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Abstract 40 

Alzheimer’s disease (AD) is associated with poor sleep, but the impact of tau and β-amyloid (Aβ) 41 

pathology on sleep remains largely unknown. Here, we test the hypothesis that tau and Aβ predict 42 

unique impairments in objective and self-perceived human sleep under real-life, free-living conditions. 43 

Eighty-nine male and female cognitively healthy older adults received 18F-FTP-tau and 11C-PIB-Aβ PET 44 

imaging, 7 nights of sleep actigraphy and questionnaire measures, and neurocognitive assessment. 45 

Tau burden, but not Aβ, was associated with markedly worse objective sleep. In contrast, Aβ and tau 46 

were associated with worse self-reported sleep quality. Of clinical relevance, Aβ burden predicted a 47 

unique perceptual mismatch between objective and subject sleep evaluation, with individuals under-48 

estimating their sleep. The magnitude of this mismatch was further predicted by worse executive 49 

function. Thus, early-stage tau and Aβ deposition are linked with distinct phenotypes of real-world sleep 50 

impairment, one that includes a cognitive misperception of their own sleep health. 51 

 52 

Significance Statement 53 

Alzheimer’s disease is associated with sleep disruption, often before significant memory decline. Thus 54 

real-life patterns of sleep behavior have the potential to serve as a window into early disease 55 

progression. In 89 cognitive healthy older adults, we found that tau burden was associated with worse 56 

wristwatch actigraphy-measured sleep quality, and that both tau and β-amyloid were independently 57 

predictive of self-reported sleep quality. Furthermore, individuals with greater β-amyloid deposition 58 

were more likely to underestimate their sleep quality, and sleep quality underestimation was associated 59 

with worse executive function. These data support the role of sleep impairment as a key marker of early 60 

Alzheimer’s disease, and offer the possibility that actigraphy may be an affordable and scalable tool in 61 

quantifying Alzheimer’s-related behavioral changes.  62 
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Introduction 63 

The association between sleep disturbance and Alzheimer’s disease (AD) is multidimensional(Mander 64 

et al., 2016; Wang and Holtzman, 2020). Brain regions critical to the regulation of sleep-wake behavior 65 

are highly vulnerable to and among the earliest regions affected by AD pathology(Serrano-Pozo et al., 66 

2011; Stern and Naidoo, 2015; Theofilas et al., 2015; Oh et al., 2019). Furthermore, the aggregation of 67 

tau and β-amyloid (Aβ) pathology in cortical regions is associated with specific deficits in neural 68 

oscillatory activity during sleep, both in humans and rodents(Roh et al., 2012; Menkes-Caspi et al., 69 

2015; Lucey et al., 2019; Winer et al., 2019). However, it remains unclear how the early deposition of 70 

both tau and Aβ affects real-life human sleep behavior, i.e., an individual’s everyday sleep activity, their 71 

related subjective perception of sleep, and any mismatch between objective and subjective sleep 72 

health. The widespread availability of accelerometers enables the quantification of ecological sleep-73 

wake behaviors outside the laboratory using continuous recording of actigraphy(Ancoli-Israel et al., 74 

2003). When coupled with validated biomarkers, actigraphy may thus represent a meaningful tool in 75 

determining early sleep changes associated with disease.  76 

AD pathology is detectable before the onset of observable symptoms through the use of 77 

positron emission tomographic (PET) imaging(Jagust, 2018). Pairing actigraphy with PET imaging in 78 

asymptomatic, cognitively healthy older adults therefore provides a unique opportunity to identify 79 

associations between tau and Aβ pathological burden and sleep measures that occur early on in the 80 

progression of AD(Winer and Mander, 2018), and can reflect real-life sleep behavior. Moreover, such 81 

quantification is needed if sleep disruption is to become a scalable biomarker tool for early AD disease 82 

risk and detection, as well as quantify the efficacy of intervention strategies that modify sleep with the 83 

goal of reducing AD risk. 84 

In humans, both objective (actigraphy-estimated) and subjective (questionnaire-based) 85 

approaches to sleep assessment have demonstrated that poor sleep predicts worse outcomes in the 86 

context of aging and AD(Lim et al., 2013; Diem et al., 2016; McSorley et al., 2019). In addition, seminal 87 

findings have revealed a link between greater AD pathology (particularly Aβ) and worse sleep 88 
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quality(Ju et al., 2013; Spira et al., 2013; Sprecher et al., 2015, 2017; Branger et al., 2016; Brown et al., 89 

2016; Ettore et al., 2019). However, there is limited data establishing a link between objective 90 

measures of sleep behavior and in vivo markers of AD progression. Considering the recent advent of 91 

tau PET imaging, there is a hastened need to investigate the contributions of AD pathology to disrupted 92 

sleep behavior, and whether AD pathology further disrupts the precision of older adults’ evaluation of 93 

their sleep quality relative to objective measures.  94 

Here, we addressed these questions by combining tau and Aβ PET imaging with multiple nights 95 

of at-home naturalistic sleep actigraphy-estimated measurement in combination with validated 96 

subjective sleep assessment tools in a cohort of cognitively healthy older adults. More specifically, we 97 

sought to test three inter-related hypotheses: that the early accumulation of tau and Aβ in cognitive 98 

normal older adults are associated: (1) with worse patterns of objective sleep in a real-life setting, (2) 99 

with impairments in self-reported perception of sleep quality, and (3) due to AD pathological burden 100 

within key cognitive brain networks, with a greater mismatch between self-assessed perception of sleep 101 

quality relative to objective sleep amount. 102 

 103 

Materials and Methods 104 

Participants 105 

Eighty-nine cognitively normal older adults participated in the study. Subjects underwent actigraphy 106 

recording, 18F-FTP (tau) and 11C-PiB PET (Aβ) imaging (Figure 1, Figure 2), structural MRI, 107 

neuropsychological testing, and standard laboratory blood tests including APOE genotyping. Eighty-108 

nine cognitively normal older adults participated in the study. 109 

Participants were free of neurologic or psychiatric disorders, without use of antipsychotic or 110 

depression medication, scored ≥25 on the Mini Mental State Exam(Folstein et al., 1975), and displayed 111 

normal performance on neuropsychological testing (1.5 standard deviations within age, education, and 112 

sex adjusted means). Participants were not selected for sleep concerns. The study was approved by 113 
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the Institutional Review Boards at University of California, Berkeley and Lawrence Berkeley National 114 

Laboratories (LBNL). All participants provided written informed consent. 115 

 116 

Actigraphy data 117 

Participants were asked to wear a wristwatch actigraph (Micro Motionlogger, Ambulatory Monitoring, 118 

Inc., Ardsley, New York) on the non-dominant wrist for seven consecutive 24-hour periods. Data were 119 

excluded if the watch was taken off during the night, and participants were removed from the analysis if 120 

they had less than 4 (of 7) complete nights of data, resulting in a study mean of 6.8 ± 1.0 nights per 121 

subject. Accelerometer data were recorded in 15-second epochs. Sleep parameters were derived in 122 

zero crossing mode in Action W-2 software (version 2.7.3045, Ambulatory Monitoring, Inc.). 123 

Sleep journals that included information on sleep and wake timing (distinct from the subjective 124 

sleep assessment, described below) were completed by every participant for each night they wore the 125 

watch. Journals and event markers noting when participants started trying to fall asleep and awoke in 126 

the morning were used as a guide to determine down (in bed) periods. The actigraphy-estimated 127 

measures are referred to as objective measures of sleep, but rely on (subjective) participant reports of 128 

sleep timing in order to estimate sleep period time. 129 

Sleep analysis was quantified using the Sadeh algorithm(Sadeh et al., 1994). The sleep period 130 

was defined as the first minute of at least three consecutive minutes scored as sleep within the down 131 

period (sleep onset) until the last minute of five continuous minutes scored as sleep within the down 132 

period (sleep offset). Nocturnal sleep duration was calculated as total minutes scored as sleep within 133 

the sleep period. Sleep efficiency was calculated as total minutes scored as sleep divided by duration 134 

of the sleep period. Sleep fragmentation was calculated as number of awakenings divided by the 135 

duration of the sleep period, multiplied by 100.  136 

For every participant, each of these three measures was averaged across the total number of 137 

nights of data collected. The three parameters were then standardized (Z scored) and averaged, 138 

resulting in a composite global sleep quality score for each participant(Landry et al., 2015). The 139 
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fragmentation score was inverted before averaging, so that higher values meant “better quality” sleep 140 

for all measures. 141 

 142 

Sleep questionnaire data 143 

Subjective sleep quality was assessed using the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 144 

1989). The PSQI is a well-validated questionnaire assessing 7 domains of sleep quality over the past 145 

month to provide a global score (0-21) of overall sleep quality, with scores >5 indicating poor sleep 146 

quality. In addition to the global score, reported sleep duration and sleep efficiency (sleep duration 147 

divided by the duration of the interval between reported bedtime and wake time) were included in 148 

analyses with PET data. PSQI data were collected within 2 weeks of the first night of actigraphy data 149 

for every participant. 150 

 151 

Cognitive data 152 

All participants received neuropsychological assessment to quantify standardized cognitive domain 153 

performance related to verbal memory, working memory, and executive function. Specifically, (i) 154 

assessment and analyses targeted long-delay (after 20 min) memory free recall using the California 155 

Verbal Learning Test(Delis et al., 2000) assessing episodic memory performance, (ii) WMS-III Digit 156 

Span backwards score(Wechsler, 1997) quantifying working memory, and (iii) Trail B minus A score 157 

from the Trail Making Test(Reitan and Wolfson, 1985) measuring executive function. 158 

Neuropsychological data were obtained within 1.3 ± 3.4 months of the first actigraphy night.  159 

 160 

PET data 161 

11C-PiB PET imaging, quantifying Aβ burden, was conducted in 3D acquisition mode using a 162 

BIOGRAPH PET/CT Truepoint 6 scanner (Siemens Medical Systems), with 11C-PiB synthesized at the 163 

Lawrence Berkeley National Laboratory Biomedical Isotope Facility (LBNL BIF). Immediately after 164 

intravenous injection of approximately 15 mCi of PiB, 90 min of dynamic acquisition frames were 165 
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obtained (4 x 15, 8 x 30, 9 x 60, 2 x 180, 10 x 300, and 2 x 600 s). For each 11C-PiB scan, CT scan was 166 

obtained for attenuation correction. 11C-PiB PET images were reconstructed using an ordered subset 167 

expectation maximization algorithm with weighted attenuation, scatter correction, and smoothed with a 168 

4 mm Gaussian kernel. 11C-PiB scans were collected within 8.6 ± 7.5 months of actigraphy data. 169 

11C-PiB data were realigned and frames from the first 20 minutes of acquisition were averaged 170 

and coregistered to participants’ corresponding structural MRI (see below for MRI details). Distribution 171 

volume ratios (DVRs) for 11C-PiB images were generated with Logan graphical analysis on 11C-PiB 172 

frames corresponding to 35-90 min post-injection using a cerebellar gray matter reference 173 

region(Logan et al., 1996; Price et al., 2005). Cortical 11C-PiB DVR was calculated as a weighted mean 174 

across FreeSurfer-derived native space frontal, temporal, parietal, and posterior cingulate cortical 175 

regions. Participants were classified as Aβ-positive if their cortical 11C-PiB DVR was at or above 1.065, 176 

a cutoff adapted from previous thresholds developed in our laboratory (Villeneuve et al., 2015, Table 177 

1).  178 

18F-FTP PET imaging, assessing tau burden, was conducted on the same PET scanner in 3D 179 

acquisition mode, with 18F-FTP also synthesized at the LBNL BIF using a GE TracerLab FXN-Pro 180 

synthesis module with a modified protocol supplied by Avid Radiopharmaceuticals. Participants were 181 

injected with 10 mCi of tracer and were scanned from 75–115 min in listmode, data from 80-100 min 182 

were reconstructed as 4 x 5 min frames. A CT scan was performed before the start of each emission 183 

acquisition. Images were reconstructed in the same manner as the 11C-PiB data. 18F-FTP scans were 184 

collected within 8.6 ± 6.8 months of actigraphy data. 185 

 After realigning, calculating the mean, and coregistering and reslicing the mean to the structural 186 

MRI, the 18F-FTP standard uptake value ratio (SUVR) was calculated by intensity normalizing the mean 187 

image by mean inferior cerebellar gray matter uptake. SUVR images were coregistered and resliced to 188 

structural MRI. To account for partial volume effects due to atrophy and spill-over signal, the Geometric 189 

Transfer Matrix approach(Rousset et al., 1998) was used for partial volume correction (PVC) based on 190 

FreeSurfer-derived ROIs, including corrections for extra-cerebral signal as previously described in 191 
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detail(Baker et al., 2017). For descriptive purposes, participants were assigned to one of four FTP 192 

Braak stages based on previously determined thresholds in ROIs approximating tau neuropathological 193 

staging (Braak and Braak, 1991; Schöll et al., 2016; Maass et al., 2017); Table 1).  194 

Analyses between sleep variables and tau PET focused on 18F-FTP SUVR within two a priori 195 

ROIs: (1) bilateral entorhinal cortex, due to its known sensitivity to age-related tau deposition (Buckley 196 

et al., 2017; Maass et al., 2018), and (2) a composite ROI (“meta-ROI”) due to its representation of 197 

pathological severity of tau accumulation in the context of Alzheimer’s disease(Jack et al., 2017; Maass 198 

et al., 2017). The meta-ROI consisted of weighted mean PVC 18F-FTP SUVR within bilateral entorhinal, 199 

amygdala, parahippocampal, fusiform, inferior temporal, and middle temporal FreeSurfer regions(Baker 200 

et al., 2017; Maass et al., 2017). 201 

18F-FTP and 11C-PiB maps from all participants were warped to Montreal Neurological Institute 202 

space(Schöll et al., 2016; Maass et al., 2018). These warped images were used to create group mean 203 

images of 18F-FTP and 11C-PiB. 204 

 205 

MRI data 206 

High-resolution T1-weighted magnetization prepared rapid gradient echo (MPRAGE) images were 207 

acquired for every subject on a 1.5T Siemens Magnetom Avanto scanner at LBNL (TR/TE = 2110/3.58 208 

ms, FA = 15°, 1 x 1 x 1 mm resolution). T1 MPRAGE scans were processed with FreeSurfer version 209 

5.3.0 to derive ROIs in each subject’s native space using the Desikan-Killiany atlas.  210 

FreeSurfer ROIs were used to calculate global 11C-PiB PET and 18F-FTP PET ROI measures in 211 

native space for each subject. FreeSurfer gray matter cerebellum mask was used as a reference region 212 

in calculating 11C-PiB DVRs. The intercept of cerebellar gray matter and a reverse-normalized mask of 213 

inferior cerebellum (derived from SUIT template) was used to calculate 18F-FTP SUVRs. MR images 214 

were also segmented into tissue types using SPM12 (Statistical Parametric Mapping, Wellcome 215 

Department of Cognitive Neurology, London, England). SPM-derived segments for non-cerebral tissues 216 
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were subsequently used for partial volume correction(Baker et al., 2017). Imaging results were 217 

displayed on 3D brain surfaces using BrainNet Viewer(Xia et al., 2013). 218 

 219 

APOE Genotyping 220 

Determination of APOE alleles was performed using a TaqMan Allelic Discrimination Assay using a 221 

Real-Time PCR system (Applied Biosystems, Foster City, CA). APOE genotyping was completed for 84 222 

participants.  223 

 224 

Statistical analysis 225 

Two-sided bivariate correlation was used to test associations between PET, sleep, and cognition 226 

metrics. Comparisons of correlation strength for sleep and PET variable associations were performed 227 

using the Robust Correlation Toolbox(Pernet et al., 2013). Multiple linear regression models were used 228 

to examine PET, sleep, and cognition relationships with age, sex, and APOE e4 allele carrier status 229 

included as covariates. For linear regressions with actigraphy-derived measures as an outcome, the 230 

sleep medication score from the PSQI was used as an additional covariate in order to adjust for 231 

medication use. This medication score was not used in analyses with PSQI measures as an outcome 232 

since the score is used in calculating the PSQI global score(Buysse et al., 1989). For linear regressions 233 

with PET imaging measures, the time interval between sleep assessment and PET scan was 234 

additionally included as a covariate. Similarly, for regressions with neuropsychological test scores, the 235 

time interval between sleep assessment and neuropsychological assessment was included as a 236 

covariate. Outliers above or below three standard deviations were removed from analyses of sleep 237 

duration, sleep efficiency, and sleep fragmentation. All participants were included in analyses of 238 

actigraphy composite score. 239 

 240 

Results 241 
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Participant demographics, PET, and sleep characteristics are summarized in Table 1. A total of 609 242 

nights of actigraphy data were collected, with a mean (± SD) of 6.8 (± 1.0) nights per participant. 243 

Twenty-four subjects reported having taken prescription or over the counter medicine to help them fall 244 

asleep in the month preceding actigraphy data collection. Five participants reported a history of sleep 245 

apnea. Two participants had actigraphy-estimated sleep efficiency values greater than three standard 246 

deviations below the mean and were removed from correlations with actigraphy-estimated sleep 247 

efficiency as the outcome. One participant had a sleep duration value greater than three standard 248 

deviations above the mean and was removed from correlations with actigraphy-estimated sleep 249 

duration as the outcome.  250 

 Actigraphy composite and PSQI global score did not differ on the basis of APOE e4 carrier 251 

status (t<0.41, p>0.68).  252 

 253 

Associations between objectively measured sleep, tau, and Aβ  254 

Focusing first on objective sleep, analyses sought to test the hypothesis that tau and Aβ burden are 255 

predictive of worse sleep quality reflected by the actigraphy composite score(Landry et al., 2015). All 256 

bivariate correlation (r) values between sleep measures and tau (18F-FTP SUVR) and Aβ (11C-PiB 257 

DVR) are presented in Table 2.  258 

Consistent with our hypothesis, greater tau deposition in the Alzheimer’s-sensitive meta-ROI 259 

was significantly associated with worse quality of objective sleep, defined by the actigraphy composite 260 

score (Figure 3A, r=-0.31, p=0.004). This was similarly true for the entorhinal region, predicting worse 261 

sleep indexed by the actigraphy composite score (r=-0.23, p=0.03). Thus, greater tau burden in brain 262 

regions reflecting both age-related accumulation in the entorhinal cortex, but also early AD progression 263 

defined in the meta-ROI, predicted worse objective sleep quality. Moreover, associations for both these 264 

anatomical regions remained significant in linear regressions that included age, sex, sleep medication 265 

usage, APOE e4 carrier status, and time interval between actigraphy and PET scan as covariates (both 266 

p<0.02).  267 
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 Next, analyses tested whether Aβ deposition was similarly related to worse real-life objective 268 

sleep. Unlike tau, there was no association between cortical Aβ burden and the actigraphy composite 269 

score (Figure 3B, r=-0.01, p=0.93). That is, objective sleep quality was not significantly worse in 270 

individuals with high Aβ deposition. Confirming a dissociation between tau and Aβ in predicting worse 271 

objective sleep, comparison of these relationships (based on 1000 bootstrap samples of correlation 272 

coefficient pairs) revealed that the actigraphy composite score correlation with meta-ROI tau was 273 

significantly stronger than the correlation with Aβ (Δr=0.30, p=0.01), although the correlation with 274 

entorhinal tau was not significantly dissociable from the correlation with Aβ (Δr=0.22, p=0.18). 275 

 Next, analyses explored relationships with each actigraphy factor that comprised the composite 276 

score, thereby testing whether individual metrics of objective sleep disturbance were associated with 277 

tau and Aβ. Greater meta-ROI tau burden was significantly related to worse sleep efficiency (r=-0.29, 278 

p=0.01), though this measure was only marginally associated with entorhinal cortex tau (r=-0.18, 279 

p=0.09), suggesting a link to AD-related tau deposition, rather than simply normative age-related 280 

accumulation. Demonstrating tau-specificity, cortical Aβ showed no relationship with sleep efficiency 281 

(r=0.02, p=0.86). The meta-ROI tau showed a marginal association with worse continuity of sleep, 282 

(indexed by greater sleep fragmentation; r=0.19, 0.07) but this measure was not related to entorhinal 283 

tau or Aβ (p>0.33). Finally, neither tau (entorhinal nor meta-ROI), nor cortical Aβ, were associated with 284 

total sleep duration (all p>0.29). The significance (and lack thereof) of these results remained 285 

unchanged in linear regressions that included age, sex, sleep medication usage, APOE e4 carrier 286 

status, and time interval between actigraphy and PET scan as covariates, with the exception of meta-287 

ROI significantly now predicting sleep fragmentation when including these covariates (p=0.02).  288 

 Therefore, greater tau burden, and not Aβ, is associated with worse objective human sleep 289 

quality as expressed in a real-world, at-home environment—an AD-pathological link that was 290 

independent of age, sex, or APOE e4 status. The relationships held for tau in the entorhinal cortex, 291 

thought to represent early age-related tau deposition, and was stronger for the larger AD meta-ROI, 292 

representing a pre-clinical/prodromal pattern of AD progression. While these relationships were robust 293 
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for the composite of actigraphy-estimated sleep quality, sleep efficiency was the only stand-alone 294 

component of this composite that was significantly related to tau. 295 

 296 

Associations between subjectively measured sleep, tau, and Aβ  297 

Having demonstrated that tau burden is associated with objective sleep quality, analyses next tested 298 

the second hypothesis: that both measures of AD pathology—tau, Aβ—similarly predict participants’ 299 

own subjective assessment of their sleep quality, quantified using the Pittsburgh Sleep Quality Index 300 

(PSQI) global score. The PSQI global score represents a multidimensional subjective sleep disturbance 301 

metric(Buysse et al., 1989) analogous to the objective actigraphy composite score. A complete list of 302 

bivariate correlation (r) values are presented in Table 2. 303 

Greater tau burden in the entorhinal cortex was significantly associated with higher PSQI global 304 

score, reflecting worse sleep quality (r=0.34, p=0.001). This association with worse sleep quality was 305 

similarly true for the meta-ROI tau measure (r=0.28, p=0.01; Figure 3C). Unlike objective sleep 306 

measures that were specific to tau, these relationships were also observed for Aβ. Specifically, greater 307 

cortical Aβ burden, like tau burden, was also associated with worse sleep quality (i.e., higher PSQI 308 

global score; r=0.36, p<0.001; Figure 3D). All three associations remained significant in linear 309 

regressions that adjusted for age, sex, APOE e4 carrier status, and time interval between PSQI 310 

assessment and PET scan (all p<0.02).  311 

However, and demonstrating unique contributions, when cortical Aβ, entorhinal tau, and meta-312 

ROI tau were entered into the same linear model predicting PSQI global score (along with age, sex, 313 

APOE e4 carrier status, and time interval between PSQI assessment and PET scan), Aβ and entorhinal 314 

tau separately and significantly predicted worse sleep quality (p<0.03), though not so for the AD-315 

sensitive meta-ROI tau (p=0.43). When an interaction term for Aβ and entorhinal tau was added to the 316 

model, it was not significant (p=0.10). Therefore, both cortical Aβ and entorhinal cortex tau each 317 

independently (and without interaction) predicted an individual’s subjective perception of their sleep 318 

quality.  319 
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Beyond the global summary score, further analyses tested whether tau or Aβ were associated 320 

with individual sleep factors assessed by the PSQI questionnaire. Neither of the two tau ROIs were 321 

associated with self-reported sleep efficiency nor self-reported sleep duration (all p>0.10). However, 322 

greater cortical Aβ predicted worse self-reported sleep quality, indexed by perceived sleep efficiency 323 

(r=-0.28, p=0.01). This Aβ relationship was not observed for self-reported sleep duration (p>0.10). All 324 

results remained unchanged when adjusting for age, sex, APOE e4 carrier status, and time interval 325 

between PSQI assessment and PET scan. 326 

As an additional test of the study hypothesis, we entered both the actigraphy composite and 327 

PSQI global score as predictors in three regression models predicting entorhinal tau, meta ROI tau, and 328 

cortical Aβ, respectively, with age, sex, and APOE e4 status as covariates in each model. For 329 

entorhinal tau and meta ROI tau, both lower actigraphy composite (indexing worse objective sleep) and 330 

higher PSQI global score (indexing worse subjective sleep) were significantly associated with greater 331 

tau burden (p<0.03). However in the cortical amyloid model, PSQI global score was a significant 332 

predictor (p<0.001) and actigraphy composite was not (p=0.85), confirming the main study findings. 333 

 Therefore, both tau and Aβ burden were associated with significantly worse self-reported sleep, 334 

with the relationships most pronounced for perceived sleep quality, more than perceived sleep quantity.  335 

 336 

Associations between subjective-objective sleep mismatch, tau, and Aβ 337 

Having tested AD pathology associations between objective and subjective measures of sleep quality 338 

separately, a next set of analyses examined the third hypothesis: related to age- and AD-pathology-339 

related impact on networks linked to cognitive function, the severity of AD pathology would further be 340 

associated with the magnitude of inaccuracy between objective and subjective sleep, indexed in the 341 

mismatch value. 342 

First, confirming a mismatch in these older adults, the actigraphy composite score of objective 343 

sleep and the PSQI global score of subjective sleep were not significantly correlated (r=-0.07, p=0.49). 344 

That is, self-reported perception of sleep quality did not accurately reflect objectively measured sleep 345 
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quality. Such findings indicate that cognitively normal older adults are inaccurate in their self-evaluation 346 

of overall objective sleep quality. 347 

With the lack of a significant association between these two main sleep quantification methods 348 

confirming a subjective-objective mismatch, analyses next focused on whether the severity of tau 349 

and/or Aβ burden predicted this measure of perceptual sleep inaccuracy mismatch. To do so, 350 

difference scores were quantified by standardizing PSQI global and actigraphy composite scores, and 351 

then subtracting the actigraphy z-score from the PSQI global z-score (subjective – objective). This 352 

mismatch difference score represents an instrument-dependent measure allowing for exploring factors 353 

which may contribute to individual differences in self-evaluating sleep quality. Here, a mismatch 354 

difference score of 0 indicates perfect agreement between objective and subjective sleep evaluation. 355 

Negative values indicate an underestimation of sleep quality, and positive values indicate a 356 

overestimation of sleep quality. By this calculation scheme, 41 (46%) participants underestimated their 357 

sleep quality, and 48 (54%) overestimated. 358 

Tau burden was not associated with this subjective-objective mismatch score (both tau ROIs, all 359 

p>0.45; Figure 4A). In contrast, cortical Aβ negatively predicted the degree of sleep perception 360 

mismatch (difference score, r=-0.26, p=0.02; Figure 4B). That is, individuals with greater cortical Aβ 361 

were significantly worse in accurately self-assessing their own sleep quality, indeed perceiving their 362 

sleep quality to be worse than objective sleep quality assessment indicated it to be (i.e., perceptual 363 

sleep-quality under-estimators). A comparison of these relationships (based on 1000 bootstrap samples 364 

of correlation coefficient pairs) showed that the strength of the Aβ correlation was significantly stronger 365 

than the meta-ROI tau correlation (Δr=-0.26, p=0.03). 366 

To further investigate the hypothesis, we sought to determine whether the accuracy of self-367 

assessment calculated as the absolute value of (PSQI global z score - actigraphy composite z score) 368 

was also related to AD pathological burden. This absolute difference score, composed of only positive 369 

values, reflects the inaccuracy of an individual’s self-evaluation regardless of the direction of the 370 

mismatch. For this quantification of the sleep mismatch score, greater tau burden in both the entorhinal 371 
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cortex (r=0.23, p=0.03) and in the AD-related meta-ROI predicted greater mismatch inaccuracy (r=0.37, 372 

p<0.001; Figure 4C). Cortical Aβ similarly predicted a significantly greater inaccuracy mismatch, 373 

(r=0.21, p=0.04; Figure 4D). In a model that included entorhinal tau, meta-ROI tau, and cortical Aβ, 374 

only tau in the meta-ROI remained significant in predicting absolute subjective-objective difference 375 

(p=0.01). The same was true when including age, sex, APOE e4 carrier status and time interval 376 

between sleep assessment and PET imaging as covariates (p=0.01). These results suggest that 377 

individuals with higher levels of AD pathological burden show worse absolute inaccuracy in self-378 

evaluating their sleep quality. 379 

 380 

Associations between subjective-objective sleep mismatch and cognition 381 

AD pathological burden was associated with the magnitude of subjective-objective mismatch in sleep 382 

quality. To better understand potential underlying mechanistic explanations, the final analysis sought to 383 

test whether neuropsychological test performance was associated with the subjective-objective 384 

mismatch in sleep quality, specifically the cognitive domains of executive function, episodic memory 385 

and working memory.  386 

For executive function (Trail Making Test B minus A), worse performance was significantly 387 

associated with a greater mismatch in sleep evaluation (subjective-objective) (r=-0.24, p=0.02; Figure 388 

5). This association remained significant in a model which included age, sex, APOE e4 carrier status, 389 

and time interval between neuropsychological assessment and sleep assessment (p=0.01). Unlike 390 

executive function, episodic memory (verbal memory) and working memory (backward digit span) 391 

measures did not predict the subjective-objective mismatch score (p>0.36), suggesting a relationship 392 

specific to executive function and underlying associated networks.  393 

In addition, a linear regression which included both cortical Aβ and executive function (Trail 394 

Making Test score) (in addition to age, sex, APOE e4 carrier status, and time interval between 395 

neuropsychological assessment and sleep assessment) showed that Aβ and executive performance 396 

significantly and independently predicted subjective-objective mismatch (Aβ p=0.04; Trail Making Test 397 
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p=0.02). When an interaction term for Aβ * Trail Making Test score was added to the model, it was not 398 

a significant predictor (p=0.45), suggesting the two contribute independently without interaction. The 399 

selectivity of the association with an executive performance measure may thus offer one potential 400 

candidate mechanism accounting for this sleep perceptual mismatch phenomenon linked to fronto-401 

parietal networks that underlie executive function(Rosen et al., 2010; D’Argembeau et al., 2012), one 402 

that occurs in conjunction with, though potentially independent of, the impact of Aβ.  403 

Associations between each of the three cognitive tests with the actigraphy composite, PSQI 404 

global score, and tau and Aβ burden are presented for completeness in Table 3. 405 

 406 

Discussion 407 

These data collectively demonstrate that the severity of tau burden in both age-related and AD-408 

related anatomical regions of the human brain are associated with an impaired profile of human sleep, 409 

measured in a real-world, ecological context. Specifically, these pathological AD proteins were 410 

significantly linked to worse objective sleep quality, and beyond objective measures, that tau as well as 411 

the magnitude of cortical Aβ burden each independently predicted worse self-reported sleep quality on 412 

average. Moreover, individuals with greater cortical Aβ burden, though not tau burden, expressed a 413 

greater inaccuracy perceptual disparity, or mismatch, between their subjective estimate of sleep and 414 

their objectively measured sleep, leading to an underestimation of actual sleep quality. Finally, and 415 

potentially informative of an underlying neural mechanism, the magnitude of this AD pathology-related 416 

inaccuracy was selectively associated with worse executive function, and not episodic memory or 417 

working memory. 418 

 Greater tau burden, both within the entorhinal cortex and the temporal meta-ROI, was 419 

associated with worse objective sleep quality, as estimated by actigraphy. The entorhinal cortex is 420 

among the earliest brain regions to accumulate tau pathology(Braak and Braak, 1991), and tau tangles 421 

within entorhinal cortex may reflect either age-related aggregation or early AD(Maass et al., 2018). 422 

Beyond the entorhinal cortex, however, tau within the meta-ROI encompassing multiple temporal lobe 423 
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regions is considered more indicative of AD progression, wherein pathological tau begins to spread 424 

outside of the medial temporal lobe(Jack et al., 2017). The findings of an association between impaired 425 

sleep and the earliest stage of tau deposition suggest that measures of real-life sleep impairment may 426 

reflect a link with pre-clinical/prodromal AD disease risk. Indeed, tau burden even in cognitively healthy 427 

older adults is predictive of future cognitive decline(Sperling et al., 2019). The current association 428 

identified between tau and sleep quality therefore suggests that objective, at-home sleep assessment 429 

could ultimately serve as one passive, non-invasive tool for detecting early tau accumulation and 430 

identifying AD risk(Mander et al., 2016, 2017). Further, given the mechanistic links, some causal, 431 

between impaired sleep, cognitive decline and the accumulation of Aβ and tau(Lim et al., 2013; Diem et 432 

al., 2016; McSorley et al., 2019), the treatment of such disrupted sleep may help reduce AD risk or 433 

delay disease onset. 434 

Interestingly, the relationships between objective sleep quality were most related to tau, with 435 

cortical Aβ showing no association with worse objective sleep quality that reached significance (though 436 

Aβ was predictive of the mismatch between objective and subjective sleep, discussed later). In AD, Aβ 437 

plaque accumulation throughout neocortex is thought to signify the beginning of a pathological cascade 438 

that, in turn, leads to widespread tau deposition and neurodegeneration(Hardy and Selkoe, 2002; 439 

Jagust, 2018). The lack of a relationship between Aβ and the actigraphy composite measure of sleep 440 

quality in this cognitively normal cohort suggests the presence of Aβ in the cortex may not, by itself, 441 

disrupt patterns of actigraphy-measured nocturnal sleep behavior in cognitively normal older adults yet 442 

to transition into MCI or AD. 443 

Disrupted patterns of sleep-wake behavior in healthy individuals predict greater risk of 444 

subsequent dementia(Lim et al., 2013; Diem et al., 2016; Lysen et al., 2020). This is true of other 445 

markers of abnormal brain aging, including white matter integrity(Oosterman et al., 2008; Zuurbier et 446 

al., 2015; Baillet et al., 2017) and arteriolosclerosis(Lim et al., 2016). Especially notable is that Aβ-447 

positive older adults designated on the basis of CSF measures (i.e., low levels of Aβ peptide 42; CSF 448 

Aβ42), have worse sleep efficiency than Aβ-negative individuals(Ju et al., 2013; Ettore et al., 2019). Our 449 
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data advance such links in two directions. First, we reveal unique associations between several sleep 450 

measures (objective, subjective, the mismatch between the two), Aβ in the cortex, and tau in several 451 

temporal lobe regions. Second, by treating Aβ as a continuous (rather than categorical) variable, our 452 

data explain what may otherwise be seen as a discrepancy between studies. Specifically, low-CSF Aβ42 453 

individuals are likely to have elevated tau deposition(La Joie et al., 2018), meaning that Aβ-positive 454 

individuals likely also have substantial temporal lobe tau. Therefore, common across studies(Ju et al., 455 

2013) is that individuals farther along in the progression of AD, determined within the brain or in 456 

circulating CSF, experience worse sleep efficiency with no observed difference in sleep duration. 457 

Independent of objective sleep, greater burden of both tau and cortical Aβ was associated with 458 

worse subjective evaluation of sleep quality. These associations remained significant when tau and Aβ 459 

were included in the same model, meaning that the relationships between tau and poor sleep, and Aβ 460 

and poor sleep, are independent of one another—they each contribute distinctly.  461 

Such a finding therefore supports previous reports of worse subjectively perceived sleep quality 462 

in the presence of greater AD pathology, particularly Aβ(Spira et al., 2013; Sprecher et al., 2015, 2017; 463 

Branger et al., 2016; Brown et al., 2016; Fjell et al., 2018), but adds to them by establishing that tau, 464 

and independent of Aβ, also contributes to worse subjective sleep quality. Despite incongruence 465 

between PET associations across modalities (i.e., the lack of an association between Aβ and objective 466 

sleep), these AD pathology and subjective sleep associations are themselves additionally relevant. 467 

Healthy sleep is multidimensional, and subjective sleep may carry unique information about an 468 

individual’s well-being relative to objective sleep measures(Buysse, 2014; Watson et al., 2015). Our 469 

findings support this concept by demonstrating distinct AD pathological correlates of tau and Aβ. 470 

A third finding of the current study was that greater Aβ burden was linked to a significantly 471 

greater mismatch between participants’ subjective evaluation of sleep, relative to their actual objective 472 

sleep, resulting in an underestimation of sleep quality. As with our findings, objective and subjective 473 

measures of sleep quality are not typically correlated with one another in older adult cohorts(Grandner 474 

et al., 2006; Buysse et al., 2008; Landry et al., 2015; Baillet et al., 2016; DiNapoli et al., 2017; Kaplan et 475 
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al., 2017; Matthews et al., 2018). The current results provide one potentially novel mechanistic 476 

explanation account for this sleep disconnect: AD pathological burden reflects part of a brain 477 

mechanism that impairs the ability for accurate self-quantification of nightly sleep quality. As a result, 478 

individuals express a subjective underestimation of their actual objectively quality of sleep. While this 479 

mismatch measure is dependent on the instruments used, identifying contributors to sleep mismatch 480 

may help inform future studies of preclinical and clinical AD so as to measure both objective and 481 

subjective sleep assessments, rather than relying on one or the other. If replicated, this finding may 482 

serve as added evidence that objective sleep measures are needed when evaluating sleep in older 483 

populations, especially those at higher AD risk. 484 

The magnitude of this sleep perceptual mismatch effect was additionally associated with worse 485 

executive function, yet was not related to episodic memory function. Executive function is linked to both 486 

frontotemporal and frontoparietal networks(Rosen et al., 2010; D’Argembeau et al., 2012), and both are 487 

affected early in AD pathology development(Maass et al., 2019). Therefore, degradation of executive 488 

cognition, potentially linked to AD pathology or independent of it, may impair functional brain networks 489 

necessary for the subjective awareness of one’s sleep health, thereby leading to the reported mismatch 490 

inaccuracy.  491 

Our current findings must be appreciated within the context of several important limitations. 492 

First, the study did not formally evaluate sleep disordered breathing using in-laboratory sleep apnea 493 

assessment. Obstructive sleep apnea (OSA) is an established risk factor for AD(Yaffe et al., 2011; 494 

Osorio et al., 2015) and has been linked to higher levels of tau and Aβ in cognitively healthy older 495 

adults(Ju et al., 2016; Sharma et al., 2018; Bubu et al., 2019; André et al., 2020; Carvalho et al., 2020). 496 

Therefore, the added contribution of apnea (self-reported in 5 participants) in the context of the current 497 

results remains unknown. Second, study analyses focused on nocturnal sleep and thus did not collect 498 

information on daytime napping. Actigraphy is known to lack specificity in differentiating daytime 499 

napping from sedentary behavior(Kanady et al., 2011) and thus only nocturnal actigraphy data were 500 

utilized in this study. Notably, increases in daytime napping have been linked to Aβ burden(Ju et al., 501 
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2013; Musiek et al., 2018) and cognitive impairment in older men(Leng et al., 2019). Our findings 502 

demonstrate a link between AD pathology and nocturnal sleep quality, but are not able to quantify the 503 

potential influence of napping on these relationships. Third, this study did not include 504 

electrophysiological measures of sleep microarchitecture that could potentially explain individual 505 

differences in self-evaluation of sleep quality. For example, it is not known whether the reduction of 506 

slow wave activity in individuals with high amyloid burden(Winer et al., 2020) might contribute to the 507 

observed mismatch in perception of sleep quality. Finally, this study did not include measures of 508 

depression or anxiety, which are known to contribute to both sleep disturbance(Buysse, 2004) as well 509 

as risk of cognitive decline(Byers and Yaffe, 2011) in the context of aging. 510 

The relationship between disrupted sleep and AD is considered to be a bi-directional process 511 

(Mander et al., 2016; Wang & Holtzman, 2020). The cross-sectional design of this study means that the 512 

data cannot determine the directionality or causality of the reported associations. Longitudinal studies 513 

that assess sleep and markers of AD, each at multiple time points, will be needed to distinguish the 514 

relative timeline of increasing brain pathology and worsening sleep quality. Sleep and/or pathology 515 

intervention studies will further be required for establishing directional causality.  516 

In conclusion, these data support an association between AD pathology and the disruption of 517 

real-life sleep patterns in cognitively healthy older adults. Moreover, the presence of tau and Aβ 518 

pathology predicted greater inaccuracy in self-assessment of sleep quality. These findings add to a 519 

growing understanding of the sleep-wake behavioral correlates of early AD disease processes within 520 

the human brain, and offer the possibility that sleep, measured both objectively and subjectively, may 521 

serve as both a scalable indicator of AD pathology progression and a possible modifiable target for 522 

therapeutic intervention.  523 
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Figures and Tables 719 

   720 

Figure 1: Actigraphy, tau PET, and Aβ PET in three sample participants. (A) Seven 24-hr periods 721 

of raw actigraphy data displays accelerometer counts in 15-sec epochs. (B) 18F-FTP coronal images 722 

demonstrate tau deposition. (C) 11C-PiB sagittal images demonstrate Aβ deposition.  723 
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  724 

Figure 2: Voxelwise tau and Aβ PET maps at the group level. (A) Mean voxelwise 18F-FTP SUVR in 725 

n=89 individuals, representing tau distribution in healthy older adults. (B) Mean voxelwise 11C-PiB DVR 726 

in the same n=89 individuals, representing Aβ distribution.  727 
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 728 

Figure 3: Associations between tau, Aβ, and sleep. (A) Negative association between tau PET and 729 

objective sleep (actigraphy composite score). (B) No association between Aβ PET and actigraphy 730 

composite score. (C) Positive association between tau PET and subjective sleep (PSQI global score). 731 

(D) Positive association between Aβ PET and PSQI global score. PSQI score is inverted on y-axis 732 

reflecting that greater scores indicate worse sleep quality. Two-sided bivariate correlations were used 733 

to test for significant associations with r and p-values displayed on each panel.  734 
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 735 

Figure 4: Associations between subjective-objective sleep mismatch, tau, and Aβ. (A) No 736 

association between tau PET and subjective-objective sleep quality mismatch. (B) Negative association 737 

between Aβ PET and subjective-objective sleep quality mismatch. (C) Positive association between tau 738 

PET and absolute misestimation of sleep quality. (D) Positive association between Aβ PET and 739 

absolute misestimation of sleep quality.  740 
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 741 

Figure 5: Associations between sleep and cognition. (A) Objective sleep (actigraphy composite 742 

score) is not associated with performance on the executive function task Trail Making Test (B minus A). 743 

(B) Subjective sleep (PSQI global score) is positively associated with performance on the trails task. 744 

(C) Trails task performance is negatively associated with the difference in subjective and objective 745 

sleep quality across individuals. PSQI score is inverted on its axis reflecting that greater scores indicate 746 

worse sleep quality. Trail Making Test (B minus A) is also inverted on its axis, reflecting that higher 747 

scores indicate worse executive function.   748 
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Demographics (n=89) 

Age, years 78.1 ± 7.6 

Female, n (%) 56 (63) 

APOE e4 carriers*, n (%) 23 (27)  

Education, years 17.0 ± 2.0 

Mini-Mental State Examination  28.6 ± 1.4 

Body mass index 25.6 ± 4.2 

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 III/IV: 16 (18) 

PiB+ within FTP Braak stage, n (%) Braak 0: 4 PiB+ (25) 
Braak I/II: 29 PiB+ (51) 
Braak III/IV: 12 PiB+ (75) 

Actigraphy-measured sleep  

Nights recorded 6.8 ± 1.0 

Sleep period time, hrs 7.9 ± 1.0 

Sleep duration, hrs 7.2 ± 1.1 

Sleep efficiency, % 90.9 ± 7.8 

Fragmentation index 0.87 ± 0.62 

Self-reported sleep 

PSQI global 4.6 ± 2.9 

Sleep duration, hrs 7.2 ± 1.1 

Sleep efficiency, % 87.0 ± 9.7 

 749 

Table 1. Participant demographics, PET, and sleep characteristics (mean ± SD). PiB status was 750 

determined based on a DVR threshold of 1.065(Villeneuve et al., 2015). FTP Braak staging, indexing 751 

the progression of tau pathology, was assigned to one of four stages based on FTP uptake in Braak-752 

based composite regions, described previously(Maass et al., 2017). *APOE genotyping data not 753 

available for five subjects.   754 
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Actigraphy-measured 
sleep 

Correlation with  
entorhinal FTP 
SUVR (r) 

Correlation with  
meta-ROI FTP 
SUVR (r) 

Correlation with  
cortical PiB DVR 
(r) 

Global actigraphy 
composite 

-0.23* -0.31** -0.01 

Sleep duration -0.08 -0.11 -0.03 

Sleep efficiency -0.18 -0.29** 0.02 

Sleep fragmentation 0.11 0.19 -0.07 

    

Self-reported sleep 

Correlation with 
entorhinal FTP 
SUVR (r) 

Correlation with  
meta-ROI FTP 
SUVR (r) 

Correlation with  
cortical PiB DVR 
(r) 

PSQI global 0.34*** 0.28** 0.36*** 

Sleep duration -0.18 -0.07 -0.13 

Sleep efficiency -0.18 -0.16 -0.28** 

 755 

Table 2. Correlations between regional PET uptake and sleep variables of interest. Columns 756 

represent each brain ROI. Rows represent two-sided bivariate correlations between sleep metric and 757 

PET uptake (see Materials and Methods). PiB DVR ROIs are comprised of weighted PiB DVR means 758 

within FreeSurfer regions as described in(Villeneuve et al., 2015). FTP SUVR ROIs are comprised of 759 

weighted FTP SUVR means within FreeSurfer regions after PVC, as described in(Maass et al., 2017). * 760 

denotes significant r value p<0.05, ** p<0.01, *** p<0.001.  761 
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CVLT Long Delay 
Free Recall (r) 

Digit Span 
Backwards (r) 

Trail Making Test 
B-A (r) 

Actigraphy composite r=-0.02 r=0.09 r=-0.03 

PSQI global r=-0.11 r=0.00 r=0.36*** 

    
Entorhinal FTP SUVR r=-0.24* r=-0.01 r=0.09 

Meta-ROI FTP SUVR  r=-0.25* r=0.13 r=-0.08 

Cortical PiB DVR  r=-0.09 r=0.16 r=0.07 

 762 

Table 3. Correlations between cognitive test performance, sleep quality measures, and PET 763 

uptake. Columns represent each cognitive test. Rows represent two-sided bivariate correlations 764 

between cognitive test performance and sleep metric or PET uptake (see Materials and Methods). PiB 765 

DVR ROIs are comprised of weighted PiB DVR means within FreeSurfer regions as described 766 

in(Villeneuve et al., 2015). FTP SUVR ROIs are comprised of weighted FTP SUVR means within 767 

FreeSurfer regions after PVC, as described in(Maass et al., 2017). * denotes significant r value p<0.05, 768 

** p<0.01, *** p<0.001. 769 
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