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Abstract

Study Objectives: Poor sleep may play a role in the risk of dementia. However, few studies have investigated the association between
polysomnography (PSG)-derived sleep architecture and dementia incidence. We examined the relationship between sleep architec-
ture and dementia incidence across five US-based cohort studies from the Sleep and Dementia Consortium.

Methods: Percent of time spent in stages of sleep (N1, N2, N3, rapid eye movement sleep), wake after sleep onset, sleep mainte-
nance efficiency, apnea-hypopnea index, and relative delta power were derived from a single night home-based PSG. Dementia was
ascertained in each cohort using its cohort-specific criteria. Each cohort performed Cox proportional hazard regressions for each
sleep exposure and incident dementia, adjusting for age, sex, body mass index, antidepressant use, sedative use, and APOE e4 status.
Results were then pooled in a random effects model.

Results: The pooled sample comprised 4657 participants (30% women) aged > 60 years (mean age was 74 years at sleep assess-
ment). There were 998 (21.4%) dementia cases (median follow-up time of 5 to 19 years). Pooled effects of the five cohorts showed no
association between sleep architecture and incident dementia. When pooled analysis was restricted to the three cohorts which had
dementia case ascertainment based on DSM-IV/V criteria (n = 2374), higher N3% was marginally associated with an increased risk of
dementia (hazard ratio (HR): 1.06; 95%CI: 1.00-1.12, per percent increase N3, p = .050).

Conclusions: There were no consistent associations between sleep architecture measured and the risk of incident dementia.
Implementing more nuanced sleep metrics and examination of associations with dementia subtypes remains an important next
step for uncovering more about sleep-dementia associations.

Key words: Alzheimer’s disease; dementia; sleep; sleep macro-architecture

Graphical Abstract
Sleep Architecture and Dementia Risk

What is the relationship between sleep architecture and dementia incidence across five US-based cohorts?
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5 US-based cohort studies with PSG Forest plots of sleep and dementia risk associations in
and dementia follow-up 5 US-based cohorts
Study N events N HR 95% CI P value
a) N1%
12 = 48.5% (0.0%-81,1%), p=0.100
ARIC 289 1091 1.06 (0.90,1.25) — 0.465
CHS 538 913 091 (0.81,1.01] —=— 0.070
- FHS 73 363 134 (0.99,182) —ea——— 0058
MrOS 75 2086 1.01 (0.98, 1.05) - 0.380
SOF 22 196 1.00 (0.93,1.08) —— 0917
Pooled effects 997 4649 1.02 (0.91,1.14) — 0.728
b) N2%
1"2 = 0.0% (0.0%-79.2%), p=0.486
ARIC 289 1091 0.99 (0.98, 1.00) L] 0.023
CHS 538 913 1.00 (0.99,1.01) L 0.601
FHS 73 363 100 (0.98,1.02) . 1.000
A MrOS 75 2086 1.01 (0.98, 1.03) - 0.644
SOF 23 202 099 (0.96,1.03) - 0.674
Pooled effects 998 4655 1.00 (0.99, 1.00) ' 0.225
c) N3%
X 12 = 38.5% (0.0%-77.2%), p=0.164
ARIC 289 1091 1.1 (1.02,1.20) —— 0.018
CHS 538 913 1.03 (0.97,1.09) - 0.363
FHS 73 363 1.08 (0.90, 1.30) —— 0.414
MrOS 75 2086 1.00 (0.99.1.02) - 0.806
SOF 22 196 1.02 (0.99, 1.05) - 0.271
Pooled effects 997 4649 1.03 (0.99, 1.06) - 0.155
d) REM%
— 12 = 41.4% (0.0%- 78.4%), p=0.145
5 10 20 arc 289 1091 099 (0.97,1.01) . 0.539
s < CHS 538 913 1.00 (0.98,1.01) - 0.576
Dementia follow-up in years FHS 73 363 094 (0.90,0.98) - 0.006
MroS 75 2086 098 (0.94,101) - 0.238
. s SOF 23 202 097 (0.90,1.04) - 0.350
There were no cons;stent associations between Foolad wfiacts 998 4655 0.98 (0.96,1.00) il 0.086
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Statement of Significance

Poor sleep may represent a potential lifestyle risk factor for dementia. Sleep is thought to be important for the clearance of toxic
Alzheimer’s disease proteins, but whether sleep is associated with dementia risk remains unclear. In the largest study of its kind,
utilizing overnight polysomnographic assessment of sleep and data from 5 large U.S. cohort studies, we examined the association
between sleep architecture and dementia risk. There were no clear associations between sleep measures and dementia risk, though
there was a suggestion that a higher proportion of N3 sleep may be associated with greater dementia risk. Further exploration
of sleep patterns across time, latent sleep traits across metrics, and sleep micro-architecture remains an important next step for
understanding sleep-dementia associations.
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Sleep undergoes significant changes with aging. As adults age,
sleep can become less restorative with alterations in sleep archi-
tecture. Specifically, there is a shift towards spending more time
in lighter sleep stages (N1 and N2), while the duration of slow-
wave sleep (N3) and rapid eye movement (REM) sleep diminishes
[1]. Slow-wave sleep is thought to affect synaptic plasticity [2]. It
also appears to facilitate the clearance of Alzheimer disease pro-
teins [3-5], though recent findings have challenged this notion [6].
Animal studies indicate that glymphatic clearance of amyloid-B,
involved in the formation of amyloid-B plaques in Alzheimer dis-
ease, is highest during sleep and potentially slow-wave sleep [7].
Due to this and other mechanisms, sleep dysfunction may serve
as a potential target to reduce the risk of, or delay the onset of
dementia [8]. However, in humans, the relationship between sleep
and dementia is complex, as sleep disturbances are a common
feature of dementia and the temporal association between sleep
architecture and dementia onset remains unclear [9].

Results derived from studies with an objective sleep assess-
ment, including gold standard polysomnography (PSG), accom-
panied by long-term follow-up of dementia are limited [10, 11].
To address this gap, we recently formed the Sleep and Dementia
Consortium (SDC), comprising five US community-based cohort
studies with PSG and long-term follow-up of cognitive, brain imag-
ing, and dementia outcomes [12]. Utilizing SDC data (N =5946,
mean baseline ages of 58 to 89 years across cohorts), we recently
found little evidence of consistent associations between sleep
stage percentages and cognitive performance within the next five
years; however, sleep disruption measures (poorer sleep efficiency
and higher wake after sleep onset, WASO) and the presence of
mild to severe obstructive sleep apnea (OSA) were associated
with worse global cognition [12]. Other studies have also demon-
strated similar associations between sleep disruption and cogni-
tion [13-15]. However, whether differences in sleep architecture
are associated with dementia incidence remains equivocal, with
further studies needed. Accordingly, we aimed to examine the
association between sleep architecture, measured with a single
overnight PSG, andincident all-cause dementia in five community-
based cohort studies from the SDC.

Methods

The SDC has been described previously [12]. Briefly, it consists
of five community-based cohorts that have performed meth-
odologically consistent, overnight, home-based PSG, as well as
cognitive testing and dementia case ascertainment. The cohorts
include the Atherosclerosis Risk in Communities (ARIC) study,
Cardiovascular Health Study (CHS), Framingham Heart Study
(FHS), Osteoporotic Fractures in Men Study (MrOS), and Study of
Osteoporotic Fractures (SOF).

Written informed consent was provided by all participants
prior to the commencement of the study. The study was approved
by the Monash University Human Research Ethics Committee,
and each cohort obtained institutional review board approval
at their respective institutions. For CHS and ARIC, analyses
were limited to those with available DNA who consented to
genetic studies. Study method and results are reported follow-
ing the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) Statement for cross-sectional studies [16].

Participants

A brief description of the participating cohorts is provided in the
Supplementary Methods. We included participants at least 60
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years old who were free of dementia and other neurological disor-
ders (e.g., stroke, multiple sclerosis, significant head trauma, sub-
dural hematoma, brain tumor) at the time of the sleep study and
who had PSG data and information on dementia status available
during follow-up. Participants with less than 180 minutes of total
sleep time or less than one minute of REM sleep were excluded
to avoid potential bias from spurious data. Table S1 shows the
sample selection across cohorts.

Sleep metrics

Sleep was measured at baseline. All cohorts used a standardized
protocol to complete overnight home-based Type II PSG using
Compumedics PSG equipment (Abbotsford, Australia); the model
varied by cohort [17-19]). Briefly, EEG (C3-A2 and C4-A1), electrooc-
ulogram, electromyogram, thoracic and abdominal displacement
(inductive plethysmography bands), airflow (nasal-oral thermo-
couples and nasal pressure [in MrOS, SOF]), finger pulse oximeter,
a single bipolar electrocardiogram, body position by a mercury
gauge sensor, and ambient light level were all recorded. Details of
the montages for each study are provided at the National Sleep
Research Resource (sleepdata.org).

Sleep macro-architecture

All sleep variables were calculated centrally to ensure consist-
ency of analysis and effective harmonization. Respiratory met-
rics were annotated, and sleep was initially scored in 30-s epochs
according to established guidelines (Rechtschaffen and Kales
(R&K) & American Sleep Disorders Association arousal criteria)
[18, 19]. Given that contemporary AASM criteria combine stages
3 and 4 of the original R&K guidelines, we combined stages 3 and
4 (N3 sleep). The following sleep metrics were calculated: Stage
1 (N1%), Stage 2 (N2%), Stage 3 (N3%), REM sleep (REM%), WASO
(total minutes spent awake between sleep onset and offset), sleep
maintenance efficiency (SME%) (total sleep time/sleep period
time [the time between sleep onset and sleep offset]), total sleep
time (minutes), and the apnea-hypopnea index (AHI) (defined as
the number of obstructive apneas plus the number of hypopneas
accompanied by a greater than 30% reduction in airflow and
4% or greater oxygen desaturation or arousal per hour of sleep).
Moderate to severe OSA was defined as an AHI> 15 vs AHI<5
(reference). Sleep recording in the ARIC, CHS, and FHS cohorts was
limited by a maximum battery life to 9 hours, which prevented
further examination of sleep duration greater than 9 hours across
all cohorts. Therefore, sleep duration was expressed as <6 hours
vs >6 hours (reference). Sleep stages were expressed as a percent-
age of total sleep duration. Scoring was performed at the time of
data acquisition at a central reading center by a trained and cer-
tified polysomnologist with documented high levels of inter- and
intrascorer reliability, as described previously [18]. As some sleep
metrics were not normally distributed, square root transforma-
tion was applied to N1% and N3% and natural log transformation
was applied to SME%, WASO, and the AHIL

Delta power

Slow-wave activity (captured in the delta frequency range
1-4Hz) has been associated with glymphatic clearance [7].
Thus, we performed spectral analysis to compute delta (1-4Hz)
power to reflect levels of slow-wave activity. Slow-wave activity
was analyzed using the Luna C/C++ pipeline, developed by a
member of our team (S.M.P,, URL: http://zzz.bwh.harvard.edu/
luna/). Delta power was derived from both C4/M2 and C3/M1
EEG signals. Power spectral analysis was performed using the
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Welch algorithm and fast Fourier transformation applied to 4-s
windows, shifted by 2-s increments and tapered with a Tukey
window function (taper length =50%), yielding a frequency
resolution of 0.25 Hz. The relative band power was obtained
by dividing the absolute band power by the total power, where
the total power was based on the band 0.5-30 Hz. The relative
spectral power for delta during combined N2 and N3 sleep was
computed.

Co-variates

Co-variates were chosen based on prior knowledge of confound-
ing variables in the association between sleep and dementia. The
following co-variates were assessed at baseline and included in
statistical models: age (years), sex (men vs women), body mass
index (kg/m?2), APOE e4 status (non-e4 carrier vs at least one copy
of e4), antidepressant use (yes vs no), and sedative use (yes vs
no). Of note, self-report sleep medication use had a strong overlap
with sedative and antidepressant use in each cohort, therefore,
adjustment for these medications effectively captured sleeping
medication.

Dementia case ascertainment

Dementia case ascertainment is described in detail for each
cohort in the Supplementary Methods. Briefly, ARIC, CHS, FHS,
and SOF adjudicated dementia diagnosis via varying combina-
tions of neurocognitive data, informant interview, hospitaliza-
tion records, and based broadly on the Diagnostic and Statistical
Manual of Mental Disorders, 4™ or 5% edition (DSM-IV/V) crite-
ria. In addition, MrOS investigators adjudicated clinically signif-
icant cognitive impairment by a report of physician-diagnosed
dementia, use of dementia medication, or a change in modified
Mini-Mental State Examination scores > 1.5 standard deviations
worse than the mean change from baseline to any follow-up visit.
Thus, in MrOS, the outcome includes both dementia with clini-
cally significant cognitive impairment. ARIC, CHS, and FHS all had
continuous surveillance of dementia with dementia adjudicated
by a committee according to DSM-IV/V criteria (or equivalent).
For CHS, continuous surveillance was performed through 1998-
99, and dementia cases were identified via multiple data sources
thereafter (e.g., medications and ICD-9 codes). Both MrOS and
SOF assessed dementia at discrete follow-up time points (e.g.,
several years), up to approximately 10- and 5-years following
sleep assessment, respectively.

Statistical Methods

Statistical analysis was performed using SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA) and R version 4.3.0 (R Foundation
for Statistical Computing, Vienna, Austria). R code for analysis
is made available in the Supplementary Methods. Demographic
characteristics were examined by study cohort. Cox proportional
hazards regression models were used to examine the association
between sleep metrics and incident all-cause dementia by esti-
mating hazard ratios (HRs) with 95% confidence intervals (CIs).
Follow-up duration ranges for each cohort are provided in the
Supplementary Methods, and follow-up median durations are
provided in Table 1. For each cohort, dementia follow-up com-
menced from the date of the PSG study to the event of dementia.
Non-events were censored at death or until the last date they
were known to be dementia-free, or until administrative censor-
ing. Statistical models were adjusted for co-variates listed above.
The proportional hazard assumption was examined by including

an interaction term between the sleep exposure and the log of
follow-up time. The assumption was confirmed graphically and
statistically (P-value > 0.05) in all cohorts.

Pooled analysis of 5 U.S. cohorts

Study-level estimates were pooled centrally in random effects
models. The Sidik-Jonkman estimator method was used to cal-
culate the heterogeneity variance t* and the classic method
was used to calculate the 95% Cls around the pooled effect. The
Higgins I? test was implemented to test for heterogeneity in effect
sizes [20]. Statistical tests were all two-sided. All results were con-
sidered significant if p < .05.

Exploration of effect modification

Since sex [21, 22] and APOE [23] allele carrier status are associated
with both sleep and dementia risk, we explored effect modifica-
tion by APOE e4 allele carrier status (non-e4 carrier vs at least
one copy of e4) and sex (men vs women) by including interaction
terms in age and sex adjusted models. In the presence of a signif-
icant interaction (p < .05), results were stratified at each level of
the moderating variable. Interaction results were analyzed within
each cohort and not in the pooled analysis. Rather, we interpreted
patterns that were evident across studies. Sex was not examined
as a moderating variable in MrOS or SOF since these cohorts were
exclusively men and women, respectively, and APOE genotype
was not examined as a moderating variable in SOF (since it was
not available on all participants).

Secondary analysis

We performed a secondary pooled analysis using a random
effects model restricted to ARIC, CHS, and the FHS based on these
three cohorts having PSGs performed at the same time (from
1995-1998) in a methodologically consistent manner as part of
the multicenter Sleep Heart Health Study (SHHS) [17]. Moreover,
these cohorts had the most similar methods in terms of dementia
surveillance and adjudication.

Sensitivity analysis

To account for the potential confounding influence of OSA on
sleep macro-architecture measures, the primary analyses were
repeated including adjustments with the addition of the AHI.

Results

Sample demographics and sleep architecture measures across
cohorts are presented in Tables 1 and 2, respectively. Overall,
4657 participants were included in the analysis (30% were
women [owing to the large MrOS study being male only]; mean
age (weighted by cohort size) was 74 + 12 years and ranged
from 65-83 years at the time of PSG; 3.9% were Black; 95.6%
were White, and 0.5% were categorized as other race or ethnic-
ity. Across cohorts, 10.8% of participants did not have a high
school degree and 21.2% of participants reported using sleeping
pills regularly. In total, there were 998 (21.4%) incident demen-
tia cases across cohorts, with the highest percentage of cases
reported in the CHS (58.9%), one of the oldest cohorts with long
follow-up. The lowest percentage of dementia cases was in the
MrOS cohort (3.6%), which included only men. The median
follow-up time ranged between 4.8 to 19.2 years across cohorts.
Sleep characteristics for each cohort are presented in Table 2.
Sleep stages were mostly similar between cohorts, with the
exception of MrOS which had the highest levels of N1 and N2%
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Table 1. Demographic characteristics
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Participants, No. (%) (N=4657)

ARIC CHS FHS MrOS SOF
N =1092 N=913 N =363 N =2087 N =202

Age, mean (SD), years 65.9 (3.9) 77.3 (4.2) 67.5 (4.9) 76.3 (5.5) 82.8 (3.5)
Women 517 (47.3) 520 (57.0) 181 (49.9) 0(0.0) 202 (100.0)
Self-reported race and ethnicity

Black 3(0.3) 147 (16.1) 31(8.5) 0(0.0) 0(0.0)

White 1087 (99.5) 762 (83.5) 314 (86.5) 2087 (100.0) 202 (100.0)

Other 2(0.2) 4(0.5) 18 (5.0) (0.0) 0(0.0)
Education

<High school 155 (14.2) 181 (19.8) 37 (10.4) 88 (4.2) 44 (21.8)

High school 398 (36.5) 506 (55.5) 114 (32.0) 344 (16.5) 110 (54.5)

>High school 538 (49.3) 225 (24.7) 205 (57.6) 1655 (79.3) 48 (23.8)
Systolic BP, mean (SD) mmHg 124 (18) 130 (19) 132 (17) 126 (16) 135 (17)
Hypertension treatment 428 (39.2) 523 (57.3) 133 (36.8) 1369 (65.6) 139 (68.8)
Stage I Hypertension 443 (40.6) 538 (58.9) 188 (52.2) 1478 (70.8) 160 (79.2)
Prevalent diabetes 74 (6.8) 118 (12.9) 46 (12.8) 272 (13.0) 24 (11.9)
Prevalent CVD 114 (10.4) 106 (11.6) 41 (11.3) 852 (40.9) 36 (17.8)
Current smoker 97 (8.9) 53 (5.8) 39 (10.7) 40 (1.9) 4(2.0)
Body mass index, Median (Q1, Q3), kg/m?> 283 (253,31.8)  27.3(24.7,29.9) 273 (247,307)  268(24.7,29.4)  27.3(24.6,31.2)
Sleeping pill use 255 (23.4) 214 (23.6) 50 (14.2) 421 (20.2) 46 (22.8)
Antidepressant use 67 (6.1) 48 (5.3) 10 (2.8) 155 (7.4) 11 (5.5)
Sedative use 58 (5.3) 72 (7.9) 13 (3.6) 140 (6.7) 31 (15.4)
APOE e4 carrier 309 (28.3) 218 (23.9) 81 (22.3) 484 (23.2) 22 (10.9)
Incident all cause Dementia 289 (26.5%) 538 (58.9%) 73 (20.1%) 75 (3.6) 23 (11.4)
Median follow-up time, years (Q1, Q3) 19.2 (13.8,21.6) 5(4.1,13.6) 15.7 (9.8,21.1) 10.5 (7.6, 11.4) 8(4.1,5.2)

‘Values are n (%) unless otherwise specified as mean (SD) or median [Q1, Q3] for non-normally distributed variables.
"APOE e4 carrier status was calculated as the percentage among those for whom their status was known in SOF. ARIC, Atherosclerosis Risk in Communities study;

CHS, Cardiovascular Health Study; FHS, Framingham Heart Study; MrOS, Osteoporotic Fractures in Men Study; SOF, Study of Osteoporotic Fractures; CVD,

cardiovascular disease.

and lowest levels of N3%. SME was similar between ARIC, CHS
and FHS (ranging between 85-87%), but lowest in MrOS and SOF
(range 78-82%). Similarly, WASO ranged between 54-63 minutes
across ARIC, CHS and FHS and was highest in MrOS and SOF
(76 to 101 minutes). Across cohorts, the average AHI ranged
between 6-8 events/hour. The proportion who experienced
short sleep duration of < 6 hours per night ranged from 43-52%.

Sleep and dementia risk

Figure 1 presents the pooled analysis results, summarizing the asso-
ciation between sleep exposures and incident all-cause dementia.
In the majority of cohorts, higher N3% (Figure 1c) and lower REM%
(Figure 1d) was associated with a non-significant increased risk of
dementia. However, pooled estimates revealed no statistically sig-
nificant associations between these sleep exposures and demen-
tia risk. Higher SME% (Figure 1le) and lower WASO (Figure 1f) were
associated with reduced dementia risk in some cohorts (e.g., ARIC,
FHS and SOF), though these were largely non-significant; the overall
pooled association with dementia risk was not statistically signifi-
cant. Additionally, heterogeneity in effect estimates between studies
was moderate to substantial in these models (SME% 12 = 50% [95% CI
0.0%, 82%]; WASO I? = 72% [95% CI 29%, 89%)).

In the majority of the cohorts, moderate to severe OSA was
associated with increased dementia risk (Figure 1h), though
these associations were non-significant as was the overall pooled
estimate.

Analysis of delta power produced mixed results amongst the
cohorts (Figure 1i). Two cohorts showed that higher delta power
was associated with reduced dementia risk; however, these same
associations were not observed in the other cohorts, and the
pooled estimates of the 5 cohorts showed no significant associa-
tions. There was, however, moderate to substantial heterogeneity
in effect estimates between studies (Delta power 12 = 78% [95% CI
46%, 91%).

In the secondary analysis limited to CHS, FHS and ARIC from
the SHHS, there were 2367 participants and 900 incident demen-
tia cases. Compared to the primary analyses, the age range was
slightly younger (range 65 to 77 years; weighted mean age 70.5
years), a higher proportion were women (51.6%), and the aver-
age follow-up time was longer (range 8.5 to 19.2 years). In these
analyses, restricting to three cohorts, higher N3% was margin-
ally associated with increased dementia risk (HR = 1.06; 95% CI
= 1.00 to 1.12, p <.05), such that for every percentage increase
in N3 sleep there was a 6% increase in dementia risk (Figure 2).
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Table 2. Sleep characteristics
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Median (Q1, Q3) ARIC CHS FHS MroS SOF

N=1092 N=913 N =363 N =2087 N =202
N1 (%) 3.1,7.7) 2.7,7.3) 3.0,7.3) 4.0,8.0) 2.7,5.9)
N2 (%) 56.0 (11.5) 57.9 (12.6) 56.75 (12.0) 62.6 (9.5) 55.0 (12.5)
N3 (%) 17.5(8.3,25.4)  16.3(7.3,25.8) 17.7 (8.8, 26.3) 10.3 (4.1, 17.0) 19.6 (12.6, 29.1)
REM (%)

Sleep maintenance efficiency (%)

Wake after sleep onset (min)

Apnea-hypopnea index (no. events/hour)

OSA categories (events/hour)

Normal: AHI < 5;

Mild: AHI 5 to < 15
Moderate: AHI 15 to < 30
Severe: AHI > 30

Total sleep time < 6 hours, n (%)

Relative Delta power N2 + N3

1

(

(
20.4 (5.9)
87.4 (80.6,91.6)
54.0 (34.5, 85.0)

2(2.3,13.9)
437 (44.7%
315 (32.2%
148 (15.2%

77 (7.88%
488 (44.7)
0.50 (0.05)

)
)
)
)

7

(

(
18.7 (6.3)
85.0 (76.7, 90.8)
63.5(37.5,101.3)

3(2.8,15.4)
313 (39.32%)
281 (35.30%)
133 (16.71%)

69 (8.67%) A
471 (51.6)
0.48 (0.05)

8

(

(
19.5 (5.9)
87.0 (80.0, 92.1)
55.5 (32.5, 87.5)

5(2.2,14.3)
155 (44.41%)
112 (32.09%)

61 (17.48%)

21 (6.02%)
157 (43.3)
0.49 (0.05)

0
©.
(
193 (6.5)
78.5 (70.4, 85.0)
101.0 (66.0, 145.0)
2(3.2,17.1)
920 (35.66)
907 (35.16)
501 (19.42)
252 (9.77)
1038 (49.7)
0.45 (0.05)

82.2 (73.4,88.7)

1
(

(
18.6 (6.8)
(
760(475 116.5)

4(

2.5,13.2)
144 (38.1)
146 (38.6)

60 (15.9)

28(7.4)
104 (51.4)
0.43 (0.05)

‘Values are median (Q1, Q3) for non-normally distributed data or mean (SD) for normally distributed data, unless specified as n (%).
N1, stage 1 non-rapid eye movement sleep; N2, stage 2 non-rapid eye movement sleep; N3, stage 3 non-rapid eye movement sleep; REM, rapid eye movement
sleep; OSA, obstructive sleep apnea; AHI, apnea-hypopnea index.

Study N events
a)N1%

12 = 48.5% (0.0%-81.1%), p=0.100

ARIC 289
CHS 538
FHS 73
MrOS 75
SOF 22
Pooled effects 997
b) N2%

"2 = 0.0% (0.0%-79.2%), p=0.486

ARIC 289
CHS 538
FHS 73
MrOS 75
SOF 23
Pooled effects 998
c) N3%

12 = 38.5% (0.0%-77.2%), p=0.164

ARIC 289
CHS 538
FHS 73
MrOos 75
SOF 22
Pooled effects 997
d) REM%

"2 = 41.4% (0.0%-78.4%), p=0.145

ARIC 289
CHS 538
FHS 73
MrOS 75
SOF 23
Pooled effects 998

1091

363
2086
196
4649

1091
913
363

2086

4655

1091

363
2086
196
4649

1091
913

2086
202
4655

1.06
0.91
1.34
1.01
1.00
1.02

0.99
1.00
1.00
1.01
0.99
1.00

1.11
1.03
1.08
1.00
1.02
1.03

0.99
1.00
0.94
0.98
0.97
0.98

95% Cl

(090, 1.25)
(0.81,1.01)
(099, 1.82)
(0.98,1.05)
(0.93,1.08)

(0.91,1.14)

(0.99, 1.00)

(1.02, 1.20)
(0.97, 1.09)
(0.90, 1.30)
(0.99,1.02)
(0.9, 1.05)
(0.99, 1.06)

(0.96, 1.00)
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e) Sleep Maintenance Efficiency, %
"2 = 49.6% (0.0%-81.5%), p=0.094

ARIC
CHS
0.070 FHS
MrOS
SOF

ARIC
CHS
FHS
Mros
SOF

0.674 ARIC
CHS
FHS
Mros
SOF

ARIC
CHS
0.271 FHS
MrOS
SOF

0.576 ARIC
CHS

FHS
0.238 MroS

Pooled effects
f) Wake After Sleep Onset, min
"2 = 71.8% (28.9%-88.8%), p=0.007

Pooled effects
g) Total sleep time: <=6 hours vs >6 (ref)
A2 = 0.0% (0.0%-79.2%), p=0.925

Pooled effects
h) Moderate to Severe OSA
12 = 0.0% (0.0%-79.2%), p=0.754

Pooled effects

SOF
Pooled effects

N events N HR 95% ClI
289 1091 0.88 (0.72,1.09)
538 913 1.08 (0.93,1.25)

73 363 0.66 (0.42,1.03)
75 2080 0.89 (0.55,1.44)
22 196 051 (0.21,1.24)
997 4643 0.87 (0.68,1.11)
289 1091 1.13 (0.94,1.35)
538 913 0.89 (0.79,1.01)
73 363 1.37 (0.93,2.04)
75 2086 1.04 (0.70, 1.54)
22 196 271 (1.29,5.71)
997 4649 1.20 (0.86, 1.69)
289 1091 1.03 (0.82, 1.31)
538 913 1.12 (0.94,1.34)
73 363 1.14 (0.70, 1.85)
75 2086 1.14 (0.72, 1.80)
-95)

i) Relative delta power N2+N3 (1-4Hz)
1A2 = 77.8% (46.4%-90.8%), p=0.001

998 4655 1.09 (0.94, 1.26)
261 977 1.02 0.74, 1.41)
461 796 0.94 (0.75,1.18)
68 342 1.25 (0.69,2.26)
75 2084 1.04 (0.62,1.74)
23 202 1.65 (0.63,4.33)
888 4401 1.03 (0.84,1.27)
289 1092 1.04 (0.94,1.16)
538 913 0.85 (0.79,0.93)
73 363 0.77 (0.60,0.98)
75 2070 0.99 (0.98,1.00)
22 196 1.00 (0.98,1.02)
997 4634 0.95 (0.86, 1.05)

P value

0.245
0.290
0.068
0.621
0.137
0.261

0.189
0.079
0.115
0.848
0.009
0.285

0.777
0.184
0.590
0.571
0.596
0.246

0.889
0.595
0.461
0.878
0.307
0.769

020 050 1.0 20 500

Incident Dementia

Figure 1. Pooled association between sleep macro-architecture measures and incident dementia. Figure depicts the pooled analysis of 5 U.S. cohorts
with forest plot. All results were adjusted for age (years), sex (men vs women), BMI (kg/m?), antidepressant use (yes vs no), sedative use (yes vs

no), and APOE e4 status (non e4 carrier vs at least one copy of e4). Cohort studies included: ARIC, Atherosclerosis Risk in Communities study; CHS,
Cardiovascular Health Study; FHS, Framingham Heart Study; MrOS, Osteoporotic Fractures in Men Study; SOF, Study of Osteoporotic Fractures. The
sleep exposures in each model included: N1, non-rapid eye movement sleep stage 1; N2, non-rapid eye movement sleep stage 2; N3, non-rapid eye
movement sleep stage 3; REM, rapid eye movement sleep; WASO, Wake after sleep onset; SME, sleep maintenance efficiency; Moderate to Severe OSA
(obstructive sleep apnea; AHI > 15 vs < 15 events/hour); Relative Delta Power N2 + N3 (1-4Hz). Note that, for relative delta power, HRs were re-scaled
to reflect a 0.05 (5%) unit change in relative delta power to improve interpretability. Also, square root transformation was applied to N1% and N3%
and natural log transformation was applied to SME%, WASO and the AHI due to skewed distributions of these sleep metrics. Dementia case numbers
are presented for each cohort with hazard ratio (HR) and 95% confidence intervals (95% CI) for dementia risk. Heterogeneity in effect sizes was

determined via the Higgins I” test. Statistical significance, p < .05.

There were no other associations identified with the other sleep

exposure variables.

Moderation analysis

Results for the moderation analysis by APOE e4 status and sex
are presented in Tables S2 to S5. There was no consistent pattern

of moderation of APOE e4 status or sex between any of the sleep

measures and dementia incidence across cohorts.

Sensitivity analysis

Additional adjustment for the AHI did not meaningfully alter the
results (Table S6).
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Study N events N HR 95% CI P value

a) N1%

12 = 71.9% (5.1%-91.7%), p=0.028

ARIC 289 1091 1.06 (0.90, 1.25) — 0.465

CHS 538 913 091 (0.81,1.01) —— 0.070

FHS 73 363 1.34 (0.99,1.82) —_— 0.058

Pooled effects 900 2367 1.05 (0.85,1.30) —==IIz==— 0.641

b) N2%

12 = 26.9% (0.0%-92.4%), p=0.255

ARIC 289 1091 0.99 (0.98, 1.00) L] 0.023

CHS 538 913 1.00 (0.99, 1.01) ] 0.601

FHS 73 363 1.00 (0.98,1.02) - 1.000

Pooled effects 900 2367 0.99 (0.99, 1.00) 3 0.194

¢) N3%

12 = 5.9% (0.0%-90.2%), p=0.346

ARIC 289 1091 1.11  (1.02,1.20) —— 0.018

CHS 538 913 1.03 (0.97,1.09) —— 0.363

FHS 73 363 1.08 (0.90,1.30) —— 0.414

Pooled effects 900 2367 1.06 (1.00,1.12) - 0.050

d) REM%

"2 = 66.4% (0.0%-90.3%), p=0.051

ARIC 289 1091 0.99 (0.97,1.01) - 0.539

CHS 538 913 1.00 (0.98,1.01) L] 0.576

FHS 73 363 0.94 (0.90,0.98) - 0.006

Pooled effects 900 2367 0.98 (0.95,1.01) - 0.264
I
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Study N events N HR 95% CI P value

e) Sleep Maintenance Efficiency, %

A2 = 65.1% (0.0%-90.0%), p=0.057

ARIC 289 1091 0.88 (0.72,1.09) —— 0.245

CHS 538 913 1.08 (0.93,1.25) —— 0.290

FHS 73 363 0.66 (0.42,1.03) —&— 0.068

Pooled effects 900 2367 0.91 (0.70,1.18) —— 0.470

f) Wake After Sleep Onset, min

N2 = 72.4% (6.7%-91.8%), p=0.027

ARIC 289 1091 1.13 (0.94,1.35) —— 0.189

CHS 538 913 0.89 (0.79,1.01) - 0.079

FHS 73 863 1.37 (0.93,2.04) — - 0.115

Pooled effects 900 2367 1.06 (0.84,1.34) —— 0.604

g) Total sleep time: <=6 hours vs >6 (ref)

"2 = 0.0% (0.0%-89.6%), p=0.844

ARIC 289 1091 1.038 (0.82,1.31) —a— 0.777

CHS 538 913 1.12  (0.94,1.34) —— 0.184

FHS 73 363 1.14 (0.70, 1.85) —_— 0.590

Pooled effects 900 2367 1.10 (0.96, 1.26) - 0.188

h) Moderate to Severe OSA

12 = 0.0% (0.0%-89.6%), p=0.660

ARIC 261 977 1.02  (0.74,1.41) —— 0.889

CHS 461 796 094 (0.75,1.18) —— 0.595

FHS 68 342 125 (0.69,2.26) —a—— 0461

Pooled effects 790 2115 1.00 (0.82,1.21) — 0.967

i) Relative delta power N2+N3 (1-4Hz)

12 = 81.1% (41.0%-93.9%), p=0.005

ARIC 289 1092 1.04 (0.94,1.16) - 0.446

CHS 538 913 0.85 (0.79,0.93) - <0.001

FHS 73 363 0.77 (0.60,0.98) —— 0.031

Pooled effects 900 2368 0.90 (0.76, 1.06) ——— 0.207
0.50 1.0 2.0

Incident Dementia

Figure 2. Pooled association between sleep macro-architecture measures and incident dementia—secondary analysis restricted to ARIC, CHS, FHS
cohorts. Figure depicts the pooled analysis of 5 U.S. cohorts with forest plot limited to three cohorts. All results were adjusted for age (years), sex (men
vs women), BMI (kg/m?), antidepressant use (yes vs no), sedative use (yes vs no), and APOE e4 status (non e4 carrier vs at least one copy of e4). Cohort
studies included: ARIC, Atherosclerosis Risk in Communities study; CHS, Cardiovascular Health Study and the FHS, Framingham Heart Study. The
sleep exposures in each model included: N1, non-rapid eye movement sleep stage 1; N2, non-rapid eye movement sleep stage 2; N3, non-rapid eye
movement sleep stage 3; REM, rapid eye movement sleep; WASO, Wake after sleep onset; SME, sleep maintenance efficiency; Moderate to Severe OSA
(obstructive sleep apnea; AHI > 15 vs < 15 events/hour); Relative Delta Power N2 + N3 (1-4Hz). Note that, for relative delta power, HRs were re-scaled
to reflect a 0.05 (5%) unit change in relative delta power to improve interpretability. Also, square root transformation was applied to N1% and N3%
and natural log transformation was applied to SME%, WASO and the AHI due to skewed distributions of these sleep metrics. Dementia case numbers
are presented for each cohort with hazard ratio (HR) and 95% confidence intervals (95% CI) for dementia risk. Heterogeneity in effect sizes was

determined via the Higgins I* test. Statistical significance, p <.05.

Discussion

To our knowledge, this is the largest initiative to investigate the
association between PSG-derived sleep architecture measures
and risk of dementia. Across five US cohorts, the overall pooled
effects showed no association between sleep variables and inci-
dent dementia, although some sleep stage percentages and
measures of sleep disruption revealed a non-significant associa-
tion toward increased dementia risk. Higher levels of delta power,
reflecting slow-wave activity, also revealed a non-significant
reduction in dementia risk. Further, the effect modification anal-
ysis showed few and inconsistent interactions of sex and APOE
e4 positivity on associations between sleep and dementia. There
was also moderate to large heterogeneity between study effects
for some sleep metrics. Of note, when data were restricted to the
three SHHS cohorts, there was an unexpected suggestion that
higher N3% was associated with greater increased dementia risk
but not for other stages.

N3 sleep is important for memory consolidation [24, 25] and
animal studies indicate that slow-wave activity (occurring at the
delta frequency 0.5-4 Hz), which is dominant during N3 sleep,
plays an important role in the glymphatic clearance of amyloid-
[7]. Thus, we hypothesized that lower N3% may be one of the
strongest predictors of dementia risk. In contrast to our expec-
tations, our primary results suggest that individual differences in
N3 quantity at a discrete time point may not be meaningful for
dementia prediction. In line with these findings, the initial analy-
sis of the SDC cohorts also showed no association between sleep
stage durations and cognition [12]. To further isolate the contri-
bution of slow-wave activity to dementia risk, we also investi-
gated whether spectral estimates of relative delta power may be

associated with dementia risk. However, though some cohorts did
show that a higher amount of delta power (CHS and FHS) was
associated with a reduction in dementia risk, there were mixed
findings among the other cohorts.

There are several explanations for our findings. Importantly,
the measure of N3% or delta power may not completely capture
the full range and detail of EEG oscillatory activity (e.g., including
Up and Down states of increased and quiet activity) reflective of
variations in cortical rhythms believed to be important for syn-
aptic plasticity and memory consolidation [26]. That is, within
scored N3 sleep, the duration of slow waves, their coupling with
spindles and frequency power vary. In this study, we investigated
delta power within the frequency range of 1-4Hz. However, stud-
ies have shown that within the delta frequency band, slow fre-
quencies (0.5-1 Hz) vs higher frequencies (up to 4 Hz) have inverse
associations with cognitive outcomes [14]. Previous studies that
utilized spectral analysis have shown that the duration of slow-
wave oscillations and the ratio of slow (< 1 Hz) to delta waves (0.5
to 4 Hz), not N3 duration, were associated with cognitive perfor-
mance [14]. Further, slow delta power has been associated with
better brain integrity (assessed by gray matter volume and per-
fusion measures), while the inverse association for faster delta
waves was observed [27]. This suggests the need to characterize
multiple aspects of slow-wave activity, as well as EEG features
such as spindles and K complexes.

Another explanation for our largely null findings could be the
age range at which participants were studied. As N3 sleep declines
with age, individual differences at younger ages than studied here
may be more relevant to the study of late-life dementia risk (e.g.,
a lower percentage of N3 sleep or delta power at an earlier age
may be indicative of accelerated brain aging). It is also possible

Gz0z Jaquieldag Qg uo Jesn uabunyuesyig saneisusBapoinap Joni wnuusz sayosinad Aq 0/8€€18/6Z 118SZ/6/81/o[0nie/das|s/woo dno-olwapeoe//:sdny woJj papeojumoq



8 | SLEEPJ, 2025,Vol. 48,No. 9

that a loss or gain in N3% over time is more important for deter-
mining dementia risk, rather than differences between individu-
als at a given time point. Recent data from the FHS showed that a
1% decline in N3% per year was associated with a 27% increased
risk of dementia [23].

The finding that higher N3% was marginally associated with
increased dementia risk in the analysis restricted to the three
original SHHS cohorts should not be overinterpreted, given that
it was not significant in the primary analyses and the large num-
ber of comparisons conducted. Nevertheless, there are a number
of mechanisms that could explain this association. N3 sleep is a
highly reactive sleep stage [28]. Higher N3 sleep may reflect high
homeostatic sleep pressure due to prior night sleep deprivation.
That is, higher N3% captured by the single overnight sleep study
may serve as a proxy forirregular sleep patterning or chronic sleep
deprivation. Alternatively, our findings may reflect the capacity
of central mechanisms to make a compensatory increase in the
proportion of N3 sleep to protect the brain. It has been proposed
that N3 sleep may be responsive to wake-dependent buildup of
metabolic and oxidative byproducts, whereby slow-wave activity
increases to counterbalance amyloid-B aggregation [29]. Those
with higher amounts of N3 sleep may reflect individuals with ele-
vated levels of amyloid. Speculatively, in select people, loss of the
ability for N3 sleep to accommodate the accumulation of amy-
loid could reflect the tipping point at which individuals become
vulnerable to neurodegeneration and subsequent dementia.
However, further longitudinal studies with sleep assessed at mul-
tiple time points are required to confirm this contention.

In contrast to previous studies [11, 30], this study found no
association of REM% and OSA with incident dementia. For REM
sleep associations, the possible null findings in this pooled anal-
ysis of the 5 cohorts may be due to the older age range stud-
ied in the overall sample. Unlike N3 sleep, REM sleep sees little
decline with older age [1], resulting in a smaller range of REM
changes which may be too small to detect a difference. For OSA
and dementia associations, although some studies have identi-
fied that OSA is associated with higher dementia risk [10, 31], it
is important to note that treatment of OSA was part of the exclu-
sion criteria for the Sleep Heart Health Study cohorts (ARIC, CHS,
FSH) and MrOS. Further, we did not capture reliable information
on OSA treatment during the follow-up period. Thus, some par-
ticipants with baseline OSA in our study may have been treated,
potentially dampening associations between baseline OSA and
dementia risk. In these same SDC cohorts, we have previously
shown that OSA was associated with poorer cognition within
5-years [12] suggesting that, despite the present findings, OSA
may still have more subtle adverse effects on brain health.

Our previous results in the SDC cohort [12], as well as findings
from other studies utilizing actigraphy [32], indicate that higher lev-
els of sleep disruption (e.g., lower sleep efficiency and high WASO)
are associated with poorer cognition. Although there was a nominal
tendency for sleep disruption measures to associate with dementia
risk in some cohorts, the pooled effects in this study showed no sig-
nificant associations. We did observe that higher amounts of WASO
were associated with significantly increased dementia risk in the
SOF cohort, which was the oldest cohort with the shortest duration
of follow-up. Thus, it is possible that reverse causation may under-
lie this relationship. Measures of sleep disruption at multiple time
points across the lifespan would be helpful to further determine the
temporal association between WASO and dementia risk.

We also investigated whether any of the study effects were
influenced by APOE or sex. While APOE e4 carriage is the most

important genetic risk factor for dementia [33], and dementia risk
is highest among women [34], evidence to show that these factors
(APOE e4 carriage or sex) moderated any of the sleep-dementia
associations was inconsistent between studies. However, these
interactions could be dependent on cohort-specific characteris-
tics (e.g., age or sex distributions). Thus, investigating these mod-
eration effects may require a larger sample size (with a higher
number of dementia cases) to truly tease out these relationships
if they exist.

This study has a number of strengths, including the large sam-
ple size, long prospective follow-up duration, representation from
five different cohorts and use of methodologically consistent PSG
recordings. However, there were several limitations. Firstly, not
all studies adjudicated dementia using DSM criteria. To address
this in some manner, we performed a sensitivity analysis that
contained only the original SHHS cohorts, which had similar
dementia adjudication methods. In this analysis, we saw HRs
of mostly similar in magnitude and direction for all sleep meas-
ures. Secondly, sleep was measured over a single night, which
may not fully represent habitual sleep patterns and sleep archi-
tecture. Thus, future studies that utilize PSG recordings across
several nights and accelerometry may provide a more robust
characterization of sleep architecture and its variability. This is
particularly relevant given that lower sleep regulatory and circa-
dian rhythmicity have been associated with the risk of dementia
[35]. Also, as there could be a critical age where sleep measures
more strongly relate to late-life dementia risk, we may not have
assessed sleep at the optimal life stage to capture sleep-dementia
associations.

Implications and Conclusions

Sleep has been implicated in many mechanisms that arerelated to
dementia, such as memory formation [36], glymphatic clearance
[7], and vascular brain health [37]. However, the role of poor sleep
as a dementia risk factor remains poorly understood. The current
findings suggest that sleep stage quantity, basic sleep disruption
and slow wave activity measures obtained at a single time point
may not be useful for predicting long-term dementia risk overall.
In light of this, research efforts could be directed to explore more
precise neurophysiological measures of sleep, including more
quantitative measures of oscillations and dynamic changes of the
EEG across the sleep period, including distributions of sleep spin-
dles (e.g., slow-wave spindle coupling metrics). Moreover, rather
than using individual metrics as exposures, more advanced sta-
tistical techniques could be used to derive different sleep phe-
notypes from combinations of individual metrics. Also, when
considering other recent findings [23], understanding the trajec-
tories of sleep with aging, rather than single point measurements,
may be more informative for dementia risk. This study also high-
lights that there is marked variability in sleep-dementia associ-
ations between different cohorts. Identification of the drivers of
this heterogeneity will be an important next step, as there may
be certain factors that protect against dementia in the face of
poor sleep. In other words, individual sleep metrics may be more
predictive in specific subpopulations.

In conclusion, sleep architecture measures investigated in
this study were not consistently associated with dementia risk.
Although N3 sleep plays a role in glymphatic clearance [7] and
declining N3 sleep has been linked with dementia [23], individual
differences in N3 sleep do not have a straightforward association
with dementia risk. Future studies stratifying data according to
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dementia subtypes is needed, as sleep associations may differ
among them. Finally, examining more complex micro-architectural
measures of sleep, how sleep metrics change over time, and N3
associations with amyloid and tau burden will be important for
further elucidating sleep and dementia relationships.

Supplementary material

Supplementary material is available at SLEEP online.
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