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Abstract

Numerous studies have reported that, compared to an equivalent period of wakefulness,

post-training sleep (overnight or daytime naps) benefits memory consolidation (Diekelmann

& Born, 2010; Mednick, Nakayama, & Stickgold, 2003; Plihal & Born, 1999; Walker et al.,

2003). However, most investigations have employed various forms of “active wakefulness”

(e.g., sensorimotor and cognitive tasks) as a comparison condition for sleep, while few studies

have examined the role of “quiet wakefulness” in memory consolidation, even though some

of the EEG oscillations during quiet waking resemble those present in sleep (e.g., increased

activity in the theta-alpha range) (Brokaw et al., 2016).

This study aimed to examine the consolidation of declarative (word-pair associates) and

non-declarative (marble maze visuo-motor task) learning over a 60-minutes time interval

(with continuous EEG monitoring) filled with either (A) napping; (B) active-waking (watching

a video); or (C) quiet-waking (self-guided meditation).

The results of the current study suggested that memory consolidation may not be a sleep-

specific-phenomenon. In fact, mindfulness meditation appeared to be more advantageous than

a short nap for the consolidation of declarative memories. This study also found that SWS

exerts significant effects on the retention of non-declarative memory. For nappers, the absence

of SWS resulted in noticeable performance enhancements compared to participants who

entered SWS. Thus, it is possible that SWS plays a disadvantageous role in the consolidation

of procedural memory. It is thought that sleep inertia caused by SWS is partly responsible

for the impairments in tasks procedural memory.

The findings of current study contribute to the understanding of memory consolidation
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and provide insights about the role of waking states for future studies.
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Epigraph

In the morning, in a dream, I beheld the glance of union with Him:
Oh excellent! when the stage of sleeping better than the [stage of] waking is.

— H. āfez. of Sh̄irāz (ca. 1315-1390)
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Chapter 1.

1 Introduction

1.1 Historical background

In order to develop a more complete understanding of the relationship between sleep and

memory, one must gain information regarding the systems of memory, the mechanisms of

memory formation, as well as the characteristics and mechanisms of sleep.

1.2 Systems of memory

Memory systems have been categorized into declarative and non-declarative memory (also

known as procedural memory) (Squire, 1992). This dichotomy is a widely used distinction

in neuropsychological and cognitive studies of memory. In addition, some researches have

introduced emotional memory as a separate type of memory system (Cahill, Babinsky,

Markowitsch, & McGaugh, 1995). However, for the purpose of the current thesis project, I

will introduce and investigate only declarative and non-declarative memory.

1.2.1 Declarative memory

Declarative memory describes the retention of, usually personal, events (episodic memory)

and, usually general, facts and information (semantic memory) (Tulving, 1985). Encoding

of these types of memories is rapid, typically explicit, and short- and intermediate-term

retrieval depends on the medial temporal lobe, predominantly the hippocampus. Further,

declarative memories are highly susceptible to decay, interference and forgetting (Marshall &

1



Born, 2007). Although a link between the medial temporal lobe and declarative memory had

been suggested more than a century ago (Von Bechyerew, 1900), Brenda Milner with the

famous case of H.M. –an epileptic patient who became amnesic following the bilateral removal

of hippocampi to alleviate his seizures–, documented a clear relationship between the loss of

the medial temporal lobes and a severe impairment in declarative memory. As a consequence

of his surgical operation, H.M. suffered from anterograde and temporally graded retrograde

amnesia, but his perceptual and cognitive abilities, as well as his motor skills remained intact

(Milner, 1972; Scoville & Milner, 1957). The work on H.M., and numerous neuropsychological

studies on other amnesic patients confirmed the importance of hippocampal functioning for

both the encoding and subsequent retrieval of declarative memories (Eichenbaum, 2004).

1.2.2 Non–declarative memory

Non-declarative memory, also known as procedural memory, essentially describes the memories

for perceptual stimuli, stimulus-response learning, and the acquisition of motor skills (e.g.,

playing a violin, athletic sports, etc.). Motor skills are broadly classified into motor sequence

learning (e.g., learning a piano scale) and motor adaptation (learning to use game controller)

(Spencer, Walker, & Stickgold, 2017). Generally, non-declarative memory encoding can

involve both explicit and implicit processes and the encoding and retrieval heavily rely on

cortico-striatal and cortico-cerebellar loops. Within this memory system, the acquisition

of skills is gradual and requires repeated practice; however, once automated, they remain

relatively stable over time (Marshall & Born, 2007).

It should be noted that the neuroanatomical description of brain systems involved in

the encoding and storage of declarative and non-declarative memories provided above is an
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over-simplification; as such, it does not capture the complexity and considerable overlap

in the neuroanatomical networks that likely participate in the different types of memory.

For instance, some fMRI studies have reported that the hippocampus is active during both

explicit and implicit motor skill learning (Schendan, Searl, Melrose, & Stern, 2003).

1.3 Sleep architecture

Historically, sleep was defined through comparison with vegetative states, with the main

difference that sleep is rapidly reversable, while vegetative states are not (Di Perri et al., 2017).

In contrast, modern sleep research emphasizes that sleep is an active process characterized

by complex, dynamic processes in the nervous system and throughout the body, particularly

with regard to the brain’s electrical activity during sleep (Chokroverty, 2017). Here, I follow

this modern view of sleep and will explain the process of sleep and sleep architecture, with an

emphasis on the electrical activity of the neocortex, as measured by the electroencephalogram

(EEG).

Prior to the onset of sleep (or stage 1, as will be defined later), behaviours such as slowness

of movements and dropping of the eyelids, as well as the clouding of the sensory perception

(i.e., the inability to attend to and process sensory information) often indicate fatigue and the

imminent onset of sleep. During this state of sleepiness, the EEG typically displays prominent

alpha oscillations (8–13 Hz), particularly in the more posterior cortical regions (e.g., occipital

lobe). Sleep itself is comprised of cyclic occurrences of rapid eye movement (REM) sleep and

non-REM (NREM) sleep. NREM sleep accounts for 75-80% of total sleep time in adults.

Traditionally, NREM sleep has been divided into four stages: lighter sleep stages 1 and 2,
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and slow wave sleep (SWS) or stages 3 and 4 (Hobson, 1969). In the recent scoring manual of

the American Academy of Sleep Medicine (AASM), based on EEG criteria, NREM sleep is

divided into three stages (N1, N2, and N3) (Iber & Iber, 2007). Typically, N1,N2, and N3 or

SWS will take up 3–8%, 45–55%, and 15–23% of total sleep time respectively (Chokroverty,

2017). Sleep scoring (i.e., the determination of the current sleep state) is carried out over

consecutive time epochs (usually 30 s duration/epoch) and uses information from the EEG,

the electromyogram (EMG), and the electrooculogram (EOG).

With the onset of sleep, the sleeper enters stage 1 NREM sleep, characterized by a sharp

reduction or loss of alpha activity, the appearance of lower amplitude beta activity (12–20

Hz) and some theta waves, which are between 4 to 7 Hz. During this stage, muscle tone

decreases and slow, rolling eye movements appear in the EOG. After about 10–12 minutes

of N1, the appearance of sleep spindles (11–16 Hz) and K-complexes indicate the onset of

stage N2 sleep. Electrophysiological activity of stage 2 NREM shows a gradual increase in

slow delta waves (0.5–2 Hz) and theta waves that together occupy less than 20% of an epoch

(Chokroverty, 2017).

Finally, the last stage of NREM sleep, or SWS typically begins after 30–60 minutes of N2.

Within this stage, slow waves (theta and delta activity, and slow oscillations) comprise 20–

100% of an epoch. After a brief interruption by stage 2 NREM, the first REM sleep appears

roughly 60–90 from sleep onset. EEG activity during REM sleep consists of low-amplitude

beta waves mixed with a small amount of theta oscillations (Chokroverty, 2017). Generally,

after a brief episode of REM sleep, individuals cycle back to the NREM sleep and this process

repeats throughout the night. In the first part of the night, humans undergo high amounts of

SWS, whereas REM sleep prevails during the second half of the night. A typical example of

4



the progression of human sleep stages during the course of the night is shown in Figure 1.

Figure 1: A sample hypnogram depicting changes in sleep stages over the course of a typical

night of human sleep. Note the predominance of slow wave sleep (stages 3 and 4) during the

first half of the night, while the second half contains a large amount of REM sleep. Sleep

Hypnogram by RazerM from Wikimedia Commons, used under CC BY-SA 3.0 - Desaturated

from original..

1.4 Mechanisms of memory consolidation

In their comprehensive review of the memory functions of sleep, Born and Diekelmann claim

that during the process of consolidation, newly acquired and initially liable memories encoded

during wake are transformed into more stable representations that become integrated into the

network of pre-existing long-term memories (Diekelmann & Born, 2010). This consolidation

process involves the active re-processing (“replay” or “reactivation”) of new memories in the

neural networks that were involved in the encoding process. Given the ‘off-line’ nature of sleep,

this state provides an efficient environment for the brain to re-process information, partially
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due to the reduction in interference by incoming (“online”) sensory information during sleep.

Some researchers have proposed that, in addition to saving energy and restorative functions,

the memory functions of NREM sleep might be the ultimate evolutionary explanation of the

lack of consciousness associated with most sleep stages (Kavanau, 1997).

1.4.1 Two–stage model of memory consolidation

The current understanding of memory consolidation conforms to Hebb’s second postulate,

more informally known as “neurons that fire together, wire together” (Hebb, 1949). Hebb

contended that neurons activated at the same time will form a connected group (cell assembly)

that will continue to fire together upon future stimulation with the initial trigger (Wilson &

Keil, 2001). Recent findings indicate that different memories compete for consolidation and

these competitions can cause weakening of those memories (Antony, Cheng, Brooks, Paller,

& Norman, 2018; Schechtman et al., 2019).

Within this framework, the consolidation process relies on the offline re-activation of neural

circuits that were activated during the encoding of information during wakefulness. This

process facilitates both the gradual redistribution and reorganization of memory representa-

tions to sites for long-term storage (also known as two-stage model of memory consolidation),

and the enduring synaptic changes that are necessary to stabilize memories. Several studies

have reported that these processes do occur during SWS (Buzsáki, 1989, 1996; Diekelmann

& Born, 2010). For example, Buzsaki (1989) reported that during exploratory behaviours

(linked to theta activity in the hippocampus) of rats, fast-firing granule cells transform the

newly encoded information from the neocortex to a subgroup of CA3 pyramidal cells of the

hippocampus. By the end of exploratory behaviour, those subgroup of pyramidal cells initiate
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a population burst. He suggested that excitatory drive, provided by factors such as sharp

wave bursts during either immobility and SWS causes the long-term potentiation in both

initiator regions of CA3 and the target CA1 of hippocampus. Thus, Buzsaki argued that the

stages of exploratory behaviour (and the concurrent theta activity) and subsequent rest/sleep

(with sharp wave activity) both are essential for memory formation.

Two hypotheses have been proposed to explain the underlying mechanisms of memory

consolidation: synaptic homeostasis and active system consolidation.

1.4.1.1 Synaptic homeostasis

This model assumes that memory consolidation is a by-product of the global synaptic

downscaling happening throughout sleep. The synaptic homeostasis hypothesis postulates

that learning during wake leads to progressively greater saturation of the strength of synaptic

connections. Thus, the main role of sleep is to re-normalize these synaptic weights. The

re-normalization process occurs in synaptic circuits that are less activated, or which already

exhibit weaker connectivity within a neural networks; these synapses will undergo depression

(i.e., synaptic weakening) during sleep, thus balancing out synaptic potentiation that occurs

during learning and maintaining overall networks connectivity and strength within an optimal,

non-pathological range (Tononi & Cirelli, 2014). Downscaling is thought to occur preferentially

during NREM sleep as a result of low levels of neuromodulators in the cortex combined with

the synchronous action of electrophysiological events such as sleep spindles, sharp wave-ripples

and slow waves (Chatburn, Lushington, & Kohler, 2014). It must be noted that all of these

events have also been suggested to mediate synaptic potentiation.
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1.4.1.2 Active system consolidation

Originating from the dual process hypothesis, the active system consolidation hypothesis

argues that events during waking are encoded in both neocortical and hippocampal networks

(Rasch & Born, 2007). During SWS, synchrony of thalamo-cortical spindles and hippocampal

sharp wave-ripples, induced by the slow oscillation of neocortex, causes the reactivation

of representations stored in the hippocampus. Through synchronizing these events, ripple-

spindle events are formed, which enable the transfer of the re-activated information from the

hippocampus to the neocortex, allowing for a more stable, long-lasting storage of information.

The role of sleep in these processes is thought to be crucial, since it provides an optimal state

for the re-activation, transfer, and storage of those newly acquired memories into pre-existing

knowledge networks (Chatburn et al., 2014). It should be noted that these two hypotheses –

synaptic homeostasis and active system consolidation – are not mutually exclusive and they

may act together for the optimal consolidation of acquired information.

1.4.2 Sleep and Memory consolidation

1.4.2.1 Is it possible to study sleep stages separately?

Historically, most studies on the memory functions of sleep focused on REM and employed

REM sleep deprivation procedures to determine how a lack of this sleep stage alters memory

consolidation. Using this approach, Grieser and her colleagues found that participants deprived

of REM sleep exhibited poor performance in recalling words, compared to NREM sleep-

deprived participants (Grieser, Greenberg, & Harrison, 1972). In another study, researchers

found that in REM-deprived individuals, recall of perceptual learning is significantly less

compared to those who were SWS-deprived (Karni, Tanne, Rubenstein, Askenasy, & Sagi,
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1994). However, techniques involving sleep deprivation/restriction have some drawbacks,

given that repeated awakenings causes stress, which itself exerts adverse effects on memory

functions (Born & Gais, 2000). Thus, some recent investigations have involved pharmacological

suppression of certain stages of sleep (Rasch, Pommer, Diekelmann, & Born, 2009), while

others have exploited the natural dominance of specific sleep stages across the night and

assigned participants to early or late night sleep schedules to facilitate greater amounts of

SWS or REM sleep, respectively (Wagner, Gais, & Born, 2001). It must be noted that

each techniques has its own drawbacks, and researchers must be wary of indirect effects or

confounding factors when interrupting the results obtained with these different experimental

strategies.

1.4.2.2 Influences of sleep stages on memory consolidation

Initially, it was thought that declarative memories are consolidated during SWS, whereas

REM sleep is associated with the consolidation of non-declarative memories (Plihal & Born,

1999). This distinction is in accordance with the dual process hypothesis, which claims that

SWS facilitates hippocampus-dependent (declarative) memories, whereas REM sleep supports

hippocampus-independent (non-declarative) memories (Plihal & Born, 1999). However,

further studies showed that SWS can also improve non-declarative memory (Aeschbach,

Cutler, & Ronda, 2008), and that REM sleep can improve declarative memory as well (Fogel,

Smith, & Cote, 2007; Rauchs et al., 2004). To explain these findings, the sequential hypothesis

argued that optimum benefits for the consolidation of both memory systems occur when

SWS and REM sleep occur in succession (Giuditta et al., 1995).

Eventually, Diekelmann & Born (2010) summarized evidences that ‘intermediate sleep’
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stages can also contribute to memory formation (Datta, 2000; Nader & Smith, 2003). For

instance, Rasch and his colleagues (2009) reported that suppression of REM sleep in humans

resulted in an increase in NREM sleep stage 2 activity, which in turn, produced unexpected

improvements in procedural memory tasks. Altogether, Diekelmann & Born conclude that

the mechanisms of memory consolidation are not strictly associated with certain stages, and

in fact may be shared by different stages of sleep.

1.4.2.3 Are we ‘gaining’ during sleep?

The literature on sleep and memory suggests that sleep “strengthens” the association

between stimuli stored in memory systems and changes general memory representations.

However, it is of importance to distinguish between memory ‘stabilization’ and ‘enhancement’.

According to Born and Diekelmann (2010), stabilization refers to the resistance to interference

from another similar task, whereas enhancement, or improvement of performance, happens at

re-testing, in the absence of additional practice during the retention interval.

In a study by Mednick and her colleagues (2003), memory retention on a procedural

task after a 60–90 minutes nap containing either SWS or SWS+REM were compared. They

reported that 60 to 90 minutes naps with both SWS and REM sleep produced significant

improvements in memory retention, whereas naps without REM sleep were not associated

with memory improvements. Participants in the no-nap group performed significantly worse

than those in either of the nap groups. In other words, naps with SWS but no REM sleep

reversed the deterioration of memory, but did not produce actual improvements. Therefore,

the authors suggested that SWS may serve to stabilize performance, while REM sleep may

actually induce performance improvements (Mednick et al., 2003). Nonetheless, the debate
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regarding the precise role of different sleep stages in the stabilization and improvement of

memory retention continues to date.

1.4.3 Advantages of nap over nightlong sleep experiment designs

It is of interest to note that, although significant consolidation benefits have been observed

after an 8-hour night of sleep (Walker, 2008), a number of studies have now demonstrated

similar effects on both declarative and procedural memory with much shorter sleep episodes,

such as daytime naps (often between 20–60 minutes) (Axmacher, Elger, & Fell, 2008; Ficca,

Axelsson, Mollicone, Muto, & Vitiello, 2010; Korman et al., 2007; Lau, Tucker, & Fishbein,

2010; Mednick et al., 2003; Plihal & Born, 1997; Tucker et al., 2006).

Studying the role of short naps on memory functions offers several advantages (but also

disadvantages) when compared to investigations of overnight sleep. Given that naps typically

are too short for the sleeper to enter REM sleep, they provide an opportunity for isolating the

effects of NREM sleep. Further, since participants in a nap experiment generally learn and

are re-tested at more similar time of the day (e.g., in the afternoon), potential influences of

circadian effects on learning and performance are minimized (Lau et al., 2010). Finally, nap

experiments conducted during the day avoid the need to keep participants awake overnight

and, therefore, reduce the acute effects of prolonged sleep deprivation on performance.

The beneficial effects of napping on memory consolidation are not limited to healthy

individuals. In one study, researchers found that the benefits of napping on the consolidation

of declarative memory is observable in patients with schizophrenia and moderate-to-major

depression (Seeck-Hirschner et al., 2010). In conclusion, napping can be utilized as a valid

alternative to overnight sleep for experimental studies that probe the effects of sleep on

11



learning and memory.

While the role of sleep in memory consolidation is well-established, it is less clear if sleep

plays a modulatory or supportive function, or whether it is truly criticial for consolidation to

take place. Further, the potential role of different types of waking states in consolidation has

not been examined in great detail. For example, it is possible that there are some discernible

components of sleep that are also present, at least to some degree, during wakefulness and

that may promote consolidation during non-sleep states (e.g., relaxation, quiet wakefulness,

motor inactivity, reduced sensory processing and interference). To investigate the question

of whether some states of waking can effectively promote consolidation, we chose to study

if meditation, as a state of wakefulness characterized by quiescence and reduced sensory

interference, can affect the consolidation of declarative and non-declarative memories.

1.5 Meditation

1.5.1 Definition and variations

Meditation can be defined as a form of mental training, with the aim of improving core

psychological capacities (i.e. attentional and emotional self-regulation) (Tang, Hölzel, & Posner,

2015). A variety of complex practices are classified as meditation, such as mindfulness, mantra

meditation, yoga, tai chi, and chi gong. Among those practices, mindfulness meditation has

been studied extensively over the past two decades (Tang et al., 2015).
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1.5.2 Mindfulness meditation

Originating from Buddhism around 5th century BC, mindfulness meditation has its roots

in Hindu culture, dating back to the 3rd millennium BC. According to Zeidan et al.(2010),

mindfulness meditation focuses on the sensations of the breath/body while maintaining a

relaxed state of mind. In other words, mindfulness meditation requires both “the regulation

of attention and the ability to approach one’s experience with openness and acceptance”

(Tang et al., 2015). It has two common features: focused attention and open monitoring.

Most forms of mindfulness meditation practices begin with “a period of focused attention on

a target” (i.e., breath) to focus awareness, which is followed by “the more receptive state of

open-monitoring” (Lomas, Ivtzan, & Fu, 2015). In addition to personal practice, variations of

mindfulness meditation have been employed for various clinical interventions as well, such as

Integrative body-mind training (IBMT) and the Mindfulness-Based Stress Reduction (MSBR)

program, which has been prescribed as part of the treatment of a variety of mental health

conditions (Kabat-Zinn, 1982; Tang et al., 2015).

1.5.2.1 Mindfulness and memory

With regards to memory, Brown and his colleagues (2016) defined mindfulness as a

specific type of attention. They proposed that meditation, by enhancing the quality of

attention, improves the quality of encoding with more fidelity into working memory. It is

widely accepted that working memory is necessary for long term memory (LTM) formation

for declarative information (Brown, 2015). Additionally, it is known that both attention and

working memory improve LTM.

In research settings, mindfulness practitioners have generally been divided into two
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domains of dispositional mindfulness (i.e., trait mindfulness) and deliberate (intentional)

mindfulness meditation. Mindfulness meditation temporarily changes the condition of the

brain and its corresponding pattern of activity or connectivity (state change), and can

eventually alter more stable personality traits following longer periods of practice (Tang,

2017).

1.5.2.2 Neural oscillations of mindfulness

Some of the electrophysiological characteristics of meditation resembles certain aspects of

sleep, such as the decrease in high-frequency (beta, gamma) EEG activity, together with an

increase in the theta-alpha range (4–12 Hz) (Dentico et al., 2018; Lagopoulos et al., 2009;

Lomas et al., 2015; Shaw, 1996). In the human EEG, alpha activity (8–12 Hz) is a prominent

activity pattern over the central and posterior (occipital) cortex, which is typically present

during periods of relaxed immobility and eye closure (Chokroverty, 2017). Further, increased

activity in the theta range (3.5–7.5 Hz) is another diagnostic oscillation of a meditative state.

Previous research has reported a positive correlation between EEG theta power and the level

of meditation experience (Aftanas & Golocheikine, 2001; Kasamatsu & Hirai, 1966). Further,

a comparison of monks and novice meditators during Zen meditation has shown that alpha

activity increases across all groups during meditation, whereas increases in theta activity

were proportional to the level of meditative experience (Murata et al., 1994). In sum, the

co-presence of alpha and theta activity can be used as an index of relaxed alertness and

meditative states (Lomas et al., 2015).
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1.6 Quiet rest

Quiet rest is an instance of non-sleep states, which has been shown to enhance memory

retention (Born, Rasch, & Gais, 2006). Brokaw and her colleagues (2016) proposed that

similar to sleep, quiet rest could facilitate memory formation using active consolidation

mechanisms. Some studies have demonstrated that during quiet rest in humans, hippocampal

sharp-wave ripples, an indicator of reactivation, were prevalent (Axmacher et al., 2008;

Clemens et al., 2011). In addition, increases in alpha, theta, and delta (0.5–2 Hz) activity

was observed in quiet rest (Brokaw et al., 2016). Taking this into consideration, quiet rest

may also serve as a valuable non-sleep-related state for studies assessing the potential role of

various types of wakefulness in memory consolidation.

In summary, although the role of sleep in memory formation is well-established, the

contribution of different types of wakefulness (i.e., active, quiet) is not clear. Thus, this

study examined napping and two types of wakefulness, and how they might contribute to the

consolidation of declarative and non-declarative memories in humans.

1.7 Aims of the current study

The overall goal of this study was to examine whether sleep and some non-sleep-related

behavioural states influence memory consolidation in humans. Further, I examined whether

some shared physiological (particularly EEG) components of sleep and waking are related

to the effectiveness of different behavioural states to influence memory consolidation. I

hypothesized that participants in the napping and meditation groups will perform better

than those in the wake condition on tasks assessing both declarative and non-declarative
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memory.
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Chapter 2.

2 Methods

2.1 Study Design

The current study was comprised of two parts, typically carried out over two separate

days: Initial Interview and the Experiment. This design was chosen to allow participants

to familiarize themselves with the study and testing environment (particularly the room for

napping and meditation) prior to the main experiment and data collection.

Interview: During the initial interview, the researcher provided a brief summary of

the study and associated methodology, and showed the facility to prospective participants.

Subsequently, participants were asked to sign the Letter of Information and Consent, the

Participant Information Survey, and to complete the “Freiburg Mindfulness Inventory” (FMI)

(Walach, Buchheld, Buttenmüller, Kleinknecht, & Schmidt, 2006) (See Appendix C, D,

E). Based on the participant’s responses and history of activities (e.g., nap or meditation

practice), the researcher assigned him/her to one of the three experimental conditions (random

assignment for napping/wake conditions).

Experiment: All experimental procedures were conducted between 10 a.m. and 7 p.m.

Participants arrived at the Sleep Laboratory and completed the “Epworth Sleepiness Scale”

(ESS)(Johns, 1991). Importantly, the instructions for completion of the ESS were modified

to ask participants to indicate the current level of sleepiness, rather than the overall level

of sleepiness experienced over the recent past. Next, participants completed the learning

phase of the paired associates (word-pair) task used to assess declarative memory (see below

17



for details), followed by training in the marble maze task (see below) used to assess non-

declarative memory. Subsequently, participants were prepared for the electroencephalography

(EEG), electro-oculography (EOG), and electromyography (EMG) recordings and informed

of their assigned condition (meditation, nap, wake).

Following the completion of the electrode set-up and calibration procedure, participants

spent 60 minutes in a quiet room. For the wake condition, participants watched the docu-

mentary movie “Planet Earth” (Fothergill et al., 2007) on a computer screen. Participants in

the meditation condition were asked to complete a self-guided meditation session, and for the

nap condition, they were instructed to sleep in the bed. During this period, brain activity,

eye movements, and muscle activity were monitored with polysomnography.

After the hour-long treatment, the researcher informed the participant that the hour

was completed. After removing the electrodes, depending on their treatment condition,

participants completed a self-report on the quality of their activity (nap, meditation, wake)

in the room, as well as a post-treatment ESS questionnaire (See Appendix F, G, H, I).

Subsequently, they were asked to complete 50 trials of the maze task and the word-pair

recall test (post-treatment tasks were completed in a counterbalanced order). At the end,

participants were debriefed (see Appendix J) and given monetary compensation, if applicable.

The overall timeline of the study design is illustrated in Table 1.
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2.2 Participants

Participants were recruited from the Queen’s University Psychology subject pool, advertised

posts on the Queen’s University paid research studies Facebook group, posters displayed on

campus and yoga studios of downtown Kingston, or word-of-mouth (see Appendix A). To

be eligible for the study, participants were required to be between the ages of 18 and 65,

with no previous diagnosis of psychiatric, neurological, or sleep disorders, and to not take

sleep medications. Some specific inclusion criteria included the following: participants must
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nap for an average of three times a week over the last three weeks to be included in the

nap condition; participants must practice meditation for an average of at least three times

a week for at least three months to be included in the meditation group. All participants

received monetary compensation for the completion of the 3 hours study, with the exception

of participants from Psychology 100 and 200 subject pools, who received a course credit plus

monetary compensation for their participation. The study was approved by the Queen’s

University General Research Ethics Board (See Appendix B). After the initial interview and

verification of inclusion and exclusion criteria, a total of 69 participants completed the study

(mean age = 23 ± 7 years old, 48 female). However, 9 individuals were unable to comply with

the experimental conditions (e.g., participants who fell asleep during the meditation session

or while watching the movie), leaving us with 60 of participants. In addition, to detect any

outliers, a 2 standard deviations cut-off was applied to all behavioural tests. Accordingly, the

behavioural performance of 1 participant from paired associate task and 3 participants from

marble maze task were excluded.

2.3 Materials

2.3.1 Memory tasks

Declarative memory was assessed by a paired associate (Word-Pair) task. Using an online

random noun generator and Microsoft PowerPoint, random word pairs were generated and

displayed to participants. During the training slide-show, a total of 60 word-pairs were

displayed for 5 seconds each, with a 5 seconds inter-stimulus interval (ISI) (blank slide with

a central fixation point). The researcher asked participants to remember as many word-pairs
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as they could. Following the treatment condition, subjects were again shown a new set of 60

slides, consisting of 20 word-pairs that were presented during the initial training session, 20

word-pairs that were novel combinations of words that had been presented during the initial

training session, and 20 word-pairs consisting of words that were not used in the training

slide show. During the test session, participants were asked to respond “yes” or “no” to the

word-pairs: “yes” for a word-pair that they saw in the training session, and “no” for any

word combination that was different from those they seen during the training session.

Non-declarative (procedural) memory was assessed using the Marble Maze visuo-motor

task, which consists of two knobs on the right and lower side used for controlling the tilt of

the surface Figure 2 (“Brio labyrinth game,” n.d.). The goal of the task is to pass a small

marble along the lined path by turning the knobs. The score on each trial is determined

by the number of the hole that the marble falls into, with higher scores indicating better

performance and superior manual dexterity. Figure 3 shows the plate, in which marbles

ran through. The training and test session consisted of 100 and 50 trials, respectively. To

reduce fatigue and maximize the effort of the participants, the researcher asked them to take

a break at the mid-point of the training session (i.e., after 50 trials), as well as introducing

an incentive (e.g., gift card) to the participant obtaining the highest score.

21



Figure 2: Brio Labyrinth Marble Maze game used as a visuomotor task to assess the procedural

memory.

Figure 3: Top view of the game, showing the pre-determined path for the marble from the

start point (at arrow) to the goal compartment (at asterik).

2.3.2 Self-report measures

The Freiburg Mindfulness Inventory (FMI) is a 14-item assessment designed to evaluate the

experience of mindfulness in experienced, novice, and non-meditators (Cronbach’s alpha =

0.93). Scores range from 14 to 56, with higher scores indicating a greater degree of mindfulness
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(Walach et al., 2006). In this study, the FMI was employed to capture the participants’ ability

to engage in a “mindful” state (see Appendix E).

The Epworth Sleepiness Scale (ESS) is an 8-item questionnaire that measures general

daytime sleepiness by assessing the subject’s self-reported tendency to fall asleep in various

situations of daily life (Cronbach’s alpha = 0.88) (Johns, 1992). A higher ESS score is

indicative of a great level of sleepiness (Johns, 1991). In this study, a modified version of

ESS was employed to measure sleepiness before and after the treatment (see Appendix I).

In addition to these standardized questionnaires, participants were asked to fill out a

condition-related self-report. Meditators self-reported if they meditated, as well as the length

and the quality of their meditation session on a scale of 1 to 5, with higher numbers indicating

greater quality. In a similar format, participants in the napping condition self-reported their

sleep quality (1-5 point, with higher numbers indicative of higher nap quality), and people in

wake condition reported whether they fell asleep while watching the movie (see Appendix F,

G, H).

2.4 Polysomnographic recordings

Polysomnography was conducted employing standard procedures, as follows:

• EEG: O1-F7, O2-C4, according to the international 10-20 electrode placement system,

with bilateral mastoid references.

• EOG: Right and left outer canthus, with the bridge of the nose as reference.

• EMG: At the chin for assessing jaw muscle tone.

These electrode placements are deliberately chosen to capture various brain oscillations
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exhibited during sleep and meditation sessions.

Figure 4 shows a schematic illustration of EEG electrode placements. The electrodes

used were Genuine Grass Gold Disc Electrodes (Natus Neurology, Ireland). All signals were

amplified (Grass P511 amplifiers, half-amplitude filters set at 0.3 Hz and 10 kHz), digitized

(200Hz; PowerLab /30 system running LabChart software, v. 8.1.11, AD Instruments, Toronto,

Ontario), and stored for subsequent offline analysis (using LabChart software).

A1 A2

FP1 FP2
FPZ

F7 F3 FZ F4 F8

NZ

T7 C3 CZ C4 T8

P7
P3 PZ P4

P8

O1 O2
OZ

Figure 4: Schematic representation of employed electroed montage based on the 10-20 system.

The electrodes depicted in red were used for the present experiments..

2.4.1 Measures of sleep

Under blind conditions, EEG recordings obtained in nappers were visually scored using

the Rechtschaffen & Kales sleep scoring manual and its recent amendments (Hobson, 1969;

(JSSR): et al., 2001; Silber et al., 2007). The main researcher completed 10 hours of sleep
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scoring training from a highly experienced sleep scorer, who completed The Registered

Polysomnographic Technologist™ (RPSGT) trainings. It should be noted that all of the

EEG recordings obtained from this study were scored and analyzed after 10 hours of training.

The main researcher scored EEG recordings in a series of joint sessions with the experienced

sleep scorer. Afterwards, all recordings were validated by the professional scorer with RPSGT

knowledge. Any discrepancies were subsequently discussed and reconciled in those scoring

sessions. The number and/or duration of the following parameters were computed: number

of arousals, sleep onset latency, Stage 1 sleep duration, Stage 2 sleep duration, slow wave

sleep (SWS) duration, and total sleep time. SWS was calculated by adding time in sleep

stages 3 and 4. Sleep onset latency was determined with reference to the time when lights

were turned off and the door was closed (Plihal & Born, 1999). For participants in the wake

and meditation condition, the EEG record was reviewed to confirm that sleep did not occur.

2.4.2 Measures of meditation

For meditators, EEG records were subjected to spectral analysis using fast Fourier transform

computed for 30s EEG epochs to determine power spectral density in the frequency bands

of interest (2-20 Hz). Based on these power spectra, the two dominant frequencies were

identified for each 30 seconds, and epochs with dominant frequencies in the alpha-theta

range were considered to constitute a “meditative state”, based on prior research showing

enhancement of alpha-theta activity during meditation (Dentico et al., 2018; Lee, Kulubya,

Goldin, Goodarzi, & Girgis, 2018; Lomas et al., 2015). In addition, the averages of recorded

frequencies were used to correlate with their degree of mindfulness, as indicated by FMI.
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2.4.3 Measures of declarative memory

In order to capture the overall performance of participants in the paired associate task, single

performance measure was required that encompasses all of the hits (True Positives), false

alarms (False Positives), misses (False Negative), and correct rejections (True Negatives).

The performance of an individual discriminating between two classes (positive and negative)

is described by a confusion matrix (see Table 2.).

Answered Class

Actual Class Positive Negative

Positive TP FN

Negative FP TN

Table 2: Confusion matrix was used to define the performance of participants in paired-
associate task. TP = True Positive. FP = False Positives. FN = False Negative. TN = True
Negatives

Since the declarative memory test consisted of 20 old items and 40 novel + recombined

items, I had to choose a performance measure that is non-sensitive to the class imbalance

problem (Straube & Krell, 2014). Common signal detection theory indices employed in

psychological experiments, typically deal with the measures of bias or discrimination in

decisions under conditions of uncertainty. In this project, however, I am primarily interested

to find a measure that encompasses all four categories of hit, miss, correct rejection and

false alarm. Therefore, I decided to use the Geometric Mean (G-Mean) to calculate overall

performance (see Equation 1). TPR stands for True Positive Rate (see Equation 2) and TNR

stands for True Negative Rate (see Equation 3).
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G−Mean =
√

TPR× TNR (1)

TPR = TP

TP + FN
(2)

TNR = TN

TN + FP
(3)

2.4.4 Measures of non-declarative memory

The median is a robust measure of central tendency and is less affected by outliers and

skewed data than the mean, making it a preferred measure when the data distribution is not

symmetrical or outlier are present. Therefore, I decided to calculate the median of the last

ten trials of the training session (trials 91-100), and compare that to the median of the first

ten trials of the test (i.e., memory retention) session (trials 1-10).

2.5 Data analysis

Statistical analysis was performed using R (R Development Core Team, 2008) and the psycho

(Makowski, 2018), and the rstanarm (Gabry & Goodrich, 2016) packages. The analysis was

performed in the Bayesian framework as it was more reliable, with better accuracy in noisy

or small data samples, a more straightforward interpretation and less prone to type I error

(Jarosz & Wiley, 2014; Makowski, Sperduti, Lavallée, Nicolas, & Piolino, 2019; Schoot &

Depaoli, 2014; Wagenmakers et al., 2018). The frequentist equivalent of statistical analysis,

which returns similar results, as well as the central posterior uncertainty distribution intervals
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of the Bayesian models can be found in the Appendix K and L. Calculation of the sleep

parameters relied on Microsoft Excel for Mac (Version 16.19; Microsoft).

2.5.1 Declarative memory

Bayesian inference was performed using Markov Chain Monte Carlo (MCMC) Gaussian

model (4 chains, each with iter = 2000; warmup = 1000; thin = 1; post-warmup

= 1000) to predict G-Mean (formula = GMean ~ Condition). By fitting a Bayesian gener-

alized linear model, I compared the effects of experimental conditions (mindfulness meditation,

sleep, active wakefulness) on the performance of participants in paired-associate task using

G-Mean. For the Bayesian generalized linear model, all priors were set as weakly informative

(normal distributions with mean = 0), meaning that we did not expect effects different from

null in any particular direction. I reported several characteristics of the posterior distribution

of the effects: the median (a robust estimate comparable to the beta from frequentist linear

models), MAD (median absolute deviation, a robust equivalent of standard deviation) and the

90% credible interval. Instead of the p value as an index of effect existence, I also computed

the maximum probability of effect (MPE), which is the maximum probability that the effect

is different from 0 in the median’s direction. For the current study, I considered an effect as

probable if its MPE is higher than 90% (this is analogous to an alpha value of 0.05).

Additionally, I ran several exploratory logistic regressions on the role of gender on the

G-Mean values. For the generalized linear models, all priors were set as weakly informative

(normal distributions with mean=0). To assess the effect of SWS, I divided the napping

condition into two groups (SWS and no-SWS) and analyses were carried out separately. For

the current analyses, I considered an effect as inconsistent (i.e., not probable enough) if its
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MPE is lower than 90%.

2.5.2 Non-declarative memory

Bayesian Inferences was performed using Markov Chain Monte Carlo (MCMC) Gaussian

model (4 chains, each with iter = 2000; warmup = 1000; thin = 1; post-warmup

= 1000) to predict the Median Scores (formula = MedianScores ~ Condition + (1 |

Code)). Here, participants were set as the random factor. By fitting Bayesian generalized

linear mixed models, I compared the effects of experimental conditions (minfulness meditation,

sleep, active wakefulness) on the performance of participants in the Marble Maze task using

median values. For all linear mixed models, all priors were set as weakly informative (normal

distributions with mean = 0), meaning that we did not expect effects different from null in

any particular direction. I reported several characteristics of the posterior distribution of the

effects: the median (a robust estimate comparable to the beta from frequentist linear models),

MAD (median absolute deviation, a robust equivalent of standard deviation) and the 90%

credible interval. Instead of the p value as an index of effect existence, I also computed the

maximum probability of effect (MPE), which is the maximum probability that the effect is

different from 0 in the median’s direction. For the current study, I considered an effect as

probable if its MPE is higher than 90%.

Additionally, I ran several exploratory logistic regressions on the role of gender on the

differences of median values. For the generalized linear models, all priors were set as weakly

informative (normal distributions with mean=0). To assess the effect of SWS, I divided

the napping condition into two groups (SWS and no-SWS) and analyses were carried out

separately. For the current analyses, I considered an effect as inconsistent (i.e., not probable
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enough) if its MPE is lower than 90%.

2.5.3 Spectral analysis of meditators’ brain oscillations

Bayesian correlation test between the alpha and theta power spectra and behavioural perfor-

mance on memory retention were calculated. Additionally, we ran exploratory correlation

tests between the alpha and theta power spectra and the history of meditation practice (in

months), as well as their level of mindfulness, indicated by FMI.

2.5.3.1 Outliers

In total, data of four individuals were excluded from the analysis. Three individuals fell

asleep through the meditation session, and one participant had numerous arousals (n=11)

throughout the napping session.
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Chapter 3.

3 Results

3.1 Descriptive statistics of the participants

After applying the exclusion criteria, the behavioural performance of 64 participants was

included in the formal analyses. The overall demographic characteristics of participants for

each condition are shown in Table 3.

Table 3: Participant demographic characteristics by experimental conditions

Nap (N = 25) Meditation (N = 21) Wake (N = 18)

Age (in years) 21.2 (3.2) 25.6 (10.4) 21.5 (5.3)

Sex ratio (M:F) 5:20 10:11 1:17

Right-handed (%) 92 85.71 94.44

ESS-pre 10.44 (2.72) 7.67 (3.51) 8.94 (3.92)

ESS-post 9.48 (5.20) 8.33 (4.29) 11.56 (5.63)

FMI 38.53 (6.2) 41.27 (5.96) 40.73 (6.59)

Local community recruitments 0 3 2

Meditators in non-MED conditions 2 N/A 5

Note. ESS = Epworth Sleepiness Scale, FMI = Freiburg Mindfulness Inventory. Mean
and SD are reported for Age, ESS-pre, ESS-post, and FMI. Percentage of participants in
each condition is reported for Handedness. Local community refers to participants who were
not from Queen’s University students. To make the experiment participant assignments
more randomly, a number of individuals with meditation practice were assigned to other
experimental groups.
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Examination of pre-existing differences of sleepiness and age did not reveal systematic

differences between experimental conditions. For pre-treatment sleepiness, the effect of

condition was not significant (F(2, 61) = 2.36, p = 0.11) and can be considered as small

(Partial Omega-squared = 0.070). For age differences, the effect of condition was not significant

(F(2, 61) = 2.66, p = 0.08) and can be considered as small (Partial Omega-squared = 0.040).

3.2 Sleep profiles of the participants

Additionally, Table 4. illustrates the sleep parameters of the participants in the nap condition.

Mean and Standard Deviation values are reported in minutes.

Table 4: Sleep profile (in minutes) of individuals in the nap experimental condition (Mean
and SD are reported)

Parameters M (SD)

Sleep latency 11.69 (9.09)

Stage 1 11.43 (10.07)

Stage 2 13.81 (12.62)

Stage SWS 14.37 (16.90)

REM sleep 0 (0)

Total sleep time 39.62 (19.01)

Number of arousals 4.2 (3.82)

Table 4. summarizes the sleep parameters of the participants in the nap condition. The

mean total sleep time was about 40 minutes (out of the 60 minutes sleep opportunity). Of

the 40 min, approximately 33% was spent in Stage 1 sleep, 36% in Stage 2 sleep, and 30%
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was spent in SWS (Stages 3 and 4). Out of 21 nappers, 10 individuals experienced SWS,

which ranged from 13 to 53 minutes. As was expected, no one experienced the REM sleep in

the 60 minutes napping session.

3.2.1 Comparison of Epworth Sleepiness Scale scores across conditions

By examining the ESS scores for each condition, it appeared that those who were in the active

wakefulness condition were feeling more fatigue than participants in the other conditions,

whereas those who took a nap reported a decrease in their ESS scores. A two-factor mixed-

model ANOVA was conducted to compare the main effect of condition and time on the level

of fatigue, and the interaction effect between condition and time on the levels of ESS scores

(assumptions of normality, homogeneity of variances, and outliers were met). Condition, as

a between subjects factor, included three levels (MED, NAP, WAKE) and time, as within

subjects factor, consisted of two levels (pre and post). The main effect for treatment condition

on ESS scores was significant (F(2,120) = 7.171, p < .01) and can be considered as medium

(Partial Omega-squared = 0.090). However, the main effect of time was not significant (F(1,

120) = 2.02, p = .157) and can be considered as very small (Partial Omega-squared = 0.0081).

Also, the interaction between condition and time was not significant (F(2, 120) = 0.019, p =

.981) and can be considered as small (Partial Omega-squared = 0.016). Post hoc comparisons

using the Tukey’s Honest Significant Difference test revealed a significant difference between

the wake and napping conditions (p < .05) in the post-ESS scores, revealing that participants

in the wake condition felt more fatigue. Thus, I ran additional correlational analysis of ESS

scores in the napping condition exclusively.
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3.2.1.1 Correlational analysis of ESS scores and the duration of sleep stages

To explore the relationship between the ESS scores and the duration of sleep stages, a

series of Bayesian correlation tests were performed. To interpret the Bayesian Factor (BF)

values, I used Jeffrey’s evidence categories (Jeffreys, 1961). First, I assessed the correlation

between the difference in ESS scores and total sleep time across all participants in the

napping condition. The null hypothesis states that there is no association between ESS

scores and the duration of sleep stages. The alternative hypothesis, however, states that

there is an association between ESS scores and the duration of sleep stages. Bayes factor

indicated non-significant (anecdotal) evidence for the alternative hypothesis (BF = 1.39),

which means that our data are approximately 1.39 times more likely to occur under the

alternative hypothesis than under the null hypothesis (r = -0.19, MAD = 0.18, 90% CI [-0.49,

0.11]). This correlation can be considered as large, moderate, small or very small with the

respective probabilities of 3.79%, 22.43%, 41.66% and 16.34%.

After dividing the nappers into non-SWS and SWS groups, I repeated the correlation

test.

• non-SWS: For participants who did not enter SWS, Bayes factor indicated non-

significant (anecdotal) evidence for alternative hypothesis (BF = 1.27), which means

that our data are approximately 1.27 times more likely to occur under the assumption

that there is an association between ESS scores and the duration of sleep stages (non-

SWS) (r = -0.18, MAD = 0.25, 90% CI [-0.58, 0.25]). This correlation can be considered

as large, moderate, small or very small with the respective probabilities of 9.55%,

22.07%, 30.05% and 14.24%.
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• SWS: For participants who entered SWS, Bayes factor indicated non-significant (anec-

dotal) evidence for alternative hypothesis (BF = 1.18), which means that our data are

approximately 1.18 times more likely to occur under the assumption that there is an

association between ESS scores and the duration of sleep stages (SWS) (r = -0.29, MAD

= 0.23, 90% CI [-0.65, 0.092]). The correlation can be considered as large, moderate,

small or very small with the respective probabilities of 16.04%, 31.89%, 31.05% and

10.08%.

Therefore, our data offer some limited (non-significant) support for the suggestion that,

regardless of the presence or absence of SWS, longer sleep is related to a greater decline in

ESS scores, indicative of a more effective reduction in fatigue with longer sleep.
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3.3 Declarative memory

Table 5. illustrates the summary of overall behavioural performance on the paired associates

task, prior to geometric mean calculation. Values are averaged across all participants

within each condition. As described earlier, geometric mean was chosen to capture overall

performance on the declarative memory tasks.

Table 5: Breakdown of the behavioural performance of individuals in each experimental
condition. Responses were divided into four categories of Hit (True Positive), Miss (False
Negative), False alarm (False Positive), and Correct rejection (True Negative). Means are
reported here.

Hit Miss False Alarm Correct Rejection

MED 13.84 6.16 6.20 33.80

NAP 16.76 3.24 9.47 30.52

WAKE 13.11 6.89 8.77 31.23

Additionally, the overall distribution of behavioural performance on the paired associates

task, expressed as geometric means, is shown in figure 5.
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Figure 5: Overall distribution of Geometric Mean scores across the three experimental

conditions (NAP; MED, meditation; WAKE). Error bars reflect standard deviation.

To test whether a nap or meditation alters declarative memory consolidation when

compared to the wake (movie) condition, I fitted a Bayesian generalized linear model to

compare the effects of experimental conditions (meditation, sleep, wake) on the performance

of participants in the paired-associates task using G-Mean. As hypothesized, participants in

the meditation group outperformed the wakefulness group in recalling word pairs learned

prior to the experimental manipulation. In contrast, the difference in performance between

the napping and meditation group and between the napping and the wakefulness group were

not conclusive of a reliable difference between these conditions (see figure 6).
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For this statistical model, the intercept (meditation condition) was at 0.80 (MAD =

0.028, 90% CI [0.75, 0.84]). Compared to the meditation group, there was a probability of

69.80% that napping led to a decrease in word recall, as measured by G-Mean (Median =

-0.019, MAD = 0.037, 90% CI [-0.081, 0.039], Overlap = 79.45%). In addition, compared

with the intercept (meditation condition), there was a probability of 97.42% that wakefulness

condition led to a decrease of G-Mean (Median = -0.073, MAD = 0.038, 90% CI [-0.14,

-0.014], Overlap = 34.95%). The model’s priors were set as follows: ~ normal (location = (0,

0), scale = (0.28, 0.28)) and had an explanatory power (R2) of about 8.81% (MAD = 0.063,

90% CI [0.0039, 0.19], adj. R2 = -0.022).

0.68

0.72

0.76

0.80

0.84

Condition MED Condition NAP Condition WAKE

Condition

G
eo

m
et

ric
 M

ea
n

Figure 6: Comparsion of G-Mean values across all conditions. Error bars reflect 90% credible

intervals.
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3.3.1 Exploring the effect of SWS

Additionally, I investigated the potential influence of different sleep stages (SWS or non-SWS)

on the consolidation of declarative memory. Although the presence of SWS was associated

with a slight decrease in the performance on the declarative memory task, the difference was

not conclusive of a significant sleep stage effect (see figure 7).

Within this model, the intercept (SWS absent) was at 0.78 (MAD = 0.037, 90% CI [0.72,

0.84]). Compared with that, there was a probability of 60.77% that SWS led to an increase

of G-Mean (Median = 0.015, MAD = 0.054, 90% CI [-0.074, 0.11], Overlap = 89.23%). The

model’s priors were set as follows: ~ normal (location = (0), scale = (0.32)) and had an

explanatory power (R2) of about 2.16% (MAD = 0.029, 90% CI [0, 0.11]).

39



0.75

0.80

0.85

SWS Absent SWS Present

SWS type

G
eo

m
et

ric
 M

ea
n

Figure 7: Comparsion of G-Mean values across nappers who entered SWS and those who

remained in stages 1 and 2 of sleep. Error bars reflect 90% credible intervals.
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3.4 Non-declarative memory

3.4.1 Acquisition curve for the Marble Maze task

Figure 8 shows the acquisition curve for the procedural memory task for all experimental

conditions. Individuals in all groups showed improvement with training (trials 1 to 100),

with participants in the meditation condition appearing to reach better performance levels

at the end of training relative to participants in the napping and wake conditions. In the

highlighted area of Figure 8. (trials 101 to 150; retention test following the experimental

intervention), participants in the meditation condition maintained the highest, and relatively

stable scores, whereas participants in the napping condition showed a more inconsistent trend

in their retention performance. Lastly, participants in the wake condition showed continued

improvements during retention testing; however, their overall scores were below those of the

other experimental conditions.
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Figure 8: The acquisition curve and retention performance of learning of the procedural

memory task across all experimental conditions. The highlighted area (trials 101-150) shows

the retention trials.

3.4.2 Distribution of behavioural performance scores

The overall distribution of retention performance, measured by the difference of scores from

trials 91-100 and 101-110 on the Marble Maze task, is shown in figure 9. As shown, there were

no significant difference in retention performance among the three experimental conditions.
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Figure 9: Overall distribution of difference of median scores, obtained by subtracting the

median of the first ten trials of post-intervention from the last ten trials of pre-intervention,

for all experimental conditions (NAP; MED, meditation; WAKE). Error bars reflect standard

deviation.

3.4.3 The effect of sleep stages on procedural memory

As was mentioned earlier, several studies have found that SWS can exert adverse effects on

performance in procedural memory tasks (Hilditch, Dorrian, & Banks, 2017; Tassi & Muzet,

2000). Therefore, we separated participants in the NAP condition into those who entered

SWS and those who did not. As shown in figure 10, performance in these two groups of

participants was noticeably different.
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Figure 10: Distribution of difference of median scores of nappers, obtained by subtracting the

median of the first ten trials of post-intervention from the last ten trials of pre-intervention.

Participants are separated on the basis of SWS exhibition. Error bars reflect standard

deviation.

Subsequently, we plotted the overall distribution of performance scores of all nappers

(divided into those with and without SWS) in relation to their total sleep time, as well as the

performance in relation to the proportion of SWS as a percent of total sleep time (see figure

11.). This figure illustrated two opposing trends: if SWS was absent, the longer the duration

of sleep, the better the overall performance in the procedural memory task. On the contrary,

if SWS was present, the more time spent in SWS and the longer the duration of sleep, the
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performance in the procedural memory task became worse. Therefore, the presence of SWS

or lack thereof will affect the retention in procedural memory.
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Figure 11: The overall distribution of performance on the procedural memory task in nappers

who entered SWS and those who remained in stages 1 and 2 for the entire experiment. Total

sleep time (in minutes) is the time spent asleep during the 60 min period of sleep opportunity.

Change in the size of data points reflects the percentage of time spent in SWS.

As shown in figure 11, the pronounced difference between the performance of participants

who did and did not enter SWS during their nap required further, separate analyses for the

two subsets of participants in the napping condition.

Hence, by fitting a Bayesian generalized linear mixed model, I compared the performance
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of nappers, separated into SWS and non-SWS, on the non-declarative memory task using

median difference values (see figure 12). As figure 12 shows, nappers who entered SWS

performed significantly worse than those who did not enter SWS. Within this model, the

intercept (SWS absent) was at 1.33 (MAD = 0.51, 90% CI [0.44, 2.22]). Compared with it,

there was a probability of 96.23% that the presence of SWS led to a decrease of the difference

of median values (Median = -1.25, MAD = 0.67, 90% CI [-2.40, -0.096], Overlap = 37.52%).

The model’s priors were set as follows: ~ normal (location = (0), scale = (4.14)) and had an

explanatory power (R2) of about 14.89% (MAD = 0.13, 90% CI [0, 0.32], adj. R2 = -0.032).
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Figure 12: Comparsion of difference of median values across nappers who entered SWS and

those who remained in stages 1 and 2 of sleep. Error bars reflect 90% credible intervals.
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Next, by fitting a Bayesian generalized linear mixed model, I compared the effects of

experimental conditions (meditation, napping with SWS, napping without SWS, wake) on

the performance of participants on the Marble Maze task using the difference of median

values. As figure 13 shows, although there were differences between the values of ‘difference

of median’ across various conditions, the only significant difference was observed between the

SWS absent and SWS present groups.

Within this model, the intercept (meditation condition) was at 0.56 (MAD = 0.38, 90%

CI [-0.050, 1.19]). Compared with it, there was a probability of 87.22% that the absence of

SWS led to increase of the difference of median scores (Median = 0.76, MAD = 0.67, 90% CI

[-0.34, 1.83], Overlap = 57.58%). Also, there was a probability of 79.27% that the presence

of SWS led to decrease of the difference of median scores (Median = -0.50, MAD = 0.62,

90% CI [-1.50, 0.57], Overlap = 69.16%). In addition, there was a probability of 52.35% that

staying awake leads to increase of the difference of median scores (Median = 0.033, MAD

= 0.55, 90% CI [-0.85, 0.94], Overlap = 97.09%). The model’s priors were set as follows: ~

normal (location = (0, 0, 0), scale = (4.12, 4.12, 4.12)) and had an explanatory power (R2)

of about 8.76% (MAD = 0.060, 90% CI [0.0054, 0.18], adj. R2 = -0.089).

Additionally, compared to wake condition, there was a probability of 85.55% that the

absence of SWS lead to increase in the difference of median scores (Median = -0.72, MAD =

0.68, 90% CI [-1.90, 0.38], Overlap = 59.93%). Finally, compared to wake condition, there

was a probability of 83.47% that the presence of SWS lead to decrease in the difference of

median scores (Median = 0.53, MAD = 0.55, 90% CI [-0.37, 1.45], Overlap = 63.76%).
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Figure 13: Comparsion of difference of median values across all conditions. The napping

condition has been divided into SWS absent and SWS present. Error bars reflect 90% credible

intervals.

Given the outcome of the omnibus test, I decided to re-run the analyses using repeated

measures median values, rather than the difference of medians.

3.4.3.1 Repeated-measures analysis

3.4.3.1.1 Nappers without SWS

To compare non-declarative memory performance of participants in the wake, meditation,

and nap without SWS condition, I fitted a repeated-measures Bayesian generalized linear
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mixed model to compare the effects of experimental conditions (meditation, sleep, active

wakefulness) on the performance of participants in the Marble Maze task using median values.

As hypothesized, participants in the meditation group outperformed the wakefulness group.

However, the difference between the performance of the napping and meditation conditions

and between the napping and wakefulness conditions, however, were not conclusive of the

existence of a reliable difference between these conditions (see figure 14).

Within this model, the intercept (meditation condition) was at 5.49 (MAD = 0.53, 90%

CI [4.63, 6.41]). Compared with it, there was a probability of 88.40% that napping led to a

decrease of median of scores (Median = -1.14, MAD = 0.93, 90% CI [-2.65, 0.44], Overlap =

55.55%). Also, there was a probability of 94.77% that wakefulness condition led to a decrease

of median of scores (Median = -1.25, MAD = 0.79, 90% CI [-2.47, 0.096], Overlap = 42.94%).

The model’s priors were set as follows: ~ normal (location = (0, 0), scale = (6.42, 6.42)) and

had an explanatory power (R2) of about 60.54% (MAD = 0.075, 90% CI [0.48, 0.72], adj. R2

= 0.39).
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Figure 14: Comparsion of median values of nappers who remained in stages 1 and 2 of sleep

across all conditions. Error bars reflect 90% credible intervals.

3.4.3.1.2 Nappers with SWS

To examine whether SWS or meditation affects non-declarative memory consolidation, I

fitted a repeated-measures Bayesian generalized linear mixed model, to compare the effects

of experimental conditions (meditation, sleep containing SWS, active wakefulness) on the

performance of participants in the Marble Maze task using median values. Interestingly,

participants in the meditation condition outperformed both nappers who experienced SWS

and participants who stayed awake (see Figure 15).

Within this model, the intercept (meditation condition) was at 5.52 (MAD = 0.53, 90% CI

50



[4.62, 6.32]). Compared with it, there was a probability of 95.67% that SWS led to decrease

of the median of scores in the wakefulness condition (Median = -1.30, MAD = 0.76, 90% CI

[-2.53, -0.10], Overlap = 40.14%). Additionally, there was a probability of 91.53% that SWS

led to decrease of the median of scores in the nap condition (Median = -1.15, MAD = 0.83,

90% CI [-2.50, 0.14], Overlap = 48.98%). The model’s priors were set as follows: ~ normal

(location = (0, 0), scale = (6.19, 6.19)) and had an explanatory power (R2) of about 65.57%

(MAD = 0.061, 90% CI [0.55, 0.75], adj. R2 = 0.45).
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Figure 15: Comparison of median values of participants in the meditation condition, wake

condition, and nappers who entered SWS. Error bars reflect 90% credible intervals.
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3.5 Exploratory analyses

3.5.1 The role of sex

3.5.1.1 Declarative memory

To examine whether sex affects the performance on the declarative memory tasks, I fitted

a Markov Chain Monte Carlo binomial (link = logit) model (4 chains, each with iter =

2000; warmup = 1000; thin = 1; post-warmup = 1000). Our data suggest that higher

score in G-Mean predicts a lower probability of being a male (see figure 16).

Within this model,(formula = Binary_gender ~ GMean), the intercept (the probability

of being a man) was at 2.21 (MAD = 2.20, 90% CI [-1.32, 5.69]). Compared with it, there

was a probability of 94.60% that being a male led to a decrease of G-Mean values (Median =

-4.42, MAD = 2.88, 90% CI [-8.91, 0.26], Overlap = 44.63%).

The model’s priors were set as follows: ~ normal (location = (0), scale = (21.63)) and had an

explanatory power (R2) of about 4.13% (MAD = 0.046, 90% CI [0, 0.12]). The intercept is

at 2.21 (MAD = 2.20, 90% CI [-1.32, 5.69]).
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Figure 16: Plot of all iterations with the median prediction of the probability of being a man

on the overall G-Mean values for the declarative memory task (paired associates).

3.5.1.2 Non-declarative memory

Similarly, I analyzed whether sex differences affects the performance on the Marble

Maze task. Therefore, I fitted a Markov Chain Monte Carlo binomial (link = logit)

model (4 chains, each with iter = 2000; warmup = 1000; thin = 1; post-warmup

= 1000). Our data suggest that higher scores in the difference of medians predicts higher

probability of being a male (see figure 17).

Within this model,(formula = Binary_gender ~ Median.Diff), the intercept (the

probability of being a man) was at -1.33 (MAD = 0.37, 90% CI [-1.89, -0.72]). Com-
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pared with that, there was a probability of 93.40% that being a male led to an increase of

the difference of medians (Median = 0.28, MAD = 0.19, 90% CI [-0.028, 0.61], Overlap =

46.61%). The model’s priors were set as follows: ~ normal (location = (0), scale = (1.53))

and had had an explanatory power (R2) of about 4.56% (MAD = 0.053, 90% CI [0, 0.13]).

The intercept is at -1.33 (MAD = 0.37, 90% CI [-1.89, -0.72]).
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Figure 17: Plot of all iterations with the median prediction of the probability of being a

man on the overall Difference of Median values for the non-declarative memory task (Marble

Maze).

Finally, I examined the interaction of sex with their performance on the Maze task,

dividing nappers into SWS and non-SWS participants. This analysis suggests that for

54



participants who did not enter SWS, the effect of sex (being male) was significant (Median =

0.73, MAD = 0.28, 90% CI [0.28, 1.19], Overlap = 19.60%, MPE = 99.50%). Similarly, for

SWS, only the effect of being male was significant (Median = 2.09, MAD = 0.65, 90% CI

[1.07, 3.17], Overlap = 11.23%, MPE = 99.95%). The full model is provided in Appendix M.

3.5.2 Additional correlations

3.5.2.1 Meditative state and behavioural performance

In this study, meditative state was operationally defined as follows: For each participant,

the power spectrum of the first 2 minutes of the experimental (meditation) session was

calculated and peak power in the theta-alpha frequency band was extracted and used as

a baseline measure. Subsequently, each 30 s epoch that contained a 1.5 times or greater

increase from baseline in peak alpha-theta power was considered as “meditative state”, based

on prior work that increases in theta-alpha activity provide a sensitive index of successful

meditation (Lomas et al., 2015). Based on this scoring protocol, the average duration of

meditative state in 18 participants was 18.27 minutes (SD = 9.87), ranging from 8 to 40

minutes.

3.5.2.1.1 Declarative memory

Figure 18 illustrates the relationship between behavioural performance on the declarative

memory task and the duration of meditative state.
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Figure 18: Scatter plot of declarative memory performance and their spent time in meditative

state (in minutes). Orange line shows the fitted linear model.

I assessed the correlation between geometric mean values and the amount of time spent in

a meditative state. The null hypothesis states that there is no association between geometric

mean values and the amount of time spent in meditative state. The alternative hypothesis,

however, states that there is an association between geometric mean values and the amount

of time spent in meditative state.

Bayes factor indicated non-significant evidence for alternative hypothesis (BF = 1.47),

which means that our data are approximately 1.47 times more likely to occur under the

alternative hypothesis than under the null hypothesis (r = 0.16, MAD = 0.22, 90% CI [-0.18,
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0.51]). This correlation can be considered as large, moderate, small or very small with the

respective probabilities of 4.64%, 21.30%, 34.84% and 16.16%.

3.5.2.1.2 Non-delcarative memory

Figure 19 illustrates the relationship between behavioural performance and meditative

state for the non-declarative memory task.
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Figure 19: Scatter plot of non-declarative memory performance and their spent time in

meditative state (in minutes). Orange line shows the fitted linear model.

Next, I assessed the correlation between the difference of median values and the time

spent in the meditative state. The null hypothesis states that there is no association between

the difference of median values and the time spent in the meditative state. The alternative
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hypothesis, however, states that there is an association between the difference of median

values and the time spent in the meditative state.

Similar to the data depicted in figure 19, Bayes factor indicated negligible evidence for

alternative hypothesis (BF = 1.39), which means that our data are approximately 1.39 times

more likely to occur under the alternative hypothesis than under the null hypothesis (r =

-0.30, MAD = 0.20, 90% CI [-0.65, 0.043]). This correlation can be considered as large,

moderate, small or very small with the respective probabilities of 16.21%, 34.28%, 32.50%

and 8.46%.

To summarize,the more time spent in the meditative state, the better the performance on

the declarative memory task. On the other hand, the duration of meditative state was not

correlated to the performance on the non-declarative memory tak.

3.5.2.2 The level of mindfulness and meditative state

3.5.2.2.1 Duration of meditative state

I assessed the correlation between FMI scores and the duration of meditative state (based

on the EEG criteria described above). The null hypothesis states that there is no association

between FMI scores and the duration of meditative state, whereas the alternative hypothesis

states that there is an association between FMI scores and the duration of meditative state.

Bayes factor indicated non-significant evidence for the alternative hypothesis (BF = 1.59),

which means that our data are approximately 1.59 times more likely to occur under the

alternative hypothesis than under the null hypothesis (r = 0.048, MAD = 0.26, 90% CI [-0.37,

0.48]). This correlation can be considered as large, moderate, small or very small with the
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respective probabilities of 4.06%, 13.04%, 24.94% and 15.10%.

3.5.2.3 The level of mindfulness and behavioural performance

Next, I assessed the correlation between FMI scores and behavioural performance on the

declarative and non-declarative memory tasks. The null hypothesis states that there is no

association between FMI scores and the measures of behavioural performance (i.e., geometric

mean and the difference of median), whereas the alternative hypothesis states that there is

an association between FMI scores and the measures of behavioural performance.

3.5.2.3.1 Declarative memory

For declarative memory, Bayes factor indicated non-significant evidence for the alternative

hypothesis (BF = 1.53), which means that our data are approximately 1.53 times more likely

to occur under the alternative hypothesis than under the null hypothesis (r = 0.087, MAD =

0.26, 90% CI [-0.34, 0.51]). This correlation can be considered as large, moderate, small or

very small with the respective probabilities of 5.08%, 15.12%, 27.49% and 15.04%.

3.5.2.3.2 Non-declarative memory

For non-declarative memory, Bayes factor indicated moderate evidence for the alternative

hypothesis (BF = 5.52), which means that our data are approximately 5.52 times more likely

to occur under the alternative hypothesis than under the null hypothesis (r = 0.56, MAD =

0.23, 90% CI [0.061, 0.92]). This correlation can be considered as large, moderate, small or

very small with the respective probabilities of 61.45%, 23.50%, 10.77% and 2.56%.

Thus, the score on the FMI, as a subjective measures of mindfulness is not correlated

with performance on the declarative memory tasks. Conversely, FMI scores are positively
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correlated with the performance on the procedural memory tasks.

3.5.2.4 Other measures of sleep and behavioural performance

Total sleep time

To explore the relationship between total sleep time and behavioural performance, a series

of Bayesian correlation tests were performed.

3.5.2.4.1 Declarative memory

For declarative memory (see figure 20), the null hypothesis states that there is no

association between total sleep time and geometric mean values. The alternative hypothesis,

however, states that there is an association between total sleep time and geometric mean

values.

Bayes factor indicated non-significant evidence for the alternative hypothesis (BF = 1.37),

which means that our data are approximately 1.37 times more likely to occur under the

alternative hypothesis than under the null hypothesis (r = -0.19, MAD = 0.18, 90% CI [-0.49,

0.11]). This correlation can be considered as large, moderate, small or very small with the

respective probabilities of 3.93%, 23.09%, 41.59% and 15.57%.
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Figure 20: Scatter plot of declarative memory performance and total sleep time (in minutes).

Orange line shows the fitted linear model.

3.5.2.4.2 Non-declarative memory

For non-declarative memory (see figure 21), the null hypothesis states that there is no

association between total sleep time and the difference of median values. The alternative

hypothesis, however, states that there is an association between total sleep time and the

difference of median values.

Bayes factor indicated non-significant evidence for the alternative hypothesis (BF = 1.98),

which means that our data are approximately 1.98 times more likely to occur under the

alternative hypothesis than under the null hypothesis (r = -0.10, MAD = 0.18, 90% CI [-0.40,
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0.19]). This correlation can be considered as large, moderate, small or very small with the

respective probabilities of 1.25%, 11.96%, 36.84% and 21.11%.

Therefore, it appears that memory retention, whether it is declarative or non-declarative,

is not correlated with the duration of total sleep time.
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Figure 21: Scatter plot of non-declarative memory performance and total sleep time (in

minutes). Orange line shows the fitted linear model.

Light sleep

3.5.2.4.3 Declarative memory

To explore the relationship between the duration of light (stage 1 and 2) sleep stages

and behavioural performance, a series of Bayesian correlation tests were performed. For
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declarative memory (see figure 22), the null hypothesis states that there is no association

between the duration of time spent in light sleep stages and geometric mean values. The

alternative hypothesis, however, states that there is an association between the duration of

time spent in light sleep stages and geometric mean values.

Bayes factor indicated non-significant evidence for the alternative hypothesis (BF = 1.51),

which means that our data are approximately 1.51 times more likely to occur under the

alternative hypothesis than under the null hypothesis (r = -0.17, MAD = 0.19, 90% CI [-0.46,

0.14]). This correlation can be considered as large, moderate, small or very small with the

respective probabilities of 2.98%, 20.72%, 40.56% and 17.87%.
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Figure 22: Scatter plot of declarative memory performance and the amount of time spent

stages 1 and 2 sleep (in minutes). Orange line shows the fitted linear model.
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3.5.2.4.4 Non-declarative memory

For non-declarative memory (see figure 23), the null hypothesis states that there is no

association between the duration of time spent in light sleep stages and the difference of

median values. The alternative hypothesis, however, states that there is an association

between the duration of time spent in light sleep stages and the difference of median values.

Bayes factor indicated non-significant evidence for the alternative hypothesis (BF = 1.51),

which means that our data are approximately 1.51 times more likely to occur under the

alternative hypothesis than under the null hypothesis (r = 0.17, MAD = 0.18, 90% CI [-0.13,

0.47]). This correlation can be considered as large, moderate, small or very small with the

respective probabilities of 2.99%, 20.21%, 42.05% and 16.76%.

To conclude, it appears that memory retention, whether it is declarative or non-declarative,

is not correlated with the duration of time spent in light sleep stages.
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Figure 23: Scatter plot of non-declarative memory performance and the amount of time spent

stages 1 and 2 sleep (in minutes). Orange line shows the fitted linear model.
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Chapter 4.

4 Discussion

This study examined whether sleep and some non-sleep-related behavioural states influence

memory consolidation in humans. To achieve this goal, I investigated the effects of sleep,

meditation, and active wakefulness on the performance and recall in a declarative and a

non-declarative memory task. Further, I examined the effects of SWS, or lack thereof, on

the performance of nappers. In addition, I examined whether some shared physiological

(particularly EEG) components of sleep and waking are related to the effectiveness of

different behavioural states to influence memory consolidation. Lastly, I explored the

possible association between different sleep stages or levels of mindfulness on the behavioural

performance of participants. I hypothesized that participants in the napping and meditation

groups will perform better than those in the wake condition on tasks assessing both declarative

and non-declarative memory.

To summarize the key findings of this study, the results showed that taking a nap

does not significantly improve declarative memory retention, while practicing mindfulness

meditation (as a form of quiet wakefulness) resulted in a significant enhancement of declarative

memory retention relative to active wakefulness. With regard to non-declarative memory, the

presence of SWS appears to constitute an important factor for procedural memory retention.

Specifically, nappers who did not enter SWS had the highest rate of retention, followed

by active wakefulness and meditation, which showed similar retention rate. Interestingly,

nappers who entered SWS exhibited the lowest level of retention in the procedural memory
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task.

In the following section, I will discuss and interpret the findings of my study in the context

of the declarative and non-declarative memory dichotomy. Within each section, I will evaluate

the findings of this study in relation to the current literature and will seek to find plausible

explanations in cases of discrepancy. Finally, I will point out the limitations of this study

and will provide suggestions for future research directions.

4.1 Declarative memory

The results of this study suggest that mindfulness meditation practice (as a form of quiet

wakefulness) results in higher memory retention as compared to active wakefulness. This

finding is in agreement with Lykins, Baer, & Gottlob (2012), who presented a list of neutral

words to meditators and non-meditators. They found that mindfulness meditators recalled

more words than non-meditators. Interestingly, this effect was not observed when retrieval

cues were provided to the participants.

Previous research has shown that experienced meditators exhibit higher degrees of ac-

tivation in the hippocampal areas and it has been suggested that during meditation, the

hippocampus is involved in an active memory consolidation process (Brefczynski-Lewis, Lutz,

Schaefer, Levinson, & Davidson, 2007; Brown, 2015; Lou et al., 1999; Sawangjit et al.,

2018). In a study with a similar sample of participants to my project, Engström, Pihlsgård,

Lundberg, & Söderfeldt (2010) reported that meditators with less than two years of medi-

tation experience elicited significant, bilateral activation in hippocampal areas during their

meditation session. This finding was noteworthy because, in contrast to the meditation group,
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participants with a similar level of meditation who were asked to repeat a short neutral phrase

throughout the session did not elicit significant hippocampal activation. These researchers

concluded that this hippocampal activation pattern could be related to the process of memory

consolidation.

Further, Brown and colleagues (2016), argued that episodic memory formation (a subcate-

gory of declarative memory) is dependent on the level of initial sensory encoding and working

memory processes. According to this argument, meditation enhances the quality of attention,

which in turn improves the quality of encoding with more fidelity into working memory. Thus,

meditation could be involved in memory formation by enhancing the encoding process, as

well as the subsequent consolidation of information.

However, this interpretation is in contrast to Schönauer, Pawlizki, Köck, & Gais (2014),

who emphasized that an enhancement effect is restricted to sleep and does not occur in

meditation (quiet wakefulness). In this study, Schönauer and colleagues examined various

forms of declarative memory, such as verbal content (verbal/nonverbal) and item types (sin-

gle/associate) with different recall modes (recall/recognition, cued/free recall). By combining

different memory scales into one measure, they found that the enhancement observed in

this study was restricted to sleep and did not occur in meditation (quiet wakefulness). This

conclusion, however, comes with some limitations. First, the sample size of the meditation

condition was relatively small (12 subjects). Further, by examining the performance on

associated items, it appears that the performance of nappers was not significantly different

from that of meditators, raising into question the overall effectiveness of sleep relative to the

meditation condition.

It is noteworthy to point out that differences in the experimental design may be related to
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some of the the discrepancies between prior work and the results of the current investigation.

First, in the Schönauer et al. (2014) study, each meditation session lasted 2 hours, which

may have in turn lead to fatigue and decreased motivation to continue the study. Second,

around 33% of the participants in the napping condition entered REM sleep, whereas

none of the participants in my study showed any REM sleep. In this regard, it is also

noteworthy that previous studies have shown that REM sleep significantly enhances memory

retention (Diekelmann & Born, 2010; Mednick et al., 2003). Third, the active wakefulness

condition of that study took place in a busy cafe, while experimenters discussed various

topics with the participants for 2 hours. In contrast, in my study, participants in all three

experimental conditions spent 60 minutes in the same room to avoid potential effects of

confounding (environment- or context-related) variables. Fourth, as mentioned, the sample

size of meditation condition in Schönauer et al. (2014) was relatively small (12 subjects). Thus,

I argue that, due to clear differences in the design and execution of these two experiments, it

is not surprising that the patterns of results differ between these two studies.

In the current study, participants in the napping condition exhibited better recall per-

formance than those in the active wakefulness condition, even though this difference was

not conclusive of a meaningful beneficial sleep effect. Prior research has shown that sleep

consistently promotes declarative memory consolidation (Tucker et al., 2006). The consider-

able difference between the learning of word-pairs in the Tucker et al. (2006) paper and my

study could explain the discrepancy: during the learning phase, participants in the Tucker et

al.’s study were asked to write down the word that completed the pair. In addition, during

the learning phase, participants were required to successfully recall 60% words to meet the

pre-test performance criterion. Again, these methodological differences make it difficult to
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directly compare the results of different investigations.

4.1.1 The effect of SWS

Although the presence of SWS was associated with a slight decrease in performance on

the declarative memory task, this difference was not conclusive of a significant sleep stage

effect. Numerous studies have suggested a facilitatory role of SWS on declarative memory

(Alger, Lau, & Fishbein, 2012; Plihal & Born, 1997). Schabus, Hödlmoser, Pecherstorfer, &

Klösch (2005) indicate that only those nappers who entered SWS exhibited improvement

on a declarative memory task, and Tucker et al. (2006) reported a non-significant positive

correlation between improvement in the verbal task and minutes of SWS during a napping

session. Among these studies, some have emphasized the important role of stage 4 sleep in

memory consolidation. For example, Wilhelm et al. (2011) reported a link between enhanced

memory consolidation and the time spent in stage 4 sleep. In addition, Diekelmann, Biggel,

Rasch, & Born (2012) found that a sleep period of 90 minutes can successfully stabilize

memories against interference, whereas a 40 minutes sleep period is not sufficient for memory

consolidation; importantly, they suggested that the amount of SWS obtained during sleep

was associated with this stabilizing effect

As the literature suggests, later phases of SWS may be particularly important for the

consolidation process. However, due to limitations in the experiment design, many participants

in my study were not able to spend sufficient amount of time in these phases, given that

they were woken up after the 60 minute sleep opportunity. It is possible that this feature of

the experimental design of the current study may have diminished the ability to successfully

consolidate new declarative information.
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4.1.2 Exploratory analyses

4.1.2.1 The role of sex

Computational models of my data suggest that a higher value of G-Mean predicts a lower

probability of being a male. In other words, if we observed a higher retention rate in the

declarative memory task, it was more likely that the participant was female.

This finding is supported by a comprehensive study of sex differences in declarative

memory by Maitland, Herlitz, Nyberg, Bäckman, & Nilsson (2004). To reiterate, Maitland et

al. (2004) found that females showed significant higher scores on recognition and recall items

of episodic memory. With regards to semantic memory, females also performed better than

men for fluency, whereas no significant differences were noted for knowledge. To explain this

phenomenon, Maitland and colleagues suggest that such superiority in episodic memory stems

from differences in encoding rather than retrieval. Notably, these researchers also reported

that the female superiority in declarative memory diminishes with advancing age (Maitland

et al., 2004). In conclusion, it appears that sex differences favoring females are more likely

to present for those types of memories that depend on the hippocampus and related areas

of the medial temporal lobe. Therefore, to more fully understand this phenomenon, future

studies should examine the anatomical and functional differences of these brain structures

during episodic memory tasks.

4.1.2.2 The role of meditative state and level of mindfulness

I found some non-significant evidence that the time spent in a meditative state, as defined

by EEG characteristics, may enhance declarative memory retention. It appears that there

are currently no published reports which have examined the relationship between the time
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spent in a meditative state during a meditation session and the performance on declarative

memory tasks. Importantly, the current literature does not necessarily consider the possibility

that the duration of a “meditative state” may actually be shorter than an entire meditation

session (Zeidan et al., 2010). This fact might be due to the difficulty in operationally defining

what constitutes a meditative state, and which components are essential to be considered as

such. In the last section of this chapter, I will address this issue in more depth.

4.1.2.3 The role of total sleep time and the duration of light sleep

In my analyses, both the total sleep time and the duration of time spent in light (stage

1-2) sleep stages did not significantly correlate with the measures of declarative memory.

Similarly, previous studies have also failed to find meaningful correlations between measures

of declarative memory recall and sleep parameters other than SWS (Lahl, Wispel, Willigens,

& Pietrowsky, 2008; Muto, Arpaia, De Padova, Russo, & Ficca, 2005; Schabus et al., 2005;

Tucker et al., 2006). With regards to the importance of light sleep stages, Lau et al. (2010)

reported a positive, yet non-significant correlation between the amount of stage 2 sleep and

relational memory. It should be noted, however, that in my study, the relationship between

the amount of light sleep and the measure of declarative memory recall (G-Mean) was slightly

negative. Altogether, it appears that declarative memory consolidation is not significantly

related to many NREM sleep parameters.
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4.2 Non-declarative memory

Based on my analysis, quiet and active wakefulness allowed similar levels of procedural memory

retention. It was intriguing, however, that the largest difference between any experimental

conditions turned out to be between the nap-SWS-present and the nap-SWS-absent groups,

with SWS-absent participants exhibiting the best performance and SWS-present having the

worst performance amongst all conditions in the marble maze task.

These peculiar outcomes raise some important questions: Can we obtain the same pattern

of results for all skills and procedural memory tasks? Why did SWS exert such a dramatic

effect on skill performance? If we accept the unfavorable role of SWS in the non-declarative

memory consolidation process, what underlying mechanism prompted this phenomenon?

4.2.1 The role of awareness

Robertson, Pascual-Leone, & Press (2004) claim that “awareness” plays a significant role

in the acquisition of procedural memories. Learning of new skills through practice could be

achieved intentionally, with the participant’s awareness (explicit learning), or unintentionally,

where participants have less awareness (implicit learning). Essentially, every procedural task

is comprised of both implicit and explicit learning components.

The procedural memory task employed in my study (the marble maze task) is an example

of this parallel implicit-explicit learning strategy, where participants showed the intention to

learn a new skill and were aware of the improvements of their performance (many participants

mentioned this during the break time in the learning session). Additionally, they were told

that their scores will be used to compare their performance, therefore, it is safe to assert
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that they had full awareness over their practice. Hence, it is plausible that those who stayed

awake (MED and WAKE conditions), used the opportunity to mentally rehearse the task.

However, by examining the acquisition curve of learning and retention performance (Figure 8),

it appears that the effect of mental rehearsal was limited to participants in the active

wakefulness group. On the other hand, those who had practiced meditation exhibited neither

substantial improvements nor decline in the performance; it appears that the association

between mindfulness and procedural memory is not discussed in the current mindfulness

literature.

Previous studies have reported that the consolidation of various procedural tasks is sleep-

dependent, and that memory for a procedural task is susceptible to interference without the

benefits of sleep (Brashers-Krug, Shadmehr, & Bizzi, 1996; Mednick et al., 2003; Peigneux et

al., 2003; Plihal & Born, 1997; Smith & MacNeill, 1994; Walker, Brakefield, Morgan, Hobson,

& Stickgold, 2002). Albeit Robertson et al. (2004) concluded that procedural memory

consolidation for explicit learning is sleep-dependent (as opposed to implicit learning, which is

time-dependent), they did not explore the potential effects of SWS or other sleep parameters

(i.e., total sleep time or the duration of light sleep stages). In the following section, I will

explore the potential role of SWS in affecting behavioural performance of participants in the

napping condition.

4.2.2 The adverse role of SWS

In Figure 11, it was demonstrated that the presence of SWS, or lack thereof, can drastically

affect the performance of nappers. In the absence of SWS during the 60 minutes of sleep

opportunity, total sleep time positively influenced behavioural performance. Conversely, if
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SWS was present during the napping session, the more time spent in SWS (combined with

the total duration of sleep), the overall performance in the procedural memory task became

worse.

It should be noted that the majority of benefits of sleep on procedural memory are observed

with overnight sleep, which is accompanied by REM sleep (Kuriyama, Stickgold, & Walker,

2004; Walker et al., 2002; Wilson, Baran, Pace-Schott, Ivry, & Spencer, 2012). Relatively

few studies have investigated the role of short periods of sleep (non-REM sleep), and their

findings are not in agreement with another. A number of studies claim that periods of sleep

dominated by SWS do not affect behavioural performance on implicit memory tasks (Plihal

& Born, 1997, 1999; Tucker et al., 2006). Mednick et al. (2003), for instance, acknowledges

that a non-REM midday nap, rich in SWS prevented memory deterioration; however, the

performance enhancements were not significant.

Apart from methodological discrepancies in the mentioned studies, sleep inertia is an

important factor that is often overlooked.

4.2.3 The dissipative role of sleep inertia

Sleep inertia, also known as sleep drunkenness, is defined as a state of grogginess and

performance impairment after waking, and is often regarded as the negative side effect of

napping (Hilditch et al., 2017; Tassi & Muzet, 2000). Sleep inertia can be aggravated by prior

sleep deprivation, wakening from SWS and short naps (Chokroverty et al., 2017). Tietzel

& Lack (2001) observed the performance of participants who took a 30-minutes nap in the

afternoon following a night of sleep restriction. At 5 minutes post-nap, participants performed

significantly lower compared to pre-nap levels in cognitive tasks (the symbol-digit substitution
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task and the letter cancellation task). In their comprehensive review, Hilditch et al. (2017)

reported that after a 30-minutes nap, sleep inertia is evident and performance significantly

worsens relative to pre-nap or no-nap levels; interestingly, 15 to 20-min naps do not appear

to cause any change in performance and alertness. These findings are consistent with my

analysis shown in Figure 11.

4.2.3.1 SWS and sleep inertia

Several studies have reported that following naps longer than 30-minutes, the proportion

of SWS in a sleep period is associated with performance impairments and reduced alertness

upon waking (Dinges, Orne, & Orne, 1985; Hilditch et al., 2017; Tassi et al., 2006). In fact,

Tassi & Muzet (2000) concluded that it is ‘absolutely clear’ that waking from SWS leads to

greater sleep inertia.

Altogether, it appears likely that sleep inertia, at least partially, is responsible for the

diminished performance of nappers who experienced SWS. Future research is needed to

experimentally investigate this effect.

4.2.4 Exploratory analyses

4.2.4.1 The role of sex

Computational models of my data suggest that better performance on the marble maze

task is related to a higher probability of being a male. In other words, if we observed a

superior behavioural performance in the procedural memory task, it is more likely that the

participant was male.

Relatively few studies have examined the role of sex differences on procedural memory
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(Coast, Blevins, & Wilson, 2004; Davies & Rose, 2000; Dorfberger, Adi-Japha, & Karni, 2009).

Of those that have, most have failed to address the differences in memory consolidation

processes and performance. To some extent, Dorfberger et al. (2009) investigated sex

differences in motor performance and motor learning in children and adolescents. They

employed various procedural tasks (i.e., simple thumb tapping, handwriting, and finger-on-

thumb-opposition sequence) on different age groups (9, 12, and 17 years). For all tasks,

17-year old males performed better than their female counterparts during both the training

sessions and post-training sessions. Notably, these off-line performance gains and the male

advantage in motor learning were retained even 6-weeks after the training session. Dorfberger

and colleagues concluded that gender may play an important role in motor learning and

performance. Specifically, males may benefit more than females in terms of procedural

memory learning, especially after the onset of puberty. Despite the difference in the age

group of my study and Dorfberger’s study, their findings support the results obtained in my

computational models showing a male advantage for performance of a procedural task.

4.2.4.2 The role of meditative state and level of mindfulness

Although the time spent in a meditative state was not associated with the performance

on the marble maze task, I found moderate evidence that the level of mindfulness, captured

by FMI scores, was positively correlated with procedural memory performance. Apart from

one study showing that post-training meditation enhances motor skills (Immink, 2016), the

current literature on mindfulness meditation has not yet addressed the relationship between

subjective measures of mindfulness and behavioural performance.

77



4.2.4.3 The role of total sleep time and the duration of light sleep

Consistent with previous research (Korman et al., 2007; Tucker et al., 2006), I found that

the total sleep time was not significantly correlated with the measures of non-declarative

memory.

My analysis of the role of light (stage 1 and 2) sleep and the difference of median

values yielded a slightly positive, yet non-significant correlation, which is partially consistent

with previous findings. Milner, Fogel, & Cote (2006) concluded that in habitual nappers,

consolidation of motor learning was associated with stage 2 sleep spindles. Using a rotary

pursuit task, Smith & MacNeill (1994) showed that stage 2 sleep was an important stage of

sleep for the efficient consolidation of procedural memories. Lastly, Korman et al. (2007)

reported a correlation between time spent in stage 2 sleep and motor skills enhancements.

Future studies with a larger sample size might reveal significant associations between time

spent in stage 2 sleep and behavioural performance on the marble maze task.

4.3 How does quiet wakefulness benefit the consolidation of mem-

ories?

As stated above, we found that meditation practice (as a form of quiet wakefulness) resulted

in higher declarative memory retention as compared to active wakefulness. With regard to

non-declarative memory, although both active and quiet wakefulness exhibited similar levels

of enhancement in procedural memory retention, participants who practiced mindfulness

meditation showed superior level of procedural performance (Fig 8.). This result is in

agreement with previous studies, wherein introducing brief periods of quiet waking rest
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following learning benefits memory, compared to equivalent periods of time spent engaged

in sensorimotor or cognitive tasks (Brokaw et al., 2016; Craig, Ottaway, & Dewar, 2018;

Stickgold, 2005). In addition to declarative and procedural memory, researchers have reported

that post-learning rest also enhances subsequent memory retention for spatial memory,

auditory statistical learning, and even facilitates insights into complex problems (Craig,

Dewar, Della Sala, & Wolbers, 2015; Craig et al., 2018; Gottselig et al., 2004). These

observations indicate that during of wakefulness, there are ‘offline states’, where memory is

preferentially consolidated (Wamsley, 2019).

Two explanations have been offered to account for this phenomenon. First, some re-

searchers have argued that quiet wakefulness provides optimal condition for intentional

rehearsal of recently acquired memories (Dewar, Alber, Cowan, & Della Sala, 2014; Robertson

et al., 2004). Second, it has been suggested that this enhancement can be explained by

the reduction of interfering sensory input during this state (protection from interference

hypothesis) (Diekelmann & Born, 2010). However, Wamsley (2019) raises several points and

argues against these explanations. For instance, although passive protection of memories

from interference could prevent forgetting, it is not clear how this process could lead to more

complex qualitative changes in memory itself. Rather, Wamsley believes that the effect of

quiet rest on memory is the result of an active and automatic process in which consolidation

is supported by an iterative reactivation of recently formed memory traces (Wamsley, 2019).

The exact mechanism behind memory consolidation during quiet wakefulness is a matter

of debate, but the main conclusion that can be drawn is that by intermittently going to an

‘offline state’, we can form enduring memories while awake.
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4.4 Limitations and Future Directions

The goal of this study was to examine the role of sleep and different forms of wakefulness in

declarative and non-declarative memory consolidation. However, there are several limitations

to this approach.

Firstly, to obtain a sufficient sample size of meditators, the opportunity sampling method

was performed to recruit participants. This approach, however, could reduce the repre-

sentativeness of the sample. Although a number of meditators were assigned to the two

other experimental conditions in the later stages of this study (5 participants to the WAKE

condition and 2 participants to the NAP condition), the overall assignment process was not

strictly random. Additionally, in terms of the background and history of meditation practice,

the current sample was not homogeneous, ranging from 3 to 96 months for the duration

of previous meditation practice. This inevitable variation limits the generalizability of our

findings. It is recommended that future studies recruit more meditators to allow comparisons

of performance of novice and experienced meditators.

Overall, the majority of participants in this study were females, leading to unbalanced

sex ratios in some of the experimental conditions. Although investigating sex differences

was not the aim of the current study, our exploratory computational analysis indicated that

sex differences could potentially affect memory retention. It should be noted, however, that

these findings are preliminary and were obtained from a small sample of males (n = 16).

With regard to age, we did not observe disparate results in the performance of participants

recruited from the local community. Nevertheless, we should be aware of possible confounds

that could have arisen due to differences in age, cognitive abilities, or conscientiousness
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compared with the typical cohort of university students. Also, previous studies have indicated

that generalizing from university students to the general public can be problematic (Hanel &

Vione, 2016). Altogether, it is recommended that future studies control for such demographic

differences to minimize confounds.

As a second point, the time allocated for the experimental intervention (60 minutes) may

be too long for the meditation group and too short for the napping group to exert the optimal

beneficial effects on consolidation. A considerable number of meditators were not used to

spending the entire 60 minutes practicing meditation. This may contribute to fatigue and

reduce the quality of meditation. Also, in future studies, it is suggested that researchers

monitor the polysomnography records of nappers while nappers are in the bedroom and do

not wake them if they have obtained less than 30 minutes of total sleep time.

Further, the use of the marble maze task was entirely novel, since no previous study

had utilized this apparatus as a measure of procedural memory. The scoring system and

the placement of holes on the Brio Labyrinth plate require external validity assessment. In

other words, by assessing the external validity, we are examining whether our dependent

and independent variables used in this study represent factors that are unique to our study

or represent variables that are universal (Mathison, 2005). Moreover, it is recommended

that future studies include other well-characterized tasks, such as the rotary pursuit task,

alongside the marble maze task to assess the criterion validity. By assessing the criterion

validity, we can describe how well scores on one measure (the marble maze task) predict

scores on another measure of interest (i.e., the rotary pursuit task) (Salkind, 2010).

In addition, to improve the shortcomings of the current version of the paired associate

task (i.e., class imbalance problem and inability to dissociate the recognition of words
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from familiarity), I recommend including the “Remember-Know (R-K) paradigm” in future

studies (Gardiner, 1988). The R-K task can differentiate between the recognition of objects

previously seen (“remember”; episodic memory) from the feeling of familiarity (“know”;

semantic memory) and from guessing (Brown et al., 2016). Further, half of the words shown

during the test session should be new and half should be old, which would avoid the class

imbalance problem (Straube & Krell, 2014).

Finally, it is important to differentiate between state mindfulness (also known as intentional

mindfulness) and trait mindfulness meditation (also known as dispositional mindfulness).

Trait mindfulness can be assessed through self-report questionnaires (e.g., Freiburg Mind-

fulness Inventory), whereas state mindfulness can be evaluated with objective measures

(e.g., meditative state assessment using EEG power spectrum assessment). Although these

considerations were beyond the aim of this study, it is recommended that future studies be

wary of the possibility that each domain of mindfulness may contribute differently to the

process of memory consolidation (Tang, 2017; Wheeler, Arnkoff, & Glass, 2016).

4.5 Conclusion

In summary, my study contributes new information to our current understanding of memory

consolidation. The results of the current study suggest that memory consolidation may not

be a sleep-specific-phenomenon. In fact, quiet wakefulness appeared to be more advantageous

than a short nap for the consolidation of declarative memories. Further, I found moderate

evidence that the amount of time spent in the meditative state is positively correlated with

declarative memory retention. Sleep parameters, such as SWS or total sleep time, did not
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show meaningful correlations with the performance of participants in the declarative memory

tasks. Also, the computational models predicted that females perform better than their male

counterparts in the declarative memory tasks.

This study also found that SWS exerts significant effects on the retention or recall of

non-declarative memory. For nappers, the absence of SWS resulted in noticeable performance

enhancements compared to participants who entered SWS. Thus, it is possible that SWS

plays a disadvantageous role in the consolidation of non-declarative memory. However, it is

also thought that sleep inertia caused by SWS is partly responsible for the impairments in

tasks of procedural memory. This study did not find significant associations between other

sleep parameters and procedural memory retention. Also, it appears that recall performance

for procedural tasks does not differ between quiet wakefulness (through meditation practice)

and active wakefulness. Lastly, the computational models predicted that males perform

better than their female counterparts in the procedural memory task; however, these findings

are preliminary and require a more balanced sex ratio in the future studies.
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Appendices

Appendix A. Poster of The Study

Figure 24: Poster of the study.
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Appendix B. General Research Ethics Board approval

of the study

 
September 14, 2018 

 

Dr. Hans Dringenberg 

Professor 

Department of Psychology 

Queen's University  

Humphrey Hall 

Kingston, ON, K7L 3N6 

 

Dear Dr. Dringenberg: 

 

GREB TRAQ #: 6019212 

Title: "GPSYC-779-16 The role of napping, meditation, and relaxation on memory consolidation in 

humans" 
 

The General Research Ethics Board (GREB) has reviewed and cleared your request for renewal of ethics 

clearance for the above-named study. This renewal is valid for one year from September 30, 2018. Prior to the 

next renewal date, you will be sent a reminder memo and the link to ROMEO to renew for another year. You are 

reminded of your obligation to submit an Annual Renewal/Closure Form prior to the annual renewal due date 

(access this form at http://www.queensu.ca/traq/signon.html/; click on "Events;" under "Create New Event" click 

on "General Research Ethics Board Annual Renewal/Closure Form for Cleared Studies"). Please note that when 

your research project is completed, you need to submit an Annual Renewal/Completed Form in Romeo/traq 

indicating that the project is 'completed' so that the file can be closed. This should be submitted at the time of 

completion; there is no need to wait until the annual renewal due date. 

 

You are reminded of your obligation to advise the GREB of any adverse event(s) that occur during this one-year 

period. An adverse event includes, but is not limited to, a complaint, a change or unexpected event that alters the 

level of risk for the researcher or participants or situation that requires a substantial change in approach to a 

participant(s). You are also advised that all adverse events must be reported to the GREB within 48 hours. To 

submit an adverse event report, access the application at http://www.queensu.ca/traq/signon.html/; click 

on "Events;" under "Create New Event" click on "General Research Ethics Board Adverse Event Form." 

 

You are also reminded, that all changes that might affect human participants must be cleared by the GREB. For 

example, you must report changes in study procedures or implementation of new aspects into the study 

procedures. Your request for protocol changes will be forwarded to the appropriate GREB reviewers and/or the 

GREB Chair. To submit an amendment form, access the application at http://www.queensu.ca/traq/signon.html; 

click on "Events;" under "Create New Event" click on "General Research Ethics Board Request for the 

Amendment of Approved Studies." 

 

On behalf of the General Research Ethics Board, I wish you continued success in your research. 

 

Yours sincerely,  

 
Dean Tripp, Ph.D.  

Chair, General Research Ethics Board  

   

c.: Ms. Asvini Kulanayagam and Mr. Mohammad Dastgheib, Co-investigators 

 Dr. Leandre Fabrigar, Chair, Unit REB  

 

 

Figure 25: General Research Ethics Board approval of the study.
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Appendix C. Letter of Information and Consent Form

For Data Collection and Protection

LETTER OF INFORMATION AND CONSENT FORM

FOR DATA COLLECTION AND PROTECTION

Principal Investigator: Hans C. Dringenberg, Ph.D.
Co-Investigator: Mohammad Dastgheib

Study Title: The role of napping, meditation, and relaxation on memory
consolidation in humans

I, , have agreed to participate in the above-mentioned
study, which aims to investigate the role of different behavioural states and activities
(waking, napping, meditation, yoga) in memory consolidation. I am aware that, at any
time, I am encouraged to ask for further information about the study and the specific,
experimental procedures that will be performed during my participation.

Study Overview:
I am aware of and agree to participate in the following aspects of the study.

1. I will complete a questionnaire to collect the following, personal information: name;
age; gender; handedness; employment status; confirmation of the absence of a diagnosis of
neurological, psychiatry, and sleep disorders; confirmation that I currently do not use
prescription medication that is known to affect sleep quality. I will complete the Freiburg
Mindfulness Inventory questionnaire to characterize my experience of mindfulness.

2. On the day of the experiment, I will arrive in the lab during afternoon (2:30 to 3:00
pm), where I will complete the Epworth Sleepiness Scale to assess my level of wakefulness.

3. Subsequently, electroencephalogram (EEG), electromyogram (EMG), and
electrooculogram (EOG) electrodes are attached to measure brain activity, muscle
activity, and eye movements, respectively. I agree to have the principal investigator or
co-investigator connect electrodes to the skin of my head and face to monitor EEG,
EMG, and EOG activity for about 60 minutes, while I will either watch a movie, nap,
meditate, and do yoga. I realize that the procedure to connect the electrodes involves
some level of physical contact between the experimenter and me. Also, I am aware that

1
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Appendix C. cont.

this procedure requires the application of conductive pastes and medical tape to my skin.

4. I agree to complete a number of behavioural learning tasks over a period of about 45
minutes, which will include:
- study paired associates (list of two nouns presented as pairs, e.g., “milk streetcar”)
- visual-motor skill (subjects play a game where they navigate a marble through a
wooden maze)

5. Next, I will enter a secure, quiet lab room (adjacent to the main lab room, where the
investigators will be present throughout the entire duration of the experiment) by myself,
where I will either watch a movie, nap, meditate, or do yoga. EEG, EMG, and EOC
activity are monitored during this time period (45 - 60 minutes; all personal belongings
can be brought with me into the room during this period).

6. Subsequently, I will return to the main lab and all electrodes are removed. I will again
complete the Epworth Sleepiness Scape to assess if the di↵erent activities changed my
level sleepiness.

7. Finally, I will be tested on the same tasks again to assess memory for the information
learned during earlier task exposure.

8. I will be given the choice of receiving an immediate payment of $25, or being entered
into a draw for a $250 gift card (Tim Horton’s; Starbuck’s). Participants recruited from
the Departmental Subject Pool will receive credit toward PSYC 100 and an immediate
payment of $10, consistent with Departmental policies; they are o↵ered the choice of
payment or entry into the draw.

Withdrawal for Study: I understand that I may withdraw from the study at any time
during the two visits to the laboratory, or refuse to participate in specific aspects of the
study without explanation and without incurring a penalty. If I decide to withdraw, all
data collected up to this time point will be immediately destroyed unless I give
permission that the experimenter keep my partial data on file for further analysis and
possible inclusion (in aggregate form) in future publications resulting form the research.

Potential risks of participation: Physical risk: some participants may experience skin
irritation by the medical tape or conductive paste required to attach the electrodes to the
skin, even though such reactions are extremely rare. Immediately inform the
experimenter if you experience discomfort or irritation of the skin; the experimenter will
immediately remove all electrodes and clean the a↵ected skin area with warm, soapy
water (this is also performed at the end of all recording procedures).

2
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Benefits of participation: Participants have an opportunity to experience research
first-hand and learn about the role of sleep and other behavioral states in memory
formation and optimal cognitive functioning.

Confidentiality of information and data: Each participant is assigned a unique code
and data collected during the experiment are only linked to this code. All information
and data are kept in a secure space at Queen's University (locked o�ce and lab space;
password-protected computers) and are only accessible to the principal and
co-investigator(s). For the purposes of any written theses, conference presentations, and
scientific publications, only aggregate data are presented. Data are kept for five years
following the publication of the study results in a scientific journal. Subsequently, all data
and other files are deleted (from computers) or shredded.

Ethics clearance: This study has been granted clearance by the Queen's University
General Research Ethics Board, according to the recommended principles of Canadian
ethics guidelines, and Queen's policies.

Questions or concerns regarding this project: Questions regarding this lab can be
addressed to:

Dr. Hans C. Dringenberg
Principal Investigator
Phone: 613-533-6215
E-mail: dringenb@queensu.ca

Any ethical concerns about the study may be directed to the Chair of the General
Research Ethics Board at:

E-mail: Chair.GREB@queensu.ca
Phone: 613-533-2988, ext. 32988

I understand that my consent to participate in this study does not waive any of my legal
rights as an individual residing in Canada.

Signature:

Date:

3

Figure 26: Letter of information and consent form for data collection and protection.
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Appendix D. Participant Information Survey

Participant Information Survey

1. Name (First/Last):

2. Do you have a current, medical diagnosis of any neurological, psychiatry, or
psychological conditions (circle one)?

YES NO
3. Do you have a current diagnosis for a sleep disorder and/or are you taking any
prescription medication that could affect sleep (circle one)?

YES NO

IMPORTANT: If you answered Yes to either Question 2 or 3, please do not
continue with this questionnaire and talk to the investigator.

4. Age (years):

5. Gender (circle one): Male Female Other

6. Handedness (circle): Right Left Both

7. Employment Status:

8. Please check if you engage in either of the following activities (at least 3 times per week
on average for the last 3 months)

Napping If yes, what time do you typically nap?

Meditation If yes, describe your technique:

How long have you been practicing?

9. At what time do you typically go to sleep?

At what time do you typically get up?

1
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Appendix D. cont.

10. How would you characterize your typical sleep quality (circle one)?

A. I have no trouble sleeping and usually feel that I get enough sleep and am well-rested
B. I generally sleep well, but occasionally suffer from lack of enough sleep

C. My sleep is quite mixed; at times I sleep well, but at other times, I suffer from sleep loss
and tiredness

D. I am a poor sleeper and it is rare for me to get enough sleep and feel well-rested

E. I suffer from chronic sleep loss and feel that my daytime functioning is impaired due to
the poor quality of my sleep

Participant Code (condition + subject number):
C = control (movie); N = nap; M = meditate

2

Figure 27: Participant Information Survey.
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Appendix E. Freiburg Mindfulness Inventory

Freiburg Mindfulness Inventory

The purpose of this inventory is to characterize your experience of mindfulness. Please use

the last 30 days as the time-frame to consider each item. Provide an answer the for every

statement as best you can. Please answer as honestly and spontaneously as possible. There are

neither ‘right’ nor ‘wrong’ answers, nor ‘good’ or ‘bad’ responses. What is important to us is

your own personal experience.

1 2 3 4

Rarely Occasionally Fairly often Almost always

I am open to the experience of the present moment. 1 2 3 4

I sense my body, whether eating, cooking, cleaning or talking. 1 2 3 4

When I notice an absence of mind, I gently return to the experience of the

here and now.

1 2 3 4

I am able to appreciate myself. 1 2 3 4

I pay attention to what’s behind my actions. 1 2 3 4

I see my mistakes and difficulties without judging them. 1 2 3 4

I feel connected to my experience in the here-and-now. 1 2 3 4

I accept unpleasant experiences. 1 2 3 4

I am friendly to myself when things go wrong. 1 2 3 4

I watch my feelings without getting lost in them. 1 2 3 4

In difficult situations, I can pause without immediately reacting. 1 2 3 4

I experience moments of inner peace and ease, even when things get hectic and

stressful.

1 2 3 4

I am impatient with myself and with others. 1 2 3 4

I am able to smile when I notice how I sometimes make life difficult. 1 2 3 4

sum:

subject:

1
Figure 28: Freiburg Mindfulness Inventory.
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Appendix F. Self-report Questionaire for the wake

condition

Figure 29: Self-report Questionaire for the wake condition.
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Appendix G. Self-report Questionaire for the medita-

tion condition

Figure 30: Self-report Questionaire for the meditation condition.
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Appendix H. Self-report Questionaire for the sleep

condition

Figure 31: Self-report Questionaire for the sleep condition.
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Appendix I. Epworth Sleepiness Scale

Epworth Sleepiness Scale

Your name: Today’s date:

Your age (yrs): Your sex (Male = M, Female = F):

Reflect on how you feel at this moment. If you were currently in each of the listed situations,

rate how likely would you be able to doze off or fall asleep

Use the following scale to choose the most appropriate number for each situation:

0 = would never doze

1 = slight chance of dozing

2 = moderate chance of dozing

3 = high chance of dozing

It is important that you answer each question as best you can.

Situation Chance of Dozing (0 - 3)

Sitting and reading

Watching TV

Sitting, inactive in a public place (e.g. a theatre or a meeting)

As a passenger in a car for an hour without a break

Lying down to rest in the afternoon when circumstances permit

Sitting and talking to someone

Sitting quietly after a lunch without alcohol

In a car, while stopped for a few minutes in the traffic

Figure 32: Epworth Sleepiness Scale.

111



Appendix J. Debriefing and Explanation of The Study

Figure 33: Debriefing and explanation of the study.
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Appendix K. Frequentist Report of Statistical Analy-

ses

Declarative memory

The overall model predicting GMean (formula = GMean ~ 1 + as.factor(Condition))

explains 7.64% of the variance of the endogen (adj. R2 = 4.61). The model’s intercept is

at 0.80 (SE = 0.025, 95% CI [0.76, 0.85]).

Within this model: - The effect of as.factor(Condition)NAP is not significant (beta = -0.026,

SE = 0.033, 95% CI [-0.093, 0.040], t = -0.79, p > .1) and can be considered as small (std.

beta = -0.23, std. SE = 0.29). - The effect of as.factor(Condition)WAKE is significant

(beta = -0.080, SE = 0.036, 95% CI [-0.15, -0.0078], t = -2.22, p < .05) and can be

considered as medium (std. beta = -0.70, std. SE = 0.31).

Non-declarative memory

–non-SWS

The overall model predicting MedianScores (formula = MedianScores ~ Condition + (1

| Code)) has an total explanatory power (conditional R2) of 59.98%, in which the fixed

effects explain 4.50% of the variance (marginal R2). The model’s intercept is at 5.53 (SE

= 0.55, 95% CI [4.46, 6.60]).

Within this model: - The effect of ConditionNAP is not significant (beta = -0.63, SE = 0.93,
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95% CI [-2.42, 1.17], t(43) = -0.68, p > .1) and can be considered as small (std. beta =

-0.24, std. SE = 0.35). - The effect of ConditionWAKE is not significant (beta = -1.29, SE

= 0.78, 95% CI [-2.81, 0.23], t(43) = -1.65, p > .1) and can be considered as small (std.

beta = -0.49, std. SE = 0.30).

–SWS

The overall model predicting MedianScores (formula = MedianScores ~ Condition + (1

| Code)) has an total explanatory power (conditional R2) of 67.51%, in which the fixed

effects explain 6.22% of the variance (marginal R2). The model’s intercept is at 5.53 (SE

= 0.51, 95% CI [4.54, 6.52]).

Within this model: - The effect of ConditionNAP is not significant (beta = -1.24, SE = 0.77,

95% CI [-2.74, 0.25], t(47) = -1.61, p > .1) and can be considered as medium (std. beta =

-0.52, std. SE = 0.32). - The effect of ConditionWAKE is significant (beta = -1.29, SE =

0.72, 95% CI [-2.69, 0.11], t(47) = -1.79, p = 0.08) and can be considered as medium (std.

beta = -0.54, std. SE = 0.30).
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Appendix L. Central Posterior Uncertainty Intervals

Central Posterior Uncertainty Intervals

Declarative memory

sigma

ConditionWAKE

ConditionNAP

(Intercept)

−0.25 0.00 0.25 0.50 0.75

median and 50% intervals (the thick segments) and 90% intervals (the thinner outer lines)
Declarative memory

Figure 34: Central Posterior Uncertainty Intervals of the Declarative memory model.
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Appendix L. cont.

Non-declarative memory

Central Posterior Uncertainty Intervals

sigma

ConditionWAKE

ConditionNAP

(Intercept)

−2.5 0.0 2.5 5.0

median and 50% intervals (the thick segments) and 90% intervals (the thinner outer lines)
Non−declarative memory − nonSWS

Figure 35: Central Posterior Uncertainty Intervals of the Non-declarative memory model,

non-SWS.
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sigma

ConditionWAKE

ConditionNAP

(Intercept)

−2.5 0.0 2.5 5.0

median and 50% intervals (the thick segments) and 90% intervals (the thinner outer lines)
Non−declarative memory − nonSWS

Figure 36: Central Posterior Uncertainty Intervals of the Non-declarative memory model,

SWS.
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Appendix M. The Interaction of Gender in Non-SWS

Group

The interaction of gender in non-SWS subset of nappers on non-declarative memory task

I fitted a Markov Chain Monte Carlo gaussian (link = identity) model (4 chains, each

with iter = 2000; warmup = 1000; thin = 1; post-warmup = 1000) to predict

Median Scores (formula = scale(MedianScores) ~ Condition * Gender + (1 |

Code)). The model’s priors were set as follows: ~ normal (location = (0, 0, 0, 0, 0), scale

= (0.50, 0.50, 0.50, 0.50, 0.50))

The model has an explanatory power (R2) of about 60.06% (MAD = 0.077, 90% CI [0.47,

0.72], adj. R2 = 0.24). The intercept is at -0.086 (MAD = 0.20, 90% CI [-0.40, 0.24]).

Within this model:

• The effect of stage 1 and 2 sleep has a probability of 74.98% of being negative (Median

= -0.19, MAD = 0.28, 90% CI [-0.65, 0.28], Overlap = 74.61%).

• The effect of quiet wake has a probability of 70.28% of being negative (Median = -0.13,

MAD = 0.25, 90% CI [-0.54, 0.28], Overlap = 78.90%).

• The effect of being Male has a probability of 99.50% of being positive (Median = 0.73,

MAD = 0.28, 90% CI [0.28, 1.19], Overlap = 19.60%).

• The interaction between nap and being male has a probability of 53.97% of being

negative (Median = -0.039, MAD = 0.41, 90% CI [-0.65, 0.67], Overlap = 96.14%).

• The interaction between quiet wake and being male has a probability of 78% of being
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negative (Median = -0.33, MAD = 0.43, 90% CI [-1.07, 0.37], Overlap = 71.10%).

\begin{figure}
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\caption{The interaction of being male on the performance on the Maze task for nappers in

the stage 1 and 2, meditators, and participants in the quiet wake condition. Error bars

reflect 90% credible intervals.} \end{figure}

119



Appendix M. cont. The Interaction of Gender in SWS

The interaction of gender in SWS subset of nappers on non-declarative memory task

I fitted a Markov Chain Monte Carlo gaussian (link = identity) model (4 chains, each

with iter = 2000; warmup = 1000; thin = 1; post-warmup = 1000) to predict

MedianScores (formula = scale(MedianScores) ~ Condition * Gender + (1 |

Code)). The model’s priors were set as follows: ~ normal (location = (0, 0, 0, 0, 0), scale =

(1.24, 1.24, 1.24, 1.24, 1.24)).

The model has an explanatory power (R2) of about 65.02% (MAD = 0.062, 90% CI [0.54,

0.75], adj. R2 = 0.47). The intercept is at 4.48 (MAD = 0.48, 90% CI [3.69, 5.25]). Within

this model:

• The effect of SWS has a probability of 81.85% of being negative (Median = -0.60, MAD

= 0.67, 90% CI [-1.59, 0.46], Overlap = 65.33%).

• The effect of quiet wake has a probability of 67.22% of being negative (Median = -0.27,

MAD = 0.60, 90% CI [-1.20, 0.77], Overlap = 82.26%).

• The effect of being male has a probability of 99.95% of being positive (Median = 2.09,

MAD = 0.65, 90% CI [1.07, 3.17], Overlap = 11.23%).

• The interaction between SWS and being male has a probability of 67.33% of being

positive (Median = 0.42, MAD = 0.91, 90% CI [-1.06, 1.96], Overlap = 82.32%).

• The interaction between quiet wake and being male has a probability of 81.08% of being

negative (Median = -0.96, MAD = 1.08, 90% CI [-2.74, 0.76], Overlap = 66.27%).

\begin{figure}
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\caption{The interaction of being male on the performance on the Maze task for nappers in

the SWS and meditators and participants in the quiet wake condition. Error bars reflect 90%

credible intervals.} \end{figure}
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