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Abstract

Older adults who report more sleep problems tend to have elevated levels of the Alzheimer’s
disease (AD) biomarker β-amyloid (Aβ), but the mechanisms responsible for this relationship
are largely unknown. Molecular markers of sleep problems are now emerging from rodent
research, yielding opportunities to generate hypotheses about the causes of the sleep-Aβ
relationship. A major molecular marker of sleep deprivation is Homer1a, a neural protein coded
by the HOMER1 gene, involved in control of sleep homeostasis and also implied in Aβ
accumulation. Here, in a sample of 109 cognitively healthy middle-aged and older adults, we
tested whether the relationship between cortical Aβ accumulation and self-reported sleep
quality, as well as changes in sleep quality over three years, was stronger in cortical regions
with high HOMER1 mRNA expression levels. Aβ correlated with poorer sleep quality crosssectionally and longitudinally. This relationship was stronger in the younger (50-67 years) than
the older (68-81 years) participants. Effects were mainly found in regions with high expression
of HOMER1, suggesting a possible molecular pathway between sleep problems and Aβ
accumulation. The anatomical distribution of the sleep-Aβ relationships followed closely the Aβ
accumulation pattern in 69 patients with mild cognitive impairment (MCI) or AD. Thus, the
results indicate that the relationship between sleep problems and Aβ-accumulation may involve
Homer1 activity in the cortical regions that harbor Aβ in AD. Analysis of cortical gene expression
patterns represent a promising avenue to unveil molecular mechanisms behind the relationship
between sleep problems and AD risk.
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Introduction

Sleep is critical for normal brain function, and disturbed sleep is associated with many prevalent
neurological conditions. For instance, sleep disturbance is an early symptom of Alzheimer’s
disease (AD) (1-3), and a bidirectional relationship is suggested between sleep quality and βamyloid (Aβ) accumulation (4). Sleep quality is also reduced in normal aging (5), and
understanding the relationship between sleep and Aβ-accumulation in cognitively healthy older
adults could aid us in understanding the role of sleep in early stages of neurodegeneration.
Although a relationship between sleep and Aβ is demonstrated in experimental rodent studies
(6), correlations found in humans are usually moderate or week (7-10).
Here we approach the question of how sleep and amyloid accumulation are related from three
different angles. First, accumulation of Aβ is assumed to be an early event in AD, possibly
plateauing even before the stage of diagnosis (11-14). Relationships between Aβ and sleep
problems may therefore be stronger among “young-older” than “old-older” adults. Second,
since sleep problems usually tend to be relatively stable over time (15), increase in sleep
problems over time may be a more alarming symptom reflecting initiation of brain pathology.
How longitudinal worsening of sleep problems relates to Aβ accumulation is not known,
however. Finally, sleep loss has a profound effect on expression of selective genes. Since gene
expression varies across the cerebral cortex, testing how the regional distribution of sleep-Aβ
relations maps onto expression of genes sensitive to sleep could be a useful approach to
indirectly target molecular mechanisms for Aβ-sleep relationships in humans. The best known
molecular marker of sleep need is the Homer1a (16, 17), widely expressed in the human cortex,
especially in the frontal lobe (18). Homer1 is a neuronal protein coded by the HOMER1 gene,
classified as an immediate early gene. Its expression is broadly upregulated in the brains of
sleep deprived rodents (19, 20), induced by sustained neuronal activity when awake (18, 21, 22).
Studies of transgenic mice show consistent activation of Homer1a when awake, indicating a
role for sleep in intracellular calcium homeostasis for protecting and recovering from
glutamate-induced neuronal hyperactivity imposed by wakefulness (16). A recent study
suggested that Homer1a serves as a molecular integrator of arousal and sleep via the wake-
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promoting neuromodulator noradrenaline and the sleep-promoting neuroregulator adenosine,
thereby scaling down excitatory synapses during sleep (23). Importantly, because Homer 1a is
activity-dependent, it has been suggested to regulate Aβ toxicity at the early stage of AD (24),
and reduced Homer 1a mRNA expression has been found in the amyloid precursor protein and
presenilin-1 (APP+PS1) transgenic mice (25). In this study, normal expression was found in
regions that did not accumulate Aβ, implying a role for Homer1a in Aβ processing. An
experimental study further showed that activity-dependent expression of Homer1a
counteracted suppression of large-conductance Ca2+-activated K+ (BK - Big Potassium) channels,
demonstrated by injections of Aβ proteins into rat and mouse neocortical pyramidal cells (26).
Aβ is assumed to result from synaptic activity, which can explain why Aβ accumulations in
humans are preferably found in multi-modal brain regions that show continuous levels of high
neural activity and plasticity across the lifespan (27). Thus, a first step in exploring the role of

HOMER1 for Aβ accumulation in humans is to test how its mRNA expression levels in the
cerebral cortex maps onto Aβ accumulation in AD and the regional distribution of sleep-Aβ
relationships in aging. We would then expect that HOMER1 in Aβ negative individuals is
upregulated in the same cortical regions where Aβ accumulation due to sleep problems or AD is
found.
In the present study, 109 cognitively normal older adults (mean age 66.7 years, range 49.2-80.9
years, see Table 1) completed the Pittsburgh Sleep Quality Index (PSQI) (28) and underwent
Flutemetamol (18F) positron emission tomography (PET) for quantification of cortical Aβ
accumulation. 62 of the participants were followed for three years with longitudinal PSQI. The
participants underwent extensive neuropsychological and somatic testing and assessment of
depressive symptoms (29). We hypothesized that sleep problems, and in particular increases in
sleep problems over time, would be more strongly associated with Aβ accumulation in the
younger (< 68 years) than the older (> 68 years) part of the sample. We further hypothesized
that this relationship would be most evident in AD-vulnerable regions, and in regions with high
levels of HOMER1 mRNA expression.
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[Insert Table 1 about here]
Results

Global amyloid levels – cross sectional analyses
PET scans were partial voluming corrected and mapped to the reconstructed cortical surface of
each participant (30). The cortex was parcellated into 34 regions in each hemisphere (31), and
standardized uptake values (SUV) for each region were calculated as the ratio between the
region value and the mean value of the cerebellum gray matter. Global cortical Aβ
accumulation was calculated by use of principal component analysis of the 68 regions, yielding
one standardized measure for each participant accounting for 68.1% of the variance in Aβ (see
Supplemental Information). The PSQI global score was used as measure of sleep quality.
Global cortical Aβ (r = .19, p < .05) correlated with age, while PSQI (r = .10, p = .29) did not,
probably because only middle-aged and older adults were included. PSQI was entered as the
dependent variable in a multiple regression analysis, with Aβ, age and sex as predictors. Aβ and
age were not related to PSQI in this model (p > .50), while sex showed a trend towards more
sleeping problems for females (β = -.17, p = .092). The Aβ × age interaction term was added,
yielding a significant contribution to explain PSQI (β = -.22, p < .05). Post hoc partial correlation
analyses, controlling for age, showed that this interaction was due to a positive relationship (r
= .41, p < .005) between sleep problems, i.e. high PSQI score, and Aβ in the youngest (age < 68
years) part of the sample and no significant relationship (r = -.23, p = .084) in the oldest (age >
68 years) (Figure 1). As depression symptoms are associated with more sleep problems, we reran the model with score on the Beck Depression Inventory (BDI) (29, 32) as an additional
covariate. Aβ × age was still significant (β = -.29, p < .05), as was BDI score (β = .40, p < .001),
meaning that more sleep problems were associated with more depressive symptoms. Further,
overweight and cardiovascular health can affect sleep quality (33). The Aβ × age interaction
survived including body mass index (BMI) as an additional covariate (β = -.22, p < .05), and BMI
did not contribute significantly. In addition to BMI, we also added a range of measures related
to body composition obtained from bioelectrical impedance examinations (34) (muscle mass,
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body fat percentage, waist circumference, waist/ hip ratio, visceral fat area), as well as blood
pressure (systolic and diastolic). None of these explained any unique variance in PSQI score,
while the Aβ × age interaction was still significant (β = -.29, p < .05).

[Insert Figure 1 about here]
Regional amyloid levels – cross-sectional analyses
Next, we tested for regional specificity in the PSQI amyloid relationships. General linear models
(GLM) were run with Aβ level at each cortical vertex as dependent variable, and age group,
PSQI score and age as predictor variables. The results showed spatially extended age group ×
PSQI interactions (Figure 2), covering the frontal lobes, lateral temporal lobes, inferior parietal
cortex as well as the medial parietal cortex. The relationships were significantly stronger in
participants below 68 years (Figure 3, see SI for scatterplots).

[Insert Figure 2 and Figure 3 about here]
Global and regional amyloid levels – longitudinal analyses
PSQI, memory and depression scores were available for a subsample from three years prior to
the present investigation (n = 62, mean interval = 3.0 years). PSQI did not change significantly
over this time (mean change = -4.0%, SD = 29%, t = 1.16, n.s.), and PSQI scores between time
points were highly correlated (r = .81, p < 10-14). A regression model with PSQI change as
dependent variable, and age group, global Aβ accumulation and the age × Aβ interaction as
independent variables, showed that the interaction term was significant (β = .23, p = .05).
Worsening of sleep problems over time correlated with higher Aβ levels in the youngest (r = .37,
p < .05, n = 35) but not the oldest (r = -.12, n.s, n = 27) age group. The relationship in the young
group was upheld if baseline PSQI score was added as a covariate (r = .40, p < .05).

Alzheimer’s Disease-dependent Aβ accumulation
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We tested whether sleep-related Aβ accumulated in the AD-vulnerable regions. If this was the
case, it could mean that the observed correlations between sleep problems and Aβ are relevant
for understanding early stages of AD pathophysiology. However, if the overlap between the Aβ
– PSQI relationships and AD-related Aβ-accumulation was low, this would indicate that the
relationships more likely represent processes independent of AD. Thus, we compared cortical
Aβ accumulation in 20 cognitively healthy older adults (age 71.3-86.2 years) with 69 patients
with MCI/ AD (n = 44/ 25, age 55.3-88.2 years) randomly drawn from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI; adni-info.org) (Figure 4). As expected, the patients harbored
significantly more cortical Aβ than the controls. The regional variability in the amount of
difference between patients and controls was substantial, being especially pronounced in the
superior frontal gyrus and around the central sulcus. Aβ did not differ between patients and
controls in large parts of the occipital and medial temporal cortex. A direct comparison of the
anatomical distribution of Aβ differences between controls and patients (gamma values, i.e.
simple effect size) with the distribution of the sleep-related Aβ accumulation revealed a close
overlap (Spearman’s Rho = .81, p < 10-8), clearly showing that sleep is related to Aβ in the ADsensitive regions.

[Insert Figure 4 about here]
Gene expression – HOMER1
Anatomical distribution of the mRNA expression levels of HOMER1 from the Allen Brain Atlas
(35) is shown in Figure 5. The analyses were restricted to the left hemisphere because the brain
atlas consists of more donors for the left (n = 6) than the right (n = 2) hemisphere. For each of
the 34 cortical regions, we extracted normalized gene expression for HOMER1 (36), see SI.
Median HOMER1 expression across donors was then correlated with the effect size from the
cross sectional Aβ – PSQI analyses in the youngest group (shown in Figure 3). A significant
correlation was found (Spearman’s Rho = .51, p = .0022, see Figure 5). As an additional test, we
ran the analysis for all 20736 genes in the atlas and compared the observed HOMER1
expression correlation to the distribution of all possible gene expression - Aβ – PSQI
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correlations. The observed correlation of .51 for HOMER1 was well above 97.5% of all positive
correlations (critical value of Spearman’s Rho = .49), demonstrating that HOMER1 is among the
top 5% correlated genes, similar to a two-tailed p < .05. Control analyses showed that all donors
showed similar positive correlations when investigated individually (see SI).

[Insert Figure 5 about here]
The results indicate that HOMER1 expression and sleep may be relevant players in very early Aβ
accumulation in humans. A role for Homer1 in Aβ accumulation is also suggested by rodent
work showing reduced expression of Homer 1a mRNA in regions accumulating Aβ in APP+PS1
transgenic mice and normal expression in regions without Aβ accumulation(25). Based on such
findings, if Homer1 is a key player in the relationship between sleep problems and AD
pathology, we would expect strong expression of HOMER1 in cognitively healthy Aβ negative
individuals in the regions where AD pathology accumulates. As hypothesized, HOMER1
expression was positively related to AD-related Aβ accumulation (Spearman’s Rho = .55, p
< .001, > 99th percentile compared to all genes, see Figure 4).

Control analyses - Sleep, memory and depression
As sleep is related to depression and memory function, we ran control analyses testing the
relationship between PSQI scores, global Aβ, memory function (The Rey-Osterreith Complex
Figure Text, a visuo-constructive recall test (37)) and symptoms of depression (29). Controlling
for age, baseline PSQI score correlated negatively with recall (r = -.34, p < .01, df = 60) and
positively with depression symptoms (r = .39, p < .005, df = 58). These results survived
controlling also for sex. Including all variables in the same analysis showed that memory and
depressive symptoms were independently related to sleep problems, but neither affected the
sleep-Aβ accumulation pattern. See SI for full results.
Discussion
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The present results demonstrate an age-dependent relationship between sleep problems and
Aβ accumulation both globally and regionally. This fits with a view of sleep disturbances that
may drive pathogenesis early in the course of neurodegeneration (38). Disturbed sleep can lead
to Aβ accumulation through disruptions of sleep-dependent Aβ clearance (6), and Aβ
accumulation can cause sleep problems (7), which again may reduce the brain´s ability to clear
Aβ in a positive feedback loop. Several studies have reported that sleep problems are
associated with accumulation of Aβ even in healthy older adults (4, 7-10, 39), but the
relationships are usually relatively weak. Through direct testing of the timing of the relationship,
the present results indicate that sleep problems and Aβ accumulation are more strongly related
earlier than later in the normal aging process. This is interesting, as previous studies have
shown that atrophy is related to sleep problems in older (> 60 years) more than in middle-aged
(< 60 years) adults (40), suggesting a temporal shift in the relationship sleep and brain health
for Aβ vs. atrophy.
The results were replicated by use of longitudinal information on sleep problems obtained
three years prior to the present investigation. Amount of sleep problems was highly correlated
between time points. Therefore, it is interesting that the participants who experienced
worsening of sleep problems also had higher levels of cortical Aβ deposition, even when
baseline levels of sleep problems were taken into account. Thus, both high levels of sleep
problems, and increases in sleep problems regardless of the initial level, were related to Aβ
deposition. Although we did not measure Aβ longitudinally, this result is in accordance with the
possibility of a relationship between change in sleep problems and change in Aβ deposition.
The causality could go either – or both – ways. It is less likely that there is a relationship
between stable Aβ deposition and long-term increases in sleep problems, since the sleep
problems would then be expected to be very severe over time. This does not fit with the
observation that increased sleep problems between time points were not related to more
problems at baseline. Thus, the participants with increased sleep problems may be more likely
to have increased Aβ accumulation from baseline, but this needs to be tested. Recent studies
have shown that even in cognitively normal older adults, Aβ deposition can increase
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substantially over time (41). Tracking Aβ deposition and sleep problems longitudinally over
multiple time points will allow us to disentangle their age-trajectories more accurately,
hopefully narrowing in on the direction of causality in human aging.
Importantly, the participants in this study are well-screened cognitively healthy older adults.
Thus, we do not know who, or even if any of these will develop AD or other neurodegenerative
conditions over the next decade. However, the sleep problem-related and the AD-related Aβaccumulation showed high correspondence. This means that if sleep problems in aging are
involved in Aβ-accumulation, this process to a major degree affects the same cortical regions in
which AD-pathophysiology accumulates. This is in accordance with a view that sleep problems
could be important in very early phases of AD (38), before clinical symptoms are detectable.
The role of sleep in early AD could either be as a causal agent, as a symptom, or as a constituent
in a bi-directional relationship between sleep, Aβ and neurodegeneration. However, follow-up
studies over even longer time intervals are required to test whether the relationships observed
in this study actually relates later development of AD or rather should be conceptualized as part
of normal aging. As expected, sleep problems were also related to lower memory function and
more depressive symptoms. It must be noted that one of the 21 items in BDI asks directly about
sleep and another about being tired, both of which overlaps with questions of the PSQI. Still,
the analyses showed that the sleep-depression and the sleep-memory relationships were
independent of each other, underscoring that sleep problems are related to both cognitive
function and psychiatric symptoms in aging (42).

Gene expression – HOMER1
Sleep is a fundamental aspect of brain function, and expressions of selective genes are highly
sensitive to time spent awake and time spent sleeping. Homer1a expression responds to sleep
loss (16, 43), and is upregulated for both shorter (20) and longer (44) periods of sleep
deprivation. The consistent activation of Homer1a suggests a role for sleep in intracellular
calcium homeostasis for protecting and recovering from the neuronal activation imposed by
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wakefulness, and Homer1 appears to be a good marker for neuronal populations activated by
sleep loss (16). Homer1’s upregulation by sleep deprivation is likely
a result of such sustained neural activity, as Homer1a is transiently upregulated during
increases in network activity (45). Further, the high but regionally varying expression of Homer1
in the cortex (18), and its suggested role in AD and Aβ pathophysiology (24-26), makes it a
promising candidate for bridging the in vivo sleep-Aβ accumulation results, rodent studies and
human brain in vitro databases.
Evidence for a role for Homer1 in Aβ processing comes from animal studies. APP+PS1
transgenic mice show reduced expression of Homer1, but normal levels in regions that do not
accumulate Aβ (25). It has been suggested that inhibition of Homer 1a activity is responsible for
the observed neuronal degeneration in AD by elimination of the facilitation of BK (Big
Potassium) channels (26). Conversely, induction of Homer 1a can reactivate Aβ-suppressed BK
channels (24). An interesting question is whether Homer1 plays a role in sleep-related Aβ
accumulation in humans, and whether this again is related to AD pathophysiology. Aβ
production is tightly connected to neural activity, and models are developed to explain the
regional distribution of Aβ accumulation in humans as a result of regional activity variations
(27). Thus, in Aβ negative healthy controls, we expected high expression of HOMER1 in regions
where high levels of AD- and sleep-related Aβ are found. This was supported by testing the
overlap between the HOMER1 gene expression map from the Allen Brain Atlas (35) and the
maps of the sleep- and AD-related Aβ accumulation. These results thus may suggest a role for

HOMER1 expression in Aβ accumulation in older adults, through the critical third variable of
sustained synaptic activity level, which may possibly extend to a role for Homer1 in sleeprelated Aβ accumulation in preclinical AD.

Limitations
This study has several limitations that need to be considered. Sleep problems were measured
by self-report, not by polysomnography. This prevented us from testing objective measures of
sleep quality, such as sleep fragmentation and amount of slow wave sleep. On the other hand,
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self-report is regarded as an ecologically valid way to measure sleep, since sleeping in a lab may
arguably impact several aspects of sleep, and consequently be less representative of sleep
patterns over time. Further, we tested HOMER1 gene expression maps, but were not able to
differentiate between different proteins encoded by this gene. The short form Homer1a is
assumed to be more relevant for sleep loss than the longer forms (Homer1b and c) (16, 23).
Also, although transcriptome studies may be useful in yielding a first insight into changes
associated with sleep deprivation, we cannot infer from this that the specific genes are causally
related to sleep, and distinguish the observed effects from changes due to secondary effects of
sleep loss.

Conclusion
Correlations between Aβ-accumulation and self-reported sleep problems have repeatedly been
reported, usually ranging from weak to moderate. The present study shows that the sleep - Aβ
relationship is anatomically heterogeneous and stronger in the younger-old participants than
the older-old. Most importantly, the results indicate that the relationship between sleep
problems and Aβ-accumulation may involve Homer1 activity in the cortical regions that harbor
Aβ in AD. This suggest a pathway through which two major AD risk factors may be causally
related in older participants without clinical symptoms of AD.
Materials and methods

Sample
The main sample was drawn from the ongoing projects Cognition and Plasticity through the

Lifespan and Neurocognitive Plasticity at the Center for Lifespan Changes in Brain and Cognition
(LCBC), Department of Psychology, University of Oslo (46-50). All procedures were approved by
the Regional Ethical Committee of Southern Norway, and written consent was obtained from all
participants. Participants were mainly recruited through newspaper or internet ads.
Participants were screened with a health interview, and required to be right handed, fluent
Norwegian speakers, and have normal or corrected to normal vision and normal hearing.
Exclusion criteria were history of injury or disease known to affect central nervous system (CNS)

bioRxiv preprint doi: https://doi.org/10.1101/335612; this version posted May 31, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

13

function, including neurological or psychiatric illness or serious head trauma, being under
psychiatric treatment, use of psychoactive drugs known to affect CNS functioning, and MRI
contraindications. Moreover, participants were required to score ≥26 on the Mini Mental State
Examination (MMSE; (51), have a Beck Depression Inventory (BDI; (29) score ≤16, and obtain a
normal IQ or above (IQ > 85) on the Wechsler Abbreviated Scale of Intelligence (WASI; (52). At
both time points scans were evaluated by a neuroradiologist and were required to be deemed
free of significant injuries or conditions. Sample descriptives are provided in Table 1.

[Insert Table 1 about here]
To calculate AD-dependent Aβ accumulation, PET scans from 20 cognitively healthy older adults
(age 71.3-86.2 years, MMSE > 28) and 69 patients with MCI/ AD (n = 44/ 25, 55.3-88.2 years)
were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private partnership, led by
Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test
whether serial MRI, PET, other biological markers, and clinical and neuropsychological
assessment can be combined to measure the progression of MCI and early AD.

Magnetic resonance imaging acquisition and analysis
MRI data was collected using a 12- channel head coil on a 1.5 T Siemens Avanto scanner
(Siemens Medical Solutions; Erlagen, Germany) at Rikshospitalet, Oslo University Hospital. The
pulse sequences used included two repetitions of a 160 slices sagittal T1-weighted
magnetization prepared rapid gradient echo (MPRAGE) sequences with the following
parameters: repetition time(TR)/echo time(TE)/time to inversion(TI)/flip angle(FA)= 2400
ms/3.61 ms/1000 ms/8°, matrix = 192 × 192, field of view (FOV) = 240, voxel size = 1.25 × 1.25 ×
1.20 mm, scan time 4min 42s. Cortical surfaces were reconstructed by use of FreeSurfer v. 5.3
(http://surfer.nmr.mgh.harvard.edu/) (53-55).

Positron Emission Tomography
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The participants in the main sample underwent Flutemetamol (18F) positron emission
tomography (PET) for quantification of cortical Aβ accumulation. PET data was processed and
partial voluming corrected by use of the Muller-Gartner method, registered to the individual
participant’s cortical surface, and cortical surface-based smoothing (full-width, half-maximum =
15 mm) applied, shown to reduce bias and variance in PET measurements (30). The cortical PET
signal at each surface was divided by the mean signal of the cerebellum cortex to obtain SUV.
For some analyses, the signal in 34 cortical regions (Desikan Killian-parcellation) (31) was used.
For the ADNI participants, PIB-PET images were acquired according to protocol (56, 57).

Sleep assessment
Sleep quality was assessed using the Pittsburgh Sleep Quality Inventory (PSQI)(28) in Norwegian.
PSQI is a well-validated self-rated questionnaire that assesses seven domains of sleep quality
(sleep quality, latency, duration, efficiency, problems, medication and daytime tiredness) in
addition to a global score over a 1-month time interval. The minimum score is 0 and maximum
score is 3 for each domain, while the global score ranges from 0 to 21.

HOMER1 expression
HOMER1 mRNA expression levels in each of the 34 cortical regions from the Desikan-Killian
atlas was extracted from the Allen Brain Atlas for the left hemisphere for six participants < 60
years (35) without know cerebral pathology (see SI), as described in detail elsewhere (36). For
each statistical analysis, the median donor expression was correlated with the effect size map
(gamma values) across the 34 regions. Significance was judged by each of two criteria (1) the pvalue of the correlation (< .05), and (2) the position of the observed correlation among the
correlations with all gene expression maps from the atlas (> 97.5 percentile).

Statistical analyses
Surface results were tested against an empirical null distribution of maximum cluster size across
10 000 iterations using Z Monte Carlo simulations, synthesized with a cluster-forming threshold
of p < 0.05 (two-sided), yielding results corrected for multiple comparisons across space.
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Figure legends

Figure 1 Sleep problems and global Aβ levels

Bubble plots of the relationship between sleep problems (PSQI global score) and global cortical
Aβ levels (amyloid factor expressed in Z-scores) within each age group. The size of the bubbles
within each age group are scaled with the age of the participants.
Figure 2 Regional Aβ levels and sleep problems

The surface plots show regions where sleep problems and Aβ accumulation are significantly
stronger correlated in the younger (50-67 years) compared to the older (68-81 years) age group.
Figure 3 Relationships between Aβ levels and sleep problems in the youngest group

Relationship between sleep problems and Aβ accumulation in the youngest participants (50-67
years).
Figure 4 Aβ levels in AD and gene expression

Left panel: regions with significantly higher levels of Aβ in MCI/ AD patients compared to
cognitively normal controls. Right panel: Bubble plot of the relationship between the patients
vs. controls differences in Aβ accumulation across 34 cortical regions (gamma values) and
regional HOMER1 expression levels (top) and strength of the sleep-Aβ relationship in the
youngest group (gamma values) vs. the patients-controls differences (bottom).
Figure 5 Relationship between sleep problems related Aβ accumulation and HOMER1
expression

Top panel: Regional expression of HOMER1 in 34 cortical regions in the left hemisphere. Bottom
panel: Bubble plot of the relationship between regional HOMER1 expression levels and strength
of the sleep-Aβ relationship in the youngest group (gamma values). The bubbles are scaled by
the group difference in Aβ accumulation between controls and MCI/ AD patients. The clustering
of large bubbles to the right and to the top of the plot illustrates that regions with high levels of
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HOMER1 expression and sleep-related Aβ accumulation also show more Aβ accumulation in AD
patients.
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Full sample (n = 109)
Age
Sex (female/ male)
MMSE
PSQI Global
BMI
Beck (BDI)
WASI vocabulary (t-score)
WASI matrices (t-score)
Rey Complex Figure (memory)

66.7 (49.2-80.9)
64/ 45
28.8 (25-30)
5.0 (2.77)
25.8 (3.96)
0-18 (5.1)
59.9 (6.6)
63.0 (8.3)
18.0 (6.3)

Longitudinal PSQI (n = 62)
Baseline
Follow-up
62.1 (8.3)
66.4 (7.9)
37/25
27/25
29.0 (27-30) 28.5 (25-30)
4.5 (2.73)
4.5 (2.77)
26.0 (4.21)
25.5 (3.80)
5.11 (3.82)
4.48 (4.30)
59.4 (7.1)
59.9 (5.9)
62.4 (7.9)
63.9 (7.9)
17.9 (5.4)
17.7 (6.2)

Table 1 Sample descriptives
Beck: Available for 82. Registered 3 years before baseline in the longitudinal sample for 61
BMI: Available for 60 at baseline in the longitudinal subsample
Rey available for 87 in the full sample, and 61 in the longitudinal sample.
Follow up was at a mean of 3 years after baseline.

