SLEEP, 2022, 1-11

Sleep
Research https://doi.org/10.1093/sleep/zsac206

Advance Access Publication Date: 29 August 2022

OXFORD SOCiety ® Original Article

ORIGINAL ARTICLE

Association of sleep abnormalities in older adults with
risk of developing Parkinson’s disease

Abidemi I. Otaiku®?*

Department of Neurology, Birmingham City Hospital, Birmingham, UK and ?Centre for Human Brain Health,
University of Birmingham, Birmingham, UK

*Corresponding author. Abidemi Otaiku, Department of Neurology, Birmingham City Hospital, Dudley Road, Birmingham B18 7QH, UK. Email: a.otaiku@
nhs.net.

Abstract

Study Objectives: Parkinson’s disease (PD) is associated with abnormalities of sleep macro- and microstructure as measured using polysomnography (PSG). Whether
these abnormalities precede the development of PD is unknown. This study investigated the association between PSG measured sleep abnormalities in older adults
and the risk of incident PD.

Methods: A total of 2,770 men from the ancillary sleep study of the Osteoporotic Fractures in Men Study (MrOS), a population-based cohort from the United States,
who were free from PD baseline and underwent overnight PSG, were included in this longitudinal analysis. Incident PD was based on a clinical diagnosis from a
medical professional. Multivariable logistic regression was used to estimate odds ratios (OR) for incident PD by quartiles of PSG measures, with adjustment for

sociodemographic characteristics, medical comorbidities, and lifestyle factors.

Results: During a median follow-up of 9.8 years, 70 (2.5%) cases of incident PD were identified. Longer total sleep time, lower rapid eye movement sleep (REM)
percentage, a lower o/6 ratio during non-REM sleep and higher minimum oxygen saturations during REM sleep, were each associated with an increased risk of
developing PD. Conversely, a higher awakening index was associated with a decreased risk of developing PD. The OR for the highest risk quartiles compared to
the lowest risk quartiles, ranged from 2.1 to 3.7 (p’s < .05). The associations remained significant when cases occurring within the first two years of follow-up were

excluded from the analyses.

Conclusions: Macro- and micro-structural sleep abnormalities precede the development of PD by several years and can identify individuals at high risk of developing
PD in the future.

Statement of Significance

In this large prospective study of community-dwelling older men without PD from the USA, four polysomnography (PSG) measured sleep
abnormalities were found to be associated with an increased risk of developing PD during a 12-year follow-up period, and one was asso-
ciated with decreased risk. These novel findings demonstrate that objective sleep alterations precede the development of PD by several
years, and that a single-night, unattended, in-home PSG recording, may be a useful way to identify adults in the general population who
are at risk of developing PD.
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Graphical Abstract

1. 2,770 healthy older men underwent a
single-night, in-home sleep study at baseline.

10-years later.

3. Five sleep abnormalities were independently
associated with the development of Parkinson’s disease

)

2. Analysis of sleep study data (including EEG and
oxygen saturations) to identify sleep abnormalities.
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Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disease and the fastest growing neurological
disorder in the world [1]. Alongside the characteristic motor
features of PD, a significant proportion of people with PD also
experience sleep-wake disturbances. In particular, 40-90% of
people with PD have at least one sleep disorder [2], and certain
sleep disorders - such as rapid eye movement sleep behavior
disorder (RBD) - can predate the onset of PD by several years or
even decades [3].

Although it is well-known that people with PD exhibit alter-
ations in their sleep macrostructure (routine polysomnographic
[PSG] characteristics) [4] and microstructure (quantitative ana-
lysis of the sleep electroencephalogram [qEEG]) [5], it remains
unknown whether these alterations might precede the devel-
opment of PD.

Establishing the temporal relationship between objective
sleep alterations and the development of PD, may have im-
portant value for early diagnosis, better understanding the
pathophysiology of PD, and might open up new approaches for
delaying or preventing PD onset.

This study investigated the hypothesis that macro- and
microstructural sleep alterations precede the development of PD,
and sought to test this theory using data from the Outcomes of
Sleep Disorders in Older Men Sleep Study (MrOS Sleep Study) [6].

Methods
Study design and participants

MrOS is an observational, longitudinal cohort study that en-
rolled 5994 community-dwelling men aged 65 years or older at

six clinical centers in the United States, including: Birmingham,
Minneapolis, Palo Alto, Pittsburgh, Portland, and San Diego [6].
The MrOS Sleep Study is an ancillary project that included 3135
men who were recruited from December 2003 to March 2005
(Sleep Visit 1), and underwent comprehensive sleep assess-
ments. Details regarding the studies have been described in de-
tail elsewhere [6, 7].

The present analysis used data from: Sleep Visit 1 (December
2003 - March 2005; baseline), Visit 2 (March 2005 - May 2006),
Visit 3 (March 2007 — March 2009), Interim 2 (March 2009 - April
2011), Sleep Visit 2 (November 2009 - March 2012), and Visit 4
(May 2014 - May 2016). The participation rate for each visit after
baseline was as follows: Visit 2: 97.8%, Visit 3: 89.8%, Interim 2:
80.1%, Sleep Visit 2: 33.7%, and Visit 4: 50.3%.

To be included in this analysis, participants must have been
free from PD at baseline, and have complete data available for all
PSG, qEEG and self-reported sleep measures (n = 2,825). Of these
participants, those with missing data for any covariates (n = 6)
or who had died (n = 45) or ended participation before follow-up
(n = 4), were excluded. This left a final analytic sample of 2,770
participants.

Sleep macrostructure

A single-night, unattended, portable, in-home PSG (Safiro;
Compumedics) was conducted at baseline as previously de-
scribed [8]. The recording montage included: C3-A2 and C4-A1l
EEGs, bilateral electrooculogram (EOG), bipolar submental elec-
tromyogram (EMG); thoracic and abdominal respiratory in-
ductance plethysmography, airflow (detected by a nasal-oral
thermistor and nasal pressure cannula), finger pulse oximetry
(Sp02), bilateral leg movements (using piezoelectric sensors),
and electrocardiogram (ECG).



Routine PSG characteristics were evaluated based on previ-
ously published definitions [7, 8]. The measures used in the pre-
sent study included: total sleep time (TST), percentage of TST
spent in stage 1, stage 2, slow-wave sleep (SWS; stages 3 and
4 combined) and rapid eye movement (REM) sleep; awakening
index (number of transitions from any sleep stage to wakeful-
ness/hour), apnea-hypopnea index (AHI; accompanied by a 3%
or greater oxygen desaturation), minimum oxygen saturations
(min Sp02), and periodic limb movement index (PLMI).

Sleep microstructure (qEEG)

The EEG signals from the PSG recordings were subjected to an
off-line spectral analysis using a Fast-Fourier Transform Routine
[9]. The absolute and relative power of the EEG in different fre-
quency bands throughout the night were computed for REM and
non-REM (NREM) separately. In this analysis, the gEEG meas-
ures of interest (available from the MrOS database) included the
mean relative power for the following frequency bands: § (0.1-4
Hz), 6 (4-8 Hz), a (8-12 Hz), § (12-30 Hz) and v (>30 Hz). In add-
ition, using the absolute spectral power for o and 6, I calculated
the a/0 power ratio (a/0) - a synoptic index of EEG background
slowing down [10].

Self-reported sleep parameters

All participants completed the Pittsburgh Sleep Quality Index
(PSQI) at baseline, a validated questionnaire for assessing ha-
bitual sleep quality and disturbances [11]. Self-reported esti-
mates for habitual TST and awakenings over the past month
were included in this analysis as secondary exposures. Habitual
TST was assessed using responses to PSQI item 4: “During
the past month, how many hours of actual sleep did you get
at night? (This may be different than the number of hours you
spent in bed)”. Early awakening frequency was assessed using
item Sb: “During the past month, how often have you had
trouble sleeping because you wake up in the middle of the night
or early morning?”.

The question for TST included a free text response, and the
question for awakenings included the following options: (1) Not
during the past month, (2) Less than once a week, (3) Once or
twice a week, and (4) Three or more times a week.

Ascertainment of incident PD

During the 12-year follow-up period (four clinical visits and one
questionnaire-based contact), participants were asked the fol-
lowing question: “Has a doctor or other health care provider ever
told you that you had Parkinson’s disease?”. Incident PD was de-
fined as self-reported PD. Follow-up time was calculated for each
participant as the time to the most recent collection of data on
self-reported PD diagnosis.

Covariates

Covariates that might confound the association between PSG
characteristics and incident PD in this analysis, included: age in
years (continuous), race (white, nonwhite), educational qualifica-
tions (college degree/high school degree/none), smoking status
(current, past, never), history of physician-diagnosed diabetes
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mellitus (yes/no), history of physician-diagnosed hypertension
(yes/no), depressive symptoms (continuous), global cognitive
function (continuous), daytime sleepiness (continuous), phys-
ical activity levels (continuous), body mass index (continuous),
caffeine intake (continuous), and use of psychotropic medica-
tions (yes/no).

Age, race, educational qualifications, smoking status, his-
tory of physician diagnosed diabetes mellitus and history of
physician diagnosed hypertension, were self-reported at base-
line. Depressive symptoms were evaluated using the Geriatric
Depression Scale (scores range from 0-15, with higher scores
indicating more severe depressive symptoms) [12]. Global cog-
nitive function was measured using The Modified Mini-Mental
State Examination (scores range from 0-100, with higher scores
indicating better cognitive function) [13]. Daytime sleepi-
ness was assessed using The Epworth Sleepiness Scale (scores
range from 0-24, with higher scores indicating increased day-
time sleepiness) [14]. Level of physical activity was estimated
using the Physical Activity Scale for the Elderly (scores range
from 0-793, with higher scores indicating greater physical ac-
tivity levels) [15]. Body mass index was calculated as weight div-
ided by height (kg/m?2). Caffeine intake (mg/day) was calculated
using responses to survey questions on habitual intake of coffee,
tea, and soda [16]. Psychotropic medication use was defined as:
antidepressants, benzodiazepines, antipsychotics, stimulants,
anticonvulsants, dementia medications, nonbenzodiazepine,
nonbarbiturate sedative hypnotics, and melatonin.

Statistical analysis

Characteristics of the participants at baseline were compared
by incident PD status using y? tests for categorical variables, in-
dependent samples t-tests for normally distributed continuous
variables, and Mann-Whitney U tests for nonnormally distrib-
uted variables.

The associations of macro- and microstructural sleep char-
acteristics with incident PD were assessed using logistic regres-
sion to determine odds ratios (OR) with 95% confidence intervals
(CI). Al PSG and qEEG measures were expressed as quartiles. The
risk of incident PD for each quartile was compared with the ref-
erence quartile, and a P value for the trend across quartiles was
determined by entering quartile into the model as a single multi-
level variable. Model 1 was minimally adjusted for age and clinic
site. Model 2 additionally adjusted for race, education, smoking
status, diabetes, hypertension, depressive symptoms, cognitive
function, daytime sleepiness, physical activity levels, body mass
index, caffeine intake, and psychotropic medication use,

Several sensitivity analyses were performed to confirm the
robustness of the findings. The analyses for the macro- and
microstructural sleep measures found to be significantly asso-
ciated with PD in the fully adjusted models, were repeated after:
(1) further adjusting for all the other objective sleep measures
found to be associated with PD (to determine whether the meas-
ures were independent of one another), (2) introducing a lag
time of approximately 2 years, including only PD cases identified
after the first follow-up visit (to minimize the possibility of re-
verse causality), and (3) adjusting for the presence of physician-
diagnosed non-apnea sleep disorders (to assess whether the
results were driven by participants with primary sleep path-
ologies, e.g. idiopathic RBD). A sensitivity analysis was carried
out for the sleep-related breathing measures (AHI, min Sp02),



4 | SLEEP, 2022,Vol. 45, No. 11

Table 1. Sample characteristics at baseline by incident PD status

Characteristic No PD (n = 2700) Incident PD (n = 70) P
Age (years) 76.3+5.5 76.1+53 .83
White, n (%) 2479 (91.8) 68 (97.8) a1
Education, n (%) .36

College degree 1522 (56.4) 45 (64.3

High school degree 1036 (38.4) 21 (30.0)

No qualifications 142 (5.3) 4(5.7)
Smoking, n (%) .83

Current 55 (2.0) 2(2.9)

Past 1577 (58.5) 39 (55.7

Never 1068 (39.6) 29 (41.4
Alcohol intake, drinks/wk, n (%) .39

<1 1249 (46.4) 29 (42.0)

1-13 1290 (48.0) 38 (55.1)

>14 150 (5.6) 2(2.9)
Diabetes, n (%) 355 (13.1) 6 (8.6) .26
Hypertension, n (%) 1354 (50.1) 36 (51.4) .83
Non-apnea sleep disorder, n (%) .96

Yes 135 (5.0) 4(5.7)

No 2523 (93.4) 65 (92.9)

Unknown 42 (1.6) 1(1.4)
Depressive symptoms score® 17 +2.1 26+26 <.001
Cognitive function score® 92.8+6.2 924 +46 .09
Daytime sleepiness score? 6.1+3.6 6.1+4.2 .65
Physical activity score® 146.6 + 71.2 151.7 +73.1 .54
BMI (kg/m?) 27.2+3.8 27.5+3.4 15
Caffeine intake (mg/day) 237.9 + 245 251.0+ 273 .83
Psychotropic medication use, n (%) 438 (16.2) 19 (27.1) .02

Plus-minus values are means + SD.
an = 2689/69.

bScores range from 0 to 15, with higher scores indicating more severe depressive symptoms.

Scores range from 0 to 100, with higher scores indicating better cognitive function.

dScores range from 0 to 24, with higher scores indicating increased daytime sleepiness.
Scores range from 0 to 793, with higher scores indicating greater physical activity levels.

which further adjusted for pre-sleep resting oxygen saturations
(to assess whether the results were affected by underlying
lung impairment). Finally, self-reported habitual TST and early
awakening frequency were assessed as secondary exposures (to
determine whether the predictive value of self-reported sleep
characteristics would be congruent with objectively measured
characteristics).

Statistical testing was performed two-sided at P <0.05. All
analyses were performed using SPSS version 28 (IBM Corp.,
Armonk, NY).

Results

Baseline characteristics of the participants stratified by incident
PD status are presented in Table 1. Among 2,770 men included
in this analysis, 70 cases of incident PD (2.5%) were identified
during a median follow-up of 9.8 years. Of these cases, 10% oc-
curred within the first 2 years of follow-up, and 90% occurred
between 2 and 12.3 years.

Sleep macrostructure and risk of developing PD

Lower REM sleep percentage was associated with a higher risk
of developing PD across both models. In the fully adjusted
model, compared with those in the highest quartile of REM

sleep percentage, those in the lowest quartile were 3 times
more likely to develop PD (odds ratio [OR], 2.58; 95% CI, 1.3-5.2,
p = 0.008), and there was a linear trend across quartiles (p for
trend = .012) (Table 2). Stages 1, 2, and SWS were not signifi-
cantly associated with PD risk. Among the other routine PSG
measures, longer TST (OR, 2.2; 95% CI, 1.0-4.5, p = .046) (p for
trend = .029), and higher min SpO2 during REM sleep (OR, 3.25;
95% CI, 1.5-7.2, p = .004) (p for trend <.001), were both associated
with increased risk of developing PD (Table 2). Conversely, a
higher awakening index (OR, 0.35; 95% CI, 0.2-0.7, p = .006) (P for
trend = .004) and higher AHI (OR, 0.41; 95% CI, 0.2-0.9, p = .019)
(p for trend = .015), were both associated with decreased risk of
developing PD (Table 2).

Sleep microstructure and risk of developing PD

The strongest association with PD risk was a lower /6 in NREM
sleep. Compared with those in the highest quartile of NREM a/6,
those in the lowest quartile were 4 times more likely to develop
PD (OR, 3.71; 95% CI, 1.8-7.7, p < .001) and there was a linear
trend across quartiles (P for trend p < .001) (Table 3). Lower rela-
tive o in NREM (OR, 2.30; 95% CI, 1.1-4.8, p = .026) (P for trend
p = .014), and lower relative f3 in NREM (OR, 2.27; 95% CI, 1.1-4.8,
p =.031) (p for trend = .014), were also associated with higher risk
of incident PD. There were no associations between any qEEG
measures during REM sleep and risk of incident PD (Table 3).



Table 2. Odds ratios and 95% CI for incident PD by sleep macro-structure measure and quartile
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Stage 1, %

Q1 (<4.00) Q2 (4.00-5.92) Q3 (5.93-8.57) Q4 (8.58+) P for trend
PD cases [n (%)] 21 (3.1) 15 (2.2) 16 (2.3) 18 (2.6)
N 688 697 692 693
Age + clinic adjusted 1.12 (0.6, 2.1) 0.80 (0.4, 1.6) 0.87 (0.4, 1.7) 1 [reference] 767
Multivariable adjusted? 1.08 (0.6, 2.1) 0.82(0.4,1.7) 0.87 (0.4,1.7) 1 [reference] .835
Stage 2, %

Q1 (<56.40) Q2 (56.40-62.89) Q3 (62.89-69.39) Q4 (69.40+) P for trend
PD cases [n (%)] 19 (2.7) 10 (1.5) 18 (2.6) 23 (3.3)
N 691 689 696 694
Age + clinic adjusted 0.83 (0.4, 1.5) 0.44 (0.2, 0.9)* 0.79 (0.4, 1.5) 1 [reference] .303
Multivariable adjusted?® 0.91(0.5,1.7) 0.47 (0.2, 1.01) 0.86 (0.5, 1.6) 1 [reference] 461
SWS, %

Q1 (<3.77) Q2 (3.77-9.92) Q3 (9.93-16.59) Q4 (16.60+) P for trend
PD cases [n (%)] 15 (2.2) 18 (2.6) 18 (2.6) 19 (2.7)
N 692 693 685 700
Age + clinic adjusted 0.80 (0.4, 1.6) 0.94 (0.5, 1.8) 0.98 (0.5, 1.9) 1 [reference] .527
Multivariable adjusted?® 0.77 (0.4, 1.6) 0.93 (0.5, 1.8) 1.02 (0.5, 2.0) 1 [reference] 446
REM, %

Q1 (<14.90) Q2 (14.90-19.59) Q3 (19.60-23.69) Q4 (23.70+) P for trend
PD cases [n (%)] 30 (4.3) 12 (1.8) 16 (1.3) 12 (1.7)
N 691 680 698 701
Age + clinic adjusted 2.79 (1.4,5.5)* 1.06 (0.5, 2.4) 1.39 (0.7, 3.0) 1 [reference] .004**
Multivariable adjusted? 2.58(1.3,5.2)" 1.05 (0.5, 2.4) 1.48 (0.7,3.2) 1 [reference] .012*
TST, mins

Q1 (<318) Q2 (318-360) Q3 (361-400) Q4 (401+) P for trend
PD cases [n (%)] 11 (1.6) 16 (2.3) 20 (2.9) 23(3.3)
N 690 692 693 695
Age + clinic adjusted 1 [reference] 1.41 (0.6, 3.1) 1.79 (0.8, 3.8) 2.00 (0.97,4.2) .046"
Multivariable adjusted® 1 [reference] 1.40 (0.6, 3.1) 1.94(0.9,4.1) 2.13 (1.0, 4.5)* .029*
Awakening index

Q1 (<3.37) Q2 (3.37-4.53) Q3 (4.54-5.98) Q4 (5.99+) P for trend
PD cases [n (%)] 30 (4.4) 15 (2.2) 15 (2.1) 10 (1.4)
N 684 693 700 693
Age + clinic adjusted 1 [reference] 0.49 (0.3, 0.9)* 0.48 (0.3, 0.9)* 0.33(0.2,0.7)* .002**
Multivariable adjusted?® 1 [reference] 0.54 (0.3, 1.0) 0.54 (0.3, 1.0) 0.35(0.2,0.7)** .004**
AHI

Q1 (<6.30) Q2 (6.30-13.46) Q3 (13.47-25.37) Q4 (25.38+) P for trend
PD cases [n (%)] 28 (4.0) 16 (2.3) 14 (2.0) 12 (1.7)
N 692 693 695 690
Age + clinic adjusted 1 [reference] 0.58 (0.3,1.1) 0.51 (0.3, 1.0)* 0.47 (0.2, 0.9)* .019*
Multivariable adjusted?® 1 [reference] 0.60 (0.3, 1.1) 0.50 (0.3, 1.0)* 0.41 (0.2, 0.9) .011*
Min Sp02, % (NREM)

Q1 (<84) Q2 (84-86) Q3 (87-89) Q4 (90+) P for trend
PD cases [n (%)] 11(1.7) 15 (2.5) 22(2.7) 22 (3.2)
N 643 606 828 693
Age + clinic adjusted 1 [reference] 1.36 (0.6, 3.0) 1.48 (0.7,3.1) 1.73(0.8,3.7) 157
Multivariable 1 [reference] 1.50 (0.7, 3.3) 1.72 (0.8,3.7) 2.08 (0.9, 4.6) .067

adjusted?

Min Sp02, %(REM)

Q1 (<83) Q2 (83-86) Q3 (87-89) Q4 (90+) P for trend
PD cases [n (%)] 10 (1.5) 9 (1.5) 20 (2.9) 31(3.8)
N 667 613 681 809
Age + clinic adjusted 1 [reference] 0.94 (0.4, 2.3) 1.88(0.87,4.1) 2.51(1.2,5.2) .003**
Multivariable adjusted® 1 [reference] 1.08 (0.4, 2.7) 2.25 (1.0, 5.0)* 3.25(1.5,7.2)* <.001***
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Table 2. Continued

PLMI

Q1 (<3.19)
PD cases [n (%)] 17 (2.5) 17 (2.5)
N 693 692
Age + clinic adjusted 1 [reference] 1.00 (0.5,2.0)
Multivariable adjusted?® 1 [reference] 1.03 (0.5,2.1)

Q2 (3.19-23.71)

Q3 (23.72-55.56) Q4 (55.57+) P for trend
16 (2.3) 20 (2.9)

693 692

0.95 (0.5,1.9) 1.20 (0.6,2.3) 637

0.87 (0.4,1.8) 1.09 (0.6,2.1) 915

PD, Parkinson’s disease; Q, quartile; TST, total sleep time; SWS, slow wave sleep; REM, rapid eye movement sleep; NREM, non-rapid eye movement sleep AHI, apnea-
hypopnea index; min SpO2, minimum oxygen saturations; PLMI, periodic limb movement index.
2Adjusted for age, clinic site, race, education, smoking status, diabetes, hypertension, depressive symptoms, cognitive function, daytime sleepiness, physical activity

levels, body mass index, caffeine intake, and psychotropic medication use.
*p < .05.

*p <.01.

**p <.001.

Sensitivity analyses

In both the 2-year time lag analysis and the analysis that
adjusted for the presence of non-apnea sleep disorders, the
associations between the significant predictors identified in
the primary analysis were similar and remained significant
(Table 4).

In the analysis that mutually adjusted for all the significant
predictors identified in the primary analysis, REM sleep per-
centage, TST, awakening index, min SpO2 in REM, and NREM /6,
were each found to be independently associated with incident
PD (p’s < .05) (Table 4). AHI, NREM ¢, and NREM f3, were no longer
associated with incident PD (Table 4).

In the sensitivity analysis that further adjusted for resting
oxygen saturations, a higher AHI remained significantly associ-
ated with a decreased risk for developing PD, and a higher min
SpO2 during REM sleep remained significantly associated with
an increased risk for developing PD (p’s < .05).

In the analysis that used self-reported sleep measures
as exposures (Table 5), self-reported habitual TST and self-
reported early awakening frequency were both associated with
PD risk in the direction identified by the objective PSG meas-
ures. Compared with individuals in the lowest quartile of self-
reported habitual TST (< 6 hours), those in the highest quartile
(> 9 hours) were 4 times more likely to develop PD (OR, 3.56;
95% CI, 1.5-8.7, p = .006), with a linear trend across quartiles
(p for trend = .002). Compared with individuals who reported
“not during the past month” for the PSQI item on nocturnal
awakenings, those who reported “three or more times a week”,
were 62% less likely to develop PD (OR, 0.38; 95% CI, 0.2-0.7,
p = .004), and there was a linear trend across the categories (P
for trend = .009).

Discussion

In this large prospective study of community-dwelling older
men without PD from the USA, five PSG measured sleep charac-
teristics (macro- and microstructural) were independently asso-
ciated with the risk of developing PD during a 12-year follow-up.
Longer TST, lower REM sleep percentage, lower /0 during
NREM sleep, and higher min SpO2 during REM sleep, were in-
dependently associated with an increased risk of developing
PD. Conversely, a higher awakening index was independently
associated with a decreased risk of developing PD. There was a
2-4-fold difference in risk between extreme quartiles for each of
these measures in the fully adjusted models.

This is the first study to investigate the association between
PSG measured sleep characteristics in community-dwelling
older adults and the subsequent development of PD. Three pre-
vious studies investigated the association of self-reported sleep
characteristics and PD risk. In the Nurses’ Health Study [17] it
was found that longer self-reported habitual TST was associated
with an increased risk for developing PD, even after excluding
the first 8-years of follow-up. However, in the Rotterdam study,
shorter self-reported TST was found to be associated with
an increased risk of developing PD during the first 2-years
of follow-up (although this association was reversed after
excluding individuals with clinically significant depression and
anxiety at baseline) [18]. In the US NIH-AARP Diet and Health
Study, no association was found between self-reported TST and
PD risk [19]. Importantly, the present study can confirm using
objective methods, that TST is associated with PD risk, and that
it is longer rather than shorter TST, that is associated with in-
creased risk. The present finding of higher awakenings during
sleep being associated with a decreased risk of developing PD
is a novel finding, although is in line with the Nurses’ Health
Study, which showed that the number of years nurses had par-
ticipated in rotating night shift work, had an inverse-dose re-
sponse relationship with developing PD [17]; suggesting that
sleep disruption may protect against the development of PD.

Cross-sectional studies have shown that PD patients exhibit
a range of objectively measured sleep abnormalities from the
time of diagnosis [4, 5]. In one of the few studies to use PSG to
investigate sleep macrostructure in an early stage PD cohort,
Breen et al identified that newly diagnosed patients with PD
showed distinct sleep stage abnormalities, including reduced
percentage time spent in REM sleep and increased percentage
time spent in stage 1 sleep [4]. This study also identified that
patients with PD had altered sleep-related breathing, including
lower AHI and higher min SpO2 during sleep [4]. The current
study therefore extends these findings, by demonstrating that
reduced REM sleep percentage, lower AHI and higher min 02
(particularly during REM sleep) may precede the development of
clinical PD by several years.

A small number of cross-sectional studies have investigated
sleep microstructure in patients with PD using qEEG [5], and
have found abnormalities in REM and NREM sleep. However,
a recent longitudinal study identified that qEEG alterations in
NREM sleep specifically, were associated with faster motor pro-
gression in patients with PD over a mean observation time of
approximately 5-years [20]. In addition, experimental evidence
using mouse models demonstrated that modulation of NREM



Table 3. Odds ratios and 95% CI for incident PD by sleep micro-structure measure and quartile
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3, % (NREM)

Q1 (<65.0) Q2 (65.0-71.6) Q3 (71.7-76.8) Q4 (76.9+) P for trend
PD cases [n (%)] 15 (2.2) 17 (2.5) 17 (2.5) 21 (3.0)
N 693 692 692 693
Age + clinic adjusted 0.67 (0.3, 1.4) 0.79 (0.4, 1.5) 0.80 (0.4, 1.5) 1 [reference] .286
Multivariable adjusted? 0.72 (0.4, 1.5) 0.83 (0.4,1.6) 0.81 (0.4, 1.6) 1 [reference] .395
0, % (NREM)

Q1 (<6.8) Q2 (6.8-8.3) Q3 (8.4-9.9) Q4 (10.0+) P for trend
PD cases [n (%)] 19 (2.7) 17 (2.5) 17 (2.5) 17 (2.5)
N 692 693 693 692
Age + clinic adjusted 1.22 (0.6, 2.4) 1.07 (0.5, 2.1) 1.07 (0.5, 2.1) 1 [reference] .575
Multivariable adjusted® 1.14 (0.6, 2.3) 1.00 (0.5, 2.0) 1.04 (0.5, 2.1) 1 [reference] .743
a, % (NREM)

Q1 (<3.8) Q2 (3.8-5.0) Q3 (5.1-6.4) Q4 (6.5+) P for trend
PD cases [n (%)] 25 (3.6) 19 (2.7) 15 (2.2) 11 (1.6)
N 693 692 692 693
Age + clinic adjusted 2.49 (1.2,5.1)" 1.93(0.9,4.1) 1.39 (0.6, 3.1) 1 [reference] .007**
Multivariable adjusted? 2.30 (1.1, 4.8)* 1.76 (0.8, 3.8) 1.28 (0.6, 2.8) 1 [reference] .014*
B, % (NREM)

Q1 (<5.0) Q2 (5.0-6.6) Q3 (6.7-9.0) Q4 (9.1+) P for trend
PD cases [n (%)] 27 (3.9) 18 (2.6) 12 (1.7) 13 (1.9)
N 693 692 692 693
Age + clinic adjusted 2.39 (1.1, 5.0) 1.64 (0.8, 3.4) 1.05 (0.5, 2.4) 1 [reference] .009**
Multivariable adjusted? 2.27 (1.1,4.8)" 1.50 (0.7, 3.2) 1.00 (0.4, 2.3) 1 [reference] .014*
Y, % (NREM)

Q1 (<3.9) Q2 (3.9-5.7) Q3 (5.8-9.0) Q4 (9.1+) P for trend
PD cases [n (%)] 20 (2.9) 20 (2.9) 13 (1.9) 17 (2.5)
N 692 693 692 693
Age + clinic adjusted 1.21 (0.6, 2.4) 1.22 (0.6, 2.4) 0.79 (0.4,1.7) 1 [reference] 384
Multivariable adjusted® 1.18 (0.6, 2.4) 1.16 (0.6, 2.3) 0.77 (0.4, 1.6) 1 [reference] 437
/6 (NREM)

Q1 (<0.50) Q2 (0.50-0.59) Q3 (0.60-0.71) Q4 (0.72+) P for trend
PD cases [n (%)] 35(5.1) 15 (2.2) 10 (1.4) 10 (1.4)
N 692 693 693 692
Age + clinic adjusted 3.72(1.8,7.7)"™ 1.52 (0.7, 3.4) 0.96 (0.4, 2.3) 1 [reference] <.001***
Multivariable adjusted® 3.71(1.8,7.7)* 1.52 (0.7, 3.4) 0.96 (0.4, 2.3) 1 [reference] <.001***
8, % (REM)

Q1 (<67.0) Q2 (67.0-75.6) Q3 (75.7-82.5) Q4 (82.6+) P for trend
PD cases [n (%)] 12 (3.0) 18 (2.6) 15 (2.2) 16 (2.3)
N 692 693 692 693
Age + clinic adjusted 1.13(0.6,2.2) 0.99 (0.5, 2.0) 0.78 (0.4, 1.9) 1 [reference] 653
Multivariable adjusted® 1.24 (0.6,2.5) 1.07 (0.5, 2.2) 0.96 (0.5, 2.0) 1 [reference] 492
0, % (REM)

Q1 (<4.3) Q2 (4.3-5.9) Q3 (6.0-7.8) Q4 (7.9+) P for trend
PD cases [n (%)] 12 (1.7) 17 (2.5) 18 (2.6) 23(3.3)
N 692 693 692 693
Age + clinic adjusted 0.58 (0.3,1.2) 0.85 (0.4,1.7) 0.88(0.5,1.7) 1 [reference] 171
Multivariable adjusted® 0.55 (0.3,1.2) 0.80 (0.4, 1.6) 0.90 (0.5,1.7) 1 [reference] 121
a, % (REM)

Q1 (<2.7) Q2 (2.7-3.8) Q3 (3.9-5.5) Q4 (5.6+) P for trend
PD cases [n (%)] 20 (2.9) 14 (2.0) 13 (1.9) 23(3.3)
N 692 693 692 693
Age + clinic adjusted 1.03 (0.5,1.9) 0.70 (0.4, 1.4) 0.61(0.3,1.2) 1 [reference] .897
Multivariable adjusted® 0.93 (0.5,1.8) 0.67 (03, 1.3) 0.57 (0.3, 1.1) 1 [reference] .894
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Table 3. Continued

B, % (REM)

Ql (<4.4) Q2 (4.4-6.4) Q3 (6.5-9.0) Q4 (9.1+) P for trend
PD cases [n (%)] 20 (2.9) 18 (2.6) 19 (2.7) 13 (1.9)
N 693 692 692 693
Age + clinic adjusted 1.73 (0.8, 3.6) 1.58 (0.8, 3.3) 1.54 (0.8,3.2) 1 [reference] 164
Multivariable adjusted® 1.61 (0.8, 3.4) 1.52 (0.7,3.2) 1.58 (0.8, 3.3) 1 [reference] 257
Y, % (REM)

Q1 (<3.1) Q2 (3.1-4.8) Q3 (4.9-7.8) Q4 (7.9+) P for trend
PD cases [n(%)] 14 (2.0) 20 (2.9) 17 (2.5) 19 (2.7)
N 693 692 692 693
Age + clinic adjusted 0.79 (0.4, 1.6) 1.10 (0.6, 2.1) 0.93 (0.5, 1.8) 1 [reference] 671
Multivariable adjusted® 0.75 (0.4, 1.5) 1.10(0.6,2.1) 0.94 (0.5, 1.9) 1 [reference] .564
a/0 (REM)

Q1 (<0.53) Q2 (0.53-0.61) Q3 (0.62-0.73) Q4 (0.74+) P for trend
PD cases [n (%)] 21 (3.0) 18 (2.6) 15 (2.2) 16 (2.3)
N 693 692 693 692
Age + clinic adjusted 1.44 (0.7,2.8) 1.25 (0.6, 2.5) 0.95 (0.5, 1.9) 1 [reference] 0.210
Multivariable adjusted® 1.35(0.7,2.7) 1.24 (0.6, 2.5) 0.92 (0.4, 1.9) 1 [reference] 0.277

PD, Parkinson’s disease; Q, quartile; REM, rapid eye movement sleep; NREM, non-rapid eye movement sleep a/6, a/6 ratio.
2Adjusted for age, clinic site, race, education, smoking status, diabetes, hypertension, depressive symptoms, cognitive function, daytime sleepiness, physical activity

levels, body mass index, caffeine intake, and psychotropic medication use.
*p < .05.

**p <.01.

***p <.001.

qEEG activity may reduce a-synuclein aggregation [21]. As such,
these studies may contextualize the finding that qEEG abnor-
malities in NREM sleep, rather than REM sleep, were associated
with increased risk of incident PD in the present study. In the
present spectral analysis, reduced o, 8, and o/6, were all found to
be associated with increased PD risk (consistent with the char-
acteristic slowing of EEG activity seen in PD during wakefulness)
[10]. However, only the o/0 was independently associated with
developing PD when the measures were included in the model
together. This suggests that the /6 may be the strongest qEEG
measure to discriminate patients with PD from healthy controls,
as has been shown with Alzheimer’s disease [22].

The finding that lower AHI and higher min SpO2 during
REM sleep were associated with increased risk of PD may seem
counterintuitive, given the well-established links between ob-
structive sleep apnea (OSA) and dementia, as well as additional
evidence suggesting patients diagnosed with OSA may have an
increased risk of PD [23]. However, evidence linking OSA to in-
creased PD risk is inconsistent. In this cohort, there was no asso-
ciation between physician-diagnosed sleep apnea and incident
PD (Supplementary Table S1). Moreover, a meta-analysis found
that OSA is actually less common in PD than in the general
population [24]. Intriguingly, a recent autopsy study involving
Japanese American men from the Honolulu-Asia Aging study,
identified that Lewy bodies were less common in people with
a greater percentage of sleep time with a SpO2 <95% [25]. The
authors reported an inverse dose-response association, which
is consistent with the inverse dose-response association found
in the present study with min SpO2 in REM sleep and physician-
diagnosed PD. Why oxygen saturations during REM, but not
NREM sleep would be associated with PD risk, is not easy to
explain, however a recent study identified that community-
dwelling adults with RBD exhibited a lower AHI during REM but

not NREM sleep [26]. This suggests that this intriguing finding
was not spurious.

By the time a patient presents to their physician with the
early symptoms of PD, they will have irreversibly lost a signifi-
cant proportion of their dopaminergic neurones. It is thus widely
accepted that identifying patients at the preclinical stage of PD
[27], where minimal neurodegenerative changes have occurred,
would be the optimum time to provide disease modifying inter-
ventions. However, this strategy requires objective biomarkers
that could be used on a population-level to identify individuals
that may be at high risk for developing PD. Unfortunately, there
are currently no approved objective biomarkers to identify PD
risk in the general population [27]. In this study, it is demon-
strated that a single-night, in-home, unattended PSG recording,
using a low-density EEG montage and finger pulse oximeter,
provided five objective markers of PD risk. As such, this study
suggests that PSG may be a useful approach to screen for
preclinical PD.

Strengths and Limitations

This study has several strengths including the prospective de-
sign, long follow-up period, inclusion of a wide range of poten-
tial confounders and the novelty of the approach (this is the
first study to investigate the association between PSG meas-
ured sleep characteristics and the risk of PD in a large popu-
lation of community-dwelling adults). Though the study does
have limitations. This includes relying on a self-reported phys-
ician diagnosis to determine incident PD, which may have led
to a misclassification of some cases. However, except for NREM
o becoming non-significant, the associations for the other
sleep measures found to be associated with incident PD in this
study, remained statistically significant when including only
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REM, %

Q1 (<14.90) Q2 (14.90-19.59) Q3 (19.60-23.69) Q4 (23.70+) P for trend
2-year lag 2.68 (1.3, 5.6)™ 1.07 (0.5, 2.5) 1.53 (0.7, 3.4) 1 [reference] 015*
NASD? 2.58 (1.3, 5.2)* 1.05 (0.5, 2.4) 1.47 (0.7,3.2) 1 [reference] 012*
Mutually adjusted® 4.03 (1.9, 8.5)"* 1.25 (0.5, 2.9) 1.82 (0.8, 4.0) 1 [reference] <.001***
TST, mins

Q1 (<318) Q2 (318-360) Q3 (361-400) Q4 (401+) P for trend
2-year lag 1 [reference] 1.38 (0.6, 3.1) 1.66 (0.8, 3.7) 2.10 (1.0, 4.6) .050*
NASD? 1 [reference] 1.41 (0.6, 3.1) 1.94 (0.9, 4.1) 2.12 (1.0, 4.5)* .030*
Mutually adjusted® 1 [reference] 1.69 (0.8, 3.8) 2.54 (1.2,5.6)" 2.46 (1.1,5.4) .015*
Awakening index

Q1 (<3.37) Q2 (3.37-4.53) Q3 (4.54-5.98) Q4 (5.99+) P for trend
2-year lag 1 [reference] 0.46(0.2,0.9)" 0.53(0.3, 1.0) 0.35(0.2,0.8)*" 0.006™*
NASD:® 1 [reference] 0.55 (0.3, 1.0) 0.53 (0.3,1.0) 0.35(0.2,0.7)** 0.004**
Mutually adjusted® 1 [reference] 0.57(0.3,1.1) 0.56(0.3,1.1) 0.44 (0.2, 1.0) 0.032*
AHI

Q1 (<6.30) Q2 (6.30-13.46) Q3 (13.47-25.37) Q4 (25.38+) P for trend
2-year lag 1 [reference] 0.59 (0.3,1.2) 0.57 (0.3,1.1) 0.42 (0.2, 0.9)* .026*
NASD? 1 [reference] 0.60 (0.3, 1.1) 0.50 (0.3, 1.0)* 0.41 (0.2,0.9)* 011*
Mutually adjusted® 1 [reference] 0.69 (0.4, 1.4) 0.68 (0.3, 1.6) 0.66 (0.3, 1.6) 279
Min Sp02, % (REM)

Q1 (<83) Q2 (83-86) Q3 (87-89) Q4 (90+) Q1 (<83)
2-year lag 1 [reference] 1.26 (0.5,3.4) 2.39(1.0,5.7) 3.35(1.4,8.0" 0.002"*
NASD? 1 [reference] 1.09 (0.4, 2.7) 2.24 (1.0, 5.0)* 3.24 (1.5, 7.2)* <0.001**
Mutually adjusted® 1 [reference] 0.93 (0.4, 2.4) 1.99 (0.8, 4.8) 2.38(1.0,5.8) 0.017*
a, % (NREM)

Q1 (<3.8) Q2 (3.8-5.0) Q3 (5.1-6.4) Q4 (6.5+) P for trend
2-year lag 2.40 (1.1,5.2)* 1.98 (0.9, 4.4)* 1.27 (0.5, 2.9)* 1 [reference] .012*
NASD? 2.31(1.1,4.8)" 1.75(0.8,3.7) 1.28 (0.6, 2.8) 1 [reference]| .014*
Mutually adjusted® 1.08 (0.4, 2.9) 1.13 (0.5, 2.8) 0.99 (0.4, 2.4) 1 [reference] .813
B, % (NREM)

Q1 (<5.0) Q2 (5.0-6.6) Q3 (6.7-9.0) Q4 (9.1+) P for trend
2-year lag 2.69 (1.2,6.0)* 1.58 (0.7,3.6) 1.23(0.5,2.9) 1 [reference] .010*
NASD# 2.26 (1.1,4.8)" 1.49 (0.7,3.2) 1.00 (0.4, 2.3) 1 [reference] .015*
Mutually adjusted® 1.01(0.4,2.7) 0.89 (0.4,2.2) 0.76 (0.3, 1.8) 1 [reference] .840
/0 (NREM)

Q1 (<0.50) Q2 (0.50-59) Q3 (0.60-0.71) Q4 (0.72+) P for trend
2-year lag 4.96 (2.1, 12)* 2.22 (0.9, 5.5) 1.40 (0.5, 3.7) 1 [reference] <.001***
NASD? 3.69 (1.8,7.7)™* 1.51 (0.7, 3.4) 0.96 (0.4, 2.3) 1 [reference] <.001***
Mutually adjusted® 2.99(1.2,7.7) 1.32(0.5, 3.4) 0.94 (0.4, 2.4) 1 [reference] .006™

PD, Parkinson’s disease; Q, quartile; REM, rapid eye movement sleep; TST, total sleep time; AHI, apnea-hypopnea index; min SpO2, minimum oxygen saturations; a/,
a/6 ratio; NASD, non-apnea sleep disorders.
2Adjusted for physician-diagnosed non-apnea sleep disorders + age, clinic site, race, education, smoking status, diabetes, hypertension, depressive symptoms, cogni-
tive function, daytime sleepiness, physical activity levels, body mass index, caffeine intake, and psychotropic medication use.
bAdjusted for the seven other predictors in the table + age, clinic site, race, education, smoking status, diabetes, hypertension, depressive symptoms, cognitive func-

tion, daytime sleepiness, physical activity levels, body mass index, caffeine intake, and psychotropic medication use.

*p <.05.
*p < .01
**p <.001.

self-reported PD cases confirmed by PD medication use [28]
(n = 53; data not shown). It is also difficult to fully exclude the
possibility of reverse causality, with objective sleep alterations
being early signs of undiagnosed PD, rather than risk factors

for developing PD. However, the long follow-up period coupled
with the findings from the 2-year time lag analysis, suggest
that these abnormalities preceded the development of clinical
PD. The sleep measures were quantified using a single-night of
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Table 5. Odds ratios and 95% CI for incident PD by self-reported sleep measure and quartile or group

Habitual TST, hrs

Q1 (<6) Q2 (7) Q3 (8) Q4 (9+) P for trend
PD cases [n (%)] 13 (1.5) 23 (2.4) 25 (3.3) 9(4.9)
N 876 952 759 183
Age + clinic adjusted 1 [reference] 1.67 (0.8, 3.3) 2.25 (1.1, 4.4)* 3.59 (1.5, 8.6)* .002**
Multivariable adjusted? 1 [reference] 1.83(0.9,3.7) 2.42(1.2,4.8) 3.56 (1.5,8.7)" .002**
Early awakening frequency, nights/wk

0 <1 1-2 3+ P for trend
PD cases [n (%)] 14 (4.0) 5(1.7) 19 (4.5) 32(1.9)
N 352 295 424 1699
Age + clinic adjusted 1 [reference] 0.38 (0.1, 1.1) 1.07 (0.5, 2.2) 0.44 (0.2, 0.8)* .029*
Multivariable adjusted?® 1 [reference] 0.39(0.1,1.1) 0.95 (0.5, 2.0) 0.38(0.2,0.7)* .009**

TST, total sleep time; Q, quartile; hrs, hours; wk, week.

2Adjusted for age, clinic site, race, education, smoking status, diabetes, hypertension, depressive symptoms, cognitive function, daytime sleepiness, physical activity

levels, body mass index, caffeine intake, and psychotropic medication use.
*p <.05.

*p < .01

***p <.001.

PSG; thus, it is possible that a first-night effect may have biased
the results. However, given that the associations between longer
TST, decreased awakenings and incident PD, were similar when
using either self-reported estimates during the previous month,
or the single-night PSG measure, suggests the sleep study
protocol did not bias the results. Moreover, another study which
used the same PSG protocol as MrOS found no evidence of a
first-night effect [29]. Finally, the findings from this study might
not be generalizable to women and younger adults.

Conclusions

In conclusion, longer TST, lower REM sleep percentage, lower o/6
during NREM sleep and higher min SpO2 during REM sleep, were
independently associated with an increased risk for developing
PD over a 12-year follow-up in community-dwelling older men.
A higher awakening index was independently associated with
a decreased risk of developing PD. These novel findings dem-
onstrate that objective sleep alterations precede the develop-
ment of PD by several years, and that a single-night, unattended,
in-home PSG assessment, may be a useful way by which to
identify individuals in the general population at high-risk of
developing PD. Future studies are needed to establish whether
these abnormalities are markers of preclinical PD or causal risk
factors.
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Supplementary material is available at SLEEP online.
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