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Abstract 39 

Recent proposals suggest that sleep may be a factor associated with accumulation of two 40 

core pathological features of Alzheimer’s disease (AD): tau and β-amyloid (Aβ). Here we 41 

combined positron emission tomography measures of Aβ and tau, electroencephalogram sleep 42 

recordings, and retrospective sleep evaluations to investigate the potential utility of sleep 43 

measures in predicting in vivo AD pathology in male and female older adults.  Regression 44 

analyses revealed that the severity of impaired slow oscillation-sleep spindle coupling predicted 45 

greater medial temporal lobe tau burden. Aβ burden was not associated with coupling 46 

impairment, but instead predicted the diminished amplitude of <1Hz slow-wave-activity—results 47 

that were statistically dissociable from each other. Additionally, comparisons of AD pathology 48 

and retrospective, self-reported changes in sleep duration demonstrated that changes in sleep 49 

across the lifespan can predict late-life Aβ and tau burden. Thus, quantitative and qualitative 50 

features of human sleep represent potential non-invasive, cost-effective and scalable biomarkers 51 

(current and future-forecasting) of AD pathology, and carry both therapeutic and public-health 52 

implications. 53 

 54 

Significance Statement 55 

 Several studies have linked sleep disruption to the progression of Alzheimer’s disease 56 

(AD). Tau and β-amyloid (Aβ), the primary pathological features of AD, are associated with both 57 

objective and subjective changes in sleep. However it remains unknown whether late life tau and 58 

Aβ burden are associated with distinct impairments in sleep physiology or changes in sleep 59 

across the lifespan. Using polysomnography, retrospective questionnaires, and tau- and Aβ-60 

specific positron emission tomography, the present study reveals human sleep signatures which 61 

dissociably predict levels of brain tau and Aβ in older adults. These results suggest that a night of 62 

polysomnography may aid in evaluating tau and Aβ burden, and that treating sleep deficiencies 63 

within decade-specific time windows may serve in delaying AD progression.  64 
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Introduction 65 

Alzheimer’s disease (AD) is an unquestioned public health crisis. A current pressing need 66 

is the development of biomarkers of underlying AD pathophysiology that are sensitive, non-67 

invasive, cost effective and scalable, and that demonstrate independent sensitivity to each of the 68 

two hallmark features of AD—pathological tau and β-amyloid (Aβ) aggregates. A second issue 69 

concerns when, during the adult lifespan, changes in sleep quantity and/or quality signal a future-70 

forecasting sensitivity to AD pathology, measured in old age. Addressing this unresolved 71 

question would inform not only the timing of when such biomarkers should be measured, but also 72 

help define time-sensitive windows that could be utilized in earlier-life prevention approaches, 73 

rather than later-life treatment efforts. 74 

Evidence suggests that sleep may represent one such potential biomarker of AD 75 

pathology, and one that is non-invasive, cost effective, and potentially scalable, relative to 76 

current positron emission tomography (PET) imaging options. For example, sleep quality and 77 

sleep-EEG alterations are recognized to co-occur with the transition into mild cognitive 78 

impairment (MCI) and AD(Prinz et al., 1982; Hita-Yañez et al., 2013). In addition, subjective 79 

impairments in sleep(Spira et al., 2013; Sprecher et al., 2015; Carvalho et al., 2018; Spira et al., 80 

2018), and the loss of <1 Hz non-rapid eye movement (NREM) slow wave activity (SWA; Mander 81 

et al., 2015) predict levels of Aβ aggregation as measured by PET. 82 

However, these data leave at least two key questions currently unanswered. First, while 83 

tau and Aβ are related to NREM sleep disruption in early AD(Lucey et al., 2019), it remains 84 

unknown if there are physiological sleep features that are uniquely associated with tau in the 85 

human brain, dissociable from those linked to Aβ. Data in animals support the proposition that 86 

tau accumulation is linked to disruption of sleep oscillations. Rodent models of tauopathy exhibit 87 

reductions in NREM sleep quality and related neural synchrony(Menkes-Caspi et al., 2015; Holth 88 

et al., 2017), and mice with aggregated tau in hippocampus show abnormal hippocampal sharp-89 

wave ripple oscillations(Witton et al., 2016). These findings are of special relevance considering 90 

that ripples in the medial temporal lobe (a region of early tau accumulation; Braak and Braak, 91 

1997) are causally linked with the coupled expression of NREM sleep spindles and slow 92 
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oscillations (SOs) in the surface EEG(Clemens et al., 2007; Staresina et al., 2015). These data 93 

support an untested model whereby early tau accumulation in the medial temporal lobe (MTL) 94 

causally alters hippocampal generation of NREM sharp-wave ripples, with the measurable effect 95 

of impairing the expression and coupling of NREM SOs and spindles. If so, it may represent a 96 

candidate sleep physiological biomarker of tau accumulation in old age.  97 

A second question is when in the time course of the human lifespan biomarkers of sleep 98 

disruption, specifically alterations in amount of sleep (duration), may be linked to abnormal Aβ 99 

and tau accumulation, resulting in elevated pathology in late stages of life. Understanding when 100 

in the lifespan AD pathophysiology may be particularly vulnerable to sleep disruption will be 101 

critical in determining when such biomarker screening should occur, and would also help in 102 

defining time-sensitive windows that could assist in developing earlier-life prevention 103 

approaches. 104 

Building on this evidence, here we tested two inter-related hypotheses by combining 105 

overnight polysomnography recording, retrospective sleep evaluations, and PET measurements 106 

of tau and Aβ pathology in older adults: 1) micro-level changes in sleep physiology—specifically 107 

SO-spindle phase-amplitude coupling and <1Hz SWA – predict medial temporal lobe (MTL) tau 108 

burden and cortical Aβ, respectively, and 2) macro-level changes (declines) in sleep quantity 109 

across specific windows of the adult lifespan forecast tau and amyloid pathological burden in old 110 

age.  111 

 112 

Materials and Methods 113 

Study participants 114 

The experimental sample comprised a total of 101 cognitively normal older adults from 115 

the Berkeley Aging Cohort Study (BACS), a longitudinal study of cognitive aging. Participants 116 

were enrolled in the present study if concurrently acquired PET and MRI data was available. The 117 

study was approved by the human studies committees at University of California, Berkeley and 118 

Lawrence Berkeley National Laboratories (LBNL), with all participants providing written informed 119 

consent. Exclusion criteria included presence of neurologic or psychiatric disorders, and current 120 
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use of antidepressant or hypnotic medications. Participants were free of depressive symptoms, 121 

scored ≥25 on the Mini Mental State Exam(Folstein et al., 1975), and displayed normal 122 

performance on neuropsychological testing (1.5 standard deviations within age, education, and 123 

sex adjusted means; described in Schöll et al., 2016). 124 

 125 

PET imaging analysis 126 

A total of n=101 cognitively normal older adults (Table 1) received tau 18F-flortaucipir 127 

(FTP) and Aβ 11C-PiB (PiB) PET scans (Fig. 1). 1x1x1 mm resolution T1-weighted magnetization 128 

prepared rapid gradient echo (MPRAGE) images were acquired for every subject on a 1.5T MRI 129 

scanner at LBNL(Schöll et al., 2016). MPRAGE scans were processed with FreeSurfer v5.3.0 130 

(http://surfer.nmr.mgh.harvard.edu/) to derive ROIs in each subject’s native space using the 131 

Desikan-Killiany atlas . FreeSurfer ROIs were used to calculate regional 18F-FTP and 11C-PiB 132 

PET measures in native space for each subject (see below). MR images were also segmented 133 

into tissue types using SPM12 (Statistical Parametric Mapping; Wellcome Department of 134 

Cognitive Neurology, London, England). SPM-derived segments for non-cerebral tissues were 135 

subsequently used for partial volume correction (PVC; .  136 

A detailed description of 18F-FTP tau and 11C-PiB Aβ PET acquisition for BACS has been 137 

published previously(Schöll et al., 2016). 18F-FTP standard uptake value ratio (SUVR) images 138 

were created based on mean uptake over 80-100 min post-injection normalized by mean inferior 139 

cerebellar gray matter uptake. SUVR images were coregistered and resliced to structural MRI. 140 

To account for partial volume effects due to atrophy and spill-over signal, the Geometric Transfer 141 

Matrix approach(Rousset et al., 1998) was used for PVC based on FreeSurfer-derived ROIs, 142 

including corrections for extra-cerebral signal as previously described in detail(Baker et al., 143 

2017). 144 

Given our hypothesized associations between tau in the MTL and disruption of NREM 145 

sleep oscillations, sleep EEG and 18F-FTP tau PET analyses focused on a MTL ROI. 146 

Specifically, this ROI consisted of weighted mean 18F-FTP SUVR within bilateral MTL FreeSurfer 147 

regions (entorhinal cortex, hippocampus, amygdala, and parahippocampal gyrus), all of which 148 
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were partial volume corrected(Baker et al., 2017; Maass et al., 2017). Given the experimental 149 

hypothesis that decreasing sleep duration would predict greater tau burden, analyses between 150 

questionnaires and PET focused on 18F-FTP SUVR within a composite ROI (“meta ROI”) 151 

considered to represent pathological severity of tau accumulation in the context of Alzheimer’s 152 

disease(Jack et al., 2017; Maass et al., 2017). This ROI was selected a priori because it was 153 

hypothesized that lifespan sleep change would impact overall tau burden, rather than tau 154 

aggregation within any specific brain region. Specifically, this ROI consisted of weighted mean 155 

18F-FTP SUVR within bilateral entorhinal, amygdala, parahippocampal, fusiform, inferior 156 

temporal, and middle temporal FreeSurfer regions, all of which were partial volume 157 

corrected(Baker et al., 2017; Maass et al., 2017).  158 

11C-PiB frames were coregistered and resliced to structural MRI. Distribution volume 159 

ratios (DVRs) for 11C-PiB images were generated with Logan graphical analysis on 11C-PiB 160 

frames corresponding to 35-90 min post-injection using a cerebellar gray matter reference 161 

region(Logan et al., 1996; Price et al., 2005). One participant (with questionnaire data and not 162 

PSG data) was excluded because full dynamic 11C-PiB data were not available. Cortical 11C-PiB 163 

DVR was calculated as a weighted mean across FreeSurfer-derived frontal, temporal, parietal, 164 

and posterior cingulate cortical regions. Participants were classified as Aβ-positive if their cortical 165 

11C-PiB DVR was >1.065, a cutoff adapted from previous thresholds developed in our 166 

laboratory(Villeneuve et al., 2015). 167 

 168 

Sleep EEG analysis 169 

A subset of n=31 participants completed the sleep EEG assessment (Table 1). Data from 170 

five of these subjects were included in a previous publication(Mander et al., 2015). PSG data 171 

were acquired within 11.2 ± 6.8 months of the tau PET scan. All participants abstained from 172 

caffeine, alcohol and daytime naps for the 48 hours before and during the study. All participants 173 

completed the Berlin Questionnaire to assess sleep apnea risk(Netzer et al., 1999), which was 174 

used as a covariate in EEG biomarker analyses. Participants kept to their habitual sleep-wake 175 

rhythms and averaged 7 to 9 hours of reported time in bed per night before study participation, 176 
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verified by sleep logs. For 29 subjects, polysomnography was recorded using a Grass 177 

Technologies Comet XL system (Astro-Med, Inc., West Warwick, RI), including 19-channel 178 

electroencephalography (EEG) placed using the 10–20 system. For 2 subjects, 179 

polysomnography was recorded using a Grass Technologies AURA PSG Ambulatory system 180 

(Astro-Med, Inc., West Warwick, RI) using a 9-electrode EEG montage. All subjects had 181 

electrooculography (EOG) recorded at the right and left outer canthi (right superior; left inferior) 182 

and electromyography (EMG). Reference electrodes were recorded at both the left and right 183 

mastoid (A1, A2). The a priori electrode of interest for statistical tests (Fz, see below) was 184 

present in both montages. Data from the two subjects with a 9-channel montage were 185 

interpolated to match the 19-channel montage for the purpose of visualizing group-level results 186 

across the scalp.  187 

Sleep was scored using standard criteria(Rechtschaffen and Kales, 1968) by a single 188 

trained scorer (B.A.M.). Sleep scoring was performed blinded to PET data. EEG data from the 189 

experimental night were imported into EEGLAB (http://sccn.ucsd.edu/eeglab/) and epoched into 190 

5 second bins. Epochs containing artifacts were manually rejected, and the remaining epochs 191 

were filtered between 0.4 and 50 Hz. A fast Fourier transform was then applied to the filtered 192 

EEG signal at 5-s intervals with 50% overlap and employing Hanning windowing. Slow wave 193 

sleep (SWS) was defined as NREM stages 3-4, while NREM sleep encompassed stages 2-4. 194 

Given that stage 2 does not always exhibit pronounced SO activity(Helfrich et al., 2018), all 195 

correlational analyses focused on SWS. 196 

Event detection of SOs and spindles was performed for every channel separately based 197 

on previously established algorithms(Mölle et al., 2011; Staresina et al., 2015; Helfrich et al., 198 

2018). (1) Slow oscillations: In brief, the continuous signal was first filtered between 0.16 and 199 

1.25 Hz and detected zero crossings. Events were then selected based on time (0.8 – 2 s 200 

duration) and amplitude (75% percentile) criteria. Finally, artifact-free 5 s long segments (±2.5 s 201 

around trough) were extracted from the raw signal. (2) Sleep spindles: the signal was filtered 202 

between 12-16 Hz and the analytical amplitude was extracted after applying a Hilbert transform. 203 

The amplitude was smoothed with a 200 ms moving average, then thresholded at the 75% 204 
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percentile (amplitude criterion). Only events that exceeded the threshold for 0.5 to 3 s (time 205 

criterion) were accepted. Artifact-free events were then defined as 5 s long sleep-spindle epochs 206 

(±2.5 s), peak-locked. Events were normalized per subject by means of a z-score prior to all 207 

subsequent analyses, alleviating power differences between subjects(Helfrich et al., 2018). The 208 

mean and standard deviation were derived from the unfiltered event-locked average time course 209 

of either SO or spindle events in every participant. 210 

Time-frequency representations for artifact-free normalized SO (Fig. 2B) were calculated 211 

after applying a 500 ms Hanning window. Spectral estimates (0.5 - 30 Hz; 0.5 Hz steps) were 212 

calculated between -2 and 2 s in steps of 50 ms and baseline-corrected by means of z-score 213 

relative to a bootstrapped baseline distribution that was created from all trials (baseline epoch -2 214 

to -1.5 s, 10000 iterations; Helfrich et al., 2018). 215 

For event-locked cross-frequency analyses(Dvorak and Fenton, 2014; Staresina et al., 216 

2015; Helfrich et al., 2018), the normalized SO trough-locked data was first filtered into the SO 217 

component (0.1-1.25 Hz) and then the instantaneous phase angle was extracted after applying a 218 

Hilbert transform. Then the same trials were filtered between 12-16 Hz and the instantaneous 219 

amplitude was extracted from the Hilbert transform. Only the time range from -2 to 2 s was 220 

considered, to avoid filter edge artifacts. For every subject, channel, and epoch, the maximal 221 

sleep spindle amplitude and corresponding SO phase angle were detected. The mean circular 222 

direction and resultant vector length across all NREM events were determined using the CircStat 223 

toolbox(Berens, 2009). 224 

A summary proportional measure of SWA, a measure previously shown to be associated 225 

with Aβ accumulation in healthy older adults , was derived by dividing the spectral power 226 

between 0.6 and 1 Hz by the sum of spectral power between 0.6 and 4 μHz(Mander et al., 2015). 227 

For all sleep EEG analyses, statistical tests were performed a priori at Fz (frontal midline) 228 

electrode derivation, based on previously demonstrated sensitivity to differences in both SO-229 

spindle coupling and proportion 0.6-1 Hz SWA(Mander et al., 2015; Helfrich et al., 2018)—our 230 

experimental hypothesis targets. 231 

 232 
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Sleep questionnaires analysis 233 

 A subset of n=95 subjects completed a retrospective questionnaire about lifespan sleep 234 

duration and sleep quality change. Questionnaire data were acquired within 8.6 ± 12.5 months of 235 

PET imaging. Subjects were asked to report their estimated retrospective average sleep duration 236 

in each decade across life. As in other retrospective life questionnaires in other fields aimed at 237 

improving veracity of recall(Friedenreich et al., 1998) subjects were encouraged to consider life 238 

circumstances during each decade that may have impacted their average sleep duration, such 239 

as education, births, moves, and occupation. For each decade, subjects chose one of six 240 

options: less than 5 hours, 5 to 6, 6 to 7, 7 to 8, 8 to 9, and more than 9 hours. These subject 241 

responses were then coded 4 to 9 for duration change analyses. Analyses were restricted to 242 

decade intervals from 40s to 70s. These data were used to generate two metrics: (1) percent 243 

sleep duration change by decade and (2) sleep duration slope. Percent sleep duration change by 244 

decade was calculated by dividing the reported average duration of sleep in one decade by the 245 

duration of the previous decade. For each decade bin, subjects with a negative percent sleep 246 

duration change were considered “sleep decrease” participants, and subjects with a positive 247 

percent sleep duration change were considered “sleep increase” participants. Sleep duration 248 

slope was calculated by fitting a linear regression to the decades by reported sleep duration for 249 

all reported decades from 40s to 70s, determined by the slope of the regression line.  250 

 Subjects also answered whether they felt their sleep had started to get worse as they got 251 

older. This yes or no response was used as a measure of subjective nonspecific sleep quality 252 

change. 253 

 254 

Statistical analysis 255 

 Associations between PET measures and sleep EEG measures were assessed using 256 

linear regression. The strength of correlations between sleep EEG measures and PET measures 257 

were compared using the Robust Correlation Toolbox(Pernet et al., 2013). Differences in sleep 258 

EEG measures between PET-defined groups were assessed using t-tests.  259 
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Differences in PET between individuals on the basis of self-reported changes in sleep 260 

duration and quality were assessed using t-tests, with false discovery rate (FDR) correction used 261 

to adjust for multiple decade comparisons. Associations between reported change in sleep 262 

duration and PET measures were examined using non-parametric Kendall’s τ correlations. 263 

Nonparametric correlations were applied since they do not require the data to be normally 264 

distributed.  265 

 266 

Results  267 

Associations between NREM sleep oscillation coupling, tau and Aβ. 268 

Focusing first on tau, we determined whether the disrupted coupling between SOs and 269 

sleep spindles predicted MTL tau burden. As previously reported in older adults, mean sleep 270 

spindle activity occurred during the rise of the SO, before the SO peak (Fig 2A&B; Helfrich et al., 271 

2018). To quantitatively assess the coupling strength between spindles and SOs, we utilized a 272 

validated event-locked approach that extracted the mean resultant vector length across all SO-273 

spindle events at every electrode for every participant(Helfrich et al., 2018), where greater vector 274 

length indicates greater coupling strength. Analyses focused a priori on the frontal midline 275 

electrode (Fz), since this location has been demonstrated to be sensitive to both SO-spindle 276 

coupling and SWA(Mander et al., 2015; Helfrich et al., 2018). 277 

Supporting the experimental prediction, the measure of SO-spindle coupling strength at 278 

Fz negatively predicted the severity of MTL tau burden (Fig 2C, r=-0.47, p=0.01). Specifically, 279 

individuals with weaker SO-spindle coupling had greater accumulation of tau within MTL. This 280 

association remained significant in a linear regression adjusting for age, sex, sleep apnea risk, 281 

and time-interval differences across subjects between PSG and tau PET scan (r=-0.49, p=0.02). 282 

Next, we examined whether this SO-spindle association was unique to tau pathology, or 283 

instead, showed a similar relationship with Aβ accumulation. There was no significant 284 

relationship between SO-spindle coupling strength and the degree of cortical Aβ burden (Fig 2D, 285 

r=-0.16, p=0.39). Furthermore, these two associations – tau and Aβ – were significantly different 286 

from each other. Specifically, comparison of the two correlations (based on 1000 bootstrap 287 
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samples of correlation coefficient pairs) revealed that the MTL tau association with coupling was 288 

significantly stronger than the cortical Aβ association (Δr=0.31, p=0.04). Therefore, SO-spindle 289 

coupling reflects an electrophysiological sleep measure that is associated with the degree of tau 290 

deposition within MTL, dissociable from a relationship with Aβ burden. 291 

While these data provided an analytical approach based on continuous variables (i.e., 292 

correlational), the applicability for biomarker utility is frequently examined using a categorical 293 

approach (i.e., high/low, positive/negative). To address this question, we explored the 294 

relationship between tau burden and disrupted SO-spindle coupling, categorically separating 295 

participants into high and low tau groups, based on median FTP SUVR within MTL. Due to the 296 

limited number and cognitively healthy status of the subject sample, tau PET groups defined by 297 

in vivo Braak staging(Maass et al., 2017) are small and non-uniform (Table 1). A median split 298 

approach was therefore chosen since, unlike Aβ, there is no current consensus regarding an 299 

SUVR threshold determining ‘tau positive/negative’ with a tau PET radiotracer(Jack et al., 2017). 300 

The categorical separation of individuals as Aβ-positive (high cortical Aβ) or Aβ-negative (low 301 

cortical Aβ) was defined by the PiB DVR threshold of 1.065. 302 

SO-spindle coupling differentiated the two tau groups, such that individuals with 303 

categorically high MTL tau had significantly lower (i.e., weaker) SO-spindle coupling than 304 

individuals with categorically low MTL tau burden (Fig 2E; at Fz, low MTL tau: 0.16 [0.01], high 305 

MTL tau: 0.10 [0.00], t=2.30, p=0.03). Conversely, SO-spindle coupling did not significantly differ 306 

between Aβ-positive and Aβ-negative groups (p=0.53).  307 

MTL tau and cortical Aβ were significantly correlated across participants (r=0.45, p=0.01). 308 

This relationship is in line with the amyloid cascade hypothesis of AD (Jack et al., 2013), which 309 

posits that tau accumulation typically only accelerates in the presence of cortical amyloid. Hence, 310 

these associations between tau and SO-sleep spindle coupling are likely AD-relevant, beyond 311 

normative aging-related changes. 312 

Therefore, both categorical and correlational analysis approaches confirmed the 313 

experimental hypothesis that the disruption of NREM SO-spindle coupling—specifically the 314 

progressive loss of precise coupling strength—provides an electrophysiological sleep signature 315 
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that is predictive of (relatively and categorically) individuals with high relative to low MTL tau 316 

burden. 317 

 318 

Associations between NREM slow wave activity, tau and Aβ. 319 

Having established that the measure of SO-spindle coupling strength represents a sleep 320 

physiological feature that is associated with magnitude of MTL tau burden, we next examined 321 

whether the relationship between the proportion of SWA between 0.6-1 Hz and Aβ burden is 322 

stronger for Aβ, or instead, predicts both Aβ as well as tau.  323 

Replicating previous findings(Mander et al., 2015), the proportion 0.6-1 Hz SWA 324 

predicted cortical Aβ, such that lower proportion 0.6-1 Hz SWA was related to higher cortical Aβ 325 

burden (Fig 3A, r=-0.36, p=0.04). This association remained significant in a linear regression 326 

adjusting for age, sex, sleep apnea risk, and interval between PSG and tau PET scan (r=-0.43, 327 

p=0.04). 328 

In contrast, this same measure of proportion 0.6-1 Hz SWA demonstrated no predictive 329 

relationship with the degree of MTL tau burden (Fig 3B, r=0.05, p=0.80). Additionally, 330 

comparison of the two correlations (based on 1000 bootstrap samples of correlation coefficient 331 

pairs) revealed that this SWA disruption measure and Aβ correlation was stronger than the 332 

correlation between SWA and MTL tau (Δr=0.41, p=0.04). These findings support the hypothesis 333 

that the sleep marker of 0.6-1 Hz SWA is significantly sensitive to Aβ burden, and not tau 334 

burden, which added to the results described earlier, establishes a double dissociation 335 

(SWA/SO-spindle coupling, Aβ/tau).  336 

We additionally explored whether specific slow wave frequency ranges (below 4 Hz) were 337 

associated with MTL tau burden. There was no association between MTL tau and SWA 338 

frequencies (0.6-1 Hz, r=-0.04, p=0.84; 1-2 Hz, r=-0.14, p=0.44; 2-3 Hz, r=0.27, p=0.15; 3-4 Hz, 339 

r=-.08, p=0.67). 340 

Finally, we examined whether the measure of 0.6-1 Hz SWA was able to differentiate Aβ-341 

positive and Aβ-negative categorical groups significantly, and furthermore, examined if this was 342 

also evident for low and high MTL tau groups. 343 
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The proportion 0.6-1 Hz SWA differentiated Aβ-positive and Aβ-negative groups, with 344 

significantly lower proportion 0.6-1 Hz SWA in Aβ-positive individuals, relative to Aβ-negative 345 

individuals (Fig 3C, PiB- n=12, 0.42 [0.09]; PiB+ n=19, 0.35 [0.08]; t=2.24, p=0.03). Conversely, 346 

the proportion 0.6-1Hz SWA did not differ between the low tau and high tau groups (p=0.43), 347 

further highlighting dissociable sensitivity to these two pathological entities. 348 

Taken together, the results suggest a double dissociation in the predictive associations 349 

between two unique features of sleep (SO-spindle coupling, NREM SWA) and the two 350 

prototypical neuropathological features of Alzheimer’s disease: tau and Aβ. Significant 351 

continuous and categorical associations demonstrated that SO-spindle coupling disruption was 352 

unique to MTL tau burden. Serving as a complementary pathological biomarker, proportion 0.6-1 353 

Hz SWA was uniquely associated with cortical Aβ. Associations between sleep metrics and tau 354 

(FTP SUVR) and Aβ (PiB DVR) within brain regions beyond our a priori targets of interest are 355 

reported for in Table 2 for completeness, and without further discussion. 356 

 357 

Associations between retrospective change in sleep and Aβ 358 

Having demonstrated that changes in ‘micro-level’ sleep oscillation features—SO-spindle 359 

phase-amplitude coupling and <1Hz SWA—dissociably predicted MTL tau and cortical Aβ, 360 

respectively, we next sought to determine whether macro-level changes in sleep across the 361 

lifespan predicted later-life pathological burden of both Aβ and tau. Specifically, we tested the 362 

hypothesis that self-reported sleep reduction in mid- and later-life decade windows—those that 363 

overlap with current Alzheimer’s pathological models of Aβ and tau escalation, predicts later life 364 

Aβ and tau burden.  365 

 First, we tested the prediction that decade-by-decade changes in sleep duration predict 366 

later-life pathological burden, starting with Aβ. Consistent with this hypothesis, subjects who 367 

reported a decrease in sleep duration in their 50s (relative to the previous decade) had 368 

significantly higher Aβ in late-stage life compared to subjects whose sleep duration increased 369 

(Fig. 4A; sleep decrease: n=6, PiB DVR 1.25 [0.34]; sleep increase: n=12, PiB DVR 1.04 [0.05]; 370 
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t=2.19, p=0.04). That is, a relative reduction in sleep amount in one’s 50s was associated with 371 

having greater global Aβ burden in late life.  372 

A similar relationship was also observed for decreasing sleep times in an individual’s 70s, 373 

wherein a decline in sleep was again associated with greater Aβ burden later in life, relative to 374 

those whose sleep duration increased in their 70s (Fig. 4A; sleep decrease: n=12, PiB DVR 1.28 375 

[0.31]; sleep increase: n=19, PiB DVR 1.06 [0.10]; t=2.82, p=0.01). Non-parametric correlations, 376 

which included subjects whose sleep duration did not change, showed a negative association 377 

between percent change in reported sleep duration and Aβ within only the 70s decade (n=84, τ = 378 

-0.17, p = 0.04). This association indicates that the magnitude of sleep change in the 70s 379 

decade, beyond the categorical decrease or increase of sleep duration, was predictive of Aβ 380 

burden.  381 

Changes in duration of sleep in 60s decade were not significantly predictive of later life 382 

Aβ burden (sleep decrease: n=11, PiB DVR 1.20 [0.26]; sleep increase: n=19, PiB DVR 1.07 383 

[0.12]; t=2.05, p=0.07), unlike the 50s and 70s age windows. However, it should be noted that 384 

the association in the 60s trended in a similar direction. After FDR correction for multiple 385 

comparisons, the 70s window association remained significant. subjects who reported a 386 

decrease in sleep duration in their 50s (relative to the previous decade) had significantly higher 387 

Aβ in late-stage life compared to those subjects whose sleep duration showed an increase in the 388 

same time period, before correction for multiple comparisons (Fig. 4A; sleep decrease: n=6, PiB 389 

DVR 1.25 [0.34]; sleep increase: n=12, PiB DVR 1.04 [0.05]; t=2.19, p=0.04). That is, a relative 390 

reduction in sleep amount in one’s 50s was associated with having greater global Aβ burden in 391 

late life.  392 

A similar relationship was also observed for decreasing sleep times in an individual’s 70s, 393 

wherein a decline in sleep was again associated with greater Aβ burden later in life, relative to 394 

those whose sleep duration increased in their 70s (Fig. 4A; sleep decrease: n=12, PiB DVR 1.28 395 

[0.31]; sleep increase: n=19, PiB DVR 1.06 [0.10]; t=2.82, p=0.01). Non-parametric correlations, 396 

which included subjects whose sleep duration did not change, showed a negative association 397 

between percent change in reported sleep duration and Aβ within only the 70s decade (n=84, τ = 398 
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-0.17, p = 0.04). This association indicates that the magnitude of sleep change in the 70s 399 

decade, beyond the categorical decrease or increase of sleep duration, was predictive of Aβ 400 

burden.  401 

Changes in duration of sleep in 60s decade were not significantly predictive of later life 402 

Aβ burden (sleep decrease: n=11, PiB DVR 1.20 [0.26]; sleep increase: n=19, PiB DVR 1.07 403 

[0.12]; t=2.05, p=0.07), unlike the 50s and 70s age windows. However, it should be noted that 404 

the association in the 60s trended in a similar direction. After FDR correction for multiple 405 

comparisons, the 70s window association remained significant. Taken together, these findings 406 

suggest that decreases in sleep duration starting with the 50s—a prototypical time period of 407 

escalating Aβ accumulation(Jack et al., 2013)—predicts greater Aβ burden late in life. 408 

As an alternative analytical test of the hypothesis, we examined the rate of decline in 409 

sleep duration across the surveyed lifespan, indexed by the slope of change in sleep duration 410 

across all ages assessed (40-70s). Subjects with a negative slope of sleep duration across this 411 

time period i.e., a decline in sleep duration across the assessed lifespan window as a whole, 412 

exhibited significantly greater Aβ burden in later life, relative to those with an increase in sleep 413 

duration across the lifespan (Fig 4B; negative slope: n=22, PiB DVR 1.24 [0.29]; positive slope: 414 

n=41, PiB DVR 1.07 [0.11]; t=3.41, p=0.001). This association was also revealed when using 415 

non-parametric correlation between sleep duration slope value and Aβ across all subjects, 416 

including those with no change in sleep duration (n=94, τ = -0.15, p = 0.04).  417 

Thus, the association between lifespan changes in sleep and late-life Aβ burden was not 418 

only observable on a decade-by-decade basis, but also using the overall change in individual’s 419 

adult-span sleep duration. This finding may suggest that decreasing sleep duration in mid to late 420 

life is significantly associated with an increased risk of late-life Aβ burden, and that a profile of 421 

maintained (or even subtle increase) in sleep duration throughout this time period is statistically 422 

associated with a reduced predicted risk of Aβ accumulation in late life. 423 

 424 

Associations between retrospective change in sleep and tau 425 
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We next examined whether the same predictive associations were observable for tau 426 

burden. Suggesting a time sensitivity distinct from that identified for Aβ, subjects who reported a 427 

decrease in sleep duration in their 60s had significantly greater tau in later life, relative to 428 

subjects whose sleep duration did not decline (Fig 4C; sleep decrease: n=11, 1.29 [0.09]; sleep 429 

increase n=20, 1.19 [0.10]; t=2.70, p=0.01). This association remained significant after FDR 430 

correction for multiple comparisons. To test this association in all subjects, we used a non-431 

parametric correlation that included subjects whose sleep duration did not change during this 432 

interval. This correlation was significant (n=94, τ =-0.17, p=0.03), further demonstrating that 433 

declining sleep duration in the 60s decade was predictive of greater late-life tau burden. No other 434 

decade showed such sleep-duration sensitivity to tau (all p>0.05).  435 

In addition to examining whether decade-by-decade changes in sleep duration predicted 436 

tau burden, we also examined the association between tau and the change in sleep duration 437 

across the entire time interval, as indexed by sleep duration slope; a similar analysis to that 438 

above for Aβ. Unlike the lifespan predictive trend identified for Aβ, there was no predictive 439 

lifespan association between the decline in adult life-span sleep duration (slope) and late-life tau 440 

burden (Fig 4D; negative slope: n=22, FTP SUVR 1.27 [0.14]; positive slope: n=42, 1.24 [0.13]; 441 

t=0.80, p=0.58). This was also true when using a non-parametric correlation approach (n=95, τ 442 

=-0.08, p =0.27). 443 

These associations between sleep duration change and pathology suggest that while 444 

reductions in sleep duration from 40s onward appear to be associated with greater Aβ burden, 445 

sensitivity for tau burden is not generalized to sleep change across the adult lifespan. Rather, a 446 

predictive association for tau burden was specific to changes in 60s decade interval, suggesting 447 

a possible model in which only a select period of the lifespan may hold sensitivity in forecasting 448 

the extent of later life tau pathology. Retrospective sleep change versus tau (FTP SUVR) and Aβ 449 

(PiB DVR) statistics for other brain areas outside of our a priori ROIs are reported in Table 3 for 450 

completeness only. 451 

Separate from sleep duration, we finally examined whether subjective changes in sleep 452 

quality across the lifespan—defined by subjects on the questionnaire as worsening sleep 453 
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quality—were associated with late-life Aβ and tau burden. Unlike the sensitivity observed for 454 

sleep duration, individuals who reported that their subjective sense of sleep quality had 455 

worsened with age (n=57; 60%), did not show significantly greater (or lesser) Aβ or tau burden, 456 

compared to those who reported maintained (or improved) subjective sleep quality (n=38; 40%, 457 

all p>0.05). 458 

 459 

Discussion 460 

Together, these findings help to establish that changes in sleep quantity and 461 

electrophysiological quality are associated with in vivo human tau pathology, relative to Aβ 462 

pathology. Moreover, these predictive relationships were observed in two temporally unique 463 

ways: 1) current moment, where sleep EEG features were uniquely predictive of tau and Aβ in 464 

older adults, and 2) as a future-forecast, such that sleep changes in earlier mid- to later-life 465 

phases were associated with measures of tau and Aβ burden in late life. 466 

 Impaired NREM SO-spindle coupling predicted greater tau accumulation in MTL. 467 

Importantly, this association with impaired SO-spindle coupling was unique and specific to tau 468 

accumulation, with no association for Aβ burden. Instead, a dissociable NREM-EEG signature—469 

specifically impairments in 0.6-1Hz SWA(Mander et al., 2015)—predicted cortical Aβ. 470 

Conversely, 0.6-1Hz SWA was itself not associated with tau burden in the MTL, nor any other 471 

cortical region (see Table 2). These findings imply a double dissociation wherein sleep-EEG 472 

measures of SO-spindle coupling and SWA are separately and uniquely associated with tau and 473 

Aβ burden.  474 

 The observed impairments in sleep EEG features offer mechanistic insights within the 475 

context of AD. In early AD, both tau and Aβ have been shown to be related to the disruption of 476 

NREM SWA(Lucey et al., 2019). Since tau and Aβ pathology are both thought to begin 477 

accumulating before the onset of AD-related cognitive impairment(Braak and Braak, 1997; Jack 478 

et al., 2013), biomarkers should be sensitive to early pathology in healthy adults who may be 479 

years away from signs of cognitive impairment. While the current research definition of AD 480 

requires the presence of both pathologies(Jack et al., 2018), tau and Aβ can occur independently 481 
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of one another(Arriagada et al., 1992; Giannakopoulos et al., 2003), demanding the use of 482 

dissociable biomarkers that are specific to each pathological protein.  483 

Intracranial EEG recordings in the human MTL have demonstrated that hippocampal 484 

sharp-wave ripples, spindles, and SOs interact in a phase-locked coordinated manner. 485 

Specifically, hippocampal SOs orchestrate spindle bursts, with peak ripple activity occurring at 486 

the spindle trough(Clemens et al., 2007; Staresina et al., 2015). This fine-tuned interaction of the 487 

three NREM oscillations indicates that the hippocampus can play a functional role in facilitating 488 

SO-spindle coupling, which can be measured on the scalp. Building on these data, our findings 489 

suggest that early tauopathy in the human MTL, potentially through tau-related disruption of 490 

either hippocampal-network integrity or individual neuronal transmission(Palop and Mucke, 491 

2016), significantly impairs the coordinated interplay between sharp-wave ripples, spindles, and 492 

SOs, impairing the precision of phase-locked oscillation timing. Supporting this proposal, mouse 493 

models of tauopathy have demonstrated that MTL tau disposition impairs the generation of 494 

hippocampal sharp-wave ripple events(Witton et al., 2016). Moreover, dysfunctional oscillatory 495 

coupling between cortical networks has been observed in mouse models of tau 496 

overexpression(Ahnaou et al., 2017), though SO-spindle coupling has yet to been studied in 497 

rodent models of AD.  498 

Independent of sleep, studies using tau PET have recently shown that early tau 499 

pathology is associated with impaired hippocampal-related memory performance(Schöll et al., 500 

2016; Maass et al., 2018). This is germane considering that coupling of SO-spindles is proposed 501 

to serve a functional role in sleep-dependent hippocampal memory processing(Diekelmann and 502 

Born, 2010), yet is significantly impaired in older adults prior to MCI(Helfrich et al., 2018). 503 

Combined with the findings reported here, a testable hypothesis emerges for future examination: 504 

disrupted SO-spindle coupling represents a novel mediating pathway through which MTL tau 505 

pathology disrupts long-term hippocampal memory, thereby contributing to AD-related cognitive 506 

decline. Falsification/affirmation of this proposal will require longitudinal studies combining tau 507 

and Aβ PET imaging, sleep EEG assessment and hippocampal-memory measures.  508 
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In the current study of cognitively healthy older adults, there was no association between 509 

tau and deficits in SWA reported in mouse models of tauopathy(Menkes-Caspi et al., 2015), and 510 

a human study that included cognitively impaired individuals(Lucey et al., 2019). However, 511 

supporting the tau-sensitivity of these regions reported by Lucey et al., 2019, exploratory 512 

analyses of these ROIs in our data set revealed similar associations with impaired SO-spindle 513 

coupling our older adult sample (Table 2), showing congruency between the studies. One 514 

explanation of these differences is that the association between tau and disruption of SWA only 515 

emerges in later stages of tau progression, when individuals transition into cognitive decline. This 516 

hypothesis is tenable given that tau has differential effects on human cortical network activity at 517 

different stages of its spread throughout cortex(Adams et al., 2018). Since slow oscillations have 518 

principally been considered a cortical phenomenon(Murphy et al., 2009), the above reasoning 519 

would make temporal sense as tau aggregation moves out of MTL into limbic cortical regions 520 

wherein slow wave source generation centers have been identified(Braak and Braak, 1997; 521 

Murphy et al., 2009).  522 

Due to small group sizes, EEG biomarker analyses were not separated based on Aβ-523 

positivity status. Importantly, Aβ and tau were significantly correlated in this group of subjects. 524 

This association is to be expected in accordance with the amyloid cascade hypothesis of 525 

AD(Jack et al 2013), as well as considerable data(Jagust et al., 2018) which posits that tau 526 

accumulation typically accelerates in the presence of cortical amyloid. Supporting this widely-527 

accepted hypothesis, recent papers have shown that that high levels of in vivo tau are rare in 528 

amyloid-negative individuals(Johnson et al., 2016; Soldan et al., 2019; Jack et al., 2018 Lucey et 529 

al., 2019). Therefore, deficits in SO-sleep spindle coupling appear to be sensitive to, and linked 530 

with, biological features of AD pathogenesis that extend beyond normal brain aging. 531 

Beyond testing present-moment associations between sleep EEG, tau and Aβ discussed 532 

above, our second complementary hypothesis sought to determine whether changes in earlier 533 

mid- and later-life sleep prospectively predicted late-life tau and Aβ. Retrospective questionnaire 534 

tools have been used to measure other age-related changes outside of sleep, such as physical 535 

and cognitive activities(Friedenreich et al., 1998; Landau et al., 2012; Nucci et al., 2012), and 536 
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memory function(Perrotin et al., 2012), with similar measures being validated by longitudinal 537 

prospective studies(Sobell et al., 1989; Schmidt et al., 2006). Here, we extended this line of 538 

inquiry to changes in sleep across the lifespan. It is, however, important to consider the 539 

limitations of this data, since retrospective self-reports are fallible to subjective biases across 540 

individuals. Specifically, this questionnaire will need to be validated for test-retest reliability and 541 

compared with longitudinal studies of sleep over the lifespan. 542 

Another caveat in interpreting these results is that the two sleep-duration sub-groups 543 

(increasers and decreasers) within each decade interval were comprised of a relatively small 544 

number of individuals. This necessarily limits the generalizability of the findings, which must now 545 

be replicated in large longitudinal cohorts. Nevertheless, these exploratory data are unique in 546 

comparing AD pathology with retrospective changes in sleep quality. Moreover, such preliminary 547 

data can further serve to inform larger studies to examine these associations with guided a priori 548 

hypothesis and targets. 549 

Individuals reporting a decrease in sleep duration during their 50s and 70s exhibited 550 

greater late life Aβ burden. Additionally, declining sleep over the adult lifespan, as measured by 551 

the slope of duration in each decade, further predicted greater Aβ burden in late life. In contrast, 552 

late-life tau burden was associated with a reported decrease in sleep only during an individual’s 553 

60s. These results illustrate that the sleep history of an individual carries statistically significant 554 

future-forecast of late-life Aβ and tau accumulation. 555 

Seminal cross-sectional studies have shown that reported short sleep duration is linked to 556 

greater Aβ measured by PET(Spira et al., 2013; Sprecher et al., 2015). We extend these 557 

findings, demonstrating that Aβ burden was associated with declining sleep duration across the 558 

surveyed interval beginning in individuals’ 40s. That is, decreasing sleep time across the adult 559 

lifespan predicts later life Aβ burden. However, since pathology may begin to accumulate within 560 

the surveyed interval(Braak and Braak 1997), these data cannot determine the directionality of 561 

this association. Indeed, the presence of Aβ is associated with disrupted sleep physiology both in 562 

mouse models(Roh et al., 2012) and humans(Ju et al., 2013; Mander et al., 2015; Lucey et al., 563 

2019), suggesting a bi-directional relationship(Mander et al., 2016). Experimental disruption of 564 
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sleep has been linked to accelerated accumulation of Aβ in mouse models of AD(Kang et al., 565 

2009). Moreover, recent longitudinal studies in humans have demonstrated that self-reported 566 

sleepiness predicts Aβ accumulation over time(Carvalho et al., 2018; Spira et al., 2018). Thus, 567 

while the presence of early Aβ during the surveyed interval may be one factor influencing these 568 

findings, evidence also supports a parsimonious (and non-mutually exclusive) hypothesis that 569 

decreasing sleep duration accelerates the aggregation of Aβ, resulting in greater late-life Aβ 570 

burden observed in the present study.  571 

In contrast to Aβ, late-life tau burden was not associated with declining sleep duration 572 

across the surveyed interval. Chronic sleep restriction has been shown to accelerate tau 573 

accumulation and spread in mouse models of tauopathy(Zhu et al., 2018; Holth et al., 2019), and 574 

a night of sleep deprivation in healthy middle-aged human adults leads to increases in CSF Aβ 575 

and tau(Holth et al., 2019). Should changes in sleep duration affect tau in addition to Aβ, this link 576 

may only be present in individuals at later stages of AD progression that were not included in the 577 

present study. Importantly, current models of AD pathological progression propose that tau 578 

deposition is consequent to Aβ(Jack et al., 2013). The retrospective questionnaire revealed that 579 

50s sleep duration was linked to late-life Aβ, and 60s to late-life tau. This timeline, whereby 580 

changes in sleep predict subsequent pathology, supports the hypothesized order of pathological 581 

events. 582 

In summary, the current data support the position that quantitative and qualitative 583 

markers of human sleep are sensitive to early tau and Aβ pathology. Regarding the identified 584 

physiological sleep oscillation changes, EEG, especially a single channel of high sensitivity, may 585 

represent an affordable, safe, non-invasive and scalable tool for measuring AD pathophysiology. 586 

Sleep assessment may therefore allow for quantification of AD disease status, disease 587 

progression, as well as measurement of therapeutic treatment efficacy. While remaining 588 

preliminary, and thus speculative, our macro-sleep questionnaire findings may signify life-span 589 

windows of sensitivity where targeted sleep treatment could be most effective. Reporting race 590 

was optional in the study, preventing sufficient subject responses to covary for race in analyses, 591 

representing a limitation of the current report. If validated in larger longitudinal studies, these 592 
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sleep-sensitive windows would have the potential to be included in public health 593 

recommendations with the goal shifting from a model of late-stage AD treatment to earlier-life AD 594 

prevention.   595 
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Figure Legends 756 

Fig. 1. Mean PET binding demonstrates tau and Aβ aggregation. 18F-FTP tau and 11C-PiB Aβ 757 

PET show distinct binding patterns in healthy older adults. Using SPM12, PET images for all 758 

subjects were normalized to a common template, then a mean image was created for each 759 

radiotracer. (A) Mean 18F-FTP SUVR for n=101 PET scans, representing tau distribution in 760 

healthy older adults. (B) Mean 11C-PiB DVR for n=100 PET scans, representing Aβ distribution in 761 

healthy older adults. 762 

 763 

Fig. 2. Associations between SO-spindle coupling, tau, and Aβ. (A) Peak-locked sleep 764 

spindle average across all detected events in NREM sleep (black). Low-pass filtered events (red) 765 

highlight that sleep spindles preferentially peaked prior to the SO “up-state.” Top right: mean SO 766 

phase where sleep spindle power peaks. Red dots depict individual subjects. (B) Baseline-767 

corrected grand-average SO-locked time-frequency representation. Dashed white lines depict 768 

the two largest SO peaks. Note sleep spindle activity (12-16 Hz) is greatest before SO peak. (C) 769 

Left: Negative association between SO-spindle coupling strength (resultant vector length) and 770 

MTL tau PET at Fz electrode. Right: topography of correlation between SO-spindle coupling 771 

strength and MTL tau PET across all EEG electrodes. (D) Left: no association between strength 772 

of SO-spindle coupling and cortical Aβ PET. Right: topography of correlation across all EEG 773 

electrodes. (E) Left: bar plots show mean vector length in high and low tau groups at electrode 774 

Fz. Error bars indicate standard error mean. Right: topography of SO-spindle coupling strength in 775 

subjects with low versus high MTL tau burden. 776 

 777 

Fig. 3. Associations between NREM slow wave activity, tau, and Aβ. (A) Left: negative 778 

association between proportion of 0.6-1 Hz SWA and cortical Aβ PET at electrode Fz. Right: 779 

topography of correlation across all EEG electrodes. (B) Left: no association between proportion 780 

of 0.6-1 Hz SWA and MTL tau PET. Right: topography of correlation between proportion of 0.6-1 781 

Hz SWA and MTL tau PET across all EEG electrodes. (C) Top: topography of 0.6-1 Hz SWA in 782 
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Aβ-negative and Aβ-positive subjects. Bottom: bar plots show proportion 0.6-1 Hz SWA in Aβ-783 

negative and Aβ-positive subjects at electrode Fz. Error bars indicate standard error mean.  784 

 785 

Fig. 4. Associations between retrospective change in sleep duration, tau, and Aβ. (A) Bar 786 

plots show mean late-life Aβ burden (cortical PiB DVR) for subjects with self-reported decreasing 787 

sleep duration versus subjects with increasing sleep duration in each decade from age 40 to 70. 788 

Aβ burden was significantly higher in subjects whose sleep duration decreased both for the 50s 789 

and 70s decades (p<0.05), with a trend in the same direction for the 60s (p<0.1). (B) Left: bar 790 

plot shows that subjects with a negative sleep duration slope, indicating their sleep duration 791 

decreased over their lifespan, had significantly greater Aβ burden in late life compared to those 792 

with positive slope (p<0.05). Right: negative association between slope of sleep duration change 793 

and late-life Aβ burden, demonstrating that greater loss of sleep duration was predictive of 794 

greater Aβ. (C) Mean late-life tau burden (meta ROI FTP SUVR) for subjects with self-reported 795 

decreasing sleep duration versus subjects with increasing sleep duration for each decade. Late-796 

life tau burden was significantly higher for individuals with decreasing sleep duration in their 60s 797 

(p<0.05) (D) Left: tau burden is not significantly different in subjects with negative sleep duration 798 

slope relative to positive slope subjects. Right: no association between slope of sleep duration 799 

change and late-life tau burden. * denotes significant t value (p<0.05), + denotes trending t value 800 

(p<0.10). Error bars indicate standard error mean.   801 
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Tables 802 

 803 

Table 1. Demographics, PET, and sleep summary information (mean ± SD). PiB status was 804 

determined based on a DVR threshold of 1.065 (Villeneuve et al., 2015). FTP Braak staging, 805 

indexing the progression of tau pathology, was assigned to one of four stages based on FTP 806 

uptake in Braak-based composite regions, described previously (Maass et al., 2017).  807 

 
Variable EEG Subjects (n=31) Questionnaire Subjects (n=95) 

Age (years) 75.7 ± 4.6 77.8 ± 6.7 

N female (%)  24 (77%) 56 (59%) 

Education (years) 16.6 ± 1.8 17.0 ± 1.8 

Mini-Mental State 
Examination 

29.0 ± 1.0 28.7 ± 1.4 

PiB status (%) PiB- 12 (39%); 
PiB+ 19 (61%);  
 

PiB- 55 (56%); 
PiB+ 39 (41%)  
 

FTP Braak staging (%) Braak 0: 6 (19%); 
Braak I/II: 18 (61%); 
Braak III/IV: 7 (23%) 

Braak 0: 22 (23%);  
Braak I/II: 60 (63%);  
Braak III/IV: 13 (14%) 

Total sleep time (min) 343 ± 61 - 

NREM S2 time (min) 176 ± 57 - 

NREM SWS time (min) 71 ± 49 - 

REM time (min) 68 ± 24 - 

WASO (min) 111 ± 74 - 
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PiB DVR ROI 
Correlation with coupling 
strength (r) 

Correlation with prop. 0.6-
1 Hz SWA (r) 

mPFC -0.161 -0.372* 

dlPFC -0.144 -0.431* 

Parietal -0.131 -0.360* 

Temporal -0.157 -0.377* 

   

FTP SUVR ROI 
Correlation with coupling 
strength (r) 

Correlation with prop. 0.6-
1 Hz SWA (r) 

Entorhinal cortex -0.338 0.081 

Braak I/II regions -0.454* 0.056 

Braak III/IV regions -0.362* -0.066 

Braak V/VI regions -0.401* -0.136 

Meta ROI -0.327 -0.048 

Global -0.404* -0.110 

Parahippocampal cortex -0.492* -0.040 

Orbitofrontal cortex -0.532* -0.315 

Precuneus -0.443* -0.026 

Inferior parietal cortex -0.290 -0.110 

Inferior temporal cortex -0.298 -0.080 
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Table 2. Correlations between regional PET uptake and sleep EEG variables of interest. 808 

Rows represent each ROI. Columns represent Pearson’s correlations between EEG metric and 809 

PET uptake (see Materials and Methods). PiB DVR ROIs are comprised of weighted PiB DVR 810 

means within FreeSurfer regions as described in Mander et al., 2015. FTP SUVR ROIs are 811 

comprised of weighted FTP SUVR means within FreeSurfer regions after PVC, as described in 812 

Maass et al., 2017. * denotes significant r value (p<0.05).  813 

  814 
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t value  Kendall’s τ 

PiB DVR ROI 40s-50s 50s-60s 60s-70s Slope (t-test) Slope (corr) 

mPFC 2.17* 1.76 3.00* 3.56* -0.17* 

dlPFC 2.27* 1.68 2.81* 3.41* -0.16* 

Parietal 2.42* 1.85 2.75* 3.29* -0.15* 

Temporal 2.03 2.18* 2.59* 3.41* -0.15 

      

FTP SUVR ROI 40s-50s 50s-60s 60s-70s Slope (t-test) Slope (corr) 

Entorhinal cortex -0.21 1.27 1.69 0.83 -0.06 

Braak I/II regions -0.80 1.14 1.03 0.30 -0.07 

Braak III/IV regions -1.29 2.56* 0.48 0.70 -0.08 

Braak V/VI regions -1.11 1.73 1.73 1.23 -0.10 

MTL -0.80 1.49 0.86 0.40 -0.05 

Global -1.19 1.97 1.32 1.09 -0.09 

Table 3. Regional PET uptake related to retrospective change in sleep duration. Rows 815 

represent each ROI. Columns represent statistical tests (see Materials and Methods). PiB DVR 816 

ROIs are comprised of weighted PiB DVR means within FreeSurfer regions as described in 817 

Mander et al., 2015. FTP SUVR ROIs are comprised of weighted FTP SUVR means within 818 

FreeSurfer regions after PVC, as described in Maass et al., 2017. * denotes significant statistic 819 

(p<0.05). 820 
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