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ARTICLE INFO ABSTRACT

Keywords: Background: Impaired sleep is commonly associated with Alzheimer’s disease (AD), although the underlying
AIZhei"}er’S disease mechanisms remain unclear. Furthermore, the moderating effects of sleep-affecting medications, which have
hllsomma been linked to AD pathology, are incompletely characterized. Using data from the Alzheimer’s Disease Neuro-
}S);Seifmn emission tomozraph imaging Initiative, we investigated whether a medical history of impaired sleep, informant-reported nighttime
Tau grapiy behaviors, and sleep-affecting medications are associated with beta-amyloid and tau deposition on PET and
Neuroimaging cognitive change, cross-sectionally and longitudinally.

Methods: We included 964 subjects with ®F-florbetapir PET scans. Measures of sleep impairment and medication
use were obtained from medical histories and the Neuropsychiatric Inventory Questionnaire. Multivariate
models, adjusted for covariates, were used to assess associations among sleep-related features, beta-amyloid and
tau, and cognition. Cortical tau deposition, categorized by Braak stage, was assessed using the standardized
uptake value peak alignment (SUVP) method on 18E_flortaucipir PET.

Results: Medical history of sleep impairment was associated with greater baseline tau in the meta-temporal, Braak
1, and Braak 4 regions (p = 0.04, p < 0.001, p = 0.025, respectively). Abnormal nighttime behaviors were also
associated with greater baseline tau in the meta-temporal region (p = 0.024), and greater cognitive impairment,
cross-sectionally (p = 0.007) and longitudinally (p < 0.001). Impaired sleep was not associated with baseline
beta-amyloid (p > 0.05). Short-term use of selective serotonin reuptake inhibitors and benzodiazepines slightly
weakened the sleep-tau relationship.
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Conclusions: Sleep impairment was associated with tauopathy and cognitive decline, which could be linked to
increased tau secretion from neuronal hyperactivity. Clinically, our results help identify high-risk individuals
who could benefit from sleep-related interventions aimed to delay cognitive decline and AD.

1. Introduction

Alzheimer’s disease (AD) is an incurable, progressive neurodegen-
erative disease characterized by multidomain cognitive impairment and
histopathologic evidence of beta-amyloid (Ap) plaques and neurofibril-
lary tangles of hyperphosphorylated tau. [1] The influence of lifestyle
factors on the accumulation of these protein aggregates has been widely
studied and raises the possibility that modifying such factors could be a
therapeutic strategy to delay cognitive decline. [2]

Recently, sleep has been implicated in AD pathogenesis. [3,4]
Insomnia and chronic sleep deprivation have been reported to accelerate
Ap [5] and tau accumulation, [6] by increasing production and
decreasing clearance. In particular, the disruption of nonrapid eye
movement (NREM) slow wave sleep (SWS) has been found to be asso-
ciated with Ap and tau pathology, [7,8] possibly by disrupting glym-
phatic function, which is normally enhanced during deep NREM SWS,
and thereby impairing clearance of Ap and tau. [9] Besides glymphatic
dysfunction, AD pathology due to disrupted sleep may be associated
with other pathologic processes, including heightened neuronal activity
during periods of prolonged wakefulness, [10] elevated proin-
flammatory cytokines, [11] decreased brain-derived neurotrophic factor
(BDNF), [12-14] and accelerated microglial aging. [15] However, other
studies have found only a limited relationship between sleep and AD
pathology or cognitive decline. [16-18]

Beyond sleep itself, whether distinct classes of sleep-affecting med-
ications can mediate or moderate reported sleep-AD relationships has
not been thoroughly investigated. For example, there is literature that
suggests that SSRIs can reduce AP and tau levels in both AD mouse
models and in humans with AD, although findings are inconsistent.
[19-22] In clinical practice, SSRIs may also be used to treat insomnia
off-label, particularly when overlapping with mild depressive symp-
toms. [23] The nonbenzodiazepine drug zolpidem was recently found to
increase hippocampal ripple density, duration, and amplitude in rat
models, suggesting a potential role for zolpidem in sleep-dependent
memory consolidation. [24] Several studies [25,26] have demon-
strated regulation of tau hyperphosphorylation by benzodiazepine drugs
in mice; however, the effect of benzodiazepines on AD progression is
unclear, with contradictory study findings. [27-30] Characterization of
these medications in relation to sleep impairment and AD pathogenesis
may be important for identifying individuals for whom sleep-modifying
interventions might be most effective, as polypharmacy of these medi-
cations is common in older adults.

Given the potential interacting effects of sleep and sleep-affecting
medications on AD pathogenesis, we used data from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) to investigate the relationships
between sleep impairment, A} and tau deposition, and cognition. Spe-
cifically, we used a medical history of abnormal sleep, informant-
reported abnormal nighttime behaviors on the NPIQ, and logs of
sleep-affecting medication consumption to investigate effects on the
accumulation of AD pathology and longitudinal cognitive decline.

2. Methods
2.1. The ADNI database

The subjects included in these analyses were participants in the ADNI
(www.adni-info.org), [31] which is a longitudinal, multicenter, obser-
vational cohort study designed to identify imaging and fluid biomarkers
that can be used to diagnose and monitor AD. It was launched in 2003 by
the National Institute on Aging (NIA), the National Institute of

Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug
Administration (FDA), private pharmaceutical companies, and non-
profit organizations, as a $60 million, 5-year public-private partner-
ship, led by Principal Investigator, Michael W. Weiner, MD. ADNI-1 was
followed by ADNI-GO, ADNI-2, and ADNI-3, and to date, these protocols
have recruited over 1500 adults from over 50 sites across the U.S. and
Canada. The study was approved by the Institutional Review Boards
from all participating institutions. Informed written consent was ob-
tained from all participants at each site. ADNI data were obtained from
the publicly available ADNI database, accessed online at adni.loni.usc.
edu.

Briefly, subjects in ADNI were between the ages of 55 and 90 years
and were enrolled into three diagnostic cohorts (NC, mild cognitive
impairment [MCI], and AD). Individuals with any significant non-AD
neurological disease, abnormal baseline MRI, significant systemic
illness, or psychiatric condition, including major depressive disorder,
bipolar disorder, schizophrenia, or recent alcohol or substance use de-
pendency, were excluded. Patients residing in skilled nursing facilities
were also excluded. [32] The MCI and AD cohorts were distinct from the
NC cohort based on clinical features, including self- or partner- reported
memory complaints, a Clinical Dementia Rating (CDR) of 0.5 or above,
and memory impairment on the Wechsler Memory Scale. MCI and AD
cohorts were further differentiated by the Mini-Mental State Exam
(score of 24-30 for MCI and 20-26 for AD); and by the CDR Memory Box
score (at least 0.5 for MCI and 1.0 for AD). [32]

2.2. Subject population

Nine hundred sixty-four ADNI subjects who had a '®F-florbetapir Ap
PET scan—278 NC, 559 with MCI, 127 with AD—were included in these
analyses (Table 1). Six hundred fifty-seven subjects had at least 1 follow-
up '8F-florbetapir PET scan, 403 had at least 2 follow-up scans, 221 had
at least 3 follow-up scans, 89 had at least 4 follow-up scans, and 5 had 5
follow-up scans, with a mean duration of follow-up from first to last visit
of 4.6 +/— 2.4 years, across all 657 subjects.

18F—ﬂortaucipir PET scans were available for 254 subjects: 119 (43%)
of NC, 132 (24%) of MCI, and 3 (2%) of AD subjects. One hundred and
forty-four had at least 1 follow-up 18p. flortaucipir PET scan, 65 had at
least 2 follow-up scans, and 25 had 3 follow-up scans, with a mean
follow-up duration from first to last visit of 2.8 +/— 1.4 years.

Cognitive function was assessed using the Alzheimer’s Disease
Assessment Scale Cognitive Subscale (ADAS-Cog), 13-item version,
which is the most widely used measure in clinical trials. [33]

2.3. Sample size calculation

Two references were used to estimate the minimum sample size
needed for these analyses. The first was a pilot study by Shokouhi et al.
assessing the relationship between informant-based sleep reports and Af
deposition on PET. [34] This study reported an effect size of a 0.18
difference in SUVR between the groups that reported or did not report
difficulty sleeping. With a standard deviation of 0.178, a total sample
size of 30 would be sufficient, with 15 in each group. A second study by
Jackson et al. reported differences in global Ap levels on PET in in-
dividuals with and without obstructive sleep apnea. [35] With an effect
size of a 4.68 SUVR difference between groups and a standard deviation
of 10.65, a sample size of 236 would be sufficient, with 118 per group.
Based on these two references, our sample size of 964 was considered
more than sufficient to assess differences in Af} deposition in people with
and without sleep impairment.
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2.4. Characterization of impaired sleep

Impaired sleep was assessed in two ways: 1) documentation of
“difficulty sleeping,” “difficulty falling asleep,” “having trouble
sleeping,” “sleeping difficulty,” “problems sleeping,” “poor sleep,”
“interrupted sleep,” “sleep disturbance,” “sleep disorder,” or “sleep
disruption” in the subject’s medical history (MH-SLEEP), and 2) infor-
mant report of abnormal nighttime behaviors on the Neuropsychiatric
Inventory Questionnaire (NPIQ), in response to the question (Question
12a), “Does the patient awake you during the night, rise too early in the
morning, or take excessive naps during the day?” (NPI-SLEEP), a mea-
sure that has been used to capture abnormal nighttime behaviors in
previous studies. [36,37] We also noted if there was a documented
medical history of obstructive sleep apnea (OSA), and whether the OSA
was treated or not treated with continuous positive airway pressure
(CPAP).

» o«
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2.5. Identifying medications that can affect sleep

We compiled a list of medications that could affect sleep in our
cohort based on two sources. First, we referenced a study by Do [38] that
compiled data from 7748 respondents of the 1999-2016 National Health
and Nutrition Examination Survey and sourced insomnia data from the
Micromedex database, which include boxed warnings, adverse effects
from the US Food and Drug Administration, and clinical trial findings.
We then supplemented the list with insomnia incidence data collected
from the Prescriber’s Digital Reference (PDR). [39] The PDR is the on-
line and updated version of the Physicians’ Desk Reference, a printed
reference source of boxed warning, side effects, interactions, and other
information on various drugs.

From these two sources, we compiled a list of all medications with an
average insomnia incidence >10%, totaling 106 medications (65 med-
ications from Do [38] and 41 from the PDR) [see Supplemental file 1].
Vaccines were excluded. We then combined this list of 106 insomnia-
related medications with 25 common sedative-hypnotic medications,

Table 1
Baseline characteristics.
Normal Mild cognitive impairment, beta- Mild cognitive impairment, beta- Alzheimer’s p-
amyloid negative on PET amyloid positive on PET disease value*®
Number of subjects 278 243 316 127
Age, years 74.3 [5.8] 70.3 [7.9]* 73.1 [6.9] 74.9 [8.0] <
0.001
Sex, number of subjects (%) 140 136 (56.0%) 182 (57.6%) 76 (59.8%) 0.21
- Male (50.4%) 107 (44.0%) 134 (42.4%) 51 (40.2%)
- Female 138
(49.6%)
Number (%) of subjects with an APOE &2 allele 34 31 (12.8%) 6 (1.9%)* 5 (3.9%)* <
(12.2%) 0.001
Number (%) of subjects with an APOE &4 allele 74 53 (21.8%) 201 (63.6%)* 86 (67.7%)* <
(26.6%) 0.001
Baseline Alzheimer’s Disease Assessment Scale, 13- 9.9 [5.7] 12.8 [7.1]* 18.6 [9.8]* 31.9 [8.4]* <
item cognitive subscale 0.001
Number (%) of subjects with a medical history of 25 (9.0%) 31 (12.8%) 27 (8.5%) 11 (8.7%) 0.37
difficulty sleeping
Number (%) of subjects with abnormal nighttime 76 100 (41.2%)* 141 (44.6%)* 42 (33.1%) <
behaviors on the NPIQ (27.3%) 0.001
Number (%) of subjects with a history of OSA 12 (4.3%) 44 (18.1%)* 35 (11.1%)* 15 (11.8%)* <
0.001
Number (% of subjects with OSA) of subjects with a 5 (33.3%) 7 (46.7%) 7 (46.7%) 5 (33.3%) 0.19
history of CPAP treatment for OSA
Number (%) of subjects who have taken SSRIs for <10 15 (5.4%) 25 (10.3%)* 40 (12.7%)* 23 (18.1%)" <
years 0.001
Number (%) of subjects who have taken SSRIs for >10 24 (8.6%) 36 (14.8%)* 58 (18.4%)* 23 (18.1%)* 0.003
years
Number (%) of subjects who have taken non-SSRI 14 (5.0%) 5 (2.1%) 12 (3.8%) 5 (3.9%) 0.35
antidepressants for <10 years
Number (%) of subjects who have taken non-SSRI 8 (2.9%) 15 (6.2%) 8 (2.5%) 4 (3.1%) 0.14
antidepressants for >10 years
Number (%) of subjects who have taken 6 (2.2%) 3(1.2%) 8 (2.5%) 6 (4.7%) 0.23
antipsychotics for <10 years
Number (%) of subjects who have taken 0 (0.0%) 2 (0.8%) 3 (0.9%) 1 (0.8%) 0.37
antipsychotics for >10 years
Number (%) of subjects who have taken 7 (2.5%) 9 (3.7%) 18 (5.7%) 2 (1.6%) 0.12
benzodiazepines for <10 years
Number (%) of subjects who have taken 11 (4.0%) 15 (6.2%) 12 (3.8%) 3 (2.4%) 0.36
benzodiazepines for >10 years
Number (%) of subjects who have taken zolpidem for 3 (1.1%) 1 (0.4%) 1 (0.3%) 1 (0.8%) 0.64
<10 years
Number (%) of subjects who have taken zolpidem for 13 (4.7%) 5(2.1%) 6 (1.9%) 1 (0.8%) 0.09
>10 years
Number (%) of subjects who have taken melatonin for 9 (3.2%) 9 (3.7%) 15 (4.7%) 1 (0.8%) 0.21
<10 years
Number (%) of subjects who have taken melatonin for 8 (2.9%) 10 (4.1%) 8 (2.5%) 7 (5.5%) 0.37
>10 years
Number (%) of subjects with a Geriatric Depression 10 (3.6%) 22 (9.1%)* 20 (6.3%) 9 (7.1%) 0.07

Scale score > 5

Data shown are means [standard deviations].

P-values were obtained by the Kruskal-Wallis or Fisher’s Exact tests, depending on the variable type.
" P < 0.05 as compared to the cognitively normal group by the Wilcoxon rank sum or Fisher’s Exact tests.
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[40,41] including benzodiazepines, diphenhydramine, and zolpidem
(see Supplemental file 2). We also included melatonin, a commonly used
over-the-counter supplement to improve sleep, given previous studies
reporting potential therapeutic effects of melatonin and the melatonin
receptor agonist, ramelteon, in patients with MCI and AD. [42,43] In
total, we prepared a list of 132 medications that could potentially affect
sleep.

Out of these 132 medications, we excluded medications that were
consumed by fewer than 30 subjects (3%) of our cohort, leaving 21
medications in 6 major classes: SSRIs (sertraline, citalopram, escitalo-
pram, fluoxetine, paroxetine, fluvoxamine), non-SSRI antidepressants
(bupropion, venlafaxine, desvenlafaxine), antipsychotics (quetiapine,
aripiprazole, olanzapine, risperidone), benzodiazepines (lorazepam, al-
prazolam, clonazepam, temazepam, diazepam, chlordiazepoxide, tri-
azolam), melatonin, and zolpidem. Of note, Z drugs (aside from
zolpidem), doxepin, ramelteon, and diphenhydramine were taken by
only 3 or fewer subjects in ADNI, so they were not included in our an-
alyses. Lastly, we classified the duration of medication use as short-term,
if used for <10 years, or long-term, if used for 10 or more years.

2.6. APOE genotyping

ADNI's APOE genotyping was performed on DNA extracted from
peripheral blood cells and processed by the University of Pennsylvania
AD Biofluid Bank Laboratory, as previously described. [44] Approxi-
mately 6 ml of blood were obtained from each participant in an EDTA
tube, gently mixed by inversion, and shipped at ambient temperature to
a single designated laboratory within 24 h of collection for analysis for
genotyping.

2.7. MR image acquisition

All subjects underwent a standardized 3 Tesla MRI protocol, which
included a T1-weighted three-dimensional MPRAGE sequence (adni.lon
i.usc.edu/methods/documents/mri-protocols). This standardized pro-
tocol was distributed digitally to all ADNI-certified scanners. Before any
subject was scanned with this protocol, an ADNI phantom was used to
assess linear and nonlinear spatial distortion, signal-to-noise ratio, and
image contrast, which was reviewed by a single quality-control center to
ensure harmonization among sites.

2.8. Ap and tau PET acquisition and processing

I8E_florbetapir PET scans were obtained, processed, co-registered to
structural 3D T1 MPRAGE sequences, and then regionally segmented by
the ADNI PET imaging core as described previously. [45] Briefly, '8F-
florbetapir standardized uptake value ratios (SUVR) were obtained from
a volume-weighted average of the mean uptake from cortical gray
matter regions (lateral and medial frontal, anterior and posterior
cingulate, lateral parietal, and lateral temporal) normalized to the cer-
ebellum. These SUVRs were downloaded from the ADNI website (http://
adni.loni.usc.edu/).

18R _flortaucipir PET scans were acquired as six frames of 5-min
duration approximately 75 min after the injection of approximately
10 mCi of radiotracer. Frames were realigned and averaged. The stan-
dardized uptake value peak-alignment (SUVP) method, that we devel-
oped, [46] was used for tau quantification to address potential
variability in off-target binding in the cerebellar cortex reference region.
The SUVP was computed voxel-by-voxel by subtracting the mode of the
whole brain SUV, then dividing by the standard deviation of the whole
brain SUV. Positive SUVP values in the following regions were then
averaged and included in the analyses: meta-temporal (MTL) regions
(including the amygdala, entorhinal cortex, parahippocampal gyri,
fusiform gyri, and inferior/middle temporal gyri), Braak 1 region (en-
torhinal cortex), Braak 3 regions (parahippocampal gyri, fusiform gyri,
lingual gyri, amygdala), Braak 4 regions (middle and inferior temporal
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gyri, anterior/posterior/isthmus cingulate, insula, and temporal poles),
Braak 5 regions (superior/middle frontal gyri, lateral/medial orbito-
frontal gyri, frontal poles, pars opercularis/orbitalis/triangularis, supe-
rior and inferior parietal lobules, lateral occipital lobes, supramarginal
gyri, superior temporal gyri, precuneus, banks of the superior temporal
sulcus, transverse temporal gyri), and Braak 6 regions (pericalcarine
cortex, pre- and postcentral gyrus, cuneus). [47] Braak 2 was excluded
due to potential artifact from off-target binding to choroid plexus. [48].

2.9. Statistical analysis

All statistical analyses were performed in STATA 16 (StataCorp,
College Station, TX). Baseline differences across all three groups were
assessed using the Kruskal-Wallis or Fisher’s Exact Tests, depending on
the variable type (Table 1). Differences between groups (e.g. NC vs. MCI,
NC vs. AD) were then assessed using the Wilcoxon Rank Sum or Fisher’s
Exact tests. For all regression models, a p-value of <0.05 was considered
significant. Plots of residuals were assessed for normality, and quantiles
of variable transforms were assessed to better fit a normal distribution.

2.10. Statistical analysis investigating sleep variables and beta-amyloid

To assess whether MH-SLEEP or NPI-SLEEP were associated with
cerebral AB deposition at baseline, we used separate multivariate
regression models with 8F-florbetapir SUVR as the dependent variable
and each sleep variable as the independent variable, including age, sex,
APOE €4 or €2 carrier status, and ADAS-Cog score as covariates.
Regression models were also run separately for each cohort: NC, Af-
negative MCI [MCI-AB(—)]1, AB-positive MCI [MCI-AB(+)], and AD.

A linear mixed-effects model was used to assess the rate of change in
Ap, in relation to sleep variables, while accounting for within-subject
variation. [49,50] The mixed-effects model was designed to separate
random variations of Ap across subjects at baseline from the effects of Af
change over time and effects of sleep variables. To determine whether
MH-SLEEP or NPI-SLEEP were associated with longitudinal change in
18F—ﬂorbetapir SUVR, we used the linear mixed-effects model: SUVR;; =
(Bo + Bo) + P1 SLEEP; + (B2 + B3 SLEEP)) tjj + covariates + €. SUVRy
represents the SUVR of subject i at timepoint j, SLEEP; represents the
sleep variable (i.e. MH-SLEEP or NPI-SLEEP) for each subject, and t;j;
represents the time interval between PET scans. (Byg + Po) are the co-
efficients for the random and fixed variations in baseline SUVR. The
coefficient f3; represents the fixed effects of the association between the
sleep variable and SUVR at baseline. Finally, (B2 + P3) are the co-
efficients for time-dependent changes in SUVR, irrespective (f2) and
respective (f3) of the sleep variable. The error term &;; represents random
noise. Age, sex, APOE &4 or €2 carrier status, and ADAS-Cog score were
included as covariates.

2.11. Statistical analysis investigating sleep variables and tau

Next, we used similar multivariate regression models to assess
whether MH-SLEEP or NPI-SLEEP were associated with cortical tau
deposition at baseline in individuals who were AB positive on PET
(SUVR >1.11), [51] using 18F-ﬂortaucipir SUVP as the dependent var-
iable and each sleep variable as the independent variable. Age, sex,
APOE €4 or €2 carrier status, and ADAS-Cog score were included as
covariates. Regression models were also run separately for each cohort.

A linear mixed-effects model was used to assess whether each sleep
variable was associated with longitudinal change in regional *®F-flor-
taucipir SUVP: SUVPij = (Bo + Bo) + P1 SLEEP; + (B2 + ps SLEEP;) tj +
covariates + ¢;. Post hoc, we also investigated whether medication use
(i.e. SSRIs, other antidepressants, antipsychotics, benzodiazepines, zol-
pidem) altered the relationship between sleep and tau deposition, by
including each of these variables as a potential confounding factor.
Depression was defined as a Geriatric Depression Scale score greater
than or equal to 5. [52]
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2.12. Statistical analysis investigating sleep variables and cognition

Finally, we assessed whether MH-SLEEP or NPI-SLEEP were associ-
ated with cognition, using the total from the 13-item ADAS-Cog subscale
as the dependent variable and each sleep variable as the independent
variable. A linear mixed-effects model was used to assess whether each
sleep variable associated with longitudinal change in ADAS-Cog: ADAS-
Cog Scorejj = (Bo + Po) + P1 SLEEP; + (B2 + B3 SLEEP)) t;j 4- covariates +
Bij.

3. Results
3.1. Demographics

Baseline characteristics are shown in Table 1. The MCI-Ap(—) group
was younger than the NC, MCI-AB(+), and AD groups (p < 0.001). While
all three cohorts had more male subjects than female subjects, the ratio
did not differ significantly across groups (p = 0.21). As expected, the
MCI-AB(+) and AD groups had a lower proportion of APOE €2 carriers (p
< 0.001) and higher proportion of APOE &4 carriers than the NC group
(p < 0.001).

In the overall cohort, 94 subjects [25 NC, 31 MCI-AB(—), 27 MCI-Ap
(+), 11 CE] had a positive history of MH-SLEEP and 359 [76 NC, 100
MCI-AB(—), 141 MCI-AB(+), 42 CE] reported abnormal NPI-SLEEP.
There was no significant difference in MH-SLEEP among groups (p =
0.37). The MCI-AB(+) group had a higher proportion of informant-
reported NPI-SLEEP compared to the NC (MCI-AB(+) 44.6% vs. NC
27.3%, p < 0.001) and AD (33.1%, p = 0.033) groups. The MCI-AB(-)
group also had a higher proportion of NPI-SLEEP (41.2%) compared to
the NC group (27.3%, p = 0.001).

The MCI-AB(—), MCI-AB(+) and AD groups had significantly higher
ADAS-Cog scores at baseline, demonstrating more impairment than the
NC group (p < 0.001). The MCI-AB(—) group had a higher proportion of
subjects with a Geriatric Depression Scale score greater than or equal to
5 compared to the NC group (9.1% vs. 3.6%, p = 0.011). The NC group
had a lower proportion of subjects reporting OSA (4.3%), compared to
the MCI-AB(—) (18.1%, p < 0.001), MCI-AB(+) (11.1%, p = 0.002) and
AD (11.8%, p = 0.009) groups. The proportion of patients with OSA who
received CPAP as treatment did not differ significantly across all groups
(@ =0.19).

Across all groups, there was no significant difference in the propor-
tion of subjects reporting short- or long-term use of a non-SSRI antide-
pressant, antipsychotic, or benzodiazepine. Long-term use of melatonin
was not significantly different across groups (p = 0.37). Short-term use
of melatonin was higher in the MCI-AB(+) group than the AD group (4.7
vs. 0.8%, p = 0.048). Short- and long-term use of SSRIs were lower in the
NC cohort (respectively, 5.4%, 8.6%) compared to the MCI-AB(—)
(respectively, 10.3%, p = 0.047; 14.8%, p = 0.038), MCI-AB(+)
(respectively, 12.7%, p = 0.003; 18.4%, p = 0.001), and AD (respec-
tively, 18.1%, p < 0.001; 18.1%, p = 0.007) groups. Short- and long-
term zolpidem use did not differ between cohorts (respectively, p =
0.64, p = 0.09).

3.2. Medical history of impaired sleep, abnormal nighttime behaviors, and
history of obstructive sleep apnea were not associated with beta-amyloid
deposition at baseline

At baseline, MH-SLEEP ( = —0.0012, p = 0.96) and NPI-SLEEP (f =
—0.0075, p = 0.57) were not associated with Ap deposition on PET,
adjusted for age, sex, APOE €2 or €4 carrier status, and degree of
cognitive impairment (Table 2, Fig. 1). A medical history of OSA (f =
—0.023, p = 0.26) and CPAP use (f = 0.032, p = 0.43) were also not
associated with AP deposition on PET. These associations remained
nonsignificant when analyzing each group separately (NC, MCI-AB(—),
MCI-AB(+), and AD: all p > 0.05).
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Table 2
Regression coefficients demonstrating the associations between beta-amyloid
deposition on '®F-florbetapir PET SUVR and sleep variables.

Regression: Florbetapir PET SUVR ~ medical history of sleeping difficulties +
covariates

Regression
Coefficient [95%
CI]

—0.0012 [-0.043, 0.96

p-value

Medical history of sleeping difficulties

0.041]

Age, years 0.0033 [0.0015, <0.001
0.0051]

Male —0.031 [-0.056, 0.017
—0.0051]

APOE e2 allele —0.053 [-0.10, 0.03
—0.0052]

APOE e4 allele 0.15 [0.12, 0.17] <0.001

Baseline Alzheimer’s Disease Assessment Scale, 0.0079 [0.0067, <0.001

13-item cognitive subscale 0.0092]

Regression: Florbetapir PET SUVR ~ abnormal nighttime behavior on NPIQ +
covariates

Regression

Coefficient [95%

CI]

—0.0075 [-0.033, 0.57

p-value

Abnormal nighttime behavior on the

Neuropsychiatric Inventory Questionnaire 0.018]

Age, years 0.0033 [0.0015, <0.001
0.0051]

Male —0.030 [—0.056, 0.017
—0.0053]

APOE e2 allele —0.054 [-0.10, 0.027
—0.0061]

APOE ¢4 allele 0.15 [0.12, 0.17] <0.001

Baseline Alzheimer’s Disease Assessment Scale, 0.0080 [0.0067, <0.001

13-item cognitive subscale 0.0092]

CI = confidence interval.

3.3. Medical history of sleep impairment and abnormal nighttime
behaviors were associated with greater tau deposition on PET at baseline

Across the entire cohort, MH-SLEEP was associated with greater tau
deposition on PET in the MTL ( = 0.29, p = 0.04), Braak 1 (B = 0.54, p
< 0.001), and Braak 4 regions (p = 0.23, p = 0.025) (Table 3, Figs. 2 and
3). Separated by group, MH-SLEEP was associated with greater tau in
the MTL ( = 0.68, p = 0.035) and Braak 4 regions (f = 0.51, p = 0.017)
in the NC group and greater tau in the Braak 1 region in the MCI-AB(+)
group ( = 0.49, p = 0.003). Of note, although NC with a positive history
of MH-SLEEP had greater tau deposition than those without, the level of
tau deposition was still below the usual threshold for tau positivity [53]
in the Braak 4 region (NC/MH-SLEEP+ mean SUVP 1.02 [range
0.80-1.25] vs. NC/MH-SLEEP- mean SUVP 0.53 [range 0.19-1.24]).
The level of tau deposition in the MTL did approach tau positivity
thresholds (NC/MH-SLEEP+ mean SUVP 1.29 [range 1.03-1.55] vs.
NC/MH-SLEEP- mean SUVP 0.65 [range 0.20-1.77]). Furthermore, the
mean level of tau deposition in the Braak 1 region in the MCI/MH-
SLEEP+ group did cross tau positivity threshold (MCI/MH-SLEEP+
mean SUVP 1.58 [range 0.88-2.54] vs. MCI/MH-SLEEP- mean SUVP
0.95 [range 0.023-2.16]).

NPI-SLEEP was also associated with greater tau deposition on PET in
the Braak 1 region (f = 0.21, p = 0.024). In separate group analyses, this
held true in the MCI-AB(+) group (p = 0.31, p = 0.008). A medical
history of OSA was not associated with tau deposition on PET at
baseline.
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Fig. 1. Boxplots showing no difference in global ‘®F-florbetapir PET SUVR among individuals with or without a medical history of sleep impairment (A), or with or

without reported abnormal nighttime behaviors on the NPIQ (B) (p > 0.05).

Table 3

Regression coefficients demonstrating the associations between tau deposition on *®F-flortaucipir PET and sleep variables.

Regression Coefficient

[95% CI]
p-value
Meta Braak 1 Braak 3 Braak 4 Braak 5 Braak 6
temporal lobe region regions regions regions regions
region
Medical history of sleeping difficulties 0.29 0.54 0.19 0.23 —0.010 0.088
[0.13, 0.56] [0.28, 0.80] [-0.052, [0.030, 0.44] [-0.16, 0.14] [-0.023, 0.20]
0.04* <0.001* 0.43] 0.025* 0.90 0.12
0.12
Abnormal nighttime behavior on the Neuropsychiatric Inventory 0.09 0.21 0.14 0.042 0.068 —0.0082
Questionnaire [-0.096, 0.28] [0.029, [—0.024, [-0.099, [-0.034, [-0.084,
0.33 0.40] 0.29] 0.18] 0.17] 0.067]
0.024* 0.095 0.55 0.19 0.83

All models were adjusted by age, sex, APOE2 carrier status, APOE4 carrier status, baseline score on the Alzheimer’s Disease Assessment Scale (13-item cognitive

subscale).
" p <0.05.

3.4. Longitudinal analyses showed slower rates of A accumulation in
cognitive normal individuals with a medical history of sleep impairment
and OSA, but faster Ap accumulation in individuals with AD and OSA

MH-SLEEP and NPI-SLEEP were not associated with longitudinal
change in AP across the entire cohort (Table 4). When analyzed sepa-
rately by group, NPI-SLEEP remained not significantly associated with
longitudinal change in Af in the NC, MCI-AB(—), MCI-AB(+), and AD
groups (p > 0.05).

MH-SLEEP was associated with a slower rate of Ap accumulation in
the NC group (p = 0.007), such that the rate of accumulation of Ap was
0.0010 +/— 0.0014 (95% CI: —0.0018, 0.0038) SUVR per year in the NC
with a positive MH-SLEEP and 0.0050 +/— 0.00044 (95% CI: 0.0041,
0.0059) SUVR per year in the NC without a positive MH-SLEEP.

A medical history of OSA was associated with slower accumulation
of Ap (B = —0.0034, p < 0.001) in the overall group, such that the rate of
accumulation of Ap was 0.0019 +/— 0.00082 (95% CI: 0.00028,

0.0035) SUVR per year for people with a history of OSA and 0.0053 +/—
0.00030 (95% CI: 0.0047, 0.0059) SUVR per year for people without. In
subgroup analysis, a medical history of OSA was associated with slower
accumulation of Ap in the NC group (p = —0.0079, p < 0.001), such that
people with OSA had a rate of accumulation of —0.0026 +/— 0.0015
(95% CI: —0.0056, 0.00029) SUVR per year, compared to 0.0053 +/—
0.00054 (95% CI: 0.0044, 0.0061) without. Notably, a medical history
of OSA was associated with faster accumulation of Ap in the AD group (8
= 0.025, p = 0.006), such that people with AD and OSA had a rate of
accumulation of 0.032 +/— 0.0088 (95% CI: 0.014, 0.049) SUVR per
year, compared to 0.0068 +/— 0.0024 (95% CI: 0.0021, 0.012) without.

Values shown are regression coefficients [95% CI]. Regression
models that included florbetapir and flortaucipir PET SUVRs as outcome
variables included age, sex, baseline score on the Alzheimer’s Disease
Assessment Scale Cognitive Subscale (ADAS-Cog), and APOE €2 and &4
carrier status as covariates. Regression models that included ADAS-Cog
as the outcome variable included age, sex, and APOE €2 and €4 carrier
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Fig. 2. Boxplots showing higher tau deposition on '®F-flortaucipir PET among individuals with a medical history of sleep impairment (A-C) or reported abnormal

nighttime behaviors on the NPIQ (D).

Fig. 3. Coronal T1-weighted MR (A) and '®F-flortaucipir PET (B) images from a 75 year-old subject with a medical history of insomnia and periodic limb movements
during sleep. She had a clinical diagnosis of mild cognitive impairment and used sertraline, a selective serotonin reuptake inhibitor. Her MRI shows mild hippo-
campal atrophy, more notably on the right. Tau PET images showed greatest cortical tau deposition in the temporal and parietal lobes.

status as covariates.

3.5. Longitudinal analyses showed slower rates of tau accumulation in
cognitive normal individuals with a medical history of sleep impairment

MH-SLEEP and NPI-SLEEP were not associated with longitudinal
change in tau (p > 0.05) [Table 4]. Similarly, a medical history of OSA
was not associated with change in tau (p > 0.05). Analyzed separately by
group, NPI-SLEEP and medical history of OSA remained not associated
with longitudinal change in tau (p > 0.05).

Interestingly, in the NC group, MH-SLEEP was associated with a
slower rate of tau accumulation in the MTL (f = —0.19, p = 0.005),
Braak 1 (8 = —0.31,p < 0.001), Braak 4 ( = —0.11, p = 0.03), and Braak
5 (p = —0.11, p = 0.002) regions. NC subjects with a history of MH-
SLEEP accumulated tau at a rate of —0.19 +/— 0.068 (95% CI: —0.32,
—0.055) SUVP per year in the MTL, —0.30 +/— 0.083 (95% CI: —0.46,
—0.13) SUVP per year in Braak 1, —0.097 +/— 0.051 (95% CI: —0.20,
0.0026) SUVP in the Braak 4 regions, and — 0.099 +/— 0.034 (95% CL:
—0.16, —0.033) SUVP in the Braak 5 regions, compared to 0.014 +/—
0.013 (95% CI: —0.010, 0.039) SUVP per year in the MTL, 0.015 +/—
0.016 (95% CI: —0.016, 0.046) SUVP per year in the Braak 1, 0.013 +/—
0.0095 (95% CI: —0.0055, 0.032) SUVP in the Braak 4 regions, and
0.0086 +/— 0.0063 (95% CIL: 0.0037, 0.021) SUVP in the Braak 5 re-
gions in NC subjects without a history of MH-SLEEP.

3.6. Sleep-affecting medications did not moderate the relationship
between medical history of impaired sleep or obstructive sleep apnea and
longitudinal change in beta-amyloid

MH-SLEEP remained associated with a slower rate of Af accumula-
tion in the NC group, even after adjusting for the use of SSRIs, non-SSRI
antidepressants, antipsychotics, benzodiazepines, zolpidem, and mela-
tonin (p < 0.05).

A medical history of OSA remained associated with a slower rate of
Ap accumulation in the NC group, even after adjusting for the use of
SSRIs, non-SSRI antidepressants, antipsychotics, benzodiazepines, zol-
pidem, and melatonin (p < 0.05).

In subgroup analysis, a medical history of OSA remained associated
with slower accumulation of Af in the NC group, even after adjusting for
the use of SSRIs, non-SSRI antidepressants, antipsychotics, benzodiaze-
pines, zolpidem, and melatonin (p < 0.05). Similarly, a medical history
of OSA remained associated with faster accumulation of Af in the AD
group, even after adjusting for medication use, as above (p < 0.05).

3.7. Medications that affect sleep moderate the relationship between
abnormal nighttime behaviors and tau pathology

The association between MH-SLEEP and tau deposition persisted in
the Braak 1 region, even when adjusting for use of SSRIs, non-SSRI
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Table 4
Regression coefficients demonstrating the associations between sleep variables
and longitudinal accumulation of beta-amyloid or tau deposition over time.

Longitudinal change in: Predictor Regression P-value
coefficient
[95% CI]
18g_florbetapir PET global SUVR MH- 0.0043 0.47
SLEEP*time [0.0026,
0.0061]
NPI- 0.0051 0.72
SLEEP*time [0.0041,
0.0060]
18F.flortaucipir PET SUVP (meta- MH- —0.087 0.23
temporal regions) SLEEP*time [-0.23, 0.055]
NPI- 0.026 0.38
SLEEP*time [-0.031,
0.083]
18F_flortaucipir PET SUVP (Braak 1~ MH- -0.19 0.054
region) SLEEP*time [-0.37,
0.0052]
NPI- 0.023 0.56
SLEEP*time [-0.054, 0.10]
18F-flortaucipir PET SUVP (Braak 3 ~ MH- —0.037 0.55
regions) SLEEP*time [-0.16, 0.084]
NPI- 0.041 0.094
SLEEP*time [—0.0069,
0.088]
18E_flortaucipir PET SUVP (Braak 4 ~ MH- —0.048 0.38
regions) SLEEP*time [-0.15, 0.059]
NPI- 0.016 0.46
SLEEP*time [-0.027,
0.059]
18F.flortaucipir PET SUVP (Braak 5  MH- —0.071 0.094
regions) SLEEP*time [-0.15, 0.012]
NPI- 0.023 0.17
SLEEP*time [-0.010,
0.057]
18E.flortaucipir PET SUVP (Braak 6  MH- —0.034 0.45
regions) SLEEP*time [-0.12, 0.054]
NPI- 0.014 0.41
SLEEP*time [-0.020,
0.050]
Alzheimer’s Disease Assessment MH- —0.0051 0.98
Scale (13-item cognitive subscale) SLEEP*time [-0.36, 0.35]
NPI- 0.44 <0.001
SLEEP*time [0.21, 0.66]

CI = confidence interval.

MH-SLEEP = medical history of sleep impairment.

NPI-SLEEP = abnormal nighttime behavior on the Neuropsychiatric Inventory
Questionnaire.

SUVR = standardized uptake value ratio.

SUVP = standardized uptake value peak alignment.

antidepressants, antipsychotics, benzodiazepines, zolpidem, and mela-
tonin (p < 0.05). However, including short-term use of SSRIs as a co-
variate slightly weakened the relationship between MH-SLEEP and tau
in the MTL (B = 0.26, p = 0.08) and Braak 4 regions (p = 0.20, p = 0.06).
Including short-term use of benzodiazepines as a covariate also slightly
weakened the relationship between MH-SLEEP and tau in the MTL (§ =
0.25, p = 0.08).

The association between NPI-SLEEP and tau in the Braak 1 region
was weakened when including short-term use of SSRIs as a covariate (
=0.16, p = 0.08).
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3.8. Cognitive changes associated with sleep impairment

At baseline, NPI-SLEEP was associated with more cognitive impair-
ment (f = 1.41, p = 0.007). MH-SLEEP was not associated with baseline
cognitive impairment.

Longitudinally, NPI-SLEEP was associated with faster increase in
cognitive impairment (p = 0.44, p < 0.001), such that an individual
without NPI-SLEEP increases 0.59 points on average per year on the
ADAS-Cog over the follow-up period versus a 1.03-point increase in an
individual with abnormal NPI-SLEEP.

4. Discussion

The major findings of our study were: 1) MH-SLEEP and NPI-SLEEP
were associated with baseline higher tau deposition on PET; 2) short-
term SSRI and benzodiazepine use weakened some of the relationships
between MH-SLEEP or NPI-SLEEP and tau; 3) MH-SLEEP and NPI-SLEEP
were not associated with baseline differences in Ap deposition on PET; 4)
MH-SLEEP and medical history of OSA were associated with slower
longitudinal accumulation of Af in the NC group, but OSA was associ-
ated with faster longitudinal accumulation of Ap in the AD group; and 5)
NPI-SLEEP was associated with both more baseline and faster increase in
cognitive impairment.

4.1. Sleep impairment and baseline tau deposition on PET

Our first major finding was that a medical history of impaired sleep
and having abnormal nighttime behaviors reported on the NPIQ were
related to higher baseline tau deposition in Braak regions 1 and 4 and in
the MTL. This finding is consistent with prior studies linking sleep
deprivation and abnormalities to higher levels of CSF tau in both
humans and mice. [10,54,55] Our results also confirm two recent
studies that have linked sleep disturbance with regional tau on PET.
Yoon et al. reported a relationship between tau and total sleep time,
cross-sectionally and longitudinally. [56] Our analyses build upon these
findings with a larger sample from the multicenter ADNI cohort, as well
as using medical histories and the NPIQ to identify sleep impairment.
We also extend the findings of Shokouhi et al. with a larger sample size
and longitudinal analyses, assessing the differential effects of our two
different sleep variables. [34]

There are several potential mechanisms to explain the underlying
pathophysiology linking sleep and tau, which could be bidirectional. For
instance, insufficient or impaired sleep could lead to neuronal injury and
higher tau levels. [57] It has been shown that acute and chronic sleep
loss leads to activated astroglia and microglia, respectively, [58] sug-
gestive of underlying neuroinflammation that is often associated with
neuronal damage. However, levels of neurofilament light chain (NfL)—a
nonspecific marker of neuronal damage—have not been shown to in-
crease with sleep loss, suggesting that higher tau levels may be due to
increased tau secretion, rather than neuronal injury. [10,57] An eleva-
tion in excitatory neuronal activity and synaptic strength—due to pro-
longed wakefulness from insufficient sleep—could explain increased
extracellular release of tau. [10] Regulation of tau hyper-
phosphorylation may also be driven by changes in sleep patterns:
chronic sleep deprivation in mice has been shown to increase tau
hyperphosphorylation through epigenetic enhancement of cyclin-
dependent kinase 5 (CDK5), a tau kinase. [59]

Conversely, the presence of tau could cause sleep abnormalities: as
such, sleep could be a symptom of underlying AD pathology, with
increased risk of subsequent cognitive impairment. Specifically, higher
tau deposition, as quantified on '®F-flortaucipir PET, could reflect more
tau pathology in the sleep centers of the brain, such as in the hypo-
thalamus, brainstem, and forebrain, as these are small regions that are
below the resolution of PET. The presence of tau in the MTL, for
instance, could disrupt the normal effects of slow wave sleep oscillations
on enhancing hippocampal memory consolidation. [60,61]
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4.2. Short-term SSRI and benzodiazepine use

A few papers investigating AD and sleep have considered sleep aids
in their analyses, as a dichotomous covariate, rather than the different
classes of medications that can affect sleep, as in our analyses. For
example, Kim et al. included sedative/hypnotic use as a covariate, but
didn’t find it to be a confounder; [62] Yoon et al. reported baseline
consumption of sleep aids by cognitive subgroup, but did not find a
significant difference; [56] and Andrews et al. likewise reported sleep
aid use based on the Pittsburg Sleep Quality Index (PSQI) questionnaire,
but did not find significant interactions with amyloid. [63] Our findings
build upon these studies with a systemic evaluation of multiple classes of
sleep-affecting medications in both our baseline and longitudinal ana-
lyses in an effort to isolate the varying effects of individual medication
classes.

After such analyses, we found that short-term SSRI and benzodiaz-
epine use weakened some of the relationships between sleep impairment
and tau deposition. While the expected effect of benzodiazepines on tau
has not been established in existing literature, [25-30] we expected to
find a protective effect of SSRIs on AD pathology, since studies have
shown that SSRIs can reduce Af, [19,20] tau, [19] and Ap-induced tau
hyperphosphorylation. [22] Instead, our results suggest that consump-
tion of SSRIs or benzodiazepines may serve as confounding variables. A
potential explanation is that having a positive MH-SLEEP or abnormal
score on the NPI-SLEEP may reflect early behavioral changes, due to tau
deposition in the hypothalamus. As such, the recent use of an SSRI or
benzodiazepine could be a sign of underlying AD pathology. Recent
literature has suggested that mild behavioral impairment could be a sign
of underlying AD, sometimes appearing even earlier than many typical
symptoms. [64-66] It is also possible that short-term benzodiazepine
use may in fact enhance tau hyperphosphorylation mediating AD pro-
gression, potentially through altered GABAergic signaling. [25-27] Be-
sides SSRIs and benzodiazepines, use of other classes of sleep
medications—non-SSRI antidepressants, antipsychotics, melatonin, and
zolpidem—were not found to have significant moderating effects.

4.3. Sleep impairment and baseline beta-amyloid deposition on PET

Our third finding was that impaired sleep was not associated with
baseline differences in cerebral AB deposition. This was an unexpected
finding, since some studies using other patient cohorts have found an
association between sleep disturbances and increased Af. [67-72] For
example, one study analyzing sleep problems reported on the Medical
Outcomes Study Sleep Scale found increased Ap deposition in the frontal
cortex, cingulate gyrus, angular gyrus, and precuneus. [72] Similarly,
both orexin inhibition and knockout in mice—leading to more sleep and
less wakefulness—have been shown to decrease Af pathology. [68,70]

On the other hand, other studies have either found no relationship
between sleep and Af [54] or found a greater association with tau than
AB. [7] By also including Ap(—) individuals in our analyses, we build
upon the results reported by Yoon et al., which found no relationship
between AP and total sleep time in AB(+) individuals. [56] We divided
our analyses into AB(+) and AB(—) MCI cohorts to isolate the effects of
Ap: such regressions revealed no relationship between sleep impairment
and Ap at baseline.

The lack of a relationship between sleep impairment and A is at
odds with glymphatic clearance as a mechanism for accumulation of
toxic proteinopathies. If glymphatic clearance were impaired due to lack
of sleep, one would expect both Ap and tau to accumulate. A possible
explanation for our tau-specific findings is that changes to sleep archi-
tecture may be initiated by tau in sleep centers of the brain before Af.
This framework has been confirmed by several studies, showing that, in
AD, tauopathy in neurons that promote wakefulness may occur before
A, which suggests a tau-driven process. [73] It is also possible that our
subjective sleep variables (chart review of medical history, informant
report) did not capture sleep disturbance adequately, masking
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detectable Ap effects. Lastly, our ADNI subjects may not have had severe
enough sleep impairment, since ADNI subjects were screened to have
fewer comorbidities than the general population. [74]

4.4. Sleep impairment, longitudinal beta-amyloid accumulation, and
obstructive sleep apnea

Fourth, we found that sleep impairment and OSA may have stage-
specific effects on AD pathology. Specifically, we found slower rates of
longitudinal Af accumulation in NC subjects with a medical history of
impaired sleep or OSA, but faster rates of Ap accumulation in AD sub-
jects with OSA. Several papers have suggested that OSA is a risk factor
for AD, [75-78] and OSA has been frequently associated with increased
Ap and tau. [79-81] OSA exposes the brain to a chronic hypoxemic and
hypercarbic state, which may lead to greater amyloid deposition and
tauopathy, via regulation of amyloid processing enzymes or tau kinases.
[82,83] In addition, OSA may drive AD progression due to REM and SWS
fragmentation, during which increased neuronal hyperactivity may lead
to heightened AP and tau release. [75,84,85]

The stage-specific effects of OSA may play a role in cognitive
impairment or accelerated AP deposition only at higher baseline Af
levels or later-stage progression of disease, when there is a greater
hypoxic burden or neurovascular changes. [86] This is in line with a
recent major study by Bubu et al., which reported stronger longitudinal
effects of OSA on AD progression in AB(+) subjects, compared to Ap(—)
subjects. [75] In our study, the use of each subject’s medical history to
screen for OSA also would not have captured undiagnosed OSA, a
common phenomenon. [87] Finally, a high proportion of ADNI subjects
were white, highly educated, and healthier than typical OSA or sleep-
impaired individuals in the community, since those with significant
comorbid cardiovascular conditions were screened out, [74] so the
slower rates of Af and tau in the NC group may reflect better access to
care.

4.5. Sleep impairment and cognitive decline

Lastly, we found that NPI-SLEEP was associated with greater baseline
cognitive impairment and a faster decline in cognition. These relation-
ships are consistent with previous studies linking sleep disturbance to
cognitive decline. [88-90] The relationship between NPI-SLEEP and
more rapid cognitive decline longitudinally suggests that NPI-SLEEP
may be an early behavioral symptom of AD, such that these subjects
have greater tau and risk for subsequent cognitive decline.

Beyond tau, there are several additional mechanisms that could link
impaired sleep with faster cognitive decline. For instance, prolonged
periods of wakefulness and cognitive arousal, due to impaired sleep,
may heighten the hypothalamic-pituitary-adrenal stress axis, contrib-
uting to cognitive impairment via reduction in BDNF, an essential
neurotrophin for synaptic plasticity and memory consolidation. [14,91]
Mouse models of AD have shown enhanced astroglial phagocytosis
secondary to chronic sleep deprivation, through upregulation of the
MERTK receptor pathway, [58] which can lead to inflammation and
neuronal injury. [92] Similarly, in humans, subjective sleep impairment
has been linked to biomarkers for astroglial activation and neuro-
inflammation, such as chitinase-3-like protein 1. [55] Lastly, sleep
impairment may lead to cognitive decline via hippocampal oxidative
stress and inhibited hippocampal neurogenesis: in animal models, sleep
deprivation reduces neurogenesis in the dentate gyrus of the hippo-
campus. [92-94]

While both MH-SLEEP and NPI-SLEEP were associated with tau, only
NPI-SLEEP was associated with cognitive impairment. A possible
explanation for this is that our MH-SLEEP variable was more heteroge-
neous and subjective, since it was based on notations in the medical
history, whereas our NPI-SLEEP variable may have been more specific
for AD-related cognitive decline. Indeed, several studies have implicated
positive symptoms on the NPIQ as early indicators of AD. [95-97]
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4.6. Clinical relevance

Our results have several implications for clinical practice. Our
finding that MH-SLEEP was associated with greater tau in the NC and
MCI-AB(+) cohorts identifies a high-risk group that could benefit from
sleep-targeting interventions for the purpose of delaying cognitive
decline and the development of frank AD. Similarly, our NPI-SLEEP
cohort showed faster cognitive decline longitudinally. This finding
again presents an opportunity for intervention, as identification of
abnormal nighttime behaviors on the NPIQ could identify individuals
who could benefit from disease-modifying therapy, and it supports a
growing number of studies linking sleep disturbance on the NPIQ with
faster rate of cognitive decline. [36,98]

Thus, MH-SLEEP and NP-SLEEP could be used to screen for high-risk
individuals who could benefit from therapies that improve these sleep
parameters, thereby possibly slowing cognitive decline. For instance,
suvorexant, which belongs to a new class of medications used to treat
insomnia, dual orexin receptor antagonists, was recently found to be
associated with decreased tau hyperphosphorylation and reduced Ap
levels in cognitively normal individuals, and thus might be a relevant
pharmacological intervention in the context of AD. [99] Importantly,
although sleep disorders have been associated with AD, our findings
show that the effects appear to occur via tau, not Ap, accumulation. As
such, novel anti-amyloid therapies such as lecanemab may not modify
the tau-related pathways by which sleep impairment affects AD
pathogenesis.

5. Limitations

There are several limitations to our study. The nature of our retro-
spective analysis prevents us from determining the directionality of the
relationships between sleep impairment, Af, tau, and cognitive
impairment. Our assessment of insomnia was based on medical history
and sleep questionnaires, rather than physiological measures of sleep
alterations like actigraphy, and thus we cannot interrogate the effects of
objective sleep biomarkers or architecture on AD pathology. Our sample
size of patients who consumed the medications of interest were also
relatively small, limiting power in specific medication subgroup ana-
lyses. Lastly, the ADNI cohort is not fully representative of a community
population, with overrepresentation of white, highly educated in-
dividuals with fewer comorbidities. [74]

6. Conclusions

Nevertheless, we found evidence for an association between sleep
impairment—as indicated by a review of the medical history or the
NPIQ—and tau deposition on PET. Impaired sleep, particularly on the
NPIQ, was also associated with cognitive impairment, both at baseline
and longitudinally. Our findings suggest that these two measures of
sleep impairment could be used in a clinical setting to identify candi-
dates at higher AD risk, who may benefit from sleep-modifying in-
terventions. Notably, besides short-term SSRI and benzodiazepine use,
we did not find concomitant sleep-affecting medication usage to be a
significant confounder. Next steps would include prospective studies
that investigate longitudinal trajectories of sleep quality and duration,
as they relate to development and progression of AD. Further research
which assesses regional tau deposition on PET and cognitive changes
with improved sleep, using objective measures like actigraphy, is
warranted.
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