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Assessment of Alzheimer’s
disease-related biomarkers in
patients with obstructive sleep
apnea: A systematic review and
meta-analysis
Wenqi Cui, Zhenghao Duan, Zijian Li and Juan Feng*

Department of Neurology, Shengjing Hospital of China Medical University, Shenyang, China

Increasing evidence links Alzheimer’s disease (AD) to various sleep disorders,

including obstructive sleep apnea (OSA). The core AD cerebrospinal fluid

(CSF) biomarkers, including amyloid-β 42 (Aβ42), total tau (t-tau), and

phosphorylated tau (p-tau), can reflect key elements of AD pathophysiology

before the emergence of symptoms. Besides, the amyloid-β (Aβ) and tau

burden can also be tested by positron emission tomography (PET) scans.

Electronic databases (PubMed, Embase, Web of Science, and The Cochrane

Library) were searched until August 2022 to assess the AD-related biomarkers

measured by PET scans and CSF in OSA patients. The overall analysis showed

significant differences in Aβ42 levels (SMD = −0.93, 95% CI:−1.57 to −0.29,

P < 0.001) and total tau (t-tau) levels (SMD = 0.24, 95% CI: 0.01–0.48,

P = 0.308) of CSF, and Aβ burden (SMD = 0.37, 95% CI = 0.13–0.61, P = 0.69)

tested by PET scans between the OSA and controls. Furthermore, CSF Aβ42

levels showed significant differences in patients with moderate/severe OSA

compared with healthy control, and levels of CSF Aβ42 showed differences

in OSA patients with normal cognition as well. Besides, age and BMI have

influences on heterogeneity. Our meta-analysis indicated abnormal AD-

related biomarkers (CSF and PET scans) in patients with OSA, supporting the

current hypothesis that OSA, especially moderate/severe OSA, may start the

AD neuropathological process.

Systematic review registration: [https://www.crd.york.ac.uk/PROSPERO/],

identifier [CRD42021289559].
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Introduction

Obstructive sleep apnea (OSA), characterized by repetitive
upper airway collapse during sleep, is a common, chronic
sleep-related breathing disorder that results in temporarily
stop or decrease breathing during sleep, leading to symptoms
such as snoring during sleep, morning headache, daytime
sleepiness, and fatigue. Severity is conventionally graded by the
Apnea/Hypopnea Index (AHI) (Semelka et al., 2016; Chang
et al., 2020). As estimated, nearly 1 billion adults aged 30–
69 years worldwide suffered from OSA, and almost 425 million
people with moderate to severe OSA (Benjafield et al., 2019).
Recently, increasing evidence suggests that OSA is not only
a frequent diagnosis in Alzheimer’s disease (AD) patients but
also raises the risk of developing MCI and AD, indicating that
OSA may also be a risk factor for AD neurodegeneration (Lim
and Pack, 2014; Liguori et al., 2017). However, in contrast to
other proven risk factors for the development of AD, symptoms
of OSA can be significantly improved in clinical practice
(Fernandes et al., 2022). Thus, it is necessary to figure out
whether OSA may promote AD pathology.

Dementia is an age-related, chronic, and progressive
disorder, which is characterized by progressive cognitive
impairment sufficient to impact activities of daily living
(Shamseer et al., 2016; Lane et al., 2018). As the most prevalent
form of dementia, AD is pathologically characterized by the
abnormal accumulation of Aβ and intracellular neurofibrillary
tangles (NFT) from hyperphosphorylation of tau. The clinical
symptoms of AD are preceded in many cases by a period of
mild cognitive impairment (MCI) (Lu et al., 2018). Nevertheless,
in a significant proportion of young-onset AD cases, symptoms
are atypical, which often cause late diagnosis, thus biomarkers
of AD are needed for early and exact diagnosis (Graff-Radford
et al., 2021). Current evidence suggests that cognitive decline
in AD is associated with a decrease in Aβ42, an increase in
t-tau and phosphorylated tau (p-tau) levels in CSF, and an
increase in amyloid PET uptake (Kandimalla et al., 2011; Olsson
et al., 2016). Moreover, MRI biomarkers, such as gray matter
atrophy and functional brain connectivity, and blood–brain
barrier (BBB) also emerged as markers of AD (Dennis and
Thompson, 2014; Ishii and Iadecola, 2020; Nakazawa et al.,
2022). The deposition of Aβ and NFTs formed by tau in the
brain cortex can be detected by a PET scan and begins many
years before the onset of symptoms reaching a plateau by the
time the first cognitive impairments become clear (Valotassiou
et al., 2018). In both MCI and AD patients, increased [11C] and
[18F] florbetaben uptake for Aβ burden and PiB 18F-AV1451
uptake for tau protein burden have been reported (Rabinovici
et al., 2007; Pontecorvo et al., 2017). Therefore, the alterations
of CSF and PET biomarkers may reflect AD pathology years
before cognitive symptoms, and thus are useful in predicting
the future decline and providing a critical stage for potential

interventions, as tissue damage is presumably mild (Osorio et al.,
2014).

Currently, several efforts have been made to better
understand the risk of sleep-disordered breathing (SDB),
especially OSA, as a potential contributor to AD (Liguori et al.,
2017; Sharma et al., 2018; Jorge et al., 2020; Diáz-Román et al.,
2021), while some studies questioned the link between OSA
and AD (Blackwell et al., 2015; Mohajer et al., 2020). Evidence
indicated that no associations were observed between the SDB
parameters and clinically significant cognitive decline (Blackwell
et al., 2015; Jorge et al., 2020). Also, studies revealed that no
diagnostic-dependent association of SDB with either gray matter
atrophy or brain aging was measured by MRI (Mohajer et al.,
2020). Thus, we evaluated CSF and PET biomarkers, changes in
them may appear to precede cognition decline and gray matter
atrophy, to better assess the role of OSA in the AD pathological
process.

Data source and search

Systematic electronic databases (PubMed, Embase, Web of
Science, and The Cochrane Library) were searched for articles
published in English from their inception until August 2022
with the following search items: “OSA” OR “sleep disordered
breathing” AND “amyloid” OR “tau” OR “CSF” OR “PET”
(Appendix A). Filters were applied to limit research to human
studies in the English language. The reference lists from relevant
original and review articles of the eligible publications were
searched manually for additional studies and were assessed in
accordance with the selection criteria. Citations and abstracts of
all the studies have been checked to prevent duplications.

Study selection

This systematic review was conducted according to the
PRISMA guidelines and followed a predetermined protocol
(PROSPERO No. CRD42021289559) (Page et al., 2021). The
selection criteria of the studies were as follows: (1) studies
that included patients with a diagnosis of OSA (mild OSA or
moderate/severe OSA) and a control group; (2) studies that
contained CSF biomarkers (Aβ42 or tau) or PET scans (Aβ

and tau burden); (3) studies that made data available in the
publication or via contact with the authors to allow computation
of correlation coefficients.

The title and abstract of the article were screened to
identify whether the study fulfilled the inclusion criteria. The
initially selected articles were retrieved for full text by two
independent reviewers to establish the final eligibility of the
articles. Disagreements were adjudicated by a third reviewer
based on the full text. A summary of the methodologies and
main findings of the 11 studies is presented in Figure 1.
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Diagnosis and measurement of
obstructive sleep apnea

In all the included studies, OSA was determined by
nocturnal polysomnographic (PSG) recording, which was
performed according to the American Academy of Sleep
Medicine (AASM) criteria (Duce et al., 2015). OSA with AHI,
higher than 5 events per hour and less than 15 events per hour,
is defined as mild OSA. AHI of 15 events per hour or higher
was applied to establish a diagnosis of moderate to severe OSA
(Mysliwiec et al., 2020). We included studies that evaluated OSA
by polysomnography respiratory monitoring (PSG) or home
sleep monitoring.

Diagnosis of mild cognitive
impairment/subjective cognitive
impairment and measurement of
cerebrospinal fluid biomarkers

In the studies we included, MCI was defined by the
NIA-AA workgroup (Jack et al., 2018). Subjective cognitive
impairment (SCI) was defined as subjective memory deficits
reflecting a decline over the previous 5 or 10 years, absence of
overt cognitive deficits, and cognitive performance in a general
normal range (Rabin et al., 2017).

In included studies, CSF biomarker levels (Aβ42,
t-tau, and p-tau) were measured by the ELISA method.
Aβ burden was tested by PET scans (including 11C PIB,
18F-florbetapir/florbetaben, and 18F-NAV4694). For studies
including PET imaging, the PET SUVR was used as a continuous
variable to explore the Aβ burden in OSA (Valotassiou et al.,
2018).

Data extraction and quality
assessment

We used a standardized table to extract the following
information from all included articles: first author’s name,
publication year, the study design, sample size, age, gender, types
of AD-biomarkers, and cognition status.

The quality of included studies was assessed using the
Newcastle Ottawa Scale (NOS) (Appendix B) as recommended
by the Cochrane Non-Randomized Studies Methods Working
Group (Stang, 2010). In this scale, each study is evaluated
according to eight items categorized into three groups: sample
selection, comparability, and exposure. The total score ranged
from 0 to 9 points with higher scores indicating higher quality
(7 ≤ score ≤ 9 indicates high quality; 4 ≤ score ≤ 6 indicates
medium quality; score ≤ 3 indicates low quality) (Lo et al., 2014).
Quality assessment was performed according to the NOS by two

authors independently. Discrepancies in the score were resolved
through discussion by the authors.

Statistical analysis

The meta-analysis was performed by using the STATA
statistical software 15.0 (Cochrane Collaboration, Oxford, UK).
The standard mean differences (SMD) and corresponding 95%
confidence intervals (CI) were pooled to assess AD biomarkers
(CSF and PET scans). Effect sizes with a P-value of <0.05
were considered significant (Egger et al., 1997). Heterogeneity
across studies was assessed according to I2 statistics. Values of
25, 50, and 75% are considered as low, moderate, and high
heterogeneity, respectively (Higgins et al., 2003). A fixed-effect
model was selected if I2 < 50%. Otherwise, a random-effect
model was selected. The subgroup analysis was conducted using
age, BMI, cognition status, and severity of OSA. Finally, we
quantitatively assessed publication bias using Begg’s adjusted
rank test (Begg and Mazumdar, 1994).

Results

Description of studies

In total, 1,304 records were identified from the database
searches. After screening the titles and abstracts, 38 studies
were reviewed for further assessment. Additionally, one study
with duplicate involved patients, one study only included
children, four studies without a control group, nine studies
with insufficient data were excluded, and 12 studies that tested
biomarkers in serum or plasma were excluded. As a result, 11
eligible studies were included in the final meta-analysis. Figure 1
shows the flow chart of the study selection process in this
meta-analysis.

The characteristics of the included studies are shown in
Table 1. Nine studies were cross-sectional and two were case-
control studies. Demographic variables such as age, sex, and
education were adjusted statistically in most of the studies. All
these studies were identified to be of high or moderate quality
using the NOS. The details of the NOS for each study are shown
in Appendix B.

Abnormal findings of cerebrospinal
fluid biomarkers in obstructive sleep
apnea

Seven studies investigated Aβ42 levels in CSF enrolling 314
patients with OSA and 230 controls. Results demonstrated that
patients with OSA had lower Aβ42 levels in the CSF compared
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FIGURE 1

Flowchart of search strategy and study selection.

with controls, with an effect size of −0.93 (95% CI: −1.57 to
−0.29, P < 0.001; Figure 2).

Six studies evaluated t-tau levels in CSF including 203 OSA
subjects and 133 controls. In the overall analysis, an increased
level of t-tau was observed in patients with OSA (SMD = 0.24;
95% CI = 0.01–0.48; P = 0.308; Figure 2).

Six studies reported p-tau levels in the CSF enrolling 203
OSA and 133 control subjects. However, there was no significant
difference in the level of CSF p-tau between the two groups
(SMD = 0.25; 95% CI: −0.14 to 0.64, P = 0.024; Figure 2).

Begg’s tests of Aβ42 and t-tau were not significant (Figure 3).

Abnormal amyloid-β burden tested by
positron emission tomography scans

Four studies evaluated the Aβ burden tested by PET
imaging. In these studies, higher Aβ burden was observed in

patients with OSA than in control cohorts (SMD = 0.37; 95%
CI = 0.13–0.61, I2 = 0%, P = 0.69; Figure 2).

Subgroup analysis

The results of the subgroup analysis, which explored
the potential sources of heterogeneity, are summarized in
Figure 4. Subgroups were stratified by age (≤67 years old or
>67 years old), BMI (≤27.6 or >27.6), cognition status (normal
cognition, MCI, or SCI), and severity of OSA (mild vs. normal,
moderate/severe vs. normal, and mild vs. moderate/severe). The
cutoff points of age and BMI were determined by the mean
value of all included studies. The pooled effects of the Aβ42
levels in CSF across studies that included patients >67 years
old was significant (Aβ42: SMD = −1.09; 95% CI = −2.15 to
−0.03; I2 = 94.8%, P < 0.001) compared with non-significant
correlations found in studies that included patients ≤ 67 years
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TABLE 1 Extracted and summarized details on subjects, methods, and measurements of the included studies.

Study Total n Design % F Age Type Method Cognition

Osorio et al.,
2014

Mild OSA n = 51 CS 58.8 67.8 ± 7 CSF: Aβ42 ELISA CN

Moderate/serve OSA n = 19 57.9 70.1 ± 8.8 t-ta u

Control n = 25 68 65.3 ± 8.2 p-tau

Ju et al., 2016 Moderate/serve OSA n = 10 CS 30 56.4 ± 4 CSF: Aβ42 ELISA CN

Control n = 31 48 53.2 ± 5.7 t-tau

p-tau

Liguori et al.,
2017

Moderate/serve OSA n = 25 CS 68 67.96 ± 7.92 CSF: Aβ42 ELISA SCI

Control n = 15 60 66.6 ± 7.10 t-tau

p-tau

Yun et al., 2017 Moderate/serve OSA n = 19 CS 52.6 56.7 ± 3.8 PET: Aβ burden 11C-PiB CN

Control n = 19 52.6 56.7 ± 4.2

Sharma et al.,
2018

Mild OSA n = 43 CS 57.9 68.6 ± 7.19 CSF: Aβ42 ELISA CN

Moderate/serve OSA n = 15 51.4 70.68 ± 7.69

Control n = 50 69.1 67.56 ± 7.32

Elias et al., 2018 OSA n = 42 CS 0 67.69 ± 5.37 PET: Aβ burden 18F-florbetaben −

Control n = 77 0 68.30 ± 3.86 tau burden 18F-AV1451

Liguori et al.,
2019

Moderate/serve OSA n = 20 CS 70 58.75 ± 3.53 CSF: Aβ42 ELISA CN

Control n = 15 53.3 63.8 ± 8.46 t-tau

p-tau

Jackson et al.,
2020

OSA n = 34 CC 44.1 57.8 ± 8.5 PET: Aβ burden 18F-NAV4694 −

Control n = 12 50 57.1 ± 8.2

André et al.,
2020

Moderate/serve OSA n = 20 CC 58.3 69 ± 3.98 PET: Aβ burden 18F-Florbetapir −

Control n = 15 77.4 69.19 ± 3.53

Diáz-Román
et al., 2021

Mild OSA n = 11 CS − − CSF: Aβ42 ELISA MCI

Moderate/serve OSA n = 33 t-tau

Control n = 25 p-tau

Fernandes et al.,
2022

Moderate/serve OSA n = 34 CC 20.6 68.44 ± 9.98 CSF: Aβ42 ELISA CN

Control n = 34 20.6 69.02 ± 6.08 t-tau

p-tau

OSA, obstructive sleep apnea. Design: CS, cross-sectional; CC, case-control study; F, females; Type: Aβ42, amyloid-β 42; t-tau, total tau; p-tau, phosphorylated tau; CSF, cerebrospinal
fluid; PET, positron emission tomography. Method: enzyme-linked immunosorbent assays. Cognition: CN, cognitively normal; MCI, mild cognitive impairment; SCI, subjective
cognitive impairment.

old (Aβ42: SMD = −0.86; 95% CI = −1.36 to −0.35; I2 = 0.0%,
P = 0.746). Furthermore, in studies involving patients with
normal cognition, levels of Aβ42 in CSF also showed significant
difference in OSA patients compared with control (Aβ42:
SMD = −0.71; 95% CI = −1.39 to −0.04; I2 = 89%, P < 0.001).
Besides, no significant differences in t-tau and p-tau levels
were found in OSA patients in age and cognition subgroups.
In the subgroup analysis based on BMI, the pooled effects
of the biomarker levels in CSF across studies that included
patients with BMI >27.6 were significant (Aβ42: SMD = −1.76;

95% CI = −3.38 to −0.14; I2 = 87.6%; P < 0.001; t-tau:
SMD = −0.05; 95% CI = −0.53 to 0.44; I2 = 75.6%; P = 0.043;
p-tau: SMD = −0.21; 95% CI = −1.18 to 0.76; I2 = 74.9%;
P = 0.046) compared with non-significant correlations found
from studies that included patients with BMI ≤ 27.6 (Aβ42:
SMD = −0.20; 95% CI = −0.57 to 0.16; I2 = 51.3%, P = 0.128;
t-tau: SMD = 0.30; 95% CI = −0.08 to 0.68; I2 = 0.0%; P = 0.969;
p-tau: SMD = 0.25; 95% CI = −0.13 to 0.63; I2 = 0.0%; P = 0.509).

As for subgroup analysis of the severity of OSA, CSF levels
of Aβ42 were significant in patients with moderated and severe
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FIGURE 2

Forest plot comparing levels of cerebrospinal fluid (CSF) and positron emission tomography (PET) biomarkers in subjects with obstructive sleep
apnea (OSA) and controls: (A) CSF Aβ42 level; (B) CSF t-tau level; (C) CSF p-tau level; (D) PET Aβ burden.

OSA (Aβ42: SMD = −0.71; 95% CI = −1.39 to −0.04; I2 = 89%,
P < 0.001; Figure 5) compared with healthy control. However,
CSF levels of t-tau and p-tau were not significant in patients

with moderated and severe OSA compared with the control.
Also, there were no significant difference in CSF levels of Aβ42,
t-tau, and p-tau in both the mild OSA groups compared with the
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FIGURE 3

Funnel plot analysis used to detect publication bias: (A) CSF Aβ42 level (P = 0.072 in Begg’s test); (B) Cerebrospinal fluid (CSF) t-tau level
(P = 0.452 in Begg’s test).

healthy control and mild OSA groups compared with moderated
and severe OSA group.

Discussion

This meta-analysis explored the abnormal Aβ and tau
burden in OSA patients via PET scans or CSF evaluation and
suggested that OSA, especially moderate/severe OSA, possibly
started the AD neuropathological process. Our analysis showed
decreased Aβ42 level and increased t-tau level in the CSF, and
an increased Aβ burden tested by PET imaging in OSA patients
compared with control subjects. Besides, moderate/severe OSA,
rather than mild OSA, showed a more significant difference in
AD-related biomarkers of CSF compared with healthy control.
The decrease of Aβ42 was more significant in older OSA patients
and even with normal cognition. Moreover, OSA patients with a
higher value of BMI showed a more significant difference in CSF
Aβ42 and t-tau levels. According to a recent hypothesis, while
OSA could be a consequence of events in the progression of AD
pathology, alternatively, OSA may precipitate AD pathogenesis.
The latter hypothesis would present an exciting opportunity
to slow AD pathology with sleep interventions (Sharma et al.,
2018). Our study may reinforce the latter hypothesis of the AD
neurogenerative process triggered by OSA.

The Aβ42 contributes to cerebral amyloid angiopathy in AD
and decreased concentrations of Aβ42 in CSF have all proven
to be useful in the diagnosis of AD (McKhann et al., 2011).
Currently, increasing studies have linked OSA to decreased
concentrations of Aβ42 in CSF (Ju et al., 2016; Liguori et al.,
2017, 2019; Sharma et al., 2018; Diáz-Román et al., 2021;
Fernandes et al., 2022). However, there were also studies
indicating no significant difference of Aβ42 levels in CSF of

OSA patients (Osorio et al., 2014; Diáz-Román et al., 2021).
Our results were in line with past studies indicating decreased
concentrations of CSF Aβ42 level in OSA even in patients with
normal cognition, which could indicate the role of OSA in
the start in AD pathogenesis (Liguori et al., 2017; Bubu et al.,
2019). We also stratified BMI in OSA patients and found BMI
may influence the CSF Aβ42 level in OSA patients, which is a
controllable factor for OSA patients to delay AD progression.

Increased levels of p-tau and t-tau in CSF could reflect
cortical tangle formation and axonal degeneration or injury and
can be used as a general marker in AD (Kazim et al., 2022). Many
studies have reported increased CSF t-tau and p-tau levels in
OSA patients (Diáz-Román et al., 2021; Fernandes et al., 2022).
Nevertheless, several studies show no significant difference in
CSF t-tau and p-tau levels in OSA patients (Osorio et al., 2014; Ju
et al., 2016; Liguori et al., 2017, 2019). We found increased levels
of CSF t-tau in OSA patients compared with the control. In
contrast with Aβ42 and t-tau levels, we did not find a significant
difference in concentrations of CSF p-tau levels in OSA patients.
The results may be attributed to the fact that patients in the
enrolled study were with normal cognition or MCI. While some
studies observed an increase in tau levels in both NC and MCI
patients with OSA compared to non-OSA individuals, we could
not find differences in relation to p-tau in OSA patients at an
early stage of AD compared with control (Liguori et al., 2017;
Bubu et al., 2019; Diáz-Román et al., 2021). Furthermore, we
found OSA patients with larger BMI may have increased CSF
t-tau and p-tau levels than OSA patients with lower BMI.

In vivo imaging with PET provides a unique opportunity
to quantify Aβ and tau burden and examine their direct
associations with sleep outcomes. We analyzed the Aβ burden
tested by PET scans in OSA patients. We found significant
differences in Aβ burden tested by PET imaging between OSA
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FIGURE 4

Sub-group analysis: (A) Cerebrospinal fluid (CSF) Aβ42 level
based on age; (B) CSF Aβ42 level based on BMI; (C) CSF t-tau
level based on BMI; (D) CSF p-tau level based on BMI; and (E)
CSF Aβ42 level based on cognition status.

patients and the control group in line with previous studies
(Yun et al., 2017; André et al., 2020). Results suggested that
OSA could accelerate amyloid deposition and may contribute
to the development or progression of AD. More research on
the relationship between PET scans and OSA is needed to be
conducted to better explain the mechanism.

Increasing evidence reported severity of the OSA, indexed
using the AHI, was associated with Aβ42, t-tau, and p-tau levels
(Sharma et al., 2018; Diáz-Román et al., 2021). In our analysis,
CSF levels of Aβ42 were significant in patients with moderated
and severe OSA compared with healthy control, while no
significant differences were found in both mild OSA group
compared with healthy control and mild OSA group compared
with moderated and severe OSA groups. It indicated that
changes in CSF biomarkers are more pronounced in moderate
and severe OSA groups, which implies that existing therapies
reducing the severity of OSA could delay the progression to MCI
or dementia in OSA, especially in moderate and severe OSA
patients (Sharma et al., 2018).

Although the mechanism of the relationship between OSA
and AD is still not clear, studies have proposed several pathways
through which OSA may contribute to increased AD biomarkers
in the brain. Currently, the function of BBB has been introduced
to the association between OSA and AD (Lim and Pack,
2014). Intermittent hypoxia generated by OSA may cause the
dysfunction of the BBB, leading to an increase in membrane
permeability, and eventually dysfunction or degeneration of
neuronal (Kerner and Roose, 2016). Moreover, the permeability
of the BBB can also be altered by influencing a variety of
procoagulant factors, increasing oxidative stress, and inducing
chronic inflammation by OSA (Lim and Pack, 2014; Zolotoff
et al., 2021). Another possible mechanism through which
OSA might increase amyloid deposition is influencing CSF-
interstitial fluid (ISF) exchange promoted by the glymphatic
system resulting in decreased clearance of ISF Aβ42. During
obstructive apnea, respiratory effort against a closed airway
creates elevated intrathoracic and intracranial pressure and a
sudden pressure reversal at the end of the apnea. Repetitive
high-pressure fluctuations may impede the glymphatic flow of
metabolites from ISF into CSF. This would result in decreased
clearance of ISF Aβ42 and increased amyloid deposition.
Moreover, nocturnal intermittent hypoxia damages enzymes
susceptibility to hypoxia and is responsible for the β-amyloid
metabolism, which can result in amyloid deposition (Ju et al.,
2016; Liguori et al., 2017; Sharma et al., 2018). Besides, sleep
deprivation results in a significant increase in tau pathology,
and it is a chronic stressor inducing the development of AD
neurodegeneration (Liguori et al., 2017). As for the sleep aspect,
OSA leads to decreased slow wave activity (SWA), increased
synaptic activity, decreased glymphatic clearance, and increased
Aβ (Osorio et al., 2014).

Heterogeneity was also analyzed in our study. According to
our overall analysis, the heterogeneity of CSF levels of Aβ42

Frontiers in Aging Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnagi.2022.902408
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-902408 October 8, 2022 Time: 16:5 # 9

Cui et al. 10.3389/fnagi.2022.902408

FIGURE 5

Forest plot of cerebrospinal fluid (CSF) Aβ42 level: (A) Mild obstructive sleep apnea (OSA) compared with healthy control; (B) Moderate/severe
OSA compared with healthy control; (C) Mild OSA compared with moderate/severe OSA.

was large, whereas the difference in the t-tau, p-tau, and Aβ

burden in PET scan in OSA compared with control was not
significant. Our subgroup analysis indicated that age, BMI, AHI,
and cognition status may be influencing factors that could be
partly responsible for heterogeneity.

Our study has several limitations that warrant
consideration. First, the included studies exploring the
relationship between AD biomarkers and OSA had relatively
small numbers of subjects. Due to the small number of original
studies and their relatively small patient cohorts, we could

not analyze the performance with different age, BMI, AHI,
or cognition status of Aβ and tau burden by PET scans. Also,
the results in OSA patients with the MCI subgroup could not
be concluded in our analysis due to insufficient data. Second,
although we tried to explore the source of heterogeneity by
subgroup analysis in our study, there were still some factors
that could not be assessed by our result for example gender,
APOE gene, and more sleep parameters (Diáz-Román et al.,
2021). Furthermore, we could not evaluate whether existing
therapies for OSA could improve the AD-related biomarkers

Frontiers in Aging Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fnagi.2022.902408
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-902408 October 8, 2022 Time: 16:5 # 10

Cui et al. 10.3389/fnagi.2022.902408

from involved studies. More longitudinal epidemiological
studies are needed to address the role of OSA in AD pathology.

Conclusion

In conclusion, our meta-analysis strengthened the
hypothesis of the AD neurogenerative process triggered by OSA.
We found decreased Aβ42 levels and increased t-tau levels in the
CSF, and increased Aβ burden tested by PET imaging in OSA
patients. Besides, changes in Aβ42 level were more pronounced
in moderated and severe OSA groups. In clinical practice, our
study indicated that existing therapies reducing the severity of
OSA could relieve Aβ and tau burden and further delay the
progression to MCI or dementia.

Data availability statement

The original contributions presented in this study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding author.

Author contributions

WC and JF contributed to the conception and design of the
study. WC and ZD performed literature screening and scoring.

WC and ZL performed the statistical analysis. WC wrote the
first draft of the manuscript. All authors wrote sections of
the manuscript, contributed to manuscript revision, read, and
approved the submitted version.

Funding

The study was funded by Outstanding Scientific Fund of the
Shengjing Hospital and Key R&D Program of Liaoning Province
(2020JH2/10300047).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

André, C., Rehel, S., Kuhn, E., Landeau, B., Moulinet, I., Touron, E., et al. (2020).
Association of sleep-disordered breathing with Alzheimer disease biomarkers
in community-dwelling older adults: A secondary analysis of a randomized
clinical trial. JAMA Neurol. 77, 716–724. doi: 10.1001/jamaneurol.2020.
0311

Begg, C. B., and Mazumdar, M. (1994). Operating characteristics of a rank
correlation test for publication bias. Biometrics 50, 1088–1101.

Benjafield, A. V., Ayas, N. T., Eastwood, P. R., Heinzer, R., Ip, M. S. M., Morrell,
M. J., et al. (2019). Estimation of the global prevalence and burden of obstructive
sleep apnoea: A literature-based analysis. Lancet Respir. Med. 7, 687–698. doi:
10.1016/S2213-2600(19)30198-5

Blackwell, T., Yaffe, K., Laffan, A., Redline, S., Ancoli-Israel, S., Ensrud,
K. E., et al. (2015). Associations between sleep-disordered breathing, nocturnal
hypoxemia, and subsequent cognitive decline in older community-dwelling men:
The osteoporotic fractures in men sleep study. J. Am. Geriatr. Soc. 63, 453–461.
doi: 10.1111/jgs.13321

Bubu, O. M., Pirraglia, E., Andrade, A. G., Sharma, R. A., Gimenez-Badia, S.,
Umasabor-Bubu, O. Q., et al. (2019). Obstructive sleep apnea and longitudinal
Alzheimer’s disease biomarker changes. Sleep 42:zsz048. doi: 10.1093/sleep/zsz048

Chang, H. P., Chen, Y. F., and Du, J. K. (2020). Obstructive sleep apnea
treatment in adults. Kaohsiung J. Med. Sci. 36, 7–12. doi: 10.1002/kjm2.12130

Dennis, E. L., and Thompson, P. M. (2014). Functional brain connectivity
using fMRI in aging and Alzheimer’s disease. Neuropsychol. Rev. 24, 49–62. doi:
10.1007/s11065-014-9249-6

Diáz-Román, M., Pulopulos, M. M., Baquero, M., Salvador, A., Cuevas, A.,
Ferrer, I., et al. (2021). Obstructive sleep apnea and Alzheimer’s disease-related

cerebrospinal fluid biomarkers in mild cognitive impairment. Sleep 4:zsaa1334.
doi: 10.1093/sleep/zsaa133

Duce, B., Milosavljevic, J., and Hukins, C. (2015). The 2012 AASM respiratory
event criteria increase the incidence of hypopneas in an adult sleep center
population. J. Clin. Sleep Med. 11, 1425–1431. doi: 10.5664/jcsm.5280

Egger, M., Davey Smith, G., Schneider, M., and Minder, C. (1997). Bias in meta-
analysis detected by a simple, graphical test. BMJ 315, 629–634. doi: 10.1136/bmj.
315.7109.629

Elias, A., Cummins, T., Tyrrell, R., Lamb, F., Dore, V., Williams, R., et al. (2018).
Risk of Alzheimer’s disease in obstructive sleep apnea syndrome: Amyloid-β and
tau imaging. J. Alzheimers Dis. 66, 733–741. doi: 10.3233/JAD-180640

Fernandes, M., Mari, L., Chiaravalloti, A., Paoli, B., Nuccetelli, M., Izzi, F., et al.
(2022). (18)F-FDG PET, cognitive functioning, and CSF biomarkers in patients
with obstructive sleep apnoea before and after continuous positive airway pressure
treatment. J. Neurol. 269, 5356–5367. doi: 10.1007/s00415-022-11182-z

Graff-Radford, J., Yong, K. X. X., Apostolova, L. G., Bouwman, F. H., Carrillo,
M., Dickerson, B. C., et al. (2021). New insights into atypical Alzheimer’s disease
in the era of biomarkers. Lancet Neurol. 20, 222–234. doi: 10.1016/S1474-4422(20)
30440-3

Higgins, J. P., Thompson, S. G., Deeks, J. J., and Altman, D. G. (2003).
Measuring inconsistency in meta-analyses. BMJ 327, 557–560. doi: 10.1136/bmj.
327.7414.557

Ishii, M., and Iadecola, C. (2020). Risk factor for Alzheimer’s disease breaks the
blood-brain barrier. Nature 581, 31–32. doi: 10.1038/d41586-020-01152-8

Jack, C. R. Jr., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., Haeberlein,
S. B., et al. (2018). NIA-AA research framework: Toward a biological definition of

Frontiers in Aging Neuroscience 10 frontiersin.org

https://doi.org/10.3389/fnagi.2022.902408
https://doi.org/10.1001/jamaneurol.2020.0311
https://doi.org/10.1001/jamaneurol.2020.0311
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1111/jgs.13321
https://doi.org/10.1093/sleep/zsz048
https://doi.org/10.1002/kjm2.12130
https://doi.org/10.1007/s11065-014-9249-6
https://doi.org/10.1007/s11065-014-9249-6
https://doi.org/10.1093/sleep/zsaa133
https://doi.org/10.5664/jcsm.5280
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.3233/JAD-180640
https://doi.org/10.1007/s00415-022-11182-z
https://doi.org/10.1016/S1474-4422(20)30440-3
https://doi.org/10.1016/S1474-4422(20)30440-3
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1038/d41586-020-01152-8
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-902408 October 8, 2022 Time: 16:5 # 11

Cui et al. 10.3389/fnagi.2022.902408

Alzheimer’s disease. Alzheimers Dement. 14, 535–562. doi: 10.1016/j.jalz.2018.02.
018

Jackson, M. L., Cavuoto, M., Schembri, R., Doré, V., Villemagne, V. L., Barnes,
M., et al. (2020). Severe obstructive sleep apnea is associated with higher brain
amyloid burden: A preliminary PET imaging study. J. Alzheimers Dis. 78, 611–617.
doi: 10.3233/jad-200571

Jorge, C., Targa, A., Benitez, D. I., Dakterzada, F., Torres, G., Minguez, O.,
et al. (2020). Obstructive sleep apnoea and cognitive decline in mild-to-moderate
Alzheimer’s disease. Eur. Respir. J. 56:2000523. doi: 10.1183/13993003.00523-2020

Ju, Y. E. S., Finn, M. B., Sutphen, C. L., Herries, E. M., Jerome, G. M., Ladenson,
J. H., et al. (2016). Obstructive sleep apnea decreases central nervous system–
derived proteins in the cerebrospinal fluid. Ann. Neurol. 80, 154–159. doi: 10.1002/
ana.24672

Kandimalla, R. J., Prabhakar, S., Bk, B., Wani, W. Y., Sharma, D. R., Grover,
V. K., et al. (2011). Cerebrospinal fluid profile of amyloid beta42 (Abeta42), hTau
and ubiquitin in North Indian Alzheimer’s disease patients. Neurosci. Lett. 487,
134–138. doi: 10.1016/j.neulet.2010.06.075

Kazim, S. F., Sharma, A., Saroja, S. R., Seo, J. H., Larson, C. S., Ramakrishnan,
A., et al. (2022). Chronic intermittent hypoxia enhances pathological tau seeding,
propagation, and accumulation and exacerbates alzheimer-like memory and
synaptic plasticity deficits and molecular signatures. Biol. Psychiatry 91, 346–358.
doi: 10.1016/j.biopsych.2021.02.973

Kerner, N. A., and Roose, S. P. (2016). Obstructive sleep apnea is linked to
depression and cognitive impairment: Evidence and potential mechanisms. Am.
J. Geriatr. Psychiatry 24, 496–508. doi: 10.1016/j.jagp.2016.01.134

Lane, C. A., Hardy, J., and Schott, J. M. (2018). Alzheimer’s disease. Eur. J.
Neurol. 25, 59–70. doi: 10.1111/ene.13439

Liguori, C., Mercuri, N. B., Izzi, F., Romigi, A., Cordella, A., Sancesario,
G., et al. (2017). Obstructive sleep apnea is associated with early but possibly
modifiable Alzheimer’s disease biomarkers changes. Sleep 40:zsx011. doi: 10.1093/
sleep/zsx011

Liguori, C., Mercuri, N. B., Nuccetelli, M., Izzi, F., Cordella, A., Bernardini,
S., et al. (2019). Obstructive sleep apnea may induce orexinergic system
and cerebral β-amyloid metabolism dysregulation: Is it a further proof for
Alzheimer’s disease risk? Sleep Med. 56, 171–176. doi: 10.1016/j.sleep.2019.
01.003

Lim, D. C., and Pack, A. I. (2014). Obstructive sleep apnea and cognitive
impairment: Addressing the blood-brain barrier. Sleep Med. Rev. 18, 35–48. doi:
10.1016/j.smrv.2012.12.003

Lo, C. K., Mertz, D., and Loeb, M. (2014). Newcastle-Ottawa Scale: Comparing
reviewers’ to authors’ assessments. BMC Med. Res. Methodol. 14:45. doi: 10.1186/
1471-2288-14-45

Lu, Y., Jiang, X., Liu, S., and Li, M. (2018). Changes in cerebrospinal fluid tau and
beta-amyloid levels in diabetic and prediabetic patients: A meta-analysis. Front.
Aging Neurosci. 10:271. doi: 10.3389/fnagi.2018.00271

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R. Jr.,
Kawas, C. H., et al. (2011). The diagnosis of dementia due to Alzheimer’s disease:
Recommendations from the National Institute on aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
7, 263–269. doi: 10.1016/j.jalz.2011.03.005

Mohajer, B., Abbasi, N., Mohammadi, E., Khazaie, H., Osorio, R. S., Rosenzweig,
I., et al. (2020). Gray matter volume and estimated brain age gap are not linked
with sleep-disordered breathing. Hum. Brain Mapp. 41, 3034–3044. doi: 10.1002/
hbm.24995

Mysliwiec, V., Martin, J. L., Ulmer, C. S., Chowdhuri, S., Brock, M. S., Spevak,
C., et al. (2020). The management of chronic insomnia disorder and obstructive
sleep apnea: Synopsis of the 2019 U.S. Department of Veterans Affairs and
U.S. Department of Defense Clinical Practice Guidelines. Ann. Intern. Med. 172,
325–336. doi: 10.7326/M19-3575

Nakazawa, T., Ohara, T., Hirabayashi, N., Furuta, Y., Hata, J., Shibata, M., et al.
(2022). Multiple-region grey matter atrophy as a predictor for the development of
dementia in a community: The Hisayama study. J. Neurol. Neurosurg. Psychiatry
93, 263–271. doi: 10.1136/jnnp-2021-326611

Olsson, B., Lautner, R., Andreasson, U., Ohrfelt, A., Portelius, E., Bjerke, M.,
et al. (2016). CSF and blood biomarkers for the diagnosis of Alzheimer’s disease:
A systematic review and meta-analysis. Lancet Neurol. 15, 673–684. doi: 10.1016/
S1474-4422(16)00070-3

Osorio, R. S., Ayappa, I., Mantua, J., Gumb, T., Varga, A., Mooney, A. M., et al.
(2014). The interaction between sleep-disordered breathing and apolipoprotein E
genotype on cerebrospinal fluid biomarkers for Alzheimer’s disease in cognitively
normal elderly individuals. Neurobiol. Aging 35, 1318–1324. doi: 10.1016/j.
neurobiolaging.2013.12.030

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C.,
Mulrow, C. D., et al. (2021). The PRISMA 2020 statement: An updated guideline
for reporting systematic reviews. BMJ 372:n71. doi: 10.1136/bmj.n71

Pontecorvo, M. J., Devous, M. D. Sr., Navitsky, M., Lu, M., Salloway, S., Schaerf,
F. W., et al. (2017). Relationships between flortaucipir PET tau binding and
amyloid burden, clinical diagnosis, age and cognition. Brain 140, 748–763. doi:
10.1093/brain/aww334

Rabin, L. A., Smart, C. M., and Amariglio, R. E. (2017). Subjective cognitive
decline in preclinical Alzheimer’s disease. Annu. Rev. Clin. Psychol. 13, 369–396.
doi: 10.1146/annurev-clinpsy-032816-045136

Rabinovici, G. D., Furst, A. J., O’Neil, J. P., Racine, C. A., Mormino, E. C., Baker,
S. L., et al. (2007). 11C-PIB PET imaging in Alzheimer disease and frontotemporal
lobar degeneration. Neurology 68, 1205–1212. doi: 10.1212/01.wnl.0000259035.
98480.ed

Shamseer, L., Moher, D., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M.,
et al. (2016). Preferred reporting items for systematic review and meta-analysis
protocols (PRISMA-P) 2015: Elaboration and explanation. Erratum for: BMJ
2015;350:g7647. BMJ 354:i4086. doi: 10.1136/bmj.i4086

Semelka, M., Wilson, J., and Floyd, R. (2016). Diagnosis and treatment of
obstructive sleep apnea in adults. Am. Fam. Physician 94, 355–360.

Sharma, R. A., Varga, A. W., Bubu, O. M., Pirraglia, E., Kam, K., Parekh, A.,
et al. (2018). Obstructive sleep apnea severity affects amyloid burden in cognitively
normal elderly: A longitudinal study. Am. J. Respir. Crit. Care Med. 197, 933–943.
doi: 10.1164/rccm.201704-0704OC

Stang, A. (2010). Critical evaluation of the Newcastle-Ottawa scale for the
assessment of the quality of nonrandomized studies in meta-analyses. Eur. J.
Epidemiol. 25, 603–605. doi: 10.1007/s10654-010-9491-z

Valotassiou, V., Malamitsi, J., Papatriantafyllou, J., Dardiotis, E., Tsougos, I.,
Psimadas, D., et al. (2018). SPECT and PET imaging in Alzheimer’s disease. Ann.
Nucl. Med. 32, 583–593. doi: 10.1007/s12149-018-1292-6

Yun, C. H., Lee, H. Y., Lee, S. K., Kim, H., Seo, H. S., Bang, S. A., et al.
(2017). Amyloid burden in obstructive sleep apnea. J. Alzheimers Dis. 59, 21–29.
doi: 10.3233/JAD-161047

Zolotoff, C., Bertoletti, L., Gozal, D., Mismetti, V., Flandrin, P., Roche, F., et al.
(2021). Obstructive sleep apnea, hypercoagulability, and the blood-brain barrier.
J. Clin. Med. 10:3099. doi: 10.3390/jcm10143099

Frontiers in Aging Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnagi.2022.902408
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.3233/jad-200571
https://doi.org/10.1183/13993003.00523-2020
https://doi.org/10.1002/ana.24672
https://doi.org/10.1002/ana.24672
https://doi.org/10.1016/j.neulet.2010.06.075
https://doi.org/10.1016/j.biopsych.2021.02.973
https://doi.org/10.1016/j.jagp.2016.01.134
https://doi.org/10.1111/ene.13439
https://doi.org/10.1093/sleep/zsx011
https://doi.org/10.1093/sleep/zsx011
https://doi.org/10.1016/j.sleep.2019.01.003
https://doi.org/10.1016/j.sleep.2019.01.003
https://doi.org/10.1016/j.smrv.2012.12.003
https://doi.org/10.1016/j.smrv.2012.12.003
https://doi.org/10.1186/1471-2288-14-45
https://doi.org/10.1186/1471-2288-14-45
https://doi.org/10.3389/fnagi.2018.00271
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1002/hbm.24995
https://doi.org/10.1002/hbm.24995
https://doi.org/10.7326/M19-3575
https://doi.org/10.1136/jnnp-2021-326611
https://doi.org/10.1016/S1474-4422(16)00070-3
https://doi.org/10.1016/S1474-4422(16)00070-3
https://doi.org/10.1016/j.neurobiolaging.2013.12.030
https://doi.org/10.1016/j.neurobiolaging.2013.12.030
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1093/brain/aww334
https://doi.org/10.1093/brain/aww334
https://doi.org/10.1146/annurev-clinpsy-032816-045136
https://doi.org/10.1212/01.wnl.0000259035.98480.ed
https://doi.org/10.1212/01.wnl.0000259035.98480.ed
https://doi.org/10.1136/bmj.i4086
https://doi.org/10.1164/rccm.201704-0704OC
https://doi.org/10.1007/s10654-010-9491-z
https://doi.org/10.1007/s12149-018-1292-6
https://doi.org/10.3233/JAD-161047
https://doi.org/10.3390/jcm10143099
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-902408 October 8, 2022 Time: 16:5 # 12

Cui et al. 10.3389/fnagi.2022.902408

Appendix

Appendix A Search terms used for each database.

Database Search terms

PubMed ((((Obstructive Sleep Apnea*[Title/Abstract]) OR (sleep disordered breathing
[Title/Abstract])) OR (Sleep Apnea*[Title/Abstract])) OR (Upper Airway Resistance
[Title/Abstract])) AND ((tau[Title/Abstract]) OR (amyloid beta[Title/Abstract]) OR
(amyloid*[Title/Abstract]) OR (PET[Title/Abstract]) OR (Abeta[Title/Abstract]) OR
(cerebrospinal fluid[Title/Abstract]))

Embase 1. ‘Obstructive Sleep Apnea’/exp
2. ‘Obstructive Sleep Apnea*’:ab,ti OR ‘sleep disordered breathing’:ab,ti OR ‘Sleep
Apnea*’:ab,ti OR ‘Upper Airway Resistance’:ab,ti
3.#1 OR #2
4. ‘tau’: ab,ti OR ‘amyloid*’:ab,ti OR ‘cerebrospinal fluid’:ab,ti OR ‘PET’:ab,ti
5.#3 AND #4
6.[conference review]/lim OR [conference Abstract]/lim OR [conference Paper]/lim OR
[editorial]/lim OR [erratum]/lim OR [letter]/lim
7.#5 NOT#6

Web of Science (TS = (tau OR amyloid OR PET OR cerebrospinal fluid))AND (TS = (Obstructive Sleep
Apnea OR OSAHS OR Sleep Apnea OR Upper Airway Resistance))

The Cochrane Library “Obstructive Sleep Apnea*” OR “sleep disorded breathing” OR “Sleep Apnea*” AND “tau”
OR “amyloid*” OR “PET” OR “Abeta” OR “cerebrospinal fluid”

Appendix B Quality assessment of included studies using the Newcastle–Ottawa scale score.

Study S1 S2 S3 S4 C1 E1 E2 E3 Total

Osorio et al., 2014 H H − H HH H H H 8

Ju et al., 2016 − H H H HH H H H 8

Liguori et al., 2017 H H − H HH H H H 8

Yun et al., 2017 H − − H HH H H H 7

Sharma et al., 2018 H H − H HH H H H 8

Elias et al., 2018 H − H H H H H H 7

Liguori et al., 2019 H H − H − H H H 6

André et al., 2020 H H − H HH H H H 8

Jackson et al., 2020 − − H H HH H H H 7

Diáz-Román et al., 2021 − H − H H H H H 6

Fernandes et al., 2022 H H − H HH H H H 9

Each study can be awarded a maximum of one star for each item within the Selection (S) and Exposure (E) categories, and a maximum of two stars can be given for Comparability (C) group.
S1 = adequate case definition; S2 = representativeness of the cases; S3 = selection of controls; S4 = definition of controls; C1 = comparability of cases and controls; E1 = ascertainment of
exposure; E2 = same method of ascertainment for cases and controls; E3 = non-response rate.
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