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Neurobiology of Disease

Tau and fi-Amyloid Burden Predict Actigraphy-Measured
and Self-Reported Impairment and Misperception of
Human Sleep

Joseph R. Winer,' Allison Morehouse,' Laura Fenton,”> ““Theresa M. Harrison,” Lylian Ayangma,' Mark Reed,!
Samika Kumar,' ““Suzanne L. Baker, ““William J. Jagust,>* and Matthew P. Walker'?
'Center for Human Sleep Science, Department of Psychology, University of California Berkeley, Berkeley, California 94720, *Helen Wills
Neuroscience Institute, University of California Berkeley, Berkeley, California 94720, and *Molecular Biophysics and Integrated Bioimaging,
Lawrence Berkeley National Laboratory, Berkeley, California 94720

Alzheimer’s disease is associated with poor sleep, but the impact of tau and f-amyloid (Ap) pathology on sleep remains
largely unknown. Here, we test the hypothesis that tau and Af predict unique impairments in objective and self-perceived
human sleep under real-life, free-living conditions. Eighty-nine male and female cognitively healthy older adults received
"E-FTP-tau and ''C-PIB-Af PET imaging, 7 nights of sleep actigraphy and questionnaire measures, and neurocognitive
assessment. Tau burden, but not Af, was associated with markedly worse objective sleep. In contrast, Af and tau were asso-
ciated with worse self-reported sleep quality. Of clinical relevance, Af burden predicted a unique perceptual mismatch
between objective and subject sleep evaluation, with individuals underestimating their sleep. The magnitude of this mismatch
was further predicted by worse executive function. Thus, early-stage tau and A deposition are linked with distinct pheno-

types of real-world sleep impairment, one that includes a cognitive misperception of their own sleep health.
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Alzheimer’s disease is associated with sleep disruption, often before significant memory decline. Thus, real-life patterns of
sleep behavior have the potential to serve as a window into early disease progression. In 89 cognitive healthy older adults, we
found that tau burden was associated with worse wristwatch actigraphy-measured sleep quality, and that both tau and
[3-amyloid were independently predictive of self-reported sleep quality. Furthermore, individuals with greater (-amyloid
deposition were more likely to underestimate their sleep quality, and sleep quality underestimation was associated with worse
executive function. These data support the role of sleep impairment as a key marker of early Alzheimer’s disease, and offer
the possibility that actigraphy may be an affordable and scalable tool in quantifying Alzheimer’s disease-related behavioral
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Introduction

The association between sleep disturbance and Alzheimer’s dis-
ease (AD) is multidimensional (Mander et al., 2016; Wang and
Holtzman, 2020). Brain regions critical to the regulation of sleep-
wake behavior are highly vulnerable to and among the earliest
regions affected by AD pathology (Serrano-Pozo et al, 2011;
Stern and Naidoo, 2015; Theofilas et al., 2015; Oh et al., 2019).
Furthermore, the aggregation of tau and B-amyloid (AB) pa-
thology in cortical regions is associated with specific deficits in
neural oscillatory activity during sleep, both in humans and
rodents (Roh et al., 2012; Menkes-Caspi et al., 2015; Lucey et al.,
2019; Winer et al., 2019). However, it remains unclear how the
early deposition of both tau and A3 affects real-life human sleep
behavior (i.e., an individual’s everyday sleep activity), their
related subjective perception of sleep, and any mismatch between
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objective and subjective sleep health. The wide-
spread availability of accelerometers enables the
quantification of ecological sleep-wake behaviors
outside the laboratory using continuous recording
of actigraphy (Ancoli-Israel et al, 2003). When
coupled with validated biomarkers, actigraphy may
thus represent a meaningful tool in determining
early sleep changes associated with disease.

AD pathology is detectable before the onset of
observable symptoms through the use of PET imag-
ing (Jagust, 2018). Pairing actigraphy with PET
imaging in asymptomatic, cognitively healthy older
adults therefore provides a unique opportunity to
identify associations between tau and Af patho-
logic burden and sleep measures that occur early
on in the progression of AD (Winer and Mander,
2018), and can reflect real-life sleep behavior.
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Moreover, such quantification is needed if sleep
disruption is to become a scalable biomarker tool
for early AD disease risk and detection, in order to
quantify the efficacy of intervention strategies that
modify sleep with the goal of reducing AD risk.

In humans, both objective (actigraphy-estimated)
and subjective (questionnaire-based) approaches to
sleep assessment have demonstrated that poor sleep predicts worse
outcomes in the context of aging and AD (Lim et al.,, 2013; Diem
et al,, 2016; McSorley et al., 2019). In addition, seminal findings
have revealed a link between greater AD pathology (particularly
AB) and worse sleep quality (Ju et al., 2013; Spira et al., 2013;
Sprecher et al., 2015, 2017; Branger et al., 2016; Brown et al., 2016;
Ettore et al., 2019). However, there are limited data establishing a
link between objective measures of sleep behavior and in vivo
markers of AD progression. Considering the recent advent of tau
PET imaging, there is a hastened need to investigate the contribu-
tions of AD pathology to disrupted sleep behavior, and whether
AD pathology further disrupts the precision of older adults’ evalu-
ation of their sleep quality relative to objective measures.

Here, we addressed these questions by combining tau and
A PET imaging with multiple nights of at-home naturalistic
sleep actigraphy-estimated measurement in combination with
validated subjective sleep assessment tools in a cohort of cogni-
tively healthy older adults. More specifically, we sought to test
three inter-related hypotheses: that the early accumulation of tau
and A B in cognitive normal older adults are associated (1) with
worse patterns of objective sleep in a real-life setting, (2) with
impairments in self-reported perception of sleep quality, and (3)
because of AD pathologic burden within key cognitive brain net-
works, with a greater mismatch between self-assessed perception
of sleep quality relative to objective sleep amount.

Materials and Methods

Participants. Eighty-nine cognitively normal older adults partici-
pated in the study. Subjects underwent actigraphy recording, '*F-FTP
(tau) and ''C-PiB PET (A3) imaging (Figs. 1, 2), structural MRI, neuro-
psychological testing, and standard laboratory blood tests, including
APOE genotyping. Eighty-nine cognitively normal older adults partici-
pated in the study.

Participants were free of neurologic or psychiatric disorders, without
use of antipsychotic or depression medication, scored >25 on the Mini-
Mental State Examination (Folstein et al,, 1975), and displayed normal
performance on neuropsychological testing (1.5 SDs within age, educa-
tion, and sex adjusted means). Participants were not selected for sleep con-
cerns. The study was approved by the Institutional Review Boards at

Figure 1. Actigraphy, tau PET, and A3 PET in 3 sample participants. 4, Seven 24 h periods of raw actigraphy
data display accelerometer counts in 15 s epochs. B, '8E_FTP coronal images demonstrate tau deposition. €, ''C-
PiB sagittal images demonstrate A3 deposition.
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Figure 2.  Voxelwise tau and A3 PET maps at the group level. A, Mean voxelwise "8F-FTP
SUVR in n =89 individuals, representing tau distribution in healthy older adults. B, Mean
voxelwise "'C-PiB DVR in the same n = 89 individuals, representing A B distribution.

University of California, Berkeley and Lawrence Berkeley National
Laboratories (LBNL). All participants provided written informed consent.

Actigraphy data. Participants were asked to wear a wristwatch acti-
graph (Micro Motionlogger, Ambulatory Monitoring) on the nondomi-
nant wrist for seven consecutive 24 h periods. Data were excluded if the
watch was taken off during the night, and participants were removed
from the analysis if they had <4 (of 7) complete nights of data, resulting
in a study mean of 6.8 = 1.0 nights per subject. Accelerometer data were
recorded in 15 s epochs. Sleep parameters were derived in zero crossing
mode in Action W-2 software (version 2.7.3045, Ambulatory
Monitoring).

Sleep journals that included information on sleep and wake timing
(distinct from the subjective sleep assessment, described below) were
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completed by every participant for each night they wore the watch.
Journals and event markers noting when participants started trying to
fall asleep and awoke in the morning were used as a guide to determine
down (in bed) periods. The actigraphy-estimated measures are referred
to as objective measures of sleep but rely on (subjective) participant
reports of sleep timing to estimate sleep period time.

Sleep analysis was quantified using the Sadeh algorithm (Sadeh et al.,
1994). The sleep period was defined as the first minute of at least 3 con-
secutive minutes scored as sleep within the down period (sleep onset)
until the last minute of 5 continuous minutes scored as sleep within the
down period (sleep offset). Nocturnal sleep duration was calculated as
total minutes scored as sleep within the sleep period. Sleep efficiency was
calculated as total minutes scored as sleep divided by duration of the
sleep period. Sleep fragmentation was calculated as number of awaken-
ings divided by the duration of the sleep period, multiplied by 100.

For every participant, each of these three measures was averaged
across the total number of nights of data collected. The three parameters
were then standardized (Z scored) and averaged, resulting in a compos-
ite global sleep quality score for each participant (Landry et al., 2015).
The fragmentation score was inverted before averaging, so that higher
values meant “better quality” sleep for all measures.

Sleep questionnaire data. Subjective sleep quality was assessed using
the Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989). The
PSQI is a well-validated questionnaire assessing 7 domains of sleep qual-
ity over the past month to provide a global score (0-21) of overall sleep
quality, with scores >5 indicating poor sleep quality. In addition to the
global score, reported sleep duration and sleep efficiency (sleep duration
divided by the duration of the interval between reported bedtime and
wake time) were included in analyses with PET data. PSQI data were col-
lected within 2weeks of the first night of actigraphy data for every
participant.

Cognitive data. All participants received neuropsychological assess-
ment to quantify standardized cognitive domain performance related to
verbal memory, working memory, and executive function. Specifically,
(1) assessment and analyses targeted long-delay (after 20 min) memory
free recall using the California Verbal Learning Test (Delis et al., 2000)
assessing episodic memory performance, (2) WMS-III Digit Span back-
wards score (Wechsler, 1997) quantifying working memory, and (3)
Trail B minus A score from the Trail Making Test (Reitan and Wolfson,
1985) measuring executive function. Neuropsychological data were
obtained within 1.3 & 3.4 months of the first actigraphy night.

PET data. ''C-PiB PET imaging, quantifying A8 burden, was con-
ducted in 3D acquisition mode using a BIOGRAPH PET/CT Truepoint
6 scanner (Siemens Medical Systems), with C-piB synthesized at the
LBNL Biomedical Isotope Facility. Immediately after intravenous injec-
tion of ~15mCi of PiB, 90min of dynamic acquisition frames was
obtained (4 x 15, 8 x 30, 9 x 60, 2 x 180, 10 x 300, and 2 x 600 s). For
each ''C-PiB scan, CT scan was obtained for attenuation correction.
"'C-PiB PET images were reconstructed using an ordered subset expec-
tation maximization algorithm with weighted attenuation, scatter cor-
rection, and smoothed with a 4 mm Gaussian kernel. ''C-PiB scans were
collected within 8.6 = 7.5 months of actigraphy data.

"'C-PiB data were realigned, and frames from the first 20 min of ac-
quisition were averaged and coregistered to participants’ corresponding
structural MRI (see below for MRI details). Distribution volume ratios
(DVRs) for ''C-PiB images were generated with Logan graphical analy-
sis on ''C-PiB frames corresponding to 35-90 min after injection using a
cerebellar gray matter reference region (Logan et al., 1996; Price et al.,
2005). Cortical ''C-PiB DVR was calculated as a weighted mean
across FreeSurfer-derived native space frontal, temporal, parietal, and
posterior cingulate cortical regions. Participants were classified as
A B-positive if their cortical HC-PiB DVR was >1.065, a cutoff
adapted from previous thresholds developed in our laboratory
(Villeneuve et al., 2015) (Table 1).

"E_-FTP PET imaging, assessing tau burden, was conducted on the
same PET scanner in 3D acquisition mode, with 18E_FTP also synthe-
sized at the LBNL Biomedical Isotope Facility using a GE TracerLab
FXN-Pro synthesis module with a modified protocol supplied by Avid
Radiopharmaceuticals. Participants were injected with 10 mCi of tracer
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Table 1. Participant demographics, PET, and sleep characteristics”

Demographics (n = 89)

Age, yr 78176

Female, n (%) 56 (63)

APOE e4 carriers,® n (%) 3 (27)

Education, yr 17020

Mini-Mental State Examination 286 =14

Body mass index 256 =42

PET imaging

PiB status, n (%) PiB+ 45 (51)

PiB- 44 (49)

FTP Braak staging, n (%) Braak 0: 16 (18)

Braak I/II: 57 (64)
Braak ll/IV: 16 (18)
Braak 0: 4 PiB™ (25)
Braak I/1l: 29 PiB™ (51)

Braak IIl/IV: 12 PiB™ (75)

PiB™ within FTP Braak stage, n (%)

Actigraphy-measured sleep

Nights recorded 6.8 =10
Sleep period time, h 79110
Sleep duration, h 7211
Sleep efficiency, % 90.9 =78
Fragmentation index 0.87 = 0.62
Self-reported sleep
PSQI global score 46+29
Sleep duration, h 7211
Sleep efficiency, % 87.0 £9.7

“Data are mean * SD. PiB status was determined based on a DVR threshold of 1.065 (Villeneuve et al.,
2015). FTP Braak staging, indexing the progression of tau pathology, was assigned to one of four stages
based on FTP uptake in Braak-based composite regions, described previously (Maass et al., 2017).

®APOE genotyping data are not available for 5 subjects.

and were scanned from 75 to 115min in list mode; data from 80 to
100 min were reconstructed as 4 X 5min frames. A CT scan was per-
formed before the start of each emission acquisition. Images were recon-
structed in the same manner as the ''C-PiB data. "*F-FTP scans were
collected within 8.6 = 6.8 months of actigraphy data.

After realigning, calculating the mean, and coregistering and reslic-
ing the mean to the structural MRI, the '*F-FTP standard uptake value
ratio (SUVR) was calculated by intensity normalizing the mean image
by mean inferior cerebellar gray matter uptake. SUVR images were core-
gistered and resliced to structural MRI. To account for partial volume
effects because of atrophy and spillover signal, the Geometric Transfer
Matrix approach (Rousset et al., 1998) was used for partial volume cor-
rection (PVC) based on FreeSurfer-derived ROIs, including corrections
for extracerebral signal as previously described in detail (Baker et al.,
2017). For descriptive purposes, participants were assigned to one of
four FTP Braak stages based on previously determined thresholds in
ROIs approximating tau neuropathological staging (Braak and Braak,
1991; Scholl et al., 2016; Maass et al., 2017) (Table 1).

Analyses between sleep variables and tau PET focused on '*F-FTP
SUVR within two a priori ROIs: (1) bilateral entorhinal cortex, because
of its known sensitivity to age-related tau deposition (Buckley et al.,
2017; Maass et al,, 2018), and (2) a composite ROI (“meta-ROI”) because
of its representation of pathologic severity of tau accumulation in the
context of Alzheimer’s disease (Jack et al., 2017; Maass et al., 2017). The
meta-ROI consisted of weighted mean PVC "®F-FTP SUVR within bilat-
eral entorhinal, amygdala, parahippocampal, fusiform, inferior temporal,
and middle temporal FreeSurfer regions (Baker et al., 2017; Maass et al.,
2017).

"BE_FTP and ''C-PiB maps from all participants were warped to
MNI space (Schéll et al., 2016; Maass et al., 2018). These warped images
were used to create group mean images of '*F-FTP and ''C-PiB.

MRI data. High-resolution T1-weighted MPRAGE images were
acquired for every subject on a 1.5T Siemens Magnetom Avanto scanner
at LBNL (TR/TE=2110/3.58 ms, FA=15° 1x 1 x 1 mm resolution).
T1 MPRAGE scans were processed with FreeSurfer version 5.3.0 to
derive ROIs in each subject’s native space using the Desikan-Killiany
atlas.
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FreeSurfer ROIs were used to calculate global ''C-PiB PET and '*F-
FTP PET ROI measures in native space for each subject. FreeSurfer gray
matter cerebellum mask was used as a reference region in calculating
"'C-PiB DVRs. The intercept of cerebellar gray matter and a reverse-
normalized mask of inferior cerebellum (derived from SUIT template)
was used to calculate "*F-FTP SUVRs. MR images were also segmented
into tissue types using SPM12 (Statistical Parametric Mapping, Wellcome
Department of Cognitive Neurology). SPM-derived segments for noncere-
bral tissues were subsequently used for PVC (Baker et al., 2017). Imaging
results were displayed on 3D brain surfaces using BrainNet Viewer (Xia et
al., 2013).

APOE genotyping. Determination of APOE alleles was performed
using a TagMan Allelic Discrimination Assay using a Real-Time PCR
system (Applied Biosystems). APOE genotyping was completed for 84
participants.

Statistical analysis. Two-sided bivariate correlation was used to test
associations between PET, sleep, and cognition metrics. Comparisons of
correlation strength for sleep and PET variable associations were per-
formed using the Robust Correlation Toolbox (Pernet et al, 2013).
Multiple linear regression models were used to examine PET, sleep, and
cognition relationships with age, sex, and APOE e4 allele carrier status
included as covariates. For linear regressions with actigraphy-derived
measures as an outcome, the sleep medication score from the PSQI was
used as an additional covariate to adjust for medication use. This medi-
cation score was not used in analyses with PSQI measures as an outcome
since the score is used in calculating the PSQI global score (Buysse et al.,
1989). For linear regressions with PET imaging measures, the time inter-
val between sleep assessment and PET scan was additionally included as
a covariate. Similarly, for regressions with neuropsychological test scores,
the time interval between sleep assessment and neuropsychological
assessment was included as a covariate. Outliers >3 or <3 SDs were
removed from analyses of sleep duration, sleep efficiency, and sleep frag-
mentation. All participants were included in analyses of actigraphy com-
posite score.

Results
Participant demographics, PET, and sleep characteristics are
summarized in Table 1. A total of 609 nights of actigraphy data
were collected, with a mean (=SD) of 6.8 (=1.0) nights per par-
ticipant. Twenty-four subjects reported having taken prescrip-
tion or over-the-counter medicine to help them fall asleep in
the month preceding actigraphy data collection. Five partici-
pants reported a history of sleep apnea. Two participants had
actigraphy-estimated sleep efficiency values >3 SDs below
the mean and were removed from correlations with actigra-
phy-estimated sleep efficiency as the outcome. One partici-
pant had a sleep duration value >3 SDs above the mean and
was removed from correlations with actigraphy-estimated
sleep duration as the outcome.

Actigraphy composite and PSQI global score did not differ on
the basis of APOE e4 carrier status (¢ < 0.41, p > 0.68).

Associations between objectively measured sleep, tau, and
Ap

Focusing first on objective sleep, analyses sought to test the hy-
pothesis that tau and A burden are predictive of worse sleep
quality reflected by the actigraphy composite score (Landry et al.,
2015). All bivariate correlation (r) values between sleep measures
and tau (**F-FTP SUVR) and A B (*'C-PiB DVR) are presented
in Table 2.

Consistent with our hypothesis, greater tau deposition in the
Alzheimer’s-sensitive meta-ROI was significantly associated with
worse quality of objective sleep, defined by the actigraphy com-
posite score (Fig. 34; r = —0.31, p=0.004). This was similarly
true for the entorhinal region, predicting worse sleep indexed by

Winer etal.  Tauand /3-Amyloid Predict Sleep Impairment

Table 2. Correlations between regional PET uptake and sleep variables of
interest’

Correlation with  Correlation with  Correlation with

entorhinal meta-ROI FTP cortical PiB
FTP SUVR (r) SUVR (1) DVR ()
Actigraphy-measured sleep
Global actigraphy composite ~ —0.23* —0.31** —0.01
Sleep duration —0.08 —0.1 —0.03
Sleep efficiency —0.18 —0.29%* 0.02
Sleep fragmentation 0.11 0.19 —0.07
Self-reported sleep
PSQI global 0.347** 0.28** 0.36%**
Sleep duration —0.18 —0.07 —0.13
Sleep efficiency —0.18 —0.16 —0.28**

“Columns represent each brain ROI. Rows represent two-sided bivariate correlations between sleep metric
and PET uptake (see Materials and Methods). PiB DVR ROIs are comprised of weighted PiB DVR means
within FreeSurfer regions as described by Villeneuve et al. (2015). FTP SUVR ROIs are comprised of weighted
FTP SUVR means within FreeSurfer regions after PVC, as described by Maass et al. (2017).

*p < 0.05; **p < 0.01; ***p < 0.001; significant r value.

the actigraphy composite score (r = —0.23, p=0.03). Thus,
greater tau burden in brain regions reflecting both age-related
accumulation in the entorhinal cortex, but also early AD pro-
gression defined in the meta-ROI, predicted worse objective
sleep quality. Moreover, associations for both these anatomic
regions remained significant in linear regressions that included
age, sex, sleep medication usage, APOE e4 carrier status, and
time interval between actigraphy and PET scan as covariates
(both p < 0.02).

Next, analyses tested whether A deposition was similarly
related to worse real-life objective sleep. Unlike tau, there was no
association between cortical A3 burden and the actigraphy com-
posite score (Fig. 3B; r = —0.01, p=0.93). That is, objective sleep
quality was not significantly worse in individuals with high A3
deposition. Confirming a dissociation between tau and AB in
predicting worse objective sleep, comparison of these relation-
ships (based on 1000 bootstrap samples of correlation coefficient
pairs) revealed that the actigraphy composite score correlation
with meta-ROI tau was significantly stronger than the correla-
tion with AB (Ar = 0.30, p=0.01), although the correlation with
entorhinal tau was not significantly dissociable from the correla-
tion with A (Ar=0.22, p=0.18).

Next, analyses explored relationships with each actigraphy
factor that comprised the composite score, thereby testing
whether individual metrics of objective sleep disturbance were
associated with tau and AB. Greater meta-ROI tau burden was
significantly related to worse sleep efficiency (r = —0.29,
p=0.01), although this measure was only marginally associated
with entorhinal cortex tau (r = —0.18, p =0.09), suggesting a link
to AD-related tau deposition, rather than simply normative age-
related accumulation. Demonstrating tau specificity, cortical AS
showed no relationship with sleep efficiency (r = 0.02, p=0.86).
The meta-ROI tau showed a marginal association with worse
continuity of sleep (indexed by greater sleep fragmentation; r =
0.19, 0.07), but this measure was not related to entorhinal tau or
A (p>0.33). Finally, neither tau (entorhinal nor meta-ROI)
nor cortical AB was associated with total sleep duration (all
p>0.29). The significance (and lack thereof) of these results
remained unchanged in linear regressions that included age, sex,
sleep medication usage, APOE e4 carrier status, and time interval
between actigraphy and PET scan as covariates, with the excep-
tion of meta-ROI significantly now predicting sleep fragmenta-
tion when including these covariates (p = 0.02).
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Figure 3.

Therefore, greater tau burden, and not A 3, is associated with
worse objective human sleep quality as expressed in a real-world,
at-home environment—an AD-pathologic link that was inde-
pendent of age, sex, or APOE e4 status. The relationships held
for tau in the entorhinal cortex, thought to represent early age-
related tau deposition, and was stronger for the larger AD meta-
ROI, representing a preclinical/prodromal pattern of AD pro-
gression. While these relationships were robust for the composite
of actigraphy-estimated sleep quality, sleep efficiency was the
only stand-alone component of this composite that was signifi-
cantly related to tau.

Associations between subjectively measured sleep, tau, and
Ap

Having demonstrated that tau burden is associated with objective
sleep quality, analyses next tested the second hypothesis: that
both measures of AD pathology (tau, AB) similarly predict par-
ticipants’ own subjective assessment of their sleep quality, quan-
tified using the PSQI global score. The PSQI global score
represents a multidimensional subjective sleep disturbance met-
ric (Buysse et al., 1989) analogous to the objective actigraphy
composite score. A complete list of bivariate correlation () val-
ues is presented in Table 2.

Greater tau burden in the entorhinal cortex was significantly
associated with higher PSQI global score, reflecting worse sleep
quality (r = 0.34, p=0.001). This association with worse sleep
quality was similarly true for the meta-ROI tau measure (r =
0.28, p=0.01; Fig. 3C). Unlike objective sleep measures that were
specific to tau, these relationships were also observed for AfS.
Specifically, greater cortical AB burden, like tau burden, was
also associated with worse sleep quality (i.e., higher PSQI global
score; r = 0.36, p<<0.001; Fig. 3D). All three associations

Ap@

Cortical PiB
DVR

Cortical PiB
DVR

Associations between tau, A3, and sleep. A, Negative association between tau PET and objective sleep
(actigraphy composite score). B, No association between A3 PET and actigraphy composite score. €, Positive association
between tau PET and subjective sleep (PSQI global score). D, Positive association between A3 PET and PSQI global
score. PSQI score is inverted on y axis reflecting that greater scores indicate worse sleep quality. Two-sided bivariate cor-
relations were used to test for significant associations with r and p values displayed on each panel.

°° p<0.001
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remained significant in linear regressions that
adjusted for age, sex, APOE e4 carrier status,
and time interval between PSQI assessment
and PET scan (all p < 0.02).

However, and demonstrating unique con-
tributions, when cortical A8, entorhinal tau,
and meta-ROI tau were entered into the same
linear model predicting PSQI global score
(along with age, sex, APOE e4 carrier status,
and time interval between PSQI assessment
and PET scan), A and entorhinal tau sepa-
rately and significantly predicted worse sleep
quality (p < 0.03), although not so for the
AD-sensitive meta-ROI tau (p=0.43). When
an interaction term for AB and entorhinal
tau was added to the model, it was not signifi-
cant (p=0.10). Therefore, both cortical AS
and entorhinal cortex tau each independently
(and without interaction) predicted an indi-
vidual’s subjective perception of their sleep
quality.

Beyond the global summary score, further
analyses tested whether tau or A was associ-
ated with individual sleep factors assessed by
the PSQI questionnaire. Neither of the two
tau ROIs was associated with self-reported
sleep efficiency nor self-reported sleep dura-
tion (all p>0.10). However, greater cortical
AB predicted worse self-reported sleep qual-
ity, indexed by perceived sleep efficiency (r =
—0.28, p=0.01). This AB relationship was
not observed for self-reported sleep duration (p>0.10). All
results remained unchanged when adjusting for age, sex, APOE
e4 carrier status, and time interval between PSQI assessment and
PET scan.

As an additional test of the study hypothesis, we entered both
the actigraphy composite and PSQI global score as predictors in
three regression models predicting entorhinal tau, meta-ROI tau,
and cortical A, respectively, with age, sex, and APOE e4 status
as covariates in each model. For entorhinal tau and meta-ROI
tau, both lower actigraphy composite (indexing worse objective
sleep) and higher PSQI global score (indexing worse subjective
sleep) were significantly associated with greater tau burden
(p <0.03). However, in the cortical amyloid model, PSQI global
score was a significant predictor (p < 0.001) and actigraphy com-
posite was not (p = 0.85), confirming the main study findings.

Therefore, both tau and A8 burden were associated with sig-
nificantly worse self-reported sleep, with the relationships most
pronounced for perceived sleep quality, more than perceived
sleep quantity.

=.0.01
p=0.93

2

r=0.36

Associations between subjective-objective sleep mismatch,
tau, and Ap
Having tested AD pathology associations between objective and
subjective measures of sleep quality separately, a next set of anal-
yses examined the third hypothesis: related to age- and AD-pa-
thology-related impact on networks linked to cognitive function,
the severity of AD pathology would further be associated with
the magnitude of inaccuracy between objective and subjective
sleep, indexed in the mismatch value.

First, confirming a mismatch in these older adults, the actig-
raphy composite score of objective sleep and the PSQI global
score of subjective sleep were not significantly correlated (r =
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—0.07, p=0.49). That is, self-reported percep-
tion of sleep quality did not accurately reflect
objectively measured sleep quality. Such find-
ings indicate that cognitively normal older
adults are inaccurate in their self-evaluation of
overall objective sleep quality.

With the lack of a significant association
between these two main sleep quantification
methods confirming a subjective-objective mis-
match, analyses next focused on whether the
severity of tau and/or AB burden predicted
this measure of perceptual sleep inaccuracy
mismatch. To do so, difference scores were
quantified by standardizing PSQI global and
actigraphy composite scores, and then sub-
tracting the actigraphy z score from the
PSQI global z score (subjective — objective).
This mismatch difference score represents
an instrument-dependent measure allowing
for exploring factors which may contribute
to individual differences in self-evaluating
sleep quality. Here, a mismatch difference
score of 0 indicates perfect agreement
between objective and subjective sleep eval-
uation. Negative values indicate an under-
estimation of sleep quality, and positive
values indicate an overestimation of sleep
quality. By this calculation scheme, 41
(46%) participants underestimated their
sleep quality, and 48 (54%) overestimated.

Tau burden was not associated with this subjective-objective
mismatch score (both tau ROIs, all p > 0.45; Fig. 4A). In con-
trast, cortical A 8 negatively predicted the degree of sleep percep-
tion mismatch (difference score, r = —0.26, p=0.02; Fig. 4B).
That is, individuals with greater cortical A were significantly
worse in accurately self-assessing their own sleep quality, indeed
perceiving their sleep quality to be worse than objective sleep
quality assessment indicated it to be (i.e., perceptual sleep-quality
under-estimators). A comparison of these relationships (based
on 1000 bootstrap samples of correlation coefficient pairs)
showed that the strength of the AS correlation was signifi-
cantly stronger than the meta-ROI tau correlation (Ar =
—0.26, p=0.03).

To further investigate the hypothesis, we sought to determine
whether the accuracy of self-assessment calculated as the abso-
lute value of (PSQI global z score - actigraphy composite z score)
was also related to AD pathologic burden. This absolute differ-
ence score, composed of only positive values, reflects the inaccur-
acy of an individual’s self-evaluation regardless of the direction
of the mismatch. For this quantification of the sleep mismatch
score, greater tau burden in both the entorhinal cortex (r = 0.23,
p=0.03) and in the AD-related meta-ROI predicted greater mis-
match inaccuracy (r = 0.37, p < 0.001; Fig. 4C). Cortical AB sim-
ilarly predicted a significantly greater inaccuracy mismatch (r =
0.21, p=0.04; Fig. 4D). In a model that included entorhinal tau,
meta-ROI tau, and cortical AB, only tau in the meta-ROI
remained significant in predicting absolute subjective-objective
difference (p =0.01). The same was true when including age, sex,
APOE e4 carrier status, and time interval between sleep assess-
ment and PET imaging as covariates (p=0.01). These results
suggest that individuals with higher levels of AD pathologic bur-
den show worse absolute inaccuracy in self-evaluating their sleep

quality.

Subjective- Objective
Difference

Absolute
[Subjective- Objective]
Difference
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Figure 4.  Associations between subjective-objective sleep mismatch, tau, and A3 A, No association between tau
PET and subjective-objective sleep quality mismatch. B, Negative association between A3 PET and subjective-objec-
tive sleep quality mismatch. €, Positive association between tau PET and absolute misestimation of sleep quality.
D, Positive association between A3 PET and absolute misestimation of sleep quality.

Associations between subjective-objective sleep mismatch
and cognition

AD pathologic burden was associated with the magnitude of sub-
jective-objective mismatch in sleep quality. To better understand
potential underlying mechanistic explanations, the final analysis
sought to test whether neuropsychological test performance was
associated with the subjective-objective mismatch in sleep qual-
ity, specifically the cognitive domains of executive function, epi-
sodic memory and working memory.

For executive function (Trail Making Test B minus A),
worse performance was significantly associated with a
greater mismatch in sleep evaluation (subjective-objective)
(r = —0.24, p=0.02; Fig. 5). This association remained sig-
nificant in a model which included age, sex, APOE e4 carrier
status, and time interval between neuropsychological assessment
and sleep assessment (p=0.01). Unlike executive function, epi-
sodic memory (verbal memory) and working memory (backward
digit span) measures did not predict the subjective-objective mis-
match score (p > 0.36), suggesting a relationship specific to execu-
tive function and underlying associated networks.

In addition, a linear regression, which included both cort-
ical AB and executive function (Trail Making Test score) (in
addition to age, sex, APOE e4 carrier status, and time interval
between neuropsychological assessment and sleep assess-
ment), showed that A and executive performance signifi-
cantly and independently predicted subjective-objective
mismatch (AB: p=0.04; Trail Making Test: p=0.02). When
an interaction term for AB x Trail Making Test score was
added to the model, it was not a significant predictor (p=
0.45), suggesting that the two contribute independently with-
out interaction. The selectivity of the association with an ex-
ecutive performance measure may thus offer one potential
candidate mechanism accounting for this sleep perceptual
mismatch phenomenon linked to fronto-parietal networks
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Figure 5.  Associations between sleep and cognition. A, Objective sleep (actigraphy com-
posite score) is not associated with performance on the executive function task Trail Making
Test (B minus A). B, Subjective sleep (PSQI global score) is positively associated with per-
formance on the trails task. €, Trails task performance is negatively associated with the dif-
ference in subjective and objective sleep quality across individuals. PSQI score is inverted on
its axis, reflecting that greater scores indicate worse sleep quality. Trail Making Test (B minus
A) is also inverted on its axis, reflecting that higher scores indicate worse executive function.

that underlie executive function (Rosen et al., 2010; D’Argembeau
et al., 2012), one that occurs in conjunction with, though potentially
independent of, the impact of AB.

Associations between each of the three cognitive tests with
the actigraphy composite, PSQI global score, and tau and AS
burden are presented for completeness in Table 3.

Discussion

These data collectively demonstrate that the severity of tau bur-
den in both age-related and AD-related anatomic regions of the
human brain are associated with an impaired profile of human
sleep, measured in a real-world, ecological context. Specifically,
these pathologic AD proteins were significantly linked to worse
objective sleep quality, and beyond objective measures, that tau
as well as the magnitude of cortical AB burden each independ-
ently predicted worse self-reported sleep quality on average.
Moreover, individuals with greater cortical AB burden, though
not tau burden, expressed a greater inaccuracy perceptual dispar-
ity, or mismatch, between their subjective estimate of sleep and
their objectively measured sleep, leading to an underestimation
of actual sleep quality. Finally, and potentially informative of an
underlying neural mechanism, the magnitude of this AD
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Table 3. Correlations between cognitive test performance, sleep quality meas-
ures, and PET uptake”

CVLT Long

Delay Free Digit Span Trail Making

Recall (r) Backwards (r) Test B—A ()
Actigraphy composite —0.02 0.09 —0.03
PSQI global —0.1 0.00 0.36***
Entorhinal FTP SUVR —0.24* —0.01 0.09
Meta-ROI FTP SUVR —0.25% 0.13 —0.08
Cortical PiB DVR —0.09 0.16 0.07

“Columns represent each cognitive test. Rows represent two-sided bivariate correlations between cognitive
test performance and sleep metric or PET uptake (see Materials and Methods). PiB DVR ROIs are comprised
of weighted PiB DVR means within FreeSurfer regions as described by Villeneuve et al. (2015). FTP SUVR
ROIs are comprised of weighted FTP SUVR means within FreeSurfer regions after PVC, as described by Maass
et al. (2017).

*p < 0.05; **p < 0.01; ***p < 0.007; significant r value.

pathology-related inaccuracy was selectively associated with
worse executive function, and not episodic memory or working
memory.

Greater tau burden, both within the entorhinal cortex and the
temporal meta-ROI, was associated with worse objective sleep
quality, as estimated by actigraphy. The entorhinal cortex is
among the earliest brain regions to accumulate tau pathology
(Braak and Braak, 1991), and tau tangles within entorhinal cor-
tex may reflect either age-related aggregation or early AD (Maass
et al., 2018). Beyond the entorhinal cortex, however, tau within
the meta-ROI encompassing multiple temporal lobe regions is
considered more indicative of AD progression, wherein patho-
logic tau begins to spread outside of the medial temporal lobe
(Jack et al, 2017). The findings of an association between
impaired sleep and the earliest stage of tau deposition suggest
that measures of real-life sleep impairment may reflect a link
with preclinical/prodromal AD disease risk. Indeed, tau burden
even in cognitively healthy older adults is predictive of future
cognitive decline (Sperling et al., 2019). The current association
identified between tau and sleep quality therefore suggests that
objective, at-home sleep assessment could ultimately serve as one
passive, noninvasive tool for detecting early tau accumulation
and identifying AD risk (Mander et al., 2016, 2017). Further,
given the mechanistic links, some causal, between impaired
sleep, cognitive decline, and the accumulation of A and tau
(Lim et al, 2013; Diem et al., 2016; McSorley et al., 2019), the
treatment of such disrupted sleep may help reduce AD risk or
delay disease onset.

Interestingly, the relationships between objective sleep quality
were most related to tau, with cortical A showing no associa-
tion with worse objective sleep quality that reached significance
(though AB was predictive of the mismatch between objective
and subjective sleep, discussed later). In AD, AB plaque accu-
mulation throughout neocortex is thought to signify the begin-
ning of a pathologic cascade that, in turn, leads to widespread
tau deposition and neurodegeneration (Hardy and Selkoe, 2002;
Jagust, 2018). The lack of a relationship between AB and the
actigraphy composite measure of sleep quality in this cognitively
normal cohort suggests that the presence of AB in the cortex
may not, by itself, disrupt patterns of actigraphy-measured noc-
turnal sleep behavior in cognitively normal older adults yet to
transition into MCI or AD.

Disrupted patterns of sleep-wake behavior in healthy individuals
predict greater risk of subsequent dementia (Lim et al., 2013; Diem
et al, 2016; Lysen et al, 2020). This is true of other markers of
abnormal brain aging, including white matter integrity (Oosterman
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et al., 2008; Zuurbier et al., 2015; Baillet et al., 2017) and arteriolo-
sclerosis (Lim et al., 2016). Especially notable is that A3 -positive
older adults designated on the basis of CSF measures (i.e., low levels
of AB peptide 42; CSF A ,), have worse sleep efficiency than
A B -negative individuals (Ju et al., 2013; Ettore et al, 2019). Our
data advance such links in two directions. First, we reveal unique
associations between several sleep measures (objective, subjective,
the mismatch between the two), AB in the cortex, and tau in sev-
eral temporal lobe regions. Second, by treating A3 as a continuous
(rather than categorical) variable, our data explain what may other-
wise be seen as a discrepancy between studies. Specifically, low-CSF
A, individuals are likely to have elevated tau deposition (La Joie
et al,, 2018), meaning that A3 -positive individuals likely also have
substantial temporal lobe tau. Therefore, common across studies (Ju
et al,, 2013) is that individuals farther along in the progression of
AD, determined within the brain or in circulating CSF, experience
worse sleep efficiency with no observed difference in sleep duration.

Independent of objective sleep, a greater burden of both tau
and cortical A was associated with worse subjective evaluation
of sleep quality. These associations remained significant when
tau and A were included in the same model, meaning that the
relationships between tau and poor sleep, and AB and poor
sleep, are independent of one another—they each contribute
distinctly.

Such a finding therefore supports previous reports of worse
subjectively perceived sleep quality in the presence of greater AD
pathology, particularly AB (Spira et al., 2013; Sprecher et al.,
2015, 2017; Branger et al., 2016; Brown et al., 2016; Fjell et al,,
2018), but adds to them by establishing that tau, and independ-
ent of A3, also contributes to worse subjective sleep quality.
Despite incongruence between PET associations across modal-
ities (i.e., the lack of an association between A3 and objective
sleep), these AD pathology and subjective sleep associations are
themselves additionally relevant. Healthy sleep is multidimen-
sional, and subjective sleep may carry unique information about
an individual’s well-being relative to objective sleep measures
(Buysse, 2014; Watson et al.,, 2015). Our findings support this
concept by demonstrating distinct AD pathologic correlates of
tauand AS.

A third finding of the current study was that greater A bur-
den was linked to a significantly greater mismatch between par-
ticipants’ subjective evaluation of sleep, relative to their actual
objective sleep, resulting in an underestimation of sleep quality.
As with our findings, objective and subjective measures of sleep
quality are not typically correlated with one another in older
adult cohorts (Grandner et al., 2006; Buysse et al., 2008; Landry
et al,, 2015; Baillet et al., 2016; DiNapoli et al., 2017; Kaplan et al.,
2017; Matthews et al, 2018). The current results provide one
potentially novel mechanistic explanation account for this sleep
disconnect: AD pathologic burden reflects part of a brain mecha-
nism that impairs the ability for accurate self-quantification of
nightly sleep quality. As a result, individuals express a subjective
underestimation of their actual objectively quality of sleep. While
this mismatch measure is dependent on the instruments used,
identifying contributors to sleep mismatch may help inform
future studies of preclinical and clinical AD so as to measure
both objective and subjective sleep assessments, rather than rely-
ing on one or the other. If replicated, this finding may serve as
added evidence that objective sleep measures are needed when
evaluating sleep in older populations, especially those at higher
AD risk.

The magnitude of this sleep perceptual mismatch effect was
additionally associated with worse executive function, yet was
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not related to episodic memory function. Executive function is
linked to both frontotemporal and frontoparietal networks (Rosen
et al,, 2010; D’Argembeau et al., 2012), and both are affected early
in AD pathology development (Maass et al., 2019). Therefore, deg-
radation of executive cognition, potentially linked to AD pathology
or independent of it, may impair functional brain networks neces-
sary for the subjective awareness of one’s sleep health, thereby lead-
ing to the reported mismatch inaccuracy.

Our current findings must be appreciated within the context
of several important limitations. First, the study did not formally
evaluate sleep disordered breathing using in-laboratory sleep
apnea assessment. Obstructive sleep apnea is an established risk
factor for AD (Yaffe et al., 2011; Osorio et al., 2015) and has been
linked to higher levels of tau and A3 in cognitively healthy older
adults (Ju et al., 2016; Sharma et al., 2018; Bubu et al., 2019;
André et al., 2020; Carvalho et al., 2020). Therefore, the added
contribution of apnea (self-reported in 5 participants) in the con-
text of the current results remains unknown. Second, study anal-
yses focused on nocturnal sleep and thus did not collect
information on daytime napping. Actigraphy is known to lack
specificity in differentiating daytime napping from sedentary
behavior (Kanady et al,, 2011); thus, only nocturnal actigraphy
data were used in this study. Notably, increases in daytime nap-
ping have been linked to A burden (Ju et al., 2013; Musiek et
al., 2018) and cognitive impairment in older men (Leng et al.,
2019). Our findings demonstrate a link between AD pathology
and nocturnal sleep quality, but are not able to quantify the
potential influence of napping on these relationships. Third, this
study did not include electrophysiological measures of sleep
microarchitecture that could potentially explain individual dif-
ferences in self-evaluation of sleep quality. For example, it is not
known whether the reduction of slow wave activity in individuals
with high amyloid burden (Winer et al., 2020) might contribute
to the observed mismatch in perception of sleep quality. Finally,
this study did not include measures of depression or anxiety,
which are known to contribute to both sleep disturbance
(Buysse, 2004) as well as risk of cognitive decline (Byers and
Yaffe, 2011) in the context of aging.

The relationship between disrupted sleep and AD is consid-
ered to be a bidirectional process (Mander et al., 2016; Wang and
Holtzman, 2020). The cross-sectional design of this study means
that the data cannot determine the directionality or causality of
the reported associations. Longitudinal studies that assess sleep
and markers of AD, each at multiple time points, will be needed
to distinguish the relative timeline of increasing brain pathology
and worsening sleep quality. Sleep and/or pathology intervention
studies will further be required for establishing directional
causality.

In conclusion, these data support an association between AD
pathology and the disruption of real-life sleep patterns in cogni-
tively healthy older adults. Moreover, the presence of tau and
A pathology predicted greater inaccuracy in self-assessment of
sleep quality. These findings add to a growing understanding of
the sleep-wake behavioral correlates of early AD disease proc-
esses within the human brain, and offer the possibility that sleep,
measured both objectively and subjectively, may serve as both a
scalable indicator of AD pathology progression and a possible
modifiable target for therapeutic intervention.
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