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Abstract

Study Objectives: Although short sleep could promote neurodegeneration, long sleep may be a marker of ongoing neurodegener-
ation, potentially as a result of neuroinflammation. The objective was to evaluate sleep patterns with age of expected Alzheimer’s
disease (AD) onset and neuroinflammation.

Methods: We tested 203 dementia-free participants (68.5 + 5.4 years old, 78M). The PREVENT-AD cohort includes older persons with a
parental history of AD whose age was nearing their expected AD onset. We estimated expected years to AD onset by subtracting the
participants’ age from their parent’s at AD dementia onset. We extracted actigraphy sleep variables of interest (times of sleep onset
and morning awakening, time in bed, sleep efficiency, and sleep duration) and general profiles (sleep fragmentation, phase delay, and
hypersomnia). Cerebrospinal fluid (CSF) inflammatory biomarkers were assessed with OLINK multiplex technology.

Results: Proximity to, or exceeding, expected age of onset was associated with a sleep profile suggestive of hypersomnia (longer sleep
and later morning awakening time). This hypersomnia sleep profile was associated with higher CSF neuroinflammatory biomarkers
(IL-6, MCP-1, and global score). Interaction analyses revealed that some of these sleep-neuroinflammation associations were present
mostly in those closer/exceeding the age of expected AD onset, APOE4 carriers, and those with better memory performance.

Conclusions: Proximity to, or exceeding, parental AD dementia onset was associated with a longer sleep pattern, which was related to
elevated proinflammatory CSF biomarkers. We speculate that longer sleep may serve a compensatory purpose potentially triggered by
neuroinflammation as individuals are approaching AD onset. Further studies should investigate whether neuroinflammatory-triggered
long sleep duration could mitigate cognitive deficits.
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Graphical Abstract

« Sample: 203 dementia-free older participants with a familial history of sporadic AD.
* Measures: sleep characteristics with 1 week of actigraphy; neuroinflammatory biomarkers in the cerebrospinal fluid (CSF).
* Years remaining to expected onset of AD symptoms = (Parent age at AD onset — Age of the participant).
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Higher neuroinflammatory
biomarkers measured in
the CSF were also
associated with a longer
sleep profile.

Approaching, or exceeding,
the age that their parent were
at AD onset (while remaining

dementia-free) was associated
with a longer sleep profile.
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This profile of longer sleep with elevated inflammation
was especially observed in those who had a better
memory performance. When approaching, or
exceeding, expected AD onset, neuroinflammation
could trigger compensatory elongation of sleep.

Statement of Significance

impact on the brain, such as delayed age of onset.

Long sleep duration has been associated with increased risk of Alzheimer’s disease (AD). As it is unclear whether longer sleep
duration is detrimental in itself, this long sleep pattern has been hypothesized to reflect neurodegeneration and/or neuroinflam-
mation. We have found that as individuals are getting closer to or exceeding expected age of AD onset (i.e. the age that their parent
developed AD), they presented longer sleep duration, which in turn, was associated with elevated biomarkers of neuroinflamma-
tion, especially in individuals with better cognitive performance. Neuroinflammatory processes in the AD trajectory could trigger
compensatory increase in sleep duration. Future studies should evaluate whether long sleep duration could result in beneficial

Introduction

Self-reports of both short and long sleep duration are asso-
ciated with increased risk of Alzheimer’s disease (AD) [1-3].
Short sleep duration potentially represents chronic sleep loss
and deprivation, which may promote AD pathology [4]. By con-
trast, associations between long sleep duration and AD risk are
more intriguing, having been suggested to indicate either neu-
rodegenerative damage to structures that promote wakeful-
ness [5], or a compensatory increase potentially in response to
neurodegenerative-related processes such as neuroinflammation
[6]. The latter mechanism appears especially plausible, because
AD progression is associated with neuroinflammatory processes
[7, 8], and long sleep duration is known to be associated with ele-
vated inflammatory levels [9]. Specifically, experimental studies
have shown that higher interleukin-6 (IL-6) levels in the brain
promote deeper sleep [6], potentially to help resolve inflamma-
tion and remove debris through increased enhanced glymphatic
clearance [10-12].Thus, a U-shaped association between sleep
duration and AD risk is well substantiated. Questions remain,
however, about the sleep profile observed years before AD onset.
Only a few experimental designs allow the study of these phe-
nomena in high-risk older persons who are nearing a likely onset
of AD symptoms. The PRe-symptomatic EValuation of Novel or
Experimental Treatments for Alzheimer’s Disease (PREVENT-AD)

cohort, begun in 2011, offers an excellent opportunity for such
study [13]. This longitudinal study has followed participants,
most aged 65 years and older and all cognitively unimpaired
at study entry. They were also required to have a parental or
multiple-sibling history of “sporadic” AD, which could place them
at a genetic risk—that is two- to three-fold higher—of develop-
ing AD [13-17]. We have previously reported that the proximity
of their age to their parent’s age of AD onset (or exceeding it) is
associated with higher amyloid costs, especially in APOE4 carri-
ers [15]. Here, we describe efforts to characterize the sleep profile
observed in participants with a limited brief number of expected
years remaining before their own age of AD onset (EYO), defined
by convention as the difference between their age and that of
AD onset in their first-affected parent. In this study, we aimed
to investigate sleep patterns measured with actigraphy in asso-
ciation with the EYO score, and in association with neuroinflam-
matory biomarkers. We tested the hypothesis that specific sleep
patterns, such as longer sleep duration, appear as people are get-
ting closer to expected AD onset; a sleep pattern that could be
due in part to neuroinflammatory processes, which are known
to play a role in sleep regulation. For this work, we selected and
tested in the cerebrospinal fluid (CSF) two cytokines/chemokines
that are well established as being involved in AD progression,
namely IL-6 and monocyte chemotactic protein 1 (MCP-1, also



Table 1. Descriptive Characteristics of the Sample
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Characteristics Full sample CSF
(n=203) subsample
(n=100)
Age, years 68.25 (5.41) 67.45 (5.46)
Sex, n men (%) 78 (38.4) 29 (29.0)
Education, years 15.16 (3.37) 15.13 (3.17)
Retirement, n (%) 143 (70.4) 61 (61.0)
Body mass index, kg/m? 27.08 (4.83) 27.50 (4.28)
Gerlatric Depression Scale, score 1.50 (2.14) 1.21(1.79)
Geriatric Anxiety Inventory, score 2.17 (3.63) 1.77 (3.02)
Hypertension or usage of antihypertensive, n (%) 61 (30.1) 30 (30.0)
Usage of statins, n (%) 49 (24.7) 26 (26.0)
History of atrial fibrillation, n (%) 23 (11.3) 8(8.0)
Years remaining before estimated expected onset (EYO), years” 5.64 (7.56) 5.81 (7.41)
Up to 5 years before expected onset, n (%) 79 (38.9) 36 (36.0)
5 to 10 years before expected onset, n (%) 56 (27.6) 31 (31.0)
More than 10 years before expected onset, n (%) 54 (26.6) 26 (26.0)
MCI progressors, n (%) 34 (16.8) 17 (17.0)
MCI at the time of actigraphy, n (%) 10 (4.9) 6 (6.0)
Delayed memory, RBANS score 105.27 (10.54) 104.96 (11.24)
APOE4 allele carrier status, n (%) 78 (38.4) 40 (40.0)
CSF IL-6 levels, npx — 3.04 (0.55)
CSF MCP-1 levels, npx — 13.85 (0.48)
CSF t-tau/AB,, — 0.24 (0.22)

CSF p-taul81/AB,,

Sleep characteristics, weekly average

Time of sleep onset, hh:mm

Time of last morning awakening, hh:mm
Time in bed, min

Sleep efficiency, %

Sleep duration, min

23:18 (00:58)
07:11 (01:06)
504.22 (55.11)
86.97 (5.95)
438.79 (52.98)

0.049 (0.031)

23:22 (00:58)
07:01 (01:07)
492.23 (50.98)
86.69 (6.75)
426.34 (50.93)

CSF, cerebrospinal fluid; EYO, expected years remaining before clinical onset; MCI, mild cognitive impairment; RBANS, Repeatable Battery for the Assessment of
Neuropsychological Status; APOE4, carriers with > 1 ¢4 allele; IL-6, interleukin-6; MCP-1, monocyte chemoattractant protein 1; npx, normalized protein expression

levels.
‘Significant difference between the full and CSF subsample.

"EYO for those with a history of parental sporadic AD (n = 189), excluding those with a multiple-sibling history of AD. The group “up to 5 years before expected
onset” include those with an EYO score between 0 and 5 that are proximal to age of parental onset, as well as those with a negative EYO score that exceeded age

of parental onset while remaining dementia-free.

known as CCL-2) [18-20]. IL-6 is central in regulating inflamma-
tory cascades in feedback loops [21], and its levels in the brain
have repeatedly been shown to regulate sleep [6]. In the central
nervous system, MCP-1 is also a key neuroinflammatory species
that promotes cellular migration and blood-brain barrier perme-
ability changes that propagate inflammation [22]. Secondly, we
investigated whether the associations between sleep patterns
and neuroinflammatory biomarkers differed according to mark-
ers of AD progression and risk. We hypothesized that the associa-
tion between sleep patterns and neuroinflammatory biomarkers
would be especially apparent in those displaying markers of
AD progression. These markers of AD progression were the EYO
score; delayed recall memory performance given its predictive
value for AD [23, 24]; mild cognitive impairment (MCI) progressor
status; the APOE4 allele carrier status; and AD biomarkers meas-
ured in the CSE.

Materials and Methods

PREVENT-AD cohort and expected years
remaining before clinical onset (EYO) scores

The PREVENT-AD Cohort is based in Montreal [13]. It evalu-
ates older participants potentially at risk using a longitudinal
multi-modal examination protocol. Participants have been tested
annually since 2011 with cognitive assessments as well as with
actigraphy and fluid biomarkers at selected years. Here, 203 par-
ticipants who remained free of dementia underwent actigraphy
testing. Of note, a few participants presented with MCI at the time
of actigraphy (Table 1). They provided signed informed consent
before their participation, and the protocol was approved by the
ethics committee of McGill University. EYO scores were calcu-
lated as described above, that is, by subtracting the age of the
participant from the age of their first-affected parent’s onset. EYO
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Table 2. Principal Component Analyses of Sleep Characteristics

PC1-sleep fragmentation
40.9% of the variance

PC2-phase delay
21.9% of the variance

PC3-hypersomnia
19.9% of the variance

Time of sleep midpoint 0.039
Time of sleep onset 0.018
Time of morning awakening 0.051
Time in bed 0.289
Activity count per min 0.832
Sleep onset latency 0.511
Sleep efficiency -0.868
Wake after sleep onset 0.915
Sleep duration -0.244
Sleep proportion -0.956
Number of sleep bouts 0.734
Fragmentation index 0.877

0.978 0.171
0.944 -0.311
0.82 0.558
0.068 0.905
0.031 -0.029
0.277 -0.075
—-0.069 0.244
—-0.061 0.236
0.015 0.963
0.07 -0.007
-0.025 0.293
0.081 -0.009

PC, principal component; bold values represent those that loaded > 0.5 and contributed the most to the component.

scores were calculated at the time of actigraphy. A positive value
for EYO indicates a participant who was younger than their par-
ent’s age of onset, while a negative number means that the par-
ticipant’s age exceeded this value while remaining dementia-free.
For example, a person aged 75 years old with a parent who devel-
oped AD at 80 has an EYO score of 5. A person aged 65 years
old with a parent who developed AD at 75 years old has an EYO
score of 10. A person aged 72 years old and dementia-free with
a parent who developed AD at 70 years old has a score of —2. We
analyzed EYO scores only for participants with a parental AD his-
tory (not with a multiple-sibling history). However, participants
with a multiple-sibling history of AD were included in analyses
that evaluated the association between sleep characteristics and
inflammatory biomarkers. As a sensitivity analysis, we explored
whether our findings were changed when using an alternative
EYO score that considers those with a multi-sibling history.

Actigraphy protocol and processing

Participants wore the Actiwatch (Philips Respironics, Murrysville,
PA, USA) actigraphy device for six to seven consecutive days. The
large majority of participants (96.1%) completed this protocol
without interruption. The remainder had 4 or 5 days of contin-
uous observations. Actigraphy data were collected in epochs of
15 seconds and processed using Actiware® (Phillips Respironics)
analytic software with a medium threshold for wake-detection
sensitivity (40 activity counts/per minute). This threshold reduces
nighttime bias in sleep detection [25]. During the actigraphy
period, participants also recorded a sleep diary. When participants
provided sufficiently precise and accurate data, the time in bed
used for sleep detection by the Actiware software was determined
from sleep diaries, and confirmed with light and movement data.
For the large majority of the participants (90.6%), sleep diaries
were of good quality with sufficiently precise and accurate data.
In 19 participants (9.4%), sleep diaries were fully or partly poorly
filled (e.g. missing days, large difference between reported hours
and actigraphy data, evidence of diary filled once at the end of
the week rather than day-to-day). In those cases, time in bed was
set using the moment of correspondence between lights off/lights
on data with mobile/immobile movement data of the actigraph.
We evaluated whether removing these participants affected our
results.

Sleep characteristics
Selected sleep characteristics.

Sleep characteristics of interest were times of sleep onset and of
last morning awakening, time in bed, sleep efficiency (sleep dura-
tion/time in bed), and sleep duration. These were selected because
they grossly represent sleep timing, sleep habits, and sleep quality/
quantity to dress a general portrait of sleep patterns. We averaged
these data over all days of actigraphy. As many participants were
not precise enough when filling sleep diaries regarding naps, day-
time sleep was not considered. For purposes of correlations, sleep
timing (time of sleep onset and time of last morning awakening)
was expressed in 24-hour time. If the time of sleep onset exceeded
23h59, we added + 24 so that later time of sleep onset was repre-
sented by a highervalue (e.g. sleep onsetat 1:00am was coded as 25).

Principal component analysis to derive sleep profiles.

Because the selected variables do not represent sleep structure as
a whole, we also explored a wider array of sleep variables. Data
reduction was accomplished using principal component analysis
with varimax rotation to extract sleep profiles. Variables entered
in the principal component analysis were each participant’s mean
over days of actigraphy for sleep midpoint (midpoint between
times of onset and last morning awakening), time of sleep onset,
time of last morning awakening, time in bed, activity counts per
minute, sleep onset latency, sleep efficiency (sleep duration/time
in bed), wake after sleep onset, sleep duration, proportion of sleep
over the sleep period (from sleep onset to last morning awaken-
ing), number of continuous sleep bouts, and the fragmentation
index (percent of mobile + immobile < 1min bouts over the sleep
period, indicating restlessness). The sleep principal components
analysis is presented in Table 2. The first principal component (PC)
included multiple variables that suggested disrupted and frag-
mented sleep. We therefore called this the “PC1-Sleep fragmen-
tation” component. The second component included later sleep
onset, midpoint, and latest morning awakening, thus being called
“PC2-Phase delay” “PC3-Hypersomnia” included longer time in
bed, longer sleep duration, and a later time of morning awakening.

CSF biomarkers of inflammation

For 100 out of 203 of the included participants, lumbar punctures
had been performed. When multiple lumbar punctures were



available, we selected the procedure closest in time to actigraphy.
Thus, CSF collection was performed either in the few years before
or the same annual evaluation of the actigraphy, with an aver-
age of 1.84 + 1.46 years before the actigraphy. Lumbar punctures
were performed following an overnight fast, and samples were
centrifuged and frozen within four hours of collection. The McGill
Genome Center then analyzed aliquots using the OLINK Target 96
Inflammatory Panel (Uppsala, Sweden). Standard quality control
measures included assurance of sufficient sensitivity and aptness
of comparison with internal controls. We were thereby able to
use 60 individual inflammatory biomarkers for further analysis.
First, we studied CSF IL-6 and MCP-1, which are included in the
OLINK panel, as we hypothesized that IL-6 and MCP-1 specifically
would be biomarkers of inflammation related to AD and sleep
dysfunction.

Secondly, to condense inflammatory biomarkers into a single
score, we performed a principal component analysis that forced
a single solution, resulting in a unique score for each participant
labeled as “PC-OLINK.” Creating an inflammatory score, the sin-
gle solution CSF PC-OLINK, representing 52.4% of the variance, is
described in Supplementary Table S1.IL-6 loaded at a coefficient
of 0.421 whereas MCP-1 loaded at 0.738. Whereas loading coeffi-
cient shows that all 60 inflammatory biomarkers contributed to
the PC-OLINK inflammatory score, there were twelve biomarkers
that loaded higher than 0.85, indicating a strong contribution to
the PC-OLINK single inflammatory score.

Effect modifiers: APOE4 genotyping, delayed
memory performance, diagnoses of MCI, and
CSF AD biomarkers

All participants underwent APOE genotyping. DNA extrac-
tion from buffy coat was automated and performed using the
QiaSymphony DNA mini kit. Genotypes were then determined
using the PyroMark Q96 pyrosequencer (Qiagen). Participants
were categorized by presence of one or more APOE4 alleles (car-
riers vs. non-carriers). Adjudicated diagnosis of MCI was made
by consensus committees including expert clinical and research
staff, based on cognitive testing that included at a minimum the
mini-mental state examination [26] and the Repeatable Battery
for the Assessment of Neuropsychological Status (RBANS) [27].
Consideration of a diagnosis of MCI was performed at all annual
follow-ups, including those before, concomitant to, and after the
actigraphy testing. In progressors, MCI onset occurred on average
0.82 +2.08 years after actigraphy testing. Therefore, MCI progres-
sors (n = 34) included both participants who already had MCI at
the time of actigraphy (n =10), as well as those who developed
MCI after actigraphy (n =24, up to 4 years after actigraphy). All
participants except one had their CSF collection before MCI onset.
We also extracted the delayed recall memory domain from the
RBANS as a distinct variable measured at the latest time point,
on average 1.19 + 0.84 years after the actigraphy. CSF AD biomark-
ers were measured according to standard procedures [28] with
Innotest ELISA kits (Fujirebio, Ghent, Belgium). AD biomarkers
were CSF t-tau/AB,, and p-taul81/AB,, ratios, as they discrimi-
nate between AD stages better than single non-ratio biomarkers
[29-31].

Statistical analyses

Statistical analyses were performed using SPSS26. Two-tailed
tests for principal variables were considered significant at p < .05.
Unless otherwise specified, beta coefficients in linear regression
models were standardized to allow comparison of effect size
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estimates. All analyses were adjusted for age, sex, and when appli-
cable, the time interval between CSF collection and actigraphy.

Primary analyses: EYO and sleep.

Continuous EYO scores were entered in linear regression models
as predictors of selected sleep characteristics (times of sleep onset
and last morning awakenings, time in bed, sleep efficiency, and
sleep duration) as outcomes in separate models. As well, addi-
tional models considered continuous EYO scores and the sleep
profile scores computed from the principal component analysis
(PC1, PC2, and PC3) of actigraphy-derived sleep characteristics.

Primary analyses: inflammation and sleep.

CSF biomarkers of inflammation (individual measures of IL-6,
MCP-1 as well as the PC-OLINK inflammatory score) were entered
in separate linear regression models as predictors of individ-
ual sleep characteristics (times of sleep onset and last morning
awakenings, time in bed, sleep efficiency, and sleep duration), and
sleep principal components (PC1, PC2, and PC3).

Secondary and sensitivity analyses.

Additional covariates: For significant primary models only, separate
models included the following variables as potential confound-
ers: (1) body mass index (BMI), a strong correlate of obstructive
sleep apnea (OSA) [32]; (2) retirement status as this could affect
time available to sleep; (3) use of psychoactive medications (e.g.
antidepressants, benzodiazepines, and hypnotics) that could
influence sleep patterns; the (4) Geriatric Depression Scale score
and the; (5) Geriatric Anxiety Inventory score as anxio-depressive
symptoms that can be associated with sleep patterns; cardio-
metabolic factors that may increase dementia risk, including; (6)
hypertension (>140 mmHg systolic blood pressure, >90 mmHg
diastolic blood pressure, or usage of antihypertensive agents); (7)
statin use as proxy for hypercholesterolemia; and (8) history of
atrial fibrillation.

Descriptive and sensitivity analyses: For descriptive purposes, we
also evaluated whether EYO scores were associated with delayed
memory performance and MCI progressor status, adjusted for
age and sex. We evaluated the association between CSF AD bio-
markers with sleep patterns using linear regressions adjusted
for age, sex, and time between CSF collection and actigraphy. We
performed a series of sensitivity analyses to evaluate whether
small modifications to our primary models changed our results:
(1) removing the 9.4% of participants with poorer quality of sleep
diaries, (2) changing the EYO scores to an alternative EYO score
that also included participants with multi-sibling history into the
calculation, and (3) removing statistical outliers (>3SD) in analy-
ses with CSF inflammatory biomarkers.

Sleep duration categories: Because of the known U-shaped rela-
tionship between sleep duration and dementia (with both short
and long duration being associated with adverse outcomes), we
performed primary analyses again, replacing continuous sleep
duration with a categorical classification of <7, 7-8, and >8 hours
(one-way ANOVA).

Interaction models between EYO scores and inflammation on sleep:
We evaluated whether EYO scores play a moderating role in the
relationship between inflammation and sleep patterns. We per-
formed further analyses for selected significant primary models.
In linear regression models between inflammation and sleep,
we included an interaction term by EYO score (dichotomized to
facilitate further stratification analyses, split at 5 years before
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expected onset). When significant interactions were observed, we
further stratified regressions between inflammation and sleep by
EYO score split at 5 years.

Interaction analyses with other markers of AD progression: In order
to evaluate whether the associations between inflammation
and sleep differ according to markers of AD progression, we per-
formed further analyses for selected significant primary models.
We performed linear regression models between inflammation
and sleep including interaction terms with markers of AD pro-
gression. Selected markers of AD progression were delayed recall
memory performance (split at the median), MCI progressor sta-
tus, APOE4 allele carriers, and CSF AD biomarkers (t-tau/AB,,
p-taul81/AB,,). When significant interactions were observed, we
further stratified by those markers of AD progression.

Effect of time lag: For significant primary models, we investigated
whether time lag between actigraphy and CSF collection (<2
years vs. 2 years and more) affected the association between CSF
inflammatory biomarkers and sleep characteristics using linear
regression models and interaction terms.

Results

Characteristics of the sample

Among the 203 participants with actigraphy, 189 had a parental
history of sporadic AD (others had a multiple-siblings history of
AD), which enabled analyses using EYO scores. In the subsample
of 100 participants with CSF testing, 93 had a parental history of
AD. Characteristics of the full sample and the CSF donor sam-
ple are presented in Table 1. Participants were aged between 58
and 89 years old at the time of actigraphy, and about 38% were
men. Participants, all free of dementia, were on average 5.6 years
younger than their parent’s age at symptom onset. The full sam-
ple was about equally distributed between those up to 5 years
away, those between 5 and 10 years away, and those more than 10
years away from their parent’s age at symptom onset. The range
of EYO scores was from —16.71 up to 20.92 years. Of note, 37 par-
ticipants had a negative EYO score (19.58% of the full sample),
meaning that, at the time of actigraphy, they were older than
their parents were at AD onset, although these participants were
still dementia-free. EYO scores were not associated with delayed
memory performance of MCI progressor status. Participants
in the CSF subsample were very slightly younger with a lower
proportion of retired people. The CSF subsample also woke up
slightly earlier, spent less time in bed, and had a shorter sleep
duration than the full sample. Based on published cutoffs [33, 34],
12.8% of the CSF donor sample was positive for AD pathology. The
association between CSF AD biomarkers and sleep characteristics
are presented in Supplementary Table S2. Higher CSF t-tau/AB,,
and p-tau/AB,, were associated with longer time in bed. Other
regressions were trending with higher ratios in association with
earlier time of sleep onset, longer sleep duration, and higher PC3-
Hypersomnia score.

Associations between EYO scores and sleep
characteristics

Proximity to, or exceeding, parental age of AD onset, as evidenced
by lower EYO scores, was associated with a later time of morning
awakening, longer sleep duration, and higher PC3-Hypersomnia
(Figure 1A, Supplementary Table S3, small effect sizes). After addi-
tional adjustments (BMI, retirement, psychoactive medications,
anxio-depressive symptoms, and cardiometabolic risk factors),

all associations remained statistically significant except for the
association between lower EYO and later time of morning awak-
ening, which remained at trend level (p =.079) when adjusted for
the BMI. Removing the participants with poorer sleep diary qual-
ity (9.4%) did not affect the results. Moreover, using an alternative
EYO score calculated from age of parental onset or age of sibling
onset resulted in mostly the same findings (Supplementary Table
S4). No other sleep characteristics or components were associ-
ated with the EYO score.

When comparing sleep duration groups (<7, 7-8, and >8 hours)
with a one-way ANOVA, participants with sleep duration >8 hours
had markedly lower EYO (0.66 + 8.75 years, p =.036) than those
with short (<7 hours) and average (7-8 hours) sleep duration
(6.15 £ 7.36 and 6.02 + 7.36 years, respectively, Figure 1B), without
any age difference between the sleep duration groups at the time
of actigraphy.

Associations between CSF inflammatory
biomarkers and sleep characteristics

Higher CSF levels of IL-6, MCP-1, and the PC-OLINK inflammatory
score were all associated with longer sleep duration and higher
PC3-Hypersomnia (Figure 2, Supplementary Table S3, medium
effect sizes). Higher CSF IL-6 was also associated with longer
time in bed whereas higher CSF MCP-1 was associated with
later time of morning awakening. After additional adjustments
(BMI, retirement, psychoactive medications, anxio-depressive
symptoms, and cardiometabolic risk factors), all associations
remained statistically significant except for the associations
between higher CSF MCP-1 with PC3-Hypersomnia, and higher
CSF PC-OLINK inflammatory score with sleep duration and PC3-
Hypersomnia, which remained at trend level (p =.057, p =.069,
and p =.052, respectively) when adjusting for the Geriatric
Depression Scale score. When removing statistical outliers (>3
SD, one outlier observed per CSF inflammatory marker), all asso-
ciations remained significant. Time lag between CSF collection
and actigraphy did not interact with CSF inflammatory biomark-
ers in their association with sleep characteristics. Removing the
participants with poorer sleep diary quality (9.4%) did not affect
the results. No other sleep characteristics or components were
associated with CSF inflammatory individual biomarkers or the
inflammatory score.

A one-way ANOVA revealed that those with longer sleep dura-
tion (>8 hours) had significantly higher IL-6 (p =.032) than those
with short (<7 hours) and average (7-8 hours) sleep duration, but
no such association was observed for MCP-1 and the PC-OLINK
inflammatory score.

Interaction between EYO and inflammation on
sleep patterns

Interaction by EYO scores were performed to further evaluate
the association between inflammation (CSF IL-6 and PC-OLINK
inflammatory score) with sleep patterns (sleep duration and
PC3-Hypersomnia component). These specific variables were
selected for further analyses because they represented most of
the associations observed in primary models, and covered both
hypothesis-driven (IL-6, sleep duration) and data-driven (princi-
pal components) variables. A significant interaction was observed
between EYO and CSF PC-OLINK inflammatory score in its asso-
ciation with PC3-Hypersomnia (p=.017). When stratifying by
EYO, we observed that higher CSF PC-OLINK was associated with
higher PC3-Hypersomnia only in those with an EYO <5 (includes
those whose age exceeded their parental age at onset; p =0.577,
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Figure 1. (A) Significant associations between lower EYO scores with later time of last morning awakening, longer sleep duration, and higher PC3-
Hypersomnia score, adjusted for age and sex. (B) Lower EYO was observed in those with longer sleep duration (>8h) as compared to other sleep
duration categories. Note that a lower EYO score includes negative values, representing dementia-free people older than their parent’s age at
symptom onset. Betas are standardized. EYO, estimated years remaining to expected onset; PC3-Hypersomnia, third principal component of sleep

characteristics representing a sleep pattern suggestive of hypersomnia.

p <.001), whereas it was not observed in those with further
EYO>5 (B=0.141, p=.345). No other interaction by EYO were
observed between selected CSF inflammatory variables and sleep
patterns.

Interactions by other markers of AD progression

We evaluated the interaction of markers of AD progression in the
association between inflammation (IL-6, PC-OLINK inflammatory
score) with sleep patterns (sleep duration and PC3 Hypersomnia).
Delayed recall memory performance interacted with CSF IL-6
levels and with PC-OLINK inflammatory score in their associa-
tion with PC3-Hypersomnia (p =.033 and .042): The association
between higher CSF IL-6 levels with higher PC3-Hypersomnia
was only observed in those with better-delayed recall memory
performance (B =0.466, p=.001, Figure 3), whereas it was not
in those with poorer delayed memory performance (8 =0.057,
p=.752). In like fashion, the association between higher CSF
PC-OLINK inflammatory score with higher PC3-Hypersomnia was
only observed in those with better delayed memory performance
(B=0.358, p=.012), whereas it was not in those with poorer
delayed memory performance (B = —0.005, p = .975).

Similar interactions were observed between CSF IL-6 levels
and MCI progressor status. The concurrent presence or future
development of MCI interacted with CSF IL-6 levels in their asso-
ciation with sleep duration (p = .027) and PC3-Hypersomnia score
(p=.009): the association between higher CSF IL-6 levels with
longer sleep duration and PC3-Hypersomnia was only observed

in MCI non-progressors (B =0.384, p=.001; p=0.396, p=.001),
whereas it was not in those with concurrent or future MCI
(8=-0.455,p=.250; B =—0.473, p = .215).

Finally, we observed an interaction at a trend level between
APOE4 carrier status and CSF PC-OLINK inflammatory score
(p=.056) in its association with sleep duration. Only carriers
demonstrated an association between higher CSF PC-OLINK
score and longer sleep duration (B =0.454, p =.008), which was
not observed in non-carriers (3 = 0.082, p = .553).

CSF AD biomarker levels did not interact with CSF IL-6 lev-
els or CSF PC-OLINK in their association with sleep duration or
PC3-Hypersomnia.

Discussion

We observed that proximity to, or exceeding, parental age of
onset for sporadic AD was associated in dementia-free individu-
als with a sleep pattern suggestive of hypersomnia characterized
by longer sleep duration. The same sleep pattern was associated
with elevated CSF inflammatory biomarkers, including IL-6 and
MCP-1. By contrast, composite scores indicating disrupted sleep
(PC1) or phase delay (PC2) were not associated with EYO or bio-
markers of neuroinflammation. We further observed that some of
the associations between sleep patterns suggestive of hypersom-
nia and elevated neuroinflammatory biomarkers were observed
specifically in those within 5 years of (or exceeding) their parents’
age at AD onset or in APOE4 carriers. Perhaps surprisingly, some of



8 | SLEEP, 2024, Vol. 47, No. 6

A) Significant linear regressions between CSF IL-6 levels and sleep

= 600 _. 700 o 3

£ £ - .

= 500 £ 600 £ & .

& 4 o 1 o o® 0 o

39- -g 14 . % 3.’ {

& 400 3 500+ g g .

(]

3 £ £4 Lty T L

g 300 g 400 = o e

o R:0.294 i o o R: 0.306
“» 200 p=0.006 300- -3 p= 0.004

L L L O 1 ¥ . @I &©rr: 1 ©t & & 1 2
2 3 4 5 2 3 4 5 2 3 4 5
CSFIL-6 CSFIL-6 CSFIL-6
B) Significant linear regressions between CSF MCP-1 levels and sleep
£

< 600 o1 a 37

E ‘T 5 o -

<= 500 Q9 . o * oo £

§ .§ % : 29% ‘.Q. > g Ly

& 400 & 7 w § |

2 g Febeteomets P

o 300 5 5 *% . o

S R0246 2 . g 6:0250 & | |

@ 200 p=0.019 3 p=0.018 -3

1 | 1 $ l i 1 T I . ¥ 1 L 1 I L 1 Y 1 ¥ 1
12 13 14 15 12 14 15 12 13 14 15
CSF MCP-1 CSF MCP-1 CSF MCP-1

C) Significant linear regressions between CSF PC OLINK score of inflammatory biomarkers and sleep

< 600

E S =

k] )

- Bl s SR B
L]

?} 300 4 k4

2 R:0.225

-4 -2 0 2
PC OLINK CSF Inflammation

g 3

=

§ 4

2

[

o

1

(v

o - R: 0.241

-3 p=0.023

1 " 1 . 1 ¥ 1 L
4 2 0 2

PC OLINK CSF Inflammation

Figure 2. (A) Significant associations between higher CSF IL-6 with longer sleep duration, longer time in bed, and higher PC3-Hypersomnia score. (B)
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component of OLINK inflammatory biomarkers in the CSF.

those sleep/neuroinflammation associations were further limited
to those with better memory performance and those who did not
develop MCI. One interpretation of these findings is that neuroin-
flammatory processes might promote the elongation of sleep as
a compensatory mechanism with higher pre-symptomatic risk,
and that this sleep pattern might, in turn, protect cognitive func-
tion. Other interpretations are certainly possible, and the investi-
gation of the causes of longer sleep duration in those potentially
in the preclinical stages of AD is warranted.

To the best of our knowledge, this is the first study to evalu-
ate sleep patterns in association with EYO. A few studies have
used various measures to investigate sleep and/or inflamma-
tion in the different steps of the AD trajectory. One investigator
group showed that self-reported sleep duration and time in bed

increased progressively throughout the years before clinical AD
onset [35]. Likewise, in dementia-free middle-aged individuals
with a parental history of AD, CSF intercellular adhesion mol-
ecule 1 (ICAM-1) levels were associated with better sleep qual-
ity in African Americans [36]. One group computed the ratio of
CSF MCP-1 on AB,, to investigate concomitant elevated neuroin-
flammation and amyloid deposition. They observed that higher
CSF MCP-1/AB,, was associated with sleepiness in cognitively
normal adults [37]. Similarly, higher CSF IL-6 and biomarkers
of neurodegeneration were previously shown to be associated
with higher sleepiness levels [38]. Among cognitively normal but
amyloid-positive people, one group observed a U-shape associa-
tion with sleep duration, where both self-reported short sleep and
long sleep duration were associated with elevated CSF TREM2,
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Figure 3. Significant associations between higher CSF IL-6 with
higher PC3-Hypersomnia were observed only in those with better
delayed recall memory performance (RBANS delayed recall memory,
median split). All analyses are adjusted for age, sex and time interval
between CSF collection and actigraphy. Betas are standardized. CSF,
cerebrospinal fluid; PC3-Hypersomnia, the third principal component
of sleep characteristics representing a sleep pattern suggestive of
hypersomnia.

another important neuroinflammatory biomarker [39]. For uncer-
tain reasons, we did not observe an association between neuroin-
flammatory biomarkers and short sleep duration in our sample of
potentially at-risk elderly.

Supporting the idea that longer sleep duration may mitigate
adverse cognitive outcomes, we note that sleep is essential for
memory functions [40], and that IL-6 is known to promote deeper
sleep in both animal and human experiments studies [6]. In one
series of experiments, injection of lipopolysaccharide (bacterial
wall protein) was associated with a predictable cytokine response
paralleled by enhanced fatigue and sleepiness [41]. In hospital-
ized older men, higher plasma inflammatory levels were associ-
ated with better cognitive performance only in those with longer
sleep duration [42], suggesting a potential beneficial impact of
inflammatory processes and long sleep duration on cognition.
Similarly, we observed higher CSF inflammatory biomarkers with
a longer sleep duration pattern only in those with better delayed
recall memory performance and in MCI non-progressors. This
sort of mechanism may no longer hold; however, in persons with
dementia. One group observed that daytime napping was associ-
ated with both worse cognitive performance and higher plasma
IL-6 levels in such persons [43]. An extended sleep pattern is asso-
ciated with increased dementia-specific mortality over 13 years
[44], and longer sleep duration is associated with increased risk
of all-cause dementia in persons already experiences MCI [45].
In such persons at least, elongation of sleep may indicate more
aggressive progression of AD, and not necessarily protect cogni-
tive functions.

Neuroinflammatory processes appear to be in a delicate bal-
ance that promotes debris clearance, recovery, and repair to
some extent, but can become detrimental and contribute to neu-
ronal loss, enhanced pathology, and further neurodegeneration
[46]. Our previous work has shown this sort of “delicate balance”
where elevation of CSF inflammatory biomarkers is characteris-
tic during tau pathogenesis, but is diminished in those who have
developed only amyloid pathology [8]. Indeed, in some instances,
inflammation may have beneficial effects to deter ongoing patho-
logical events [20, 47-49]. Elevated brain IL-6 and MCP-1 levels
have been associated with resiliency to AD pathology, suggesting
that these may play an important role in clearance and inflam-
mation resolution [20]. For example, higher CSF IL-6 levels have
been associated with slower cognitive decline in AD [18], and with
cognitive preservation in amyloid-positive (but tau-negative)
APOE4 carriers [50]. It is unknown, but possible, that some of
these protective effects could be mediated by elongation of sleep
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duration, which is well known to be important for cognitive func-
tion, brain health, and glymphatic clearance [10, 40].

The interplay between sleep quantity, inflammation, and AD is
complex. Both short and long sleep duration as well as both lower
and higher levels of inflammation were associated with higher
AD risk and progression [1-3, 8, 47-49, 51-54], albeit at different
points in the AD trajectory. What complexifies these relation-
ships even more are the hypothesized bidirectional relation-
ships between all these pathological concepts: disrupted sleep
promotes low-grade inflammation and inflammation regulates
sleep [6, 41, 55-58], whereas inflammation and disrupted sleep
are thought of as both risk factors of AD and consequences of
AD pathology [59, 60]. Therefore, the directionality of the asso-
ciations observed here remains unknown. We have interpreted
our findings according to the hypothesis that neuroinflammatory
processes promote the elongation of sleep patterns in individuals
at risk for AD. However, it remains a possibility that other fac-
tors could be related to both phenomena, such as neurodegener-
ative processes damaging sleep-wake structures and promoting
inflammation, or comorbidities (e.g. depression and cardiovas-
cular diseases) associated with elevated AD risk could extend
sleep duration and elevate inflammation. Alternatively, longer
sleep duration could promote elevated inflammatory processes.
However, mechanisms explaining how longer sleep could pro-
mote neuroinflammation and enhanced AD risk in the literature
are unclear, and potentially unlikely.

Strengths and limitations

The main strengths of our study include the invaluable
PREVENT-AD cohort of older persons who were cognitively intact
at enrollment but could bear a high genetic risk of developing
AD. The present study of events during the potential preclinical
stages of AD pathogenesis is an example of the rationale for the
construction and longitudinal observation of the cohort. On the
other hand, our study is limited by its lack of polysomnography to
assess OSA, which is associated with both AD risk and inflamma-
tion [61, 62]. To offset this limitation somewhat, we analyze the
confounding role of BMI, which is closely linked to the pathophys-
iology and intensity of OSA [32]. These analyses did not appear
to show an important role for BMI in our models. OSA does
result in sleep fragmentation, but it is intuitively unlikely that
it would promote the sleep patterns suggestive of hypersomnia
that proved to be important in our work. Moreover, there might
have been a selection bias in participants accepting to undergo
CSF collection.

Conclusions

Both proximity to parental age of sporadic AD onset and higher
neuroinflammatory biomarker levels were associated with a pat-
tern of longer sleep duration akin to hypersomnia. These novel
findings shed a light on the potential underpinnings of longer
sleep duration in the likely preclinical stage of AD. At preclinical
AD stages represented in at least part of our sample, neuroinflam-
matory processes and prolonged sleep duration may mitigate the
cognitive consequences of the ongoing AD process. Further study
of the causes and consequences of sleep dysfunction in preclini-
cal AD appears to be well warranted.

Supplementary material

Supplementary material is available at SLEEP online.
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