Received: 30 September 2022 Revised: 22 February 2023 Accepted: 23 February 2023

DOI: 10.1002/alz.13102

Alzheimer’s &Dementia’

RESEARCH ARTICLE THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Differential effects of sleep on brain structure and metabolism
at the preclinical stages of AD

Laura Stankeviciute? | Carles Falcon®>3>* | Grégory Operto®3° | MarinaGarcia®® |
Mahnaz Shekari®%® | Alexlranzo®’ | AidaNiferola-Baizan*® | Andrés Perissinotti*® |
Carolina Minguillén?>*> | Karine Fauria>> | Jose Luis Molinuevo? |

Henrik Zetterberg?1%11.1213 | KajBlennow!®'®* | MarcSuarez-Calvet®3>14 |

Raffaele Cacciaglia>®>® | Juan Domingo Gispert>>* | Oriol Grau-Rivera®3>1 |

and for the ALFA study

LUniversitat Pompeu Fabra, Barcelona, Spain

2Barcelonaﬁ’eta Brain Research Center (BBRC), Pasqual Maragall Foundation, Barcelona, Spain

3IMIM (Hospital del Mar Medical Research Institute), Barcelona, Spain

4Centro de Investigacién Biomédica en Red de Bioingenieria, Biomateriales y Nanomedicina, Instituto de Salud Carlos 11, Madrid, Spain
5Centro de Investigacién Biomédica en Red de Fragilidad y Envejecimiento Saludable (CIBERFES), Madrid, Spain

6Neurology Service, Hospital Clinic de Barcelona and Institut D’Investigacions Biomediques, University of Barcelona, Barcelona, Spain
7Centro de Investigacion Biomédica en Red sobre Enfermedades Neurodegenerativas (CIBERNED), Madrid, Spain

8Nuclear Medicine Department, Hospital Clinic Barcelona, Barcelona, Spain

?UK Dementia Research Institute at UCL, London, UK

10Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital, Gothenburg, Sweden

11Department of Neurodegenerative Disease, UCL Institute of Neurology, London, UK

12Hong Kong Center for Neurodegenerative Diseases, Clear Water Bay, Hong Kong, China

13Department of Psychiatry and Neurochemistry, Institute of Neuroscience and Physiology, the Sahlgrenska Academy at the University of Gothenburg, Gothenburg,
Sweden

14Servei de Neurologia, Hospital del Mar, Barcelona, Spain

Correspondence
Oriol Grau-Rivera, Barcelonafeta Brain Abstract
Research Center and Pasqual Maragall

Foundation, Wellington 30, 08005 Barcelona,

Spain. Alzheimer’s disease (AD). We analyzed the associations between self-reported sleep
Email: ograu@barcelonabeta.org

INTRODUCTION: Poor sleep quality is associated with cognitive outcomes in

quality and brain structure and function in cognitively unimpaired (CU) individuals.

Present address of Jose Luis Molinuevo, H. METHODS: CU adults (N = 339) underwent structural magnetic resonance imag-

Lundbeck A/S, Copenhagen 2500, Denmark. ing, lumbar puncture, and the Pittsburgh Sleep Quality Index (PSQI) questionnaire. A

Funding information subset (N = 295) performed [18F] fluorodeoxyglucose positron emission tomography

Swedish Research Council, Grant/Award scans. Voxel-wise associations with gray matter volumes (GMv) and cerebral glucose
Number: #2018-02532; European Research . . . . . . . .
Council, Grant/Award Numbers: #681712, metabolism (CMRGlIu) were performed including interactions with cerebrospinal fluid

(CSF) AD biomarkers status.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Alzheimer’s & Dementia published by Wiley Periodicals LLC on behalf of Alzheimer’s Association.

Alzheimer’s Dement. 2023;1-16. wileyonlinelibrary.com/journal/alz 1


mailto:ograu@barcelonabeta.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/alz

2 | Alzheimer’s &Dementia’

STANKEVICIUTE €T AL.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

#101053962; Swedish State Support for
Clinical Research, Grant/Award Number:
#ALFGBG-71320; Alzheimer Drug Discovery
Foundation (ADDF), Grant/Award Number:
#201809-2016862; AD Strategic Fund and the
Alzheimer’s Association, Grant/Award
Numbers: #ADSF-21-831376-C,
#ADSF-21-831381-C, #ADSF-21-831377-C,
#FO2022-0270; Marie Sktodowska-Curie,
Grant/Award Number: 860197; European
Union Joint Programme - Neurodegenerative
Disease Research, Grant/Award Number:
JPND2021-00694; UK Dementia Research
Institute at UCL, Grant/Award Number:
UKDRI-1003; Alzheimer’s Association,
Grant/Award Number: 2019-AARF-644568;
Instituto de Salud Carlos I, Grant/Award
Number: PI119/00117; la Caixa, Grant/Award
Number: LCF/PR/GN17/50300004; TriBEKa
Imaging Platform, Grant/Award Number:
TriBEKa-17-519007; Spanish Ministry of
Science, Innovation and Universities,
Grant/Award Number: [JC2020-043417-|

KEYWORDS

Highlights

(AD) pathology.

1 | BACKGROUND

Sleep disturbances are prevalent in Alzheimer’s disease (AD) with sleep
quality already being impaired in its earliest stages.! A bidirectional
relationship between sleep and AD has been postulated, with epi-
demiological evidence that poor sleep quality is associated with an
increased risk of AD.22 Furthermore, both shorter and longer sleep
times,*> sleep fragmentation,® and excessive daytime sleepiness’ have
been linked to altered cerebral spinal fluid (CSF) AD biomarkers in
cognitively unimpaired (CU) individuals.®

Accordingly, studies using neuroimaging metrics support the associ-
ation of different sleep disturbance phenotypes with an increased risk
of AD.

Structural imaging data showcase subjective poor sleep quality to
be associated with lower gray matter volume (GMv) in frontal, medial-
temporal, and parietal regions? cross-sectionally, as well as greater
fronto-temporal-parietal atrophy longitudinally’® in CU older adults.
Additionally, accelerated cortical thinning in the middle temporal gyrus
has been associated with self-reported poor sleep quality and sleep
disturbances.!® Notably, many of the aforementioned regions are
known to undergo atrophy in AD, which could be explained by the
potential role of sleep deprivation in promoting AD pathology.? Alter-
natively, sleep alterations may impact cerebral structure through other
mechanisms, such as neuroinflammation.?

Sleep fragmentation has also been associated with lower GMv in
the insula,!3 the thalamus,'* and the orbitofrontal cortex (OFC).15:16
The latter brain region is crucial for the genesis of slow waves and
sleep spindles that stand at the core of sleep-dependent memory

consolidation.t”

RESULTS: Poorer sleep quality was associated with lower GMv and CMRGlu in the
orbitofrontal and cingulate cortices independently of AD pathology. Self-reported
sleep quality interacted with altered core AD CSF biomarkers in brain areas known to
be affected in preclinical AD stages.

DISCUSSION: Poor sleep quality may impact brain structure and function inde-
pendently from AD pathology. Alternatively, AD-related neurodegeneration in areas

involved in sleep-wake regulation may induce or worsen sleep disturbances.

cerebrospinal fluid biomarkers, fluorodeoxyglucose positron emission tomography, preclinical
Alzheimer’s disease, sleep, structural magnetic resonance imaging

* Poor sleep impacts brain structure and function independent of Alzheimer’s disease

* Poor sleep exacerbates brain changes observed in preclinical AD.
* Sleepis an appealing therapeutic strategy for preventing AD.

Research in insomnia patients has found lower GMv in the OFC and
the precuneus/posterior cingulate cortex (PCC) region,®1? the latter
being particularly vulnerable to cognitive deterioration and AD.2° Con-
versely, higher glucose uptake has been discovered in wake-promoting
regions (i.e., the ascending reticular activating system, hypothalamus,
and thalamus) in insomnia, potentially linking this disorder to an
inefficient regulation in these systems.2!

Obstructive sleep apnea (OSA), a condition associated with aging
and increased AD risk,22 has also shown inconsistent patterns across
neuroimaging studies. A meta-analysis reported lower GMyv in vari-
ous regions (including the OFC, anterior cingulate [ACC]/paracingulate
gyrus, hippocampus, and cerebellar regions),2®> whereas other stud-
ies demonstrated higher volumes or cortical thickness in frontal,
parietal, and cingular regions, including AD vulnerable regions, like
the precuneus and PCC.24"2¢ Regarding functional studies, Fernan-
des et al.2” demonstrated lower brain glucose metabolism in patients
with OSA involving the precuneus/PCC area, which aligns with previ-
ously reported patterns of decreased hypometabolism in OSA patients
across frontoparietal and parieto-occipital regions.?82? Conversely,
André et al.2> reported heightened brain metabolism and perfusion
encompassing the above-mentioned regions, including the bilateral
precuneus, PCC, and lingual areas. Importantly, the authors reported
increased amyloid deposition and higher GMv in the same regions, sug-
gesting a potential underlying pathway linking OSA and AD via the
neuroinflammatory process. Other potential mechanisms potentially
driving OSA-induced brain structural and functional changes include
intermittent hypoxia, oxidative stress, and sleep fragmentation.2>:30.31
Last, the apparent heterogeneity among studies’ results may stem

from (1) the variability between sleep measurement techniques
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(i.e., objective vs. subjective) used in different studies, as well as (2)
the differences deriving from variability in age groups investigated by
different research groups.

Although the current knowledge of the relationship between sleep
and AD provides promising and compelling insights, underlying mech-
anisms remain elusive. Moreover, there is huge heterogeneity in the
topography and directionality of brain regional changes in association
with various sleep disturbances. Finally, there is a lack of evidence
on the relationship among sleep quality, structural brain integrity, and
brain glucose metabolism in the preclinical stages of AD.

Such studies could improve our understanding of the underlying
causes of the observed associations between sleep quality and brain
changes in preclinical AD. Unraveling this bidirectional relationship
may pave the way for developing sleep-focused preventive strategies
and treatments targeting the early stages of the disease, as well as
improving its early diagnosis.

Thus, this study aimed to shed light on this by investigating the rela-
tionship between self-reported sleep quality and cerebral structure
and glucose metabolism in CU individuals. Our main hypothesis was
that poor self-reported sleep quality would be associated with more
deleterious neuroimaging phenotypes, mainly denoted by lower GMv
and lower cerebral glucose consumption. However, we explored associ-
ations in both directions (poor self-reported sleep quality being associ-
ated with either higher or lower GMv and cerebral glucose metabolism
[CMRGlu]), because patterns of higher GMy, cortical thickness, and
brain metabolism have been previously reported in association with
different sleep disorders.2%2425 Owing to the previously described
overlap in neuroimaging findings in the sleep and AD research fields,
we expected that the presence of AD pathology would modify the asso-
ciation between self-reported sleep quality and brain structure and
function in regions that are known to be affected by AD.

To test these hypotheses, we undertook a multimodal approach
using a combination of GMv and glucose metabolism that provides
different but complementary information about cerebral integrity
together with CSF biomarkers to unravel the potential role of AD
pathology markers in these associations.

2 | METHODS
2.1 | Study participants

Participants’ data used for this study were acquired from the ALFA+
cohort, a study nested in the ALFA (Alzheimer’s and Families project)
parent cohort.32 The ALFA+ participants underwent a comprehen-
sive evaluation including clinical, lifestyle, and cognitive assessments;
lumbar puncture; neuroimaging acquisition (including magnetic reso-
nance imaging [MRI], amyloid beta [A8], and [18F] fluorodeoxyglucose
positron emission tomography [FDG PET]); as well as genetic char-
acterization and medications that may affect central nervous system
(CNS) functioning (defined as at least one prescription of psycholeptics,
psychoanaleptics, and/or antiepileptics, as classified by the Anatomi-

cal Therapeutic Chemical convention). Key exclusion criteria included
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RESEARCH IN CONTEXT

1. Systematic Review: The authors reviewed the literature
using traditional sources (e.g., PubMed) as well as insights
based on the presentations and posters from the annual
Alzheimer’s Association International Conference. Cur-
rent findings demonstrate associations with poor sleep
quality and altered cerebrospinal fluid Alzheimer’s dis-
ease (AD) biomarkers, as well as sleep quality abnormal-
ities to be linked with neuroimaging correlates of the
disease.

2. Interpretation: Poor sleep is associated with brain struc-
tural and functional alterations in regions commonly
affected by AD, independently from AD pathology. Fur-
thermore, it suggests that paradoxical patterns present
in AD preclinical stages (i.e., increases in gray matter
and cerebral glucose metabolism) may be exacerbated by
poor sleep quality.

3. Future Directions: This study sheds light on the potential
of sleep-based therapeutic and preventative strategies in
the preclinical stages of AD and encourages further inves-
tigation of the sleep role in AD with objective measures
and longitudinal follow-up of individuals.

severe medical co-morbidity or major neurological disorders and con-
traindications for magnetic resonance (for full criteria see Table S1 in
supporting information). All ALFA+ participants were CU at baseline
(Mini-Mental State Examination score >26 points, Clinical Dementia
Rating = 0). In this study, we included 339 individuals with available
subjective sleep data, T1w images, and CSF biomarker data. Of these,
295 also had available [18F] FDG PET scans.

2.2 | Sleep assessment

Sleep quality was measured using the total score of the Pittsburgh
Sleep Quality Index (PSQI), a 19-item self-rated questionnaire assess-
ing sleep quality over the preceding month. The total PSQI score ranges
from O to 21, with higher values indicating poorer sleep quality and a
total score above 5 indicating poor quality of sleep.3?

2.3 | Image data acquisition and preprocessing

MRI scans, performed in a 3T Philips Ingenia CX scanner, included
a high-resolution 3D T1-weighted sequence (time to echo /repeti-
tion time/inversion time = 4.6/9.9/900 ms, flip angle = 8°; voxel
size = 0.75 x 0.75 x 0.75 mm3). PET scans were acquired using a
Siemens Biograph mCT scanner, after a cranial computed tomography

scan for attenuation correction. [18F] FDG PET scans were acquired
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for 20 minutes, 45 minutes after the administration of 185 MBq of
[18F] FDG and images were reconstructed using an OSEM3D algorithm
(8 iterations, 21 subsets) with point spread function + time-of-flight
corrections.

Spatially normalized GMv maps were obtained using the standard
procedure for voxel-based morphometry in the Statistical Parametric
Mapping software (SPM12) DARTEL toolbox.3* [18F] FDG PET scans
were registered to the corresponding T1-weighted images and normal-
ized to the Montreal Neurological Institute (MNI) space using DARTEL
transformations of T1-weighted images.? [18F] FDG uptake was nor-
malized to the cerebellar vermis. All images were smoothed with a

Gaussian kernel of 8 mm full-width half maximum (FWHM).

24 | CSF sampling

CSF levels of AB42% and AB40 were measured with the prototype
NeuroToolKit (Roche Diagnostics International Ltd.) on a cobas e 411
instrument. Phosphorylated tau at threonine 181 (p-tau)3¢ were mea-
sured using Elecsys electrochemiluminescence immunoassays on a
fully automated cobas e 601 instrument (Roche Diagnostics Interna-
tional Ltd.). All measurements were performed at the Clinical Neu-
rochemistry Laboratory, Sahlgrenska University Hospital, Mé&indal,
Sweden.

Individuals were classified into amyloid/tau (AT) groups®” using cut-
offs of CSF AB42/40 ratio (A+: <0.071) and p-tau (T+: >24 pg/mL),
which have been previously validated for research purposes.®® We
excluded A—T+ participants (n = 13) from further analyses due to
the low sample size and because this profile is suggestive of non-AD
pathophysiology.3”

The time interval between the PSQI and MRI acquisition was on
average 18.05 days (standard deviation [SD] 60.8), between PSQI and
CSF sample collection 92.34 days (SD 125.57), and between MRI and

CSF measurements 94.29 days (SD 125.39).

2.5 | Mood assessment

Participants’ depression and anxiety levels were assessed using the
Hospital Anxiety and Depression Scale (HADS), which comprises two
subscales with a maximum score of 21.37 We used the total score,
which is the sum of both subscales, as a measure of participants’

psychological status.

2.6 | Statistical analyses

Extreme values of each CSF biomarker defined using Tukey’s crite-
ria set at three times the interquartile range were removed. CSF
p-tau levels did not follow a normal distribution and were thus
log10-transformed. Pearson’s r values were calculated for associ-
ations between the total PSQI score and CSF biomarkers of AD
pathology.

To study the relationship between self-reported sleep quality and
neuroimaging modalities in a voxel-wise manner, we created separate
general linear models (GLM) with GMv and FDG metabolism as depen-
dent variables using SPM12. PSQI total score was the independent
variable, while age, sex, APOE &4 allele status (i.e., carriers: APOE ¢4/¢4,
APOE £3/¢4 or APOE €2/¢4 / non-carriers: APOE £3/e3, APOE €2/¢3 or
APOE ¢2/¢2), education level, and anxiety and depression (HADS) were
confounders in both sets of analyses. Despite PSQI already account-
ing for sleep medication we additionally adjusted our analyses by
use of other CNS medications as they may affect brain structure and
metabolism. All GMv analyses were corrected for total intracranial
volume (TIV).

To determine the extent to which the effect of self-reported
sleep quality on neuroimaging modalities was dependent on core AD
biomarkers, we set up separate models additionally adjusted for CSF
AB42/40 and p-tau. Finally, we tested the interactions between PSQI
and AT grouping (i.e., A—T—, A+T—, and A+T+). Each of the three
dummy regressors coding the AT stages was multiplied by the PSQI
score, resulting in three separate interaction terms. For completeness,
we also analyzed differences in GMv and FDG metabolism among AT
groups, without including the interaction with the PSQI score, and
reported them as supplementary material (Figure S1). Contrasts were
designed to test all pairwise comparisons in both directions. The statis-
tical threshold was set to a P-value of <0.005 uncorrected for multiple
comparisons as this was found to optimally balance sensitivity and

specificity,*© with a cluster-extent threshold (k) of 50 voxels.

2.7 | Post hoc analyses

To examine which of the PSQI items is most related to the effect
observed on the brain structure and glucose metabolism, we conducted
separate linear regression models investigating the effect of each of
the seven PSQI items as an independent predictor (i.e., sleep quality,
sleep latency, sleep efficiency, sleep disturbances, sleep medication,
and daytime dysfunction) on GMv and glucose metabolism in a com-
posite region (extracted based on the main effect of PSQI total score),
for each of the neuroimaging modalities separately.

Also, to ensure that our results are not affected by the multi-
collinearity between the PSQI total score (which encompasses sleep
medication use) and CNS medications we performed sensitivity anal-
yses testing the main effect of PSQI total score on the brain structure
and glucose metabolism without including the CNS medication in the

models.

3 | RESULTS
3.1 | Sample characteristics

The mean age was 61.2 (SD = 4.66) for the entire sample (N = 339),
with 59.6% females, 51.9% APOE ¢4 carriers, and 44.8% characterized
as poor sleepers (PSQI total score > 5; Table 1). There were no signifi-

cant differences in the PSQI total score or percentage of poor sleepers
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TABLE 1 Sample characteristics.
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All A-T— A+T— A+T+

(N=339) (N=223) (N=90) (N=26) P-value
Age, mean (SD) 61.2(4.66) 60.5 (4.46) 62.2(4.93) 63.4(4.15) <0.001
Sex: female, n (%) 202 (59.6%) 137 (61.4%) 48 (53.3%) 17 (65.4%) 0.343
Education, mean (SD) 13.4(3.45) 13.5(3.42) 13.7(3.43) 11.6(3.40) 0.022
Medication: use of medication, n (%) 49 (14.5%) 28(12.6%) 12 (13.3%) 9 (34.6%) 0.018
APOE ¢4 carriers, n (%) 176 (51.9%) 88(39.5%) 73(81.1%) 15(57.7%) <0.001
CSF AB42/40, mean (SD) 0.07 (0.02) 0.09 (0.01) 0.05(0.01) 0.05(0.01) <0.001
CSF p-tau, pg/mL, mean (SD) 1.16(0.16) 1.12(0.13) 1.17(0.12) 1.46(0.06) <0.001
Sleep characteristics
PSQl total score, mean (SD) 4.88(3.17) 4.71(3.12) 5.29(3.27) 4.96(3.24) 0.346
Poor sleepers, n (%) 152 (44.8%) 96 (43.0%) 45 (50.0%) 11 (42.3%) 0.515
HADS total score, mean (SD) 6.96 (5.06) 6.94(5.21) 6.68(5.07) 8.04(3.58) 0.483
MMSE, mean (SD) 29.1(0.95) 29.1(0.91) 29.2(0.96) 28.8(1.17) 0.145

Notes: AB-positive (A+) was defined by a CSF AB42/40 < 0.071, whereas tau-positive (T+) was defined by p-tau > 24 pg/mL. Poor sleep quality was defined
based on PSQI total >5. P-values from a two-sample t-test (continuous variables) or two-sample test of proportions (categorical variables).

Abbreviations: A3, amyloid beta; AT, amyloid tau staging model; CSF, cerebrospinal fluid; HADS, Hospital Anxiety and Depression Scale; MMSE, Mini-Mental
State Examination; PSQI, Pittsburgh Sleep Quality Index; p-tau, phosphorylated tau at threonine 181; SD, standard deviation.

TABLE 2 Associations between subjective sleep quality and GM volumes.

k P(FWE-corr) T P(FWE-corr) P(unc) MNI coordinates
Anatomical location Side Cluster level Peak level X y z
Orbitofrontal cortex/frontal R 254 0.99 3.2 0.972 0.001 51 40 -15
pole
Occipital pole L 97 1.00 3.08 0.992 0.001 -15 -99 -20
Posterior cingulate cortex L 62 1.00 2.99 0.997 0.001 -3 -51 9
Frontal pole R 99 1.00 2.96 0.998 0.002 46 54 -4

Notes: Results of voxel-based morphometry associations between self-reported sleep quality and GMv. These results correspond to negative associations
between PSQI and GMv (i.e., poor sleep being associated with lower GMv). The opposite contrast did not yield any significant results. The base model is
corrected for age, sex, APOE ¢4 status, education years, use of medication, HADS score, and TIV.

Abbreviations: FWE, family-wise error; GM, gray matter; GMy, gray matter volume; HADS, Hospital Anxiety and Depression Scale; k, the cluster mass; MNI,
Montreal Neurological Institute; PSQI, Pittsburgh Sleep Quality Index; P-value; T, t value; TIV, total intracranial volume.

between the AT groups. No significant differences between the entire
sample and the subsample with FDG (N = 295) were present, except
that education was significantly different between the AT groups in the
entire study sample (Table S2 in supporting information). CSF AB42/40
was significantly negatively associated with PSQI total score in the
whole sample (r = —0.123, P = 0.024) and the FDG subset (r = —0.120,
P =0.040), while p-tau was not (r = —0.028,P =0.612; FDG [r = —0.046,
P =0.426)).

3.2 | Association between subjective sleep quality
and brain structure

Poor self-reported sleep quality (i.e., higher PSQI total score) was
significantly associated with lower GMv in the right pars orbitalis
of the OFC, left occipital pole extending to the occipital fusiform

gyrus, and left PCC extending to the contralateral side (Table 2,
Figure 1).

These associations remained significant after including either con-
tinuous or categorical measures of CSF AB42/40 and log,(CSF p-tau;
hereafter CSF p-tau) into the model (Table S3 in supporting informa-

tion).

3.3 | Association between subjective sleep quality
and brain metabolism

Poorer self-reported sleep quality was significantly associated with
lower brain glucose metabolism in the right temporal pole, extending
to the entorhinal cortex and head of the hippocampus, as well as in the
right paracingulate gyrus, right cerebellum exterior, and right frontal

orbital cortex (Table 3, Figure 2).
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FIGURE 1 Associations between subjective sleep quality and gray matter (GM) volume (GMv). Results of voxel-based morphometry
associations between self-reported sleep quality and GMv. These results correspond to negative associations between Pittsburgh Sleep Quality
Index (PSQI) and GMV (i.e., poor sleep being associated with lower GMv). The opposite contrast did not yield any significant results. Statistical
brain maps show regions of GMv in the right orbitofrontal gyrus, left occipital pole, and posterior cingulate cortex, in association with higher PSQI
scores, at P < 0.005 uncorrected for multiple comparisons, with a cluster-size threshold of 50 voxels. The X-axis represents PSQI Total score, on
which higher values indicate poorer sleep quality. Y-axis represents the residuals of significant regions of interest based on statistical parametric
mapping analysis, after regressing the effect of age, sex, APOE ¢4 status, medication, and Hospital Anxiety and Depression Scale score. These
results are superimposed with smoothed 8 mm kernel, on the Montreal Neurological Institute template. Scales in the color bar represent t statistic
values. The left-hand side of the images represents the left hemisphere, right side - the right hemisphere.
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TABLE 3 Associations between subjective sleep quality and brain glucose metabolism.

K P(FWE-corr) T P(FWE-corr) P(unc) MNI coordinates
Anatomical location Side Cluster level Peak level X y z
Temporal pole R 598 0.423 3.53 0.673 0.001 26 16 -40
Paracingulate gyrus R 105 0.986 3.09 0.974 0.001 8 28 38
Cerebellum exterior R 571 0.452 3.09 0.975 0.001 50 —54 —46
Orbitofrontal cortex R 55 0.997 3.06 0.979 0.001 40 32 -16

Notes: Results of voxel-based morphometry associations between self-reported sleep quality and brain glucose metabolism. These results correspond to
negative associations between PSQI and brain glucose metabolism (i.e., poor sleep being associated with lower brain glucose consumption). The opposite
contrast did not yield any significant results. The base model is corrected for age, sex, APOE ¢4 status, education years, use of medication, and HADS score.
Abbreviations: FWE, family-wise error; GM, gray matter; GMyv, gray matter volume; HADS, Hospital Anxiety and Depression Scale; k, the cluster mass; MNI,
Montreal Neurological Institute; PSQI, Pittsburgh Sleep Quality Index; P-value; T, t value.

Significant hypometabolism was observed in the above-mentioned
regions after additional adjustment by either continuous or categori-
cal measures of CSF AB42/40 and CSF p-tau, except the right frontal
orbital cortex (Table 4).

3.4 | Interactions between subjective sleep quality
and AT stages on brain structure

Associations between PSQI and GMv differed between A+T+ and
A—T—, with higher PSQI scores being associated with higher GMv in
the A+T+ groupin the following areas: middle temporal gyrus, bilateral
caudate, left superior parietal lobule extending to the supramarginal
gyrus, postcentral gyrus bilaterally, right occipital pole, right calcarine
cortex, left lateral occipital cortex, right inferior temporal gyrus, right
precuneus cortex, left putamen, and left temporal fusiform cortex
(Table 4, Figure 3).

Another significant interaction was detected comparing the A+T—
group to the A—T—, with the first group exhibiting greater volumes
associated with higher PSQI scores in the left superior parietal gyrus,
extending to the postcentral gyrus, bilateral supramarginal gyri, bilat-
eral middle temporal gyri, bilateral occipital cortices, bilateral inferior
temporal gyri, right frontal pole, and left planum temporale extending
to the superior temporal gyrus (Table 4, Figure 3).

Finally, the association between PSQI scores and GMv differed
between A+T— and A+T+ groups, with higher PSQI scores being asso-
ciated with lower GMv in the latter group in the middle frontal gyrus,

superior temporal gyrus bilaterally, as well as the left middle temporal

gyrus.

3.5 | Interactions between subjective sleep quality
and AT stages on brain metabolism

Higher PSQI scores were associated with higher metabolism in A+T+
individuals compared to A—T— in the right calcarine cortex extend-
ing to the precuneus cortex, right transverse temporal gyrus (Heschl’s
gyrus), bilateral thalami, left precentral gyrus, right postcentral gyrus,
and right cerebellum exterior (Table 5, Figure 4).

Additionally, associations between PSQIl and FDG uptake signifi-
cantly differed between A+T+ and A+T— groups, with A+ T+ individu-
als displaying an association between higher PSQIl scores and increased
glucose uptake in the bilateral calcarine cortex, bilateral thalami, left
precuneus cortex extending to the cingulate gyrus, and the left occipital
pole (Table 5, Figure 4).

3.6 | Brain structural and metabolism differences
across AT groups

For completeness, and to help in the interpretation of the interac-
tions between AT stages and self-reported sleep quality, we analyzed
GMv and FDG metabolism differences between AT groups, without
including subjective sleep data in the models (Figure S1 in support-
ing information). In brief, we observed larger GMv in the A+T— and
A+T+ individuals compared to the reference group (A—T—) in bilat-
eral temporal and parietal regions. Conversely, we found lower GMv in
bilateral frontal and right temporal regions in A+T+ compared to A+T
groups. We also found higher FDG metabolism in A+T+, compared to
A+T— and A—T— groups, in widespread bilateral cortical and subcorti-
cal regions, involving frontal, temporal, parietal and occipital lobes, and
the thalami.

3.7 | Post hoc analyses

We ran separate linear regression models investigating the effect of
individual PSQl items as an independent predictor on GMv and glucose
metabolism in a composite region (comprised of all significant brain
areas from the main effect analyses).

Lower GMyv in the composite region was significantly associated
with poorer outcomes in the following PSQI items: sleep quality (fairly
bad vs. good B = —0.023, P = 0.002); sleep latency between 31 and
60 versus <15 less (= —0.021, P = 0.007) and sleep latency >60 min-
utes versus <15 minutes (8= —0.024, P = 0.029); and sleep duration of
<5 hours versus >7 hours (= —0.024, P = 0.009), and sleep efficiency
of 75% to 84% versus >85% (= —0.014, P = 0.024).
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FIGURE 2 Associations between subjective sleep quality and brain glucose metabolism. Results of voxel-based morphometry associations
between self-reported sleep quality and brain glucose metabolism. These results correspond to negative associations between Pittsburgh Sleep
Quality Index (PSQI) and brain glucose metabolism (i.e., poor sleep being associated with lower brain glucose consumption). Statistical brain maps
show lower glucose consumption in brain regions of the right middle temporal pole and right middle cingulate gyrus, in association with higher
PSQI scores, at P < 0.005 uncorrected for multiple comparisons, with a cluster-size threshold of 50 voxels. The X-axis represents PSQI Total score,
with higher values indicating poorer sleep quality. Y-axis represents the residuals of significant regions of interest based on statistical parametric
mapping analysis, after regressing the effect of age, sex, APOE ¢4 status, use of medication, and Hospital Anxiety and Depression Scale score. These
results are superimposed with smoothed 8 mm kernel, on the Montreal Neurological Institute template. Scales in the color bar represent t-statistic
values. The left-hand side of the images represents the left hemisphere, right side - the right hemisphere. FDG, fluorodeoxyglucose.
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TABLE 4 Interactions between subjective sleep quality and AT stages on gray matter volumes.

P(FWE- P(FWE-
k corr) T corr) P(unc) MNI coordinates
Contrast  Anatomical location Side Cluster level Peak level X y z
A-T-< Middle temporal gyrus R 1233 0.426 3.99 .28 <0.001 64.00 —-56.00 —-4.00
A+TH+  Ccaudate L 74 1.000 3.91 .35 <0.001 —18.00 —12.00 28.00
Angular gyrus L 265 0.987 3.62 .66 <0.001 —44.00 -52.00 57.00
Middle temporal gyrus L 296 0.981 3.37 .89 <0.001 —62.00 —62.00 0.00
Precuneus cortex R 94 1.000 3.37 .89 <0.001 6.00 —78.00 42.00
Postcentral gyrus R 444 0.933 3.36 .89 <0.001 64.00 —-14.00 28.00
Occipital pole R 127 0.999 3.19 .97 0.001 12.00 —104.00 3.00
Calcarine cortex R 51 1.000 3.18 .97 0.001 15.00 —78.00 15.00
Postcentral gyrus R 105 0.999 3.17 .98 0.001 38.00 —24.00 39.00
Inferior temporal gyrus R 380 0.958 3.08 .99 0.001 46.00 -14.00 -33.00
Lateral occipital cortex L 51 1.000 3.06 .99 0.001 —34.00 —-81.00 21.00
Precuneus cortex R 54 1.000 3.05 .99 0.001 14.00 -51.00 45.00
Putamen L 133 0.999 3.02 1.00 0.001 —28.00 —12.00 8.00
Postcentral gyrus L 72 1.000 2.97 1.00 0.002 —66.00 —18.00 18.00
Angular gyrus R 91 1.000 2.81 1.00 0.003 45.00 —-51.00 48.00
Temporal fusiform cortex L 106 0.999 2.72 1.00 0.003 —42.00 —-28.00 -21.00
P(FWE- P(FWE-
k corr) T corr) P(unc) MNI coordinates
Contrast Anatomical location Side Cluster level Peak level X y z
A-T—<  Superior parietal L 433 0.937 4.04 0.24 <0.001 —15.00 —-52.00 74.00
A+T— lobule/post central gyrus
Supramarginal gyrus L 3227 0.031 3.95 0.31 <0.001 —-52.00 —26.00 30.00
Lateral occipital cortex R 1295 0.392 3.82 0.44 <0.001 39.00 —70.00 10.00
Supramarginal gyrus R 278 0.984 3.80 0.46 <0.001 68.00 —-33.00 28.00
Cuneal cortex R 631 0.828 3.59 0.69 <0.001 3.00 —84.00 36.00
Middle temporal gyrus R 148 0.998 3.58 0.70 <0.001 57.00 —10.00 -21.00
Inferior temporal gyrus L 106 0.864 3.44 0.84 0.00 —-54.00 —-14.00 —42.00
Planum temporale/superior L 172 0.997 3.41 0.86 <0.001 —63.00 —-8.00 4.00
temporal gyrus
Inferior temporal gyrus L 469 0.921 3.37 0.89 <0.001 —48.00 -39.00 —15.00
Temporal occipital fusiform R 80 1.000 3.31 0.92 <0.001 30.00 —48.00 —14.00
cortex
Supramarginal gyrus R 56 1.000 3.17 0.98 <0.001 48.00 —-34.00 48.00
Lateral occipital cortex L 154 0.998 3.11 0.99 <0.001 —15.00 —80.00 51.00
Frontal pole R 129 0.999 3.06 0.99 <0.001 27.00 62.00 21.00
Superior parietal lobule/ R 57 1.000 3.04 1.00 <0.001 28.00 —-56.00 58.00
post central gyrus
Middle frontal gyrus L 133 0.999 3.03 1.00 <0.001 —39.00 18.00 34.00
Frontal pole R 195 0.995 3.00 1.00 <0.001 22.00 50.00 8.00
Lingual gyrus R 119 0.999 3.00 1.00 <0.001 14.00 —76.00 —10.00
Middle frontal gyrus L 58 1.000 2.95 1.00 <0.001 —38.00 32.00 28.00
Inferior temporal gyrus L 74 1.000 2.82 1.00 <0.001 —58.00 —28.00 —22.00

(Continues)
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TABLE 4 (Continued)

P(FWE- P(FWE-

k corr) T corr) P(unc) MNI coordinates

Contrast Anatomical location Side Cluster level Peak level X y z
A+T—> Middle frontal gyrus L 709 0.77 4.06 0.23 <0.001 —44.00 15.00 38.00
A+T+ Superior temporal gyrus L 116 1.00 3.24 0.96 0.001 —66.00 -9.00 0.00
Middle frontal gyrus R 96 1.00 3.14 0.98 0.001 34.00 33.00 48.00
Post central gyrus L 152 1.00 3.09 0.99 0.001 —18.00 —45.00 72.00
Middle frontal gyrus R 67 1.00 3.07 0.99 0.001 34.00 8.00 39.00
Post central gyrus L 190 1.00 3.03 1.00 0.001 56.00 —44.00 21.00
Superior temporal gyrus R 95 1.00 2.85 1.00 0.002 69.00 —-33.00 15.00

Notes: Results of voxel-based morphometry interactions between self-reported sleep quality and AT stages on GMv. Results from three different contrasts
areshown (1: A—T + < A+T+,2: A—T— < A+T—, 3: A+T— > A+T+). Each contrast is corrected for age, sex, APOE ¢4 status, education years, use of medication,
HADS score, and TIV. AB-positive (A+) was defined by a CSF AB42/40 < 0.071, whereas tau-positive (T+) was defined by p-tau > 24 pg/mL.

Abbreviations: A3, amyloid beta; AT, amyloid/tau; CSF, cerebrospinal fluid; FWE, family-wise error; GM, gray matter; GMy, gray matter volume; HADS, Hospi-
tal Anxiety and Depression Scale; k, the cluster mass; MNI, Montreal Neurological Institute; PSQI, Pittsburgh Sleep Quality Index; p-tau, phosphorylated tau

at threonine 181; P, P-value; T, t value; TIV, total intracranial volume.

Lower FDG metabolism in the composite region was significantly
associated with poorer outcomes in the following PSQI items: sleep
latency between 16 and 30 minutes versus <15 minutes (= —0.038,
P = 0.019) and >60 minutes versus <15 minutes (8 = —0.095,
P = 0.011); sleep duration of <5 hours versus >7 hours (8 = —0.091,
P = 0.002); sleep efficiency of <65% versus >85% (B = —0.0112,
P =0.006); a higher number of sleep disturbances of 10 to 18 versus 0
(p=-0.091, P =0.002); and higher frequency of daytime dysfunction
versus no dysfunction (8= —0.042, P = 0.020).

Finally, the main effect of the PSQI total score on the brain structure
and glucose did not differ after removing the CNS medication from the

models.

4 | DISCUSSION

In this study, we examined the relationships between subjective sleep
quality and brain structure and metabolism while adjusting for the
presence of AD pathology in CU older individuals. Poorer self-reported
sleep quality was associated with lower GMv in the orbitofrontal
and PCC, and lower brain glucose metabolism in the orbitofrontal
and middle cingulate cortices and the temporal pole, after adjusting
for AD pathology. Importantly, these associations differed depending
on the AD biomarker profile, with poor self-reported sleep quality
being mainly associated with higher GMv and brain metabolism in
participants within the AD continuum (A+T+ or A+T-).

Our findings in the orbitofrontal regions align with previ-

18,2341 sleep

ous results in individuals with insomnia symptoms,
fragmentation,*~1¢ and poor subjective sleep quality.*? The OFC is
known for its role in higher executive functions, which are affected by
sleep deprivation.*® Moreover, due to OFC's role in thermal stimuli
sensation, its atrophy may lead to altered thermosensation, potentially
affecting sleep quality due to suboptimal temperature sensing for

comfortable sleep.’® While reductions in orbitofrontal area volumes

are commonly observed in patients with depression and anxiety*+4>

and are associated with advanced age,46 we found that lower OFC
volume was associated with poorer self-reported sleep quality, even
after controlling for these variables, which reinforces the significance
of OFC integrity in sleep quality. Lower GMv was also observed in the
PCC, in accordance with previous evidence showing lower volume in
this region in individuals with insomnia.’?

We also found an association between poorer self-reported sleep
quality and lower CMRGIu in the right temporal pole (including the
entorhinal cortex and the head of the hippocampus, key areas affected
early in the AD continuum)*’ and the paracingulate gyrus, consis-
tent with previous studies showing lower metabolic activity in similar
areas. 143148

The topography of our results in brain structure and metabolism
is clinically relevant, because the PCC, temporal pole, and cingulate
cortex are involved in higher-order cognition and highly vulnerable to
AD pathology.*?>1 Moreover, the temporal pole and cingulate cortex
belong to the resilience signature, which has been associated with suc-
cessful aging.°? Importantly, the main effects of self-reported sleep
quality on both brain structure and metabolism were independent of
the AD pathology markers, suggesting that poorer self-reported sleep
quality may lower brain resilience, which in turn potentially leads to
increased vulnerability to cognitive impairment.

Regarding the potential contribution of different self-reported
sleep quality characteristics, our sensitivity analyses suggested that
sleep latency, sleep duration, and sleep efficiency appear to be the
most influential sleep traits associated with alterations in both neu-
roimaging modalities with the latter one potentially being related to
nocturnal awakenings causing fragmentation, which may have rele-
vance for the design of sleep-based intervention strategies to prevent
cognitive impairment.

We also investigated whether the presence of AD pathology mod-
ified these associations. We found that poorer self-reported sleep

quality was associated with higher GMv in A+T+ (but not in other

B5URD17 SUOWILLIOD) BAIERID 3(geatjdde au Aq pausenod a1e sepie YO 1SN JO S9N 10} AIqIT3UIUO A8]IM UO (SUORIPUOD-PUR-SLLBYW0D™ A8 | IMARRIq 1 BU1IUO//SH1Y) SUORIPUOD Ppue SW L 3U3 385 *[£202/90/£0] U0 AriqIT8UIUO AB|IM ‘S0INRS ARq1T TON UopUoT 38| 0D A1SIAIIN AG ZOTET ZIR/200T OT/10p/ W0 Ao 1M ARelq U1 jUO'S wINO -z e//SdNY WO popeojuMOq ‘0 ‘6.252SST



STANKEVICIUTE e7 AL Alzheimer’s C‘J’ Dementia 1

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

(%]
(A) D@ §
©
GM volume s
A-T-< A+T+ 5
s AT groups
K
E_ o A-T-
Q
-l
5 0 A+T-
§ ‘ A+T+
o
0
" 4
E K i :
© N © >
£ T ‘
‘& A
T
g [ s 1o 1s 20
& PSQI Total score
("]
g
(B) GM volume (E) &
A-T- < A+T- g
g | sl A - AT groups
s 3 e L
a : o A-T-
£ H
- L A+T-
S o
= ¢ === A+T+
5 8
0
E I
T o )
Z o
B ° 4 ‘
S .
5
n
(C) GM volume (F) ) " psQlTotalscore m
A+T-> A+T+ )
S .
o °
] g L
c
o o °
fra
2 N < L]
3 : AT
2 groups
&£
3. o A-T-
P S
[} -
% = L A+T-
g =]
2 % L] A+T+
x©
T .
()
N : g
©
3
g
0

s 10
PSQI Total score

FIGURE 3 Interactions between subjective sleep quality and amyloid/tau (AT) stages with gray matter volumes (GMv). Results of voxel-based
morphometry interactions between self-reported sleep quality and AT stages on GMv (panels A, B, C). Panels D, E, and F show representative brain
regions where the association between Pittsburgh Sleep Quality Index (PSQI) and GMv differed depending on the AT stage. The X-axis represents
PSQI total score, with higher values indicating poorer sleep quality. Y-axis represents the residuals of significant GMv clusters based on statistical
parametric mapping analysis, after regressing the effect of age, sex, APOE ¢4 status, medication, and Hospital Anxiety and Depression Scale score.
Scales in the color bar represent t statistic values. Each regression line represents a distinct AT stage (A—T—, green; A+T—, orange; and A+T+, red).
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TABLE 5 Interaction between subjective sleep quality and AT stages on brain glucose metabolism.
P(FWE- P(FWE-
k corr) T corr) P(unc) MNI coordinates
Contrast  Anatomical location Side Cluster level Peak level X y z
A-T-< Calcarine cortex/ R 814 0.242 3.65 0.542 <0.001 18 —60 8
A+T+ precuneus cortex
Transverse temporal R 222 0.902 3.56 0.642 <0.001 42 —-26 14
gyrus/Heschl’s gyrus
Thalamus R 141 0.969 347 0.732 <0.001 12 -16 10
Thalamus L 116 0.981 3.36 0.833 <0.001 -14 -20 12
Precentral gyrus L 70 0.995 3.19 0.943 0.001 -34 —-22 60
Postcentral gyrus R 331 0.765 3.17 0.948 0.001 50 -14 46
Cerebellum exterior R 77 0.994 3.04 0.983 0.001 34 —66 -30
P(FWE- P(FWE-
k corr) T corr) P(unc) MNI coordinates
Contrast  Anatomical location Side Cluster level Peak level X y z
A+T-< Calcarine cortex R 1171 0.096 3.78 0.404 <0.001 14 -70 14
AT+ precuneus cortex/ L 63 099 351 0694 <0001  -14  -48 38
cingulate gyrus
Calcarine cortex L 129 0.975 3.48 0.73 <0.001 -14 —-80 12
Thalamus L 75 0.994 343 0.777 <0.001 -14 -18 10
Thalamus R 111 0.983 341 0.794 <0.001 12 -16 10
Occipital pole L 66 0.996 34 0.799 <0.001 -22 -92 2

Notes: Results of voxel-based morphometry interactions between self-reported sleep quality and AT stages on brain glucose metabolism. Results from two
different contrasts are shown (1: A—T— < A+T+, 2: A+T— < A+T+). Each contrast is corrected for age, sex, APOE ¢4 status, education years, use of medication,
and HADS score. AB-positive (A+) was defined by a CSF AB42/40 < 0.071, whereas tau-positive (T+) was defined by p-tau > 24 pg/mL.

Abbreviations: A, amyloid beta; AT, amyloid/tau; CSF, cerebrospinal fluid; FWE, family-wise error; GM, gray matter; GMy, gray matter volume; HADS, Hospi-
tal Anxiety and Depression Scale; k, the cluster mass; MNI, Montreal Neurological Institute; PSQI, Pittsburgh Sleep Quality Index; p-tau, phosphorylated tau

at threonine 181; P, P-value; T, t value.

AT stages) in a subset of temporoparietal, occipital, and subcortical
regions, which aligns with previous research in OSA patients.2> How-
ever, because objective or self-reported data related to the presence
of OSA were not available for the present study, we could not confirm
whether this pattern was driven by underlying sleep-related breath-
ing disorders. Additionally, greater GMv was associated with poorer
self-reported sleep quality in a different subset of regions, involving
the temporoparietal and occipital areas in the A+T— group but not in
the other AT groups. Finally, in the third subset of regions, located in
the temporal and frontal lobes, poor self-reported sleep quality was
associated with higher GMv in the A+T— group, whereas the opposite
pattern was found in the A+T+ group.

Somehow contradicting the common notion that AD pathology is
defined by a decrease in neuronal cell count, our observations of
bidirectional patterns in GMv are not entirely unusual. Several cross-
sectional studies have demonstrated higher GMv/cortical thickness in
CU individuals with abnormal AD biomarker profiles.20-53-5¢

We have also reported higher GMv and brain metabolism in A+T—
and A+T+ compared to A—T— individuals in the ALFA+ study, and par-
ticularly in the subset of participants included in the present study
(Figure S1).>4

Furthermore, this biphasic trajectory of structural changes (ini-
tiated by increments in GMv followed by a decline) has also been
corroborated by longitudinal results.>”

Regarding the functional results, poorer self-reported sleep qual-
ity was associated with hypermetabolism in A+T+ compared to A—T—
in the bilateral thalamus, cerebellum exterior, and different corti-
cal regions involving the right parietal-temporal and occipital areas
and the left precentral gyrus, similar to another study.?> Additionally,
A+T+ individuals displayed increased glucose uptake in association
with poor self-reported sleep quality in a set of regions, including
the bilateral calcarine cortex, bilateral thalamus, left middle cingulum,
and left middle occipital gyrus, compared to the A+T— group. The
anatomical pattern of our results strengthens previous literature2> and
reinforces the idea of the existence of joint neuronal networks encom-
passing sleep and AD pathology, which could be tied to the bidirectional
relationship governing sleep and AD.

Although AD is typically defined by cerebral hypometabolism,*3
some prior studies have documented similar patterns of increased glu-
cose consumption, as observed here. For instance, Johnson et al.>8
found increased cerebral glucose consumption in the bilateral tha-

lamus and superior temporal gyrus of CU adults with evidence of

B5URD17 SUOWILLIOD) BAIERID 3(geatjdde au Aq pausenod a1e sepie YO 1SN JO S9N 10} AIqIT3UIUO A8]IM UO (SUORIPUOD-PUR-SLLBYW0D™ A8 | IMARRIq 1 BU1IUO//SH1Y) SUORIPUOD Ppue SW L 3U3 385 *[£202/90/£0] U0 AriqIT8UIUO AB|IM ‘S0INRS ARq1T TON UopUoT 38| 0D A1SIAIIN AG ZOTET ZIR/200T OT/10p/ W0 Ao 1M ARelq U1 jUO'S wINO -z e//SdNY WO popeojuMOq ‘0 ‘6.252SST



STANKEVICIUTE €T AL.

Alzheimer’s &Dementia® | 1

(A) FDG uptake
A-T-< A+T+

.‘\\.\

/

>

8

FDG uptake
A+T-< A+T+

t values

t values

~

Standardized Residual for Left Thalamus Standardized Residual for Right Calcarine Cortex

|
IS

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

AT groups

W A-T-
o A+T-

Ll ¥%

15 20

10
PSQI Total score

AT groups

o A-T-

S A+T-

LR, s . AT+

0 5 10 15 20
PSQI Total score

FIGURE 4 Interactions between subjective sleep quality and amyloid/tau (AT) stages with brain glucose metabolism. Results of voxel-based
morphometry interactions between self-reported sleep quality and AT stages on brain glucose metabolism (panels A, B). Panels C and D show
representative brain regions where the association between Pittsburgh Sleep Quality Index (PSQI) and brain glucose metabolism differed
depending on the AT stage. The X-axis represents PSQI total score, with higher values indicating poorer sleep quality. Y-axis represents the
residuals of significant clusters based on statistical parametric mapping analysis, after regressing the effect of age, sex, APOE €4 status, medication,
and Hospital Anxiety and Depression Scale score. Scales in the color bar represent t statistic values. Each regression line represents a distinct AT
stage (A—T—, green; A+T—, orange; and A+T+, red). FDG, fluorodeoxyglucose.

amyloid pathology, which also overlaps with our findings. A different
group investigating mild cognitively impaired individuals also observed
greater glucose metabolism in association with higher amyloid bur-
den in the parietal and posterior temporal lobes.>? However, none
of these studies considered sleep in their models. Our data sug-
gest that poor sleep may potentiate metabolic changes in brain areas
affected in preclinical AD, possibly by increasing metabolic demands
in these areas. Some support for this hypothesis could be found in the
research by Nofzinger et al.,2! whereby patients with chronic insom-
nia demonstrated increased glucose metabolism in a wide array of
cortical-subcortical structures, ranging from the frontal to superior,
temporal-parietal cortices, to the thalamus and brainstem. The domi-

nant theory that stems from these findings advocates for hyperarousal

of the CNS in relation to insomnia, pointing to the altered pattern of
glucose consumption during wakefulness that could be related to the
compromised functioning of the systems responsible for transitions
from the wake-to-sleep stage.?®

Nonetheless, we cannot exclude the possibility that some of our
results are due to a selection bias. More specifically, assuming that
poor sleep is a risk factor for dementia, it is possible that, among
those individuals with poor self-reported sleep quality and altered AD
biomarkers, those with higher brain reserve (i.e., higher GMv and glu-
cose metabolism) would be more likely to fulfill the selection criteria of
our study.

Alternatively, such a pattern of increased metabolic demands could

be potentially related to the underlying mechanisms observed in OSA
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patients such as neuroinflammation or edema caused by intermittent
hypoxia.30

Albeit the relationship among brain structure, function, and AD
biomarkers at the inception of the AD continuum is still dubious, our
findings provide a novel insight into interactions between sleep qual-
ity and distinct AD profiles. However, the directionality of our findings
remains an open question. Further research is warranted to eluci-
date whether poor sleep quality exacerbates AD-related pathological
processes of the disease, and/or early neurodegeneration alters sleep
quality in preclinical AD stages.

As major strengths, the present study has been conducted in alarge-
sized, well-characterized cohort of CU individuals at higher risk of AD,
using a multimodal approach that sheds light on how sleep affects brain
structure and function, accounting for the presence of AD pathology.

At the same time, several limitations should be considered when
interpreting our results. Despite being a validated, stable measure of
sleep (even in longitudinal studies®®) and a highly used instrument in
clinical practice, PSQI is a subjective measure of sleep that may be
prone to recall bias and could lack sensitivity to detect changes in
sleep at different preclinical stages of AD, which would explain the
lack of significant differences in PSQI scores among AT groups in our
study. Furthermore, it is worth highlighting that the sleep assessment
was performed on different occasions to the CSF or neuroimaging
data acquisition. Thus, we look forward to replicating these findings
with objective methods such as actigraphy or polysomnography, which
may strengthen the present conclusions. Another limitation of this
study stems from the rather liberal threshold used here for statistical
significance (P < 0.005) and the lack of corrections for multiplic-
ity. We opted for such a liberal threshold to balance sensitivity and
specificity in the expectation of small effect sizes. Still, this thresh-
old was found to optimally balance sensitivity and specificity*® based
on permutation testing in meta-analyses and mega-analyses of com-
parable data. Also, the observed effects are small in magnitude and
need to be replicated in independent datasets. Still, we did not expect
to observe large effect sizes in the brain of CU individuals. More-
over, our study’s observational cross-sectional design does not allow
us to disentangle causality. Finally, because we did not systematically
screen participants for the presence of specific sleep disorders, we
could not rule out the possibility of our results being driven by spe-
cific underlying sleep disorders, such as OSA, insomnia, or restless leg
syndrome.

Altogether, this study reports that self-reported sleep quality is
associated with alterations in the brain structure and function in CU
adults, and these associations differ depending on the presence of
AD pathology. Furthermore, the cerebral topography of the effects
observed in our study overlaps with AD-sensitive regions,2%2¢ fur-
ther supporting that sleep disturbances may be early and additive
elements that make the brain more vulnerable to AD-related neurode-
generation, and that emerging AD pathology, in CU individuals, may
influence sleep quality. We hope this research may further accelerate
the endeavor to exploit the possibility of sleep-improving treatments
as preventive strategies that could potentially lead to delaying the

onset of clinical symptoms of the disease.
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