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Introduction: Sleep is increasingly recognized as a major risk factor for neurodegener-

Methods: Using an magnetic resonance imaging (MRI)-based AD score based on clini-
cal data from the Alzheimer’s Disease Neuroimaging Initiative 1 (ADNI1) case-control
cohort, we investigated the associations between polysomnography-based sleep
macro-architecture and AD-related brain atrophy patterns in 712 pre-symptomatic,
healthy subjects from the population-based Study of Health in Pomerania.

Results: We identified a robust inverse association between slow-wave sleep and the
AD marker (estimate: —0.019; 95% confidence interval: —0.03 to —0.0076; false dis-
covery rate [FDR] = 0.0041), as well as with gray matter (GM) thicknesses in typical
individual cortical AD-signature regions. No effects were identified regarding rapid eye
movement or non-rapid eye movement (NREM) stage 2 sleep, and NREM stage 1 was
positively associated with GM thickness, mainly in the prefrontal cortical regions.
Discussion: There is a cross-sectional relationship between AD-related neurodegen-
erative patterns and the proportion of sleep spent in slow-wave sleep.
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1 | BACKGROUND

Alzheimer’s disease (AD) is one of the most common neurodegener-
ative disorders, affecting around 6.5 million individuals in the United
States in 2022, a number that is expected to double by 2060.%
It is characterized by impaired memory and learning in the early
stages, eventually leading to language difficulties, disorientation, and
behavioral alterations, and finally the loss of bodily functions.*

Biological hallmarks of AD include increased amyloid beta (AgB)
plaque depositions and tau protein aggregations in the brain as well
as neuronal and synaptic loss and brain atrophy.? These neurodegen-
erative processes precede AD years before its onset, creating tell-tale
brain atrophy patterns, which can be accessed via magnetic reso-
nance imaging (MRI).22 The causes of the disorder remain elusive, with
increasing evidence pointing to a complex interaction between non-
modifiable factors, such as age and genetic predisposition, and mod-
ifiable factors, such as obesity, smoking, and hypertension.! Another
modifiable factor could be sleep, specifically sleep architecture, with a
bi-directional relationship being hypothesized between the two.*

Subjects with AD or mild cognitive impairment (MCI) exhibited,
among others, reduced rapid eye movement (REM) sleep and slow-
wave sleep (SWS) as well as longer sleep-onset latencies and lower
sleep efficiency as a result of AD-related pathological accumula-
tions and neurodegeneration in sleep-relevant brain areas.” On a
biological level, animal experiments have observed that the pres-
ence of cortical AS fragments resulted in shortened non-REM (NREM)
sleep and increased wakefulness,® and ABPPSWE/PS12E? mice showed
altered sleep architecture and electroencephalography (EEG) profiles,
which preceded signs of cognitive deficits and AD neuropathology.”
In humans, an increased risk of AB deposition was associated with
reduced night-time sleep in elderly subjects before the onset of MCI
or any significant A depositions.2 In a prospective study, reduced
REM sleep and increased REM sleep latency were associated with
increased dementia risk,” and decreased self-reported sleep latency,
efficiency, quality and duration, and reduced slow-wave activity (SWA)
were correlated with increased Ag deposition.” SWA in particular was
found to be associated with increased cerebral glymphatic clearance
of AB in mice.19 Similar observations were also made in humans, with
healthy adults artificially deprived of SWS showing acute increases of
cerebrospinal fluid (CSF) AB concentrations and reduced SWS being
recently associated with reduced cortical and subcortical brain vol-
ume and increased white matter hyperintensities.>>12 Furthermore,
cognitively healthy elderly subjects with the apolipoprotein E (APOE)
¢4 allele, the largest known risk factor for AD, exhibited a reduced
objective sleep quality compared to noncarriers, as well as reduced
total sleep time (TST), with APOE ¢4 status modulating the association
between TST and CSF tau levels. 1314

We, therefore, hypothesize that distinct features of polysomnogra-
phy (PSG)-based sleep macro-architecture are related to MRI-based
indicators of early AD-related brain atrophy in pre-symptomatic,
healthy subjects from the general population-based Study of Health
in Pomerania (SHIP-Trend).’> But contrary to previous studies ana-
lyzing different brain structures individually, we focus primarily on
an MRI-based AD marker, which, based on clinical data from the
ADNI1 case-control cohort, aggregates subtle but widespread regional
AD-related deviations throughout the whole brain.2%16

2 | METHODS
2.1 | Participants in SHIP-Trend

SHIP-Trend is a general population-based cohort based on a sex, age,
and city/county of residence stratified sample of N = 8016 adults
selected randomly from local registries in western Pomerania in 2008,
with N = 4420 individuals being examined between 2008 and 2011
(response rate: 50.1%).1> All were invited to participate in an MRI
or PSG examination and, after excluding all subjects who refused
participation in the whole-body MRI or fulfilled an exclusion crite-
rion (e.g., presence of a pacemaker), MRI scans were performed on
N = 2159 individuals, and N = 1264 SHIP-Trend participants under-
went a PSG assessment.21” For the current analysis, all subjects
were included who had more than 4 hours of TST during the PSG,
did not show any major structural abnormalities (e.g., large cysts or
brain tumors), and who did not have multiple-sclerosis, epilepsy, or
Parkinson disease, or had a stroke (Figure S1). The SHIP-Trend study
was conducted in accordance with the Declaration of Helsinki and
was reviewed and approved by the University Medicine Greifswald
Institutional Review Board. All subjects provided written informed
consent.

2.2 | Data assessment in SHIP-Trend

Clinical data were collected using computer-assisted face-to-face
interviews and medical examinations. Cognition was assessed using the
word list recall test (WLR) from the Nuremberg Gerontopsychologi-
cal Inventory and the inference score from the Stroop test.2> A full
list of the definition of the used variables can be found in Supplemen-
tary Methods 1. Genotyping was performed in two batches and missing
single nucleotide polymorphisms (SNPs) were imputed using the Hap-
lotype Reference consortium and the Michigan Imputation Server.18
APOE status was defined based onrs7412 and rs429358 (Table S1). For

more details see Supplementary Methods 2.
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FIGURE 1 Weights/estimates of the 169 features of gray matter
(GM), white matter, and the ventricular system used to create the
Alzheimer’s disease (AD) score
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2.3 | Polysomnography

The PSG was carried out as described by Stubbe et al. (2016), with
scoring being performed by trained scorers according to American
Academy of Sleep Medicine (AASM) 2007 criteria.1?-22 At this stage
TST, the apnea-hypopnea index (AHI), as well as the objective sleep
quality markers, namely sleep efficiency, sleep latency, REM latency,
the arousal index, and wake after sleep onset (WASO) were assessed.
To assess subjective sleep quality, subjects participating in the PSG
were asked to fill out the Pittsburgh Sleep Quality Index (PSQI) and
Epworth Sleepiness Scale (ESS).1?

2.4 | MRI acquisition and image processing

We used T1-weighted structural MRI scans of the head (Magnetom
Avanto, Siemens, Erlangen, Germany).?> Cortical reconstruction and
volumetric segmentation were performed with FreeSurfer 7.2.2% (For
more details, see Supplementary Methods 3.) At this stage, FreeSurfer
also assessed the intracranial volume (ICV), total brain volume, mean
cortical gray matter (GM) thickness, and total subcortical volume.

2.5 | The AD score

The AD score was defined as described by Frenzel et al. (2020).23
Briefly, a L2-penalized logistic regression was used to train a binary
classifier, which, based on 169 features of GM, white matter, and the
ventricular system, optimally separated individuals with AD from cog-
nitively normal subjects in N = 374 (N = 165 with AD and N = 209
cognitively healthy) individuals from the ADNI1 case-control cohort. ¢
Theresulting classifier was used to predict the log-odds of having AD in
SHIP-Trend (Figure 1 and Table S2). As such, a higher score would indi-
cate a higher similarity of the subject’s brain to an AD-brain as defined
by the ADNI1 sample.

2.6 | Statistical analyses

All statistical analyses were performed with R Version 4.0.2% Missing
covariates were imputed using the “missForest” R package using the
whole SHIP-Trend data set.2°

Disease Monitoring

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using PubMed. Sleep is increasingly recognized
as a major risk factor for Alzheimer’s disease (AD).
However, although various studies have analyzed the
effect of AD and sleep on the brain, most base their
results on self-reported sleep data and use markers that
either only quantify individual AD-related pathways (e.g.,
florbetapir-PET [positron emission tomography]) or use
nonspecific morphometric magnetic resonance imaging
(MRI) markers.

2. Interpretation: Using an AD score, based on sample mor-
phometric MRI measures from the Alzheimer’s Disease
Neuroimaging Initiative 1 (ADNI1) case-control cohort,
we found that specifically slow-wave sleep was robustly
inversely associated to AD-related brain atrophy in pre-
symptomatic, healthy subjects.

3. Future directions: Further studies are needed to investi-
gate the long-term dynamics of this relationship and its
potential as a target to delay the onset of AD, as well
as the specific role of non-rapid eye movement (NREM)
stage 1 or 2 or REM sleep-related components in these
processes.

The effects of sleep stages (NREM 1, NREM 2, SWS, and REM% of
TST) on AD-related brain atrophy patterns were analyzed using ordi-
nary least-squared multivariate linear regression and robust standard
errors (HC3).26 The models were adjusted initially for age, sex, age x
sex, ICV, and TST (model 0). To account for the nonlinear dependency
between the various outcomes and age as well as TST, restricted cubic
splines with four knots were used in all models. Effects were consid-
ered significant if the false discovery rate (FDR) was < 0.05 to account
for multiple testing.

To assess the robustness of significant associations, the correspond-
ing models were re-analyzed while additionally adjusting for sets of
confounders believed to affect either the sleep parameter or the AD
score using a one-at-a-time approach. The first set assessed the influ-
ence of metabolic factors (model 1, presence of diabetes, diabetes
X sex, hypertension, hypertension x sex, waist-height ratio, waist-
height ratio x sex, cholesterol ratio, and cholesterol ratio x sex); the
second set assessed socioeconomic factors (model 2, partnership sta-
tus, equivalent income, and number of education years); the third set
assessed lifestyle factors (model 3, smoking pack-years and current
status, smoking pack-years x current status, physical activity, average
daily alcohol consumption, and average daily alcohol consumption x
sex); the fourth set assessed sleep disorder-related factors (model 4,
AHI, AHI x sex, presence of insomnia and restless legs syndrome, and
the intake of sleep medication); the fifth set included total brain vol-
ume (model 5) to assess general age-related brain atrophy; and the
sixth set (model 6) included the presence of lifetime depression. Next to

the AD score, we additionally assessed total brain volume, mean total
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cortical GM thickness, and total subcortical volume, as well as regional
segmented subcortical volumes (aseg-segmentation) and mean cortical
thicknesses (DK-segmentation) using the same method used in the AD
scor.2”28 For the segmented subcortical volumes, instead of analyzing
the left and right hemispheres separately, the total bilateral subcor-
tical volumes were used. Similarly, for the cortical thicknesses area,
weighted mean thicknesses within the left and right hemispheres were
used.

As a side analysis, we investigated associations between the AD
score and subjective (PSQI and ESS sum-scores) and objective sleep
quality parameters (sleep efficiency and latency, REM latency, arousal
index, and WASO) using the same approach described above (model 0)
and the association between the sleep stages and cognition (WLR and
Stroop scores), where instead of adjusting for the standard covariates,
the models were adjusted for age, sex, age X sex, TST, and education
years.

Furthermore, to investigate AD-related genetic predisposition, we
analysed the relationship between the sleep stages and the APOE geno-
type (additive model) and an AD polygenic risk score (PRS), as well
as, for validation, the relationship of the AD score with the APOE
genotype and the AD-PRS. The AD-PRS was based on a genome-wise
association study (GWAS) performed by Kunkel et al. (2019) and was
calculated using PRS-CS using the European UKB linkage disequilib-
rium reference panel.2?39 The models were adjusted for the base
covariates described above (model 0), the first three genetic principal

components, and the genotyping batch.

3 | RESULTS

3.1 | Baseline characteristics of the sample
population

We included N = 712 individuals (47.2% women, mean age + SD:
52.5 + 13.4 years) after excluding N = 3659 subjects due to missing
MRI or PSG measurements; N = 14 due to structural MRI abnormali-
ties, ;N = 10 due to the presence of multiple sclerosis (MS), Parkinson,
epilepsy, or strokes and N = 25 because PSG measurements were too
short (Figure S1). Compared to the remaining SHIP-Trend sample, the
analyzed sample was generally more educated, had a higher income,
and exhibited more favorable health parameters (Tables 1 and 2);
93.3% of subjects had a complete set of covariates with equivalent
income exhibiting the highest missingness rate of 3.8% (Figure S2). The
(locally) optimal imputation had an estimated normalized root mean
square error of 0.060 and an estimated proportion of falsely classified
of 0.13 (Figures S3 and S4).

3.2 | Sleep macro-architecture and AD-related
brain atrophy patterns

After adjusting for multiple testing, SWS was inversely associated
with AD-related brain atrophy patterns (estimate —0.02, 95% confi-
dence interval [CI] —0.03, —0.008, FDR 0.004, Table 3). To assess the
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FIGURE 2 Additionally explained variance of the Alzheimer’s
disease (AD) score by potential confounders. The value represents the
percentage of variance that can be explained by the variable set on the
y-axis but not by the base model: AD score ~ age (non-linear) + sex +
age (non-linear) x sex + intracranial volume (ICV) + total sleep time
(TST) (non-linear)

robustness of this effect, we analyzed the impact of various potential
confounders suspected to have an impact on the AD marker or sleep,
with the effects remaining stable and significant, irrespective of the
added extra confounder set (Table 3 and Figure 2). No effects were

identified regarding the other sleep stages.

3.3 | Sleep macro-architecture and morphometric
brain measurements

Analogous to the AD score, we investigated global morphometric mea-
sures as well as individual cortical and subcortical regions of interest
(ROIs). Both NREM 1 and SWS were significantly associated with
mean cortical GM thickness but not total brain or subcortical GM vol-
ume (Table S3). Regarding the subcortical volumetric segmentation,
no significant association could be identified after adjusting for mul-
tiple testing (Table S4). On a cortical level (Table S5), both SWS and
NREM 1 were significantly associated with mean precentral, rostral
middle frontal, and superior frontal (all frontal cortex) GM thicknesses.
NREM 1 was additionally associated with mean pars orbitalis and
pars triangularis (both frontal cortex) GM thicknesses, whereas SWS
was also associated with mean caudal middle frontal (frontal cortex),
inferior and superior parietal, precuneus (parietal cortex), banks of
the superior temporal sulcus, inferior, middle, transverse and supe-
rior temporal, fusiform, temporal pole (all temporal cortex), and lateral
occipital (occipital cortex) GM thickness. REM was associated with the
mean paracentral (frontal cortex) and precuneus (parietal cortex) GM
thickness, whereas no association with regard to NREM 2 could be

identified. In the sensitivity analysis, the effects remained stable except
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TABLE 1 Baseline characteristics of the sample population and the remaining SHIP-Trend population that was not included in the analyses

Included
Mean + SD or N (%)
N=712
Age, years 525+134
Sex, female 336 (47.2%)
Waist-height ratio 05+0.1
Education, years 13.0+24
Equivalent income 1479.7 +774.9
Partner status, yes 564 (79.5%)
Smoking, pack-years 7.3+150
Currently Smoking, yes 131(18.5%)
Physical activity, higher value equals more 3.6+21
physical activity
Average alcohol consumption in the last 9.1+121
30 days, g of Ethanol/d
Lifetime depression, yes 144 (20.5%)
Diabetes, yes 68 (9.6%)
Hypertension, yes 317 (44.6%)
Cholesterol ratio 41+12
ICV,cm® 1589.5+167.1
Total Brain Volume, cm® 1003.3 + 108.2
MRI AD-Score -40+12
WLR sum 111+25
WLR immediate 54+13
WLR delayed 57+1.6
Stroop interference 19.5+10.1
APOE
&4 homozygotes 14 (2.1%)
¢4 heterozygotes 149 (22.7%)

when controlling for lifestyle factors or the AD score (Figures S5, Sé,
and S7).

3.4 | Sleep quality and cognition

No association between any of the additional subjective or objective
sleep quality parameters and the AD score were identified (Table Sé).
Concerning the cognitive scores, NREM 1 was inversely associated
with the WLR immediate sub-score (estimate —0.01, 95% Cl —0.02,
—0.001; p-value: 0.03) and positively with the Stroop interference
score (estimate 0.007, 95% Cl 0.002, 0.01; p-value: 0.007). However,
none of the effects remained significant after adjusting for multiple
testing (Table S7).

3.5 | Sleep architecture and genetics

Using all available SHIP-Trend subjects, after only excluding those with

multiple-sclerosis, Parkinson disease, epilepsy, strokes, or had struc-

Remaining
No. Missing (%) Mean + SD or N (%) No. Missing (%)
N=23708
522+158
1939 (52.3%)
1(0.1%) 0.5+0.1 15(0.4%)
5(0.7%) 121+23 64 (1.7%)
27 (3.8%) 1338.8 +685.2 160 (4.3%)
2(0.3%) 2854 (77.2%) 11(0.3%)
8.8+ 14.5
2(0.3%) 1052 (28.5%) 20 (0.5%)
2(0.3%) 3.1+22 22(0.6%)
7(1.0%) 8.3+ 137 44 (1.2%)
8(1.1%) 658 (18.3%) 122 (3.3%)
1(0.1%) 481 (13.0%) 9(0.2%)
2(0.3%) 1806 (48.9%) 15(0.4%)
1(0.1%) 40+14 6(0.2%)
1585.6 + 155.5 2275 (61.4%)
1000.0 + 105.2 2275 (61.4%)
-40+13 2275(61.4%)
7 (1.0%) 10.9+2.7 37 (1.0%)
1(0.1%) 52+14 14 (0.4%)
7 (1.0%) 57+17 37 (1.0%)
91(12.8%) 20.4+13.5 281(7.6%)
56 (7.9%) 343(9.3%)
73(2.2%)
733(21.8%)

tural abnormalities, there was a significant association between the AD
score and the AD-PRS (estimate 0.20, 95% Cl 0.0016, 0.40; p-value:
0.048; N = 1963) but not with APOE (estimate 0.10, 95% Cl —0.012,
0.21; p-value: 0.079; N = 1914), which was not present when analyzing
the 712 subject included in this study. Furthermore, no association was
present between any of the sleep stages and the two genetic markers
(Table S8).

4 | DISCUSSION

AD is a multifactorial disorder expected to become a major burden
on health systems.! With no effective cure currently available, the
only approach to delay its onset is to target modifiable risk factors
such as obesity, smoking, hypertension, or sleep. Although it is com-
monly accepted that sleep changes with age, such as reduced sleep
duration and SWS or REM sleep, increased duration spent in NREM
1 and 2 sleep, and increased sleep fragmentation, the presence of

large interpersonal differences might explain why some are at higher
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TABLE 2 Characteristics of the sleep-based parameters of the
sample population

Included
Mean + SD OR NO.
N (%) Missing (%)
N=712
Sleep architecture
NREM stage 1 (% of TST) 144+ 8.6
NREM stage 2 (% of TST) 52.8+8.0
SWS (% of TST) 142 +8.1
REM (% of TST) 18.6 £5.7
Sleep Disorders
Insomnia, yes 71(10.0%)
AHI 8.8+13.2
Restless leg syndrome, yes 117 (16.6%) 6(0.8%)
Sleep medication, yes 43 (6.0%)
Obijective sleep quality
Total sleep time, hours 6.3+0.9
Sleep Efficiency, % 824 +10.2
Sleep Latency, min 144+ 16.8
REM Latency, min 115.4 + 60.4 1(0.1%)
Arousal index 21.8+10.4
WASO 59.1+39.5
Subjective Sleep Quality
PSQl sum 6.0+3.7 127 (17.8%)
ESS sum 70+33 17 (2.4%)

Abbreviations: AHI, apnea-hypopnea index; ESS, Epworth Sleepiness Scale;
NREM, non-rapid eye movement sleep; PSQI, Pittsburgh Sleep Quality
Index; REM, rapid eye movement sleep; SWS, slow wave sleep; TST, total
sleep time; WASO, wake after sleep onset.

risk of developing dementias.®! In the current study, we therefore,
investigated the relationship between sleep macro-architecture and an
MRI-based AD score, which, unlike most current studies, is based on
clinical case-control data and does not rely on individual AD-related
markers such as AB or tau, or unspecific global MRI morphometric
measures, but instead aggregates subtle but widespread and typically
AD-related deviations in regional brain structures.

We found that specifically SWS was inversely associated with the
AD score independently from potential AD or sleep- related con-
founders. To further investigate this effect, next to the global AD-MRI
score, we analyzed the association between SWS and cortical GM
thicknesses and subcortical volumes. Although no subcortical effects
could be observed, we found that SWS was associated with total mean
cortical GM thickness as well as with typical cortical AD-signature
regions.3233 Like the AD-score models, the effects remained stable
except after the addition of lifestyle factors and the AD score itself.

These results are in line with the currently prevailing theories impli-
cating SWS in AD-related pathological processes. SWS is the deepest
NREM sleep phase and characterized by SWA, that is, low-frequency,

high-voltage oscillating waves.?® During this stage, the brain shows
the greatest decrease in neuronal activity compared to the waking
state and the stage has been implicated in various restorative func-
tions, thereby providing a counterbalance for the high neurometabolic
activity and stress experienced during wakefulness.3*2> Specifically
concerning AD, SWS exhibits a reduced production of the amyloid pre-
cursor protein and to promote cellular repair from oxidative damage,
both of which were found to promote the pathological accumulation
of AB.3¢ In addition, increased SWS or SWA correlated with a dras-
tic increase of glymphatic clearance of cerebral metabolites among
which Ag and tau.1%1137 Conversely, brain atrophy also seems to have
an impact on SWS. Cortical GM volume has repeatedly been found
to mediate the correlation between age and reductions in SWS or
SWA.38 Furthermore, reduced mean cortical GM thickness in areas
involved in the generation and propagation of SWA was associated
with reduced slow-wave amplitude and density.3? The significant asso-
ciations observed here could, therefore, also represent the increasing
inability to generate SWA as a result of brain atrophy, something gen-
erally seen in subjects with MCl or AD, or, combining both directions,
the vicious circle in which brain atrophy reduces SWS, which disrupts
regenerative processes, which in turn leads to more brain atrophy.*>

Contrary to SWS, no associations were observed between the AD
score and NREM 1, NREM 2, or REM sleep. The lack of an associa-
tion with REM sleep is surprising, as reduced time spent in this stage
has been linked to an increased dementia risk? and declines in execu-
tive and general cognitive function and attention.*® Furthermore, A8
correlated with reduced REM sleep in both healthy elderly subjects
and subjects with AD.*! A similar observation was made by Baril et al.
(2021), who, while identifying significant effects between SWS and
reduced cortical and subcortical GM volumes, found no effects regard-
ing REM sleep.1? The lack of an effect might be due to the participants
relatively young age of this and the aforementioned study. Although
the proportion of sleep spent in SWS decreases steadily with age and
is therefore able to influence AD-related pathology early on, the pro-
portion of REM sleep was found to remain fairly constant from young
adulthood to late middle age, starting to show reductions only after 50
to 60 years of age and, therefore, has not affected the brain strongly
enough to be observed.'231 Another reason might be the presence of
a first night effect, with previous studies reporting shorter REM sleep
durations during the first night of a PSG measurement compared to
subsequent nights.#243

Interpreting the NREM 1 and NREM 2 results, on the other hand,
is a bit more challenging, as studies analyzing the effect of NREM 1 or
NREM 2 on brain atrophy are rare. These two stages are often con-
sidered as light sleep, as the chance of an arousal is at its highest.**
Increased time spent here could, therefore, be a marker for poor sleep
quality, which has been linked to increased risk of AD or cognitive
decline.*> This is supported by findings observing that subjects with
MCI or AD generally spent a large fraction of TST in both NREM 1
and 2, and that greater time spent in NREM 1 predicts faster cognitive
decline.?#¢47 While not finding any significant associations regarding
NREM 2 or subjective and objective sleep quality markers, we have

found that reduced NREM 1 was associated with decreased total mean
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TABLE 3 Results of the models analyzing the association between AD score and sleep stages (% of TST)

Exposure

Outcome

AD score (model 0, base model)?

AD score (model 0, base model)?

AD score (model 0, base model)?

AD score (model 1, Metabolic factors)?

AD score (model 2, Socioeconomic factors)©
AD score (model 3, Lifestyle factors)?

AD score (model 4, Sleep Disorder)®

AD score (model 5, Total Brain Volume)"
AD score (model 6, Depression)®

AD score (all)"

AD score (model 0, base model)?

Diagnosis, Assessment 70f9

NREM 1 % of TST

Estimate (95% Cl) p (FDR)

0.012 (—0.00045, 0.025) 0.059(0.12)
NREM 2 % of TST

Estimate (95% Cl) p (FDR)

0.0042 (-0.0073,0.016) 0.47(0.62)
SWS % of TST

Estimate (95% Cl) p (FDR)

—0.019 (—0.030; —0.0076) 0.0010 (0.0041)

—0.018 (—0.029, —0.0066) 0.0076
—0.019 (-0.030,0.0077) 0.00097
—0.017 (-0.028, —0.0057) 0.0032
—0.019 (-0.031, —0.0080) 0.00087
—0.018 (—0.029, —0.0068) 0.0016
—0.019 (-0.030, —0.0077) 0.00095
—0.017 (-0.028, —0.0051) 0.0047
REM % of TST

Estimate (95% Cl)
0.0025 (-0.014,0.019)

p (FDR)
0.76(0.76)

2Model was adjusted for age (non-linear), sex, age (non-linear) x sex, intracranial volume (ICV), and total sleep time (TST) (non-linear).
bModel was adjusted as in model 0 and additionally for the presence of diabetes, diabetes x sex, presence of hypertension, hypertension x sex. cholesterol

ratio, cholesterol ratio x sex, waist-height ratio, and waist-height ratio x sex.

“Model was adjusted as in model 0 and additionally for the partner status, equivalent income, and education years.
dModel was adjusted as in model 0 and additionally for the current smoking status, smoking pack years, current smoking status x smoking pack years, physical

activity, average alcohol consumption, and average alcohol consumption x sex.

¢Model was adjusted as in model O and additionally for the presence of insomnia, AHI, AHI x sex, presence of restless leg syndrome, and the intake of sleep

medication.
fModel was adjusted as in model 0 and additionally for total brain volume.

&Model was adjusted as in model O and additionally for the presence of lifetime depression.
"Model was adjusted as in model 0 and additionally for all of the additional covariates from above.

GM thicknesses as well as mean GM thickness in prefrontal cortical
regions, an area found to exhibit some of the earliest pathological A3
depositions.3® Of interest, the areais also related to executive function,
with, while not surviving FDR-correction, NREM 1 being associated
with the Stroop interference score and the verbal memory WLR imme-
diate score, both assessing the cognitive process.*® As in SWS, the
brain effects remained stable except when correcting for lifestyle fac-
tors or the AD score. The lack of significant results might, therefore,
indicate that the proportion of TST spent in NREM 1 and 2 on their
own might not be representative metrics of the AD-related patholog-
ical processes and that composite metrics objectively assessing sleep
quality or micro-architectural components might be more relevant.
This study has some limitations. (1) PSG examinations were per-
formed in only one quarter of the SHIP-Trend population, possibly
leading to a selection bias. A comparison of the study sample with
the remaining SHIP-Trend sample showed that the study sample
was slightly healthier and more educated, which was also previously

observed in the whole PSG data set.}” However, a closer examination

failed to reveal the presence of any critical selection bias.!” (2) PSG
measurements have been performed for only one night, resulting in
a potential first-night effect.*2*3 Studies analyzing this phenomenon
reported that subjects tended to have a shorter TST and less REM
sleep.243 But while marked differences in spectral NREM-related EEG
power were found between the first two nights, no differences in
NREM sleep durations were observed.*? (3) The current study included
only cross-sectional and not longitudinal data, thus restricting the
analyses to investigate only AD-related atrophy patterns and not the
atrophy itself, as well as limiting the causal interpretation of the results.
Although longitudinal PSG or MRI data were not yet available, further
analyses are planned.

In conclusion, using one of the largest samples of this type to
date, the reported results show evidence of a cross-sectional relation-
ship between AD-related neurodegenerative patterns in the brain and
the proportion of TST spent in SWS, adding to the growing body of
evidence hypothesizing a complex relationship between the two. Sup-

plementary (longitudinal) studies will have to be performed to further
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investigate the dynamics of this relationship and its potential as a tar-
get to delay the onset of AD, as well as the role of NREM 1, NREM 2,
and REM sleep in these processes.
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