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Abstract

Objectives Poor sleep is associated with multiple age-related neurodegenerative and
neuropsychiatric conditions. The hippocampus plays a special role in sleep and sleep-
dependent cognition, and accelerated hippocampal atrophy is typically seen with higher
age. Hence, it is critical to establish how the relationship between sleep and hippocampal
volume loss unfolds across the adult lifespan.

Methods Self-reported sleep measures and MRI-derived hippocampal volumes were
obtained from 3105 cognitively normal participants (18-90 years) from major European
brain studies in the Lifebrain consortium. Hippocampal volume change was estimated from
5116 MRIs from 1299 participants for whom longitudinal MRIs were available, followed up
to 11 years with a mean interval of 3.3 years. Cross-sectional analyses were repeated in a
sample of 21390 participants from the UK Biobank.

Results No cross-sectional sleep — hippocampal volume relationships were found. However,
worse sleep quality, efficiency, problems, and daytime tiredness were related to greater
hippocampal volume loss over time, with high scorers showing 0.22% greater annual loss
than low scorers. The relationship between sleep and hippocampal atrophy did not vary
across age. Simulations showed that the observed longitudinal effects were too small to be
detected as age-interactions in the cross-sectional analyses.

Conclusions Worse self-reported sleep is associated with higher rates of hippocampal
volume decline across the adult lifespan. This suggests that sleep is relevant to understand
individual differences in hippocampal atrophy, but limited effect sizes call for cautious

interpretation.
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Statement of Significance

Hippocampal atrophy is commonly seen in aging and age-related brain disorders, and
hippocampus is important in sleep and sleep-dependent cognition. Hippocampal volume
was not related to self-reported sleep. However, participants reporting worse sleep quality,
efficiency, problems, and daytime tiredness showed greater hippocampal volume loss over
time. On average 0.22% greater annual loss of hippocampal volume was seen in high versus
than low scorers. This suggests that sleep is relevant to understand individual differences in

hippocampal atrophy, but limited effect sizes call for cautious interpretation.
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Introduction

Disturbed sleep is associated with normal aging [1-3] and several age-related neurological
and psychiatric conditions, including dementia [4-9]. The hippocampus plays a special role in
sleep and sleep-dependent cognition [10, 11], and hippocampal atrophy increases in normal
aging [12] and Alzheimer’s disease (AD) [13, 14]. Rodent research has shown that sleep
deprivation can reduce spine density and attenuate synaptic efficacy in the hippocampus
[15], possibly through changes in neural plasticity, reduction of hippocampal cell
proliferation and neurogenesis [16]. Thus, it has been suggested that the hippocampus may

be especially sensitive to sleep deprivation [16] over extended time periods [17].

Inspired by the mechanistic relationship between different sleep measures and
hippocampal morphology established in rodents, studies have tested the association
between sleep and hippocampal volume in humans (see Table 1). Most have compared
patients with different sleep-related conditions and normal controls. Many report smaller
hippocampi in patients [18-22], or an inverse relationship between hippocampal volume
and poor sleep [23, 24]. However, other studies found no relationship [25-27] or even larger
volumes in patients [28]. Of three studies testing the relationship between self-reported
sleep and hippocampal volume in healthy older adults, two reported that worse sleep or
fatigue was associated with lower hippocampal volume [29, 30] whereas one found no
significant relationship [31]. Two studies tested the association between self-reported sleep
and longitudinal changes in hippocampal volume, and neither found significant effects [32,
33]. Given the sparsity of longitudinal studies, it is important to assess the relationship
between self-reported sleep and hippocampal volume changes with high statistical power

[34], which was the main purpose of the present study. We took advantage of the large-
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scale, European multi-site longitudinal Lifebrain consortium (http://www.lifebrain.uio.no/),

to address the following main question: Is self-reported sleep related to hippocampal
volume and volume change? We investigated this using an adult lifespan approach, testing if

and how sleep, hippocampal volume and their relationship change with age.

To ensure that the results were not specific to the self-report instrument (Pittsburgh Sleep
Quality Inventory - PSQI) [35]) and hippocampus segmentation (FreeSurfer [36]) used in
Lifebrain, cross-sectional replication analyses were performed using UK Biobank (UKB) data
with different self-report measures of sleep and a different hippocampal segmentation

approach.

[Insert Table 1 about here]

Methods

Lifebrain sample

The sample was derived from the European Lifebrain project (http://www.lifebrain.uio.no/)

[37], including participants from major European brain studies: Berlin Study of Aging-II
(BASE-II) [38, 39], the BETULA project ([40], the Cambridge Centre for Ageing and
Neuroscience study (Cam-CAN) [41], Center for Lifebrain Changes in Brain and Cognition
longitudinal studies (LCBC) [42, 43], Whitehall-1l (WH-II) [44], and University of Barcelona
brain studies [45-47]. In total, self-reported sleep and hippocampal volume data from 3105
participants (18-90 years) were included. Longitudinal information on hippocampal volume
was available for 1298 participants, yielding a total of 5116 observations. Mean interval

from first to last examination was 3.5 years (range 0.2-11.0 years). Participants were
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screened to be cognitively healthy and in general not suffer from conditions known to affect
brain function, such as dementia, major stroke, multiple sclerosis etc. Exact screening
criteria were not identical across sub-samples. Sample characteristics are presented in Table

2, and detailed information about each sub-sample is presented in SI.

[Insert Table 2 about here]

Self-reported sleep assessment

Sleep was assessed using the Pittsburgh Sleep Quality Inventory (PSQI) [35], yielding seven
domains (sleep quality, latency, duration, efficiency, problems, medication and daytime
tiredness) and a global score, over a 1-month time interval. Each domain is scored 0-3 and
the global 0-21. High scores indicate worse sleep, e.g. high score on the sleep duration scale
means shorter sleep time. The results for the sleep medication question must be treated
with caution, since most samples were screened for use of medications possibly affecting
CNS function. The Karolinska Sleep Questionnaire (KSQ) [48, 49] was used for Betula. The
items in KSQ cover almost perfectly the items in PSQI, and the KSQ was therefore
transformed to PSQI scales (see Supplemental Information for details). Since longitudinal
information on sleep was lacking for most of the sample, and sleep quality tends to be
stable across intervals up to several years [50], sleep was treated as a trait variable. If
multiple observations of sleep were available, these were averaged, and the mean value
used in the analyses. We have previously found high stability of PSQl score across 3 years (r
= .81 between examinations 3 years apart, see

https://www.biorxiv.org/content/10.1101/335612v1).
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Magnetic resonance imaging acquisition and analysis
Lifebrain MRI data originated from ten different scanners (Table 3), mainly processed with

FreeSurfer 6.0 (https://surfer.nmr.mgh.harvard.edu/) [36, 51-53] (FreeSurfer 5.3 was used

for Whitehall-Il), generating hippocampal and intracranial volume (ICV) estimates. Because
FreeSurfer is almost fully automated, to avoid introducing possible site-specific biases, gross
quality control measures were imposed and no manual editing was done. To assess the
influence of scanner on hippocampal volume, seven participants were scanned on seven of
the scanners (see Supplemental Information for details). There was a significant main effect
of scanner on hippocampal volume (F = 4.13, p =.046) in the Travelling Brains sample.
However, the between-participant rank order was almost perfectly retained between
scanners, yielding a mean between-scanner Pearson correlation for bilateral hippocampal
volume of r =.98 (range .94-1.00). Thus, including site as a random effect covariate in the
analyses of hippocampal volume is likely sufficient to remove the influence of scanner

differences. Detailed results are found in Sl.

[Insert Table 3 about here]

Replication sample — UK Biobank

Cross-sectional analyses were repeated using 21390 participants from UKB

(https://imaging.ukbiobank.ac.uk/) [54] (Table 2), with the sample size varying somewhat

with number of missing data for each variable of interest (range 19782 - 21390). UKB does
not contain PSQJ, but includes several questions related to sleep (i.e. sleep duration,
sleeplessness, daytime dozing/sleeping, daytime napping, problems getting up in the

morning, snoring), allowing us to evaluate whether the Lifebrain results were specific to the
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PSQl scales. Hippocampal volume [55] and the volumetric scaling from T1 head image to
standard space as proxy for ICV were used in the analyses, generated using publicly
available tools, primarily based on FSL (FMRIB Software library,
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). Details of the imaging protocol

(http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2367) and structural image processing are

provided on the UK biobank website

(http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=1977) (see Table 3). Sleep and MRI data

were retrieved for the same participant examination. For detailed description of how the UK

Biobank data were retrieved and analyzed, see SI.

Statistical analyses

Analyses were run in R version 3.4.4 [56]. Generalized Additive Models (GAM) and
Generalized Additive Mixed Models (GAMM) using the package “mgcv” version 1.8-28 [57]
were used to derive age-functions for the different sleep variables and hippocampal
volume, and to test the relationship between sleep, hippocampal volume and volume
change. We used smooth terms for age and sleep, random effects for subject and study, and
sex as covariates. For analyses including hippocampal volume, estimated intracranial
volume (ICV) was an additional covariate. Interactions between age and sex were tested in
separate models. Longitudinal models were tested by including time since baseline and
sleep x time as predictors. Additional models were run controlling for symptoms of
depression and body mass index (BMI). The R-code and full description of the procedures

and results are given in Sl.

Results
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Relationships between self-reported sleep and age

The association between age and sleep was significant for all PSQI sub-scales as well as PSQl
global (Table 4 and Figure 1). The relationships varied across scales and deviated from
linearity. Scores for sleep duration, efficiency, sleep problems and use of medication
increased monotonously with higher age, i.e. worse sleep with higher age. In contrast, sleep
quality improved almost linearly, whereas problems with sleep latency were gradually
reduced until about 50 years of age, before a slight increase was seen towards the end of
the age range. Problems with daytime tiredness were decreased until about 70 years,
before increasing in the last part of the lifespan. The global score was stable until mid-life,
followed by a modest increase. These results suggest that the relationship between self-

reported sleep and age is not uniform across different aspects of sleep.

[Insert Figure 1 and Table 4 about here]

For all sleep variables except daytime tiredness, women reported significantly worse sleep
than men. The effect sizes were generally small, however, with the effect of being female
generally being less than 0.2 PSQI sub-scale points. The largest main effect of sex was on
latency, where women reported 0.26 points more on the 0-3 points PSQl scale. For the
global score, women reported 0.76 points more than men, which is equal to 13.7% of the
intercept of 5.55. We also tested age x sex interactions. These were not significant for any
scale, suggesting that the association between self-reported sleep and age is similar for men

and women.

Self-reported sleep and hippocampal volume
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Using both the cross-sectional and longitudinal MRI data to map the age-trajectory of
hippocampal volume (Figure 2), we observed the expected non-linear decline which is more
pronounced from about 60 years of age (edf = 7.3, F = 374.5, p < 2e71®). This was confirmed

by a significant effect of age on longitudinal change over time (edf = 13.0, F = 162.5, p < 2e”

16)_

[Insert Figure 2 about here]

We tested for main effects of sleep on cross-sectional hippocampal volume. Study and
Subject ID were random effects, age, sex and ICV were included as covariates of no interest
(see Supplemental Information for details). p was not below the Bonferroni-corrected
threshold of .00625 (.05/8) for any of the relationships. We also tested for interaction with
sex and age. No interactions with sex were found, whereas age and latency showed a very
weak but significant interaction (edf = 1.08, F = 8.05, p = .0038), reflecting slightly higher
hippocampal offset volumes and slightly greater age effects for those reporting better sleep.
In sum, the cross-sectional relationships between self-reported sleep and hippocampal

volume were very modest or non-existing (Figure 3).

[Insert Figure 3 about here]

Cross-sectional analyses: Replication sample from UK Biobank
Relationships between age and each of the six sleep items from UKB, controlling for sex, are
illustrated in Figure 4 (see Supplemental Information for details). Similar to Lifebrain, the

age-relationships for all the sleep items were highly significant. Daytime dozing, frequency
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of napping during the day, and sleeplessness were positively related to age, as was ease of
getting up in the morning. Sleep duration also showed higher values with age, but with a
negative age-relationship reported by participants below 55 years of age. Snoring showed
an inverse U-shaped age-relationship, with higher prevalence of snoring during mid-life. The
sleep items from UKB are not directly comparable to the PSQl items used in Lifebrain. Still,
Daytime dozing and Nap during day increased with age, corresponding to the increase in
Daytime tiredness in the last part of the age-span in the Lifebrain sample. Further, sleep
duration increased with age among the older participants in both UKB and Lifebrain,
although the negative relationship with age until the mid-fifties in UKB was not seen in
Lifebrain. We tested for main effects of sex. Men reported more daytime dozing (estimate =
0.05,t=6.98, p = 2.91e1?), that it was easier to get up in the morning (estimate =0.19, t =
19.6, p < 2e1%), more daytime napping (estimate = 0.19, t = 23.4, p < 2e71°), longer sleep
duration (estimate 0.07,t = 4.74, p = 2.21e®), less sleeplessness (estimate =-0.22,t = 22.5, p
< 2e1®) and more snoring (estimate = 0.16, t = 23.59, p < 2e7%). In sum, similar to Lifebrain,
sex had a main effect on all self-reported sleep items. However, men scored worse on the
UKB items dozing and snoring, which are not identical to any of the PSQI sleep scales used in

Lifebrain.

[Insert Figure 4 about here]

The relationship between age and hippocampal volume in UKB was highly significant (edf =
7.26, F=374.5, p < 2e1%), see Figure 5. Relationships between the UKB sleep items and
hippocampal volume, controlling for age, sex and ICV, are illustrated in Figure 6. Only sleep

duration (p = 7.31e®) was related to hippocampal volume. As values in the extreme ends of
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reported sleep seemed to be responsible for the relationship, we restricted the data to
include sleep duration between 5 and 9 hours only and re-ran the analysis. Still including
20755 observations, the p-value increased to .086. No significant age-interactions were
found for any of the sleep items. Thus, the UKB results were in agreement with the lack of
meaningful cross-sectional sleep-hippocampal volume relationships in Lifebrain, and aligns
with previous findings within a Lifebrain cohort (Cam-CAN) which found no cross-sectional
associations between PSQI subcomponents and white matter microstructure (indexed by

Fractional anisotropy) across ten tracts [58].

[Insert Figure 5 and 6 about here]

Longitudinal analyses: self-reported sleep and hippocampal volume change

We tested if sleep was related to change in hippocampal volume over time, restricting the
analyses to participants with at least two MRI examinations. Sleep quality (edf = 4.80, F =
3.69, p =.0019), efficiency (edf = 6.90, F = 6.93, p = 2.36e%), problems (edf = 2.22, F = 5.95,
p =.0017) and daytime tiredness (edf = 4.17, F = 8.99, p = 4.13e%’) showed significant
associations with hippocampal volume change at the a-threshold corrected for eight tests
(Figure 7). These relationships were also confirmed by comparing Akaike Information
Criterion (AIC) for models with and without the PSQl x time interaction term included (see
Table 5). In general, the relationships reflected participants with worse sleep showing more
hippocampal volume loss over time. The exception was daytime tiredness, where worse
scores were non-linearly associated with volume loss after three years, exceeding those
reporting no tiredness in the beginning of the interval before showing less loss in the last

part. For sleep quality, only 21 participants reported the highest score. To make sure these
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did not unduly influence the results we repeated the analysis without these participants.
Sleep quality was still significantly related to volume change at an a-threshold of .05, but
not at the corrected threshold (edf = 4.03, F = 3.40, p =.008). All analyses were also run

testing for interactions with age or sex, with no significant results.

[Insert Figure 7 and Table 5 about here]

The interactions were further explored to assess effects sizes, as illustrated in Figure 8 (see
Supplemental Information for details). We computed the expected annual change in
hippocampal volume from 20, 40, 60 and 80 years, depending on whether the score on each
of the four PSQI variables showing significant interactions with time was zero or two. Across
these items, participants scoring zero had a mean annualized reduction of hippocampal
volume of -0.41% compared to -0.63% for those scoring two. As there were no age-
interactions, this difference was stable across the four tested ages, i.e. -0.16 vs -0.36% at
age 20 years, -0.09 vs. -0.30% at age 40 years, -0.24 vs. -0.47% at age 60 years, and -1.14 vs.
-1.39% at age 80 years for those scoring zero vs. two, respectively. These analyses also
confirmed than one-year atrophy was higher for participants with high score in daytime
tiredness, even though Figure 7 indicates that there is a shift to less atrophy after three

years. The latter pattern is difficult to explain, and could reflect noise in the data.

[Insert Figure 8 about here]

We re-analyzed the significant time-interactions using BMI and depression scores as

covariates. BMI and depression did not contribute significantly and did not affect the sleep-
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time interactions. The most substantial effect of the additional covariates was that the p-
value of sleep problems x time on hippocampal volume increased from 0.002 to 0.017,
which probably was a result of lower power due to BMI and depression scores not being

available for the full sample (see Supplemental Information for full results).

Finally, we ran a GAMM with all sleep variables showing significant interactions with time
included simultaneously as independent variables. Efficiency (edf =7.9, F=3.81,p =
.00025), problems (edf = 5.0, F = 3.34, p = .004) and tiredness (edf = 4.6, F = 6.68, p = 1.99¢"
>) were still significantly related to hippocampal volume over time, while sleep quality was

not (edf = 1.0, F=0.15, p =.70).

Comparison of longitudinal and cross-sectional results

We would expect the relationship between sleep and hippocampal volume change over
time to be detected as an interaction between age and sleep on hippocampal volume, i.e.
the relationship between sleep and hippocampal volume would be stronger in the older
part of the sample. However, the lack of cross-sectional relationships could be caused by
individual differences in hippocampal volume being too large compared to the limited
longitudinal effects of sleep. We used the effect size from the interaction between sleep
efficiency and time to simulate whether we had power to detect this as a cross-sectional
age-interaction. The simulations clearly demonstrated that whereas we had excellent power
(~100%) to detect the longitudinal association in our data, the power to detect an age-
interaction using the cross-sectional data was only about 10% (Figure 9). This demonstrates

that the magnitude of the relationship between sleep and hippocampal change was too
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small to be detected in our cross-sectional dataset of more than 3000 participants (see

Supplemental Information for details).

[Insert Figure 9 about here]

Discussion

Worse self-reported sleep was related to greater hippocampal volume reduction over time.
This was seen for specific aspects of sleep, i.e. quality, efficiency, problems, and daytime
tiredness, where a PSQJ score of two was associated with on average 0.22% more volume
loss annually than a score of zero. Two caveats need to be considered. First, it is not clear
how molecular mechanisms identified in the rodent experiments can be applied to the
present findings, as variations in self-reported sleep are very different from experimentally
induced sleep deprivation and the effects of specific molecular mechanisms on volume
change are speculative. Second, the longitudinal effect sizes were small, and the
relationships between sleep and volume were too weak to be identified in the cross-
sectional data — both in Lifebrain and UK Biobank. Implications of the findings are discussed

below.

Self-reported sleep and relationship to age

All self-reported sleep measures, in Lifebrain and UKB, were significantly related to age.
Whereas sleep duration was shorter, efficiency less and problems increased with higher age
in Lifebrain, self-reported sleep quality was better with age, and sleep latency and daytime
tiredness showed improvement until middle age or longer. The global PSQl score showed

little change before 50 years of age, after which worse scores were seen for the rest of the
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age-span, suggesting PSQI sum score may not be the best measure to use in lifespan cohorts
[58]. These patterns fit well with the results from a meta-analysis of polysomnography data
[2]. Despite these findings, self-reported sleep quality was higher in older adults, in line with

previous research [59].

Although the cross-sectional age-relationships were highly significant, the effects were
relatively modest. For instance, sleep duration scores increased from about 0.3 at 20 years
to 0.9 at 85. These numbers are based on the PSQl scoring system where 0 represents 7
hours of sleep or more and 1 represents 6-7 hours. Fewer hours of sleep in combination
with less daytime tiredness and less sleep efficiency could suggest that older adults sleep
less because their sleep needs are less. In support of this view are findings that older adults
tend to sleep less despite opportunities to sleep more, they show a smaller rebound in slow
wave sleep after sleep deprivation, and experience less daytime sleepiness after slow wave
sleep deprivation [3]. However, arguments against this interpretation are that shorter sleep
in older age may be due to desensitization to a homeostatic sleep drive, that less subjective
sleepiness could be due to re-normalization of the subjective feeling of tiredness over time,
and that older adults also perform worse on at least some cognitive tasks after sleep
deprivation [3]. Thus, the debate on whether shorter sleep duration in aging is a result of

less sleep needs or lower sleeping abilities is not settled [60].

Although the UKB data in general supported the finding of worse self-reported sleep with
age, sleep duration seemed to increase through most of this older age-range, i.e. from 55
years. This is in conflict with the observation in Lifebrain. The reasons for this discrepancy

are not clear, but it may be noted that the increase in sleep duration over 30 years in UKB is
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only about a quarter of an hour. Since data are lacking for young participants in UKB, we do

not know whether this represents an old-age or a life-long pattern.

We also tested for main effects of sex, and interactions between sex and age. It has been
suggested that some sleep mechanisms are differentially affected by age in men and
women whereas others may remain equivalent [3, 61]. For instance, sex-specific changes in
the circadian alerting signal have been proposed to account for greater daytime nap
propensity in older men [3]. We found that although women in general reported worse
sleep than men did, in line with previous studies [62], there were no sex-specific age-effects.
The above mentioned meta-analysis concluded that the associations between sleep
variables and aging were similar across sexes, but that larger effects of age were observed in
women for total sleep time and sleep efficiency [2]. In Lifebrain, the lack of sex x age-
interactions suggests that self-reported sleep show similar age-trajectories for men and

women.

Self-reported sleep and hippocampal volume change

Low sleep quality and efficiency, more sleep problems, and daytime tiredness were related
to more hippocampal volume loss. Two previous longitudinal studies with reasonably large
samples of 119 [33] and 147 [32] participants reported no significant effects of self-reported
sleep on hippocampal change. The statistical power in the current study allowed detection
of such effects with high confidence, although the effects sizes were modest. On average,
participants scoring two on these four PSQI subscales showed 0.22% more annual volume
loss than those scoring zero. This does not mean that the observed relationships between

self-reported sleep and hippocampal atrophy are not important. Both sleep [1] and
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hippocampal volume [63] are substantially affected by chronological age, and both are
sensitive to age-related degenerative conditions such as AD [13, 14, 64]. Cognitively healthy
older adults with greater initial levels of sleep fragmentation show more rapid rate of
cognitive decline and higher risk of developing AD [65]. Still, multiple brain conditions or
diseases also affect sleep [3], and it is not possible from the present observational study to
infer the direction of causality. There could be a causal relationship where poor sleep
contributes to increased hippocampal atrophy. However, hippocampal atrophy could also
contribute to worse self-reported sleep. Hippocampal atrophy tends to increase from about
60 years of age, and in line with this, sleep efficiency and daytime tiredness also
deteriorated after middle-age. Still, age was accounted for in the sleep-atrophy
relationships, and no significant age-interactions were found. Thus, there are no results
from the present study to suggest that increased age-related hippocampal atrophy is caused
by — or causes — worsening of self-reported sleep in higher age. Rather, the relationship
between worse self-reported sleep and hippocampal change seems to be stable across adult
life, even in age-ranges with smaller hippocampal volume loss at group level. Future
investigations with repeated measures of both brain structure and sleep quality may be able
to examine whether neural changes are precursors to worsening sleep, or whether

(negative) changes in sleep quality in old age are associated with accelerated grey matter

aging.

Previous studies using physiological measures of sleep have found that hippocampal volume
may be implicated in some but not all age-related differences in sleep architecture. In
particular, it is speculated that impairments in the functional expression of sleep spindles

[66] may be caused by age-related atrophy of cell bodies in hippocampus [3], whereas age
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differences in slow wave activity seem to be independent of hippocampal structure and
rather connected to hippocampal function [11, 67]. How these features translate into
aspects of self-reported sleep is unclear, and more importantly, none of these studies

measured actual volumetric changes from repeated scanning.

Previous cross-sectional studies of patients with different sleep-related conditions [18-27]
and older samples without specific sleep problems [29-31] yielded mixed results regarding
the relationship between self-reported sleep and hippocampal volume. We found no cross-
sectional relationships in Lifebrain or UKB. As shown in the simulation experiment, the
longitudinal relationships were too weak to be detected as age-interactions in the cross-
sectional analyses given the large inter-individual variation in hippocampal volume. If there
was a strong longitudinal relationship between sleep and hippocampal volume change, this
could have been detectable as an age-interaction also in our very large cross-sectional
samples. This highlights the strength of the longitudinal research design when investigating

brain structural changes.

Limitations

The study has several limitations. First, we used a self-report measure for sleep. The
advantage is that sleep is measured in the participants’ natural environment and sleep is
measured over a longer period, increasing ecological validity. The disadvantage is that the
results reflect self-reported aspects of macro-level sleep architecture, not physiological
sleep, and age-related changes in these can be mechanistically distinct from micro-level
changes in physiological sleep oscillations [3]. Studies directly testing the relationships

between self-reported sleep and objectively measured sleep parameters report correlations
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of moderate sizes, typically around .40 [68-73]. Such results demonstrate some validity of
the self-report measures, while also suggesting that it is difficult to make claims about the
underlying sleep physiology based on such measures. Second, although the vast majority of
the participants were screened for cognitive problems, we did not screen the UK Biobank
participants, and conservative screening was not performed for all sub-samples in the
Lifebrain cohort. Still, the results appear robust and not driven by outliers, so we do not
believe sample heterogeneity has affected the outcome. Third, since we lacked adequate
longitudinal observations of the sleep variables for a substantial part of the sample, sleep
was studied as a trait. This prevented us from addressing dynamic changes in sleep within
individuals, which would have been very interesting to relate to hippocampal volume
change. Finally, we only tested the relationship with hippocampal atrophy. There are
reasons to expect relationships between sleep and other brain regions [3, 32], or white

matter structure, which will be topic of later studies.

Conclusion

The present study showed that specific aspects of self-reported sleep — quality, efficiency,
problems, and daytime tiredness — are related to increased hippocampal volume loss over
time. In the largest study to date combining data from multiple cohorts, we observe modest
longitudinal effects and negligible to absent cross-sectional effects. Together these findings

contribute to our understanding of hippocampal volume loss across the adult lifespan.
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Figure legends

Figure 1 Relationships between age and self-reported sleep in Lifebrain
Generalized Additive Models (GAMs) were used to obtain age-curves for each sleep
variable. Higher scores indicate worse sleep. Sex was included as covariate in the analyses.

Dotted lines represent 95% Cl.

Figure 2 Relationships between age and hippocampal volume in Lifebrain

Left panel: GAMM was used to obtain the age-curve for hippocampal volume, using both
cross-sectional and longitudinal information, covarying for sex, ICV and study (random
effect). Dotted lines represent 95% Cl. Right panel: Spaghetti plot of hippocampal volume
and volume change for all participants, color-coded by sample. X-axis denotes age in years,

y-axis hippocampal volume in mm3.

Figure 3 Relationships between self-reported sleep and hippocampal volume in Lifebrain
GAMs were used to test the cross-sectional relationship between self-reported sleep (x-axis)
and hippocampal volume (y-axis). Sex, ICV and study were used as covariates. Dotted lines

represent 95% Cl. X-axis denotes sleep score, y-axis hippocampal volume in mm?3.

Figure 4 Relationships between age and self-reported sleep in UK Biobank
GAMs were used to obtain age-curves for each sleep variable. Sex was included as covariate
in the analyses. Dotted lines represent 95% Cl. For all items except “Sleep duration”, high

scores mean poor sleep.
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Figure 5 Relationships between age and hippocampal volume in UK Biobank

GAM was used to obtain the age-curve for hippocampal volume, covarying for sex and ICV.

Figure 6 Relationships between self-reported sleep and hippocampal volume in UK
Biobank

GAMs were used to test the cross-sectional relationship between self-reported sleep (x-axis)
and hippocampal volume (y-axis). Sex and ICV were used as covariates. Dotted lines

represent 95% Cl.

Figure 7 Relationships between self-reported sleep and hippocampal change in Lifebrain
The plots illustrate the relationship between self-reported sleep and hippocampal volume
change over time. Only the four significant relationships are shown. The lines depict the
hippocampal change trajectories over five years for those with PSQl score = 0 (no problems)
or score = 2 (problems). Note that this selection was not used for the statistical analyses and

is included to show the nature of the interaction with time only.

Figure 8 Annual percent change in volume as a function of sleep
Tested at four different ages, annual reduction in hippocampal volume was on average
0.22% greater in participants scoring two compared to zero on the PSQl items quality,

efficiency, problems and daytime tiredness. Error bars denote 95% Cl.

Figure 9 Statistical power
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The figure illustrates the superior power of the longitudinal design. The x-axis represents the
size of PSQI x time (longitudinal) or PSQI x age interactions (cross-sectional). The y-axis
represents statistical power. The dotted vertical line represents the observed effect size of
the sleep efficiency x time interaction. As shown, the power to detect this is close to 1

(100%) with the longitudinal design, and very poor with the cross-sectional design.

6102 Jaquieoa(] G| UO J8Sn S80UsIog YjjesaH pue aulipsiy Jo Ateiqi “Aieiqi] oSO 1o Ausieaiun Agq 2088295/08225z/do8IS/S601 "0 L /I0p/10B1Sqe-ajoie-aoueApe/das|s/wod dno-olwapeose//:sdiy Wolj papeojumoc]



Tables

Reference N Population Result Comment

Patients with sleep disorders (patients/ controls)

Dusak et al, 2013 22/20 Obstructive sleep apnea + Smaller hippocampus in sleepy patients (n=12), negative correlation
with excessive daytime sleepiness.

Joo et al., 2012 36/36 Narcoleptics with cataplexy + Smaller hippocampus in patients, volume correlated with mean sleep
and REM sleep latencies.

Joo et al., 2013 27/30 Primary insomnia + Smaller volume in patients, CA1 volume correlated with PSQl and
higher arousal index (polysomnography) in the patients.

Morrell et al., 2003 717 Obstructive sleep apnea + Lower GM concentration in left hippocampus in patients.

Morell et al., 2010 60/60 Obstructive sleep apnea No differences in the hippocampus, smaller GM volume in right middle
temporal gyrus in the patients.

Neyland et al. 2010 17/10 PTSD + Insomnia Sleep Index and PSQI associated with smaller volumes of
CA3/ dendate subfields in the combined sample. No significance for
other subfields. In total 5 subfields were tested.

Noh et al. 2012 20/20 Primary insomnia -[+ No difference in hippocampus volume. In patients, hippacampus
correlated negatively with duration of insomnia and the arousal index.

Riemann et al. 2007 8/8  Primary insomnia + Smaller hippocampal volume in patients.

Rosenzweig et al., 2013 32/32 Obstructive sleep apnea - Larger volume in patients

Sfora et al., 2016 232 Older, sleep-disordered breathing + Negative correlation between worse sleep and hippocampal volume

Spiegelhalder et al. 2013 28/38 Primary insomnia - No significant results

Winkelman et al., 2010 20/15 Primary insomnia - No main effect on hippocampal volume, Actigraph measures of poor
sleep maintenance were associated with smaller volume in patients.

Nermal controls

Alperin et al., 2018 69 Older + Smaller hippocampi in poor sleepers, shorter sleep duration correlated
with lower volume in the full sample.

Carvalho et al., 2017 1374  Middle-aged/ older + Fatigue related to smaller hippocampal volume

Loetal., 2014 119  Middle-aged/ older, longitudinal - No with hippocampus change

Sexton et al, 2014 147  Adult lifespan, longitudinal - No relationship between PSQI and hippocampal volume change

Sabeti et al, 2018 79 90+ years - No relationships.

Taki et al., 2012 290 Children/adolescents + Hippocampal body correlated with sleep duration during weekdays.

31

Table 1 Representative studies on self-reported sleep, sleep disturbances and hippocampal

volume

o u

Result:

relationship (e.g. higher volume in patients). “+” indicates the expected relationship

between hippocampus volume and sleep, e.g. smaller volume in patients or a negative

correlation between sleep problems and volume.

Results for other brain structures than the hippocampus are not reported.

indicates no relationship between hippocampus volume and sleep or an inverse
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Study Unique Observations Mean Max follow- Age Sex
participants follow-up up interval (range) (female/male)
interval (sd) (range)

Barcelona 145 222 3.1(1.2) 4.3 (3.7 - 69 (48 - 90) 149/73
4.9)

BASE-II 315 628 1.9(0.7) 1.9(0.6 - 62 (24 - 81) 223/405
3.1)

Betula 311 500 4.0 (0.3) 4.0(3-5) 61 (25 - 81) 251/249

Cam-CAN 647 910 1.4(0.7) 1.4 (0.2 - 55 (18 - 89) 464/446
3.5)

LCBC 914 2083 2.9(2.7) 45(0.2-11) 52(19-89) 1308/775

Whitehall-Il Imaging 773 773 NA NA 70 (60 - 85) 150/623

Total Lifebrain 3105 5116 2.6 (2.3) 3.5(0.2-11) 58(18-90) 2545/2571

Replication (UKB) 21390 21390 NA NA 63 (45-81) 11237/10153

Table 2 Sample characteristics

Follow-up interval refers to time between MRI examinations
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Sample Scanner Tesla Sequence parameters

Barcelona Tim Trio 3.0 TR: 2300 ms, TE: 2.98, Tl: 900 ms, slice thickness 1 mm, flip angle:
Siemens 9°, FoV 256%x256 mm, 240 slices

BASE-II Tim Trio 3.0 TR: 2500 ms, TE: 4.77 ms, Tl: 1100 ms, flip angle: 7°, slice
Siemens thickness: 1.0 mm, FoV 256x256 mm, 176 slices

Betula Discovery 3.0 TR: 8.19 ms, TE: 3.2 ms, Tl: 450 ms, flip angle: 12°, slice thickness:
GE 1 mm, FOV 250x250 mm, 180 slices

Cam-CAN Tim Trio 3.0 TR: 2250 ms, TE: 2.98 ms, Tl: 900 ms, flip angle: 9°, slice thickness
Siemens 1 mm, FOV 256x240 mm, 192 slices

LCBC Avanto 1.5 TR: 2400 ms, TE: 3.61 ms, Tl: 1000 ms, flip angle: 8°, slice
Siemens thickness: 1.2 mm, FoV: 240x240 m, 160 slices, iPat = 2
Avanto 1.5 TR: 2400 ms, TE = 3.79 ms, Tl = 1000 ms, flip angle = 8, slice
Siemens thickness: 1.2 mm, FoV: 240 x 240 mm, 160 slices
Skyra 3.0 TR: 2300 ms, TE: 2.98 ms, Tl: 850 ms, flip angle: 87, slice thickness:
Siemens 1 mm, FoV: 256x256 mm, 176 slices
Prisma 3.0 TR: 2400 ms, TE: 2.22 ms, Tl: 1000 ms, flip angle: 8°, slice
Siemens thickness: 0.8 mm, FoV: 240x256 mm, 208 slices, iPat = 2

WH-II Verio 3.0 TR: 2530 ms, TE: 1.79/3.65/5.51/7.37 ms, Tl: 1380 ms, flip angle:
Siemens 7°, slice thickness: 1.0 mm, FOV: 256x256 mm
Prisma 3.0 TR: 1900 ms, TE: 3.97 ms, Tl: 904ms, flip angle: 8°, slice thickness:
Siemens 1.0mm, FOV: 192x192mm

UKB Skyra3T 3.0 TR: 2000 ms, TI: 880 ms, slice thickness: 1 mm, FoV: 208x256 mm,
Siemens 256 slices, iPAT=2
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TR: Repetition time, TE: Echo time, Tl: Inversion time, FoV: Field of View, iPat: in-plane

Table 3 MR acquisition parameters

acceleration
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Sleep scale Variables Edf/ estimate F/t p
Quality Age 2.23 3.96 .008
Sex -0.07 -2.65 .008
Latency Age 2.87 4.15 .004
Sex -0.26 -7.71 1.8e14
Duration Age 4.15 9.00 1.1
Sex -0.06 -2.24 .025
Efficiency Age 2.67 27.67 <2e
Sex -0.17 -4.89 1.1e%
Problems Age 1.0 17.59 2.8e%
Sex -0.04 -2.58 .01
Medication Age 1.02 79.78 <2e1®
Sex -0.11 -3.85 .0001
Tiredness Age 4.13 13.99 9.4
Sex -0.01 -0.37 71
Global Age 2.59 7.74 2.6e%
Sex -0.76 -6.63 4.0e!

Table 4 Associations between self-reported sleep and age in Lifebrain

GAMs are presented for each sleep variable, testing a smooth function of age and a linear

function of sex. Study was included as a random effect term of no interest. Edf (effective

degrees of freedom) and F-values are provided for age, whereas the linear estimate and the

t-values are provided for sex. Negative estimates/ t-values indicate lower scores for men,

i.e. less sleep problems. Only cross-sectional data were included in these analyses.
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PsSQl x Time AAIC
(p-value)

Sleep variable

Quality 0.0019 -5.6
Latency 0.98 6.0
Duration 0.039 1.72
Efficiency 0.000000024 -26.9
Problems 0.0017 -6.1
Medication 0.13 3.20
Tired 0.00000041 -22.6
Global 0.070 26.3

36

Table 5 Tests of sleep x time interactions in prediction of hippocampal volume change
AIC: Negative values indicate better model fit for the models including the PSQIl x Time

interaction term.
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Figure 7
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