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ARTICLE INFO ABSTRACT
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Biomarkers

Sleep-wake disturbances are common in neurodegenerative diseases and may occur years before the clinical
diagnosis, potentially either representing an early stage of the disease itself or acting as a pathophysiological
driver. Therefore, discovering biomarkers that identify individuals with sleep-wake disturbances who are at risk
of developing neurodegenerative diseases will allow early diagnosis and intervention. Given the association
between sleep and neurodegeneration, the most frequently analyzed fluid biomarkers in people with sleep-wake
disturbances to date include those directly associated with neurodegeneration itself, such as neurofilament light
chain, phosphorylated tau, amyloid-beta and alpha-synuclein. Abnormalities in these biomarkers in patients with
sleep-wake disturbances are considered as evidence of an underlying neurodegenerative process. Levels of
hormonal sleep-related biomarkers such as melatonin, cortisol and orexin are often abnormal in patients with
clinical neurodegenerative diseases, but their relationships with the more standard neurodegenerative bio-
markers remain unclear. Similarly, it is unclear whether other chronobiological/circadian biomarkers, such as
disrupted clock gene expression, are causal factors or a consequence of neurodegeneration. Current data would
suggest that a combination of fluid biomarkers may identify sleep-wake disturbances that are most predictive for
the risk of developing neurodegenerative disease with more optimal sensitivity and specificity.

1. Introduction

Sleep is an essential daily physiological process that plays crucial roles
in the maintenance and repair of body functions. Within the central ner-
vous system, sleep contributes to the promotion of synaptic plasticity and
memory consolidation, as well as the removal of toxic brain metabolites
(Tononi and Cirelli, 2014; Xie et al., 2013). Sleep-wake is a term describing

both sleep and circadian cycles. Sleep-wake disturbances are common in
the elderly, with about half of older adults aged >55 years reporting sleep
complaints (Crowley, 2011). Sleep-wake disturbances commonly do not
present in isolation and may also represent prodromal features or risk
factors for certain neurodegenerative diseases. These symptoms highlight
the need for early and broad screening of individuals with sleep-wake
disturbances to identify those at risk for neurodegeneration who could
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Fig. 1. Presence of sleep-wake disturbances in neurodegenerative diseases.

Sleep-wake disturbances are widely present in AD, PD, DLB, and FTD. The type of sleep-wake disturbances commonly encountered in these neurodegenerative
diseases include circadian dysfunction, sleep disordered breathing, insomnia, hypersomnia, parasomnias (RBD), and periodic limb movement disorders.

potentially undergo longitudinal follow up and early intervention. Whilst
various biomarkers have been assessed for this purpose, issues with
accessibility and invasiveness have limited the utilization of some of these
approaches.

In the present narration, we reviewed current biomarker studies that
link sleep-wake disturbances with neurodegeneration, with a particular
focus on biofluids. A systematic search was conducted in the PubMed
database, using search terms — sleep-wake disturbances, sleep disorders,
neurodegeneration, neurodegenerative diseases, biomarkers, serum,
plasma, cerebrospinal fluid, and biofluids. We examined cohort, cross-
sectional, longitudinal, and case-control studies, including clinical,
epidemiological, and meta-analytic data. We covered major, as well as
minor, neurodegenerative diseases, including Alzheimer’s disease, Par-
kinson’s disease, dementia with Lewy bodies, multiple system atrophy, and
frontotemporal dementia. We also compared the consistency of findings
among different types of biofluids where available. Although reviews have
been carried out on recent developments in separate explorations of fluid-
based biomarkers in neurodegenerative diseases and sleep disturbances
(Cocco et al., 2023; Giangrande et al., 2023; Pundir et al., 2022), these,
however, do not extensively cover biofluid studies across interdisciplinary
areas nor the link between sleep-wake disturbances and neurodegenera-
tive diseases. We have addressed these shortfalls in our review. Synthe-
sizing this work will help to inform strategies focused on the key fluid
biomarkers that could identify people with sleep-wake disturbances, those
at a greater risk of neurodegenerative disease, as well as those that can best
monitor disease progression and response to interventions.

2. Sleep variation and sleep disorders
2.1. Sleep varies with age and sex

The nature of sleep varies with age and between the sexes. Ageing is
commonly accompanied by changes in sleep macroarchitecture, such as
more advanced sleep timing, longer sleep-onset latency, shorter overall
sleep duration and increased sleep fragmentation (Li et al., 2018). Inter-
estingly, whilst the duration of rapid eye movement (REM) sleep appears to
be relatively stable before the age of 80 years (Mander et al., 2017; Ohayon
etal., 2004), at the microstructural level, both the amplitude and density of
slow wave sleep is reduced with advanced age (Dube et al., 2015). Sex is
another factor impacting on sleep patterns with age. For instance, males
over the age of 70 years present with more pronounced reductions in their
percentage of slow wave sleep (stage 3-4 sleep) (average 3-fold lower),
compared with age-matched females. In addition, males over the age of 70
years have shown a 50% reduction in their percentage of slow wave sleep
compared with males at younger ages, whereas females do not show such
significant changes with age (Redline et al., 2004).

2.2. Sleep-wake disturbances

Sleep-wake disturbances is an umbrella term that can be classified
into seven major diagnostic sections, according to the International
Classification of Sleep Disorders (ICSD)-3, namely insomnia, sleep-
related breathing disorders including obstructive sleep apnea (OSA),
central disorders of hypersomnolence, circadian rhythm sleep-wake
disorders, parasomnias including REM sleep behavior disorder (RBD),
sleep-related movement disorders including restless legs syndrome, and
other sleep disorders. Furthermore, complaints of poor sleep quality are
common in mild cognitive impairment (MCI) (McKinnon et al., 2014)
and yet these may not meet criteria for a formal sleep disorder.

2.3. Difficulties in diagnosing sleep disorders

The clinical diagnosis of sleep disorders is commonly facilitated by
questionnaires, wearable devices and polysomnography (PSG). PSG is the
gold standard for diagnosing sleep disorders but is costly and not readily
available. PSG can be carried out in the home environment but may be
challenging for the older patient (Toedebusch et al., 2019) and may not
capture all relevant aspects, such as REM Sleep Behavior Disorder. More-
over, measures of sleep microarchitecture relevant to ageing, cognition
and neurodegeneration, such as slow wave activity and sleep spindles, are
not currently routinely measured as they require more sophisticated power
spectral analysis of the sleep electroencephalogram (EEG). Due to the
complexity and cost of PSG measurements, these are typically conducted
over a single night. For data collection over multiple nights, simpler
wearable devices such as actigraphy and commercial activity monitors are
used. These measure surrogates of objective sleep-wake activity using
accelerometry over periods of at least 7 or 14 days (Ancoli-Israel et al.,
2003) and are typically supplemented with a sleep diary. There is evidence
that some commercial “sleep trackers” have greater correlation with PSG
than actigraphy. For example, recent years have witnessed the develop-
ment of contactless under bed mattresses that can measure sleep apnea and
sleep movements over longer time periods (Chinoy et al., 2021; Edouard
etal., 2021). Actigraphy and contactless devices have the greatest capacity
to achieve ecological validity and to be scalable within the community, but
the cut-offs and interpretations of these measures in relation to areas of
clinical concern, are still variable and validation data is limited, particu-
larly in older samples and those at risk of neurodegenerative diseases.
Whilst the simplest to deploy and score, self-report measures are not well
utilized in clinical dementia settings, as they are subject to recall bias
(Lauderdale et al., 2008). There is also data to suggest that for some dis-
orders, such as OSA, self-report measures are not effective in older people
with cognitive impairment (Wilson et al., 2014). In addition, with
increasing age, individuals are susceptible to an increasing risk of
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comorbid medical and mental health conditions (along with medications),
and sleep habits that may affect nocturnal sleep (Gulia and Kumar, 2018).
Collectively, it therefore remains difficult to differentiate, at an individual
level, those with sleep-wake disturbances who are at increased risk of
developing specific neurodegenerative diseases, and further, which spe-
cific type of sleep disturbance is of most concern. This may in part be due to
the issues outlined above, as well as a lack of longitudinal data in ‘at risk’
cohorts.

3. Relationship between sleep disorders and neurodegenerative
diseases

Sleep disorders are increasingly considered to have a bidirectional
relationship with neurodegenerative diseases. Of note, insomnia, OSA,
RBD, and circadian changes are prominent in many neurodegenerative
diseases and their prodromal stages (Lal et al., 2022; Naismith et al.,
2011) (Fig. 1). Prospective epidemiological and meta-analytic data also
support the notion that these sleep disorders increase dementia risk (Shi
et al., 2018; Tranah et al., 2011; Yaffe et al., 2011), with more recent
reports from ten years of National Health and Aging Trends Study data
revealing that older adults with insomnia have a 51% increased de-
mentia risk (hazard ratio = 1.51, 95% CI = 1.19, 1.90) (Wong and
Lovier, 2023). A recent systematic review and meta-analysis of the as-
sociation between OSA and levels of blood and CSF biomarkers of Alz-
heimer’s disease (AD), comprising of 18 studies with 2804 patients,
revealed that CSF amyloid-p40, blood total amyloid-p, blood amyloid-
40, blood amyloid-$42 and blood total-tau were significantly higher in
OSA patients compared with healthy controls, indicating that OSA is
associated with an elevation of some biomarkers of AD (Yeo et al.,
2023). An animal model of AD revealed disrupted neurophysiological
output of the suprachiasmatic nucleus (Fusilier et al., 2021), suggesting
a potential link between disease mechanisms of AD and sleep distur-
bances. Whether identification of these sleep-wake disturbances in the
absence of a change in cognition has the capability of accurately pre-
dicting the development of neurodegenerative diseases at an individual
level in subsequent years remains to be further elucidated.

3.1. Algheimer’s disease and sleep disorders

Epidemiological and meta-analytic data shows that various sleep-
wake disturbances are associated with an increased risk of cognitive
impairment and AD (Hahn et al., 2014; Tranah et al., 2011; Yaffe et al.,
2011) including insomnia (Shi et al., 2018; Wong and Lovier, 2023),
OSA (Leng et al., 2017; Yaffe et al., 2011), short and long sleep duration
(Cavailles et al., 2022; Chen et al., 2016) and poor sleep quality (Shi
et al., 2018). Disturbances of sleep are also evident in people with MCI, a
high-risk state for developing AD, whereby around 50% convert to de-
mentia within 5 years (D’Rozario et al., 2020; Naismith et al., 2010).

Specifically, meta-analyses show that those with MCI have greater
wake after sleep onset, lower sleep efficiency, reduced REM sleep,
greater light sleep (stage 1), more nocturnal hypoxemia, as well as
various other changes in macroarchitecture (D’Rozario et al., 2020).
One study has also revealed advanced circadian phase, as determined by
timing of melatonin secretion (Naismith et al., 2014). In addition, sleep
disturbance in MCI also appears to be linked to structural and functional
changes within the brain’s default mode network (Luo et al., 2022;
McKinnon et al., 2017), as well as to alterations in sleep micro-
architecture (Naismith and Mowszowski, 2018).

In AD, there are exacerbations of the sleep-wake disturbances observed
with normal ageing (Benca et al., 1992; Bliwise, 1993; Vitiello and Prinz,
1989), including prominent nocturnal awakenings, hypersomnia and
daytime napping (Bubu et al., 2017; Moran et al., 2005). Circadian
misalignment often manifests as sundowning, day-night reversal and
nocturnal wandering (Ancoli-Israel et al., 1997; Andrade et al., 2018;
Gaeta et al., 2020; Gallagher-Thompson et al., 1992; Gnanasekaran, 2016;
Khachiyants et al., 2011; Martin et al., 2000; McCurry et al., 1999;
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Menegardo et al., 2019; van Someren et al., 1996; Vitiello et al., 1990;
Volicer et al., 2001). While these clinical manifestations may reflect gen-
eral degeneration of the suprachiasmatic nucleus (SCN), and reduced
production and/or secretion of melatonin from the pineal gland (Stopa
etal., 1999), recent in vivo findings also implicate the locus coeruleus (LC),
a key component of the body’s arousal system, with greater LC degenera-
tion linked to higher odds for manifesting sleep-wakes disturbances in
early stages of the disease (Dahl et al., 2019; Oh et al., 2022; Van Egroo
et al., 2022; Van Egroo et al., 2021). Moreover, it has been hypothesized
that increased sleep disruption (higher awakenings, non-REM N1 sleep and
lower sleep maintenance) observed across AD subtypes (amnestic/typical,
non-amnestic/atypical) is being driven by a dysfunctional arousal system
of LC wake-promoting neurons (Falgas et al., 2023). However, despite the
wealth of data available in this field, thresholds for sleep disturbance that
signify high risk remain to be determined and there remains a lack of sleep
microarchitecture data to provide insights into key neural oscillations that
may be pivotal to this process. This is particularly pertinent due to the
recently recognized role of the glymphatic system, that clears Af} and other
toxic metabolic waste products, from the brain during sleep, a process that
is maximal during the deeply restorative slow wave sleep (Nedergaard and
Goldman, 2020).

3.2. Synucleinopathies and sleep disorders

Synucleinopathies are a group of neurodegenerative diseases charac-
terized by abnormal deposition of a-synuclein, and include Parkinson’s
disease (PD), dementia with Lewy bodies (DLB), and multiple system at-
rophy (MSA). The association between synucleinopathies and idiopathic/
isolated RBD (iRBD) has been extensively studied (Boeve et al., 2013; Chan
et al., 2018; Fereshtehnejad et al., 2019; Ferman et al., 2011; Fernandez-
Arcosetal., 2019; Gagnon etal., 2002; Hogl et al., 2018; Iranzo et al., 2014;
Jozwiak et al., 2017; Postuma et al., 2009; Schenck et al., 2013; Si et al.,
2022), and iRBD is considered a prodromal form of synucleinopathy
(Iranzo et al., 2014), which has also been confirmed pathologically (Boeve
et al.,, 2013). The A35T SNCA transgenic mouse model presented key
feature of RBD from 5 months of age, and hyposmia when phosphorylated
a-synuclein accumulated at 9 months of age (Taguchi et al., 2020), further
suggested an association between the protein and sleep disturbances.
Whether earlier changes in sleep before the onset of iRBD may predict
progression to iRBD and the subsequent synucleinopathy remains to be
determined. Although iRBD may appear decades before the onset of
synucleinopathy-specific symptoms (Fereshtehnejad et al., 2019; Iranzo
etal., 2014; Postuma et al., 2009; Schenck et al., 2013), its presence cannot
yet accurately differentiate or predict progression to a specific synuclein-
opathy subtype. The amount of increased tonic chin electromyography
(EMG) activity during REM sleep does seem to favor progression to PD
(Postuma et al., 2010), but could not be used alone to accurately differ-
entiate a subtype. It has also been demonstrated that MCI is three-fold
greater in PD with RBD, compared to PD without RBD (Jozwiak et al.,
2017), indicating a potential link between RBD and cognitive decline in
synucleinopathies. A recent review expounded that patients with limited
or prodromal forms of synucleinopathies, i.e. iRBD, were at high risk of
developing motor and/or cognitive deficits over time and thereby “phe-
noconvert” to one of these conditions with established motor and/or
cognitive deficits, and high risk of developing synucleinopathy that is
associated with PD, MSA and DLB (Singer, 2022).

Apart from iRBD, other sleep-wake disturbances, such as periodic
limb movement disorder, insomnia, hypersomnia, and sleep-disordered
breathing, are also frequently observed in PD and DLB (Azmin et al.,
2013; Bhalsing et al., 2013; Bhattacharya et al., 2020; Boddy et al.,
2007; Cagnin et al., 2017; Calzetti et al., 2014; Chung et al., 2013;
Cochen De Cock, 2019; Gjerstad et al., 2006; Gjerstad et al., 2007; Loo
and Tan, 2008; Neikrug et al., 2013; Nomura et al., 2013; Norlinah et al.,
2009; Porter et al., 2008; Poryazova et al., 2010; Prudon et al., 2014;
Rana et al., 2013; Suzuki et al., 2008; Terzaghi et al., 2013; Tse et al.,
2005; Verbaan et al., 2010; Verbaan et al., 2008; Wong et al., 2014).
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Fig. 2. Fluid-based biomarkers measured in sleep-wake disturbances and neurodegenerative diseases.

Though in limited number of studies and usually in small cohorts, given the bidirectional relationship between sleep disturbances and neurodegenerative diseases,
various fluid-based biomarkers have been evaluated for increase, decrease, or rhythmic change in the overlapping field. These include sleep-related biomarkers,
neurodegeneration-related biomarkers, as well as inflammatory biomarkers. These markers have been analyzed both in sleep disturbances and neurodegenerative
diseases, and may be further validated for utilization as a screening marker in future studies.

Whether the presence of these sleep-wake disturbances are associated
with disease progression remains to be determined.

3.3. Other neurodegenerative diseases and sleep disorders

Though small in numbers, studies are emerging that evaluate sleep-
wake disturbances in other neurodegenerative diseases, such as fron-
totemporal dementia (FTD). Previous questionnaire-based studies have
revealed a 30% prevalence of sleep-wake disturbances in FTD (Fer-
nandez Martinez et al., 2008), with examples such as insomnia and sleep
disordered breathing being previously reported in this type of neuro-
degenerative disease (McCarter et al., 2016). In addition, there appears
to be greater fragmentation of rest-activity rhythms in FTD as measured
by actigraphy (Anderson et al., 2009).

4. Fluid biomarkers for sleep and circadian rhythms

Various hormones and genes play essential roles in maintaining or
reflecting sleep/wake cycles and circadian rhythms. However, little is
known as to whether these biomarkers could be used alone or in com-
bination with neurodegeneration biomarkers (see below) to predict
onset to or progression of neurodegenerative diseases (Fig. 2).

4.1. Melatonin

Melatonin is a methoxyindole secreted by the pineal gland that can be
measured in cerebrospinal fluid (CSF), blood and saliva, and dim light
melatonin onset (DLMO) is considered to be the single most accurate
circadian phase marker (Lewy, 1999; Pandi-Perumal et al., 2007). Both
post-mortem CSF and blood serum studies have shown that melatonin
levels are decreased significantly in AD compared to controls (Liu et al.,
1999; Mishima et al., 1999), and were inversely correlated with increases
in the Braak neuritic stage of AD (Zhou et al., 2003). Of importance, the

rhythm of melatonin secretion is affected in AD (Mishima et al., 1999),
with a lack of suppression in serum level of melatonin with light exposure
occurring in AD patients (Ohashi et al., 1999) and the night-time peak of
melatonin level in both serum and tissues decreased in AD compared with
age-matched controls (Mishima et al., 1999; Wu et al., 2003). Importantly,
the decrease in melatonin starts at a very early stage of disease (Zhou et al.,
2003), and changes to the timing of melatonin secretion are evident in MCI
(Naismith et al., 2014). This indicates that longitudinal monitoring of a
change in melatonin rhythm or absolute amounts of the hormone may
serve as a suitable early biomarker in people with sleep disorders at risk of
future AD or for disease tracking.

Limited melatonin studies have been conducted in PD, of which it
appears that patients have blunted circadian rhythms of melatonin
secretion in saliva, serum and plasma, as well as changes in response to
dopaminergic medication and motor fluctuations (Bolitho et al., 2014;
Bordet et al., 2003; Breen et al., 2014; Fertl et al., 1993; Videnovic et al.,
2014). At present, it is unknown if changes in melatonin level occur in
other neurodegenerative diseases such as FTD. Whether the amplitude
or pattern of the circadian change in melatonin differs with sleep-wake
disturbances more in individuals at risk for neurodegeneration
compared to those without risk remains unknown.

4.2. Cortisol

Cortisol is a glucocorticoid hormone that plays a crucial role in the
stress response. Like melatonin, cortisol can be measured in CSF, blood
and saliva (Pena-Bautista et al., 2019), and the secretion of cortisol
follows a diurnal circadian pattern that is inverted compared to mela-
tonin. Previous studies have shown that acute total sleep deprivation
increases cortisol levels, while chronic circadian misalignment reduces
cortisol levels (Wright Jr. et al., 2015).

Cortisol has also been evaluated in prodromal and clinical AD. CSF
and serum levels of cortisol are significantly higher in clinical AD
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compared with controls and those with prodromal AD (Popp et al., 2009;
Swanwick et al., 1998). In addition, morning CSF cortisol levels increase
in both prodromal and clinical AD compared with controls and pro-
dromes of other dementias, and longitudinally, higher baseline CSF
cortisol level is associated with faster cognitive decline in prodromal AD
(Popp et al., 2015). The circadian fluctuation of cortisol was slightly less
marked in AD compared to controls (Giubilei et al., 2001). Therefore,
the change in cortisol levels could be used in combination with other
markers to predict the rate of progression of AD.

4.3. Orexin

Orexins, which consist of orexin A and orexin B, are hypothalamic
neuropeptides essential for the homeostasis of energy metabolism and
sleep/wake cycles (Nixon et al., 2015). It has been widely accepted that
orexin is associated with arousal, and it is reduced significantly in
narcolepsy-cataplexy (Nishino et al., 2000). Orexin A is a specific and
sensitive CSF biomarker for the diagnosis of narcolepsy type 1, which is
characterized by sleepiness, cataplexy, disrupted nocturnal sleep, sleep-
related hallucinations, and sleep paralysis (Barateau et al., 2023). Para-
doxically, CSF levels of orexin increase with partial sleep deprivation in
healthy adults (Olsson et al., 2018). Changes in orexin levels in other sleep-
wake disturbances are less clear, although CSF levels of orexin are higher in
OSA patients compared with AD (Liguori et al., 2019). In AD, CSF orexin
levels are inversely correlated with daytime sleep fragmentation (Fried-
man et al., 2007) but positively correlated with sleep fragmentation in
prodromal AD (Liguori et al., 2016). The overall levels are increased in AD
compared to controls (Liguori et al., 2019), with higher levels observed in
moderate-severe AD compared to mild AD (Liguori et al., 2014) and in
general these increases are associated with cognitive dysfunction in AD
(Shimizu et al., 2020). In addition, the CSF level of orexin has also been
shown to increase in MCI, particularly in those with sleep complaints, with
levels similar to AD (Gabelle et al., 2017; Liguori et al., 2016). In cogni-
tively normal older adults, orexin A levels correlate with phosphorylated
tau-181 (P-Taul81) levels (Osorio et al., 2016), indicating that the increase
in orexin is associated with the onset of this specific biomarker for AD (see
below). It is not yet clear why increases in this wake promoting peptide
appear early in the disease course. This may well be a compensatory
mechanism (i.e. to mitigate against other sedating signals) or may reflect
early dysfunction of orexin neurons of the perifornical area and hypo-
thalamus, and/or their widespread brain projections. Overall, whilst still
requiring further evaluation, CSF levels of orexin show some promise as a
biomarker for AD, and there is great interest in the role of orexin antago-
nists to target sleep disturbance in neurodegeneration (McCleery and
Sharpley, 2020).

There are only a limited number of small cohort studies of orexin
levels in PD, DLB or FTD. One study showed that CSF levels of pro-orexin
are increased in FTD, but to a lesser extent compared to AD (Heywood
et al., 2018). In contrast, CSF orexin levels have been shown to be
comparable between PD and controls (Compta et al., 2009), but at post-
mortem the levels were lower in PD (Fronczek et al., 2007), suggesting a
change over time. In a study examining DLB, AD, and controls, CSF
orexin levels were lower in DLB compared to both AD and controls
(Wennstrom et al., 2012). Though the number of studies remain limited,
orexin levels appear to relate more to dementia status than parkin-
sonism, and the impact on the orexin system may differ between AD and
Lewy body diseases, which requires further confirmation by studies with
larger and well characterized cohorts. Given that orexin is involved in
the homeostasis of circadian rhythm, it remains of interest whether a
change in the level of orexin may serve as a useful tool for predicting the
progression to either AD or Lewy body dementia.

4.4. CLOCK genes

Circadian rhythm is present in most cells, with the SCN in the hypo-
thalamus being the core regulation center. The light input synchronizes the
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core clock machinery in SCN neurons, which in turn synchronize cellular
clocks throughout the human body (Leng et al., 2019). At the cellular level,
the core circadian clock consists of proteins that form transcriptional-
translation feedback loops. The clock proteins brain and muscle Arnt-like
protein-1 (BMAL1) forms a heterodimer with other transcription factors
including circadian locomotor output cycles kaput (CLOCK) or neuronal
Per-Arnt-Sim (PAS) domain protein 2 (NPAS2). The heterodimer subse-
quently drives the transcription of clock-controlled genes, including its
negative feedback regulators period 1 (PER1), period 2 (PER2) and period
3 (PER3), as well as cryptochrome 1 (CRY1) and cryptochrome 2 (CRY2),
which in turn translocate to the nucleus and suppress transcription medi-
ated by BMAL1:CLOCK or BMAL1:NPAS2 heterodimers (Huang et al.,
2012a; Matsumura et al., 2013). In addition, BMAL1:CLOCK also activates
transcription of the nuclear receptors REV-ERBa and REV-ERBp, which
competitively bind and negatively regulate BMALI transcription (Cox and
Takahashi, 2019; Yin et al., 2007). Together, these core clock machineries
maintain the 24-h cellular circadian rhythms.

Deletion of the BMALI gene has been shown to attenuate rhythm of
sleep and wakefulness in animal models (Laposky et al., 2005), and
mutation of human PER2 (hPER2) phosphorylation site has been shown
to associate with variant in human sleep behavior (Toh et al., 2001),
suggesting a correlation between clock genes and sleep. In addition,
animal studies have shown that sleep deprivation increased cortical
expression of clock genes such as BMAL1, CLOCK, NPAS2, CRY2, and
PER2 (Curie et al., 2015; Franken et al., 2007; Wisor et al., 2008), some
of which return to normal upon recovery of sleep (Franken et al., 2007),
as well as reduced DNA-binding of CLOCK and BMAL1 to the clock genes
(Mongrain et al., 2011), suggesting a bidirectional correlation between
clock genes and sleep.

In addition to their validated role in the maintenance of cellular
circadian rhythm (Turek, 2016), researchers have started to examine clock
genes in neurodegenerative diseases. Using fibroblast culture from AD
patients compared with controls, it has been shown that the peak of BMAL1
transcription is delayed (rhythm offset), and the rhythmic DNA methyl-
ation of BMALI is significantly dysregulated in the brain early in AD
(Cronin et al., 2017). Previous studies on newly diagnosed PD using blood
samples revealed a lack of time-dependent variation in BMALI but not
PER2 expression, which was accompanied by increased serum cortisol and
decreased melatonin levels compared with controls (Breen et al., 2014). In
addition, administration of melatonin in PD patients for three months
resulted in elevation of BMAL1 levels in peripheral blood (Delgado-Lara
etal., 2020), suggesting a potential link between melatonin and clock gene
expression. How a change in clock genes contributes to the pathophysi-
ology of neurodegenerative diseases remains unknown, however animal
studies have shown that deletion of BMAL1 induces synaptic degeneration
and glial fibrillary acidic protein (GFAP) activation (Musiek et al., 2013)
and an increase in amyloid-beta (Af) peptides induces degradation of the
circadian clock regulator cAMP-regulated-enhancer (CRE) binding protein
(CBP), and transcription factor BMAL1 (Song et al., 2015). Whether such
dysregulation of clock genes is the ‘chicken or the egg’ mechanistically for
neurodegeneration, they could certainly be positioned as additional ther-
apeutic targets. Changes in the rhythmic transcription and expression of
these clock genes in people with sleep-wake disturbances could also be
used to predict progression in particular neurodegenerative diseases.

5. Neurodegeneration biomarkers for sleep disorders

Fluid biomarkers of neurodegeneration have been widely studied in
the prodromal stages of neurodegenerative diseases (Fig. 2). These have
been measured mostly in the CSF with more recent studies replicating
these initial findings in blood samples. Given that these neurodegener-
ative biomarkers are frequently assessed at prodromal stages of neuro-
degeneration, it remains unclear as to whether individuals with sleep-
wake disturbances without cognitive decline also have biomarker
changes indicative of neuropathology. Such correlations may provide a
useful tool for predicting individuals with sleep-wake disturbances at
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risk of developing specific neurodegenerative diseases and may also
provide viable surrogate endpoints for use in clinical trials.

5.1. Neurofilament light chain

The intermediate filaments specific to neurons include the neuro-
filament triplet proteins - light chain (NFL), medium chain (NFM) and
heavy chain (NFH). These are located in the cytoplasm and dendrites of
certain neurons and are crucial for the maintenance of structural sta-
bility of neurons. Under physiological conditions, NFL is released by
neurons in small amounts (Disanto et al., 2017; Khalil et al., 2020),
which increases with age (Khalil et al., 2020).

The increase of NFL release has long been considered a biomarker for
neuroaxonal damage and neurodegeneration. Studies showed that both
CSF and blood levels of NFL increase in synucleinopathies, tauopathies,
and AD (Bacioglu et al., 2016). Longitudinal neuroimaging studies in
prodromal and clinical AD patients compared with controls revealed
that CSF levels of NFL were elevated at baseline in the cohorts with
neurodegeneration, regardless of their levels of Ap42 and P-Tau
(Mattsson et al., 2019). This indicates that NFL represents a screening
marker for overall neurodegeneration (Mattsson et al., 2019; Pilotto
et al., 2021a; Pilotto et al., 2021b; Silva-Spinola et al., 2022). Impor-
tantly, given that changes in NFL in the blood closely reflect those in the
CSF, it could be argued that the assessment of plasma NFL could
potentially serve as a convenient screening biomarker for identifying
those people who are at risk of developing a neurodegenerative disease.

It remains unclear how NFL levels change longitudinally in individuals
with sleep-wake disturbances. In one study, individuals with chronic
insomnia had higher serum levels of NFL compared to controls (Zhang
et al., 2018), suggestive of neurodegeneration. Few longitudinal studies
have been performed on the sustained or increased levels of NFL and their
potential predictive value for subsequent neurodegeneration in people
with isolated sleep-wake disturbances. In individuals with a parent diag-
nosed with sporadic AD, CSF levels of NFL were not associated with sub-
jective sleep quality (Sprecher et al., 2017), and similarly, in a cohort of
4712 middle-aged to elderly non-demented individuals, plasma levels of
NFL were not associated with self-rated sleep-wake disturbances measured
by the Pittsburgh Sleep Quality Index and 24 h-rhythm actigraphy (Lysen
et al., 2020). However, these results should be interpreted with caution,
given that these patients were not screened for definitive AD biomarkers
nor undertook a formal sleep study to objectively clarify the cause of self-
reported or actigraphy determined poor sleep. A study using PSG revealed
that the CSF level of NFL was negatively correlated with slow wave sleep in
mild to moderate AD (Targa et al., 2021), and higher self-report sleepiness
scores were associated with increased CSF NFL (Carvalho et al., 2022) in
cognitively unimpaired older adults. In addition, inclusion of the plasma
level of NFL with orthostatic hypotension (OH) and RBD may better predict
motor progression in PD (Pilotto et al., 2021b). In summary, NFL appears to
be a non-specific marker for neurodegeneration and needs further exami-
nation in relation to sleep disturbances.

5.2. Phosphorylated tau and total tau

Tau is a microtubule-binding protein that promotes the assembly and
stability of microtubules (Weingarten et al., 1975). Hyper-
phosphorylation of tau leads to abnormal aggregation of tau into
neurofibrillary tangles (Uchihara, 2014).

Changes in total tau (T-Tau) in the CSF have been considered as a
response to neuronal injury (Jack Jr. et al., 2018), and have been shown to
increase in different diseases including AD (Blennow and Zetterberg, 2018;
Lew etal., 2021; Zetterberg, 2017). P-Tau has long been considered to be a
more specific marker of AD. Mass spectrometry analysis of CSF from fa-
milial, non-familial prodromal and clinical AD has revealed that P-Tau at
amino acid position 217 (P-Tau217) increases approximately two decades
before the estimated symptom onset in dominantly inherited AD, followed
by P-Tau at position 181 (P-Taul81) and then other P-Tau proteins
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(Barthelemy et al., 2020), with similar findings in sporadic AD. Interest-
ingly, increases in P-Tau217 and P-Taul81 waned close to symptom onset
(Barthelemy et al., 2020), suggesting that the change in these P-Tau pro-
teins may not only present as an early biomarker, but also a predictor of
progression into clinical disease. Importantly, analyses of P-Taul81 and P-
Tau217 in blood were consistent to those of CSF, suggesting that these
proteins are capable of differentiating AD from other types of dementia
(Janelidze et al., 2020; Karikari et al., 2020; Palmqvist et al., 2020), and
may possibly identifying prodromal forms of AD.

T-Tau and P-Tau are starting to be also used to evaluate people with
sleep-wake disturbances. In cognitively normal elderly people,
increased CSF levels of T-Tau and P-Taul81 are associated with
decreased spindle density during the N2 sleep stage (Kam et al., 2019),
and higher CSF levels of P-Taul81/Af42 are associated with inferior
subjective sleep quality and daytime somnolence in cognitively normal
adults with a parental history of AD (Sprecher et al., 2017). In addition,
higher CSF levels of T-Tau and P-Taul81 are negatively correlated with
sleep efficiency, and positively correlated with wakefulness after sleep
onset in OSA patients (Liguori et al., 2017). However, CSF levels of T-
Tau and P-Tau did not appear to be altered in chronic insomnia and
controls in middle-aged to elderly individuals (Chen et al., 2018).

Few studies have assessed the plasma levels of T-Tau and P-Taul81,
but OSA patients have been shown to present with increased plasma
levels of T-Tau (Motamedi et al., 2018) and increased serum levels of P-
Taul81 (Bu et al., 2015) compared with controls. However, these co-
horts only consisted of middle-aged individuals, and whether these
measures are elevated in older cohorts with a range of sleep-wake dis-
turbances remain to be determined. Given their potential predictive
value for progression to AD, identifying the longitudinal change in these
markers in cohorts of people with sleep-wake disturbances will be
important, as such measures may assist with disease tracking longitu-
dinally or may even be suitable as scalable, cost effective and feasible
biomarkers for evaluating responsiveness to interventions.

5.3. Amyloid-fi42 and amyloid-$40

Ap42 and Ap40 peptides are generated by cleavage of the amyloid
precursor protein (APP) by B- and y-secretases (Hook et al., 2008).
Amyloid-p42 is considered to be more neurotoxic and prone to aggre-
gation (Kim and Hecht, 2005; Yan and Wang, 2006). Animal studies
have shown that Af peptides in interstitial fluids fluctuate in a diurnal
pattern, and significantly correlate with the extent of wakefulness (Kang
et al., 2009). This is supported by human studies with serial CSF sam-
pling showing that the levels of AB42 and AB40 fluctuate between 1.5
and 4 fold over a 36 h period of time (Bateman et al., 2007).

The National Institute on Aging and Alzheimer’s Association (NIA-
AA) recommends a classification system for neurodegeneration (ATN
system) composed of the severity of Ap deposition (A), pathologic tau
(T), and atrophy on neuroimaging (N). Within this scheme, Ap deposi-
tion is defined by Af positron emission tomography (PET) ligand bind-
ing or a decrease in CSF levels of AB42 or the Ap42/Ap40 ratio (Jack Jr.
et al., 2018). The diagnostic value of measuring Ap peptides in blood
remains uncertain due to the lack of a distinguishable difference in their
levels between AD and controls, as reported by some (Feinkohl et al.,
2020), as well as correlation studies showing highly variable levels using
plasma versus CSF samples (Hanon et al., 2018; Huang et al., 2012b;
Janelidze et al., 2016; Teunissen et al., 2018).

Changes in A levels appear sensitive to sleep-wake disturbances, as
one night’s sleep deprivation in healthy adults increases Af burden in the
hippocampus and thalamus assessed by ‘®F-florbetaben PET imaging
(Shokri-Kojori et al., 2018), and counteracts the overnight decrease of
Ap42in CSF expected from unrestricted sleep (Oomset al., 2014). Also, CSF
levels of AB42 are increased in middle aged to elderly individuals with
insomnia (Chen et al., 2018), but CSF Ap peptide levels are decreased in
OSA patients compared with controls (Ju et al., 2016; Liguori et al., 2017).
This supports the link between OSA and neurodegeneration, which is
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consistent with the annual rate of decrease in CSF Ap42 levels associated
with the severity of OSA (Sharma et al., 2018). Also, cognitively impaired
individuals with co-existing OSA have a more rapid decrease in CSF levels
of AB42 (Bubu et al., 2019). However, measurement of AB42 levels in the
blood of young people showed no change in those with OSA (Motamedi
et al., 2018), while middle-aged OSA samples showed increases in AB42
(Bu et al., 2015), indicating that the effect of OSA on Ap could be age-
dependent. More research is required on the impact of different sleep-
wake disturbances on measurable Af peptide levels.

5.4. a-Synuclein

Alpha-synuclein (a-synuclein) is a neuronal protein that is abundant
in presynaptic nerve terminals, and abnormal aggregation of the protein
forms the characteristic inclusions found in a group of diseases collec-
tively called synucleinopathies. a-Synuclein is present in various bio-
fluids, including CSF, plasma and saliva (Chahine et al., 2020). A study
revealed that plasma levels of a-synuclein were significantly higher in
PD compared with controls (Lin et al., 2017). Importantly, they were
higher in PD with dementia (PDD) compared to PD patients with either
MCI or normal cognition. In particular, plasma levels of a-synuclein
were negatively correlated with MMSE scores (Lin et al., 2017). These
results indicate that a-synuclein may serve not only as a differentiation
marker in prodromal cases, but also in predicting cognitive decline and
dementia in synucleinopathies. Little is known about whether a-synu-
clein levels are affected by sleep-wake disturbances. One study revealed
that the CSF and serum levels of oligomeric a-synuclein were higher in
PD with probable RBD compared with PD without probable RBD (Hu
et al., 2015). However, it remains unknown whether the change occurs
before clinical diagnosis of iRBD, and whether it could differentiate
iRBD progression to PD or DLB. It also remains unknown whether the
change could be of predictive value for progression to PDD from PD.

6. Inflammatory biomarkers for sleep disorders
6.1. Astrocyte biomarkers

6.1.1. Glial fibrillary acidic protein

Glial fibrillary acidic protein (GFAP) is the intermediate filament
maintaining the structure of astrocytes. Astrocytes are one of the three
main types of glia in the brain required to maintain normal neural functions
by providing supportive structural scaffolding, neurotrophic factors,
metabolic regulation, synaptogenesis, maintenance of the blood brain
barrier and the glymphatic system (Sofroniew and Vinters, 2010; Sunkaria
and Bhardwaj, 2022; Verkhratsky and Nedergaard, 2018). Activated as-
trocytes increase their levels of GFAP that are observed in most neurode-
generative diseases (Phatnani and Maniatis, 2015; Xiao et al., 2022).
Analyses of increased GFAP levels in biofluids from patients with neuro-
degenerative diseases indicate activation and degeneration (Xiao et al.,
2022). One study in AD and one in PD have shown that the CSF levels of
GFAP increased in both of these diseases (Jesse et al., 2009; Santaella et al.,
2020). Another study in FTD also showed that plasma levels of GFAP were
increased compared with controls (Marelli et al., 2020). In addition, in
cognitively normal older adults, plasma levels of GFAP were increased in
individuals with higher Af load as determined by PET compared with those
with lower Af load (Chatterjee et al., 2021). The CSF levels of GFAP has
been found to be higher in narcolepsy patients that presented lower levels
of orexin A, suggesting an interplay between these pathologies (Feneberg
et al., 2013). While in young males the plasma levels of GFAP remain un-
changed following acute sleep loss (Benedict et al., 2020), there is a lack of
studies evaluating GFAP levels in people with sleep-wake disturbances,
warranting further work in this field.

6.1.2. S100 calcium-binding protein B
$100 calcium-binding protein B (S100B) is a calcium binding protein in
perivascular astrocytes. The protein increases with injury and is released
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into serum via disruption to the blood brain barrier (Kanner et al., 2003;
Kapural et al., 2002). Animal studies have shown that S100B can also be
released via glymphatic drainage (Plog et al., 2015). Limited studies have
measured CSF levels of S100B but it is increased in PD compared with
controls (Papuc and Rejdak, 2020). Only one study has measured serum
levels of S100B in OSA and this showed increases compared with controls
(Braga et al., 2006). More research on the change in this protein in people
with different sleep-wake disturbances is required.

6.2. Inflammatory cytokines

6.2.1. Inflammatory markers

Inflammatory markers, such as tumor necrosis factor alpha (TNF-a),
C-reactive protein (CRP) / high-sensitivity CRP (hsCRP), interleukin-6 (IL-
6), interleukin 1 beta (IL-1p), interleukin-8 (IL-8), and interleukin-10 (IL-
10), have been consistently increased in biofluids from people with
circadian misalignment and sleep loss (Clinton et al., 2011; Wright Jr.
et al., 2015), as well as OSA (Baril et al., 2018; Bozic et al., 2018; Canto
Gde et al., 2015; Montesi et al., 2012; Nadeem et al., 2013). They have
also been shown to be increased in MCI and dementia (Brosseron et al.,
2018; Darweesh et al., 2018; Havekes et al., 2019; Swardfager et al.,
2010), and also cognitively unimpaired older adults with higher self-
reported sleepiness scores (Carvalho et al., 2022). However, since cyto-
kines increase ubiquitously across various diseases, it is difficult to define
a threshold to predict progression towards a specific disease trajectory.

6.2.2. YKL-40

YKL-40 is a glycoprotein produced by inflammation that has been
reported to be increased in the CSF of patients with mild AD-type de-
mentia compared to controls (Craig-Schapiro et al., 2010). In addition,
CSF levels of YKL-40/Ap42 appear to predict the risk of developing
cognitive impairment, determined by CDR score (Craig-Schapiro et al.,
2010). Furthermore, a previous study has shown that serum levels of
YKL-40 are elevated in OSA, where it positively correlates with apnea
hypopnea index (AHI) and the oxygen desaturation index (ODI) (Mutlu
et al., 2017). Whether the increased levels of YKL-40 in OSA are linked
to a progression to dementia remains to be determined.

6.3. Growth factors

Vascular related markers have been of interest in sleep-wake dis-
turbances, particularly OSA (Baril et al., 2018; Nadeem et al., 2013).
Intercellular adhesion molecule 1 (ICAM-1) is a cell surface glycoprotein
robustly expressed in response to inflammation, and vascular cell
adhesion molecule (VCAM) is an adhesion molecule expressed on acti-
vated endothelium. A recent study has shown that higher CSF levels of
ICAM1 and VCAM1 occurs with advanced stages of the ATN scheme
(Rauchmann et al., 2020), suggesting similar growth factor changes in
OSA and AD. Vascular endothelial growth factor (VEGF) is vascular
endothelial growth factor, and serum levels of VEGF are elevated in
OSA, as well as in AD (Alvarez et al., 2018; Briancon-Marjollet et al.,
2014). Brain-derived neurotrophic factor (BDNF) is an important neu-
rotrophic factor, and serum levels of BDNF are decreased in periodic
limb movements and restless legs syndrome induced insomnia compared
with controls (Giese et al., 2014), as well as in AD (Ng et al., 2019). At
present, limited studies have assessed these markers in biofluid studies
of people with sleep-wake disturbances.

7. Conclusions

Sleep is often disrupted in neurodegenerative diseases either before
or after the initiation of neurodegeneration. Fluid biomarkers are
available for both sleep-wake disturbances and neurodegeneration, both
with the potential to predict cognitive decline and dementia in in-
dividuals with sleep-wake disturbances (Fig. 3). Considering the diffi-
culties in obtaining PET scans and CSF samples, blood and saliva are
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Fig. 3. Summary of biomarkers discussed in this review.

A summarization of biomarkers discussed in this review. These biomarkers include neurodegeneration-related biomarkers, sleep-related biomarkers, as well as other
biomarkers such as inflammatory markers. These markers showed various changes and correlations in sleep-wake disturbances and neurodegenerative diseases, and
some markers have been measured in different biofluids, such as CSF, blood and saliva. Of note, the number of studies are limited, and the study cohort is usually
small. Gathering these data will guide future directions on exploration of potential biomarkers that may identify individuals with sleep-wake disturbances that are at
increased risk of neurodegenerative diseases.
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becoming more important for developing biomarkers, although studies
using these biofluids are currently limited. With a better understanding
of circadian biomarkers, their measurement in people with sleep-wake
disturbances may assist with identifying early neurodegeneration and
would seem to be particularly useful for the differentiation of the un-
derlying pathologies involved. A biomarker strategy utilizing a combi-
nation of circadian and neurodegenerative biomarkers may increase
sensitivity and specificity for predicting the type of sleep-wake distur-
bances and the potential to progress to a neurodegenerative disease. A
long term prospective longitudinal study with records of clinical pro-
files, imaging and other assessment profiles as well as fluid-based
biomarker profiles of healthy older people at risk, such as those with
predisposed genetic variation and iRBD, may facilitate better under-
standing of utilization of these markers.
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