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Objectives: Obstructive sleep apnea (OSA) may increase the risk of Alzheimer's
disease (AD). However, potential associations among sleep-disordered
breathing, hypoxia, and OSA-induced arousal responses should be
investigated. This study determined differences in sleep parameters and
investigated the relationship between such parameters and the risk of AD.

Methods: Patients with suspected OSA were recruited and underwent
in-lab  polysomnography (PSG). Subsequently, blood samples were
collected from participants. Patients’ plasma levels of total tau (T-Tau)
and amyloid beta-peptide 42 (AB4») were measured using an ultrasensitive
immunomagnetic reduction assay. Next, the participants were categorized
into low- and high-risk groups on the basis of the computed product
(ABgp x T-Tau, the cutoff for AD risk). PSG parameters were analyzed
and compared.

Results: We included 36 patients in this study, of whom 18 and 18
were assigned to the low- and high-risk groups, respectively. The average
apnea—hypopnea index (AHI), apnea, hypopnea index [during rapid eye
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movement (REM) and non-REM (NREM) sleep], and oxygen desaturation index
(>3%, ODI-3%) values of the high-risk group were significantly higher than
those of the low-risk group. Similarly, the mean arousal index and respiratory
arousal index (R-Arl) of the high-risk group were significantly higher than
those of the low-risk group. Sleep-disordered breathing indices, oxygen
desaturation, and arousal responses were significantly associated with an
increased risk of AD. Positive associations were observed among the AHI,
ODI-3%, R-Arl, and computed product.

Conclusions: Recurrent sleep-disordered breathing, intermittent hypoxia, and
arousal responses, including those occurring during the NREM stage, were
associated with AD risk. However, a longitudinal study should be conducted
to investigate the causal relationships among these factors.

obstructive sleep apnea, Alzheimer's disease, sleep-disordered breathing, total tau,
amyloid beta-peptide 42, arousal response

Introduction

The prevalence of obstructive sleep apnea (OSA) in
the general population ranges from 9 to 38% (1). OSA is
characterized by repetitive upper airway collapse, which leads
to intermittent hypoxia, recurrent arousal responses, and sleep
fragmentation (2). OSA is associated with a 1.26-fold risk (95%
CI: 1.05-1.50) of cognitive impairment and dementia and has
been linked to memory dysfunction (3, 4). One review reported
that 11-71% of patients with cognitive impairment have OSA
(5). In another study, more than 90% of the enrolled patients
with dementia had diagnosed OSA, and 39.1% of the cases of
diagnosed OSA were severe (6).

Studies have provided possible explanations of the
pathological mechanisms underlying the relationship between
OSA and dementia. For example, one study indicated that
the respiratory events associated with OSA—namely episodes
of apnea and hypopnea—affect cerebral circulation as well
as cerebrovascular responses and result in hypercapnia and
concomitant hypoxia (7). Intermittent hypoxia is associated
with elevated reactive oxygen species formation, which can
cause oxidative stress; oxidative stress can lead to inflammatory
cytokine activation and, in turn, cerebral neuron impairment
(8). In addition, hypercapnia and hypoxia can induce arousal
responses, which are associated with fragmented sleep and
an increased risk of cognitive impairment (9, 10). Therefore,
exploring the effects of the various responses induced by OSA
stimuli on individuals’ risk of developing neurodegenerative
diseases is crucial.

OSA severity is classifled using the apnea-hypopnea index
(AHI), which is the total number of respiratory events during
sleep time. Although it can be used to assess sleep-disordered
breathing, the AHI may not be entirely suitable for evaluating
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all phenotypic subtypes of OSA (11). For example, the AHI does
not sufficiently reflect the pattern or level of sleep fragmentation
or the effect of arousal responses, although these factors are
correlated. Frequent arousal, which leads to sleep fragmentation,
can result in neurodegeneration and is associated with dementia
(12). Another study recruited male participants and investigated
the relationships between brain cortical thickness and sleep
parameters measured using polysomnography (PSG) among the
participants with severe OSA (13). Those results indicated that
the arousal index (ArI) and respiratory arousal index (R-ArI)
values of the patients were significantly and negatively correlated
with the cortical thickness of the prefrontal and parietal
cortex areas, which may elucidate some of the underlying
mechanisms of cognitive dysfunction. Additionally, researchers
have established numerous animal models to investigate
the association between arousal indices and biomarkers of
neurodegenerative diseases. In a mouse model of Alzheimer’s
disease (AD), for example, increased amyloid beta peptide
(AB) deposition was determined to be related chronic sleep
fragmentation induced by intermittent nocturnal arousals (14).
In other studies, sleep arousal significantly increased both Af
and tau protein levels in the interstitial fluid of mice and reduced
the clearance efficiency of these proteins in animal models
(15, 16). However, the associations among sleep-disordered
breathing, arousal responses, and the risk of AD development
remain unclear and warrant further investigation.

This explorative study, conducted in Taiwan, investigated
the associations between sleep parameters measured using
PSG and plasma levels of biomarkers of neurodegenerative
diseases. We also compared the sleep parameters of the
patients in the low- or high-risk groups, who were grouped
on the basis of biomarker levels. These aims to determine
the relationships between sleep disorders and the risk of AD
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Participant
Recruitment
Eligibility
Assessment
Participant
Exclusion
PSG
Recording
Blood Sample
Collection
Inclusion criteria
(1) Participants without otorhinolaryngology surgery history
(2) Participants without using psychotropic or hypnotic drugs in the past 6 months
—— (3) Participants aged between 18 and 80 years
E tau'snct? (4) Participants with a PSG recording time of over 6 hours
e (5) Participants without cognitive impairment or mental disorders
FIGURE 1
Participant recruitment flowchart. PSG, polysomnography.

development. The findings of this study may help elucidate the
effects of the accumulation of neurochemical biomarkers on
arousal responses.

Methods
Ethics

The study protocol was approved by the Joint Institutional
Review Board of Taipei Medical University (TMU-JIRB:
N201912097), and the study was conducted in accordance with
the Declaration of Helsinki. Informed consent was obtained
from each participant before data collection. Participant
enrollment, PSG outcome access, and blood sample collection
were performed in accordance with approved guidelines.

Study population and procedure

Patients with suspected OSA were recruited and referred
to the Sleep Center of Taipei Medical University Shuang Ho
Hospital (New Taipei City, Taiwan). The participants were
recruited from June to October 2018 and from July 2020 to
March 2022. The recruitment criteria were as follows: (1) no
history of otorhinolaryngological surgery for OSA, (2) no use of
psychotropic or hypnotic drugs in the prior 6 months, (3) an
age between 18 and 80 years, (4) a PSG recording of over 6 h,
(5) no diagnosis of neurological disorders (e.g., AD, dementia,
epilepsy, and Parkinson’s disease) and other comorbidities (e.g.,
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cardiovascular disease, renal failure, and metabolic syndrome),
and (6) absence of cognitive symptoms. Figure 1 presents
a flowchart of the study procedure. We arranged for the
eligible participants to undergo overnight PSG at the Sleep
Center. We collected blood samples from each patient in the
morning at a fixed time (6:30 a.m.) after they underwent PSG
to determine their plasma levels of neurochemical biomarkers.
All the collected data were statistically analyzed.

PSG

The PSG examination was performed using a ResMed
Embla N7000 (ResMed, San Diego, CA, USA) and an Embla
MPR (ResMed Global Supplier Alliance, Sydney, Australia)
at the Sleep Center. The collected images were scored using
RemLogic software (version 3.41; Embla Systems, Thornton,
CO, USA) by certified PSG technologists who undergo monthly
interscoring training. All the scoring rules were established
in accordance with the 2017 guidelines of the American
Association of Sleep Medicine (17). To ensure the consistency of
the scoring, all the scoring outcomes were examined by another
technologist, and any inconsistencies were resolved through
discussion. Regarding the PSG parameters of interest, we
collected the participants’ sleep architecture-related, respiratory
event-related, hypoxemia-related, and arousal-related indices.
OSA severity was categorized as normal (AHI < 5 events/h),
mild (AHI = 5 to 15 events/h), moderate (AHI = 15 to 30
events/h), or severe (AHI > 30 events/h) (18). All arousal
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events were categorized as spontaneous arousal, respiratory
arousal (apnea or hypopnea related), limb-movement arousal
(single, periodic, or respiratory-related movement), or snore
arousal on the basis of cause. The Arl value was the sum
of all arousal values. In particular, abrupt alterations in
electroencephalography caused by alpha (8 to 12 Hz), theta (4
to 8 Hz), or high-frequency (>16 Hz, but not with a spindle
pattern) bands were scored. Alterations were recorded only
if they continued for more than 3s (>10s of stable sleep
preceding the alterations). Next, we calculated the respiratory
event-related and arousal-related indices during the rapid eye
movement (REM) stage, the non-REM (NREM) stage, and total
sleep time. Briefly, certified PSG technologists first examined
apnea, hypopnea, oxygen desaturation (>3%), arousal events,
and sleep stages. Next, the scoring system automatically used
different sleep periods to calculate the indices. The apnea index
(AI) is defined as apnea events divided by total sleep time.
AINRgM is defined as the apnea event that occurred during
the NREM period divided by NREM time. AIRgm is defined as
the apnea event that occurred during the REM period divided
by REM time. All arousal subtypes were classified on the
basis of factors induced before the arousal event. For instance,
respiratory arousal was defined as respiratory events, including
apnea and hypopnea, that cause arousal, whereas spontaneous
arousal was defined as the occurrence of arousal without the
induction of any particular factor.

Blood sample collection and processing

The blood samples of the participants were collected using
a procedure described in another study (19). Approximately
16 mL of venous blood was collected from each participant
and stored in a lavender-top tube coated with tripotassium
ethylenediamine tetra-acetate. Within 1h of collection, the
samples were centrifuged at 2,500 g for 15min at room
temperature. The extracted plasma was then aliquoted into
cryovials, frozen at —80°C, and delivered to MagQu (New Taipei
City, Taiwan) to test the levels of neurochemical biomarkers.

Measurement of neurochemical
biomarkers in blood samples

The participants’ plasma levels of total tau (T-Tau) and
AB4p were determined using an ultrasensitive immunomagnetic
reduction (IMR) assay. The procedure and technical details
of the assay were reported in another study (20). The
biomarkers AP4y and T-Tau were assayed using different
reagents (MagQu, catalog number: MF-AB2-0060 and MF-
TAU-0060). Mixtures of various volumes of reagents and
samples were analyzed using a SQUID-based alternating-
current magnetosusceptometer (model XacPro-S, MagQu, New
Taipei City, Taiwan). The plasma levels of T-Tau protein and
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ABy4y were quantified on the basis of the IMR signals generated
by interaction between IMR reagents and target proteins; these
signals were then converted into concentrations on the basis
of the characteristic curves of each protein. The cutoff value
for the computed product of AB4, and T-Tau for identifying
AD (382.68 pg?/mlL2, 92% accuracy in identifying AD) was
established in another study (21). In this study, we used this
established cutoff value to separate the recruited participants
into two groups on the basis of whether they were at low or high
risk of developing AD.

Statistical analysis

All the statistical analyses were performed using SPSS
version 20 (SPSS, Chicago, IL, USA). The Shapiro-Wilk test
was first conducted to examine the normality of the derived
parameters. Student’s t-test and the Mann-Whitney U test
were used to identify between-group differences in the mean
values of the continuous variables with normal distributions
(Shapiro-Wilk test, p > 0.05) and non-normal distributions
(Shapiro-Wilk test, p < 0.05), respectively. Categorical variables
were analyzed using the chi-squared test. Next, to explore
the associations between the variables of the low-risk group
(computed products < 382.68 pg?/mL?) and those of the
high-risk group (computed products > 382.68 pg*/mL?), we
used simple and multivariable logistic regression models with
adjustment for age, sex, and body mass index (BMI). The results
are reported as crude or adjusted odds ratios (ORs) with 95%
ClIs. The level of significance was set to p < 0.05.

Results

Demographic characteristics of enrolled
participants

Table 1 presents the demographic data of the participants.
The low- and high-risk groups consisted of 18 participants
each. No significant between-group differences in body-
related parameters were identified. Regarding neurochemical
biomarkers levels, compared with the low-risk group, the high-
risk group had significantly higher levels of T-Tau and AB4; as
well as a higher average ratio (AB42/T-Tau) and product (AB42
x T-Tau) of the two. In addition, the OSA severity distributions
of the groups did not differ significantly (p = 0.11); most of
the participants in both groups had severe OSA (low-risk group:
61.11%; high-risk group: 88.89%).

Sleep parameters

Table 2 presents the participants sleep architecture

parameters, oximetry parameters, and sleep-disordered
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TABLE 1 Comparison of demographic characteristics of the low- and
high-risk groups.

Categorical variable Low-risk High-risk P
group group

(n=18) (n=18)
Age (y)* 51.72£11.4 52.78 £11.24 0.90
Sex (male/female)® 10/8 13/5 0.30
BMI (kg/m?)? 29.5+5.22 28.62 + 3.82 0.62
Neck circumference (cm)? 41.67 +10.44 38.56 + 3.05 0.60
Waist circumference (cm)?* 95.36 £ 20.19 96.72 £9.76 0.99
Biomarker levels®
T-Tau (pg/mL) 20.31 £2.62 27.39 £4.57 <0.01
ABy4> (pg/mL) 15.83 +£0.72 16.98 4 0.85 <0.01
AB4>/T-Tau 0.79 + 0.1 0.63 +0.08 <0.01
AB4 x T-Tau (pg/mL)? 322.02 +46.75 467.79 +102.24 <0.01
OSA severity” 0.11
Normal, 1 (%) 1(5.56%) -
Mild, n (%) 4(22.22%) -
Moderate, 1 (%) 2 (11.11%) 2 (11.11%)
Severe, n (%) 11 (61.11%) 16 (88.89%)
BMI, body mass index; OSA, obstructive sleep apnea.
Data are expressed as means =+ standard deviations.
2Differences between groups were assessed using Mann-Whitney U test.
bDifferences between groups were assessed using the chi-squared test.
breathing indices. Regarding peripheral arterial oxygen

saturation (SpO3) indices, compared with the low-risk group,
the high-risk group had significantly higher oxygen desaturation
index values (>3%, ODI-3%; p < 0.01) and lower minimum
SpO;3 (p < 0.05). Regarding sleep-disordered breathing indices,
the low-risk group had significantly lower AHI, Al, and
hypopnea index (HI) values than did the high-risk group
(AHI: 28.55 &£ 15.56 vs. 52.59 + 17.28 events/h, p < 0.01; AL
6.33 & 8.03 vs. 19.53 & 16.4 events/h, p < 0.01; HI: 22.22 +
13.23 vs. 33.07 & 14.39 events/h, p < 0.05). Regarding the
indices calculated during NREM sleep, the high-risk group
had significantly higher mean AINrgm and HINRgm values.
No significant between-group difference in sleep-disordered
breathing indices calculated during REM sleep was identified.

Arousal parameters

Table 3 presents the participants’ arousal-related parameters
during the REM and NREM stages and total sleep time. The ArI
and R-Ar] of the low-risk group were significantly lower than
those of the high-risk group (Arl: 17.44 £ 8.94 vs. 28.46 &= 15.95
events/h, p < 0.05; R-Arl: 8.87 & 6.44 vs. 20.93 £ 14.93 events/h,
p < 0.01). Regarding NREM sleep parameters, the ArINrRgm and
R-ArINrRgM of the high-risk group were significantly higher than
those of the low-risk group (ArINrgm: 16.59 % 8.35 vs. 28.91

Frontiersin Neurology

05

10.3389/fneur.2022.1038735

TABLE 2 Comparison of sleep parameters of the low- and high-risk
groups.

Categorical variable Low-risk High-risk P
group group
(n=18) (n=18)
Sleep architecture parameters
Sleep efficiency (%) 79.16 + 15.53 77.55 + 13.37 0.39
Wake (% of SPT) 17.46 £ 14.49 17.08 £ 11.16 0.75
NREM (% of SPT) 71.97 £11.57 70.32 £ 10.41 0.67
REM (% of SPT) 10.55 £ 6.81 12.6 £ 5.52 0.33
WASO (min) 60.04 £ 48.7 57.65 + 32.42 0.82
TST (min) 288.97 £57.25 285.21 £49.4 0.54
Oximetry parameters
Mean SpO, (%) 95.19 £+ 1.63 9398 £2.1 0.06
Minimum SpO, (%) 83.17 £ 7.65 76.39 + 8.61 <0.05
ODI-3% (events/h) 25.16 £ 15.11 47.16 £ 16.56 <0.01
SDB indices (events/h)
AHI 28.55 £ 15.56 52.59 £17.28 <0.01
Al 6.33 £+ 8.03 19.53 £ 16.4 <0.01
AINREM 538 £8.76 19.39 £17.5 <0.01
Alrpm 12.26 £ 15.45 21.34 £18.01 0.13
HI 2222 £13.23 33.07 £ 14.39 <0.05
HINgrem 21.2£133 33.38 £ 14.66 <0.05
Hlggm 27.24 £21.18 33.05 +20.47 0.41

SPT, Sleep period time; NREM, non-rapid eye movement; REM, rapid eye movement;
WASO, wake time after sleep onset; TST, total sleep time; SpO,, peripheral arterial
oxygen saturation (as measured using pulse oximetry); ODI-3%, oxygen desaturation
index >3%; SDB, sleep-disordered breathing; AHI, apnea-hypopnea index; Al, apnea
index; Alnrem, apnea index in non-rapid eye movement stage; Alrgy, apnea index in
rapid eye movement stage; HI, hypopnea index; HIyrgy, hypopnea index in non-rapid
eye movement stage; HIggyr, hypopnea index in rapid eye movement stage.

Data are expressed as means = standard deviations.

Differences between groups were assessed using the Mann-Whitney U test.

+ 16.97 events/h, p < 0.05; R-ArINRgM: 8.05 & 6.14 vs. 21.2 £
15.95 events/h, p < 0.01). In addition, the high-risk group had a
significantly higher mean R-ArIgrgym than did the low-risk group
(p < 0.05). However, no significant between-group differences
in the types of spontaneous arousal were observed.

Elevated sleep-disordered breathing
indices are associated with a higher risk
of AD development

Table 4 presents the associations among the sleep-disordered
breathing indices of the low- and high-risk groups determined
using the logistic regression models. An increase of 1 event of
ODI-3% per hour was associated with a 1.10-fold higher OR
(95% CI: 1.03-1.17, p < 0.01) and a 1.13-fold higher OR (95%
CI: 1.05-1.21, p < 0.01) for developing AD in the crude model
and the model adjusted for age, sex, and BMIL Similarly, we

frontiersin.org


https://doi.org/10.3389/fneur.2022.1038735
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Tsai et al.

TABLE 3 Comparison of arousal indices of the low- and high-risk
groups.

Variable (events/h) Low-risk High-risk P
group group
(n=18) (n=18)

Arl 17.44 4+ 8.94 28.46 + 15.95 <0.05
Arxrem 16.59 4 8.35 28.91 + 16.97 <0.05
Arlgey 2354+ 173 2536 + 13.55 073

Sp-Arl 6.61 + 4.45 551+ 5.01 0.27
Sp-ArIxren 6.64 + 4.48 5,62+ 5.12 0.25
Sp-Arlgen 9.09 4 9.17 431+5.78 0.05

R-Arl 8.87 + 6.4 20.93 + 14.93 <0.01
R-Arlxgem 8.05 + 6.14 21241595 <0.01
R-Arlpey 12.44 4 15.49 19.12 4 13.93 <0.05

Sn-Arl 026+ 1.11 0.45 £ 1.32 0.62
Sn-Arlnrem 0.26 £ 1.08 047 £ 1.39 0.57
Sn-Arlpy 031+13 034+ 1.0 0.62

L-Arl 1.64 4 2.05 1.63 +2.14 0.79
L-Arlngem 1.694+3.7 1.55 4 2.93 0.71
L-Arlgen 1.72 +2.03 1.58 4 2.09 0.63

Ar], arousal index; Arlyrgy, arousal index in non-rapid eye movement stage; Arlggy,
arousal index in rapid eye movement stage; Sp-Arl, spontaneous arousal index; Sp-
ArInrem, spontaneous arousal index in non-rapid eye movement stage; Sp-Arlggn,
spontaneous arousal index in rapid eye movement stage; R-Arl, respiratory arousal index;
R-ArINgem, respiratory arousal index in non-rapid eye movement stage; R-Arlpg,
respiratory arousal index in rapid eye movement stage; Sn-Arl, snore arousal index;
Sn-ArIngrem, snore arousal index in non-rapid eye movement stage; Sn-Arlggy, snore
arousal index in rapid eye movement stage; L-Arl, limb movement arousal index; L-
ArINgem, limb movement arousal index in non-rapid eye movement stage; L-Arlgg,
limb movement arousal index in rapid eye movement stage.

Data are expressed as means = standard deviations.

Differences between groups were assessed using the Mann-Whitney U test.

determined the statistically significant ORs for developing AD
for each event-per-hour increase in the following parameters:
AHI (crude OR 1.10, 95% CI 1.03-1.18, p < 0.01; adjusted OR
1.13, 95% CI 1.05-1.18, p < 0.01), AI (crude OR 1.10, 95%
CI 1.02-1.20, p < 0.05; adjusted OR 1.10, 95% CI 1.01-1.2, p
< 0.05), and HI (crude OR 1.06, 95% CI 1.0-1.12, p < 0.05;
adjusted OR 1.12, 95% CI 1.02-1.22, p < 0.05). Similar results
were obtained when the analysis was restricted to parameters
measured during NREM sleep (AINrRgMm: crude OR 1.09, 95% CI
1.01-1.18, p < 0.05; adjusted OR 1.09, 95% CI 1.01-1.2, p < 0.05;
HINRgM: Crude OR 1.07, 95% CI 1.01-1.13, p < 0.05; adjusted
OR 1.12,95% CI 1.02-1.22, p < 0.05).

Elevated arousal indices are associated
with a higher risk of AD development

Table 5 presents the associations among the arousal indices

of the low- and high-risk groups determined using the logistic
regression models. Every event-per-hour increase in Arl and

Frontiersin Neurology

10.3389/fneur.2022.1038735

TABLE 4 Odd ratios (ORs) associated with the sleep-disordered
breathing indices of the low- and high-risk groups.

Crude OR
(95% CI)2

Variable (events/h) Adjusted OR

(95% CI)P

Oximetry parameter

ODI-3% (events/h) 1.10 (1.03-1.17)** 1.13 (1.05-1.21)**

SDB index (events/h)

AHI 1.10 (1.03-1.18)** 1.13 (1.05-1.21)**

Al 1.06 (1.01-1.10)* 1.10 (1.01-1.2)*
AlNrem 1.09 (1.01-1.18)* 1.09 (1.01-1.18)*
Algpm 1.03 (0.99-1.08) 1.04 (0.99-1.09)

HI 1.06 (1.0-1.12)* 1.12 (1.02-1.22)*
HInrem 1.07 (1.01-1.13)* 1.12 (1.02-1.22)*
HIrem 1.01 (0.98-1.05) 1.03 (0.98-1.08)

ODI-3%, oxygen desaturation index >3%; SDB, Sleep-disordered breathing; AHI, apnea—
hypopnea index; Al, apnea index; Alnggy, apnea index in non-rapid eye movement
stage; Alrga, apnea index in rapid eye movement stage; HI, hypopnea index; HInrgy,
hypopnea index in non-rapid eye movement stage; HIrga, hypopnea index in rapid eye
movement stage.

2Simple logistic regression models.

> Multivariable logistic regression models adjusted for age, sex, and body mass index.

*p < 0.05; **p < 0.01.

R-Arl was associated with a 1.08-fold higher OR (95% CI: 1.01-
1.15, p < 0.05) and 1.16-fold higher OR (95% CI: 1.03-1.31, p
< 0.05) for developing AD, respectively. After adjustment for
age, sex, and BMI, each event-per-hour increase in Arl and
R-ArI was significantly associated with a 1.08-fold higher OR
(95% CI: 1.0-1.16, p < 0.05) and 1.16-fold higher OR (95%
CI: 1.02-1.31, p < 0.05) of developing AD, respectively. When
the analysis was restricted to arousal indices measured during
NREM sleep, we identified similar trends in ArINrgm and R-
ArINReMm (ArINrRgm: crude OR 1.08, 95% CI 1.01-1.16, p <
0.05; adjusted OR 1.08, 95% CI 1.01-1.16, p < 0.05; R-ArINREM:
crude OR 1.15,95% CI 1.03-1.3, p < 0.05; adjusted OR 1.15, 95%
CI 1.02-1.29, p < 0.05).

Associations between sleep parameters
and computed product (AB42 x T-Tau)

Table 6 presents a summary of the associations between the
computed product and sleep parameters, including oximetry,
sleep-disordered breathing, and arousal, determined using
multivariable linear regression after adjustment for age, sex,
and BMI. Each additional ODI-3% and AHI event occurring
per hour of sleep was significantly associated with an elevated
level of the computed product [ODI-3%: 0.41, 95% confident
interval (CI): 0.08 to 0.74, P < 0.05; AHI: 0.40, 95% CI:
0.06-0.74, P < 0.05]. For the arousal index, every event-
per-hour increase in R-Arl and R-ArINrRgMm Wwas significantly
associated with an increased level of the computed product
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TABLE 5 Odd ratios associated with arousal indices of the low- and
high-risk groups.

10.3389/fneur.2022.1038735

TABLE 6 Associations between sleep parameters and computed
product (ABs2 x T-Tau).

Variable (events/h) Beta coefficient

(95% confidence interval)

Variable (events/h) Crude OR Adjusted OR
(95% CI)? (95% CI)P
Arl 1.08 (1.01-1.15)* 1.08 (1.0-1.16)*
Arlngem 1.08 (1.01-1.16)* 1.08 (1.01- 1.16)*
Arlrem 1.01 (0.97-1.05) 1.0 (0.96-1.05)
Sp-Arl 0.95 (0.82-1.1) 0.98 (0.84-1.14)
Sp-Arlnrem 0.95 (0.83-1.1) 0.99 (0.85- 1.15)
Sp-Arlgen 0.92 (0.83-1.01) 0.92 (0.84-1.02)
R-Arl 1.16 (1.03-1.31)* 1.16 (1.02-1.31)*
R-ArIngem 1.15 (1.03-1.3)* 1.15 (1.02- 1.29)*
R-Arlpey 1.03 (0.98-1.08) 1.03 (0.98-1.09)

CI, confidence interval; Arl, arousal index; ArIyggr, arousal index in non-rapid
eye movement stage; Arlrgp, arousal index in rapid eye movement stage; Sp-Arl,
spontaneous arousal index; Sp-Arlygrey, spontaneous arousal index in non-rapid eye
movement stage; Sp-Arlggys, spontaneous arousal index in rapid eye movement stage;
R-Ar], respiratory arousal index; R-ArIngrgu, respiratory arousal index in non-rapid eye
movement stage; R-Arlrgy, respiratory arousal index in rapid eye movement stage.
2Simple logistic regression models.

bMultivariable logistic regression models adjusted for age, sex, and body mass index.

*p < 0.05.

(R-ArI: 0.34, 95% CI: 0.02-0.66, P < 0.05; AHIL: 0.35,
95% CI: 0.04-0.67, P < 0.05).

Determination of odds ratio by using
different cutoff points

To enhance the robustness of the observed outcomes,
we employed another cutoff for the product (Ap42 x T-Tau;
403.72 pgz/mLz), which was determined using the IMR
technique (22). According to this cutoff, 14 and 22 patients
were included in the high- and low-risk groups, respectively.
Supplementary Tables S2, S3  present associations among
the sleep-disordered breathing indices and arousal indices,
respectively, in the low- and high-risk groups determined
using logistic regression models. Significant associations among
ODI-3%, AHI, HI, and HINRgM Were observed in both crude
and adjusted models (adjusted for age, sex, and BMI). In terms
of the arousal effect, R-Arl was significantly associated with
the risk of AD in both crude and adjusted models. When the
analysis was restricted to only the NREM period, significant
associations were observed between ArINrgm and R-ArINREM

in both crude and adjusted models.

Discussion
Although OSA has been determined to be associated with

the formation and accumulation of neurochemical biomarkers,
the relationship between the clinical symptoms of OSA, such
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Oximetry parameters

ODI-3% (events/h) 0.41 (0.08 to 0.74)*

SDB indices (events/h)
AHI 0.40 (0.06 to 0.74)*
Al 0.21 (—0.12 to 0.54)
AlNrem 0.20 (—0.13 to 0.54)
Alrem 0.19 (—0.16 to 0.54)
HI 0.35 (—0.03 t0 0.72)
HInrem 0.36 (—0.0 to 0.72)
Hlgrem 0.17 (—0.25 to 0.59)

Arousal indices (events/h)

Arl 0.26 (—0.07 to 0.59)
ArInrem 0.26 (—0.06 to 0.59)
Arlrpm 0.08 (—0.3 to 0.45)

Sp-Arl —0.11 (—0.46 to 0.24)
Sp-ArInrem —0.12 (—0.47 to 0.23)
Sp-Arlrem —0.12 (—0.46 t0 0.21)

R-Arl 0.34 (0.02 to 0.66)*
R-Arlnrem 0.35 (0.04 to 0.67)*
R-Arlgpm 0.13 (—0.24 t0 0.51)

ODI-3%, oxygen desaturation index >3%; SDB, sleep-disordered breathing; AHI, apnea—
hypopnea index; Al apnea index; AINrgym, apnea index in the non-rapid eye movement
stage; Alggy, apnea index in rapid eye movement stage; HI, hypopnea index; HInrewm,
hypopnea index in non-rapid eye movement stage; HIrgar, hypopnea index in rapid eye
movement stage. Arl, arousal index; ArIyrgy, arousal index in non-rapid eye movement
stage; Arlggy, arousal index in rapid eye movement stage; Sp-Arl, spontaneous arousal
index; Sp-ArInrem, spontaneous arousal index in non-rapid eye movement stage; Sp-
Arlgrgy, spontaneous arousal index in rapid eye movement stage; R-Arl, respiratory
arousal index; R-ArIngga, respiratory arousal index in non-rapid eye movement stage;
R-Arlrgn;, respiratory arousal index in rapid eye movement stage.

Multivariable linear regression models were adjusted for age, sex, and body mass index.
*p < 0.05.

as intermittent hypoxia and arousal responses, and levels of
neurochemical biomarker has not been explored. Therefore,
we compared the sleep parameters (measured using PSG) of
individuals at low and high risks of developing AD and explored
the associations between the participants’ sleep parameters and
neurochemical biomarker levels. The results reveal that the high-
risk group had significantly higher mean values for various
indices of sleep-disordered breathing and arousal responses
than the low-risk group. We determined that increased risk of
developing AD was associated with various arousal response and
sleep-disordered breathing indices.

The mean AI, HI, AINrRegMm, HINREM, ODI-3%, and
AHI of the low- and high-risk groups differed significantly
despite the lack of significant differences between the OSA
severity distributions of the groups. Moreover, significant and
positive associations were observed among the AHI, ODI-3%,
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and computed product. These findings are consistent with
those of studies investigating the association between oxygen
desaturation and elevated levels of neurochemical biomarkers
(23, 24) that serve as indicators of hypoxia, a major risk factor
for neurochemical biomarker accumulation. Hypoxia causes
neuronal apoptosis and tau hyperphosphorylation (25). One
study reported a significant association between high AHI
values and neurochemical biomarker levels in American patients
with severe OSA without dementia (26). Another prospective
study analyzed the sleep disorder characteristics of 298 older
women (aged > 65 years) without dementia and reported
that an increased oxygen desaturation index (>15 events/h)
was associated with the risk of mild cognitive impairment
or dementia after adjustment for age, BMI, and ethnicity
(27). Hypercapnia, another key risk factor of OSA, can cause
deterioration of the functional and anatomic status of cerebral
vessels, which may lead to AD (28). Taken together, the available
evidence suggests that sleep-disordered breathing is related to an
individual’s risk of developing AD.

Regarding arousal responses, the patients in the high-risk
group had significantly higher Arl, R-Arl, ArINrRgM, and R-
ArINRgM values than did those in the low-risk group. Moreover,
R-Arl and R-ArINRgM Vvalues were positively associated with the
increased computed product. These results may be attributed to
the pathogenic mechanisms of sleep arousal. Specifically, arousal
responses refer to abrupt alterations between sleep and fractional
wakefulness (29). Recurrent sleep arousal can interrupt the sleep
cycle, alter the sleep architecture, and affect the metabolism of
neurodegenerative biomarkers (30). They may also be attributed
to the tendency of arousal to disrupt the clearance of neurotoxic
proteins, resulting in the increased formation of amyloid plaques
and the hyperphosphorylation of tau protein strands in the
brain, as demonstrated in another study (31). One review
similarly concluded that sleep fragmentation and nighttime
awakening were associated with AD progression (32). In the
present study, the groups’ mean arousal indices measured during
NREM sleep differed significantly. This may be explained by
the underlying mechanisms of slow-wave sleep, which only
occurs in the NREM stage and is associated with the modulation
of neurochemical biomarkers; that is, arousals during NREM
sleep are likely to interfere with the clearance of neurotoxic
proteins. Studies have indicated that lessened or unstable NREM
sleep increases the level of neurochemical biomarkers, which
is consistent with the findings of the present study (33, 34).
Collectively, the results of the present study indicate that the
high-risk group had higher mean values for the selected arousal
indices because arousal responses may disrupt the clearance of
neurotoxic proteins, resulting in sleep fragmentation and, in
turn, an increased risk of developing AD.

We further explored the relationships between sleep
parameters and the risk of AD development by using
logistic regression models with and without adjustment
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for demographic characteristics. Our findings indicate that
frequent respiratory events, intermittent hypoxic episodes, and
respiratory arousal responses were significantly associated with
an increased risk of developing AD. These findings may be
attributable to various risk factors, including hypoxia, oxidative
stress, and sleep cycle fragmentation. One review elucidated the
pathological roles of hypoxia in AD, which include facilitating
the accumulation of neurotoxic proteins, enhancing the
hyperphosphorylation of tau protein, diminishing the function
of the blood-brain barrier, and accelerating neurodegeneration
(35). Research has demonstrated the relationship among AD
pathology, oxidative stress, and oxidative damage to the brain
(36). Another study reported that sleep discontinuity interfered
with the clearance of neurotoxic proteins from the central
nervous system by the glymphatic system (37). Similarly,
another study suggested that sleep disturbance may cause
systemic inflammation, thereby increasing AB accumulation,
which is thought to be a driver of AD pathogenesis (38). Taken
together, the findings of this study reveal that high indices of
sleep-disordered breathing and hypoxia and a high frequency
of respiratory arousal are associated with an increased risk of
developing AD.

The present study has some strengths. First, this study
analyzed data derived from patients without cognitive
symptoms and observed positive associations among sleep-
disordered breathing events, neuron biomarker levels, and AD
risk. These outcomes are in accordance with the findings of
several studies indicating an association of OSA with AD risk
(23). Moreover, in contrast to previous studies analyzing sleep
parameters in patients with AD (6, 39), this pilot study focused
on patients without any cognitive impairment symptom, and the
findings of this study may help in understanding the relationship
between OSA and AD risk. Another major finding of this pilot
study is the positive associations between the respiratory arousal
frequency and neuron biomarker levels. Previous studies have
investigated the associations between arousal responses and
cognitive impairment or different neuron biomarker plasma
levels in children (40, 41). The results of this study demonstrated
that respiratory arousal events were associated with elevated
neuron biomarker levels and thus increased AD risk in adult
patients without cognitive impairment. The findings of this
pilot study suggest that sleep-disordered breathing and related
arousal responses may increase neuron biomarker levels and
thus AD risk.

This study has several limitations that should be addressed.
First, although individuals with diagnosed AD were excluded
from this study, we did not perform neuropsychological
evaluations to assess the brain function of the enrolled
participants. Moreover, we did not enroll patients who had
cognitive symptoms or were diagnosed as having neurological
disorders. The mean age of the enrolled patients was 52.25
years; thus, they may have a relatively low risk of cognitive
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impairment (42). Nevertheless, future studies should investigate
the associations among PSG parameters, cognitive questionnaire
responses, and biomarker levels to enhance the robustness
of our results. Next, during the recruitment process, the
presence of genes associated with neurodegenerative diseases
was not determined to be predictive of an individual’s risk of
developing neurodegenerative diseases. However, the potential
effects of genetic factors (e.g., ApoE4) on the participants
baseline levels of neurochemical biomarkers and the risk of
AD development must be taken into account (43). We did
not measure the levels of biomarkers in the participants’
cerebrospinal fluid to compare against their levels in the
plasma samples, and only one cross-sectional measurement
was performed. We were therefore unable to track shifts
in biomarker levels over time or evaluate the potential
causal relationship between sleep parameters and individuals’
risk of AD development. Next, this study did not measure
other biomarkers in plasma, such as p-tau 181, APy49, or
neurofilament light chain protein. These related biomarkers
may help identify the risk of AD and thus the associations
between OSA and AD. Although we observed positive
associations between sleep-disordered breathing indices and
the computed product (Afsy x T-Tau), we did not measure
the levels of inflammatory biomarkers (ie., glial fibrillary
acidic protein). Examination of the level of this biomarker
can help in identifying the relationships among hypoxia,
inflammation, and neuron impairment. These limitations
should be addressed in long-term follow-up studies involving
cohorts of patients with OSA.

Another limitation of this study is that it included a small
sample of participants enrolled from a single sleep center.
Such a small sample size may affect the generalization of
our results to different populations. In addition, we recruited
individuals only from a single region in Taiwan as the
study population. The relationships between arousal indices
and neurochemical biomarkers should be further explored
in multicenter studies. Previous studies have indicated that
the ratio of slow oscillations in the N3 stage was linked to
cognitive impairment or AD risk (44). However, this study
calculated only the sleep index during the NREM period to
eliminate the first-night effect of PSG instead of splitting
them into NI, N2, and N3 stages. The first-night effect,
resulting from the sleep laboratory environment or PSG devices,
may reduce slow-wave sleep and thus cause the incorrect
estimation of sleep parameters in some particular sleep stages
(e.g., sleep indices in the N3 stage may be overestimated
due to the short N3 period) (45). However, respiratory and
arousal events occurring in the N3 stage may be crucial risk
factors interrupting neuron biomarker clearance. Therefore,
researchers should include a large sample and individuals of
different ethnicities as well as perform multiple-night PSG
to increase the number of participants and investigate sleep
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parameters in each sleep stage but with the elimination of the
first-night effect.

Conclusion

In this study, drawing on the PSG data and plasma levels
of selected biomarkers of a sample population from northern
Taiwan, we observed that the group that was at high risk of
developing AD (patients with computed products > 382.68
pg?/mL?) had higher mean values for several sleep-disordered
breathing and arousal indices (during both the REM and NREM
stages) than did the group that was at low risk of developing
AD. In addition, higher values for sleep-disordered breathing
indices, namely AI, HI, AINrRem, HINREM, AHI, and ODI-3%,
were associated with an increased risk of AD. Arousal responses,
especially respiratory arousal responses, were also associated
with an increased risk of AD. Moreover, sleep-disordered
breathing indices (AHI and ODI-3%) and respiratory arousal
indices (R-ArI and R-ArINREM) Were positively associated with
the computed product. These results indicate that respiratory
events, intermittent hypoxia, and arousal responses, including
those that occur during the NREM stage, are associated with
an increased risk of developing AD. However, the causal
relationships among these factors must be further explored
through a longitudinal study.
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