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Abstract For PhD

Impact of pharmacological and non-pharmacological interventions on sleep and cognition in
older adults with insomnia.

Loic Barbaux, Ph.D.
Concordia University, 2025

Sleep supports overall health and cognition, notably memory consolidation through NREM-related
brain oscillations. Sleep architecture is disrupted by aging, with chronic insomnia further
compounding these changes. Given its links to cognitive decline and adverse health outcomes,
addressing chronic insomnia in older adults is critical for promoting healthy aging.

High insomnia prevalence in older adults contributes to widespread sedative-hypnotic use, yet its
impact on sleep regulation remains unclear. We compared sleep architecture, EEG spectrum, and
NREM brain oscillations related to memory consolidation across older adults with chronic
insomnia, with and without chronic sedative-hypnotic use (benzodiazepines, BDZ, and
benzodiazepine receptor agonists, BZRA), and good sleepers. Findings indicated that chronic BZD
and BZRA use impairs sleep regulation at both macro- and micro levels, potentially mediating the
association with cognitive decline in aging.

Cognitive behavioral therapy for insomnia (CBTi) is a non-pharmacological intervention that
constitutes the first-line treatment for insomnia. This study assessed the combined impact of CBTi
and sedative-hypnotic withdrawal on sleep and cognition in older adults with chronic insomnia.
The combined intervention improved withdrawal success, reduced insomnia severity, and
preserved sleep duration, while also enhancing subjective sleep quality. A concurrent reduction in
sleep spindle density was observed. These findings highlight strategies for safer and more effective
sedative-hypnotic discontinuation in aging populations.

Rocking bed stimulation represents a promising intervention to improve sleep and memory,
although its long-term effects remain unclear. This study examined the impact of three consecutive
nights of rocking apparatus stimulation in young good sleepers to replicate prior findings, intended
for future application in older adults with insomnia. On the first night, rocking stimulation did not
enhance sleep architecture, brain oscillations, or memory, likely due to suboptimal motion and
noise-related disturbances. However, a second night rescued some effects, suggesting rapid
habituation. These findings underscore the importance of refining stimulation parameters to
optimize the potential benefits of rocking on sleep and memory.

This thesis presents new insights into pharmacological, behavioral, and rocking motion

interventions, which may help design a comprehensive approach to enhancing sleep quality and
cognitive health in aging populations.
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Chapter 1: General Introduction



1.1 What is sleep physiology ?

Sleep or sleep-like state is observed in all animal species despite the increased vulnerability and
risk of predation associated with this resting behavior!. Throughout evolution, it has been
preserved as a fundamental biological process?. Sleep composes one-third of our lives and is as
essential as feeding and drinking. Sleep is defined as a reversible behavioral state of perceptual
disengagement from/and unresponsiveness to the environment, generally characterized by a
recumbent posture, closed eyes, and a quiescence state®. Although the brain is in an immobile

body, it remains active during sleep with a dynamic activity responsible for several functions®*.

1.1.1 Measurement of sleep and wakefulness states

1.1.1.1 Subjective sleep assessment

Sleep is a multidimensional behavior that includes both objective physiological processes and
subjective experiences and integrating both assessments is essential for a comprehensive
understanding of sleep and its impact on health. A self-reported restorative night of sleep was
associated with enhancement in well-being, daily functioning, positive mindset, that further
increases confidence and productivity®. It was also associated with enhancement in reflexes and
reaction time, leading to greater physical capabilities. Importantly, sleep was linked to positive
effects on social interactions, enhancing empathy, communication skills and emotional well-
being. Furthermore, the subjective sleep perception was found to influence sleep satisfaction
and daytime functioning®.

Subjective sleep assessment are constituted by standardized questionnaires related to sleep
quality or insomnia complaints (e.g., Pittsburgh Sleep Quality Index (PSQI)’, Insomnia
Severity Index (ISI)%, St Mary’s questionnaire®). In addition, the sleep diary, used daily over
several weeks, is the most commonly used tool for assessing subjective sleep!'®!!. Sleep diaries
report how a person feels upon awakening, documenting their perception on time spent asleep
and latency to fall asleep as well as the frequency and duration of nighttime awakenings (i.e.
wake after sleep onset, WASO). They also assess whether their sleep was refreshing, and
determine their level of sleepiness'?.

1.1.1.2 Objective sleep assessment

Polysomnography recordings (PSG) is widely acknowledged as the gold standard for objective
sleep assessment!®. PSG encompasses a comprehensive set of measurements, including
electroencephalogram (EEG) for cerebral electrical activity, electromyogram (EMG) for

muscle activity placed on the chin, electrooculogram (EOG) composed of bipolar electrodes for



electrical activity of ocular movement, according to the American Association of Sleep
Medicine (AASM) guidelines'*. EEG signal recorded from the scalp provides an indication of
spontaneous electrical activity of the dendrites of cortical pyramidal neurons, specifically the
synchronisation of their excitatory or inhibitory potentials. Additional measurements include
electrocardiogram (ECQG) for cardiac activity, and various respiratory measurements (i.e.
abdominal/thoracic belts, pulse oximeter, thermistor) and assessing body movements (e.g.
EMG electrodes on legs for periodic leg movements)!3.

Actigraphy is a non-invasive method for objectively measuring sleep using a wrist- or ankle-
worn device'®. These devices track body movement acceleration across three axes and ambient
light to estimate sleep duration, fragmentation, and onset based on immobility and darkness.
While actigraphy provides valuable insights into sleep patterns over multiple days, it remains
an indirect measure and does not identify sleep stages'®!”.

1.1.1.2.1 Vigilance states

Vigilance states are composed of wakefulness, and sleep, further categorised into NREM (Non
Rapid Eye Movement) and sleep. From PSG recordings and according to the AASM guidelines,
visual sleep scoring on 30-s epochs enables the characterisation of these vigilances states,
according to the presence of specific grapho-elements, characterized by specific frequencies
and amplitudes on the EEG signal'*. In addition, EEG signal is used to perform power spectrum
analysis, which decomposes EEG signal into its constituent frequencies bands and quantifies

their respective power!.

1.1.1.2.1.1 Wakefulness

During wakefulness, the cortical acitivity is desynchronized, EEG signal is composed of fast
frequency and low amplitude wave of mixed-voltage, ranging in the alpha, beta and gamma
power spectrum, respectively from 8 to 11 Hz, 15 to 30 Hz and 30 to 120 Hz. Specifically
during relaxed wakefulness and eyes closed, it is possible to measure alpha rhythm, a marker
of reduced cerebral frequency'.

Beyond the time spent awake (i.e. WASO), there are other markers of wakefulness or sleep
fragmentation, such as the number of transitions between sleep stages (stage switch index; SSI)
and number of transitions from deep to lighter sleep stages (sleep fragmentation index; SFI) per
hour of sleep?®. The density of micro-awakening also called arousals informs on the integrity

of sleep. Arousals are characterized by sudden increases in spectral activity of high-frequency



bands (i.e., alpha, beta), without leading to complete wakefulness, and typically last from 3 to

15 seconds?!.

1.1.1.2.1.2 Sleep

1.1.1.2.1.2.1 NREM sleep

NREM sleep is divided into three stages, respectively from falling asleep to deep sleep: N1,
N2, and N3, usually described in percentage of the total sleep period (TSP), from sleep onset
to the final awakenings. It is characterized by an overall low muscle tone and slow rapid eye

movements?? (See Figure 1).
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Figure 1: Distinctive EEG pattern of sleep stages and wakefulness

Adapted from Pandi-Perumal et al.>* and Barbaux?*.

Rapid Eye Movement, REM

1.1.1.2.1.2.1.1 Stage N1

The transition from wakefulness to sleep is represented by N1 stage. It is characterized by slow

eye movement, low-amplitude waves and mixed frequency activity in the theta or alpha range?.

1.1.1.2.1.2.1.2 Stage N2

As sleep deepens and cortical activity becomes increasingly synchronized, the EEG signal
becomes characterized by larger amplitude and slower frequencies in the N2 stage. This stage
is characterized by the presence of specific brain oscillations, namely spindles (sigma

frequency: 12-16 Hz) and K-complexes (0.5-1 Hz)>.



1.1.1.2.1.2.1.2.1 K-complex

K-complexes are generated by the cortex and are characterized by a biphasic wave with a high
amplitude positive peak followed by a low amplitude negative peak?®. They last from 0.5 to 1
sec and can appear both spontaneously?’ or in response to sensory stimulation, such as auditory

stimulation?3.

1.1.1.2.1.2.1.2.2 Sleep spindles

Sleep spindles are characterized as brief bursts of activity oscillating within the sigma frequency
range (11-16 Hz) typically lasting between 0.5 to 3 sec, occurring more frequently in N2, but
are also present in N32%3°, Spindles can be visually detected in the EEG signal or using
algorithm?!. Their generation involve a thalamo-cortical loop, further discussed in the chapter
“1.1.2.2.1.1 Thalamo-cortical pathway”. Spindles are categorized into slow or fast spindles
according to their frequency with a threshold typically set at 13 Hz and based on their
localization?*3%-32734_ Fast spindles (>13 Hz) are predominantly found in posterior areas, while
slow spindles (<13 Hz) are preferentially observed at the frontal site.

Spindle characteristics remain consistent within individuals across multiple nights between and
appear as a stable trait in adults*® and older adults®>; although spindles have been found to be
modulated by sensory stimulation®%37, pharmacological intake® as well as aging processes’.
Spindles have been functionally involved in sleep stability, as its density is a strong stable trait
within individuals across nights**#! in sleep maintenance in the face of noise** and are
heritable®}. Sleep spindles are also associated with sleep-dependent memory consolidation

4449

processes, including declarative memory**° and procedural memory>°->3, further discussed in

the chapter “1.2.1.2 Active system consolidation process”.

1.1.1.2.1.2.1.3 Stage N3

The N3 stage displays the greatest amplitude and lowest frequency waves. It is characterized
by the dominance of slow wave activity (SWA), is prevalent in the early sleep period and
declines thereafter™*. This stage also known as deep sleep or slow wave sleep (SWS), including
slow oscillations (SO; <1.25 Hz) and delta rhythm (0.5-4 Hz), known as slow wave activity
(SWA).

1.1.1.2.1.2.1.3.1 Slow oscillations
Slow oscillations (SOs) are generated by the cortex and are recorded at a frequency from 0.5 to

1.25 Hz during N3. SO biphasic shape reflects the alternating pattern of cortical excitability



state, known as the down-state and the up-state®>. The down-state is characterized by a cortical
silence: cortical neurons are hyperpolarized, and their excitability decreases. This state is
associated with a negative wave in EEG recording from cortical surface. Conversely, the up-
state is characterized by a depolarization of cortical neurons, resulting in an increase in
excitability, associated with a positive wave in EEG recording.

Both N3 duration and SOs has been found to provide beneficial effect on sleep-dependent
memory consolidation. In addition, SOs synchronizes and bind other NREM rhythms (i.e., delta
rhythm, thalamo-cortical spindles, hippocampal sharp-wave ripples) enabling sleep-dependent

56,57

memory consolidation processes >/, see “1.2.1.2 Active system consolidation process”. SWA

is also essential for sleep homeostasis, see “1.1.3 Sleep-wake regulation”.

1.1.1.2.1.2.2 REM

REM sleep is defined by muscle atonia, except for rapid eye movements, with an EEG activity
similar to wakefulness or N1 stage®, characterized by low amplitude and mixed-frequencies,
in the gamma, and most prevalent in the theta frequency range>-®°. Periods with no rapid eye

movements refer to tonic REM, while in the presence of rapid eye movements, phasic REM®!,

1.1.1.2.1.3 Sleep architecture

During the night, sleep follows a cyclical pattern: first N1, then N2, followed by N3, and finally
REM sleep. The combination of NREM and REM periods forms a sleep cycle, with each cycle
lasting approximately 90 minutes and occurring 4 to 5 times throughout the night®2.
Furthermore, the proportion of time spent in N3 is highest early in the night and nearly absent
later on, while REM sleep is most prevalent during the late night and absent during the early
night. Additionally, the composition of sleep stages—N1, N2, N3, and REM—represents
approximately 5%, 50%, 15%, and 25% of TSP in healthy adults>*.

The combination of SOL, WASO, and TST is represented by the time spent in bed (TIB), which
reflects the duration of the lights-off period. In addition, sleep efficiency (SE) is calculated as
the percentage of the TST/TIB ratio, which is considered ideal when it reaches 85% or higher.



1.1.2 Neurobiology of sleep-wake regulation

1.1.2.1 Wakefulness promotion

The reticular formation (RF) is essential for the regulation of wakefulness and sleep. An
experiment conducted by Magoun and Moruzzi in 1949 demonstrated that electrical stimulation
of the RF could awaken a cat from an anesthesia-induced state®. EEG recordings revealed low-
amplitude, high-frequency waves characteristic of wakefulness. However, after sectioning the
cat's brainstem, it was no longer possible to awaken the animal, and the EEG displayed a
continuous coma state characterized by high-amplitude and low-frequency activity. The RF is
a neural structure located along the brainstem, characterized both structurally and functionally
into three columns: central, median, and lateral. The central reticular column includes the raphe
nuclei (RN), which contain serotonergic neurons?>%4, The median reticular column contains
the mesencephalic reticular formation (MRF), a non-specific structure that includes two
specific nuclei: the laterodorsal tegmental (LDT) and the pedunculopontine tegmental (PPT)
nuclei, both consisting of cholinergic neurons. Anatomically and functionally connected to the
RF, the locus coeruleus (LC) is a brainstem structure situated at the junction of the pons and
midbrain, composed of noradrenergic neurons. Together, these structures form the ascending
reticular activating system (ARAS).

Wakefulness, or cortical arousal, is sustained notably through direct excitatory projections to
the frontal cortex through reciprocal excitatory interactions within the ARAS. Furthermore, the
ARAS is continuously stimulated by incoming sensory information (both external and
proprioceptive). The ARAS plays a crucial role in maintaining cortical arousal, or wakefulness,
through two distinct pathways: the ventral pathway and the dorsal pathway.

The ventral pathway specifically describes the pathway through which projections from ARAS
ascend via the hypothalamus and basal forebrain, influencing cortical arousal and promoting
desynchronization, which is marked by the higher-frequency in EEG signal characteristic of
wakefulness. The ascending projections of the ARAS depolarize neurons in the posterior
hypothalamus, particularly within the tuberomammillary nucleus (TMN)?2%4, The TMN
contains histaminergic neurons, which release excitatory histamine projections to the cortex
and the basal forebrain, specifically targeting the nucleus basalis of Meynert (NBM). The
cholinergic neurons in the NBM then send excitatory projections to the cortex, leading to the
cortical desynchronization observed similarly during wakefulness. Another crucial structure in
maintaining wakefulness is the lateral hypothalamus (LH), which contains orexin (or

hypocretin) neurons??%*, These neurons have excitatory projections that depolarize wake-



promoting structures such as the ARAS and the TMN, further enhancing cortical activation
(See Figure 2A).

The dorsal pathway refers to the pathway that extends from ARAS to the thalamus and
subsequently to the cortex, while also encompassing direct projections from ARAS to the
cortex. The excitatory cholinergic neurons of both LDT and PPT are essential in depolarizing
the thalamus and promote cortical excitation. During wakefulness, the thalamus functions as an
information gateway, regulating the flow of sensory signals to and from various cortical

regions?>%4,
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Figure 2: Wake and NREM promoting system

Adapted from Saper et al.®.

RN=raphe nuclei; LC=locus coeruleus; PPT=pedunculopontine tegmental; LDT=laterodorsal
tegmental; VLPO=ventrolateral preoptic nucleus;, TMN=tuberomammillary nucleus

(A) During wakefulness, the ascending reticular activating system send excitatory projections
to the thalamus and the cortex.

(B) During NREM sleep, the VLPO send inhibitory projections to the ascending reticular

activating system.

1.1.2.2 Sleep promotion

Sleep induction occurs through the activation of the anterior hypothalamus within the preoptic
area and specifically involving the ventrolateral preoptic nucleus (VLPO). The VLPO consists
of GABAergic and galaninergic inhibitory neurons that hyperpolarize neurons in structures
responsible for sustaining wakefulness and cortical excitation, specifically the ARAS, the LH,

the TMN, and LDT/PPT indirectly?>%* (See Figure 2B).



The accumulation of adenosine, a marker of increasing sleep pressure, promotes sleep by

activating the VLPO (see “1.1.3 Sleep-Wake Regulation™).

1.1.2.2.1 NREM maintenance

1.1.2.2.1.1 Thalamo-cortical pathway

As the excitatory cholinergic afferents to the thalamocortical neurons (TC) and the inhibitory
inputs to the thalamic reticular nucleus (TRN) are progressively inhibited, cortical activity
increasingly becomes influenced by the thalamic activity®6.

The thalamo-cortical pathway encompasses various thalamic structures that are essential for
regulating sleep-wake cycles??%4, Neurons in the TRN release inhibitory GABAergic signals to
TC neurons, which subsequently project excitatory glutamatergic signals to the cortex. In turn,
the cortex sends excitatory projections back to the TRN, establishing a thalamo-cortical circuit.
Additionally, TC neurons provide excitatory feedback to the TRN neurons, creating a local loop
within this system.

During wakefulness, the TRN exhibits tonic inhibitory activity that filters and modulates
sensory input from the environment as it passes through the thalamus to the cortex?>%4. The
TRN interacts closely with other neural networks to ensure an adaptive response to external
stimuli. As sleep onset begins and the cholinergic activity is inhibited, TRN neurons shift to an
intrinsic "burst" firing pattern. These neurons have distinct electrophysiological characteristics
that allow the maintenance of a tonic firing during depolarization for sensory information relay,
and an oscillatory pacemaker activity when hyperpolarized®®. This TRN driven activity
hyperpolarizes TC neurons, initiating an oscillatory state that synchronizes cortical rhythms,

reaching its peak during SWA?23°,

1.1.2.2.1.2 Sleep spindle generation

The initiation of spindle activity originates in the opening of low-threshold, voltage-dependent
Ca?' channels (CaV3) in the TRN, which functions as a pacemaker®”-*%. Due to their low-
threshold properties, TRN Ca?" channels can open during hyperpolarized states, which occur
when the ARAS system weakens??. The TRN neurons dendrites express high levels of these
low-threshold Ca?* channels®”-%, generate "burst" action potentials, involving rapid sequences
of action potentials firing*°. Cortico-reticular projections from cortical layer VI to TRN distal

dendrites lead to excitatory postsynaptic potentials, thereby activating Ca’" channels’ and



further activate Ca?*-dependent potassium SK2-type, causing after-hyperpolarization, which
limits burst duration®®. Inhibitory influence from TRN neurons on TC neurons is enhanced
notably by robust axon-dendrite connectivity’!, and the recruitment of extra synaptic
GABAergic receptors’. Together, these mechanisms amplify TC neuron hyperpolarization
through tonic TRN inhibition3%73. In response to inhibitory postsynaptic potentials from TRN,
TC cells can initiate rebound burst firing through low-threshold Ca®* channels’, driving
thalamo-cortical oscillatory activity to the cortex’”>. This discharge mode is triggered when
multiple inhibitory postsynaptic potentials from TRN neurons are received. Excited TC neurons
then project excitatory glutamatergic outputs onto TRN neurons’®’’. This feedback can occur
in an “open-loop” format, where the TRN neurons excited are adjacent to those initially
inhibiting the TC neurons, allowing lateral excitation within the TRN to propagate and
synchronize spindle rhythms3%73.78,

The synchronization of thalamic spindle rhythms is predominantly regulated by corticothalamic
mechanisms that ensure spatial and temporal coordination”. Corticoreticular projections to the
TRN are topographically organized, with terminal arborizations aligning with dense innervation
areas, facilitating cortical-TRN communication and thalamic rhythm modulation®®. The
simultaneous activation of multiple sectors of the TRN also contributes to this coordination.
Moreover, thalamic circuits are essensial for the synchronization of spindle rhythms. Open-
loop feedback between TC neurons and the TRN facilitates the recruitment of additional TRN
cells, allowing spindle activity to spread across larger thalamic territories’s. Direct dendritic
communication among TRN neurons through gap junctions further enhances synchronization,
with functional coupling being particularly pronounced during the burst firing of TRN
neurons®, In addition, several anti-synchronization mechanisms exist to modulate spindle
rhythms, leading to hyperpolarisation, and further complete deactivation of TRN neurons®!-3,
The average duration of a spindle ranges from 0.5 to 3 sec, followed by a refractory period of
5 to 10 sec. This refractory period is primarily induced by cellular afterhyperpolarization,
resulting from the activation of Na‘- and Ca*-dependent K* channels in TRN neurons®.
Additionally, TC neurons experience cellular after-hyperpolarization induced by
hyperpolarization-activated non-selective cation (HCN) channels, which contribute to the

suppression of burst rebound activity in TC neurons3®,
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1.1.2.2.1.2 Slow oscillation generation

Slow oscillation is represented by an alternation between two states of stable membrane
potentials recorded in EEG: the down-state and the up-state>. During up-state, a negative wave
is measured by intracranial EEG in the deep cortical layers, and a positive wave is measured by
EEG in the superficial cortical layers. As previously mentioned, TC neurons have afferents in
all cortical layers, although majority of synapses are found between layers III to VI¥’. These
glutamatergic excitatory afferents activate several types of neurons, including inhibitory
parvalbumin interneurons, which lack GluA2 subunit at their postsynaptic AMPAR receptors>°.
This property induces a faster and more prolonged temporal summation of synaptic inputs than
that induced directly by glutamatergic afferents, inducing an inhibitory dominance in deep
cortical layers®®. In superficial layers, parvalbumin interneurons inhibit dendrite-targeting
somatostatin interneurons of pyramidal neurons, thus conducting to a disinhibition effect and
neuronal discharge recorded in EEG.

During down-state or cortical silence, a positive wave is measured by intracranial EEG in the
deep cortical layers and a negative wave is measured by EEG in the superficial cortical layers™.
This time, somatostatin interneurons inhibits superficial layers leading to a surface cortical
silence although deep pyramidal neurons soma is activated and can also activate TC neurons
through their excitatory afferences. Thus, sleep spindles are time-locked to particular phase of

SO, inducing a cross-frequency phase amplitude coupling*.

1.1.2.2.2 REM sleep

The regulation of REM sleep involves REM-on and REM-off neurons, and their interneurons
localized in the brainstem®. While REM-on neurons are localized in the LDT/PPT, REM-off
neurons are localized in the RN and the LC. REM-on neurons are inhibited by the ARAS system
during wakefulness, and by the REM-off neurons during NREM sleep, preventing REM onset.
The decrease in the REM-off neurons over time facilitates the activation of the REM-on neurons
and REM onset. Termination of REM period is constituted by the activation of REM-off
neurons by the REM-on neurons. This reciprocal innervation maintains the cyclic pattern of
NREM and REM sleep across the night. REM sleep is not in the scope of the present thesis,

and REM generation will not be discussed further.



1.1.3 Sleep-wake regulation

During wakefulness, the VLPO is inhibited by the ARAS system, while during NREM, in
contrast, the ARAS is inhibited by the VLPO. The switch from one process to the other is
known as the flip-flop switch model®**, regulated by two processes : the homeostatic processus
S and the circadian processus C°'2. These two processes are closely associated in on the
cellular and molecular level®*4,

The process S, also known as sleep homeostasis, refers to the accumulation of sleep-promoting
factors, such as adenosine, in the cortex and the brainstem during wakefulness due to neuronal
activity. Adenosine was found associated with sleep pressure, the accumulation of which leads
to VLPO activation for sleep promotion®>—7. This increase in sleep pressure accumulated during
wakefulness is gradually reduced during sleep, especially involving SWA, and reduces the need
for sleep. Such process is influenced by the proportion of the prior wakefulness period®?.
Moreover, sleep homeostasis was observed to temporally and spatially reflects local cortical
neuronal activity®®%.

The process C is an endogenous biological clock that regulates the circadian rhythm. The
circadian rhythm is mediated by clock genes, such as Period (Per3), which encode protein
involved in generating circadian rhythmicity!%-1%3, It is primarily driven by light, and to a lesser
extent by daytime activities and food intake!'%*. During wakefulness, light is detected by the
reticular ganglion cells containing melanopsin, which activate the suprachiasmatic nucleus
(SCN) of the hypothalamus via the retino-hypothalamic pathway. The SCN is the main
synchroniser of the circadian rhythm in a 24-hours light-dark cycle, influencing various
physiological processes (i.e. thermogenesis, metabolism, mood, sleep)!?1%, This activation
leads to the inhibition of melatonin production by the pineal gland. As light diminishes in the

evening, melatonin production begins cyclically.

1.2 Why sleep 1s important ?

1.2.1 Function of sleep
Sleep is a behavior essential for health, ensuring physiological homeostasis and overall brain

function!06-108

. This is particularly evident in the consequences of sleep disturbance, or
deprivation, which manifests through a range of detrimental effects.

Both partial and total sleep deprivation leads to significant perturbation in physiologycal
homeostasis. Animal studies demonstrated detrimental effect such as weight loss despite

increased nutrient intake, skin lesions and impaired thermoregulation'®®. Notably, complete
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sleep deprivation resulted in mortality within 2 to 3 weeks, whereas partial sleep deprivation
led to death within 4 to 6 weeks. Research in human also indicated an association between sleep
duration and mortality risk. A 22-year longitudinal study found correlations between both short
(i.e. <6 hours) and long (i.e. >8 hours) sleep duration and increased mortality risk!'%!!!,
Furthermore, sleep regularity has been recognized as a stronger predictor of mortality risk
compared to sleep duration!'!?.

The effect of sleep on the cardiovascular system was widely studied. One-night sleep
deprivation induced sympathetic hyperactivity, evidenced by increased stress hormone
secretion (i.e. cortisol, noradrenaline), and higher blood pressure and heart rate in healthy
adults'!3. The discrepancy between chronological age and the heart’s estimated biological age,
determined based on cardiovascular risk factors (e.g., smoking, diabetes, hypertension) and
referred to as excess heart age—was the lowest in individuals sleeping 7 hours per night and

increased with both shorter and longer sleep durations''*

. Moreover, one-night sleep
deprivation impaired cortical control of respiratory motor output (i.e. diaphragm), reducing
inspiratory endurance in healthy adults'!>.

The immune system is also impacted by sleep. In mice model, circadian rhythm disruption
significantly altered cellular innate immune system!!®, Studies in healthy adults also reported
that partial sleep deprivation activated cellular innate immune response, with increased levels
of proinflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a)!'7-118 - Additionally, evidence suggests a link between the gut microbiome and sleep

regulation through the microbiota-gut-brain axis'!'’.

Certain bacterial taxa displayed
associations with SE and IL-6 levels, while others are linked to sleep fragmentation'?°. Notably,
self-reported sleep quality demonstrates a positive correlation with the Firmicutes-to-
Bacteroidetes (F/B) ratio in healthy young adults'?!. Short sleep duration (i.e. <5 hours) also
showed effect on the kidney function, with an increased risk of proteinuria, a marker of kidney
disease progression'?2,

Beyond its effect on physical health, sleep was also found essential in metabolism regulation,
weight control and appetite. One night of sleep deprivation increased a hormone regulating
appetite (i.e. ghrelin), while reducing hormones regulating satiety and metabolism (i.e. leptin,

adiponectin), potentially facilitating weight gain in individuals with obesity!%.

Sleep
deprivation contributed to fatigue, which may, in turn, reduce physical activity and energy
expenditure, and encouraging sedentary behaviors and increased food intake!?#!2%. Short sleep
duration (i.e. <7 hours) was associated with an increased risk of obesity, adverse cardiovascular

outcomes (i.e. cardiovascular diseases, hypertension, coronary heart diseases) and diabetes
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mellitus'!!. The risk of type 2 diabetes incidence followed a U-shape, with the lowest incidence
observed in individuals sleeping 7 to 8 hours per night!!!:126,
Sleep is also essential for cognitive function. Sleep disturbance leads to vigilance and attention

128 and further increases the risk of traffic

impairment'?’, reduced driving performance
accident'?®, Within the academic sphere, poor sleep quality and quantity was linked to
worsening in performance, and neurocognitive impairment'*°. Moreover, sleep deprivation was
associated with increased in anxiety levels'®!. Even moderate sleep loss induced increased
aggressivity, anger in response to irritants (e.g. noise), and diminished enthusiasm!3?!33,
Notably, lower N3 duration was associated with reduced positive mood following one-night
sleep deprivation'**!133, Sleep is also strongly associated with depression!3¢-138, Approximately
80% of individuals with depression report sleep disturbances'*®, which commonly include
prolonged sleep latency, increased fragmentation, and reduced durations of both N3 and REM
duration'*’, Furthermore, sleep disturbance not only constitutes as a symptom of depression but
also represents a risk factor for its onset'*!. Notably, individuals with insomnia but no
depression displayed a twofold increased risk of depression incidence compared to those
without insomnia or depression'#?, Furthermore, sleep impacted nociception and pain
sensibility. Studies shown that sleep restriction (i.e. 4 hours) increased vulnerability of having
migraine!*, and pain sensibility specifically in healthy females!#.

Sleep also constitutes also a significant determinant of stroke risk'4>!46, A meta-analysis
involving over 500.000 individuals found a U-shape association between sleep duration on
stroke incidence'#’. Both short (i.e. 5 or 6 hours) and long (i.e. 8 or 9 hours) sleep duration
increased stroke incidence, by respectively 15% and 45%'#7. Similarly, a U-shape effect was

found for the risk of cardiovascular disease mortality 4%,

1.2.1.1 Sleep-dependent memory consolidation
This thesis focuses on one important function of sleep: memory consolidation, which involves

specific brain oscillatory activity.

1.2.1.1.1 Memory processes

It is well established that sleep is crucial for the formation of memory'*. Memory function is
typically divided into three processes: encoding, consolidation, and retrieval'#’. The perception
of a stimulus initially leads to the formation of a labile memory trace, susceptible to forgetting.

Memory consolidation encompasses both short- and long-term memory process that stabilize
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this trace, integrating the information into an accessible memory-related knowledge network.
Retrieval characterises the reactivation and recall of memories. Given that sleep is characterized
by a reduced responsiveness to external stimuli, it provides an optimal window for memory
consolidation'*. Memory formation in the hippocampus is characterized by change in neuronal
connectivity, a process known as synaptic plasticity. This phenomenon involves modification
in the synaptic strength, with either long-term potentiation (LTP), enhancing synaptic strength,
or long-term depression (LTD), reduced synaptic connections within the memory-related neural
network 3151,

Memory can be classified into declarative and non-declarative memory, based on the type of
information coded and the neural pathway involved!>2. Declarative memory involves the medial
temporal lobe, the prefrontal cortex, and the hippocampus'>3. It refers to explicit memory,
which can be consciously recalled and verbally expressed. Furthermore, this type of memory is
divided into semantic memory, which includes knowledge of facts and concepts independent
of the encoding context and requires repeated encoding for consolidation. Episodic memory
refers to the recall of events contextualised in a specific temporal and spatial framework adapted
to individuals’ experience, characterized by fast encoding. Non-declarative memory involves
motor areas, the striatum, and the cerebellum. It refers to implicit memory, which do not require
conscious processes. This includes procedural memory, referred as motor memory, for motor
skills, as well as conditioning such as Pavlovian reflexes.

Numerous studies have demonstrated the effect of sleep on stabilizing memory performance!>*
and providing beneficial effect on sleep-dependent memory consolidation, across a large range
of motor sequence learning tasks!>®. These benefits are influenced by the experimental design
(i.e. varied delay design, nap versus overnight sleep, sleep deprivation), the type of memory
assessment as well as age and clinical status!3*!56-158 A meta-analysis on sleep-dependent
procedural memory consolidation revealed a significant improvement in younger adults (i.e.,

)157_ In

18-35 years) but did not observe the similar effect in older adults (i.e., 60—85 years
addition, individuals with insomnia did not display the same sleep-related memory benefits
observed in healthy participant'®.

Extensive research demonstrated the role of sleep in procedural memory enhancement,
particularly when using the finger-tapping task. Beneficial effect was found across various

163,164
b

experimental designs, including varied time design®»'3162 nap studies sleep

deprivation!%

, and dimension transfer design assessing the ability to apply new learned skills
to new tasks!%6. Notably, REM sleep was found to predict sleep-dependent improvements in

procedural memory performance in healthy young adults'®’~'%°, Additionally, REM sleep is
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closely linked to emotional memory consolidation!”®. Numerous studies also demonstrated the
importance of sleep spindles, particularly fast spindles activity in the parietal region, with the
improvement of procedural memory performance%!71-174,

Moreover, the importance of sleep was also demonstrated for declarative memory in multiple
studies'*173. Notably, N3 duration in early sleep was associated with improvement in
declarative memory consolidation*”!7¢17_ Furthermore, the greatest memory improvement
was associated with the highest hippocampal reactivation during N3 %0,

Studies also observed an association between improvement in declarative memory and

increased in fast spindle in the parietal area*’-131-133,

1.2.1.2 Active system consolidation process

The active system consolidation process refers to the system in which the encoded the memory
trace is transferred from the hippocampus to the neocortex (especially during N3) through
repetitive reactivation, promoting long-term retention'®*. The active system consolidation
process combines two hypotheses for sleep-dependent memory consolidation process. The dual
process hypothesis suggests that N2-N3 benefits declarative memory, while REM improves
procedural memory consolidation'. The sequential hypothesis assumes that, during N3, non-
adaptive memories are weakened and adaptive ones strengthened, with consolidation occurs

during REM'4.

Such hippocampal activity, known as sharp-wave ripples are temporally coupled with thalamo-
cortical sleep spindles and cortical SOs and are beneficial for sleep-dependent memory
consolidation!'#-17%-185-188 ‘Numerous studies investigated the coupling between SO and spindle,
and observed that fast spindles were coupled around the SO up-phase, while slow spindles
nested after the up-state in the up-to-down phase3*37-18-194 (See Figure 3). Furthermore, the
phase of SO at which spindles were coupled showed significant variation between individuals

195 Several

while maintaining consistency between consecutive nights within individuals
studies have demonstrated the role of the coupling between SO and spindles in the consolidation
of both procedural®®>? and declarative memory3637.194196-200 " Cross-frequency coupling
between SO phases and sigma frequency can be assessed using the modulation index (MI) and
the coupling preferred phase (CP)?°'. MI represents the coupling strength, specifically the
average degree of modulation of the coupling between SO and sigma. CP reflects the average
preferred phase (in a circular visual ranging from 0 to 360°) at which the amplitude of sigma is

highest.

‘16



AT | |
= Lo ‘ . Al * Slow oscillation
: .Neocojr‘t‘e_!xr: ,]\-\ |

B ‘ "."‘\."V“ww“\:"!l\Iill‘l‘iJll‘l' oot | SiEEp spindle
N‘\ . Sharp waves ripple
. (SPWR)

; + Ripple

(fast frequency
component of
the SPWR)

Figure 3: Neural interplay between hippocampal sharp wave ripples, thalamo-cortical spindle

and cortical slow oscillation

Adapted from Marshall & Cross et al.””.

1.2.2 Sleep disorders: chronic insomnia

Sleep disorders are common in the general population, represented by parasomnias (e.g.
somnambulism), central disorders of hypersomnolence (e.g. narcolepsy), sleep-related
breathing disorders (e.g. obstructive sleep apnea; OSA), sleep-related movement disorder (e.g.
restress legs syndrome or periodic limb movement of sleep), or circadian rhythms sleep-wake
disorders?%2203, The present thesis focused only on the most prevalent sleep disturbance,

represented by insomnia.

1.2.2.1 Definition of insomnia

Insomnia definitions changed over time, from a focus on symptomatology classification to an
emphasis on treatment implications?®*. Insomnia used to be subdivided into different types:
psychophysiological insomnia, paradoxical insomnia, idiopathic insomnia2%-2%, The most
common form is constituted by psychophysiological insomnia, defined by somatic tension and
negatives and excessive worry about pre-sleep routine or bedtime, leading to a hyperarousal
cerebral state, further disrupting sleep. Insomnia is characterized as paradoxical when
individuals reported complaints about sleep, while objective sleep assessment (PSG) did not
provide any sleep perturbation?’’-2%, Furthermore, a discrepancy of at least 15% between
objective (i.e., PSG) and subjective (i.e., sleep diaries) sleep measures, known as sleep
misperception, is common and occurs in approximately 50% of individuals with

insomniaZ07-209:210 Tpdividuals with insomnia disorder tend to overestimate their wakefulness
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events, including sleep onset and nocturnal awakenings, while underestimating their sleep
duration?”’. In addition, idiopathic insomnia referred to insomnia disorder with no apparent
disrupting factors and starting since childhood.

Currently, insomnia disorder is classified based on the absence and presence of medical or
psychiatric conditions (comorbid) into short-term (acute) or chronic insomnia, rather than
classified into primary or secondary insomnia. Acute insomnia refers to sleep disturbances
lasting less than three months, whereas chronic insomnia is defined by complaints occurring
for at least three times per week for a minimum duration of three months. Insomnia is a complex
and heterogeneous disorder, with significant inter-individual variability in the changes
associated with it. Evidence based on objective sleep duration and spectral activity identified
distinct insomnia subtypes?!'!. Similarly, a high-dimensional data-driven subtyping of insomnia
identified three profiles: highly distressed (low happiness, negative affect, pre-sleep arousal),
moderately distressed (pre-sleep arousal with either negative affect and stress-induced insomnia
or reduced positive impact and happiness), and low distressed (insomnia linked to life events,
fatigue, and childhood trauma rather than rumination)?’®. Insomnia subtyping was also

212 There is

established from difference in subtype-specific brain structural connectivity
currently no consensus on insomnia phenotyping, and the definition of insomnia subtypes is
still a topic of intense research.

The third edition of the International Classification of Sleep Disorder (ICSD-3) of the AASM
in 2014 defined insomnia disorder by self-reported sleep initiation or maintenance difficulties,
despite having adequate opportunities and circumstances for sleep; leading to impaired daytime
functioning®?. In addition, the Diagnostic and Statistical Manuel of Mental Disorders, 5%
edition (DSM-5)?!3 in 2013 from the American Psychiatric Association and the International

Classification of Diseases, 11" edition (ICD-11) in 2019 from the World Health Organization

converged to provide the same definition for insomnia disorder?'4,

1.2.2.2 Prevalence and risk factors

Multiples studies reported that insomnia disorder is commonly found in the worldwide
population?!>21¢: Europe?!72!8, America?!*?%, Asia and Africa®?!. According to these studies,
insomnia disorder prevalence ranged from approximately 4 to 40 % of the general population,
and even greater in the United States?!®. The estimated prevalence of insomnia disorder among
a sample of 2000 Canadians (i.e., aged 18-99) was approximately 13% in 2007222, In 2023, a
study involving a larger sample of 4000 Canadians (i.e., aged 18—102) estimated the prevalence

of insomnia disorder at around 16%, while insomnia symptoms were reported in approximately
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35% of participants??®. The difference in the definition of insomnia??%?2* as the subjective
questionnaires used (ISI*?*; PSQI’ and the population demographics may account for the
variation in insomnia prevalence??3-223-226,

The behavioral model proposed by Spielman is the most widely accepted framework for
explaining both the development and chronic persistence of insomnia®?’. These “3P” model
outlines the sequential interaction of three factors: predisposing, precipitating, and perpetuating
factors. Predisposing factors account for biological, psychological, behavioural components
that increase the susceptibility for insomnia. Insomnia complaints are associated with numerous
risk factors as reported by multiples studies'?®?2822° Insomnia disorder was found highly

223.230 " among older adults compared to young

prevalent among female compared to male
adults??3231232 individuals from lower socioeconomic status, and lower self-reported quality of
life and poorer overall health?3?, In addition, insomnia is associated with medical condition (i.e.
genetic factors, cardiovascular disease, neurologic disease, breathing and urinary problem,
chronic pain and gastrointestinal problems)?4, further worsened by medical care
hospitalization?¥. Lifestyle factors (i.e. caffeine consumption?3®, shift work?*”), sleep disorders

238 caregivers to a family

such as OSA, and psychosocial factors (i.e. anxiety, depression
member?3?) are also linked to a higher prevalence of insomnia. Precipitating factors refer to
negative life events that disrupt sleep, including environmental disturbances, stress, racial
discrimination or traumatic experiences. Over time, insomnia is reinforced as individuals
attempt to adjust their sleep habits in response to persistent sleep disturbance, leading to chronic
insomnia. Perpetuating factors encompass maladaptive behaviors that sustain insomnia, such

as substance use to promote sleep, prolonged napping or excessive time spent in bed?%.

According to this model, insomnia become self-sustaining, regardless of its initial cause.

1.2.2.3 Sleep and daytime functioning impairment

Individuals with insomnia complaints demonstrate clinically significant distress, with
detrimental consequences that significantly impact their daily functioning on physical health
(diabetes, hypertension), mental well-being (depression, anxiety, suicide) and cognitive
function (impaired concentration, attention, and memory)®240-242_ Sleep complaints also

included frequent daytime napping?43244,

A meta-analysis comparing individuals with insomnia disorder compared to healthy controls
reported that insomnia disorders disrupts sleep continuity, with decreased sleep duration and

SE, and increased sleep onset, fragmentation (i.e. WASO, arousal density). In addition, sleep
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architecture was impacted, while both N3 and REM duration decreased, and both N1 and N2

228 with insomnia.

duration increased in adults®*>?% and in older adults
Regarding sleep spindles in individuals with insomnia disorder®¥’, studies did not report any
significant difference regarding spindle density or frequency?*3?4 or related sigma power
activity?>%23! in adults and older adults?>>. In contrast, a decreased in delta power and increase
in sigma power spectrum was observed in older adults with insomnia?3.

Furthermore, the hyperarousal hypothesis explained that insomnia is characterized by a 24-hour
state of heightened activation with somatic, cognitive, and cortical arousal components?>+233,
Individuals with insomnia disorders exhibited increase sympathetic nervous system activity,
with elevated heart rate, higher body temperature, and heightened alertness, and in contrast a
reduction in parasympathetic nervous system activity?>62%. Cognitive arousal refers to
hyperactivity of specific cerebral area, associated with negative affect, rumination, and
worry?6%-261 In addition, cortical arousal as investigated with power spectrum analysis reveals
a decrease in low-frequency bands (e.g., delta and theta)?®22% in individuals with insomnia,
while high-frequency bands, (i.e. beta) show increased activity?3>264265 Given that insomnia is
a complex and heterogeneous disorder with multiple subtypes, varying symptoms, and diverse

263 Insomnia disorder has

assessment tools, this may explain the inconsistency in study findings
a substantial impact on Canada's healthcare system: the associated costs reached approximately
$500 million in 2020, encompassing healthcare expenses and work productivity losses:

insomnia complaints play a significant role in the economic burden of illness in Canada?6¢-268,

1.2.2.4 Normative aging and its association with insomnia

A study of over 6800 older adults diagnosed with insomnia disorder reported that nearly 90%
presented at least one comorbid condition or risk factor known to disrupt sleep (i.e. depression,
cancer, cardiovascular diseases, medication use)’®®. This finding suggests that sleep
disturbances commonly observed in older adults are primarily attributable to comorbid
conditions rather than being an inherent consequence of aging?’’. The increased prevalence of
chronic conditions with advancing age may contribute to the higher incidence of insomnia
complaints in this population. Notably, fewer than 7% of individuals with insomnia have no
underlying chronic condition, further supporting the role of comorbidities in late-life sleep
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disturbances®’'. In addition to medical conditions, age-related psychosocial and lifestyle

factors, such as social isolation, reduced mobility, and retirement, have also been associated
with adverse effects on sleep quality, further exacerbating the risk of insomnia in older adults?’2.

As sleep becomes more fragile with age, the risk of developing insomnia increases.
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Regarding subjective sleep quality, insomnia complaints are the most common sleep
disturbance among the elderly population?’274, 1t is well established that sleep maintenance
decreases with aging?’>?76. Sleep duration was found to decrease from childhood to seniors in
a linear manner, from 10 minutes every decade for males and 8 min for females?’’, and reaches
a plateau at 60 years?’8. Similarly, decrease in SE was observed?’8. Sleep onset latency was also
observed to increase with aging, usually from the age of 50 years?’’27°,

Sleep fragmentation, such as the arousal index?®’, and WASO, increase with age®’®. These age-
related changes in sleep pattern are accompanied by alterations in sleep architecture. Sleep
stages proportion is also changed with aging: N1 and N2 are increased, while N3 and REM

duration are decreased®’® (See Figure 4).
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Figure 4: Age effect on sleep stages, nocturnal awakenings and sleep onset durations
Adapted from Ohayon et al.?’8,
REM= rapid eye movement

In addition, spindle activity, specially fast spindle density was found decreased with aging?3!~
286 as well as SWA?7%27 and SO density and amplitude®®3288289 The changes in the
characteristics of brain oscillation are associated with cognitive decline in the elderly?®. In
addition, SO and spindle coupling was found impaired with aging, and may contribute to the

192,197,289,291-293

memory impairment experienced with aging , where the peak in fast spindle

activity was not found at the SO up-state, but earlier.
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1.2.2.5 Association with neurodegenerative pathways

Sleep is essential for the clearance of metabolic waste accumulated during daytime through the
glymphatic system?®, a process that evacuates proteins from the brain implicated in
neurodegenerative diseases, including B-amyloid (AP), tau, and o-synuclein®. This
mechanism is particularly relevant in carriers of the apolipoprotein E (ApoE) &4 allele—the
strongest genetic risk factor for Alzheimer’s disease (AD) —who exhibit increased B-amyloid
aggregation®%62%7,

Evidence from cerebrospinal fluid tracer studies indicates that a single night of sleep
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deprivation significantly impairs molecular brain clearance="°. In line with findings from animal

2% sleep disruption has

models demonstrating AP accumulation following chronic sleep loss
been associated with an increased AP burden in both middle-aged®® and older healthy
individuals®’!. Moreover, the proportion of SWA as well as SE were associated with the
longitudinal trajectory of AP deposition in the cortex3%2.

Findings from a large dataset gathered by the Canadian Longitudinal Study on Aging, middle-
aged and older (i.e. >45 years) with probable insomnia disorder (PID) exhibit poorer lifestyle
(tobacco and alcohol use, low incomes), medical condition (anxiety, depression, pain, fatigue,
diabetes) when compared to individuals who solely report symptoms of insomnia (ISO) and
with no insomnia symptoms (NIS)3%. Furthermore, this study results revealed that middle-aged
adults and older with PID showed cognitive impairment in comparison to those with ISO and
NIS. Specifically, their declarative memory, as predicted by age, was significantly affected®®.
Accordingly, several studies have demonstrated that sleep complaints, such as insufficient sleep
duration or symptoms of insomnia, are associated with a higher risk of developing cognitive
decline or dementia34>%, Furthermore, it has been demonstrated that the development of
insomnia disorder after 45 y.o is linked to an increased risk of developing subjective cognitive
impairment®*’. Studies have shown that a range of 2% to 6% of older individuals with subjective
cognitive impairment, specifically memory-related, will eventually develop mild cognitive
impairment’*®1°, Subsequently, it has been demonstrated that over 60% of individuals with
mild cognitive impairment will develop dementia or AD?'!312, Therefore, early intervention in
treating insomnia disorders could potentially prevent or slow down the onset of cognitive

impairment.



1.3 How to improve sleep ?

1.3.1 Benzodiazepine and benzodiazepine receptor agonist

The introduction of benzodiazepines (BZD) dates back to the 1960s with Chlordiazepoxide and
Diazepam, initially prescribed to treat sleep disorders and particularly insomnia complaints
with their sedative-hypnotic properties®'3*!4. By the 1970s, BZDs had become the most
commonly prescribed class of drugs worldwide due to their rapid onset of action and efficacy
in treating insomnia3!'>31¢ as well as various psychiatric disorders such as anxiety, and
obsessive-compulsive disorder’'72!, However, by the 1980s, concerns emerged regarding
tolerance, as well as diminished long-term efficacy, and dependence, as withdrawal symptoms
were observed even at therapeutic doses upon discontinuation3??=324, In response, the 1980s and
1990s saw the development of benzodiazepine receptor agonists (BZRA), commonly known as
Z-drugs, which were designed as alternatives for insomnia treatment, offering a shorter onset

and duration of action compared to traditional BZDs3%,

1.3.1.1 Mechanism of action

BZDs and BZRAs function as ligand for the gamma-aminobutyric acid type A (GABAA)
ionotropic receptor, a chloride-selective ion channel with four transmembrane domains,
composed of five subunits for the most common subtype: two a, two 8, and one y>2¢32% (See
Figure 5). Both BZDs and BZR As act as positive allosteric modulators, binding to their specific
site at the o-y subunit interface rather than directly to the GABAA binding site at the o-f3
interface®?%3°. The binding to the GABAA receptor induces a tridimensional conformational
change that facilitates the CI” channel opening. Specifically, BZDs/BZRAs enhance the
opening frequency of the GABAA receptor Cl~ channel, but only in the presence of GABA,
while in absence of GABA, they have no impact on GABAA receptor function®?!. The influx of
CI lead to the hyperpolarisation of the neuronal membrane and overall neuronal depression,

accounting for the GABA inhibition effect332333,



Benzodiazepine
binding site

Figure 5: Structure of the GABAA receptor

Adapted from Vinkers et al.>,
The chloride-selective ion channel GABA4 receptor, composed of five subunits: two a, two f,
and one y. The binding of specific ligands (GABA, BZD/BZRA) lead to an influx of CI and

neuronal hyperpolarisation.

1.3.1.2 Heterogeneity of the GABA4 receptor and effect

The GABAA receptor subunit isoforms and localisation heterogeneity account for their multiple
properties and distinct clinical outcomes*3>=338, This especially concerns the GABAA receptor
a isoform implicated in the effect of BZDs/BZRAs, and particularly the a1 isoform, which
predominates in the brain32%33°, as well as the a2 and o3 isoforms. Pharmacological research
strategies with genetically modified mice (i.e. knock-in and knock-out models) have proven to
be a powerful methods for examining the role of specific GABAA receptor subtypes on
sedative-hypnotic effects37-340,

The GABAA receptors containing the ou isoform is localised mainly in the thalamus,
hippocampus, cerebellum, basal ganglia, and throughout the cortex*3%337-338 The a1 isoform is
essential for the sedative effect, as demonstrated by studies on genetically modified mice with
a Diazepam-insensitive a1 isoform®¥74!, and also involved in amnesic effect328338341.342,

The GABAA receptor containing the o2 isoform is distributed in the cerebral cortex and the
striatum?333%°, and largely distributed in the limbic system; hypothalamus, hippocampus, and

337,343

amygdala . The o2 subunit was found to mediate anxiolytic effect, also demonstrated in

research in genetically modified mice**!*#4, Localised in the motoneurons of the spinal
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cord®¥-%7 the o2 subunit displayed myorelaxant effect in mice**. Another study reported
suppressed delta activity during NREM, typically induced by Diazepam in genetically modified

6

mice with a1?*® and 03’ Diazepam-insensitive GABAA receptors. Although the a1 and o3

subtypes are widely distributed in the thalamocortical network, BZDs/BZRAs effects extend
beyond this system, suggesting a role for the o2 isoform in the EEG pattern during NREM?333:348,
Consistently, the a2 isoform, specifically localised in the hypothalamus and the ARAS was

344 Others isoform such as the a3 can

found associated with NREM sleep generation in mice
also be found in the TRN, which effect on delta activity regulation®, as well as in the
amygdala, cortex, cerebellum, and both LC and RN, with hypnotic and anxiolytic
effects?33337:350 The GABAA receptors containing the as are localised in the hippocampus®37-31,

suggesting a link with sleep and memory?33%332.353,

1.3.1.3 Pharmacodynamic and pharmacokinetic properties

The heterogeneity of BZDs/BZRAs compounds and their clinical effects is driven by variations
in their pharmacodynamic and pharmacokinetic properties. Based on pharmacokinetic
BZD/BZRA elimination half-life, which represents the time needed for the plasma
concentration of the drug to decrease by half, BZDs can be classified as short-acting
(approximately up to 5 hours), intermediate-acting (approximately up to 24 hours) or long-
acting (more than 24 and up to 100 hours)3!4315, In contrast, BZRAs are usually shorter-acting
(e.g., with a half-life of up to 6 hours).

Regarding pharmacodynamic, while BZDs binds on the GABAAa receptor displaying a1, o2, a3,
as isoforms with comparable affinity*>425, BZRAs binds on the GABAA receptor with the ai
isoform with high potency, medium potency for o2, a3, and low binding affinity to as
isoforms?3%33¢ In addition, some BZRAs are selective to a specific isoform, as the a1 for

357 while others as Zopiclone are less specific®.

Zaleplon or Zolpidem
The use of BZDs in older adults was associated with improvement in subjective sleep quality,
however with a small effect size*>®. Small improvement was found on greater TST and lower
nocturnal awakenings compared to placebo?*®. Studies provide large evidence that BZDs altered

sleep architecture®>

, adecrease in N3 and REM duration, along with an increase in N2 duration,
is commonly observed in healthy individuals®260-362, The effect of BZDs on the transition from
wakefulness to sleep, reflected in N1 duration, has been associated with a reduction in N1
duration®$?36 however a recent systematic review reported inconclusive findings**°. When
compared to older adults with and without insomnia disorder, older adults chronically using
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BZDs exhibited a higher arousal density=~. These effects were observed across both short- and
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long-acting BZDs, with prolonged duration in long-acting compounds leading to extended
effects’>.

Regarding BZRAs, a recent systematic review suggested that Zopiclone may be an effective
treatment for insomnia in older adults, both with and without comorbidities*®*. Compared to
placebo, Zopiclone was associated with fewer nocturnal awakenings, increased TST, and
improved subjective sleep quality®*8. Sleep architecture changes included reduced NI

65 and prolonged N2 duration®*®. Additionally, Zopiclone use may influence REM

duration’
sleep duration and density*%4. In addition, the use of BZRAs has been shown to reduce wake
duration in placebo-controlled older adults with insomnia disorder when used for one month,

concurrently extending their overall sleep duration367-368,

1.3.1.4 Adverse effects

The use of BZDs/BZRAs entails certain adverse effects. Association was found between
BZDs/BZRAs use and the development of comorbidities in older adults®®®. An association
between the exposure to BZDs/BZRAs and increased cardiovascular mortality was found in
women aged over 50 years®’?. Other adverse effects include daytime sleepiness and loss of
motor coordination, which can lead to hip fracture for both BZDs3"! and BZRAs?”?. This is
particularly concerning given that approximately 30% of them passed away in the subsequent
year, and the quality of life for survivors exhibited a gradual decline®’*. In addition, such use is
nevertheless accompanied by dependence and cognitive decline3’#373. Moreover, the risk of

developing dementia or Alzheimer’s disease is also increased376377

, although these results
remain controversial’’®. In addition, age-related physiological change also increased the
sensitivity to the GABAa receptors and reduced BZDs/BZRAs clearance, increasing
BZDs/BZRAs effects®’30, The shorter half-life of BZRAs, along with their minimized
residual daytime effects, and their properties to bind the a1 GABAA receptor involving in
sedative effect specifically, makes them a more clinically appealing alternative to
BZDs*30355381 However, considering these adverse effects, the American Geriatrics Society

strongly advises against the use of BZDs/BZRAs, regardless of the duration of use3®2.

1.3.1.5 Prevalence
In 2008, approximately 5.2% of American adults aged 18 to 80 years reported using BZDs,
with prevalence peaking at 8.7% among those aged 65 to 80 years3®. Usage was twice as

common in females as in males®®*. Among elderly individuals with BZDs use, one-third were
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chronic consumers, defined as taking BZDs more than three times per week for over three
months. Despite growing awareness of their risks, hypnotic prescriptions remain widespread,
particularly among the elderly3#+38¢, Between 1996 and 2013, the number of American adults
receiving a BZDs prescription increased by 67%3%’. A similar pattern is observed in Canada,
where by 2016, nearly one-quarter of seniors aged 65 and over in Quebec were chronic users,
for at least three weeks within a four-month period®*®3%°, A study of approximately 4000
Canadian adults (18 to 102 years) found that around 15% used prescribed sleep medication at
least three times per week, with higher prevalence among females, older adults, and those with
insomnia disorder??3. This represents a 1.5- to 2-fold increase over the past 15 years**>?23, In
Europe, the widespread use of BZDs among older adults is also evident, with consumption
exceeding 30% in countries such as Spain, Croatia, and Serbia between February 2019 and
March 2020°°. This extensive use is further illustrated by prescription rankings. In 2018,
several BZDs (e.g., Clonazepam, Alprazolam) and BZRAs such as zolpidem were among the

50 most prescribed medications in the United States*°!. More generally, BZDs/BZR As continue

to be commonly used in aging populations®?,

1.3.2 Cognitive-behavioral therapy for insomnia (CBT1)

Several non-pharmacological strategies have been developed, including cognitive, behavioral,
and educational approaches®3.

The cognitive approach for insomnia aims to identify and challenge misconceptions and

negative beliefs that contribute to persistent sleep difficulties??*3%*

. This process involves
establishing realistic expectations regarding sleep duration and quality while addressing
dysfunctional thoughts regarding the severity, frequency, or tolerability of symptoms and
excessive concerns about sleep®®.

Behavioral strategies included sleep resctriction therapy (SRT), stimulus control therapy (SCT)
and relaxation, both adressing circadian regulation and inhibitory factors and attitude related to
sleep. The SRT consists in limiting the time in bed in order to improve the match between
individuals’s sleep needs, thus manipulating sleep homeostasis**>3%. The average TST over
one or two weeks generally obtained from sleep diaries is extracted and based on this, with TIB
adjusted accordingly over time.

The SCT aims to reassociate bedtime and the sleep environment with successful sleep. To
counteract behaviors that contribute to insomnia, individuals are encouraged to go to bed only
when experiencing sleepiness, leave the bed if unable to fall asleep within a reasonable time,

and maintain a consistent sleep schedule. The bedroom should be used exclusively for sleep
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and intimacy, avoiding activities such as eating, reading, or watching television. Additionally,
naps should remain short and be scheduled earlier in the day to minimize their impact on
nighttime sleep3%.

Relaxation encompasses structured exercises that aim to reduce sleep-related physiological
factors like muscle tension and cognitive arousal’®’. This includes progressive muscle
relaxation, abdominal breathing, meditation, hypnosis or mindfulness techniques**®3%°. For
instance, yoga, a discipline encompassing physical postures, breathing exercises, meditation,
and mindfulness techniques was beneficial for fatigue and subjective quality of life3?64%,

The educational component includes sleep hygiene recommendations, to promote sleep, such
as avoiding energy drinks, tea, coffee, alcohol, or nicotine before bedtime. It also advises
against consuming heavy meals late in the evening, encourages regular physical activity,
promotes morning light exposure while avoiding blue light exposition before bedtime and,
maintaining an optimal sleep environment—characterized by darkness, quietness, comfort, and
a cool temperature’®®, Additionnaly, education is provided regarding the characteristics of a

normal sleep, as well as physiological sleep change with aging®”.

The combination of these various components is referred to as cognitive-behavioral therapy for
insomnia (CBTi), which is strongly recommended as the first-line treatment for
insomnia’3?741492 Indeed, multiple studies reported that CBTi is effective to reduce insomnia
symptoms (i.e. ISI?%%403 the Insomnia Severity Questionnaire, ISQ***) and improve sleep
quality?08-215405-409 - Beneficial effects on sleep quality include reduced SOL, and sleep
fragmentation (i.e. WASO**) and increase in SE. Furthermore, in addition to improving

410 and was

daytime functioning, CBTi was found beneficial to improve depression symptoms
associated with improvement in positive mental health and energy/vitality*'!. In addition, CBTi
was found effective in the long-term*!2, CBTi also demonstrates beneficial effects in elderly
individuals*?2#+3-416 including those with comorbid conditions such as psychiatric*!”, medical,
or cognitive disorders*'®41°, In addition, online CBTi format, as well as individual or group
therapy also demonstrated beneficial effect on sleep and daytime functioning#02:420:421,

Nevertheless, the precise functions of each cognitive, behavior or educational remain
undefined, and it is uncertain whether all aspects of CBTi are necessary to be effective’®®. Each
of these components has individually been associated with benefits in improving sleep quality,
except for sleep hygiene education, which may be ineffective or even detrimental3®3-397:405,
Although relaxation therapy improved sleep latency, it did not address cognitive, homeostatic,

396

or circadian sleep disturbances®”°, and its effects were not sustained, as no subjective global
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improvement was observed at the six-month follow-up*??. Additionally, both the SCT and the
SRT were the most effective procedures for sleep initiation and maintenance*®. However, SCT
did not adress homeostasic sleep disruptions, and did not restrict time spent in bed. For all these
reasons, the AASM only recommends these various individual strategies on a conditional basis,
as they may not be suitable for all patients3?”.

One major point to considere is the access to CBTi. The Delphi consensus recommendations

for managing chronic insomnia in Canada emphasize CBTi as the first-line treatment and

highlight the need for awareness on improving access to CBTi*?.

1.3.3 Alternative interventions

Beyond pharmacological treatment and psychological interventions, researchers have
investigated how change in lifestyle or alternative approach could improve sleep. Acupressure
has been shown to improve subjective sleep quality in the elderly***, however, there is currently
no concrete evidence of its effectiveness in treating insomnia*?3.

Exercise has been shown to improve subjective sleep quality and cognitive function*!%:426-429,
while also having a positive impact on objective sleep quality, although the findings across
studies remain inconsistent*3°, Additionally, exercise effects on sleep can vary depending on
factors such as intensity*!, and engaging in physical activity requires good physical condition,
which can limit access for older individuals. Music therapy has been shown to improve sleep
quality in middle-aged adults with insomnia based on subjective assessments**?, but no
evidence demonstrates its effectiveness for chronic insomnia.

Furthermore, the positive impact of sensory stimulation on sleep quality has been extensively
studied. Aromatherapy, especially before bedtime, has been shown to enhance subjective sleep
quality in older adults*3. However, no significant association was found in patients with
comorbidities such as mild cognitive impairment or AD**, While olfactory stimulation has
been linked to increased N3 duration, the effect size was small, and the findings were limited
to healthy adults rather than individuals with insomnia®3.

Phase-locked auditory stimulation during sleep was associated with an increase in SWA, linked
with increase in sleep-dependent memory improvement in healthy young®® and older
adults**%*7, However, the results have shown inconsistency or may appear with delay**.
Non-pharmacological strategies for improving sleep have gained interest, but evidence
regarding their effectiveness and relevance to chronic insomnia remains limited. A stimulation
that appears to be a promising alternative for insomnia and improving sleep quality in older

individuals could be rocking.
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1.3.3.1 Rocking motion

Rocking babies to sleep has been a long-standing practice, the first rocking devices were
designed for infants in the form of cradles, nearly 3000 years ago, into rhythmic motion with a
string or suspended to promote sleep**. The relationship between sleep and rocking motion has
only recently become a subject of scientific investigation.

Rocking therapy, designed to replicate in utero motion, was investigated on preterm infants to
help them to maintain a regular breathing and decreased apnea. The effect of a gently oscillating
waterbed (i.e., 12 to 14/min) on 8 premature infants with apnea resulted in less apnea under the
rocking stimulation**®. A similar reduction was observed using a rocking bed (i.e., 10 to 22
cycle/min) on 12 infants with recurrent apnea**!. However, these findings were not considered
as clinically significant to reduce important apnea (i.e., >20 sec)**.

The use of hammocks has been tested on 20 preterm infants, showing that sleep-wake patterns
after a stressful event such as diaper changes were more favorable with the hammock than
without*?, Similarly, an improvement in the sleep-wake state with hammock use has been
observed in preterm infants, along with a reduction in both heart rate and respiratory rate*.
Sleep quality was compared between hammock and bed users and displayed that hammock
users had shorter sleep periods compare to bed users, as well as higher body mass index (BMI)
and greater activity index*®.

A relaxation machine was design to reduce stress and induce sleep, through rocking vibration
stimulating a mother’s embrace and rocking motion of her baby*4¢. While testing ten different

motions, the most effective for inducing sleep in adults was the linear motion*’

. The rocking
motion effect of a recliner chair on sleep was also investigated and revealed that sleep quality
is improved in adults during a lateral rocking nap, with an increased in stage N3 duration and
spindle density**®. The human body perceives gravity through the vestibular system, which
integrates gravitational and motion-related signals and is also thought to mediate the effects of

rocking motion.

1.3.3.2 Vestibular stimulation

1.3.3.2.1 Neurophysiology of the vestibular system
The vestibular system is localised in the inner ear within the petrous portion of the temporal

bone and consists in two main structures within the bony labyrinth: the vestibule and the
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semicircular canals**. These structures are covered on their inner surface by the corresponding
components of the membranous labyrinth, which is covered by a specialized sensory epithelium
(See Figure 6). The inner ear is filled with the endolymph in the membranous labyrinth and the

perilymph between the membranous and the bony labyrinths*°,
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Figure 6: The vestibular system

Adapted from Huang et al.*'.
The vestibular system includes the semicircular canals, the vestibule (saccule and utricle),

and their corresponding membranous components within the bony labyrinth.

1.3.3.2.1.1 The semicircular canals

The semicircular canal comprise three membranous canals and at the base of each semicircular
canal is an enlarged structure at one end called the ampulla*?®. Each ampulla contains an
ampullary crest or crista structure, composed by nerve fiber, support cells, and hair cells, which
are mechanoreceptors*. Hair cells are divided into type I and type 11, referencing to the time
interval between 2 action potentials. Type I hair cells provide rapid, phasic responses for acute
motion detection, quickly adapting to changes, while Type II hair cells ensure sustained, tonic
signaling for prolonged vestibular input, maintaining continuous transmission over time. Each
hair cell is surrounded by hair bundle at their apical pole, composed by a single flexible
kinocilium, larger and longer than the stereocilia, and by 100 non motile stereocilia. The
stereocilia are arranged in a stepped pattern, with the tallest positioned nearest to the kinocilium

and gradually decreasing in height as they extend further away. The kinocilium is connected to
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the adjacent stereocilia, which are themselves interconnected by “tip-links”, initiates their
coordinated displacement and defines the polarization axis of the hair bundle. Hair bundles are
covered by the cupula, a flexible gel-like structure that extends the entire height of the ampulla,
thus isolating hair cells from the endolymph.

During head movements, the semicircular canal localised in the same plan moves, and inertia
leads the endolymph to move in the opposite direction. The endolymph exerts a pressure on the
cupula, which in turn bends hair cells and induce tension in the “tip-links”, mechanically
inducing the opening of ion K* channels. This influx leads to further facilitate Ca>* influx and
generate an action potential. The bending direction influences neural signaling; when stereocilia
deflect toward the kinocilium, membrane depolarization occurs, triggering an excitatory
potential. In opposite, when stereocilia bend away from the kinocilium, this leads to a
hyperpolarisation and an inhibitory signal. The anterior, lateral, and posterior semicircular
canals are oriented in the sagittal, transverse, and frontal planes, respectively. Positioned at right
angles to each other’s, semicircular canals respond to three plans or angular acceleration and
deceleration. Because the vestibular system is present on both sides, a movement that elicits an
excitatory potential on one side extends in a simultaneous inhibitory potential on the opposite
side. Specifically, lateral semicircular canals on both sides function operate in pairs, while the
anterior semicircular canal on the right side is paired with the posterior semicircular canals on
the left side (RALP). Similarly, the posterior semicircular canal on the right side is paired with

the anterior semicircular canals on the left side (LARP).

1.3.3.2.1.2 The vestibule

The vestibule comprises two otolith organs, the utricle and the saccule**°. The macula consisted
in nerve fiber, supports cells, hair cells, and is covered by a gelatinous membrane, called the
otolithic membrane and in which calcium carbonate crystals, known as otoliths or otoconia, are
dispersed. The increased weight of the otolithic membrane, due to the presence of otoliths,
makes it responsive to acceleration forces. Its motion exerts pressure on the sensory hair cells,
causing their bending and generating a neural signal. Positioned perpendicularly, the otolith
organs are pressured to the opposite side of the motion and respond to changes in movement:

the utricle detects horizontal and the saccule vertical linear acceleration and deceleration.
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1.3.3.2.1.3 Vestibular pathway

The vestibular ganglion also known as the ganglion of Scarpa comprises bipolar neurons,
receiving hair cells afference from the cristae and the macula*2. Specifically, the superior
division of the vestibular ganglion received afference from the utricular macula, and both the
anterior and lateral ampullary cristae ducts. The inferior division received afference from the
saccular macula, and the posterior lateral ampullary cristae ducts.

Axons from the superior and inferior divisions converge to form the primary vestibular nerve,
whose cell bodies reside in the vestibular ganglion. This nerve then merges with the cochlear
nerve, to form the vestibulocochlear nerve (cranial nerve VIII), which transmits sensory
information through the internal auditory canal and enter to the brainstem at the pontomedullary

junction.

1.3.3.2.1.4 Central vestibular system

Central vestibular nuclei are localised in the posterior part of the brainstem and comprise the
superior, lateral, inferior and medial vestibular nucleus*. These vestibular nuclei send
projections through secondary vestibular neurons to the cerebellum, spinal cord, and thalamus
while integrating multiple sensory inputs, including vestibular, somatosensory, and visual
information. Secondary vestibular neurons project to multiple regions, contributing to gaze

stabilization, postural control, and spatial cognition**3

. They connect to the extra-oculomotor
cranial nerves: oculomotor (III), trochlear (IV), and abducens (VI), ensuring image stability on
the retina during head movements through the vestibulo-ocular reflex. Projections to spinal
motoneurons support balance via the vestibulo-cervical reflex, which stabilizes head position,

and the vestibulo-spinal reflex, which adjusts posture in response to changes in orientation*3.

1.3.3.2.2 Vestibular system and sleep

The vestibular nuclei are connected to multiple cerebral structure involved in sleep
regulation*, Studies in mice have demonstrated their connectivity with regions regulating
sleep and wakefulness, including the LC, and both LDT/PPT#*, RN, and lateral preoptic area,
as well as connectivity with the suprachiasmatic nucleus (SCN)*3. The presence of melatonin
and its receptors have been identified in the vestibular ganglion, and vestibular sensory cells*,
suggesting a potential link between vestibular function and circadian rhythm. Research in rats
demonstrated that the circadian rhythms is disrupted after bilateral lesion of the vestibular hair

cells¥?, particularly in the regulation of body temperature and locomotor activity*®,
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Furthermore, a study in mice demonstrated that the vestibular nuclei project through orexinergic
neurons to the posterior nucleus of the hypothalamus**. Vestibular orexinergic afferents are
thought to be involved in the pathophysiology of narcolepsy-cataplexy*°.

Clinical studies shown that patients with vestibular vertigo exhibit an increased risk of sleep
disturbances*®!. An association was identified between self-reported sleep quality and the
duration of vestibular symptoms in patients with vestibular disorders. Notably, those
experiencing vertigo for two years or more reported significantly poorer sleep quality,
particularly in terms of sleep latency and efficiency*®?. Space missions in microgravity
environment lead to inhibition of the otolithic activity, and sleep disturbances are reported, due
to space and motion sickness?®. Similarly, research on patients with bilateral vestibular loss
supports the vestibular system role in circadian regulation, particularly in temperature

457

homeostasis**’. However, objective assessments of sleep in vestibular disorders are lacking*>3.

Anatomical and functional connections between the vestibular nuclei and thalamus have been

established in both animal and clinical studies*®3:44,

1.3.3.2.3 Direct vestibular stimulation

Beneficial effects of sensory stimulation through vestibular system on sleep quality have been
investigated.

Galvanic vestibular stimulation is a non-invasive technique that delivers electrical currents to
the vestibular nerves, influencing postural control, spatial orientation, and more recently sleep
quality*®®. A study found that repeated electrical vestibular stimulation delivered prior the sleep
onset reduced ISI score and improve the perception of restful sleep*®, although effect of such

467 Direct electrical stimulation of

long-term usage on sleep quality needs further investigation
the vestibular system has been associated with shorter sleep onset latency compared to sham
conditions, but only in individuals who previously exhibited prolonged sleep latency during
daytime naps and did not appear to have a therapeutic effect in a model of transient insomnia
in healthy sleepers*®®. Although a promising method, other less invasive types of stimulation

need to be investigated.

1.3.3.2.3 Rocking bed stimulation
An easier form of vestibular stimulation can be achieved with a rocking bed, thus indirectly
stimulating the vestibular as well as proprioceptive and somatosensory systems***. Research

conducted using a rocking bed has demonstrated that rocking affects specific aspects of sleep
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architecture and microstructure. However, findings vary across studies, likely due to multiple

contributing factors. Most studies assessed the overnight effect of a continuous rocking bed

37,469,470 471

stimulation in healthy young adults , and a few involved elderly*’’, and some were

conducted during nap*’>473, The movement trajectory was purely linear head-to-toe***47 or up-
down*7%, as well as lateral parallel swing37470:472,

Following rocking bed stimulation, sleep latency was found shortened®”#°472 as well as the
combined sleep latency to N1 and N237, and sleep latency to N2472, Additionally, while delta
power was found to increase during a nap, N3 duration remained unaffected*’?. During the nap
study, N2 duration was found to increase, but this was not observed during overnight studies.
During rocking overnight, N3 duration increased, as well as SO count, whereas delta power
remained unchanged’’. Sigma power was found to increase in N2472, and N337, while spindle
density was found greater in N327. Furthermore, the entrainment of intrinsic spindles and SO
was enhanced, leading to greater neuronal synchronization’. Effect of rocking stimulation on
declarative memory revealed an increase in overnight memory accuracy in healthy young
adults, correlated with an increase in sigma EEG power?’. While no changed in overall sleep
duration was observed after rocking bed stimulation in overall studies, sleep fragmentation was
found to decreased, as shown by the arousal density in N337.

Using an otoconia-deficient mouse, a study demonstrated that the rocking effect is mediated
through the otolithic organs of the vestibular system and driven by the maximal linear
acceleration of lateral movement*’*. Further investigations into acceleration characteristics,
using a fixed frequency with various amplitudes, revealed that the most beneficial acceleration
for sleep architecture occurred at a frequency of 1 Hz, with an acceleration around 79 cm.s™.
Given that vestibular afferences in mice are three or four times less developed than in
humans*’3477, this corresponds to an acceleration of around 20-25 c¢m.s™ in humans. This value
aligns with the beneficial effects on sleep architecture, spectral activity, brain oscillations and
memory observed when the movement trajectory followed a linear parallel swing with a
maximal linear acceleration of approximately 26 cm.s™2 37472 This may explain why alternative
movement trajectories did not lead to improve sleep quality***#7°, Moreover, no effects were
observed in mice beyond an acceleration threshold of 32 cm.s?, which correspond to
approximately 10 cm.s? in humans. This could account for findings from a study assessing
linear parallel swing that reported no beneficial effects of rocking when acceleration was set

around 10 cm.s2 #79),
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1.4 Main research questions & hypothesis

The literature demonstrates the importance of sleep in maintaining cognitive, physical, and
psychological health, and its involvement in numerous physiological functions. An important
function is sleep-dependent memory consolidation, which is supported during NREM by the
synchronization of specific rhythms, such as spindles and SOs. However, as individuals age,
sleep undergoes significant changes, including alterations at the macro and the micro levels,
which can negatively affect overall health. These changes are often exacerbated in older adults
suffering from insomnia, further compromising sleep quality. Chronic disruptions in sleep
patterns are linked to cognitive decline and an increased risk of various health problems.
Therefore, it is crucial to address insomnia in the aging population to support healthy aging and
prevent the onset of cognitive disorders. Consequently, addressing chronic insomnia in this
population is essential to support healthy aging and mitigate related risks to both cognitive and

physical well-being.

“How can sleep quality be modulated in the aging population, and what is the

impact of these modulations on cognitive functions such as memory?”

1.4.1 Chapter 2: effect of chronic sedative-hypnotic use on sleep architecture and brain

oscillations in older adults with chronic insomnia.

First, the objective is to characterize the effect of chronic sedative-hypnotic use on sleep in
older adults with insomnia. Chronic use of sedative-hypnotics, both short- and long-acting, is
common due to their sedative effects, particularly in reducing sleep onset and nocturnal
awakenings. However, evidence also suggests adverse effects on sleep quality, including
reductions in both N3 and REM durations, as well as SWA. Further research is needed to better
understand the long-term effects of sedative-hypnotics on sleep, particularly their relationship
with cognitive decline and memory. Additionally, the influence of chronic sedative-hypnotic
use on NREM brain oscillations linked to memory remains unclear, underscoring the need for
investigation into the broader health consequences, particularly in relation to cognitive decline.
The difference in the duration of action diversity between chronic sedative-hypnotic use also

requires further characterization.
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The impact of chronic sedative-hypnotic (BZDs/BZRAs) use in older adults will be examined,
comparing three groups: healthy sleepers, individuals with insomnia disorder not using
pharmacological treatments, and individuals with insomnia disorder who chronically use BZDs
or BZRAs. A comprehensive analysis of sleep architecture will be conducted, including EEG
spectral properties, with a specific focus on NREM brain oscillations associated with cognition

and memory, such as SOs and spindles and their coupling.

Chronic sedative-hypnotic use is expected to have a more pronounced effect on sleep
macrostructure than insomnia disorder without pharmacological intervention, leading to
reduced N3 and REM durations, extended N2 duration, and increased sleep fragmentation. In
terms of EEG spectrum, lower-frequency activity (e.g., delta and theta power) is anticipated to
decrease, while higher-frequency bands, such as sigma power, are expected to show increased
spindle activity. Furthermore, both spindle and SO characteristics are predicted to be altered,

affecting their coupling.

1.4.2 Chapter 3: effects of cognitive-behavioral therapy for insomnia during sedative-hypnotics

withdrawal on sleep and cognition in older adults.

Therefore, sedative-hypnotic withdrawal is commonly advised, although it may lead to the re-
emergence of insomnia symptoms. Cognitive behavioral therapy for insomnia (CBTi) is
considered the first-line treatment for chronic insomnia. The combined effects of CBTi and
sedative-hypnotic withdrawal on sleep quality and cognitive function in older adults remain
underexplored, representing a gap for understanding the broader cognitive implications for

aging populations.

Secondly, the objective is to assess the effect of CBTi during a sedative-hypnotic withdrawal
plan in older adults with insomnia disorder. A randomized-controlled trial will compare
sedative-hypnotic plan alone with withdrawal combined with CBTi, focusing on sleep and
cognitive function. Primary outcomes will include changes in self-reported insomnia severity,
sleep quality, and objective measures of SE and spindle density. Secondary outcomes will

include PSG, sleep diary-based measures, as well as neuropsychological assessments.



Greater improvements in sedative-hypnotic withdrawal success, as well as both objective and
subjective sleep outcomes will be anticipated in the combined intervention group compared to
the sedative-hypnotic withdrawal plan alone group. Additionally, neuropsychological
performance would be improved in the combined intervention group compared to the sedative-

hypnotic withdrawal plan alone.

However, access to CBTi remains limited, and alternative interventions should be provided to
individuals who do not respond to the combined approach or for whom insomnia symptoms

persists.

1.4.3 Chapter 4: impact of rocking bed stimulation on sleep and memory over multiple nights.

Rocking bed stimulation in a lateral parallel swing motion has been shown to improve sleep
quality by reducing sleep onset, increasing N3 duration, and both spindles and SOs activities.
Furthermore, rocking stimulation has been shown to improve sleep-dependent memory
consolidation, particularly for declarative memory. However, only the overnight effect of
rocking bed stimulation was investigated, and the long-term effects of such stimulation remain

underexplored. In addition, its impact on procedural memory has not been investigated.

This pilot study will aim to assess the potential of the rocking bed apparatus in improving long-
term sleep quality and its impact on memory in healthy adults. Conducted over five PSG-
recorded nights, the study will include two conditions: two consecutive nights in a stationary
bed followed by three consecutive nights in the rocking apparatus. Outcomes will measure
through self-reported sleep quality, objective sleep measures including sleep architecture,
NREM brain oscillations related to memory (such as spindles and SOs), and performance on

declarative and procedural memory tasks.

Existing literature suggests that rocking apparatus stimulation may enhance both subjective and

objective sleep quality while facilitating long-term memory consolidation.
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Chapter 2: Effect of chronic sedative-hypnotic use on sleep
architecture and brain oscillations in older adults with chronic
insomnia.
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2.1 Abstract

Study objectives: High insomnia rates in older adults lead to widespread benzodiazepine
(BZD) and benzodiazepine receptor agonist (BZRA) use, despite evidence that chronic use
disrupts sleep regulation and impacts cognition. Little is known about sedative-hypnotic effects
on NREM slow oscillations (SO) and spindles, including their coupling, which is crucial for
memory, especially in the elderly. Our objective was to investigate the effect of chronic
sedative-hypnotic use on sleep macro-architecture, EEG relative power, SO and spindle

characteristics and coupling.

Methods: One hundred and one individuals (66.05 + 5.84 years, age range: 55-80 years 73%
female) completed a one-night study and were categorized into three groups: good sleepers
(GS, n=28), individuals with insomnia (INS, n=26) or individuals with insomnia who
chronically use BZD/BZRA (MED, n=47; Diazepam Equivalent: 6.1 £ 3.8 mg/week). We
performed a comprehensive comparison of sleep architecture, EEG relative spectrum, and

associated brain oscillatory activities, focusing on SO and spindles, and their temporal coupling.

Results: Chronic BZD/BZRAs use was associated with sleep architecture and spectral activity
disruption compared to older adults with and without insomnia; as well as altered sleep-related
brain oscillations characteristics, and their synchrony. An exploratory interaction model
suggested that higher doses correlated with more pronounced disruptions in sleep micro-

architecture and EEG spectrum.

Conclusions: Our results suggest that chronic sedative-hypnotic use is detrimental to sleep
when compared to drug-free GS and INS. Such alteration of sleep regulation — at the macro and
micro-architectural levels - may contribute to the reported association between sedative-

hypnotic use and cognitive impairment in older adults.

Keywords: benzodiazepine, sleep, brain oscillations, aging



2.2 Introduction

Insomnia complaints are one of the most common sleep disturbances in the general
population*’® and exhibit a higher prevalence among older individuals compared to young
adults*’**0, Insomnia disorder is defined by complaints of difficulties initiating and/or
maintaining sleep, despite having adequate opportunities and circumstances for sleep, occurring

at least three times per week for more than three months?!3

. Insomnia disorder not only impairs
quality of life and health but also increases the risk for cognitive decline and dementia®?3-3%7,

thereby representing a major health issue in the aging population.

While cognitive-behavioural therapy for insomnia (CBTi), a multimodal psychological
intervention, is considered the gold standard management of insomnia, its access remains

481-483

challenging . Pharmacological treatment is still the most widely accessible and used

treatment option for insomnia, with a higher prevalence in the elderly3¥7-3%484 The prolonged

485

use of sedative-hypnotics, defined as a duration of at least three months*®, is particularly

common among seniors*6-4,

Benzodiazepines (BZDs, e.g., Diazepam, Clonazepam,
Nitrazepam, Oxazepam, Lorazepam, Temazepam) or benzodiazepine receptor agonists (Z-
drugs or BZRAs, e.g. Zopiclone) are among the most prescribed class of drugs to manage
insomnia complaints. They enhance the inhibitory activity by acting as a gamma-aminobutyric
acid (GABA) neurotransmitter GABAA receptor agonists and binding specifically to its «
subunits33. They are used for their myorelaxant, anxiolytics and sedative-hypnotics properties
(i.e., shorten sleep latency, promote sleep continuity)**°. While BZDs range from short- to long-
acting hypnotics (e.g., with a half-life of up to 100 hours), BZRAs are usually shorter-acting
(e.g., Zopiclone has a half-life of up to 9 hours in older adults®!), with fewer sedative and
myorelaxant side effects3!3492493 Sedative-hypnotic use for one month has been shown to
reduce wake after sleep onset in placebo-controlled studies of older adults with insomnia
disorder, and extend their overall sleep duration?¢”-368, However, when compared to older adults
with and without insomnia disorder, older adults chronically using BZDs presented a higher
sleep fragmentation?>?, and changes in sleep architecture (including a reduction in time spent in
deep sleep (N3) and REM sleep while increasing duration in N2 sleep)®. Despite their frequent
prescription®, the chronic use of sedative-hypnotics has been also associated with an

accelerated decline in both cognitive and physical health374377,

‘42



Changes in sleep architecture are often associated with alterations in sleep
electroencephalogram (EEG) rhythms. Indeed, compared to older adults with and without
insomnia disorder, BZDs users exhibit less theta activity and increased beta and sigma power

in NREM and overall across the night®>>4°4, In terms of discrete oscillations, sedative-hypnotics

495 )495

increase spindle density*, suppress slow wave activity (SWA and interfere with the
intrinsic relationship between those NREM rhythms (i.e., temporal synchrony, phase-amplitude

coupling (PAC)) 49647,

However, further investigation is required to determine whether chronic use of sedative-
hypnotics alters interactions between NREM rhythms, particularly in older adults. Given the
diversity in acting duration among sedative-hypnotics, their effects on sleep architecture can
vary significantly. Furthermore, sleep fragmentation and duration have been characterized only
in a between-group design involving middle-aged (55-65 year-old) adults with insomnia

495 or older adults

complaints using BZDs for prolonged periods compared to healthy sleepers
with insomnia complaints using BZRAs in placebo-controlled studies®¢’%%. Finally, the
description of the intrinsic relationship between SO and spindle focused only on a single use of

BZRAs and did not investigate the elderly population*?6—%8,

In summary, our comprehension of the chronic impact of BZDs and BZRAs on sleep macro-
and micro-structure remains incomplete. Here, we aimed to further characterize the effect of
chronic use of BZDs/BZRAs on sleep regulation in older adults using a between-group design
involving good sleepers, individuals with insomnia disorder not taking any pharmacological
treatment to manage their symptoms and individuals with insomnia disorder who chronically
use either BZDs or BZRAs as sleep-aids. We performed a comprehensive comparison of sleep
architecture, including EEG spectral properties and associated brain oscillations. Specifically,
we focused on NREM brain oscillations associated with cognition and memory. We
hypothesized that chronic use of sedative-hypnotics would have a more significant impact on
sleep macrostructure compared to drug-free insomnia disorder, resulting in reduced N3 and
REM duration, prolonged N2 duration, but greater sleep fragmentation. Regarding EEG
spectrum, we anticipated reduced activity in low-frequency bands (i.e., delta and theta power)
and greater activity in high-frequency bands such as sigma power indicative of increased
spindle activity. We also expected that both spindle and SO characteristics would be impacted,

thus altering their coupling.



2.3 Material and Methods

2.3.1 Participants

We investigated 3 groups of older adults: good sleepers (GS), individuals with insomnia
disorder who do not use sleeping medication to manage their symptoms (INS) and individuals
with insomnia disorder who are chronic sedative-hypnotics users (MED). The INS group were
not under any type of sedative-hypnotic treatment at the time of assessment. The MED group
was using at least one of the options listed, with only on type of BZDs or BZRAs prescribed
for insomnia from the following: BZD (Diazepam, Clonazepam, Nitrazepam, Oxazepam,
Lorazepam, Temazepam) or BZRA (Zopiclone) drugs. Data used in this dataset were collected
in the scope of three different projects conducted in the laboratory and published!'*+*%® or
registered (ISRCTN13983243, ISRCTN10037794) elsewhere. All groups had similar
recruitment process through online advertisements published on social media, alongside printed
advertisements in various public outlets, specifically targeting older adults (Bel Age journal)
and from physician referrals. Advertisements and physician guides for referrals outlined the
inclusion and exclusion criteria specific to each group: the GS group consisted of older adults
who were good sleepers, the INS and MED groups included older adults with chronic insomnia.
The MED group was recruited as part of a trial on an intervention for BZDs/BZRAs
discontinuation (ISRCTN10037794), and only baseline data collected prior to the intervention
were analyzed in the present study.

Prospective participants underwent screening via a telephone-based checklist to assess
inclusion and exclusion criteria, followed by a semi-structured individual interview.

Eligible participants underwent a screening polysomnographic (PSG) recording to exclude the
presence of additional sleep disorders that could contribute to symptoms of insomnia (i.e. sleep
apnea).

Older adults included in the GS group were self-defined good sleepers with no sleep complaints
and no sleep dissatisfaction. The INS and MED groups consisted of participants meeting the
DSM-5 diagnostic criteria for insomnia disorder for at least 3 months?!3, The DSM-5 diagnostic
criteria for insomnia disorder are defined as self-reported difficulties initiating sleep, difficulties
maintaining sleep, and/or early morning awakenings, for at least 3 times a week and for more
than 3 months, combined with complaints of daytime functioning. Participants in the MED
group had to meet a criterion of sedative-hypnotic use (regardless of the dosage): BZDs or
BZRAs had to be prescribed for insomnia and to be used for more than 3 nights a week for

more than 3 months. Averaged consumed doses of BZDs and BZRAs were converted into
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Diazepam Equivalent Dose, according to the Equivalence Table of BZD in the Ashton Manuel
Supplement*”.

For all groups, exclusion criteria were as follows: being under 55 y.o or over 80 y.o, major
cardiovascular condition or intervention, recent severe infection, medical or unstable condition
that could impair physical, psychological, or cognitive abilities (e.g., Parkinson's or AD), poor
cognitive function (defined by a Mini Mental State Examination — score < 24°% or a Montreal
Cognitive Assessment (MoCA) — < 23°%!), medical conditions likely to affect sleep (e.g.,
epilepsy, multiple sclerosis, chronic pain, stroke, active cancer), sleep disorders (e.g., moderate
or severe sleep apnea (apnea-hypopnea index (AHI) greater than 15 events per hour), bruxism,
restless legs syndrome or periodic limb movement (PLM) disorder defined by an index during
sleep > 15/h), night shifts or a change in time zone in the last 6 weeks and history of alcoholism
or drug abuse. Specifically for individuals in the GS and INS groups, exclusion criteria also
included using any sleep-inducing medication (prescribed or over-the-counter) or having
received any sleep-related intervention (e.g., cognitive-behavioral therapy for insomnia).

All participants signed a written informed consent form, which was approved by the Concordia
University Human Research Ethics Committee and the Comité d’Ethique de la Recherche of
the Institut Universitaire de Gériatrie de Montréal. One hundred and one participants were
found eligible for the study and distributed as follows: twenty-eight participants in the GS
group, twenty-six participants in the INS group as well as forty-seven included in the MED

group. Participant demographics are presented in Table 1.

2.3.2 Study protocol

The three groups were drawn from studies containing three different protocols, however the
data used in this analysis were all drawn from a single night of PSG. Upon recruitment into a
study, all participants underwent a screening PSG, which also served as a habituation night. All
participants in the MED group took their prescribed sedative-hypnotic medications during both
the screening and experimental nights, ensuring their typical sleep patterns under medication.
Depending on the specific projects they were recruited for, participants then completed at least
one experimental night (baseline night), from which sleep characteristics were extracted to be
used for this study and subsequently filled out the Insomnia Severity Index (ISI) questionnaire
the following morning. For the present study, sleep characteristics were extracted from the first
experimental night. The PSG night protocols varied between studies, particularly in terms of
rise time. While the MED group had to wake up by 8 AM, other groups were instructed to wake
up around 6 AM. The MED group had an average wake-up time of 7:22 AM.
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2.3.3 Measures

2.3.3.1 Insomnia Severity Index (ISI)
Participants completed the ISI questionnaire, a 7 Likert-scale used to assess the nature, severity,
and impact of current insomnia symptoms®. The total ISI score ranges from 0 to 28, with higher

scores indicating more severe insomnia. Its overall Cronbach’s a was 0.90.

2.3.3.2 Polysomnographic (PSG) recording

Whole-night PSG recordings were used for each night, including EEG, electromyogram (chin
and legs EMQG), electrooculogram (EOGQG), and electrocardiogram (ECG). During the screening
night, the PSG setup included an oximeter, thoracic and abdominal belts, oral-nasal thermistor,
and nasal cannula. From the habituation night, we computed the apnea-hypopnea index and
periodic leg movement index to exclude potential sleep disorders. For the experimental night,
the EEG montage included 13 electrodes (Fz, F3, F4, Cz, C3, C4, Pz, P3, P4, O1, 02, M1, M2)
positioned on the scalp according to the 10-20 system AASM guidelines. EEG signal was
recorded by a Somnomedics amplifier (SomnoMedics, Germany) at a sampling rate of 512 Hz,
referenced to Pz online for monitoring and to contralateral mastoids (M1 and M2) offline for

analysis.

2.3.3.3 EEG analysis
All sleep scoring and analyses were conducted using the Wonambi python toolbox
(https://wonambi-python.github.i0) and the Seapipe python toolbox

(https://github.com/nathanecross/seapipe). Sleep stages, arousal and artefact events were

initially visually scored by multiple experts (AAP, OMW, LB), with a final review and revision
conducted by a single expert scorer (LB) according to the AASM rules'®. From the scoring, we
computed the calculation of the following: total sleep period (TSP; from sleep onset to final
awakening), total sleep time (TST; sum of the time spent in different sleep stages), sleep onset
latency (SOL; from light off to the first epoch of sleep), time spent in bed (TIB; from light off
to light on), sleep efficiency (SE; TST/TIB*100), arousal density (number per hour), sleep
fragmentation index (SFI; number of transitions from deep to lighter sleep stages per hour) as

well as the % of time spent in each sleep stage and wake (%TSP).

The EEG spectrum power density average (30 sec resolution with artefact excluded) was

computed using a Fast Fourier Transformation and Welch’s method (Overlapping: 50%;
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Resolution: 0.25 Hz). Mean relative power for the following frequency ranges was calculated
as absolute power divided by broad spectrum (0.5-35 Hz) total power: SO (0.25-1.25 Hz), delta
(0.5-4 Hz), theta (4-7.75 Hz), alpha (8-11 Hz), sigma (11.25-16 Hz), beta (low: 16.25-19 Hz
and high: 19.25-35 Hz). The delta/beta ratio index for NREM and REM sleep was also assessed

as an electrophysiological index of cortical arousal®’2.

For spindle detection, the highest center frequency peak (integral of the Gaussian fit) over the
sigma range specific for each subject was obtained*>3%, Using those participant-specific
adapted sigma ranges, we determined with a 2Hz bandwidth the highest peak in the 10 to 13
Hz range for midline frontal (Fz — slow spindle) and the 13 to 16 Hz range for midline parietal
(Pz - fast spindle) on artefact-free derivations accounting for spindle frequency gradient3%3-3%,
Spindles were automatically detected using a validated algorithm®"’. We performed sensitivity
analyses using other published algorithms3%%3%, Results can be found in Appendix A.

SO events were detected on a fixed band-pass FIR filter from 0.16 to 1.25 Hz on artefact-free
EEG recordings of Fz and Pz using a published algorithm®. We performed sensitivity analyses
using another validated algorithm?>!? also implemented in the Wonambi and Seapipe toolboxes.
For SOs and spindles detected in NREM (N2 + N3), we extracted the following characteristics:
density (i.e., mean number of spindles/SOs per epoch of 30 s), amplitude (uV), duration (sec)
and peak frequency (Hz).

Spindle and SO coupling was assessed using three complementary measures: event co-
occurrence, preferred coupling phase, and the modulation index as we previously
published!**3!1,

SO-spindle temporal co-occurrence was determined via the intersection-union rule. SO+ is
defined as the proportion of the SO that co-occurs with spindles. Spindle+ is defined as the
count of spindles linked with SO divided by the total count of spindles. The intersection/union
threshold was set at 10% overlap duration between SO and spindle.

We investigated SO (0.5 to 1.25 Hz) and participant-specific adapted sigma band (Fz: 10-13Hz;
Pz: 13-15Hz) phase-amplitude coupling based on each SO event detected across the whole
night, using an approach we have recently published!®*. The preferred coupling phase (CP) was

used for the timing and the modulation index was used for the strength of SO-spindle coupling.



2.3.4 Statistical analyses

Statistical analyses were performed using RStudio 1.2.50 (RStudio, Inc., Boston, MA) and R
package (ggplot2, sjstats, sjmisc, forcats, emmeans, rstatix). Normality of distribution was
checked with Shapiro tests and homogeneity of variance was tested with Levene tests.

We first investigated differences in macro-architecture (including wake duration, SOL, duration
in sleep stages, sleep efficiency and markers of sleep fragmentation). We used mixed-model
analyses of variance (ANOVA), with Stage as within-subject factor (Wake vs N1 vs N2 vs N3
vs REM) and Group as between-subject factor (GS vs INS vs MED) to investigate the
difference between groups on wake and sleep stages durations, as well as Group by Stage
interaction. Analyses of variance (ANOVA) with Group as a between-subject factor (GS vs
INS vs MED) and unpaired-posthoc test were computed to investigate the difference between
groups on our sleep-derived measures. We performed non-parametric tests (Kruskal-Wallis test
and Dunn test) only when the variance or normality of distribution was not homogeneous. Age
was regressed out from all sleep measures prior to statistical group-level comparisons. For a
complete assessment of how sedative-hypnotics impact sleep quality, all analyses were repeated
with the use of other methods for spindle>?3-% detection and SO°!° detection. These are reported
in the Appendix A. Between-group effect sizes were calculated using Hedge’s g (which
corrects for small sample sizes). Watson circular statistic test for non-uniformity of circular
data was performed to test whether spindles had a to the SO phase’'2.

As an exploratory analysis within the MED group, we tested the relationship between our sleep
measures, and both treatment duration and medication equivalent dose in Diazepam using
Spearman’s correlation. Moreover, we investigated group differences in sleep measures
between BZDs users and BZRAs users using parametrical (t-test) and non-parametrical
(Wilcoxon) tests. Due to differences in dose between BZDs users and BZRAs users, sedative-
hypnotics equivalent dose was regressed out from all sleep measures in this analysis.

The level of significance was set to a p-value of <.05 and p-values were adjusted for multiple
comparisons (Benjamini-Hochberg/FDR correction) in a family-wise manner across the
following domains: sleep architecture, spectral power, spindle and slow oscillation properties,
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and their coupling”'’. For significant results, both raw (p) and adjusted p-values (g) were

reported when appropriate.



2.4 Results

One hundred and one individuals (66.05 + 5.84 years, 73% female) were categorized into three
groups: good sleepers (GS, n=28), individuals with insomnia (INS, n=26) or individuals with
insomnia who chronically use sedative-hypnotics (either BZD or BZRA) to manage their
insomnia difficulties (MED, n=47; dose equivalent in Diazepam: 6.1 + 3.8 mg/week; minimum
dose duration: 1 year, corresponding to approx. 200 individual doses); see Table 1 for
demographics and Table S1 in Appendix A for the various sedative-hypnotics used. We found
that participants in the MED group were older compared to both GS and INS groups (all p<.02),
while no difference was found regarding sex ratio (Fisher, p=.25). The GS group displayed no
clinically significant insomnia (ISI score: 3.6 + 3.1), while both the INS and the MED groups
exhibited higher insomnia severity (ISI score > 8) (p<.001; see Figure S1 in Appendix A). The
MED group reported a lower ISI score compared to the INS group (INS group: 17.5 £ 4.1;
MED group: 13.6 +4.8; p<.002).

2.4.1 Chronic use of BZD and BZRA affects sleep architecture.

There was a Group effect for SE (F(2,97)=12.8, p=.002, g=.004), where both INS (p=.001,
g=.002) and MED (p=.005, ¢g=.01) displayed lower SE compared to the GS group (Figure 1A)
(Table 2). Significant Group effect was found for TIB (F(2,97)=7.3; p=.001, g=.005), and TST
(F(2,97)=3.6; p=.03, g=.04), where the MED group displayed greater TIB (all p<.01, all g<.04)
than both GS and INS groups but also greater TST compared to the INS (p=.01, g=.04) but not
the GS group (p=.03, ¢=.09). We also found a Group*Stage interaction (F(8,400)=162.9;
p<.001) on the proportion of time spent in each sleep stage (% over TSP) with significant main
effect of Stage (£(4,400)=15.6; p=.004) but not Group (F(2,98)=.99; p=.60). Specifically, the
MED group was associated with spending more time in N1 and less time in N3 compared to
both INS and GS groups (all p<.001, all g<.001) (Table 2). The MED group was associated
with spending more time in N2 compared to the INS (p<.001, g<.001), but not the GS group.
In addition, the GS group was also associated with spending more time in N2 compared to the
INS (p<.001, ¢<.001) group. The MED group exhibited increased time spent awake compared
to the GS (p=.02, ¢<.001) but not the INS group (Figure 1B). We also observed increased in
time spent awake in the INS group compared to the GS (p=.001, g=.003) group. Meanwhile, no
significant difference was observed between the three groups for REM duration (Figure 1B).
We found a main effect of Group on latency to REM (F(2,97)=7.3, p=.03, g=.10) as MED was
associated with longer latency to REM compared to the INS and GS groups (all p=.004, all
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g=.01), although these did not pass corrections for multiple comparisons. We did not find any

significant effect for SOL and sleep latency to other stages.
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Figure 1: Chronic sedative-hypnotic use affects sleep architecture

For the GS (green), the INS (orange), and the MED (blue) group:

(A) Mean sleep efficiency (%) (£ SD)

(B) Mean proportion time spent in wake and sleep stages (% over TSP) (+ SD)
Asterisks represent significance (p): *<0.05; **<0.01; ***<0.001

In terms of sleep fragmentation, we found a Group effect for SFI (£(2,97)=14.3, p<.001) and
total arousal density (F(2,97)=11.8, p=.003, g=.006). The INS group was associated with more
arousal than the GS and MED groups (all p<.004, all g=.01) and lower SFI than the GS (p=.02,
g=.05) and MED (p<.001) group (Table 2).

In summary, participants with insomnia (MED and INS) were associated with changes in sleep
architecture, resulting in lower SE with or without chronic sedative-hypnotic use. Additionally,
chronic sedatives-hypnotic use was linked to poorer sleep quality, characterized by prolonged

light sleep duration and reduced deep sleep (N3).

2.4.2 Chronic use of BZD and BZRA alters spectral activity

Power analysis of sleep EEG revealed Group effects in specific spectral bands. Compared to
the GS group only (Fz: p=.003, ¢g=.01; Pz: p<.001, g=.002), the MED was associated with lower
relative power in the theta band over the frontal (Fz; F(2,97)