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s u m m a r y

Sleep-disordered breathing is highly prevalent in the elderly population. Obstructive sleep apnea (OSA)
represents the most common sleep disorder among the adult and elderly population. Recently, OSA
diagnosis has been associated with an increased risk of developing cognitive decline and dementia,
including vascular dementia and Alzheimer's disease (AD). Subsequently, there have been studies on AD
biomarkers investigating cerebrospinal !uid, blood, neuroimaging, and nuclear medicine biomarkers in
patients with OSA. Furthermore, studies have attempted to assess the possible effects of continuous
positive airway pressure (CPAP) treatment on the cognitive trajectory and AD biomarkers in patients with
OSA. This review summarizes the "ndings of studies on each AD biomarker (cognitive, bio!uid, neuro-
imaging, and nuclear medicine imaging) in patients with OSA, also accounting for the related effects of
CPAP treatment. In addition, the hypothetical model connecting OSA to AD in a bi-directional interplay is
analyzed. Finally, the sex-based differences in prevalence and clinical symptoms of OSA between men
and women have been investigated in relation to AD risk. Further studies investigating AD biomarkers
changes in patients with OSA and the effect of CPAP treatment should be auspicated in future for
identifying strategies to prevent the development of AD.

© 2020 Elsevier Ltd. All rights reserved.

Background

Sleep-disordered breathing (SDB) groups disorders character-
ized by abnormalities of breathing during sleep (and in some cases
also during wakefulness). Obstructive sleep apnea (OSA), the most
frequent SDB, is a highly prevalent sleep disorder. It is characterized
by obstruction of the upper airways during sleep, causing inter-
mittent hypoxia (IH), sleep fragmentation, and daytime sleepiness.
OSA can signi"cantly affect physical and mental health via several
mechanisms, such as endothelial dysfunction, oxidative stress,
systemic in!ammation, glucose dyshomeostasis, hypertension, and
brain and white matter (WM) pathological changes [1,2]. The
overall estimated prevalence of OSA has not yet been identi"ed, but

large studies (performed z20 years ago) suggest a prevalence of
2e4% in the general population, with an increased rate in older
people [3e5]. Studies on the prevalence of OSA have been per-
formed across continents and provide different prevalence ranges
[6]. A very recent review tried to de"ne the prevalence of OSA ac-
cording to the results of several studies. It concluded that the
prevalence of OSA in the general adult population can range from
9% to 38%; in men it varied from 13% to 33% and in women it varied
from6% to 19%. Notably, in advanced age groups, the prevalence can
be as high as 84%, and as high as 90% in men [7]. However, the
methodological heterogeneity of studies (different OSA de"nition
and inclusion/exclusion criteria) and the dif"culty to diagnose
“asymptomatic” people hamper the possibility of achieving an
undisputed prevalence of OSA. Owing to this gap in the scienti"c
literature, a population-based study recently reported a prevalence
of moderate-to-severe SDB (!15 apnea-hypopnea events per hour)
as 23.4% in women and 49.7% in men [8]. This study, named Hyp-
noLaus, included a cohort of subjects recruited between 2003 and
2006 and composed by 6733 people aged 35e75 years, randomly
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selected from the population of Lausanne in Switzerland. All sub-
jects performed a polysomnography (PSG) to investigate the pres-
ence of SDB, detected by using the more liberal 2012 American
Academy of Sleep Medicine (AASM) criteria for de"ning apnea and
hypopnea events [9].

In this review we focus on SDB, considering that OSA represent
the most frequent SDB in the adult and elderly populations, since
there is increasing attention on the diagnosis and management of
OSA in these populations. In the HypnoLaus study, the recruited
population was divided into two age categories; speci"cally, < 60
and !60 years old. There was a signi"cant increase in the preva-
lence of moderate-to-severe OSA among older participants
compared with the younger age group [8]. Moreover, a longitudinal
study on cognitively normal (CN) participants that investigated
cerebrospinal !uid (CSF) biomarkers reported that the prevalence
of mild and moderate-severe OSA was 36.53% and 16.82%, respec-
tively, in participants aged from 55 to 90 years [10]. This prevalence
of OSA is higher than the one reported in the previous studies [3e6]
and re!ects the more recent epidemiological data [8].

The increasing attention to OSA diagnosis and treatment could
also be attributed to the reported cardiovascular, neurocognitive,
and metabolic negative effects of OSA, which subsequently have
signi"cant health consequences [11]. OSA has been reported to be
independently associated with several disorders, including hyper-
tension, diabetes, metabolic syndrome, osteoporosis, and cardio-
vascular diseases [12e16]. IH and hypercapnia, nocturnal arousals
and sleep fragmentation, and increased in!ammation and oxida-
tive stress concomitantly contribute to the detrimental effects of
OSA [11].

OSA has been recently recognized as a risk factor for cognitive
impairment and Alzheimer's disease (AD) [17]. However, the
mechanisms underlying OSA-induced AD neuropathological
changes remain unclear. Sleep impairment has been identi"ed as a
potential risk factor for AD [18] and there has been an increase of
studies about the effects of sleep on amyloidopathy biomarkers in
the aging population. Since it has been very recently documented
that sleep alterationmay be also associated with tau pathology, and
considering that the spreading of tau aggregation drives the tran-
sition from normal cognition to mild cognitive impairment (MCI)
and early AD, sleep impairment has been identi"ed as a putative
marker for both b-amyloid (Ab) and tau pathology along AD neu-
rodegeneration [11,19,20]. Therefore, literature has proposed a
progressive increase in studies on AD signs and symptoms (CSF
biomarkers, neuroimaging, and cognitive status) in patients with
OSA. However, the use of different patients groups, diagnostic tools,
laboratory cut-offs, and imaging modalities limits the

establishment of a de"nite status of AD biomarkers in patients with
OSA. Since OSA can be treated by continuous positive airway
pressure (CPAP), the effects of CPAP on OSA-induced changes have
only been partially studied. Further, the identi"cation of the
bene"cial effects of CPAP on these preclinical and early AD
biomarker changes in patients with OSA is not yet completely un-
derstood. Notably, preclinical AD is characteristically de"ned by the
occurrence of speci"c biological biomarkers without clinical
symptoms, which emphasizes the importance of assessing and
managing risk factors several decades prior to the initial clinical
manifestations of AD [21]. Consequently, research on OSA as a
possible cause and risk factor for preclinical AD is still ongoing and
could allow the development of new strategies for screening OSA in
the adult and elderly populations to potentially reduce the preva-
lence of AD. To this end, CSF and neuroimaging/nuclear medicine
biomarkers have become a fundamental part of AD research on
preventive strategies and early recognition of individuals at risk of
developing AD [22].

Two clinical reviews recently identi"ed the most promising
!uid biomarkers of dementia in patients with OSA and the hypo-
thetical trajectory of AD pathology triggered by OSA and possibly
hampered by CPAP treatment [23,24]. The "rst focused on the
clinical potential of measuring CSF and blood biomarkers in pa-
tients with OSA; the second explored the possible mechanisms
precipitating AD neuropathological changes triggered by OSA, and
also the hypothetical neurodegenerative factors promoting OSA in
patients with AD. In contrast with these two recent reports, in this
review we examine the possible occurrence of neuropsychological,
brain magnetic resonance imaging (MRI), CSF, and brain nuclear
medicine biomarkers in patients with OSA recognized as having AD
pathology. Furthermore, we consider the CPAP-induced modi"ca-
tions of AD biomarkers to provide an overall summary of the cur-
rent knowledge on OSA and the risk for AD pathology based on
biomarker changes. Finally, we hypothesize a model explaining the
interplay between OSA and AD pathology in the preclinical and
early stages of the disease, and promote the clinical potential of
investigating AD biomarkers in patients with OSA in order to
identify AD clinical-pathological changes early, and thus possibly
prevent the cascade of events leading to MCI and AD by treating
OSA with CPAP.

OSA and AD: comorbidity and causality

AD is the most prevalent form of dementia and is currently
identi"ed as a multifactorial disorder. Prevention of the occurrence
and progression of AD has proven to be very challenging in our

Abbreviation list

AASM American Academy of Sleep Medicine
Ab b-amyloid
AD Alzheimer's disease
ADNI Alzheimer's Disease Neuroimaging Initiative
AHI Apnea-Hypopnea Index
APP amyloid precursor protein
ApoE4 apolipoprotein E (ApoE) epsilon 4
BQ Berlin questionnaire
CN cognitively normal
CPAP continuous positive airway pressure
CSF cerebrospinal !uid
EDS excessive daytime sleepiness
ESS epworth sleepiness scale

FA functional anisotropy
GMV gray matter volume
IH intermittent hypoxia
MCI mild cognitive impairment
MRI magnetic resonance imaging
ODI oxygen desaturation index
OSA Obstructive sleep apnea
PSG polysomnography
REM rapid eye movement
SCI subjective cognitive impairment
SDB Sleep-disordered breathing
SWS slow-wave sleep
VBM voxel-based morphometry
WM white matter
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society [25]. Sleep disturbances, and in particular OSA, have been
tested as a potentially modi"able risk factor for AD; therefore,
studies investigating the prevalence and potential of developing AD
are increasing in the adult and elderly populations with sleep
disorders.

A multicenter cross-sectional Italian study reported a high
prevalence of sleep disturbances in 431 patients with MCI or
dementing disorders (such as AD, Lewy body dementia, vascular
dementia, or fronto-temporal lobar degeneration), including
insomnia, OSA, excessive daytime sleepiness (EDS), restless legs
syndrome, and rapid eye movement (REM) behavior disorder. The
Berlin questionnaire (BQ) was used to identify the subjects at
higher risk of OSA, and its prevalence was identi"ed as occurring in
53.9% of patients with AD and 58.7% of patients with MCI, with no
signi"cant differences between the two groups [26]. Consistently,
the BQ represents a clinical screening test and epidemiological tool
in the sleep clinic population [27]. A study with a larger population
of patients with AD reported that the prevalence of probable OSA,
which was determined using caregiver reports, showed a preva-
lence of 14.9% with a high possibility of underestimation due to the
instrument used [28]. A study conducted more than 30 years ago
reported that OSA, diagnosed by PSG, and de"ned as an Apnea-
Hypopnea Index (AHI) !5 events per hour of sleep, affects 42.9%
of patients with AD, 17.6% of patients with depression, and 4.3% of
controls (healthy subjects) [29]. A meta-analysis on the association
between OSA and AD published in 2016 selected only "ve cross-
sectional or caseecontrol studies conducted between 1983 and
1989 [30]. OSAwas diagnosed in three of the "ve studies using PSG,
while the remaining two studies used 24-channel polygraph or
respiratory inductive plethysmography. The aggregate odds-ratio
(OR) for the presence of OSA in AD vs. healthy controls was 5.05,
suggesting that nearly 50% of patients with AD presented with OSA.
Notably, considering the three studies using PSG for diagnosing
OSA, the OR increased to 7.248. Even if this study cannot demon-
strate a clear direction of the temporal link between OSA and AD, it
emphasizes the clinical risk of an additive impact of OSA on AD [30].
However, the speculative point of view considering the possible
causative role of OSA on AD pathology remains unanalyzed.

A retrospective study on a large cohort of individuals aged
55e90 years (mean age # 73.81 years) from the Alzheimer's Dis-
ease Neuroimaging Initiative (ADNI) study reported that SDB was
present in 14.9% of patients with AD and MCI; however, since SDB
was self-reported, underestimation of the comorbidity between
SDB and OSA remains a major concern [31]. A more recent (2019)
systematic review on OSA prevalence in patients withMCI reported
that it ranged from 11% to 71% [32]. Strati"cation of the OSA
prevalence according to the diagnostic procedures used was: 11%,
self-reported; 27%, home sleep apnea testing; 59%, BQ; and 71%,
PSG [32]. There is a single study in adult and elderly populations
not reporting signi"cant differences in OSA prevalence (AHI!15/h
measured by home sleep apnea testing without reporting data
about oxygen desaturations) between subjects with (27%) and
without (26%) MCI [32]. Although authors concluded their review
describing the similar prevalence of OSA between individuals with
MCI and the general population based on a single report and not
widely recognized evidence, further studies with better diagnostic
methods for OSA and MCI are needed. Besides, the difference in the
prevalence of OSA in patients with MCI according to the diagnostic
procedure used signi"cantly re!ects the importance of using
standardized methods for OSA diagnosis (PSG as a gold standard).

Taken together, these aforementioned studies indicate a high
prevalence of OSA in patients affected by MCI and AD. Since the
recent identi"cation of a very early stage of AD, named subjective
cognitive impairment (SCI), studies investigating the occurrence of
OSA in this population of patients should be encouraged [33]. SCI is

clinically characterized by the subjective perception of memory loss
(compared to the previous 5e10 years) uncon"rmed by objective
neuropsychological testing [21]. Stage 3 of non-REM sleep and REM
sleep appeared to be already affected in patients with SCI and
possibly correlated to both the occurrence of cognitive impairment
and the alteration of CSF AD biomarkers [34]. A complex principal
component analysis (a variant of the factorial analysis), performed
in a recent study including large groups of patients affected by SCI,
MCI, and AD and compared to CN controls, showed the mutual
interplay among the sleep architecture changes, already evident in
the SCI stage and progressively deteriorating along the progression
to AD dementia, the neurocognitive and memory functioning, and
the CSF biomarkers of AD [34]. Although this study suggests that
sleep dysregulation is not just a risk factor, but may also serve as an
early marker of AD, longitudinal studies on patients affected by SCI
and followed during the progression of the disease should be per-
formed for monitoring the modi"cation of sleep architecture in
relation to cognitive performances and both amyloid and tau
burden, in order to identify a possible causal role of OSA in AD.

OSA negatively impacts on sleep architecture (by producing
sleep fragmentation and reducing deep sleep) and seems to be
quite common among patients diagnosed with SCI. A single cross-
sectional observational study on CSF biomarkers in patients with
SCI found a high prevalence of moderate-severe OSA (AHI !15/h,
and diagnosed by PSG) in 35 of 50 patients [33]. However, the
prevalence of OSA in SCI needs to be further investigated: studies
on this population should be very informative regarding the rela-
tionship among OSA, AD pathology, and cognitive performance.

Considering the increasing literature investigating the rela-
tionship between sleep disturbances and AD, a recent meta-
analysis of longitudinal studies reported that individuals present-
ing sleep disturbances (insomnia, SDB, EDS, sleep-wake rhythm
disorders) have a high risk of developing all-cause dementia, AD,
and vascular dementia [17]. Moreover, a subgroup analysis showed
that insomnia presentation increased the risk of AD but not
vascular or all-cause dementia; further, SDB (snoring, sleep apnea)
was associated with an increased risk of all-cause dementia, AD,
and vascular dementia. This meta-analysis included seven studies
that mainly used scales, questionnaires, and telephone interviews
to detect OSA (but did not use validated questionnaires for
screening OSA, as BQ) [17]. Only one study investigated the prev-
alence of OSA by using the PSG [35]. Brie!y, this was a prospective
study on 298 women with a mean age of 82 years, longitudinally
followed for a mean of 4.7 years, demonstrating that the diagnosis
of SDB (coded by using a cut-off of 15 for the AHI) and/or hypoxia
(coded by using a cut-off of 15 for the oxygen desaturation index1)
at baseline represented a risk factor for the development of MCI or
dementia at follow-up [35]. This study strongly suggested the
relationship between SDB and MCI/dementia, and tried to
demonstrate that this interplay can be driven by the IH [35].
Following the meta-analysis by Shi and co-authors, a further study
was published in 2018 and investigated the prevalence of OSA
diagnosed by using an in-house PSG in 1667 individuals with a
mean age of 62.7 years (52.6% women) recruited for the Athero-
sclerosis Risk in Communities Study. The authors identi"ed four OSA
severity groups according to the AHI2: <5.0/h (normal, 50.9% of
participants), 5.0e14.9/h (mild, 30.2%), 15e29.9/h (moderate, 12.8),
!30.0/h (severe, 6.1%). In the longitudinal analysis, the authors
documented that the risk of dementia or MCI due to AD appeared
higher in individuals with severe OSA vs. subjects with a normal
sleep breathing pattern after adjustment for demographics;

1 !3% oxygen desaturations.
2 hypopnea was de"ned by using !4% oxygen desaturations.
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however, this risk was attenuated by correction for cardiovascular
risk factors [36]. The authors correctly underlined some limitations
of their study underpowering the results, as the small number of
participants with severe OSA developing cognitive decline, and the
number and clinical characteristics (i.e., smoking, diabetes, and
antihypertensive medications) of subjects not participating in the
longitudinal analysis (n # 584) [36].

A study that needs to be taken into consideration investigated
the role of SDB in advancing cognitive decline in the elderly pop-
ulation recruited in the ADNI cohort [31]. SDB was self-reported
and corresponded to “sleep apnea” and “OSA” [31]. In this report,
patients with a history of SDB presented with an MCI or AD diag-
nosis at follow-up at a younger age than subjects without a history
of SDB. In the very small subgroup of patients who received
treatment for SDBwith CPAP, the onset of MCI or AD appeared to be
delayed compared to thosewhowere not treated for SDBwith CPAP
[31]. These "ndings highlight the importance of recognizing SDB,
and treating it as soon as possible, in the elderly population for the
prevention or delay of the onset of MCI and then AD.

Hence, OSA and AD seem to share a bi-directional relationship
based on the evidence that OSA is frequently comorbid in patients
already diagnosed with MCI or AD [26,28,31], but OSA may also
represent a risk factor for developing MCI and/or AD in the adult
and elderly populations promoting and advancing cognitive
decline, possibly inducing or accelerating AD neurodegenerative
processes throughout IH and sleep dysregulation [34,35]. OSA may
contribute to AD neurodegeneration by sleep disruption and IH,
which alter Ab processing and clearance, promote aggregation of
neuro"brillary tangles (NFTs) of tau pathology, aggravate age-
related memory de"cits, and promote white and grey brain mat-
ter changes, as this review tries to de"ne [37,38].

OSA and AD biomarkers

There is ongoing research on sleep disorders as possible path-
ogenic factors that trigger neurodegenerative diseases, with their
effects on AD pathology receiving greater attention. The recent
discovery of the glymphatic system has encouraged the investiga-
tion of sleep and the risk of neurodegeneration [39]. OSA, as the
main SDB, has been recently investigated as a possible risk factor
for AD pathology. Related studies have reported that patients with
OSA presentwith changes in several biomarkers consistent with AD
pathology.

There have been previous studies on AD neurodegeneration
biomarkers based on the following suppositions: 1) OSA and AD
share numerous risk factors, including vascular disease [40]; 2)
patients with AD present with an increased prevalence of OSA
[26,41]; 3) OSA negatively affects memory function (nearly "ve
times greater odds of impairment) in apolipoprotein E (ApoE)
epsilon 4 (ApoE4) carriers, who presented a higher risk of devel-
oping AD [42,43]. This background has allowed studies to be con-
ducted in patients affected by OSA on AD pathology biomarkers.

ADbiomarkers are important for early diagnosis in routine clinical
practice and research. Therehavebeen studies onneuropsychological
functioning and behavior, as well as CSF and neuroimaging bio-
markers, in patients with OSA. Moreover, there have been studies on
the possible disease-modifying effect of CPAP against AD biomarkers’
alterations inpatientswithOSA.Wedescribe the studies identi"edby
our research analysis and their results (Table 1).

OSA and neuropsychological functioning

The typical early cognitive pro"le of Alzheimer-type dementia
includes prominent hippocampal-type memory de"cits, while the
atypical cognitive pro"le of AD could include additional cognitive

dysfunction in the attention, visuo-spatial, executive, and behav-
ioral domains [44,45]. There are similarities and differences be-
tween the neuropsychological decline typical of AD and cognitive
consequences of OSA. OSA can affect several cognitive domains,
although there is no evidence of a typical cognitive pro"le in pa-
tients with OSA. The initially researches and reviews investigating
cognition in patients with OSA focused on vigilance, attention, and
executive function [46,47]. More recent data suggest the main
impairment of other cognitive functions, such as memory. It has
been demonstrated that sleep-dependent memory and of!ine
memory processing deteriorated in patients with OSA possibly due
to both intermittent hypoxia and sleep fragmentation [48]. In
keeping with this evidence, memory processing and consolidation
may be affected by OSA, but few studies were primarily focused on
this cognitive process [48].

From a clinical point of view, the pivotal paper by Ferini-
Strambi et al. reported that patients with OSA present signi"-
cant impairment in sustained attention, visuo-spatial learning,
executive function, motor performance, and constructional abil-
ities compared to controls [49]. In a subsequent study, patients
with moderate-severe OSA presented de"cits in short- and long-
term memory [50]. Studies on the cognitive effects of OSA are
heterogeneous, mainly in the OSA diagnosis (in some cases, using
a clinical interview without PSG con"rmation) and clinical
analysis, which indicates the need for caution before making
de"nitive conclusions. A recent review by Leng et al. published in
2017 analyzed seven cross-sectional studies and reported an
association of OSA with worse executive function, but not with
cognitive or memory impairment [51]. Moreover, brain injury in
the hippocampus in people with OSA should not be overlooked.
Apart from neuroimaging data, histopathological investigations
on post-mortem brain tissues from subjects with OSA showed
cortical thinning in the molecular layer of the dentate gyrus and
entorhinal cortex, which are related to several memory pathways
and may underpin the impairment observed in episodic, se-
mantic, and spatial memory [52]. The link between hippocampal
damage and cognitive symptoms in OSA requires further
investigation.

To our knowledge, there is only one recent report evaluating the
cognitive characteristics of patients with comorbid OSA and AD,
evaluating a cohort of 128 AD subjects with an incidence of OSA in
90.6% patients. The study failed to reveal any signi"cant differences
between AD patients with and without severe OSA in any of the
cognitive domains [53]. There are several reports (both studies and
reviews) that have attempted to analyze the cognitive pattern of
patients with OSA [46,47,54e58]. However, several critical issues
make it dif"cult to derive a de"nite conclusion about cognitive
impairment in patients with OSA [59]. First, inclusion and exclusion
criteria frequently differ among studies. Second, the criteria for
diagnosing OSA were not homogeneous (self-reported, question-
naires or PSG; de"nition of AHI and oxygen desaturation index -
ODI). Third, neuropsychological tests were not standardized.
Fourth, several confounding factors exist in evaluating cognitive
functioning and are related to OSA severity, EDS, age, cognitive
reserve, education, comorbidities, and genetics.

With regard to disease severity, most studies only included
patients with moderate and severe OSA, and insuf"cient data are
present for mild OSA. Moreover, correlations between the severity
of OSA and cognitive de"cits are reported inconsistently. Even if
studies are not recent, EDS seems to in!uence attention and
memory, but not motor and executive functions [23]. Moreover, age
seems to determine the cognitive consequences of OSA [23]. Brie!y,
in young and middle-aged patients, OSA diagnosis is associated
with cognitive impairment, while in older adults the association
between OSA and cognitive performance is less evident [23,58].
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Education and cognitive reserve possibly have a protective
effect against the neuropsychological complications of OSA [60]
and seem to hamper its cognitive consequences [61]. Several
comorbidities associated with OSA, such as depression, obesity,
hypertension, diabetes, heart diseases, and cerebrovascular in-
juries, tend to increase cognitive impairment in patients with OSA
[59]. With regard to genetics, patients with OSA carrying the
ApoE4 (a well-known risk factor for AD) showed a more signi"-
cant correlation between OSA parameters and cognitive de"cits
than non-ApoE4 carriers [42]. Initial "ndings have been subse-
quently con"rmed by other larger population-based studies sug-
gesting an interplay between ApoE4 and OSA in determining
cognitive de"cits [42,43,62,63].

Considering prospective and longitudinal evaluations, a
pooled-analysis of six studies reported that patients with SDB or
OSA were 26% more likely to develop cognitive impairment at
follow-up (OR 1.26; 95% CI, 1.05e1.50) [51]. Several limitations are
present in these studies and further investigations are needed;
however, the recommendations to treat patients with OSA do not
allow performing longitudinal studies to monitor the effects of
OSA.

In conclusion, patients with OSA present a neuropsychological
pattern characterized by worsening of executive function, but re-
ports on memory impairment, which is a more typical pattern of
AD, are inconsistent (see Table 1). Hence, cognitive impairment due
to OSA could be schematically represented in: 1) alteration of

Table 1
A-T-N(-C) biomarkers, positive and negative results, in patients with OSA.

A T N C

" CSF Data:
$ Ab42 levels decrease, Ju et al.

(2016) [66]; Liguori et al.
(2017) [33]; Liguori et al.
(2019) [67]

$ Ab40 levels decrease, Ju et al.,
2016 [66]; Liguori et al., 2019
[67]

$ longitudinal reduction of
Ab42 levels, Sharma et al.
(2018) [10], Bubu et al.
(2019) [77]

PET Data:
$ increased Ab uptake in

posterior cingulate gyrus
and temporal cortex, Yun
et al. (2017) [109]

$ increased global load of Ab,
Elias et al. (2018) [110]

$ increased Ab deposition in
left precuneus, posterior
cingulate, and cuneus
regions, Andr!e et al. (2020)
[63]

CSF Data:
$ Longitudinal increase of tau

protein levels, Bubu et al.
(2019) [77]

Plasma Data:
$ P-tau increase, Bu et al.

(2015) [80]
$ T-tau increase, Motamedi

et al. (2018) [81]

Brain MRI Data:
$ Decreased GMV in anterior

cingulate cortex, Shi et al.
(2017) [95], Huang et al.
(2019) [98]

$ Decreased GMV in left and
right middle temporal gyrus,
Torelli et al. (2011) [49],
Weng et al. (2014) [97], Shi
et al. (2017) [95]

$ Decreased GMV in bilaterale
hippocampus, Torelli et l.
(2011) [49]

$ Increased GMV, as
compensatory mechanism,
in bilateral precuneus and
posterior cingulate cortex,
Andr!e et al. (2020) [63]

PET Data:
$ Reduced FDG uptake in

amygdala, hippocampus and
medial parietal cortex, Dani
et al. (1996) [105]

$ Reduced FDG uptake in
precuneus, middle and
posterior cingulate gyrus,
parietal cortex, Yaouhi et al.
(2009) [106]

$ Reduced FDG uptake in
bilateral precentral gyri,
right angular gyrus, left
superior parietal lobule and
left cingulate cortex, Ju et al.
(2012) [107]

$ Increased glucose
metabolism, as
compensatory mechanism, in
precuneus, posterior
cingulate, and lingual areas,
bilaterally, Andr!e et al. (2020)
[63]

$ Memory impairment
including immediate and
delayed recall, Gagnon et al.
(2014) [58]

$ Memory impairment
including immediate and
delayed recall, Digit span
backward, Torelli et al. (2011)
[49]

- PET Data:
No longitudinal increase of Ab
global load, Bubu et al. (2019)
[77], Sharma et al. (2018) [10]

CSF Data:
$ No tau proteins alteration, Ju

et al. (2016) [66]; Liguori
et al. (2017) [33]; Liguori
et al. (2019) [67]

$ No longitudinal
modi"cations of tau protein
levels, Sharma et al. (2018)
[10]

PET Data:
$ No pathological

accumulation of NFT, Elias
et al. (2018) [110]

Brain Mri Data:
$ No GMV changes, Huynh

et al. (2014) [130]; Celle
et al. (2018) [103]; Yeung
et al. (2019) [99]

$ No cognitive or memory
impairment, Leng et al.
(2017) [50]

$ No cognitive or memory
impairment, Andr!e et al.
(2020) [63]

A, amyloid biomarker; T, tau biomarker; N, neurodegenerative biomarker e 18F-FDG PET and MRI; C, cognitive biomarker; ", positive results; -, negative results.
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vigilance, attention, and executive function; 2) impairment of
sleep-related memory process; 3) brain alterations and damage,
mainly in the hippocampus.

Since OSA is currently considered a risk factor for AD-related
neurodegeneration, cognitive testing could be a useful instrument
to better detect patients at risk for AD, who should be followedwith
a more accurate diagnostic work-up and follow-up. However, as
recently documented in large studies performed in CN adults, AD
biomarker changes (neuroimaging, CSF, and nuclear medicine im-
aging) can appear earlier than cognitive impairment in patients
with moderate-severe SDB [64].

OSA and CSF/plasma validated AD biomarkers

Although numerous studies identi"ed the three main CSF bio-
markers (t-tau, p-tau, and Ab42) as established biomarkers for
consistent clinical AD diagnosis [22], different CSF biomarkers have
been evaluated throughout the current literature for improving AD
diagnosis and predicting the clinical course of the disease. These
biomarkers can be grouped in:

$ biomarkers of neurodegeneration: t-tau, NFL, NSE, VLP-1, and
HFABP

$ biomarkers of amyloid precursor protein (APP) metabolism:
Ab42, Ab40, Ab38, sAPPa, and sAPPb

$ biomarkers of tangle pathology: p-tau
$ biomarkers of glial activation: YKL-40, MCP-1, and GFAP

With the exclusion of t-tau, p-tau, and Ab42, which are largely
considered as the core CSF biomarkers for AD diagnosis, NFL has
been found to have a large effect size for discriminating controls
from patients with AD to support the three core CSF biomarkers
[65]. Further, NSE, VLP-1, HFABP, and YKL-40 have demonstrated a
moderate corresponding effect size and are considered as emerging
biomarkers that require further investigation [66].

Considering blood biomarkers only plasma t-tau levels have
been strongly associated with AD, while plasma Ab42 and Ab40
levels are not associated with AD diagnosis [66]. Therefore, in this
review, we exclusively considered the core CSF biomarkers for AD
diagnosis (t-tau, p-tau, and Ab42) and plasma t-tau levels. Except for
one study that reported reduced CSF VLP-1 levels in a small group
of patients with OSA [67], there has been no study investigating
other CSF biomarkers in patients with OSA. Since Ab40 is the second
most studied amyloid marker after Ab42, we also included it in this
review. Additionally, we included orexin and lactate, investigated in
both patients with AD and OSA [33,68,69]. Orexin gained scienti"c
interest in 2009 after the Holtzman group reported that the orex-
inergic system and sleep-wake cycle had an effect on brain Ab
dynamics and AD pathology [70,71]. Lactate is a candidate
biomarker for assessing energy metabolism malfunction; specif-
ically, mitochondrial dysfunction [72]. CSF lactate levels could
consistently re!ect the state of neuronal energy metabolism and
sleep-wake cycle changes [72,73].

CSF t-tau and p-tau levels in patients with OSA
Microtubule-associated tau proteins are a family of closely

related phosphoproteins that are enriched in axons during brain
development [74]. The axonal tau proteins copolymerize with mi-
crotubules and modulate the dynamic instability of tubulin as-
sembly in cell-free reactions [75]. NFTs of tau proteins result from
abnormal microtubule-associated tau protein phosphorylation and
are a key pathological hallmark in patients with AD. NFT agglom-
eration begins in the hippocampus at the very early disease stages
with subsequent diffusion to the other brain areas. However, a
recent study suggested that brainstem nuclei are among the areas

initially affected by tau protein abnormalities in the course of
sporadic AD to cause behavioral and cognitive symptoms, as well as
sleep disturbances [76].

CSF t-tau and p-tau levels have been investigated in patients
with OSA. The "rst study to evaluate CSF AD biomarkers in patients
with OSA reported that CSF tau protein levels do no correlate with
the AHI in subjects with the ApoE4 genotype [77]. Subjects carrying
the ApoE3" genotype exclusively showed a correlation between
AHI4%, but not AHI all (considering different cut-offs for hypopnea
detection), and the CSF levels of p-tau and t-tau [77].

Related cross-sectional studies reported that there were no
differences in the CSF t-tau and p-tau levels between patients with
OSA and controls [33,67,68]. Moreover, longitudinal studies did not
report changes in CSF tau protein levels in patients with OSA in a
two-year prospective observation [10]. However, another longitu-
dinal study investigating CSF AD biomarker alterations in CN in-
dividuals and patients with MCI or AD reported that OSA could
induce a faster longitudinal increase in CSF t-tau and p-tau levels
[78].

Plasma t-tau and p-tau levels in patients with OSA
Plasma is an ideal bio!uid candidate for biomarker analysis

since it allows easy sample collection, and facilitates longitudinal
prospective studies [79]. Although AD biomarkers are exclusively
found in the CSF, plasma tau protein levels have been reported as a
biochemical marker of brain neuronal injury. However, this prom-
ising target is currently facing criticism given the weak correlations
between plasma and CSF levels [80]. Moreover, there is currently no
widely available standardized method for measuring plasma tau
protein levels. Therefore, including the assessment of plasma tau
protein levels might improve the accuracy of AD diagnosis; how-
ever, it is currently not fully available [66].

Two controlled studies investigated plasma tau protein levels in
patients with OSA. Comparedwith controls, the "rst study reported
that patients with OSA presented increased plasma levels of p-tau
but not t-tau [81]. Compared with controls, the second study re-
ported increased t-tau protein levels in patients with severe OSA
(AHI >30/h) but not in patients with mild OSA (AHI between 5 and
15) [82]. Currently, no longitudinal study has been performed.
Given the promising nature of plasma tau levels in AD diagnosis,
there is a need for prospective longitudinal studies of patients with
OSA.

CSF Ab levels in patients with OSA
A decrease in CSF Ab42 levels precedes AD dementia by at least

10 years [83]. This "nding has encouraged research on means of
predicting and treating AD prior to the onset of cognitive impair-
ment. Indeed, in the amyloidogenic cascade the increase in CSFAb42
levels has been suggested as a very early manifestation of cerebral
Ab dysregulation, and it is immediately followed by the reduction
of CSF Ab42 levels corresponding to the deposition of Ab plaques in
the brain in a consecutive temporal ordering [84]. These patho-
logical changes in CSF Ab levels re!ect an imbalance between Ab
production and clearance (with the increased production and the
reduced clearance), or alternatively, a modi"cation in the physi-
ochemical cerebral microenvironment promoting Ab aggregation,
deposition and CSF levels reduction [85].

In 2014, a group led by Osorio reported an association between a
higher AHI and lower CSF Ab42 levels in CN individuals carrying the
ApoE2 or ApoE4 genotype [77]. Based on this "nding, subsequent
studies have reported decreased CSF Ab42 levels in patients with
OSA compared to controls [33,67,68]. Determination of the CSFAb42
levels associated with pathology (below the evidence-based cut-off
value) has further increased the scienti"c value of this "nding; in
particular, one study reported a pathological CSF Ab42 level
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reduction (<500 pg/mL measured by ELISA) in 64% (16/25) of pa-
tients with severe OSA (AHI >30/h) [33]. Subsequent positron
emission tomography (PET) studies have assessed brain Ab depo-
sition using tracers for Ab (see the next paragraph). Moreover,
patients with OSA have been reported to show reduced CSF Ab40
levels [67,68]. Therefore, patients with OSA are featured by dysre-
gulation of Ab metabolism in the brain; however, the mechanisms
underlying these "ndings can only be speculated. Following the
evidence of literature drawn from animal model studies, on the one
hand IH has been hypothesized to alter brain Ab metabolism and,
on the other hand, it is conceivable that sleep fragmentation may
induce glymphatic dysfunction. These concurrent mechanismsmay
be responsible for changes in CSF Ab levels and brain Ab deposition
[18,39,86,87]. Moreover, in vitro and in vivo hypoxia and ischemia
have been reported to upregulate APP, leading to Ab accumulation
through b-secretase activation [88,89]. Based on these "ndings and
taking the aforementioned Ab cascade into account, the process
leading to CSF Ab levels reduction and plaques formation and
deposition can be exclusively hypothesized in patients with OSA.
The role of IH in directly modifying the activity of the b-secretases
and the alteration of the glymphatic system not cleaning Ab from
the brainmay represent themain candidate in inducing cerebral Ab
pathological changes in OSA.

Subsequent longitudinal studies have further con"rmed the
association between OSA and AD risk. Consistently, after adjust-
ment for age, sex, body mass index (BMI), and ApoE4 status, the
annual change rate of CSF Ab42 levels has been reported to be
associated with OSA severity in CN elderly individuals [10]. In this
previous study, individuals aged between 55 and 90 years with a
minimum of 12 years of education underwent OSA assessment
using a home sleep apnea test during a two-night period; further,
they underwent CSF analysis for AD biomarkers [10]. This study
used a novel methodology involving longitudinal observation
where 179 individuals underwent lumbar puncture (LP) at baseline
and 104 individuals underwent a second LP after a follow-up period
of 2.42 ± 0.88 years [10].

Considering the high OSA prevalence in the elderly population,
there is an increasing requirement for longitudinal studies.
Consistently, a study conducted by Sharma et al. reported that OSA
severity was associated with two-year longitudinal decreases in
CSF Ab42 levels [10]. Moreover, the effect of OSA severity on the
longitudinal decrease in CSF Ab42 levels was more signi"cant than
that of the ApoE4 allele, which is the most important risk factor for
sporadic AD [42]. Another study by the same group further high-
lighted the signi"cance of the association between OSA and AD,
which is mediated by AD neuropathological changes induced by
OSA-related sleep fragmentation and IH [78]. In the aforemen-
tioned study, therewas a faster increase in the Ab load (indicated by
a longitudinal decrease of CSF Ab42 levels) in CN individuals and
patients with MCI. In contrast, there was no progressive decrease in
CSF Ab42 levels in patients with AD, which could be attributed to Ab
load plateauing in the advanced disease stage [78].

We did not include studies that measured the plasma or serum
Ab isoform levels in patients with OSA. This is because of the lack of
signi"cant differences in the plasma or serum Ab marker levels in
patients with AD and controls, which supports the hypothesis that
plasma Ab levels are indicative of peripheral Ab generation rather
than AD brain pathology [90]. Moreover, no studies have presented
evidence on the potential use of plasma or serum Ab levels in AD
diagnosis [91]. However, very recent evidence suggests the possi-
bility to determine plasma Ab biomarkers by immunoprecipitation
coupled with mass spectrometry [92]. Although this study opens a
new frontier in the measurement of Ab biomarkers in AD pathol-
ogy, it has not been replicated, and thus the time for the detection
of plasma Ab levels has not yet come.

CSF orexin and lactate levels in patients with OSA
Several studies have assessed serum and plasma orexin-A/

hypocretin-1 levels in patients with SBD. However, it is widely
recognized that only CSF orexin-A/hypocretin-1 levels re!ect the
integrity of the orexinergic/hypocretinergic hypothalamic brain
system [93]. Only two studies have investigated the CSF orexin
levels in patients with OSA [68,94]. Orexin is a wake-promoting
neurotransmitter that supports wakefulness maintenance; more-
over, there is increased orexinergic system activity during REM
sleep suppression [95,96]. Further, orexin neurons have the highest
sensitivity to CO2/H" and are activated by CO2 in vivo [97,98].
Therefore, the higher CSF orexin levels detected in patients with
moderate-severe OSA might be related to the following: 1) sleep
dysregulation (reduced REM sleep); 2) presence of EDS with an
increase in orexin levels as a hypothetical compensatory mecha-
nism to counteract daytime somnolence; 3) the hypercapnic con-
dition due to apnea events and IH [68].

There are changes in lactate levels during the sleep and wake
state; brie!y, there are decreased and increased lactate levels at
sleep onset and wakefulness, respectively [72]. Moreover, mito-
chondrial inef"ciency induces increased lactate levels and pro-
motes AD progression [69]. Patients with moderate-severe OSA
have been reported to have increased CSF lactate levels, which re-
!ects both sleep impairment with increased nighttimewakefulness
and energy metabolism dysfunction [33].

There is a need for further studies on CSF lactate and orexin
levels in patients with OSA to determine the correlation between
alterations of these biomarkers and the underlying mechanisms of
AD neurodegeneration.

Brain MRI studies in patients with OSA

In recent years, several research groups have used both
morphometric and functional MRI techniques to study the neuro-
biological effects of OSA on brain structure and functionality. Given
that we aimed to evaluate AD biomarkers in patients with OSA, we
focused on morphometric studies, which analyze gray matter vol-
ume (GMV) by means of voxel-based morphometry (VBM) and
brain WM microstructure by measuring water diffusion using
diffusion tensor imaging (DTI).

Five recent meta-analyses pooled data from VBM studies in
patients with OSA [99e102]. The results of these studies are
inconsistent, due to differences in the methodology, inclusion
criteria, and statistical analyses used. However, the meta-analysis
reported gray matter reduction in the bilateral anterior cingulate
[99,102], superior frontal gyrus [99,101], left cerebellum [99,102], as
well as the left [101] and right middle temporal gyrus [99]. A ma-
jority of these brain areas are involved in integrative cognitive and
emotional processes (the anterior cingulate and cerebellum have
several connections with the amygdala). Consistently, a cognitive
and neuroimaging study reported a signi"cantly reduced cortical
GMV in patients with OSA compared to controls [50]. This differ-
ence remained signi"cant even after adjusting for age, sex, and
sleepiness; however, it did not remain signi"cant after adjustment
for BMI. In addition, patients with OSA presented focal GMV
reduction in the right and left hippocampus, as well as in some
lateral temporal areas of both hemispheres [50]. Finally, the hip-
pocampal volume reduction in patients with OSA was correlated
with memory impairment and executive dysfunction [50].

In contrast, in 2019 Yeung [103] reported a larger GMV in the
right insula in patients with OSA compared to healthy controls,
which could be related to increased compensatory activity and
maladaptive alterations for preventing further limbic system
hypofunction. In keeping with these "ndings, a very recent
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investigation documented greater GMV in the precuneus and
posterior cingulate cortex, bilaterally, in CN older adults [64].

Several studies were performed in middle-aged adults with OSA
using DTI analysis [104]. The DTI technique investigates regional
brain WM microstructure in vivo by measuring water diffusion.
Functional anisotropy (FA) is a marker of WM integrity and is
typically reduced in MCI and AD. Decreased FA suggesting altered
WM integrity is frequently found in middle-aged individuals with
OSA.

These data were recently con"rmed in a paper on adult-elderly
subjects (55e85 years old) including 18 healthy controls, and 27
patients with mild and 20 patients with moderate-severe OSA
[104]. Mild OSA presented a more extensive WM alteration than
moderate-severe OSA, possibly due to compensatory mechanisms
producing the bulging ofWMdue to underlying neurodegeneration
at an early stage of the disease [104].

VBM studies of GMV are scarce in elderly subjects with OSA and
suggest con!icting results. A study on 71 patients with OSA aged
between 55 and 76 years reported a correlation of higher hypox-
emia levels with increased volume and thickness of the left lateral
prefrontal cortex and thickness of the right frontal pole, right lateral
parietal lobules, and left posterior cingulate cortex [105]. In
contrast, a study on 83 adults aged between 51 and 88 years re-
ported reduced cortical thickness in the bilateral temporal lobes,
increased thickness in the right postcentral gyrus pericalcarine and
pars opercularis, and increased volume in the hippocampus and
amygdala [106]. These results were inconsistent with those of the
PROOF study in an elderly population (Evaluation of Ageing,
Autonomic Nervous System Activity, and Cardiovascular Events).
This study conducted by Celle et al., which was published in 2018
[107], reported no GMV differences in controls and patients with
treated and untreated OSA.

Brain MRI studies in patients with OSA demonstrate changes in
brain regions involved in the integration of cognitive, emotional,
and decision-making processes, including the frontal areas, amyg-
dala, hippocampus, and other functionally related regions. The
huge variability in the methodology and results make it dif"cult to
identify a pattern of grey and white matter changes in patients with
OSA. DTI showed a constant reduction in FA in all studies, but the
possible biphasic pattern (with larger alterations in mild compared
to moderate-severe OSA) should be further studied and could be an
important limitation. Moreover, studies in elderly populations are
quite scarce, although very recent studies have been publishedwith
novel data. Finally, noMRI study has yet been performed in patients
withMCI or AD and OSA, and one should be planned in the future to
better de"ne the effect of OSA on grey and white matter changes.

Brain nuclear medicine imaging studies in patients with OSA

Nuclear medicine imaging is being applied in neurology and
neuroscience with the use of PET tracers to investigate brain
function. Notably, functional brain imaging using glucose (!uo-
rodeoxyglucose, FDG) has been used to investigate cerebral activity.
Consequently, FDG-PET is currently considered a useful tool for
detecting AD signs since reduced cerebral FDG uptake in the tem-
poral and parietal regions of the brain is an in vivo AD biomarker
[22]. Furthermore, the recent approval of tracers for identifying
brain Ab plaques and tau deposits increases the chances of per-
forming AD diagnosis in vivo. PET imaging has allowed easier
detection of Ab plaque deposition and tau NFT proteins [22].
Although there have been studies using single-photon emission
computed tomography (SPECT) to assess patients with OSA, we did
not include them in this review. This is because SPECT is no longer
considered an instrument for investigating AD biomarkers [22].
Rather, PET imaging has taken up a signi"cant role in the AD

diagnostic setting [91] and is considered to have greater accuracy in
differentiating AD pathology from other dementing neurodegen-
erative processes [108].

FDG-PET studies
There have been only a few FDG-PET studies in patients with

OSA, with most of them including very small group of patients. The
"rst preliminary studies investigated brain cerebral glucose meta-
bolism in "ve and eight patients, respectively, and reported that
they had reduced FDG uptake in the amygdala, hippocampus,
medial parietal cortex, and anterior cingulate gyrus [109], which
are signi"cantly associated with AD pathology and are altered in
the earliest disease stages [108]. Subsequently, controlled studies
have attempted to assess the correlation between brain glucose
consumption and neuropsychological test results. Yaouhi et al. re-
ported signi"cant glucose hypometabolism in 16 patients with OSA
(AHI >10/h) in several brain areas in the right hemisphere,
including the precuneus, middle and posterior cingulate gyrus, and
parietal cortex [110]. There was a correlation between FDG uptake
in the cerebellum and neuropsychological data, which was not well
explained by the researchers [110]. Another study on 13 patients
with severe OSA reported cerebral glucose hypometabolism in
several brain areas, which included AD-related regions such as the
bilateral precentral gyri, left cuneus, right angular gyrus, left su-
perior parietal lobule, and left cingulate cortex [111]. A very recent
study in a large population of CN older adults documented
increased FDG uptake in the bilateral precuneus, posterior cingu-
late, and lingual areas in patients with moderate-severe SDB
compared to mild and non-SDB subjects [64]. Notably, patients
with moderate and severe SDB did not differ in terms of glucose
metabolism, thus demonstrating that an AHI !15/h can serve as a
cut-off for identifying patients at risk of developing AD biomarker
changes (likewise for Ab load and GMV).

Amyloid PET studies
Identi"cation of amyloid plaque deposition in vivo through PET

tracers has great potential in the identi"cation of AD pathology
from the earliest and preclinical AD stages. An inverse correlation
between the amyloid imaging load and CSF Ab42 levels has been
reported, with both tools being considered as hallmarks for
detecting the mandatory AD biomarker, i.e., Ab pathology.
Therefore, a reduction in CSF Ab42 levels appears from the earliest
disease stages while Ab deposition is strongly related to disease
progression. This "nding indicates that a reduction in CSF Ab42
levels appears earlier than Ab plaque deposition with a yet-to-be-
identi"ed cascade of events with a different temporal sequence
[112].

Based on the reported reduction in CSF Ab42 levels, subsequent
studies have investigated the amyloid burden in patients with OSA.
Consistent with previous studies on CSF Ab42 levels, these subse-
quent studies reported that patients with OSA had an increased
brain amyloid load in the posterior cingulate gyrus and temporal
cortex, which are both involved in the early AD stage [113]. A
subsequent study on 119 patients reported a higher global Ab load
in patients with OSA compared to controls; however, the results
among the OSA group were heterogeneous. Moreover, ApoE4 car-
riers showed a higher Ab burden than those who were not carriers
[114]. The most recent report documenting Ab accumulation in the
left precuneus, posterior cingulate, calcarine, and cuneus regions
was achieved in a large population of CN older adults affected by
moderate-severe OSA compared to mild and non-OSA [64].
Notably, this Ab burden corresponded to the increased GMV
detected in the same areas. This overlapping pattern suggests the
likelihood of common underlying mechanisms, based on early
neurodegenerative processes owing to AD pathology. Indeed, SDB-
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associated neuroin!ammatory processes and neuronal hyperac-
tivity may be the basis for the increased Ab production and accu-
mulation. Therefore, greater GMV and neuronal metabolism co-
localized with amyloid deposition may induce the development
of neuronal injury, such as hypometabolism and atrophy [64].

Longitudinal studies were performed based on the conclusions
of the aforementioned controlled studies. Compared with CN in-
dividuals, patients with OSA present an increasing trend in Ab
deposits, as shown by a two-year longitudinal follow-up study that
reported statistical signi"cance for CSF Ab42 levels but not for
amyloid PET uptake. This could be attributed to the small number of
patients included in this subset analysis [10,115]. Furthermore,
patients with MCI with comorbid OSA have been reported to show
increased Ab deposition compared to those without OSA (mean
follow-up of 2.52 years) [116].

EDS is a frequent symptom in patients with OSA [117]. Two
longitudinal studies investigated brain amyloid deposition in CN
adults or elderly individuals [117,118]. EDS was de"ned as either an
Epworth Sleepiness Scale (ESS) score of at least 10 [117] or as
positive answers to questions related to falling asleep or napping
[118]. Although bothmethods have some limitations (despite being
widely validated, ESS is not considered as the best instrument for
EDS assessment in elderly or cognitively impaired subjects; direct
questions might not re!ect the actual situation), both studies re-
ported an association between EDS and longitudinal amyloid load
increase. However, EDS might be associated with OSA in the
elderly; furthermore, it might be related to conditions other than
OSA, including mood disorders, insuf"cient sleep, and circadian
rhythm alterations [119e121].

Tau PET studies
Tau PET imaging has been proposed as a validated instrument

for the identi"cation of tau NFT pathology in AD, and thus it ap-
pears in the AD diagnostic criteria [91]. Only one study on tau NFT
deposition was performed in patients with OSA and did not report
differences between the patients and controls [114]. Since further
investigations examining the evidence on the correlation between
p-tau in CSF and tau PET imaging are needed in AD, tau PET imaging
studies in patients with OSA should be delayed until validation of
tau PET in AD.

The effects of CPAP therapy on AD biomarkers

CPAP is the gold standard treatment for OSA, especially for
moderate-severe OSA and OSA with comorbid EDS. CPAP has been
reported to reduce several health consequences of OSA. Further-
more, CPAP treatment has been shown to improve the cardiovas-
cular and cerebrovascular responses, in!ammation, and cognitive
performance [122].

Consistent with the objectives of this review, we focus on the
effects of CPAP treatment on AD biomarkers in patients with OSA.
However, there has been no study on the effects of other OSA
treatments, e.g., surgery or oral appliance, on AD biomarkers.

CPAP and neuropsychological functioning

There have been con!icting reports on the effect of CPAP on
neuropsychological functioning in patients with OSA. Most studies
documented an improvement of attention and vigilance; however,
there are inconsistent reports on improvements in global cognitive
functions, executive function, andmemory [123]. The recent review
by Bubu et al. [23] analyzed seven studies in young and middle-
aged adults and four in elderly patients con"rming the substan-
tial heterogeneity in the outcomes, particularly in the latter group,
which does not permit de"nition of the effects of CPAP on

cognition. In addition to methodological issues (study design,
population, inclusion and exclusion criteria, cognitive testing), the
inconsistency could be attributed to two major variables namely
CPAP treatment duration and adherence (measured as hours per
night). The minimum CPAP treatment duration required to induce
cognitive improvement was initially reported to be approximately
threemonths; however, inmore recent studies it can vary from 1e2
wks to 12 months [23]. The adherence effects appear to be more
complex since memory de"cit reversal has been reported with
optimal CPAP treatment levels; furthermore, undergoingmore than
6 h of therapy seems to be necessary for signi"cant improvement
[124].

Regarding the use of CPAP in patients with MCI and AD, a few
case series and studies have investigated the effects of CPAP on
neuropsychological functioning. Ancoli-Israel et al. compared 27
patients with AD randomized to three weeks of therapeutic CPAP
vs. 25 treated with sham-CPAP and documented the improvement
of episodic verbal learning, memory, and executive function in the
therapeutic CPAP group, but there was no signi"cance after the
randomization [125].

In a smaller group, but with a longer follow up, Cooke et al.
compared "ve patients with AD"OSA treated with CPAP to six
patients with AD"OSAwho discontinued CPAP [126]. After a mean
follow-up period of 13.3 months, the CPAP" group showed less
cognitive decline and an improvement in sleepiness, sleep quality,
and behavioral symptoms. Similarly, Troussiere et al. [127] assessed
14 patients with mild-to-moderate AD with comorbid severe OSA
and reported that after a three-year follow-up period, CPAP treat-
ment reduced the median annual decline in the Mini-Mental State
Examination scores (used to globally quantify the cognitive status)
compared to that in the non-CPAP group (nine individuals) [127].

A study on the PROOF cohort reported the CPAP effects on
neuropsychological test scores in a population with high AD risk,
including individuals aged !65 years. This study conducted a 10-
year follow-up on 126 patients with OSA (26% undergoing CPAP
treatment) and found a signi"cant improvement in the mental
agility and memory performance in the treated patients, which
suggests an association between CPAP therapy and memory per-
formance maintenance in elderly individuals [128].

In 2019, Richards et al. published a quasi-experimental pilot
study to determine whether CPAP treatment had an effect on
cognitive and daily functions after one year in older adults with
MCI. In this study, 54 participants aged 55e89 years with an AHI
!10 were allocated to the following groups: MCI"CPAP group (29
individuals) and MCI-CPAP group (25 individuals). There were
signi"cant improvements in the psychomotor/cognitive processing
speed in the MCI"CPAP group compared with the MCI-CPAP group
one year after adjustment; furthermore, they reported small to
moderate effect sizes for memory, attention, daytime sleepiness,
and everyday function [129].

These "ndings suggest that OSA treatment with optimal
compliance could improve cognitive function after an adequate
follow-up. However, the small number of studies, small sample
sizes, and short follow-up duration should be taken into consid-
eration; thus, further studies are required. In patients with MCI or
mild-to-moderate AD, preliminary evidence suggests that CPAP
treatment may slow the rate of global cognitive decline [130].

CPAP and CSF biomarkers

A preliminary cross-sectional observational study reported that
patients with SCI with comorbid OSA undergoing CPAP treatment
presented normal CSF levels of t-tau, p-tau, and Ab42, which sug-
gested that CPAP treatment could restore, stop, or prevent AD
biomarker changes in patients with OSA [33]. In this study, 10
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patients with OSA presenting SCI and undergoing CPAP treatment
had CSF AD biomarker levels comparable to those in controls;
moreover, the patients showed higher Ab42 levels and lower t-tau
and p-tau levels compared to those in patients with untreated OSA
[33]. Furthermore, CPAP treatment was shown to be bene"cial
based on the other evaluated parameters, including cognitive per-
formance, CSF lactate levels, and sleep architecture.

Only one study and one case report have reported the effects of
CPAP treatment on CSF AD biomarkers in patients with OSA
[131,132]. The study involved a small number of patients (n # 18)
who underwent CPAP treatment and completed the study [132].
There was no signi"cant change in CSF Ab42 and Ab40 levels after
CPAP treatment; however, there was a correlation between a
greater OSA (AHI) improvement and reduced CSF Ab42 and Ab40
levels. In contrast, there was a negative correlation between
changes in CSF t-tau levels and AHI improvement [132]. Therefore,
the authors suggested a model whereby OSA can affect both the
production and clearance of Ab and that CPAP can improve both
affected mechanisms.

The single case report indicated that one-year CPAP treatment of
patients with severe OSA improved the sleep architecture and
cognitive symptoms. These effects were associated with increased
CSF Ab42 and Ab40 levels (from pathological to normal levels);
moreover, CPAP therapy reduced the CSF t-tau, p-tau, and orexin
levels [131].

This preliminary evidence indicates that CPAP might restore
pathological changes in CSF AD biomarkers in patients with OSA;
furthermore, this effect seems to be mediated by nocturnal sleep
improvement and is probably driven by amelioration of slow-wave
sleep (SWS) [132].

CPAP and neuroimaging

VBM studies have shown insigni"cant GMV differences in pa-
tients with OSA after CPAP treatment. After correction for multiple
comparisons, O’ Donoghue et al. reported that there were no GMV
changes after a six-month CPAP treatment [133]. Subsequent
studies did not con"rm these "ndings. A study on 17 treatment-
naive patients with OSA and 15 age-matched healthy controls re-
ported an association of neuropsychological impairments with
focal GMV reductions in the left hippocampus (entorhinal cortex),
left posterior parietal cortex, and right superior frontal gyrus.
Further, three-month CPAP treatment was shown to induce neu-
ropsychological improvements and a parallel GMV increase in the
hippocampal and frontal structures [134]. Another study on 27
patients with moderate-to-severe OSA showed no signi"cant dif-
ferences in GMV properties between the CPAP and sham CPAP
treatment groups [135]. Finally, a long-term study (mean CPAP
therapy duration: 18.2 ± 12.4 months; range 8e44 months) re-
ported widespread neocortical and cerebellar atrophy in patients
with OSA compared with controls; further, it reported that the
treatment-induced volume increase was correlated with longer
treatment duration [136]. However, there was a post-treatment
volume increase in the areas overlying the hippocampal dentate
gyrus and cerebellar dentate nucleus with a dissimilar initial at-
rophy pattern. This "nding might not only indicate recovery, but
also a possible secondary compensatory neurogenesis process
[137].

With regard to DTI, a single study documented the diffuse
reduction of WM "ber integrity, re!ected by diminished FA, in 17
untreated consecutive patients with moderate-severe OSA
compared to 15 healthy controls. In the longitudinal analysis, WM
"ber integrity did not recover at the three-month follow-up anal-
ysis, but completely reverted in patients compliant to CPAP treat-
ment at the 12-month follow-up [132].

Hence, FA observed using the DTI technique could represent a
biomarker re!ecting the bene"cial effect of CPAP on WM integrity.
Conversely, data on VBM seem less promising. However, data are
extremely scarce to draw more than a research agenda point.

CPAP and nuclear medicine imaging studies

There have been few brain nuclear medicine imaging studies on
the effects of CPAP treatment. In this review, we report only one
study on 13 patients with SDB who underwent FDG-PET at baseline
and at the three-month follow-up under CPAP treatment [111].
Baseline data from this study has been mentioned previously in this
review, speci"cally, there was a post-treatment increase in cerebral
glucose metabolism in the bilateral precentral gyri and left anterior
cingulate cortices. There were no post-treatment improvements in
cerebral FDG uptake; however, this study had a short follow-up and
subsequent studies with longer follow-up periods were not
repeated. Furthermore, this study found no correlation between the
mean change in some parameters, including AHI, sleep quality, and
ESS, as well as glucose metabolism changes, indicating that the
improvement in AHI, sleep patterns, and daytime sleepiness was not
related to changes in brain FDG uptake. Notably, this study analysis
could be affected by its short follow-up and small sample size.

With respect to studies on Ab pathology in patients with OSA,
there has been no evidence regarding the potential of CPAP treat-
ment to reverse Ab deposition. Elias et al. did not report changes in
!orbetaben uptake between patients using (n # 24) and not using
(n # 14) CPAP. Similar "ndings were reported for PET tracers
measuring tau NFT pathology [114]. However, the two groups were
not well balanced; therefore, further studies are required to allow
stronger conclusions.

Hypothetical model connecting OSA to the increased risk for
AD

Based on the aforementioned "ndings, OSA can be suggested to
promote AD. However, its consequences, rather than the sleep
disorder itself, can be associated with the pathological biomarker
changes.

Sleep impairment and deprivation, SWS disruption, glymphatic
systemdysfunction, IH, and increased intrathoracic and intracranial
pressure due to apnea events could be triggering events for AD
neuropathological changes.

Brie!y, sleep deprivation (speci"cally studies assessing one
night of sleep deprivation) has been associated not only with
pathological changes in CSF Ab levels but also with increased brain
Ab deposition [18,87,138]. The relationship between sleep quality
and continuity reduction (featuring the OSA condition) with Ab
pathology could be mainly associated with glymphatic system
dysfunction. This system, which has beenwidely described since its
discovery, cleanses the brain from toxic substrates that accumulate
during wakefulness [39]. This clearance is mediated by the
capillary-venular system, which drains these pathological proteins
and substances from the brain to the venous system [39]. In pa-
tients with OSA, increased intrathoracic and intracranial pressure
resulting from apnea-hypopnea events has been reported to reduce
the ability of the venous system to drain blood and toxic substrates
from the brain, which alters glymphatic system activity [139]. IH
occurs concomitantly with pathological modi"cation of Ab meta-
bolism given that it promotes secretase activity to induce b-
cleaving of APP and reduces g-secretase activity (Fig. 1) [140,141].

Further, it can be speculated that sleep quality reduction asso-
ciated with REM and SWS impairment coupled with cerebrovas-
cular reactivity dysregulation might induce glymphatic system
damage. Concomitantly, SWS impairment increases neuronal
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activity while reduced REM sleep promotes orexin system signaling
[142]. Increased orexin activity is associated with Ab accumulation
in the interstitial !uid, which is probably induced by reduced sleep
quality and increased wakefulness during the sleeping period, as
demonstrated in animal model studies [70,71]. Increased brain Ab
deposition concurrently impairs sleep quality through cholinergic
circuit alteration, which subsequently reduces sleep quality and
continuity and impairs REM sleep (Fig. 2) [142,143].

The discussed "ndings indicate that several mechanisms might
contribute to AD pathological changes in patients with OSA; how-
ever, they are currently merely hypotheses. There is a need for
future animal model and/or human studies. Further, since CPAP is a
treatment option for OSA, future studies could use the hypothesis
that it improves the aforementioned pathological modi"cations.

OSA and AD risk: relevant future directions related to sex-
based differences

In 2014, a report from the Society for Women's Health Research
emphasized the importance of considering the role of sex differ-
ences in sleep habits and disturbances at any age [144]; however,
we are still far off producing signi"cant literature evidence about
this topic.

Preparing this review, a question about the interconnection
between OSA and AD diagnosis was raised and was related to the
evidence that OSA is more frequent in themale populationwhereas
AD is more frequently diagnosed in the female population.

Based on the evidence that OSA may represent a risk factor for
AD, the present review focuses on AD biomarkers in patients with
OSA [17]. However, there is a need to determine how to connect
differences in the sex distribution of OSA (predominantly affecting

men) and AD (more frequent in women). There is a signi"cantly
higher AD prevalence inwomen; speci"cally, almost two-thirds of
patients with AD are women [145]. However, age-based strati"-
cation of the AD population yields con!icting results on the
incidence rate, since the Cache County Study in the USA reported a
higher AD incidence in men up to the age of 78 years and in
women after this age [145]. Two studies in Europe and Asia have
con"rmed a higher AD incidence in women aged 80e85 years
[145]. The rate of progression from MCI to AD is similar in both
sexes from the age of 70e79 years but is higher in women aged
>80 years. Conversely, it is well known that OSA is more prevalent
in men than women [146]. In keeping with this evidence, the
HypnoLaus study recently documented that moderate-severe SDB
(AHI !15/h) is present in 49.7% of the male population and 23.4%
of the female population [8]. Notably, post-menopausal women
more frequently present SDB than younger women; moreover,
compared to men, women in the post-menopausal category less
frequently show EDS (measured by ESS) and are older [8].
Accordingly, it has already been documented that the prevalence
of OSA in women increases signi"cantly after menopause [147].
Similarly, the onset of menopause inwomen increases their risk of
AD, possibly due to depletion of estrogens, hypertension,
increased endothelial dysfunction, and systemic in!ammation,
among others [148]. These factors are also triggered by OSA, and
therefore it appears evident that OSA and AD can share complex
pathomechanisms, but the sex-based difference in the prevalence
and OSA-induced symptoms remains unresolved [1].

One of the "rst reports on these topics documented a signi"cant
association between OSA and AD in women, but not in men [29].
This study underlines the importance of IH, more than sleep frag-
mentation, in connecting OSA to dementia risk [29]. However, the

Fig. 1. Graphical model showing the interplay among the main factors inducing AD pathology in patients with OSA.
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bene"cial role of sleep in neurodegenerative processes has been
widely stated, and sleep fragmentation reduces the effects of the
glymphatic system. Women with OSA report insomnia more
frequently than men, due to more prolonged partial upper airway
obstructions and apnea-hypopnea events during REM, inducing
arousals and sleep fragmentation [149,150]. Therefore, in women,
the high sleep fragmentation induced by OSA may increase the
glymphatic system dysregulation and related risk of
neurodegeneration.

The severity of OSA only may not re!ect the detrimental effects
of apneas and hypopneas on brain health. Accordingly, recent re-
ports documented that AHI is not the best parameter to evaluate
OSA severity, in particular in women [150]. The global impact of
OSA is indeed completely different in women than in men. Overall,
women tend to appear more symptomatic with lower AHI scores
compared to men; and report more frequently insomnia [150]. On
the other hand, EDS and nocturia are more frequent symptoms
related to OSA in men [151]. As a consequence of these differences
in clinical presentation, OSA is underestimated in women, with a
signi"cant diagnostic delay leading to undertreatment, and less
change to prevent consequences [150,151].

Finally, women carrying ApoE4 have a four-fold risk of AD
compared to men with the same ApoE genotype. Notably, ApoE4
represents the strongest genetic risk factor for late-onset AD and is
associated with AD onset at a younger age [152]. The neuropatho-
logical basis is represented by the more prevalent amyloid plaques
and NFT documented in female than male patients with AD car-
rying ApoE4 [152]. Consistently, sleep consolidation has been re-
ported to reduce the effects of ApoE4 on AD neuropathology, and
considering the more altered sleep quality inwomenwith OSA, this
may justify the increased negative impact of OSA on AD in women
than men [152]. However, OSA seems to be a risk factor for AD that
is independent of the ApoE4 genotype. Moreover, ApoE4 carriers do
not show a higher prevalence of OSA diagnosis [10,33,36]. Notably,
Sharma et al. reported that AHI, but not ApoE4, is signi"cantly
associated with a longitudinal reduction in CSF Ab42 levels in CN
subjects with OSA [10]. Therefore, in patients with OSA, AHI might
be a stronger risk factor for cerebral amyloidopathy than the ApoE4
genotype [153].

Considering that previous studies proved that women show
worse pathological AD biomarkers changes than men, and that the
sex differencewas particularly pronounced among individuals with

Fig. 2. Schematic diagram of the possible cascade of OSA-induced events involving sleep impairment, brain dynamics, and AD pathology.
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MCI, it has been stated that females may be more susceptible to the
clinical manifestation of AD [154]. However, no study investigating
AD biomarkers in patients with OSA identi"es differences between
men and women.

Hence, although women less frequently present moderate-to-
severe OSA than men, they could suffer the adverse effects of OSA
more than men. This may contribute to explain the increased fre-
quency of AD in the female population. New studies on OSA as a risk
factor for AD should be planned considering the sex-based differ-
ences in clinical presentation, health consequences, and difference
in the severity indexes of OSA in women than men [155].

Conclusions

Consistent reports have shown that OSA is a risk factor for the
pathology, progression, and complications of AD. Studies have re-
ported alterations in AD pathology biomarkers (clinical, bio!uid,
neuroimaging) in patients with OSA; further, some pathological
modi"cations have been shown to indicate a preclinical or early AD
stage. Moreover, OSA co-occurring with AD could worsen or
accelerate cognitive decline in patients with AD. Therefore, in-
terventions for improving cognition in patients with AD, including
the assessment and management/treatment of OSA, could have a
positive effect on the activities of daily living. This could help
maintain the patient's independence and reduce the burden of
caregivers and related costs. Moreover, in the future, the diagnosis
of moderate-severe OSA in patients with SCI and CPAP treatment
could permit the restoration of cognitive complaints and possibly
stop or reverse the AD pathological cascade, i.e., alterations in the
brain Ab dynamics. This review indicates there is a need for more
studies to better understand the potential of screening and treat-
ment of moderate-to-severe OSA in the adult and elderly pop-
ulations with or without cognitive decline, also focusing on sex
differences. Moreover, considering the frequent comorbidity be-
tween OSA and SCI, MCI or AD, clinicians working in centers
treating (and possibly preventing) dementia should implement
their diagnostic work-up by using standardized methods with PSG
as a gold standard in order to detect OSA and treat it by involving
sleep medicine experts. Hence, the cooperation between sleep
medicine and dementia experts may open new frontiers in pre-
venting and delaying the onset of cognitive impairment in the adult
and elderly populations.
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Practice points

1. Patients with cognitive decline (from SCI to MCI and
dementia) should undergo OSA screening since it rep-
resents a risk factor for cognitive impairment or cognitive
symptom progression.

2. CPAP treatment should be started inMCI and AD patients
with comorbid OSA, since it could ameliorate disease
progression by modulating the neurodegenerative pro-
cesses and maintaining the stability of cognitive ability.

3. Sleep medicine and sleep assessment instruments
should be considered as diagnostic and potentially
therapeutic armamentarium for cognitive impairment
given the association of OSA diagnosis with the presence
of biomarkers consistent with AD pathology from the
very early stage of the disease.

Research agenda

1. There is a need for prospective and longitudinal studies
to investigate the effects of CPAP treatment on AD bio-
markers in patients with OSA.

2. Further, studies should evaluate differences in patients
with AD stratified according to the presence/absence of
OSA with regard to the neuropsychological profile and
cognitive decline rate.

3. There is a need for multimodal studies on AD biomarkers
[see A-T-N(-C) classification] in patients with OSA to
evaluate a possible longitudinal profile.

4. Although there have been prospective studies on Ab,
there is a need for prospective longitudinal (and thera-
peutic) studies on plasma tau levels (more feasible than
CSF assessments) in patients with OSA, which could
further elucidate the pathogenic mechanisms.

5. There is a need for therapeutic studies on the effects of
CPAP on cognitive decline in patients with MCI/early
stage AD using larger populations (possibly multicenter
studies), longer follow-up periods (>one year), and
different biomarkers (see above).

6. Most of the studies assessed patients with moderate-to-
severe OSA. Further studies should investigate the effect
of mild OSA (highly prevalent in the adult-elderly popu-
lation) and account for the effects of other OSA treat-
ments (e.g., oral appliance therapy).

7. Further studies are needed to assess sex aspects in the
relationship among OSA, cognitive decline, and alter-
ations in AD biomarkers,mainly considering the different
detrimental effects of apnea-hypopnea events in women
compared to men.
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