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Abstract

Plain Language Summary

Background Excessive daytime napping has been associated with neurodegeneration in
older adults, but prior research has focused on nap duration and frequency. Emerging
frameworks emphasize the multidimensionality of sleep, but it remains unknown whether
other dimensions of napping (e.g., timing, variability) are linked to neurodegeneration. To
address this gap, we investigated the associations of daytime nap timing and intraindividual
variability of nap duration with incident Alzheimer’s dementia and Alzheimer’s disease
pathology.

Methods We analyzed data from 936 older adults (age range: 56-99; 77% female) in the
Rush Memory and Aging Project to examine incident Alzheimer’s dementia and from 320
deceased participants (age range at death: 71-105; 70% female) to examine Alzheimer’s
pathology. The proportions of morning (9—11am) and early afternoon naps (1-3 pm) and the
intraindividual variability of nap duration were assessed using actigraphy. Participants
completed neurological assessments at baseline and annually for up to 17 years. In
deceased participants, amyloid 8 and neurofibrillary tangles were examined.

Results Here we show that more morning naps are linked to a higher risk of Alzheimer’s
dementia, whereas more early afternoon naps are linked to reduced amyloid 3 levels. Higher
intraindividual variability of nap duration is shown to be associated with increased amyloid 3
and neurofibrillary tangles.

Conclusions Our findings suggest that specific timing patterns and irregularities in daytime
napping are linked to Alzheimer’s disease risk and pathology. Multi-dimensional
assessments of nap behaviors may aid in risk stratification for neurocognitive impairment
and offer a potential target for interventions aimed at promoting healthy cognitive aging.

Research suggests that too much daytime
napping is associated with adverse brain
health in older adults. However, how the
timing and regularity of daytime naps link to
cognitive health remain unclear. We followed
over 1000 older adults for up to 17 years and
used wrist-worn watches to measure their
nap patterns. We found that more frequent
morning naps were linked to a higher risk of
developing Alzheimer’s dementia. Addition-
ally, more naps in the early afternoon and
more consistent nap patterns were linked to
lower levels of Alzheimer’s pathology. These
findings suggest that when and how people
nap during the day may help inform the risk of
developing dementia.

Daytime napping is common among older adults, with a prevalence rate
ranging between 20% and 60%'. Growing evidence suggests that excessive
daytime naps may be associated with poorer neurocognitive health. For
example, in a sample of 2751 community-dwelling older men, longer nap
duration, as measured by actigraphy, was associated with greater cognitive
decline and a higher risk for cognitive impairment during a 12-year follow-

up period”. In addition, our recent study employed objective measurement
of daytime naps and found that prolonged nap durations and increased nap
frequency were associated with an elevated risk of Alzheimer’s dementia’.
However, these existing studies mainly focus on the duration and frequency
of naps. In the realm of sleep health, there is a growing body of evidence
supporting a multi-dimensional assessment framework to better
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comprehend the complexities of this vital process’. The rationale behind
adopting such a multi-dimensional approach is rooted in the understanding
that sleep health encompasses more than just the quantity of sleep or the
presence/absence of sleep disorders’. Additional dimensions, including
timing and (ir)regularity, provide valuable insights for a more holistic
understanding.

Previous studies have offered important implications regarding the
timing and (ir)regularity of daytime naps. For example, naps in the
morning may be due to fatigue upon awakening caused by nonrestorative
sleep and inflammation’. Naps taken in the early afternoon is considered
closely aligned with the circadian rhythms, coinciding with the post-
lunch dips in alertness and body temperature that also occur at nocturnal
bedtime®. Additionally, afternoon naps tend to be rich in slow-wave
sleep’, which has been associated with the clearance of amyloid beta (AB)
plaques and slower cognitive decline’. These prior observations suggest
that the timing of naps may play a role in modulating Alzheimer’s disease
(AD) pathologies and progression. In terms of (ir)regularity, the
intraindividual variability (IIV) in sleep has been associated with a broad
spectrum of negative health consequences, including cognition’. It
remains unclear whether IIV in napping behaviors exhibits similar
adverse associations with neurocognitive health.

Therefore, in this work, we seek to utilize the multi-dimensional sleep
health framework’ to examine the relationships of timing and 1TV of day-
time napping with AD in older adults. We examine whether these napping
characteristics at baseline are associated with the risk of Alzheimer’s
dementia during the follow-up. Additionally, we investigate whether these
napping characteristics before death are associated with AD pathology. We
hypothesize that more naps in the morning and increased IIV in daytime
napping are associated with a higher risk for Alzheimer’s dementia and
greater AD pathological burdens, independent of mean nap duration or
frequency. We also hypothesize that napping in the early afternoon is
associated with better neurocognitive outcomes.

Methods

Participants

We analyzed data from the Rush Memory and Aging Project (MAP), which
is a clinical-pathologic cohort study launched in 1997. Participants were
recruited from retirement communities, senior and subsidized housing, and
via church groups in northeastern Illinois (USA) and were followed
annually”’. The study baseline was defined as the participants’ initial
assessment in the Rush MAP. In 2005, wrist actigraphy (Actical, Phillips
Respironics; Bend, OR, USA) was incorporated into the study protocol as an
annual assessment. The analytic baseline for the current study was defined
as the initial actigraphy assessment. The data utilized in this study, including

wrist actigraphy, dementia diagnosis, and AD pathologies, were gathered up
until December 2022, marking the cutoff point for our dataset.

Figure 1 shows the flow of participants for different sets of analyses. For
the analyses on incident Alzheimer’s dementia, we excluded participants
diagnosed with Alzheimer’s dementia at baseline, those without follow-up
neurocognitive assessments, and those with mean nap durations <15 min or
>4 h. A final sample of 936 participants were included in the incident
Alzheimer’s dementia analyses (mean age=81.34; range: 56.14-98.90; 77%
female).

For the analyses on AD pathology, we focused on participants who had
died and undergone brain autopsy. From this group, we excluded indivi-
duals who died more than three years after their last actigraphy assessment
and those with mean nap durations <15 min or >4 h. A final sample of 320
participants were included in the AD pathology analyses (mean age at death
=90.14; range: 71.15-104.59; 70% female).

The Rush MAP was approved by an institutional review board of the
Rush University Medical Center. All participants signed informed consent,
a repository consent for data sharing, and Anatomical Gift Act for brain
donation. Access to MAP resources was granted through an approved
application (#2708) with the Rush Alzheimer’s Disease Center via the Rush
Alzheimer’s Disease Center Research Resource Sharing Hub. The current
study involves secondary analyses of previously collected MAP data. The
protocol was reviewed by the Mass General Brigham Institutional Review
Board (MGB IRB) and determined to be non-human subjects research.

Assessment of daytime napping

Participants wore the Actical device on their non-dominant wrist con-
tinuously for up to 14 days (Mean = 10, standard deviation [SD] = 1). The
Actical device recorded three-dimensional acceleration in 15-second epochs
with a 32Hz sampling rate, which were then integrated into one-
dimensional activity counts. The previously established and validated
Cole-Kripke algorithm was employed for sleep detection'""”. To be con-
sistent with this algorithm, we first re-sampled the activity count signal
based on a 1-min epoch length. To eliminate periods where Actical devices
were potentially off the wrist, we excluded the data segments with zero
activity counts consecutively for >2 h’.

Daytime napping was defined as daytime sleep episodes between 9am
and 7pm’. If two nap segments were separated by <3 min, they were merged
as one. If two nap segments were more than 3 min apart, they were counted
as two nap episodes. Driven by our hypotheses, we calculated the percentage
of naps for each time window—morning (9am-11lam; am%) and early
afternoon (1pm-3pm; pm%)—by dividing the duration of naps within each
window by the total duration of daytime naps (9am-7pm). Naps occurring
outside these time windows (11am-1pm and 3pm-7pm) were not analyzed,

[

1401 participants in the Rush Memory and Aging Project
completed baseline actigraphy assessment

]

465 excluded from analysis of incident Alzheimer’s dementia
and cognitive decline
84 were diagnosed with Alzheimer’'s dementia at baseline
115 were not followed up with assessments
266 napped < 15 min or > 4 h at baseline

—

A

[ 704 died and donated brains for autopsy ]

384 excluded from analysis of AD pathology
257 died > 3 years after last actigraphy assessment
127 napped <15 min or >4 h at last actigraphy before death

936 were included in the analyses of
incident Alzheimer’s dementia

[

320 were included in the
analyses of AD pathologies

J J

Fig. 1 | Flow of participants through the study. Incident Alzheimer’s dementia
analyses included participants free of Alzheimer’s dementia at baseline, with follow-
up neurocognitive assessments, and moderate nap durations (15 min to 4 h/day).
AD pathology analyses included participants who died within three years of their last

actigraphy assessment and had moderate nap durations. The two sub-samples
(n=936 and n = 320) overlap partially and are not entirely distinct; n = 320 is not a
subset of n = 936.
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as there were no specific hypotheses related to these periods. This approach
helped minimize exploratory analyses and reduce the risk of type I errors. To
quantify intraindividual variability in naps, we calculated each participant’s
daily nap duration and then computed the standard deviation of these
durations across all days’.

In our study, we excluded participants who napped for <15 min or >
4 h per day. Minimal napping of <15 min raises questions about whether the
behavior reflects a meaningful nap habit at a specific time (e.g., morning).
Similarly, extensive napping > 4 h may indicate a predominant daytime
sleep pattern with frequent awakenings and fragmented sleep episodes
throughout the day. In both instances, identifying a clear nap pattern or a
preference for specific nap timing becomes challenging.

Assessment of AD outcomes

Clinical assessments were conducted annually and clinical diagnosis of
cognitive status was rendered based on participants’ performance on the
cognitive tests, clinical judgment of neuropsychologists, and diagnostic
classification by clinicians". Diagnoses of Alzheimer’s dementia was based
on the criteria recommended by the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association (NINCDS/ADRDA)".

Postmortem brain autopsy was performed by staff who were masked to
participants’ clinical data. Researchers labeled AB-immunoreactive plaques
with an N terminus directed monoclonal antibody (10D5, Elan Pharma-
ceuticals, Dublin, Ireland; 1:1000). AP protein was identified using
molecularly-specific immunohistochemistry and were quantified through
image analysis with the value presented as the percent area of cortex
occupied by AB". In addition, researchers labeled paired helical filament tau
tangles with an antibody specific for phosphorylated tau (AT8, Innoge-
netics, San Ramon, California, USA; 1:1000). Neuronal neurofibrillary
tangles were identified through molecularly specific immunohistochem-
istry, and their density was determined by stereology"’. The mean A and
neurofibrillary tangles of eight brain regions (hippocampus, entorhinal
cortex, midfrontal cortex, inferior temporal cortex, angular gyrus, calcarine
cortex, anterior cingulate cortex, and superior frontal cortex) were calcu-
lated to represent the average AP burden and tangle density, respectively.
The average pathological burdens across these eight brain regions were used
to align with established methods and prior publications from the
Rush MAP". Regional dissociations are not possible due to the high inter-
correlations among the regions.

Assessment of covariates
Demographic covariates included participants’ age, sex, race/ethnicity
(White vs. non-White), and education (number of years of regular school).
Body mass index (BMI) was calculated as weight in kilograms divided by
height in meters squared. Alcohol consumption was assessed at the study
baseline and dichotomized as consuming less than one drink/glass per
month or consuming one drink/glass per month or more. Smoking status
was similarly assessed at the study baseline and dichotomized as never or
former/current smoker. Physical activity was calculated as the sum of hours
per week that the participant engaged in 5 categories of activities: walking for
exercise, gardening or yard work, calisthenics or general exercise, bicycle
riding (including stationary bikes), and swimming or water exercises.
Sleep-related covariates included nighttime sleep duration, sleep
fragmentation, and wake after sleep onset. Nighttime sleep duration was the
total hours scored as sleep between 9 pm and 7am on actigraphy, deter-
mined by the Cole-Kripke algorithm''. Sleep fragmentation was the prob-
ability of having an arousal (e.g., a non-zero activity count) after a long
(~5 min) period of sleep'®. Wake after sleep onset was the total minutes of
wakefulness between the first and last nighttime sleep epochs. Rest-activity
rhythm variables included interdaily stability and intradaily variability
derived from actigraphy data using non-parametric analyses'. Interdaily
stability measures the robustness of daily activity rhythm across days, and
intradaily variability measures the fragmentation of daily activity rhythms
within a day.

Baseline comorbidities and medications included depressive symp-
toms measured by the Center for Epidemiologic Studies-Depression Scale'®,
self-reported thyroid disease (Yes/No), vascular disease burden score (0-4;
included claudication, stroke, heart conditions, and congestive heart fail-
ure), vascular disease risk factors (0-3; included hypertension, diabetes, and
smoking history), medications for anxiety and insomnia, analgesics, antic-
onvulsants, and beta blockers.

To assess APOE genotype, DNA was extracted from peripheral blood
mononuclear cells or brain tissue. Genotyping was conducted by Agencourt
Bioscience Corporation (Beverly, MA, USA) using high-throughput
sequencing of codon 112 (position 3937) and codon 158 (position 4075)
of exon 4 of the APOE gene on chromosome 19. Participants were classified
as APOE &4 carriers if they had at least one €4 allele.

Statistics and reproducibility

Pearson’s correlations or independent samples t-tests were performed to
examine whether baseline napping characteristics were associated with
age or sex.

Cox proportional hazards models were performed to test the associa-
tions of percentage of naps in the morning (hereafter am%), percentage of
naps in the early afternoon (hereafter pm%), and intraindividual variability
in nap duration across days (hereafter IIV) at baseline with incident Alz-
heimer’s dementia. We performed an initial model (i.e., Model A) for each
of the three variables with adjustments of demographics, BMI, smoking,
alcohol consumption, mean nap duration, and mean nap frequency. We
performed additional models by adding the following covariates to Model A:
baseline nighttime sleep duration, sleep fragmentation index, wake after
sleep onset, interdaily stability, and intradaily variability (Model B); baseline
comorbidities and medication use (Model C); APOE €4 carrier status
(Model D). In Model E, we adjusted for all covariates mentioned above. The
overall follow-up of survivors is about 95%. Thus, there are very few people
who withdrew and only a few lost to follow-up. Participants were right
censored if deceased, withdrawn, or lost to follow-up before developing
Alzheimer’s dementia. Time was treated as a continuous variable in integer
years since baseline actigraphy assessment, and Efron’s approximation was
used to handle tied events in the Cox proportional hazards models. Addi-
tionally, to reduce the effect of reverse causality, we conducted sensitivity
analyses, excluding participants who developed Alzheimer’s dementia
within two years of actigraphy assessment.

Linear regression models were performed to regress the Ap and neu-
rofibrillary tangles against am%, pm%, and IIV of napping, separately, using
nap data obtained from the last actigraphy assessment (i.e., proximate to
death). The models were adjusted for all covariates aforementioned, as well
as the time lag between the last actigraphy assessment and death.

All analyses were conducted in JMP Pro 16. Square-root transforma-
tion (to correct for right skewness) and standardization have been applied to
nap duration, am%, pm%, IIV, AP, and neurofibrillary tangles. Listwise
deletion was used for handling missing data. All tests were two-tailed, with
P <0.05 considered statistically significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Figure 1 shows the flow of participants for different sets of analyses. Table 1
shows the participants’ characteristics for the incident Alzheimer’s dementia
analyses. The 936 participants were on average 81.3 years old (SD =7.2) at
actigraphy baseline, 77% female, and 93% White. Table 2 shows the parti-
cipants’ characteristics for AD pathology analyses. The 320 participants
were on average 90.1 years old (SD=6.2) at death, 70% female, and
98% White.

We first examined the associations between age, sex, and nap char-
acteristics at baseline. As shown in Fig. 2, older age was associated with
greater daily nap duration (Pearson’s r=0.14, p<0.0001), daily nap
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Table 1 | Characteristics of participants for incident
Alzheimer’s dementia analyses (n = 936)

Table 2 | Characteristics of participants for Alzheimer’s
disease pathology analyses (n = 320)

Mean (SD), median [interquartile range], or
n (%)

Mean (SD), median [interquartile range], or
n (%)

Age at baseline (years) 81.34 (7.18) Age at death (years) 90.14 (6.19)
Female 721 (77.03%) Time lag between last 1.32 (0.83)
Race/ethnicity (White) 871 (93.06%) ZZ:?;??S;’r:)Ssessmem and
Education (years) 15.01 (2.94) Fomnale 203 (69.69%)
2RSS (T8 2 @A) Race/ethnicity (White) 313 (97.81%)
Former/Current smoker (yes) 379 (40.54%) Education (years) 14.83 (2.79)
Alcohol (>1 drink/month) 448 (47.91%) Body mass index 2557 (5.04)
Physical activity (hours/week) 2.50[0.83-4.50] Former/Current smoker (yes) 126 (39.50%)
APOE ¢4 carrier 182 (20.47%) Alcohol (>1 drink/month) 124 (38.87%)
E’ﬁ;’:;”;tee 2;‘?&‘”9 Physical activity (hours/week) 1.33[0-3.50]
APOE €4 carrier 64 (20.45%)

Nap duration (min/day)

54.45 [30.60-92.90]

Nap frequency (times/day)

2.51 (1.66)

am% 13.26 [5.54-21.01]
pm% 23.81[17.04-33.38]
IV (minutes) 44.66 [29.09-71.35]

Sleep and rest-activity
rhythms

Daytime napping characteristics

Nap duration (min/day)

98.35 [57.45-153.83]

Nap frequency (times/day)

3.97 (2.04)

am% 18.13 [11.44-25.45]
pm% 23.12 [18.04-29.17]
IV (minutes) 51.69 [35.46-80.07]

Nighttime sleep 5.01 (1.45) Sleep and rest-activity rhythms

duatonl(hot) Nighttime sleep 5.40 (1.67)

Sleep fragmentation index 0.03 (0.01) duration (hour)

Wake after sleep onset (min) 128.04 (38.75) Sleep fragmentation index 0.03 (0.01)

Interdaily stability 0.51 (0.12) Wake after sleep onset (min) 122.63 (40.10)

Intradaily variability 1.20 (0.26) Interdaily stability 0.48 (0.14)
Comorbidities and Intradaily variability 1.41(0.29)
medications Comorbidities and medications

Depression 0[0-2] e 1[0-2]

Thyroid disease (yes) 222 (23.82%) Thyroid disease (yes) 88 (28.95%)

;/ascular disease risk 1516 (055 Vascular disease risk factors 1.30(0.82)

actors

VeEmnir cferes bl 0[0-1] Vascular disease burden 1[0-1]

Anti-anxiety 63 (6.75%) Anti-anxiety medications (yes) 24 (7.74%)

medications (yes) Insomnia medications (yes) 20 (6.45%)

Insomnia medications (yes)

87 (9.32%)

Analgesic medications (yes)

233 (75.16%)

Analgesic medications (yes)

696 (74.52%)

Anticonvulsant
medications (yes)

111 (11.88%)

Beta blocker

323 (34.58%)

Anticonvulsant
medications (yes)

38 (12.26%)

Beta blocker
medications (yes)

132 (42.58%)

medications (yes)

Continuous variables are presented as mean (SD) if they were normally distributed or median (inter-
quartile range) if they were skewed. Dichotomous variables are presented as n (%).

AD Alzheimer’s disease, am% proportion of daytime naps taken in the morning (9am-11am), APOE
apolipoprotein E, /IV intra-individual variability, pm% proportion of daytime naps taken in the early
afternoon (1pm-3pm).

frequency (r=0.17, p <0.0001), and pm% (r=10.19, p <0.0001), but not
with am% (r=—0.03, p=0.431) or IIV (r=—0.05, p=0.113). No sig-
nificant sex difference was observed in daily nap duration (t=0.13,
p=0.893), frequency (t=042, p=0.677), nap timing (am%: t=0.90,
p =0.369; pm%: t=0.36, p=0.719), or IV (t = 0.1, p = 0.877).

Incident Alzheimer’s dementia

In this set of analysis, 936 participants were included, and out of them, 269
(28.74%) developed Alzheimer’s dementia within on average 6.0 years
(SD =3.7; range: 0.9-17.0) after analytic baseline. Table 1 presents the
characteristics of these participants, Table 3 presents the summary results,

Continuous variables are presented as mean (SD) if they were normally distributed or median (inter-
quartile range) if they were skewed. Dichotomous variables are presented as n (%).

AD Alzheimer’s disease, am% proportion of daytime naps taken in the morning (9am-11am), APOE
apolipoprotein E, /IV intra-individual variability, pm% proportion of daytime naps taken in the early
afternoon (1pm-3pm).

and Supplementary Tables 1-3 present the full results. Cox proportional
hazards models showed that a greater am% was associated with a higher risk
for Alzheimer’s dementia, after adjusting for demographic characteristics,
BMI, smoking, alcohol consumption, physical activity, and mean nap
duration and frequency. Specifically, as shown in Fig. 3a, for each 1SD
increase in am%, the risk of developing Alzheimer’s dementia increased by
15% (hazard ratio [HR] =1.15, 95% confidence interval [CI]: 1.01-1.30,
p=0.035). This effect was equivalent to the effect of being 1.3 years older,
and the results were consistent after additionally adjusting for sleep and rest-
activity rhythms (Model B: HR =1.15, 95%CI: 1.01-1.32, p =0.040) or
comorbidities and medications (Model C: HR = 1.14, 95%CI: 1.002-1.30,
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Fig. 2 | The associations between age, sex, and nap
characteristics at baseline. The relationship
between a age and nap duration, b sex and nap
duration, ¢ age and nap frequency, d sex and nap
frequency, e age and proportion of morning naps,
f sex and proportion of morning naps, g age and
proportion of early afternoon naps, h sex and pro-
portion of early afternoon naps, i age and intrain-
dividual variability in nap duration, and j sex and
intraindividual variability in nap durationinn = 936
participants (n = 721 female; n = 215 male). The red
solid lines and shaded areas represent lines of best fit
and the corresponding 95% confidence intervals.
Black bars represent means and standard deviation.
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p=0.047). Nevertheless, this association became marginal or non-
significant when APOE e4 carrier status was adjusted (Model D: HR =
1.11,95%CI: 0.97-1.26, p = 0.124) or when all covariates were accounted for
(Model E: HR = 1.10,95%CI: 0.95-1.27, p = 0.192). The pm% or IIV was not
associated with incident Alzheimer’s dementia (see Supplementary

Tables 2-3 for full results).

Sensitivity analyses results are presented in Supplementary Tables 4-6.
After excluding participants who developed Alzheimer’s dementia within 2
years after baseline actigraphy assessment, greater am% showed a trend of
association with greater risk for Alzheimer’s dementia incidents in Models A
and C (Model A: HR = 1.12, 95%CI: 0.98-1.28, p = 0.092; Model C: HR =

1.12,95%CI: 0.98-1.29, p = 0.093). The pm% or ITV was not associated with
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Table 3 | The relationship between three variables for nap behaviors and Alzheimer’s disease outcomes

am% pm% [\
Incident Alzheimer’s dementia
Model A [HR (95%Cl), p] 1.15(1.01-1.30), 0.035 0.97 (0.85-1.10), 0.581 0.93 (0.74-1.15), 0.490
Model B [HR (95%Cl), p] 1.15(1.01-1.32), 0.040 0.98 (0.85-1.12), 0.718 0.92 (0.73-1.15), 0.452
Model C [HR (95%Cl), p] 1.14 (1.002-1.30), 0.047 0.99 (0.87-1.12), 0.846 0.90 (0.72-1.12), 0.363
Model D [HR (95%Cl), p] 1.11(0.97-1.26), 0.124 1.02 (0.90-1.17), 0.721 0.92 (0.73-1.16), 0.493
Model E [HR (95%Cl), p] 1.10 (0.95-1.27), 0.192 1.08 (0.94-1.25), 0.271 0.86 (0.68-1.11), 0.248

Amyloid beta

Nap behavior [B (SE), p] 0.15 (0.09), 0.085

—0.19 (0.09), 0.034 0.23 (0.11), 0.033

Neurofibrillary tangles

Nap behavior [B (SE), p] 0.06 (0.06), 0.313

—0.05 (0.07), 0.452 0.21 (0.08), 0.006

Results shown are for 1-SD increase in am%, pm%, or IIV.

am% proportion of daytime naps taken in the morning (9am-11am), HR hazard ratio, //V intra-individual variability, pm % proportion of daytime naps taken in the early afternoon (1pm-3pm), SE standard error.
Model A: Covariates include age, sex, race/ethnicity, education, mean nap duration, mean nap frequency, smoking, alcohol consumption, body mass index, and physical activity level.

Model B: Covariates include all Model A covariates, nighttime sleep duration, sleep fragmentation index, wake after sleep onset, interdaily stability, and intradaily variability.

Model C: Covariates include all Model A covariates, depressive symptoms, thyroid disease, vascular disease risk factors, vascular disease burden, anxiety, insomnia, analgesic medication, anticonvulsant

medication, beta blocker medication.
Model D: Covariates include all Model A covariates and APOE &4 carrier status.
Model E: Covariates include all covariates in Models A-D.

incident Alzheimer’s dementia (see Supplementary Tables 5-6 for full
results).

AD pathologies

In this set of analyses, # = 320 participants were included (Fig. 1). They died
on average 1.32 years (SD = 0.83; range: 0.0-3.0) after their last actigraphy
assessment. Table 2 presents the characteristics of these participants, Table 3
presents the summary results, and Supplementary Tables 7-8 present the
full results. Linear regression models showed that a 1-SD increase in am%
was associated with a non-significant trend of 0.15 SD increase in A level
(B=0.15, SE=0.09, p = 0.085; see Supplementary Table 7 for full results).
Interestingly, as shown in Fig. 3b, a 1 SD increase in pm% was associated
with a 0.19 SD decrease in A (p = —0.19, SE = 0.09, p = 0.034). Neither the
proportion of morning naps nor early-afternoon naps was associated with
neurofibrillary tangles (Table 3; see Supplementary Table 8 for full results).
As shown in Fig. 3c, d, greater IIV was associated with greater AD
pathologies at death. Specifically, a 1 SD increase in the IIV was associated
with a 0.23 SD (SE = 0.11, p = 0.033; Table 3) increase in AP and a 0.21 SD
(SE =0.08, p =0.006) increase in neurofibrillary tangles.

Discussion

We investigated the relationships between the timing and variability of
daytime nap with AD-related outcomes in older adults. We found that aging
was associated with more naps in the early afternoon. Besides, more naps in
the morning were associated with a higher risk of Alzheimer’s dementia,
whereas early afternoon naps were associated with a decreased Ap level.
Additionally, we found that the variability in daytime naps was associated
with increased levels of AB and neurofibrillary tangles.

Daytime napping, particularly in the morning, may be an indicator or
consequence of disruptions in sleep and/or circadian function, thereby
connecting to neurodegeneration. Prior studies have revealed multiple
mechanisms for the links between sleep and circadian disruptions with
neurodegenerative processes. For instance, sleep disruptions and circadian
dysfunction may decrease glymphatic flow"”, leading to increased Af
deposition” and inflammation”’. Conversely, neurodegeneration may
interfere with brain regions responsible for the clock regulation or regulating
sleep-wake, thus compromising sleep at different times of the day*>. Sup-
porting the notion that daytime napping may be linked to nighttime sleep
disturbances, previous studies have found that individuals experiencing
longer wake after sleep onset at night (i.e., indicative of poor sleep quality)
initiated daytime naps earlier during the day™.

Early afternoon napping was associated with decreased AP deposition.
Past studies have found self-report afternoon or midday naps to be asso-
ciated with better cognitive performance™. Afternoon naps tend to be effi-
cient and rich in slow-wave sleep’. During sleep, especially slow-wave sleep,
the interstitial space is enlarged, which promotes the exchange of cere-
brospinal fluid and interstitial fluid and increases the rate of AR clearance".
Therefore, the potential of having more slow-wave sleep during early
afternoon hours may benefit Ap clearance, explaining our observed decrease
in AP in association with more prevalent early afternoon naps.

Increased variability in napping is linked to greater levels of AB and
neurofibrillary tangles. This is partially in keeping with previous research
that showed a connection between IIV in napping and health outcomes,
such as chronic diseseases™. Similarly, such variability in naps may reflect
disruptions in sleep and circadian rhythm regulation, which are bidir-
ectionally associated with neurodegeneration as discussed above™. Inter-
estingly, we did not find any associations between the variability in daytime
naps with incident Alzheimer’s dementia. It is conceivable that increased
variability in napping patterns across days may be a consequence of the
pathological processes associated with AD. However, clinical manifestations
of these pathologies can vary due to multiple resilience factors™, which may
compromise the direct relationship between nap variability and Alzheimer’s
dementia. Future studies should leverage in vivo assessments of AD
pathology along with assessments of sleep and cognitive functions to further
clarify these possibilities.

While our analyses provide correlational and prospective evidence,
additional efforts are needed to elucidate the causal directions of these
associations. Some studies have attempted to explore the causal relation-
ships by employing Mendelian randomization, providing preliminary evi-
dence linking habitual daytime napping with Alzheimer’s disease™ and total
brain volume®. Mendelian randomization provides valuable initial insights
by leveraging genetic variations as natural experiments to infer causality.
However, such causal findings must be confirmed through randomized
controlled trials (RCT) in future studies. High-quality RCTs are essential to
translate these findings into interventions for Alzheimer’s dementia
prevention.

The current study has notable strengths, including the use of long-
itudinal data, the inclusion of both clinical diagnosis and pathology data,
and the objective measurement of daytime naps. However, it is important to
acknowledge certain limitations. Firstly, while actigraphy for sleep scoring
has been validated and is extensively used in field studies, we recognize that
polysomnography remains the gold standard for sleep assessment.
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Fig. 3 | The relationship between nap characteristics and Alzheimer’s disease
outcomes. a Relationship between the proportion of morning naps and incidents of
Alzheimer’s dementia. The lines represent individual participants at 10" and 90"
percentiles based on their proportions of naps in the morning. b Relationship between
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intraindividual variability in nap duration and neurofibrillary tangles. The red lines and
shaded areas represent lines of best fit and the corresponding 95% confidence intervals.

Secondly, more granular approaches should be developed to clearly separate
naps from the primary sleep window, as well as to distinguish individual nap
episodes, potentially incorporating sleep diaries or logs and chronotype. Our
use of a constant time window for napping detection may have mislabeled
certain primary sleep episodes as naps, particularly in the morning hours.
With advances in nap assessment, future research could investigate the
relationship between other aspects of napping behaviors, such as IIV in nap
timing, and cognitive aging to provide a more comprehensive under-
standing of napping’s role in neurodegenerative diseases. Thirdly, the pre-
dominantly White sample in this study precluded an exploration of racial/
ethnic or cultural differences. Afternoon napping is a common practice in
some cultures (e.g., Chinese and Latino culture) ! and therefore, future study
should also investigate whether the associations between afternoon napping
and neurocognitive outcomes are consistent across different cultures.

It is also worth noting that the public health implications of our
findings are crucial. On the one hand, monitoring nap behaviors, especially
excessive morning naps or irregular napping behaviors, should be con-
sidered in the ongoing endeavors for early risk stratifications for cognitive
impairment or dementia. If causal links can be established, these napping

behaviors may also aid in the search of intervenable targets for preventing or
slowing down the neurodegenerative processes. On the other hand, sleep
disturbances, including excessive daytime naps, can notably impact the
quality of life of individuals with AD and their caregivers. Such studies will
contribute to furthering the understanding of factors contributing to
extended daytime napping in AD, offering insights for healthcare profes-
sionals in addressing sleep-related issues to improve overall well-being.

Data availability

The data are available under restricted access from the Rush Alzheimer’s
Disease Center (RADC) following the data and resource sharing policy.
Access of data can be obtained by submitting requests through the RADC
platform https://www.radc.rush.edu/requests.htm. The source data for
Fig. 2 is in Supplementary Data 1. The source data for Fig. 3 is in Supple-
mentary Data 2.
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