ranging from calm
and relaxed to excited and wide-eyed. Participants' ratings were provided via
numeric keypad on the keyboard. We derived Valence and Arousal variables to
assess the subjective emotional reactivity (Baran et al., 2012; Wiesner et al.,

2015).

3.4.2.3 Emotional Memory Performance

Emotional memory performance was evaluated by calculating the

discrimination index (d-prime or d’).
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The d’ is a measure of sensitivity and reflects the ability to discriminate a target
(old pictures) from non-target stimuli (new images) and is considered to be
unaffected by response bias (Macmillan & Creelman, 2004; Stanislaw &
Todorov, 1999). Higher d’ values indicate better discrimination performance.

The d’ index was obtained by calculating the Hit Rate (HR) and the False Alarm
Rate (FAR). The HR refers to the Hits (i.e., the number of old pictures correctly
identified as seen) divided by the total number of old pictures in the recognition
task, namely HR = Hits + No.p. The FAR refers to the False Alarm (i.e., the
number of new images erroneously defined as seen) divided by the total
number of new images in the recognition task, precisely FAR = False Alarm +
Nnew. Then, HR e FAR values have been standardised (i.e., z-transformed),
and the d’ was determined using the formula: d’ = zHR — zFAR. Considering
that d’ must not be determined when HR = 1 and FAR = 0, we substituted HR
values of 1 with an HR = 1 — 1+(2N) and FAR values of 0 with a FAR = 1+2N,

where N represents the number of targets (Macmillan & Creelman, 2004).

3.4.2.4 Procedural Memory Performance

Procedural memory performance was evaluated through the SFTT by
computing the following variables from each 30 s digiting epoch: correct
sequences (CS), i.e., the number of correctly typed sequences; sequential
reaction time (SRT), i.e., average digiting time (seconds) of the correctly
completed sequences; and Accuracy (ACC), i.e., the number of correctly typed

sequences relative to the total number of completed sequences.
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3.4.3 Psychophysiological data

3.4.3.1 Electrodermal activity and heart rate

EDA and HR psychophysiological signals were acquired via the Biosignal
Explorer (Biosignalsplux, PLUX wireless biosignals S.A., Lisbon, Portugal)
using a sampling rate of 1000 Hz and a resolution of 16 bits. The Biosignal EDA
sensor acquired signals from 0 to 24 pS, while the Biosignal ECG sensor
acquired signals from -37.5 pV to + 37.5 V.

After data acquisition, EDA raw data were handled in MATLAB (R2023a,
Update 1, 9.14.0.2239454, The MathWorks Inc., Natick, Massachusetts)
through the skin conductance analysis software Ledalab (MATLAB toolbox;
Benedek & Kaernbach, 2010). The EDA raw signal was pre-processed by
down-sampling it at 10 Hz, applying a low-pass second-order Butterworth filter
at 1 Hz, and smoothing it with a Gauss window of 10. After the pre-processing
phase, continuous decomposition analysis was performed.

We considered a skin conductance response (SCR) as a minimum EDA signal
increase of 0.01 uS in a response window between 0.5 and 6 s after the
stimulus onset (Braithwaite et al., 2013). Specifically, we extracted the following
variables: #SCR, representing the number of SCR detected within the response
window after the stimulus onset; and the Latencyscr, corresponding to the time
elapsed between the stimulus onset and the first SCR within the response
window. EDA activity is directly regulated by the sympathetic branch of the
autonomic nervous system (Dawson et al., 2000), and #SCR and LatencySCR
are typically used as indices of emotional reactivity (Boucsein et al., 2012;

Christopoulos et al., 2016; Herrero et al., 2020).
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HR raw data were handled in Artiifact (Kaufmann et al., 2011) to extract the
intra-bit interval (IBI) by applying the Bernston detection method as an artifact-
correction procedure. HR artifact-corrected data taken from the emotional
reactivity task were processed in MATLAB with Kardia software (Perakakis et
al., 2010) to extract the phasic cardiac responses (PCR) to stimuli onset,
allowing us to calculate heart rate deceleration (HRD) response. HRD was
computed by subtracting the lowest heartbeat value collected during the 6 s
post stimuli onset from the mean heartbeat recorded in the 2 s before stimulus
presentation. HRD response reflects stimulus elaboration, and emotional
salient information processing is associated with increased HRD compared to

neutral stimuli (Cook et al., 1997; Horndasch et al., 2023; Pollatos et al., 2007).

3.4.3.2 PSG

The PSG encompassed EEG, EOG, EMG and ECG signal recording.

EEG and EOG signals were registered with a 64-channel BrainCap (Brain
Products GmbH, Germany) connected to a BrainAmp MR amplifier (Brain
Products GmbH, Germany) using a sampling rate of 500 Hz adopting a high
cut-off frequency of 250 Hz, with a resolution of 0.5 uV acquiring a range of +
16.384 mV. EMG and ECG signals were acquired with Ag/AgClI electrodes
plugged into a bipolar amplifier (BrainAmp ExG MR, Brain Products GmbH,
Germany) connected to the BrainAmp MR amplifier (Brain Products GmbH,
Germany). EMG signal was acquired with a sampling rate of 500 Hz, a high cut-
off frequency of 250 Hz, and a resolution of 0.1 mV, acquiring a range of

3.2768 mV. The ECG signal was recorded with a sampling rate of 500 Hz, a
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high cut-off frequency of 1000 Hz, and a resolution of 10 mV, acquiring a range
of £ 327.68 mV. Then PSG raw data were filtered during the acquisition with the
following parameters: EEG and EOG, high-pass filter at 0.016 Hz, no low-pass
filter and notch filter at 50 Hz; EMG, high-pass filter at 100 Hz, low-pass filter at
250 Hz and notch filter at 50 Hz; and ECG high-pass filter at 0.001 Hz, no low-
pass filter and notch filter at 50 Hz.

The BrainAmp MR amplifier (Brain Products GmbH, Germany) was connected
to a desktop computer (DESKTOP-C3LTGCK, Dell Technologies, Round Rock,
Texas), and the BrainVision Recorder (Version 1.26.0101, Brain Products
GmbH, Germany) was adopted as the acquisition software. Moreover, a trigger
box (TriggerBox Plus, Brain Products GmbH, Germany) was connected to our
Arduino®-based stimulation device to have a marker on EEG recording in
conjunction with the start/finish of the vibrotactile stimulation.

During each laboratory sleep night, the PSG recording was shown on a 32-inch
monitor (Samsung UE590, Seul, South Korea), and a display filter was applied
to allow online sleep stage identification.

After each laboratory night, the EEG raw data were extracted in EDF+ format
with BrainVision Analyser (version 2.2, Brain Products GmbH, Germany), and
sleep scoring was performed according to the AASM® criteria (Berry et al.,
2017) via Wonambi (version 7.11) software. Sleep scoring was performed by
the same sleep expert for each participant on both laboratory sleep nights (CTR
and FGR). Sleep macrostructure variables and sleep scoring data are reported

in Table 5.
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Table 5. Description of PSG macrostructure variables and sleep scoring data.

Variable Definition
TST Total Sleep Time (min)
SOL Sleep Onset Latency (min)
WASO W ake After Sleep Onset (min)
SE Sleep efficiency (min)
N1 Time (min) in sleep stage NREM 1
N2 Time (min) in sleep stage NREM 2
N3 Time (min) in sleep stage NREM 3
REM Time (min) in sleep stage REM
N1 % % of the TST in NREM 1
N2 % % of the TST in NREM 2
N3 % % of the TST in NREM 3
REM % % of the TST in REM
#awakenings Number of nocturnal awakenings

Moreover, a series of variables were derived from the PSG to evaluate the

effects of vibrotactile stimulations on a broad range of sleep characteristics

(Table 6).

Table 6. Description of additional PSG variables focused on REM continuity, arousal,

and body movements.

Variable

Definition

REM Sleep Fragmentation Index

Total bouts of NREM1/W akefulness during the REM episodes divided by the
total duration of the REM episodes (hrs)

Maximum unperturbed REM sleep duration

Maximum time of unperturbed REM sleep (min)

Mean unperturbed REM sleep duration

Averaged time of unperturbed REM sleep (min)

#spont. arousal

Number of spontaneous arousal during sleep

Spont. arousal duration

Averaged duration of spontaneous arousal during sleep

#BM

Number of Body Movement during sleep

BM duration

Averaged duration of Body Movement during sleep

#induced arousal

Number of induced arousal during sleep

Induced arousal duration

Averaged duration of induced arousal during sleep

3.5 Statistical Analysis

A paired-sample t-test (Students’ t) was used to compare actigraphic data, self-

reported information about the laboratory nights, and PSG sleep parameters

between the CTR and FRG conditions.
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Specifically, we evaluated potential differences between CTR and FRG
conditions for the actigraphic variables on the 2 nights before the laboratory
sleep nights and on the 2 nights preceding the T2 testing phase. Analyses were
based on 13 participants for the days preceding the laboratory sleep nights, and
on 14 participants for the days preceding the T2 testing session due to missing
data caused by technical issues with the actigraphic recordings.

The comparisons on self-reported information about the laboratory nights
aimed to assess potential subjective differences in morning sleepiness, sleep
depth, calmness, and restfulness. Moreover, perception of the stimulation
setting was also evaluated in both conditions.

Finally, we examined whether the experimental sleep fragmentation altered the
participants’ nocturnal sleep by comparing the laboratory PSG parameters in
CTR and FRG conditions.

As regards t-test analyses, we decided not to correct paired t-test results for
multiple comparisons, adopting a more conservative approach since correcting
p-values would have increased the likelihood of confirming the assumptions of

non-significant differences between conditions.

Linear mixed models (LMM) were used to compare subjective emotional
reactivity indices, emotional memory performance, procedural memory
performance, and objective emotional memory variables between the CTR and
FRG conditions. For each model, the participant was used as a cluster variable,
and a random intercept per participant was included to account for
intraindividual variability and measure correlation within participants.

Specifically, for the subjective emotional reactivity indices, we performed LMM

analyses with both Valence and Arousal ratings as dependent variables. Each
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model comprised the factors Condition (CTR, FRG), Session (T0, T1, T2),
Stimulus Type (Negative, Neutral), and their interaction as predictors. One
subject was removed from the analyses due to unreliable responses caused by
a misunderstanding of task instructions.

Regarding emotional memory performance, we carried out an LMM with d’ as
the dependent variable. The model included the factors Condition (CTR, FRG),
Session (T0, T1, T2), Stimulus Type (Negative, Neutral), and their interaction
as predictors.

For procedural memory performance, we performed LMM analyses with ACC,
CS, and SRT as dependent variables. Each model comprised the factors
Condition (CTR, FRG), Session (T0, T1, T2), and their interaction as predictors.
Analyses performed on procedural memory performance variables were based
on a sample of 12 participants due to missing data for technical issues with
SFTT.

Finally, concerning the physiological indices of emotional reactivity, we
performed LMM analyses with HRD and Latencyscr as dependent variables.
On the other hand, a Generalized Linear Mixed Model (GLMM) with a Poisson
distribution was fitted to predict #SCR due to the nature of the dependent
variable (count data) (Coxe et al., 2009; Gardner et al., 1995).

For each model, the analysis comprised the factors Condition (CTR, FRG),
Session (T0, T1, T2), Stimulus Type (Negative, Neutral), and their interaction
as predictors. The analysis on HRD was based on 14 participants since data
from 1 participant was removed because he was unable to follow the instruction
of minimising movement to reduce recording artifacts. Analyses performed on

EDA variables were based on 13 participants since 1 participant was
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categorised as a non-responder during at least one of the TO sessions (Gatti et
al., 2018; Lonsdorf et al., 2019), and 1 participant did not follow the instruction
of minimising movement to reduce artifacts.

For LMM and GLMM analyses, the interpretation of significant effects followed
a hierarchical approach, in which significant main effects were subordinated to
the absence of significant interaction effects involving the same factor. Similarly,
the interpretation of interaction effects was conditioned by the absence of
significant higher-order interaction effects.

In case of significant main effects, post-hoc comparisons with Bonferroni
correction were computed. On the other hand, when significant interaction
effects emerged, planned comparisons with Bonferroni correction were
performed based on the study aims. This choice was made to reduce the overall
number of contrasts to reduce the risk of Type Il error when correcting for
multiple comparisons. In particular, we tested potential differences between
sessions within each condition (i.e., TO vs T1, TO vs T2, and T1 vs T2) to
determine how the assessed variable evolved over time in the two conditions.
Moreover, we were also interested in comparing CTR and FRG conditions at
each time point to investigate possible baseline differences between conditions
(i.,e., CTR at TO vs FGR at TO) and to assess if the condition differently affected
the measured variable after the laboratory sleep nights (i.e., CTR at T1 vs FGR

at T1) or in the long term (i.e., CTR at T2 vs FGR at T2).

All the above-reported analyses were performed in Jamovi (Version 2.3, The
Jamovi Project, Sydney, Australia). All tests were two-tailed, and statistical

significance was set at p < 0.05.
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3.6 Results

3.6.1 Actigraphy

Actigraphic data analysis indicated that sleep parameters 2 days before the
laboratory sleep night did not differ between CTR and FRG conditions (Table
7). Moreover, actigraphic sleep parameters on the day before the laboratory

sleep night (Table 8) did not differ between the two experimental conditions.

Table 7. Mean x SD of actigraphic sleep variables in the CTR and FRG conditions 2
days before the laboratory sleep nights and their statistical comparisons.

Variables CTR FRG t1 p
Sleep Onset 23:55+£01:10  23:45+01:15 0.49 |0.630
Final Awakening 08:20 £ 01:10 08:14 +01:00 0.26 0.798
SOL 6.08 +4.77 6.08 £ 5.20 0.00 1.000
#awakening 18.00 £ 3.96 19.08 £5.65 -0.68 |0.507
WASO 62.35+25.95 55.41 +28.36 0.78 0.448
TST 442.34 +59.44 454.20 + 69.67 -0.52 |0.611
Sleep Period 504.75 £ 69.80 509.65 + 76.11 -0.22 0.828
SE 85.87 +4.21 87.33+5.11 -091 /0.382
#awakening_hour 2.18 +0.57 2.22+0.40 -0.22 0.831

Variables CTR FRG t1o p
Sleep Onset 23:45+01:01 23:44+01:11 0.03 | 0.975
Final Awakening 08:03 +00:43 @ 08:04 +00:39 -0.10 0.923
SOL 3.85+3.41 10.46 £ 22.62 -1.02 0.327
#awakening 18.85+4.30 19.31 £ 4.89 -0.49 0.632
WASO 53.25+21.57 56.04 +37.01 -0.26 1 0.802
TST 445.06 +58.15 443.88 +74.71 0.07 0.948
Sleep Period 498.22 + 66.27 499.74 +84.81 -0.10 [0.925
SE 87.54 +3.94 86.60 + 6.22 0.52 0.612
#awakening_hour 2.265+0.43 2.33+0.54 -0.72 1 0.484

Table 8. Mean * SD of actigraphic sleep variables in the CTR and FRG conditions the
day before the laboratory sleep nights and their statistical comparisons.
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As far as the day after the laboratory nights is concerned, participants woke up
significantly later in the FRG condition compared to the CTR condition. No other

difference emerged between conditions (Table 9).

Table 9. Mean + SD of actigraphic sleep variables in the CTR and FRG condition the
day after the laboratory sleep nights, and their statistical comparisons. Significant
comparisons are reported in bold.

Variables CTR FRG ti3 p
Sleep Onset 00:00 £ 01:10 00:09 £01:33 -0.26 | 0.798
Final Awakening 08:27 £01:01  09:19+01:21 -2.43 10.030
SOL 11.57 +17.70 4.28 £3.34 149 |0.161
#awakening 17.71+2.52 18.28 £ 4.32 -0.45 |0.661
WASO 40.78 £+21.52 53.79 +44.18 -0.94 | 0.366
TST 465.86 + 77.39 496.64 + 84.05 -1.91 |0.078
Sleep Period 506.61 + 86.10 550.62 +109.94 -1.86  0.085
SE 89.19 +5.02 89.42 +6.11 -0.10  0.920
#awakening_hour 2.13+0.40 2.00+£0.31 151 0.154

Finally, actigraphic sleep parameters did not differ between conditions on the
night before the T2 testing phase, except for Sleep Onset. Participants started
to sleep (at home) earlier during the CTR condition relative to the FRG condition

(Table 10).
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Table 10. Mean * SD of actigraphic sleep variables in the CTR and FRG condition the
night before the T2 testing phase, and their statistical comparisons. Significant
comparisons are reported in bold.

Variables CTR FRG ti3 p
Sleep Onset 23:39+£00:34 | 00:17 £00:44 -2.18 0.048
Final Awakening 07:43+£00:31  07:40 £00:26 0.39 0.700
SOL 8.28 £ 8.04 5.86 +6.49 0.79 0.443
#awakening 17.86 + 3.37 15.93 £ 3.43 156 [0.143
WASO 46.95+21.46 41.31+28.49 0.76 | 0.463
TST 436.70 +44.52 401.26 +56.00 1.95 [0.074
Sleep Period 483.46 £ 44.59 442.71 £61.35 2.12 0.054
SE 88.01 +5.10 88.74 +5.85 -0.40 [0.695
#awakening_hour 2.23+£0.46 2.16 £0.39 0.45 0.657

3.6.2 Self-reported information about the laboratory nights

Paired-sample t-test results showed that participants reported similar morning

sleepiness in CTR and FRG conditions. No differences emerged in self-

reported sleep depth, calmness, and restfulness between conditions.

After the FRG night, participants reported higher bracelet disturbances, a

greater number of perceived stimuli, and a significantly higher disturbance from

the stimulations than the CTR condition. However, the number of perceived

stimuli was significantly lower relative to the number of provided stimuli (t = -

12.50, p < 0.001). Indeed, participants reported a mean (x SD) of 3.53 (+ 1.68)

perceived stimuli, while a mean of 71.73 (x 20.87) stimulations during FRG

nights was delivered (Table 11).
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Table 11. Mean £ SD of self-reported information about the laboratory night in the CTR
and FRG condition and their statistical comparisons. Significant comparisons are
reported in bold.

3.6.3 PSG sleep parameters

Variables CTR FRG tia p
Morning Sleepiness 3.40+1.92 400+2.14 -1.04 0.315
Sleep Depth 5.40 £ 2.32 6.20 + 1.52 -1.92 0.075
Sleep Calmness 5.93+2.15 5.53+2.29 0.95 0.361
Sleep Restfulness 6.27 +1.94 6.53+1.88 -0.45 0.662
Bracelet disturbance 0.80+2.14 4.00 +2.85 -2.99 0.010
#Perceived Stimulation 0.00 +0.00 3.53+1.68 -8.12 | <0.001
Stimulation Disturbance 0.00 +0.00 3.87+2.36 -6.36 | <0.001

As far as sleep macrostructure data are concerned, vibrotactile stimulation was

associated with longer N1 sleep time and N1%, and reduced REM sleep time

and REM% (Table 12). No other sleep parameters were affected by stimulation,

suggesting a moderate effect of FRG condition on the overall sleep architecture.

Table 12. Mean = SD of PSG macrostructure variables and sleep scoring data in the
CTR and FRG conditions and their statistical comparisons. Significant comparisons
are reported in bold.

Variables CTR FRG t1a p
TST 429.27 +29.76 | 427.67 £26.31 0.22 | 0.825
SOL 22.67 £15.49 2220 +14.16 0.16 | 0.878
WASO 52.37 + 34.38 45.27 + 21.33 1.09 | 0.296
SE 85.27 +7.17 86.23 +4.26 -0.65 | 0.526
N1 (min) 33.30+7.31 63.27 +18.26 -7.51 <0.001
N2 (min) 225.23 +29.86 | 219.03 £29.49 0.82 | 0.426
N3 (min) 86.80 +17.50 93.57 +23.74 -1.82 | 0.091
REM (min) 83.93+17.69 51.80 + 10.40 5.97 <0.001
N1 % 7.77 +1.66 14.87 £ 4.53 -7.26 1 <0.001
N2 % 52.42 +5.77 51.10 +5.20 0.88 | 0.392
N3 % 20.30 +4.32 21.92 +5.45 -1.74 | 0.103
REM % 19.50 + 3.62 12.11+£2.29 6.73 [<0.001
#awakenings 18.47 +£7.16 21.80+11.26 -1.30 | 0.216
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On the other hand, during the FRG condition, participants showed a higher
REM Sleep Fragmentation Index, reduced maximum unperturbed REM sleep
duration, and shorter mean unperturbed REM sleep duration (Table 13),
confirming the effectiveness of the experimentally induced REM sleep

fragmentation.

Table 13. Mean + SD of additional PSG variables focused on REM continuity, arousal,
and body movements in the CTR and FRG conditions and their statistical comparisons.

Significant comparisons are reported in bold.

Variables CTR FRG tis p

REM Sleep Fragmentation Index (hrs) 8.79 + 2.65 24.02 +3.81 -14.30 <0.001
Maximum unperturbed REM sleep duration (min) 15.07 +5.48 4.23 +1.49 7.11 /<0.001
Mean unperturbed REM sleep duration (min) 5.94 + 2.06 1.30+0.42 8.22 1<0.001
#spont. arousal 46.93 + 13.77 56.07 + 21.51 -1.70 | 0.111
Spont. arousal duration (s) 7.62 +1.05 7.44 + 0.60 0.92 | 0.373
#BM 28.47 +11.41 23.33+11.92 1.49 | 0.159
BM duration (s) 11.61 +£2.31 12.20+1.48 -0.80 | 0.436
#induced arousal 0.00 £ 0.00 58.67 +16.14 | -14.08 <0.001
Induced arousal duration (s) 7.70+£1.12

3.6.4 Behavioural variables

3.6.4.1 Emotional Memory Performance

Analysis on the d’ variable highlighted a significant effect of the Session factor

(Table 14). Post-hoc comparisons indicated that emotional memory
performance decreased over time (Figure 8). However, emotional memory
changes were not affected by the experimental condition or the emotional
valence of the encoded material since the interactions involving those factors

were not significant.
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Table 14. Results of the LMM analysis performed on the d’ variable. Significant effects
are reported in bold.

Factor F p
Condition 3.20 0.075
Session 81.09 <0.001
Stimulus Type 0.03 0.862
Condition x Session 0.21 0.811
Condition x Stimulus Type 0.02 0.891
Session x Stimulus Type 0.31 0.732
Condition x Session x Stimulus Type 1.32 0.269
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Figure 8. Mean and standard errors of d’ values during the different assessment
phases. Asterisks indicate significant differences (*** p < 0.001).

3.6.4.2 Subjective Emotional Reactivity

Results of LMM performed on the Valence ratings are reported in Table 15.
Analysis revealed a significant main effect of the Stimulus Type factor. Negative
pictures were rated lower on valence than the neutral images independently of
session and condition (Figure 9). No other main effects or interactions were

significant.
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Factor F p
Condition 2.46 0.117
Session 2.54 0.079
Stimulus Type 9017.91 <0.001
Condition x Session 2.17 0.115
Condition x Stimulus Type 3.24 0.072
Session x Stimulus Type 0.97 0.378
Condition x Session x Stimulus Type 2.35 0.095

Table 15. Result of the LMM analyses performed on Valence ratings. Significant effects
are reported in bold.

As far as the Arousal rating variable is concerned, the analyses showed a
significant effect of the Stimulus Type factor (Table 16), indicating that
participants evaluated negative pictures as more arousing (Figure 9). No other

significant main effect or interaction emerged.

Table 16. Result of the LMM analyses performed on Arousal ratings. Significant effects
are reported in bold.

Factor F p
Condition 3.34 0.069
Session 1.67 0.189
Stimulus Type 6663.81 <0.001
Condition x Session 0.82 0.441
Condition x Stimulus Type 0.12 0.727
Session x Stimulus Type 0.32 0.725
Condition x Session x Stimulus Type 0.91 0.403
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Figure 9. Mean and standard errors of Valence (left) and Arousal (right) ratings for
Negative and Neutral pictures at the emotional reactivity task. Asterisks indicate
significant comparisons (*** p < 0.001).

3.6.4.3 Procedural Memory Performance

LMM analyses carried out on the ACC variable reported significant main effects
of the Condition and Session factors (Table 17). Regardless of the session,
ACC was higher during CTR than during FRG condition (Figure 10 A).
Moreover, post hoc comparisons revealed that ACC increased from TO to T2 (t
=-3.29, p = 0.005) (Figure 10 B). However, no significant Condition x Session

interaction emerged.

Table 17. Result of the LMM analyses performed on the ACC variable. Significant
effects are reported in bold.

Factor F p
Condition 11.28 0.001
Session 5.58 0.006
Condition x Session . 0.15 0.862
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Figure 10. Mean and standard errors of ACC value during each condition (A) and
assessment phase (B). The asterisk represents a significant comparison (** p < 0.01).

Analyses on the CS variable showed significant main effects of the Condition

and Session factors (Table 18). Independently of the session, typed CS were

higher during CTR than FRG condition (Figure 11 A). Furthermore, post hoc

comparisons of the Session means indicated that the number of typed CS

increased between TO and T1 (t = -3.79, p < 0.001) and between TO and T2 (t

=-5.83, p < 0.001), remaining stable between T1 and T2 (t = -2.03, p = 0.141)

(Figure 11 B). Condition x Session interaction was not significant.

Table 18. Result of the LMM analyses performed on the CS variable. Significant effects

are reported in bold.

Factor F p
Condition 10.53 0.002
Session 17.49 | <0.001
Condition x Session .  0.27 0.764
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Figure 11. Mean and standard errors of CS value during each condition (A) and
assessment phase (B). The asterisks indicate significative differences (** p < 0.01; ***
p <0.001).

As regards the SRT variable, the analysis indicated significant main effects of
the Condition and Session Factors (Table 19). Regardless of the session, SRT
values were lower during CTR than in the FRG condition (Figure 12 A).
Furthermore, post hoc analyses of the Session means indicated that SRT
decreased from TO to T1 (t = 3.53, p = 0.003) and from TO to T2 (t = 5.01, p <
0.001), remaining stable between T1 and T2 (t = 1.48, p = 0.431) (Figure 12 B).

However, no significant Condition x Session interaction emerged.

Table 19. Result of the LMM analyses performed on the SRT variable. Significant
effects are reported in bold.

Factor F p
Condition 4.70 0.035
Session 13.27  <0.001
Condition x Session . 0.04 0.960
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Figure 12. Mean and standard errors of SRT value during each condition (A) and
assessment phase (B). The asterisks represent significative differences (* p < 0.05; **

p <0.01; ** p < 0.001).

3.6.5 Psychophysiological data

3.6.5.1 Heart Rate Deceleration

The LMM analysis highlighted significant main effects of the Session and

Stimulus Type factors and a significant Condition x Session interaction for the

HRD index (Table 20). As far as the Stymulus Type effect is concerned, HRD

was higher for negative stimuli compared to neutral ones (Figure 13).

Table 20. Result of the LMM analyses performed on the HRD variable. Significant

effects are reported in bold.

Factor F p
Condition 0.68 0.411
Session 4.10 0.017
Stimulus Type 7.11 0.008
Condition x Session 6.98 0.001
Condition x Stimulus Type 0.39 0.531
Session x Stimulus Type 0.16 0.855
Condition x Session x Stimulus Type | 0.04 0.963
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Figure 13. Mean and standard errors of HRD values for negative and neutral
images. The asterisks indicate significative differences (** p < 0.01).

Moreover, planned comparisons for the Condition x Session interaction
revealed that HRD decreased from TO to T1 (t = 3.64, p = 0.002), stabilising at
T2 (t = 0.26, p = 1.000) during the CTR condition. On the other hand, HRD
remained stable in the FRG condition between sessions (all p > 0.984). Finally,
HRD at T2 was significantly higher during FRG relative to the CTR condition (t

= 2.86, p = 0.039) (Figure 14).
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Figure 14. Mean and standard errors of HRD values in CTR and FRG condition at any
assessment phase. Asterisks indicate significative differences (* p < 0.05; ** p < 0.01).
The light blue bar shows the significant post-hoc comparison in the CTR condition. The
black bar indicates the significant difference between the CTR and FRG conditions.

3.6.5.2 Electrodermal Activity Indices

Poisson GLMM performed on the #SCR variable revealed a significant main
effect of the factor Session and a significant Condition x Session interaction

(Table 21).

Table 21. Results of the GLMM analysis performed on the #SCR variable. Significant
effects are reported in bold.

Factor X p
Condition 0.23 0.634
Session 57.22 <0.001
Stimulus Type 0.00 0.999
Condition x Session 10.1 0.006
Condition x Stimulus Type 2.80 0.094
Session x Stimulus Type 1.56 0.458
Condition x Session x Stimulus Type 4.45 0.108
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Planned comparisons indicated that the #SCR significantly decreased from TO
to T1 (z = 4.73, p < 0.001), stabilising at T2 (z = -0.92, p = 1.000) during the
CTR condition. On the other hand, during the FRG condition, the #SCR
significantly decreased from TO to T1 (z = 5.95, p < 0.001) and increased from
T1to T2 (z=-5.29, p <0.001), returning to TO value at T2 (z=0.70, p = 1.000).
Moreover, #SCR at T2 was significantly higher during FRG relative to the CTR

condition (z = 2.83, p = 0.045; Figure 15).
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Figure 15. Mean and standard errors of #SCR values in CTR and FRG condition
during each assessment phase. The asterisks indicate significant differences (* p <
0.05, *** p < 0.001). The light blue bar indicates the significant post-hoc comparisons
in the CTR condition. Yellow bars refer to the significant post-hoc comparisons in the
FRG condition. The black bar represents the significant post-hoc comparison between
the CTR and FRG conditions.

LMM analyses carried out for the Latencyscr variable showed a significant main
effect of the factor Session, a significant Session x Stimulus Type interaction,

and a significant Condition x Session x Stimulus Type interaction (Table 22).
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Table 22. Results of the LMM analyses performed on the Latencyscr variable.
Significant effects are reported in bold.

Factor F p
Condition 0.13 0.723
Session 3.43 0.033
Stimulus Type 0.03 0.871
Condition x Session 0.30 0.738
Condition x Stimulus Type 0.00 0.958
Session x Stimulus Type 3.68 0.025
Condition x Session x Stimulus Type | 7.28 0.001

Planned comparisons for the higher-order Condition x Session x Stimulus Type
interaction showed that participants during the FRG condition became faster in
reacting to the Negative stimuli at T2 compared to TO (t = 3.00, p = 0.025)
(Figure 16 A) and slower to respond to neutral images at T1 (t = -3.53, p =
0.004)and T2 (t =-2.87, p = 0.037) compared to TO (Figure 16 B). On the other
hand, no difference in Latencyscr emerged over sessions in the CTR condition
for both negative (all p = 1.000) and neutral stimuli (all p = 0.447). Finally,
Latencyscrdid not differ between conditions at each time point for both negative

(all p 2 0.305) and neutral stimuli (all p = 0.730).
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Figure 16. Mean and standard errors of Latencyscr values in CTR and FRG condition
between sessions for negative (A) and neutral (B) stimuli. The asterisks depict
significative Bonferroni planned comparisons (* p < 0.05; ** p < 0.01). Yellow bars refer
to the significant post-hoc comparisons in the FRG condition.
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3.7 Discussion

Intending to investigate the effects of REM sleep fragmentation on the
declarative component of the emotional memory trace and on the
psychophysiological reactivity associated with the emotional information
previously encoded, we fragmented the REM sleep stage in healthy participants
through vibrotactile stimulations. In accordance with Wassing et al. (2019), who
assessed the effects of REM sleep fragmentation in insomniac individuals, we
highlighted that experimentally induced REM sleep fragmentation through
cortical arousals led to a lack of habituation in psychophysiological reactivity to
emotional events in healthy participants. Thus, our results supported the
hypothesised role of REM sleep in dampening the emotional reactivity
associated with an emotional event (Walker & van der Helm, 2009). However,
experimentally induced REM sleep fragmentation did not affect the subjective
evaluation of emotional stimuli, similar to what is reported in REM sleep
deprivation paradigms (Glosemeyer et al., 2020; Groch et al., 2013).
Nevertheless, previous literature on this issue showed inconsistent results
since other studies of REM sleep deprivation sustained that REM sleep led to
a reduction (Lara-Carrasco et al., 2009; Rosales-Lagarde et al., 2012; Van Der
Helm & Walker, 2011) or an increase (Baran et al., 2012; Pace-Schott et al.,
2011; Wagner et al., 2002) in self-reported emotional reactivity. Finally, although
the “Sleep to Forget, Sleep to Remember” hypothesis (Walker & van der Helm,
2009) is based on the presence/absence of REM sleep during the night, we
revealed that REM sleep fragmentation did not compromise REM sleep effects
on emotional memory. Thus, our results did not support the “Sleep to

Remember” part of the “Sleep to Forget, Sleep to Remember” hypothesis
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proposed by Walker & van der Helm (2009), at least in terms of REM sleep
continuity. However, our result is in line with studies showing that emotional
memories are consolidated regardless of REM sleep (Cellini et al., 2016;
Lehmann et al., 2016) and with studies revealing that the brain activity during
NREM sleep, which is fundamental for memory consolidation, is also essential
for consolidating the declarative component of the emotional memories

(Rodheim et al., 2023).

Therefore, our study highlighted that REM sleep fragmentation in healthy
participants compromised the habituation processes in psychophysiological
reactivity occurring during REM sleep without altering participants’ evaluations

of the emotional events and their consolidation.

As far as emotional memory is concerned, we reported that fragmentation of
REM sleep following the encoding of emotional stimuli did not compromise the
consolidation processes of the declarative component of the emotional
information. However, it should be noted that REM sleep fragmentation did not
eliminate REM sleep throughout the night. Indeed, despite REM sleep being
continuously interrupted during the FRG night, the accumulation of short
periods of undisturbed REM sleep led to about 12% of the total sleep time spent
in this sleep stage. It has been reported in animal models that approximately 1
minute of REM sleep was sufficient to renormalise the neural firing rate in the
neocortex after cortical activation (Almeida-Filho et al., 2018; Watson et al.,
2016). Then, the accumulation of short periods of undisturbed REM sleep
during the night may have been sufficient to ensure the consolidation of
emotional information. Although literature reported that post-learning REM
sleep fragmentation compromised emotional memory consolidation, this effect
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has only been observed in clinical populations (Marshall et al., 2014; Saguin et
al., 2021). For instance, Lipinska & Thomas (2019) reported memory
performance deficits due to REM sleep fragmentation in individuals with PTSD
but not in trauma-exposed non-PTSD participants who exhibited near identical
levels of REM sleep fragmentation. Furthermore, as highlighted by Tempesta
et al. (2015), inadequate sleep may not be sufficient to impair memory
processing in healthy individuals. In their study, Tempesta et al. (2015) reported
comparable memory performance between participants with poor and good
sleep quality and observed memory performance deficits only in totally sleep
deprived participants. Therefore, fragmented REM sleep may not be a sufficient
condition to prevent memory consolidation processes occurring during REM
sleep. This finding may seem at odds with the results of a recent meta-analysis
that highlighted the role of REM sleep in emotional memory consolidation
(Schafer et al., 2020). However, this meta-analysis was based on a limited
number of studies that directly compared NREM vs REM sleep (N=8), so the
same authors claimed that the result should be investigated in greater detail

(Schafer et al., 2020).

In addition, it should be noted that other studies highlighted that sleep
consolidated emotional memory regardless of REM sleep (Cellini et al., 2016;
Lehmann et al., 2016; Morgenthaler et al., 2014). For instance, Cellini et al.
(2016) reported no difference in memory performance between participants
who experienced REM sleep during a nap compared to those who napped
without experiencing REM sleep. In addition, using targeted memory
reactivation, Lehmann et al. (2016) reported improved memory performance for

emotional stimuli only when memory traces were reactivated during NREM
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sleep. Recently, Rodheim et al. (2023) highlighted how the coupling of spindle
activity and slow oscillations, considered crucial for the consolidation of non-
emotional memories, may also be implicated in the consolidation of emotional
information, reinforcing the idea of a significant role for NREM sleep even in
emotional memory consolidation processes.

Finally, considering the lack of differences in memory performance for negative
and neutral emotional stimuli and the similar memory performance between the
CTR and FRG conditions, we cannot conclude if REM sleep fragmentation was
unable to counteract the memory consolidation processes occurring during
REM sleep or whether the declarative component of the emotional memory

trace was processed during NREM sleep.

Regarding the effects on emotional reactivity, the experimentally induced REM
sleep fragmentation led to a lack of habituation on the psychophysiological
reactivity to emotional events. This effect was manifested by the maintenance
of HRD and #SCR values over time to picture presentation at the baseline
levels, which was associated with a reduced Latencyscr to negative pictures.
Since this effect represents a faster activation of the sympathetic branch of the
autonomous nervous system, it also indicates a greater emotional reactivity to
negative stimuli after REM sleep fragmentation (Boucsein et al., 2012;
Christopoulos et al., 2016). However, we reported that #SCR decreased when
evaluated immediately after the FRG night, similar to what was observed in the
CTR condition. This result may stem from an adaptive compensatory effect.
Specifically, it has been reported that prefrontal cortical areas responsible for
regulating amygdala activity (involved in the generation of SCR, Laine et al.,

2009) maintain higher levels of activation, attempting to compensate for the
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deleterious effects of REM sleep deprivation (Rosales-Lagarde et al., 2012).
This compensatory effect could have conducted to a temporary
psychophysiological reactivity habituation in the #SCR following the FRG night.
Indeed, at T2, in the absence of compensatory strategies due to two nights of
regular sleep, individuals reacted to stimuli as if they were entirely novel (#SCR
value identical to baseline). Thus, the lack of psychophysiological habituation
reported in the HRD index at T1 emerged only at the delayed assessment for
the #SCR. It is interesting to note that, after REM sleep fragmentation, the
reactivation of the memory traces by performing the same emotional reactivity
task at T1 was not sufficient to allow the recovery of a proper emotional
reactivity processing during the subsequent nights of regular sleep as indicated
by the #SCR and HRD values, that were nearly identical to baseline at T2 during
the FRG condition.

Physiological habituation to previously encountered stimuli demonstrated that
they have been appropriately processed over time (Vila, 2004; Zimmer &
Richter, 2023). Therefore, the lack of psychophysiological habituation to
emotional pictures reported after REM sleep fragmentation interfered with the
normal processing of emotional stimuli during REM sleep. Different studies
reported that the lack of habituation for EDA and HR signals was present in
participants with high levels of stress, anxiety, and depression, as well as in
individuals with PTSD (Carson et al., 2007; Orr et al., 2012; Walker et al., 2019).
Indeed, our results align with those on clinical populations in which
dysfunctional emotional processing due to REM sleep fragmentation has been
highlighted (Marshall et al., 2014; McCall & Watson, 2022; Saguin et al., 2021).

For instance, Wassing et al. (2019) reported that REM sleep fragmentation was
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associated with a lack of psychophysiological dampening of amygdala activity
in response to known emotional events in insomnia participants. However, our
study is the first to investigate experimentally induced REM sleep fragmentation
in healthy participants and to show that a fragmented REM sleep can
compromise the emotional processing occurring during REM sleep, leading to
a lack of psychophysiological habituation to emotional stimuli. In this
perspective, our results partially support the SFSR hypothesis (Walker & van
der Helm, 2009). Specifically, they support only the assumption of the “Sleep to
Forget” part of the hypothesis, which claims that the neurochemical milieu of
the REM sleep stage, characterised by low levels of noradrenaline associated
with high levels of acetylcholine, is essential to allow emotional memory traces
to disengage from the associated emotional tone. Indeed, we showed that it is
sufficient to induce cortical arousals during REM sleep, disrupting the continuity
of this sleep stage, to interfere with the psychophysiological emotional reactivity
dampening occurring overnight. This effect was possible since cortical arousals
during REM sleep induced noradrenaline bursts from LC during REM sleep,
preventing sleep-dependent emotional reactivity adaptation to emotional stimuli
(Cabrera et al., 2024).

Therefore, our data underscore the importance of undisturbed REM sleep
during the first night after experiencing emotional events to reduce the
subsequent psychophysiological reaction associated with the event properly.
Regarding the effects on subjective emotional reactivityy REM sleep
fragmentation did not alter participants' subjective evaluation of the emotional
stimuli. However, in our study, even participants in the CTR condition did not

show any reduction in self-reported arousal and valence ratings to emotional
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stimuli. As reported in the first chapter, contrasting results exist on REM sleep
effects on subjective emotional reactivity (see Tempesta et al., 2018 for a
review). Indeed, several studies have reported psychophysiological habituation
to emotional stimuli without finding differences in participants' subjective
evaluations of the same events (Ashton et al., 2019; Cunningham et al., 2014;
Franzen et al., 2009). For example, Franzen et al. (2009) found increased
emotional reactivity to known emotional stimuli after total sleep deprivation,
manifested as an anticipated and increased pupillary reactivity to negative
stimuli, without observing variations in participants' arousal and valence ratings
of the same stimuli. Similarly, Cunningham et al. (2014) reported a decrease in
SCR and HRD value after a sleep condition relative to a similar period of diurnal
wakefulness, highlighting a lack of psychophysiological habituation after
wakefulness. Moreover, the authors (Cunningham et al., 2014) did not find
significant differences between sleep and wakefulness conditions in self-
reported valence and arousal ratings to these stimuli. Considering that, during
an emotional experience, the brain structures involved in activating the body
(providing a psychophysiological reaction) are different from those required to
provide a cognitive response (Hariri et al., 2000, 2003; Lieberman et al., 2007;
Malezieux et al., 2023), we can assume that REM sleep fragmentation was able
to compromise the functioning of the subcortical structures that influence the
psychophysiological reactions without altering the functionality of the
neocortical structures involved in cognitively elaborated response (Wassing et

al., 2019).

Furthermore, it is worth noting that the new sleep manipulation technology

implemented in our study to induce REM sleep fragmentation allowed us to
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minimise sleep macrostructure alterations. Specifically, the experimental
induction of cortical arousals led to sleep fragmentation primarily through stage
transition towards N1. Indeed, we observed a significant increase in N1 time
during the FRG condition associated with a decreased REM sleep time. In
addition, total sleep time, nocturnal awakenings, wake after sleep onset, and
sleep efficiency were comparable in the CTR and FRG conditions. Moreover,
our REM sleep parameters during the FRG night in healthy participants were
similar to those reported in patients with fragmented REM sleep. Specifically,
the mean REM sleep fragmentation index ranged from about 12 to 21 in studies
on patients (Lipinska & Thomas, 2019; Maurer et al., 2024; Wassing et al.,
2019), and we reported a mean REM sleep fragmentation index of 24. Similarly,
REM% ranged from 11 to 19% in clinical populations (Feige et al., 2008;
Lipinska & Thomas, 2019; Wu et al., 2021), while during the FRG night, we
reported a REM% of 12%. Therefore, unlike REMD and split-night protocols,
experimentally induced REM sleep fragmentation can hinder the continuity of
REM sleep while minimising macrostructural sleep alterations, as highlighted
by the lack of significant differences in the sleep macrostructure variables

between the CTR and FRG nights.

Regarding the effects on procedural memory, the SFTT was primarily used as
a control measure to evaluate the potential effects of the REM sleep
fragmentation procedure on procedural memory. Our results revealed that
participants performed better during the CTR condition than in the FRG
condition and that performance improved between sessions in each condition

for all the SFTT variables. However, we cannot assume that the lower
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performance during the FRG condition derives from the experimental REM
sleep fragmentation since the main effect of the Condition factor also
encompasses the TO assessment (antecedent to the FRG night), and the
interaction Condition x Session was not significant. Therefore, considering the
similar performance trend between sessions in both conditions, it is plausible
that the main effect of the Condition factor is spurious. Thus, procedural
memory was not affected by REM sleep fragmentation. As with emotional
memory, it could be hypothesised that the accumulation of brief periods of
undisturbed REM sleep during the night allowed for adequate processing of
procedural information. Indeed, short periods of REM sleep could restore the
typical neural discharge observed during the REM sleep stage in the neocortex
after cortical activation (Almeida-Filho et al., 2018; Watson et al., 2016).
However, unlike the hypothesised role of REM sleep in emotional memories,
the role of REM sleep in procedural memories is more debated (Ackermann &
Rasch, 2014). Indeed, despite many studies indicating that this information is
primarily processed during REM sleep (Diekelmann et al., 2009; Diekelmann &
Born, 2010), others argued that procedural memory processing occurs during
NREM sleep (Ackermann & Rasch, 2014). For instance, nap studies revealed
that NREM sleep was fundamental to enhancing procedural memory
performance (Qian et al., 2022; Walker et al., 2002). Other authors highlighted
that this effect was primarily attributable to N2 spindle activity (Nishida & Walker,
2007). Laventure et al. (2016) highlighted that targeted memory reactivation in
N2 increased spindle activity, leading to better procedural performance the

following day. Therefore, the lack of differences between the CTR and FRG
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conditions in procedural memory performance could be attributable to the fact

that this information is processed during N2.

Finally, the self-reported information about the characteristics of the laboratory
nights highlighted that participants perceived some stimulations and referred
that wearing the vibration bracelet was disturbing only during the FRG night.
Nevertheless, it is interesting to note that participants perceived few
stimulations (3.53 on average) relative to the delivered stimulations (71.73 on
average).

In addition, the actigraphic data revealed that participants had identical
sleep/wake rhythms between CTR and FRG conditions in the nights preceding
the Laboratory sleep night. The actigraphic data also indicated that the day after
the Laboratory sleep night, participants during the FRG condition woke up
approximately one hour later compared to the CTR condition. Thus, participants
exhibited an increased need for sleep following REM sleep fragmentation, as
reported in different studies (Feige et al., 2023; Riemann et al., 2012).
Moreover, we observed a difference in sleep onset time between CTR and FRG
conditions the night preceding the delayed assessment (T2). Specifically,
participants in the FRG condition went to bed approximately 30 minutes later.
However, the two conditions had identical total sleep time, wake after sleep
onset, and sleep efficiency. Therefore, it is unlikely that this difference could
have influenced the results.

Altogether, these data suggest that participants showed an elevated adherence
to their sleep schedule during both experimental conditions, reducing the

likelihood that other confounding variables biased our results.
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Nevertheless, some limitations of the study must be reported. For our study, a
convenience sample of young university students was selected. Therefore, the
generalizability of the result may be limited. Moreover, the memory recognition
task, despite being essential for properly assessing the long-term effects of the
experimental manipulation, may not have been sufficiently sensitive in detecting
REM sleep fragmentation effects on emotional memory performance.

On the other hand, we strengthened our result by adopting a within-subject
design and monitoring participants’ sleep in a wide temporal window before and

after the laboratory sleep nights.

3.8 Conclusion

Here, we showed that REM sleep fragmentation in healthy participants on the
first night following exposure to emotional stimuli led to a lack of
psychophysiological habituation to the emotional events without affecting
memory consolidation and the subjective ratings of the emotional events.
Furthermore, results suggest that if REM sleep is fragmented after an emotional
stimuli exposure, 2 nights of undisturbed recovery sleep do not allow our brain
to process this emotional information correctly. These results enrich the
knowledge about the role of REM sleep in emotional processing, highlighting
how microstructural alterations of REM sleep in the healthy population can lead
to maladaptive emotional functioning. Specifically, we reproduced the REM
sleep characteristics displayed by PTSD and insomnia patients (Lipinska &
Thomas, 2019; Wassing et al., 2019), compromising the psychophysiological
reactivity habituation in the healthy population. Our results could pave the way

for other studies focused on increasing REM sleep continuity in insomnia and
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PTSD patients to undermine the disruptive emotional experience associated
with fragmented REM sleep in this population. Finally, REM sleep fragmentation
by means of experimentally induced cortical arousals has proven to be a valid
alternative to investigate the role of REM sleep without causing severe
alterations of sleep macrostructure. Thus, this work lays the foundations for
other studies aimed at deepening the functions of REM sleep by using
vibrotactile stimulation as an alternative methodological approach to depict the

stage-specific functions of sleep.
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