Claire E. Sexton, DPhil

Andreas B. Storsve, MSc

Kiristine B. Walhovd,
PhD

Heidi Johansen-Berg,
DPhil

Anders M. Fjell, PhD

Correspondence to
Dr. Sexton:
claire.sexton@ndcn.ox.ac.uk

Supplemental data
at Neurology.org

Poor sleep quality is associated with

increased cortical atrophy in
community-dwelling adults

ABSTRACT

Objective: To examine the relationship between sleep quality and cortical and hippocampal volume
and atrophy within a community-based sample, explore the influence of age on results, and assess
the possible confounding effects of physical activity levels, body mass index (BMI), and blood pressure.

Methods: In 147 community-dwelling adults (92 female; age 53.9 + 15.5 years), sleep quality
was measured using the Pittsburgh Sleep Quality Index and correlated with cross-sectional
measures of volume and longitudinal measures of atrophy derived from MRI scans separated
by an average of 3.5 years. Exploratory post hoc analysis compared correlations between differ-
ent age groups and included physical activity, BMI, and blood pressure as additional covariates.

Results: Poor sleep quality was associated with reduced volume within the right superior frontal
cortex in cross-sectional analyses, and an increased rate of atrophy within widespread frontal,
temporal, and parietal regions in longitudinal analyses. Results were largely driven by correlations
within adults over the age of 60, and could not be explained by variation in physical activity, BMI,
or blood pressure. Sleep quality was not associated with hippocampal volume or atrophy.

Conclusions: We found that longitudinal measures of cortical atrophy were widely correlated with
sleep quality. Poor sleep quality may be a cause or a consequence of brain atrophy, and future
studies examining the effect of interventions that improve sleep quality on rates of atrophy
may hold key insights into the direction of this relationship. Neurology® 2014;83:967-973

GLOSSARY

BMI = body mass index; GLM = general linear model; ICV = intracranial volume; MET = metabolic equivalents; mPFC =
medial prefrontal cortex; OFC = orbitofrontal cortex; NREM = non-REM; PSQI = Pittsburgh Sleep Quality Inventory; SWA =
slow wave activity.

Poor sleep quality, characterized by difficulties in initiating or maintaining sleep or nonrestor-
ative sleep, has been linked to cognitive deficits"* and increased risk of Alzheimer disease and
cognitive decline’® within community-based samples. MRI is an ideal tool to address whether
variations in brain structure underlie these relationships, and MRI studies have linked primary
insomnia with reduced volume of the orbitofrontal cortex (OFC),*> hippocampus,®” and pre-
cuneus,” and increased volume of the rostral anterior cingulate.” Although few studies have
explored the relationship between sleep and brain structure in healthy individuals, cross-
sectional correlations have been reported between the volume of the OFC and early-morning
awakening® and daytime sleepiness.” Furthermore, reduction in non-REM (NREM) slow wave
activity (SWA) in older adults has been associated with age-related decreases in gray matter
density within the medial prefrontal cortex (mPFC).'” To our knowledge, no studies have
assessed the relationship between sleep quality and longitudinal change in brain structure.
We investigated the relationship between sleep quality and cross-sectional measurements of
cortical and hippocampal volume as well as longitudinal measures of atrophy in community-
dwelling adults. We expected that poor sleep quality would be associated with reduced volume
and increased atrophy within the OFC and mPFC. Furthermore, we hypothesized that corre-
lations may extend to wider areas of the frontal, temporal, and parietal cortices, reflecting the
multifactorial cognitive deficits that coexist with poor sleep. In post hoc analyses, we compared
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correlations between different age groups,
explored possible confounding effects, and as-
sessed sleep duration, efficiency, and latency.

METHODS Participants. The sample was drawn from the
ongoing project Cognition and Plasticity through the Lifespan
at the Research Group for Lifespan Changes in Brain and Cogni-
tion, Department of Psychology, University of Oslo, Norway.'"-'2
Baseline MRI was administered between 2006 and 2009, follow-
up MRI between 2011 and 2012, and sleep quality assessment
between 2012 and 2013.

For the first wave of data collection, participants were re-
cruited through newspaper advertisements. Recruitment for the
follow-up assessments was by written invitation to the original
participants. At timepoint 1 (T1) and timepoint 2 (T2), partici-
pants were screened with health interviews to ascertain eligibility,
outlined in appendix e-1 on the Neurolog/® Web site at
Neurology.org.

A total of 147 participants (92 female, 55 male) were
included in this study. Attrition of participants is provided in fig-

ure e-1 and full participant characteristics in table 1.

Standard protocol approvals, registrations, and patient
consents. All procedures were approved by the Regional Ethical
Committee of Southern Norway (REK-Ser), and written consent

was obtained from all participants prior to commencement.

MRI acquisition and processing. Full details of the MRI
acquisition and processing are provided in appendix e-1. Briefly,
imaging data were collected at T1 and T2 using a 12-channel
head coil on a 1.5T Siemens Avanto scanner (Siemens Medical
Rikshospitalet, Oslo

University Hospital. The same scanner and sequences were

Solutions,  Erlangen, Germany) at
used at both timepoints, though with minor software updates.
Images were first automatically processed cross-sectionally
(independently) for each time point with FreeSurfer (version
5.1.0),"*" then subsequently run through the longitudinal

processing stream.'

[ Table 1 Participant characteristics ]
Correlation
with PSQI

Mean SD Range r P

PsQl 5.0 3.2 =413 NA NA

Sleep duration, h 6.9 0.9 4.5-9.0 -0.61 <0.001
Sleep efficiency, % 87.7 9.9 54.6-100.0 -0.73 <0.001
Sleep latency, min 20.3 21.4 0-95 0.68 <0.001
Age at timepoint 1, y 53.9 1515 20.4-84.2 0.12 0.116
Interval timepoint 1 to timepoint 2,y 3.5 0.5 2.7-4.7 -0.06 0462
Interval timepoint 2 to PSQl, y 1.3 0.3 0.6-1.8 -0.11 0.168
Physical activity, MET-min 2,5686.8 2,018.7 0-12,186 -0.10 0.273
BMI, kg/m? 25.2 4.0 17.5-36.0 -010 0.213
Systolic blood pressure, mm Hg 82.3 11.7 40.5-120.0 -0.16 0.054
Diastolic blood pressure, mm Hg 136.7 186 108.5-188.5 -0.03 0.746

Abbreviations: BMI = body mass index; MET = metabolic equivalents; NA = not applicable;
PSQI = Pittsburgh Sleep Quality Inventory.
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Sleep quality assessment. Sleep quality was assessed using the
Pittsburgh Sleep Quality Inventory (PSQI'Y) in Norwegian
after T2. PSQI is a self-rated questionnaire that assesses 7
domains of sleep quality (duration, subjective sleep quality,
latency, habitual sleep efficiency, sleep disturbances, use of
sleeping medication, and daytime dysfunction) over a 1-
month time interval. The minimum score is 0 and maximum
score 21. Using answers to individual questions within the
PSQI, we also derived measures of sleep latency (minutes
taken to fall asleep at night), sleep duration (hours spent
asleep at night), and sleep efficiency (the percentage of time
in bed at night spent asleep).

Physical activity, body mass index, and blood pressure
assessment. Physical activity, body mass index (BMI), and
blood pressure were assessed at T2. Physical activity level was
measured using the International Physical Activity Question-
naire'®  self-administered ~ short version in  Norwegian.
Participants detail the duration (in minutes) and frequency
(days) of walking and moderate intensity and vigorous intensity
activities over the past 7 days. The volume of activity is computed
by weighting each type of activity by its energy requirements,
defined in metabolic equivalents (MET) (multiples of the
resting metabolic rate), to yield a score in MET-min.
Participants’ height and weight were measured, and BMI was
calculated as weight (kg)/height X height (m). Blood pressure
was measured with an A&D (Sydney, Australia) UA-767+ 30
digital upper arm blood pressure monitor while participants were
seated, before and after the neuropsychological testing, and the

average of the 2 measurements was used for the analyses.

Statistical analyses. For cross-sectional cortical analysis, a
general linear model (GLM) was run using FreeSurfer with
volume at each vertex across the brain surface at T2 as the
dependent variable and PSQI score as the independent variable.
Sex, age at T2, intracranial volume (ICV), interval between T2
and acquisition of PSQI data, and the interactions between sex
and each continuous variable were included as covariates.

For longitudinal cortical analyses, symmetrized proportion
change in volume was computed at each vertex by subtracting
T2 volume from T1 volume, and dividing by the mean T1 and
T2 volume at that vertex. A GLM was run using FreeSurfer with
change in volume at each vertex as the dependent variable and
PSQI score as the independent variable. Sex, age at T2, interval
between T'1 and T2, interval between T2 and acquisition of PSQI
data, and the interactions between sex and each continuous var-
iable were included as covariates.

Both cross-sectional and longitudinal cortical results were
tested against an empirical null distribution of maximum cluster
size across 10,000 iterations using Z Monte Carlo simulations'**
synthesized with a cluster-forming threshold of p < 0.05
(2-sided), yielding clusters corrected for multiple comparisons
across the surface.

For cross-sectional hippocampal analysis, partial correla-
tions were run using IBM (Armonk, NY) SPPS Statistics v21
between hippocampal volume and PSQI, with sex, age at T2,
ICV, and interval between T2 and acquisition of PSQI data
as covariates. For longitudinal hippocampal analyses, partial
correlations were run between proportion change in volume
and PSQI, with sex, age at T2, interval between T1 and T2,
and interval between T2 and acquisition of PSQI data as

covariates.

Post hoc analyses. Mean cortical volume (cross-sectional anal-

yses) or proportion change in cortical volume (longitudinal
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analyses) was extracted within significant clusters in order to per-
form post hoc analyses using SPSS.

First, we tested the influence of outliers by excluding partici-
pants with mean cortical measures more than 3 SDs from the mean.

Second, to assess whether relationships differed between
younger and older participants, we divided our sample according
to age at T2 (<60 years, =60 years, a threshold often referred to
in the sleep literature?!). We performed partial correlations with
PSQI within these groups, with sex, age at T2, ICV, and interval
between T2 and acquisition of PSQI data as covariates in cross-
sectional analyses, and sex, age at T2, interval between T1 and
T2, and interval between T2 and acquisition of PSQI data as
covariates in longitudinal analyses. We then used a Fisher 7-to-z
transformation to determine if the correlation coefficient was sig-
nificantly different between groups.

Third, we explored the possible confounding effects of phys-
ical activity, BMI, and blood pressure by including these factors as
additional covariates. Due to missing data, this analysis was per-
formed in subsamples of 120 (physical activity), 144 (BMI), and
146 (blood pressure) participants.

Finally, we performed correlations with sleep duration, sleep
efficiency, and sleep latency to determine which aspects of sleep

were most strongly related with our results.

RESULTS Correlations between variables. An inde-
pendent samples 7 test showed that PSQI was not
significantly different in female and male partici-
pants (male: 4.4 = 2.9, female: 5.3 = 3.3, r =
—1.67, p = 0.097). PSQI was not associated with
interval between assessments, physical activity, BMI,
or blood pressure (table 1). Older age was associated

with reduced sleep efficiency (r —0.23, p =
0.005), but not total PSQI score (r = 0.12, p
0.166), sleep duration (r = —0.08, p = 0.343),
sleep latency (» = 0.02, p = 0.844).

or

Cross-sectional analyses. Poor sleep quality was associated
with smaller volume in a single cluster located within the
right superior frontal cortex (cluster size 1,931 mm?,
cluster-wise p = 0.0095; figure 1). Hippocampal
volume was not associated with sleep quality (left: » =
0.050, p = 0.554; right: » = 0.024, p = 0.780).

Mean cortical volume was extracted within the sig-
nificant cluster in order to perform post hoc analyses
(table 2). The cluster remained significant in analyses
that excluded outliers. Significant correlations were
observed in both the under 60s and the over 60s,
and the correlation coefficient was not significantly
different between groups (p = 0.542). Results were
unchanged when physical activity, BMI, and blood
pressure were included as additional covariates. Small-
er volume within this cluster was significantly associ-
ated with shorter sleep duration, lower sleep
efficiency, and increased sleep latency.

Longitudinal analyses. Vertex-wise analyses showed
that poor sleep quality was associated with a greater
rate of decline in volume (atrophy) within 3 clusters
in the left hemisphere and 2 clusters in the right hem-
isphere (figure 2).

[ Figure 1 Correlations between sleep quality and cross-sectional estimates of cortical volume
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(A) Spatial maps display regions where poor sleep quality was significantly associated with reduced cortical volume (p <
0.05, after correction for multiple comparisons across the surface). Age, sex, interval between MRI and Pittsburgh Sleep
Quality Inventory (PSQI) acquisition, and intracranial volume were included as covariates. (B) Scatterplot of the correlation
between sleep quality and cortical volume within the significant cluster (expressed as a z score).
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[ Table 2 Post hoc analyses ]

PSQI (<60 y, PSQI (=60 y, Duration Efficiency Latency

PSQl (n = 147) n=75) n=72) PSQP (n = 116) (n = 147) (n = 147) (n=147)

r P r P r P r P r P r P r P
Cross-sectional analysis
Right: cluster 1 -0.29° 0.001® -0.26° 0.027° -0.36° 0.003° -0.33° <0.001® 0.20° 0.018° 023" 0.007° -0.17° 0.042
Longitudinal analysis
Left: cluster 1 0.27° 0.001® 0.04 0739 041° 0001° 027° 0001° -004 0614 -0.18> 0.033° 0.24° 0.005°
Left: cluster 2 023" 0.005° 0.04 0749 035° 0.004°> 0.22° 0011° -0.04 0644 -019° 0.023° 013 0121
Right: cluster 1 0.27° 0.001° 017 0170 0.33° 0.005° 027° 0002° -0.02 0804 -018> 0033° 014 0.094

Abbreviation: PSQI = Pittsburgh Sleep Quality Inventory.

Correlation values (r) and p values are presented for clusters that remained significant following outlier removal. Age, sex, interval between MRI and PSQI
acquisition, and intracranial volume were included as covariates in cross-sectional analyses. Age, sex, interval between timepoint 1 and timepoint 2, and
interval between timepoint 2 and PSQI acquisition were included as covariates in longitudinal analyses.

2Physical activity, body mass index, and blood pressure were included as additional covariates.

b Significant (p < 0.05) results.
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Within the left hemisphere, the largest cluster en-
compassed lateral frontal, temporal, and parietal re-
gions (cluster size 16,539 mm’, cluster-wise p =
0.0001, figure 2). A second cluster spanned the medial
superior frontal cortex and caudal and rostral cingulate
(2,793 mm?, p = 0.0024) and a third cluster was
located within the left precuneus and isthmus cingulate
(retrosplenial cortex) (1,868 mm?, p = 0.0384).

Within the right hemisphere, the largest cluster
included much of the lateral and medial frontal cortex,
extending to the rostral anterior cingulate (11,562
mm?, p = 0.0001), with a second cluster located
within the temporal cortex (2,933 mm?, p = 0.0028).

Change in hippocampal volume was not associ-
ated with sleep quality (left: » = —0.105, p =
0.211; right: » = 0.102, p = 0.224).

Mean proportion change in cortical volume was
extracted from within significant clusters in order to
perform post hoc analyses. The third cluster within
the left hemisphere and second cluster within the
right hemisphere did not remain significant following
outlier removal and no further post hoc tests were
performed on these clusters.

First, we divided our sample according to age at T2.
A significant relationship between mean proportion
change in cortical volume and PSQI was observed
within the over 60s in all clusters, but no significant re-
lationships were observed within the under 60s (table 2,
figure 3). Within the left hemisphere, the correlation
coefficient was significantly different between groups in
the first cluster (p = 0.021) and approached signifi-
cance in the second cluster (p = 0.055). Within the
right hemisphere, the correlation coefficient was not
significanty different between groups (p = 0.285).

All of the clusters remained significant in analyses
that included physical activity, BMI, and blood pres-
sure as additional covariates (table 2).
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Mean proportion change in cortical volume was sig-
nificantly associated with sleep efficiency in all 3 clus-
ters and with sleep latency in 1 cluster. No significant
associations were observed with sleep duration (table 2).

DISCUSSION Poor sleep quality was associated with
reduced volume within the superior frontal cortex and
a greater rate of atrophy across the frontal, temporal,
and parietal cortices. Results were driven by correlations
within older adults, could not be explained by variation
in physical activity levels, BMI, or blood pressure, and
were most closely linked to reduced sleep efficiency.

The MRI sleep literature to date has most fre-
quently reported associations between sleep quality
and the OFC and wider mPFC, with smaller volume
linked with a diagnosis of primary insomnia,*” greater
severity of insomnia symptoms,* daytime sleepiness,’
early-morning awakening,® and reduced “sleep credit”
(i.e., the difference between habitual sleep and sub-
jectively reported minimum hours of sleep needed)*
and NREM SWA.'" Although our cross-sectional
analyses did not find relationships between sleep qual-
ity and mPFC volume, longitudinal analyses detected
significant correlations between sleep quality and
atrophy within the OFC and mPFC.

Poor sleep quality was also associated with increased
atrophy within widespread frontal, parietal, and tempo-
ral regjons. A parallel can be drawn between the anat-
omy of our findings and regions in which structural
characteristics have been linked to aspects of cognitive
performance, for example, cortical correlates of execu-
tive control'> and visuospatial reasoning abilities™
across the lifespan. The extent to which variation in
brain structure can explain cognitive deficits associated
with poor sleep quality is a key area for future studies.

Variation in cortical measures is associated with differ-

ent underlying neural mechanisms across the lifespan.**



Spatial maps of correlations between

sleep quality and longitudinal

estimates of change in cortical volume
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Spatial maps display regions where poor sleep quality was
significantly associated with increased rate of cortical atro-
phy (p < 0.05, after correction for multiple comparisons
across the surface). Age, sex, interval between T1 and T2,
and interval between T2 and Pittsburgh Sleep Quality
Inventory acquisition were included as covariates.

Figure 2

As post hoc analyses comparing the PSQI-atrophy rela-
tionships in different age groups indicated that results
were driven by correlations within older adults, it follows
that processes that accumulate in later life may mediate
the observed relationship between sleep quality and atro-
phy. For example, these processes could include shrink-
age of large neurons, loss of myelinated axonal fibers,
deafferentation, and reduction in synaptic density.”
We did not detect any significant relationships
between sleep quality and hippocampal volume or
atrophy. While animal studies have indicated that
prolonged restriction or disruption of sleep may lead
to reduced cell proliferation, cell survival, and neuro-
genesis within the hippocampus,®® results of studies
of primary insomnia have been mixed.®”?”*® Higher
PSQI scores have been associated with reduced CA1
volume within primary insomnia,® and it is possible
that analysis of the volume and atrophy of hippocam-
pal subfields may provide more sensitive measures in
relation to sleep quality in nonclinical populations.

A key issue, which our study was not designed to
explore directly, is the degree to which poor sleep qual-
ity is a cause or a consequence of brain atrophy. Sleep
has been proposed to be “the brain’s housckeeper,”
serving to restore and repair the brain, and has recently
been shown to be associated with both enhanced
removal of potentially neurotoxic waste products™
and an increased expression of genes related to myelin
synthesis and maintenance.” It follows that poor sleep
may have a direct impact upon brain structure.

Alternatively, atrophy has also been postulated to
be a cause of poor sleep quality. For example, age-
related reductions in the gray matter density of the
mPFC have been found to be associated with reduced
NREM SWA in older adults, with data supporting a
model in which atrophy mediates sleep disruption.'
Interestingly, although questionnaire-based measures
of sleep quality do not necessarily reflect polysomno-
graphic measures, our longitudinal results overlap not
only with the mPFC, but also with other elements of
the default mode network that are implicated in the
functional anatomy of SWA.*!

It is also possible that the relationship between
sleep quality and brain atrophy could be mediated
by a third factor that influences both variables. Phys-
ical activity levels, BMI, and blood pressure have all

32,33 and

been associated with both sleep quality
reduced gray matter volume and atrohpy.**>® How-
ever, within our sample, sleep quality was not signif-
icantly associated with physical activity levels, BMI,
or blood pressure, perhaps because of the smaller sam-
ple size of this study compared with epidemiologic
studies, and including these measures as additional
covariates did not alter our results. Similarly, includ-
ing Full-Scale IQ and Mini-Mental State Examina-
tion as covariates did not affect our results (table e-1).

Sleep problems are also frequently reported in psy-
chiatric and neurodegenerative disease, and a complex
relationship between their neuropathology and sleep
disruption is posited.”” Participants included in anal-
yses had passed a thorough screening procedure
including health interview, cognitive assessments,
and radiologic evaluation, thus ensuring current psy-
chiatric or neurologic diagnoses did not confound
results. However, subclinical or preclinical conditions
may still have influenced our findings and, notably,
our study lacked a consideration of the possible role of
depressive symptoms or anxiety.

Ultimately, further insights into the nature of the
relationship between poor sleep and brain atrophy are
dependent upon future studies directly assessing
whether interventions targeted at improving sleep
quality affect atrophy rates. If sleep interventions were
found to help slow or reverse atrophy, this would
emphasize the importance of public health messages
promoting good sleep hygiene.
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[ Figure 3 Scatterplots of the correlations between sleep quality and longitudinal estimates of change in cortical volume ]
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Sleep quality was assessed using the PSQI an aver-
age of 1.3 years following the second neuroimaging
assessment. Although sleep quality measures have
been shown to be relatively stable over time within

38 the interval between

community-based samples,
follow-up MRI scan and sleep quality assessment
may have added noise to our analyses. Within our
sample, 35% of participants met PSQI criteria for
“poor sleep” and the average PSQI among these par-
ticipants was 8.5. Such characteristics are comparable
to other community-based samples,' but lower than
clinical samples. Also, although PSQI displays good
internal consistency and close correlation with sleep
diaries, it is not necessarily reflective of objective
measures of sleep quality,* and our study would have
been improved by additional collection of actigraphy
or home polysomnography.

PSQI reflects a range of sleep quality variables. In
post hoc analyses that assessed sleep efficiency, latency,
and duration, correlations with brain structural meas-
ures were strongest and most consistent for sleep effi-
ciency, which quantifies time asleep relative to total
time in bed. Such findings are in agreement with a
study of the cognitive correlates of sleep quality in older
community-based adults' and in line with cognitive
behavioral therapy for insomnia, which aims to
improve sleep efficiency and reduce symptoms of
insomnia partly by controlling time in bed.

Finally, poor sleep quality can be symptomatic of a
number of diverse etiologies, which may have distinct
neurobiological correlates. A limitation of our study
was that it did not include an investigation of the
underlying cause of high PSQI scores.
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In the first longitudinal MRI study of sleep quality
in community-dwelling adults, we found that cortical
atrophy was correlated with sleep quality, and that the
relationship increased with age. The effect of inter-
ventions that improve sleep quality on rates of atro-
phy is a key area for future research and may have
important implications for public health messages.
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