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Abstract
Study objectives: Poor sleep may destabilize axonal integrity and deteriorate
cerebral white matter. In middle-aged and older adults sleep problems increase
alongside structural brain changes, but the temporal relation between these
processes is poorly understood. We studied longitudinal associations between sleep
and cerebral white matter microstructure.
Methods: 1201 persons (59.3±7.9 years, 55% women) were followed across 5.8
years (3.9-10.8). Total sleep time (TST, hours), sleep efficiency (SE, percentage),
sleep onset latency (SOL, minutes), and wake after sleep onset (WASO, minutes)
were measured at baseline using a wrist-worn actigraph. White matter microstructure
(global and tract-specific fractional anisotropy (FA) and mean diffusivity (MD)) was
measured twice with diffusion tensor imaging (DTI).
Results: Poor sleep was associated with worse white matter microstructure up to 7
years later but did not predict trajectories of DTI over time. Longer TST was
associated with higher global FA (β=0.06, 95%CI: 0.01,0.12), but not with MD.
Persons with higher SE had higher global FA (β=0.01, 95%CI:0.002,0.01) and lower
MD (β=-0.01, 95%CI:-0.01,-0.0004). Consistently, those with more WASO had lower
global FA (β=-0.003, 95%CI: -0.005,-0.001) and higher MD (β=0.002,
95%CI:0.0004,0.004). Global findings seemed to be driven by microstructural
alterations in the cingulum, anterior forceps of corpus callosum, projection and
association tracts.
Conclusions: Middle-aged and older persons with more WASO, lower SE and
shorter TST have worse microstructure of cerebral white matter. Microstructural
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alterations are most pronounced projection and association tracts, in the cingulum,
and in the anterior forceps of corpus callosum.
Key words: sleep, actigraphy, white matter, diffusion tensor imaging (DTI), magnetic
resonance imaging (MRI), longitudinal

Statement of significance
Middle-aged and older persons with more wake after sleep onset, lower sleep
efficiency and corresponding shorter sleep duration have altered microstructure in the
projection and association tracts, in the cingulum, and in the anterior forceps of
corpus callosum. If future studies confirm our findings, poor sleep could be
considered as a risk factor for microstructural alterations of white matter in the aging
brain.
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Introduction
Although the exact reasons why humans sleep are unknown, sleep clearly serves
vital functions to the brain.1, 2 In later adulthood, sleep problems increase3 and
detrimental micro- and macrostructural brain changes occur.4, 5 Understanding the
temporal relation between these two processes is particularly important as poor sleep
carries the potential to be a modifiable risk factor for accelerated neural aging.
So far, neuroimaging studies have mainly focused on the association of poor sleep
with functional deficits measured with fMRI, or with atrophy in the cerebral cortex
(reviewed by Scullin6). The microstructural properties of cerebral white matter might
underlie these associations as sleep loss may destabilize axonal integrity, and affect
white matter.7 Indeed, cross-sectional studies using self-reported sleep measures
have shown that short sleep duration8 and low sleep quality9, 10 are associated with
higher burden of white matter hyperintensities, indicating white matter damage.
Studies using diffusion tensor imaging (DTI), which quantifies microstructural
properties of white matter, have also documented altered microstructure of white
matter among older subjects with low sleep quality11 and middle-aged adults who
report short sleep.12 In a longitudinal study we reported that white matter properties
are not a antecedent or a consequence of poor sleep quality.13 These findings,
however, have all been based on self-reported sleep, which is prone to information
bias, and does not necessarily reflect objective sleep, particularly in older adults.14
Two studies using actigraphic sleep estimates have also suggested an association of
lower white matter microstructure with short15 and fragmented16 sleep. These studies
were however small and cross-sectional.
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We investigated associations between objective sleep, estimated with actigraphy,
and white matter microstructure measured twice across a follow-up of up to 11 years
in a large sample of middle-aged and older adults from the general population. We
hypothesized that indices of poor sleep are associated with worse microstructure of
white matter across time.
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Methods
Study Population
This study was embedded in the Rotterdam Study, an ongoing prospective
population-based cohort in the Netherlands.17 Participants undergo extensive
examinations approximately every 5 years. For the baseline of our study (December
2004 to March 2007), 2632 participants were invited to participate in actigraphy
assessments, of which 2063 (78%) agreed.18, 19 Valid sleep data were available for
1938 participants. Up to 7 years later, from March 2006 to September 2011, 1333
participants also underwent brain MRI scanning, including DTI.18, 20 After excluding
participants with cortical infarcts (n=42), dementia (n=15), stroke (n=45), or less than
24-hour actigraphy (n=30), our final sample consists of 1201 participants with both
objective sleep and brain MRI data. The participants included in our study (n=1201)
were on average 6.8 years younger (p<0.001), slept on average 7 minutes shorter
(p=0.009) and were more likely to be highly educated (23% vs. 17%, p=0.007)
compared to those who were included in the actigraphy study but did not have
imaging data (n=737). Of these, 853 participants had a second DTI scan between
July 2010 and September 2015 (for details see Figure S1). Of the 348 participants
that only had a baseline scan, n=12 (3.5%) died before the follow-up, n=58 (16.7%)
refused a second scan, and n=278 (79.8%) did not have a second scan within our
study period. Those with repeated MRI scans (n=853) were 7.8 years younger and
more highly educated (24% vs 18%, p=0.009), but did not differ in sleep duration
compared to those with actigraphy but no MRI scan(n=1,085). Participants with
repeated imaging data (n=853) were on average 5.5±0.5 years older than those
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without follow-up DTI data (n=348), but no differences in the sleep parameters were
measured.
The Rotterdam Study was approved by the Medical Ethics Committee of the
Erasmus MC (registration number MEC 02.1015) and by the Dutch Ministry of
Health, Welfare and Sport (Population Screening Act WBO, license number
1071272-159521-PG. The study is registered in the Netherlands National Trial
Register (NTR; www.trialregister.nl) and in the WHO International Clinical Trials
Registry Platform (ICTRP; www.who.int/ictrp/network/primary/en/) under shared
catalogue number NTR6831. All participants provided written informed consent for
the study and for having medical information obtained from treating physicians.
Sleep assessment
At baseline, participants wore an actigraph around the non-dominant wrist (Actiwatch
model AW4; Cambridge Technology, Cambridge, UK) for seven consecutive days
and nights. The device had to be removed for water-based activities. To estimate
sleep, we used an algorithm validated against polysomnography at the highest
sensitivity (sleep threshold <20 counts)21, 22 and sleep diaries to determine bedtime,
wake-time and get-up time. A night’s data were considered invalid if the recording
failed due to technical issues, the participant discontinued wearing the actigraph, or if
the information on bedtime and get-up time from the sleep diary were invalid or
missing. Participants with 4 or more days of actigraphy were included: 71.5%
provided 7 days of actigraphy, 17.5% provided 6 days, 7.7% provided 5 days and
3.3% provided 4 days of actigraphy. The following sleep parameters were calculated:
1) Total sleep time (TST, hours): the number of epochs scored as sleep between
sleep onset and final wake time estimated by the algorithm, multiplied by the epoch
8

length (30sec); 2) Sleep efficiency (SE, %): ratio of TST to time in bed (time between
bedtime and wake-time) multiplied by 100; 3) Sleep onset latency (SOL, minutes):
time between bed time according to the sleep diary and the actigraphically estimated
sleep onset; and 4) Wake after sleep onset (WASO, minutes), defined as the number
of epochs scored as wake between the estimated sleep onset and final wake time
multiplied by the epoch length. Wearing the watch on more days was associated with
lower SOL (Spearman’s Rho=-0.11, p<0.001), and higher sleep efficiency (r=0.138,
p<0.001).
MRI scanning and processing
Multi-sequence MRI was performed on a 1.5-T MRI scanner (GE Signa Excite),
dedicated to the study and maintained without major hardware or software updates
over the entire duration of the study. The imaging protocol has been described
extensively elsewhere.20 Between February 2007 and May 2008, 189 subjects were
scanned with the phase and frequency encoding directions swapped for the diffusion
acquisition,23 which was included as a covariate in the analyses.
An automated tissue segmentation approach24 was used to classify voxels as gray
matter, white matter, cerebrospinal fluid (CSF) or background. Supratentorial
intracranial volume (ICV) was estimated by summing the total volumes of gray
matter, white matter, and cerebrospinal fluid.24 White matter lesions were identified
with an automated post-processing step based on the fluid-attenuated inversion
recovery image and the tissue segmentation.25 The presence of cortical infarcts was
visually assessed on structural images.
Diffusion-MRI processing and tractography
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DTI was performed with a single shot, diffusion-weighted spin-echo echo-planar
imaging sequence. The maximum b value was 1000 seconds/mm2 in 25 noncollinear
directions; 3 volumes were acquired without diffusion weighting (b = 0 second/mm2).
Data were preprocessed using a standardized pipeline, including correction for eddy
current and head-motion by affine co-registration of the diffusion-weighted volumes
to the b0 volumes, including correction of gradient vector directions.22 To assure that
subject-motion did not did not impact the analyses, we created a motion composite
score computed as the sum of Z-transformed maximum displacement (directions
combined with L2 norm) and maximum of the rotations along x, y or z axis. Diffusion
tensors were estimated by a nonlinear Levenberg-Marquardt estimator, available in
ExploreDTI. Tensor fits were additionally inspected for artifacts by reviewing axial
sections of the FA images by a radiologist in training. Datasets suffering from artifacts
were excluded from the analysis. The tensor images were used to obtain global
diffusion metrics in the normal-appearing white matter: fractional anisotropy (FA),
measuring the directionality of diffusion (higher values reflect microstructure with a
higher degree of organization) and mean diffusivity (MD), measuring the overall
magnitude of water diffusion (higher values reflect less organized microstructure).26
Co-registration transformations from the preprocessing were also used to resample
diffusion-weighted data for probabilistic tractography (into a 2.5mm cubic resolution),
as previously described.23, 26 For 15 different white matter tracts (12 of which were
segmented bilaterally), tract-specific white matter microstructural diffusion-MRI
parameters (median FA and MD) were obtained with subsequent combination of left
and right measures.23 The average R2 reproducibility of our tract-specific
measurements was 0.87.23 Tracts were categorized, based on anatomy or presumed
function, into brainstem tracts (middle cerebellar peduncle, medial lemniscus),
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projection tracts (corticospinal tract, anterior thalamic radiation, superior thalamic
radiation, posterior thalamic radiation), association tracts (superior longitudinal
fasciculus, inferior longitudinal fasciculus, inferior fronto-occipital fasciculus, uncinate
fasciculus), limbic system tracts (cingulate gyrus – cingulum, parahippocampal part of
cingulum, fornix), and callosal tracts (forceps major, forceps minor), and are shown
on Figure S2.23 Tract segmentations were also used to acquire tract-specific white
matter volumes and white matter lesion volumes, which were natural-log transformed
for analyses. The cerebellum could not consistently be fully included in the field of
view of the diffusion-MRI scan, resulting in partial coverage of the medial lemniscus.
Therefore, alternative seed masks for tractography were selected,23 and this
correction was included as a covariate in models including the ML.
Exclusion variables and covariates
Prevalent dementia and clinical stroke were ascertained by home interviews and by
reviewing medical records.27, 28 The following measures obtained at baseline were
included as covariates. Education was assessed in line with the international
standard classification of education and grouped into primary education, lower
education, intermediate education and higher education.29 Smoking habits were
assessed via interviews and categorized into: current, former and never. Diabetes
mellitus was defined as a fasting serum glucose level ⩾7.0 mmol/l, or non-fasting
serum glucose level ⩾11.1 mmol/l, or use of anti-diabetic medication. Serum glucose
levels were acquired by an automated enzymatic procedure (Roche Diagnostics
GmbH, Mannheim, Germany). The use of lipid lowering medication or medication
affecting the central nervous system (CNS) like psycholeptics, psychoanaleptics, was
assessed by cabinet checks and classified in line with the Anatomical Therapeutic
Chemical (ATC)-classification. Depressive symptoms were assessed with the Center
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for Epidemiologic Studies Depression (CES-D) scale.30 Cognitive status was
measured with the Mini Mental State Examination.31 As proxies of sleep-disordered
breathing we used 1) body mass index (BMI, kg/m2) based on weight and height
measured at the research center and self-reported symptoms of sleep disordered
breathing (loud snoring respiratory pauses during sleep).32, 33Time between
actigraphy assessment and the baseline scan was calculated in months.
Statistical analyses
We imputed missing values on covariates (<1%) with the mean or median for
quantitative variables, or with the most frequent category for categorical variables.
Univariate changes in DTI-measures across the follow-up were tested using paired ttests. To examine whether sleep parameters were longitudinally associated with
white matter microstructure (FA and MD) we used linear mixed models, including a
random intercept and slope, to account for the correlation between repeated
measurements of the same individual. In Model 1 we included the determinant at
baseline (TST, SE, SOL, WASO), and age, sex, ICV, WM volume, WM lesions
volume, the time interval between the actigraphy assessment and the baseline DTI
scan, the time interval between baseline and follow-up scan in months (representing
changes in DTI across time), and an interaction of the sleep determinant with time
between the two scans (representing the association between the sleep determinant
and changes in DTI outcome). In Model 2 we additionally adjusted for educational
level, smoking, use of lipid lowering medication, prevalent diabetes, use of CNS
medication, cognitive score, depressive symptoms score. Lastly, Model 3 was
additionally adjusted for BMI and self-reported symptoms of sleep disordered
breathing. In additional sensitivity analyses participants with MMSE scores < 24 and
CES-D ≥16 were excluded (n=127). To ensure that motion on the DTI did not
12

contaminate our results, we reran the analyses excluding scans with the 10% highest
values on the motion composite score (n=207 scans, resulting in exclusion of 125
participants). The relation of sleep with white matter microstructure across the brain
was first tested using global diffusion metrics (FA and MD) as outcomes. To explore
regional specificity, the association of sleep parameters and tract-specific FA and MD
were tested, which were z-standardized to facilitate comparisons. Tract-specific
analyses were corrected for tract-specific white matter volume and WML volume. A
Bonferroni adjusted p-value<0.0004 was used for tract specific analyses (120 tests).
As a linear mixed model can handle missing outcome data, analyses were run on all
participants with valid sleep and DTI data (n=1201). Analyses were conducted using
SPSS software version 21.0 (IBM SPSS Statistics for Windows, Armonk, NY: IBM
Corp) and R (Version 3.4.1).
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Results
Mean age at baseline was 59.3 ± 7.9 years, and 55% were women (Table 1).
Changes in global FA were not statistically significant (mean difference=0.0002, pvalue=0.559). However, the average increase in MD of 0.007 10-3 mm2/sec (pvalue<0.001) indicated microstructural alterations of white matter across the followup period of 4.8 years (range: 3.9 to 10.8).
Sleep and global white matter microstructure
Results did not differ substantially between models, we therefore present the
estimates of Model 2 throughout the results section. We found that persons with a
longer TST had higher values of FA up to 7 years later at the first DTI scanning (main
effect per 1hr: β=0.06, 95%CI: 0.01,0.12), but no difference was found in MD (Table
2). Over the same follow-up period, those with a better SE had higher global FA
values (main effect per 1%: β=0.01, 95%CI: 0.002,0.01) and lower global MD values
(main effect per 1%: β=-0.01, 95%CI: -0.01,-0.001). SOL was not associated with any
of the diffusivity measures. Persons suffering from more WASO had lower global FA
(main effect per 1min: β=-0.003, 95%CI: -0.005,-0.001) and higher MD (main effect
per 1min β=0.002, 95%CI: 0.0004,0.004) values up to 7 years later. Although,
parameters of poor sleep (shorter TST, higher WASO and lower SE) were associated
with worse white matter microstructure at the first DTI scan up to 7 years later, no
sleep parameters assessed at baseline predicted changes in DTI over time, i.e. their
interactions with time were not statistically significant. Results were similar in persons
without cognitive impairment or high depressive symptoms at baseline (n=1074,
Table S1), and when adjusted for self-reported sleep disordered breathing (data not
shown). In addition, excluding persons with high motion on the DTI, yielded results
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with largely similar effect sizes, except for the attenuated association between SE
and MD (Table S2).
Sleep and tract-specific white matter microstructure
Consistent with the association between sleep and global white matter
microstructure, we observed that a shorter TST, lower SE and higher WASO, but not
SOL , were associated with worse white matter microstructure in multiple white
matter tracts (Tables S3, S4, S5 and S6). No individual tracts survived correction for
multiple testing. When using a nominal threshold for significance (p<0.05), we found
that persons with a shorter TST had a higher FA particularly in the superior thalamic
radiation, corticospinal tract and the uncinate fasciculus (Table S1 and Figure 1).
Persons with a better SE had a higher FA particularly in the anterior and posterior
thalamic radiation, and all association tracts (superior and inferior longitudinal
fasciculus, inferior fronto-occipital fasciculus and uncinate fasciculus), as well as a
lower MD in the cingulate, frontal forceps of the corpus callosum and association
tracts except for the uncinate fasciculus (Figure 1 and Table S4). People with more
WASO had lower FA and/or higher MD in essentially the same white matter tracts
(Figure 1 and Table S6). Tract-specific results were essentially unchanged after
additional adjustment for self-reported symptoms of sleep disordered breathing and
BMI.
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Discussion
We investigated the prospective association between objectively measured sleep
and microstructural properties of cerebral white matter in middle-aged and older
adults from the general population. We showed that actigraphic estimates of poor
sleep, indicated by more wake after sleep onset, a lower sleep efficiency, and
corresponding shorter sleep duration, are associated with worse microstructure of
white matter up to 7 years later, but are not associated with changes in white matter
properties across time. The associations were most pronounced in projection and
association tracts, in the cingulum, and in the anterior forceps of corpus callosum.
Sleep onset latency was not associated with white matter microstructure.
These results demonstrate that objectively disturbed sleep is related to alterations in
white matter microstructure among middle-aged and older adults, adding significant
value to previous reports showing a link between self-reported poor sleep and white
matter alterations.8, 9, 11, 12 Previously, two small, cross-sectional actigraphy studies
suggested worse microstructure in several large white matter tracts in people with
shorter and more fragmented sleep.15, 16 Our findings show for the first time that the
association between sleep and white matter microstructure is consistent across a
follow up of up to 11 years. Two previous studies evaluating the long-term
association between sleep and white matter used subjective measures and did not
find an association.1113 This could indicate that objective, rather than subjective sleep
problems are related to white matter microstructure.
The global association seemed to be driven mostly by reduced FA and/or increased
MD in the thalamic radiations, corticospinal tract, the frontal forceps of the corpus
callosum, fibers of the cingulum and association tracts. These results did not survive
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correction for multiple testing. However, some biological functions of these white
matter tracts could correspond with the association of disturbed sleep and
microstructural differences in their white matter bundles. First, the thalamus provides
state-dependent (i.e. sleep or wake) gating of sensory information.34, 35 Second,
corticospinal motor control changes with vigilance states.36 Third, the corpus
callosum facilitates the synchronization of activity between homologous regions in
the two hemispheres.37 Taking into account the evidence showing that sleep can
occur locally as well as globally across the cortex38 interhemispheric synchronization
could facilitate global consolidated sleep.16, 39 However, as we did not assess the
association between the biological function of these tracts and sleep, this
interpretation remains speculative and will need further investigation.
In addition, some of these tracts have also been implicated in sleep disturbances or
disorders, though all previous studies have employed voxel-based comparisons
which is prone to registration errors and false positives.11, 15, 16, 40, 41 For example, a
microstructural alteration in projection fibers of the internal capsule (i.e. thalamic
radiations and corticospinal tract) has been reported in patients with insomnia,40, 41
and microstructural alterations in the corpus callosum have been shown in older
adults with subjective sleep complaints11 and objective sleep fragmentation.16
Importantly, the association tracts that were related to sleep parameters, project to
the orbitofrontal cortex,42 a region involved in brain’s judgment of comfort.43
Morphological alterations in these region have been reported in insomnia,44-47
fragmented sleep15, 48 and bad sleep quality.49
Several mechanisms could be involved in the association between sleep and white
matter microstructure. On the one hand, sleep disturbances could affect
oligodendrocyte functioning and lower microstructural integrity of white matter.50
17

Gene expression studies in animals have shown that sleep supports the function of
oligodendrocytes7 and in the adult nervous system, disturbances in the metabolic
coupling of oligodendrocytes and axons could disturb axonal integrity.51 On the other
hand, as we had only baseline measure of sleep, we cannot make any conclusions
on causality: white matter alterations could also underlie poor sleep. Indeed, markers
of fetal neurodevelopment are related childhood sleep patterns,52 whereas betaamyloid deposition temporally coincides with the onset of sleep-wake disruptions in
mice models of Alzheimer’s disease.53 Reversed causality might be the reason why
sleep did not predict changes in white matter across time. Lastly, sleep disorders
may also partly explain our observations. Sleep-disordered breathing disrupts sleep
and induces hypoxia, both of which have been associated with microstructural
alterations of white matter.54-56 This aligns with the lack of association between sleep
onset latency with reduced white matter microstructure in this study, as sleep onset
latency is less affected by sleep-disordered breathing. Potentially, white matter is
sensitive to being awake during the night, rather than not being able to fall asleep.
Limitations and strengths
Our study has some limitations. First, we were not able to rule out possible sleepdisordered breathing that could potentially explain the association between disturbed
sleep and white matter alterations. However, correction for proxies such as selfreported breathing pauses or BMI did not account for the observed differences.
Second, given that no associations in individual tracts survived correction for multiple
testing, associations might be global throughout white matter rather than tractspecific. Third, sleep was estimated with actigraphy. Although this is a validated
objective estimate of sleep,22 it does not allow for the in-depth assessment of sleep
variables that can be obtained using polysomnography. Indeed, specific
18

polysomnographic indices of sleep have been related to white matter microstructure
in young adults, but this might point towards different pathophysiological
mechanisms.57 Finally, our diffusion parameters were obtained on a 1.5T scanner,
which due to lower resolution, might have reduced the precision in the estimates. An
important strength of the present study is the large sample from the general
population. In addition, the longitudinal design with repeated measurements of DTI
provide a unique opportunity to study the temporal relations between sleep and white
matter in the general aging population. Finally, we took multiple physical, mental and
cognitive health factors into account, which minimizes the possibility of residual
confounding.
Conclusions
We provide novel evidence indicating an association of objectively disturbed sleep in
middle-aged and older adults with lower cerebral white matter microstructure across
a follow-up of up to 11 years. Microstructural alterations seem to be most pronounced
in tracts projecting to the orbitofrontal cortex, a region involved in brain’s judgment of
comfort, as well white matter tracts involved in gating of sensory information, motor
control and the synchronization of activity between the two hemispheres.
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Figure 1. Association between actigraphic measures of sleep
disturbance with tract-specific DTI measures.
Colors represent the differences in Fractional Anisotropy and Mean
Diffusivity per hour TST (first row), per minute of wake after sleep onset
(second row) or per % of Sleep efficiency (third row) based on a linear
mixed models adjusted for age, sex, intra cranial volume, tract-specficif
white matter and white matter lesion volume, time interval between the
two scans, time interval between baseline scan and actigraphy, and an
interaction term of the sleep determinant with time between the two
scans, educational level, smoking, use of lipid lowering medication,
prevalent diabetes, use of CNS medication, cognitive score, and
depressive symptoms (Table S1, Table S2 and Table S4). Grey
indicates a nonsignificant association, warm colors represent a positive
association, cold colors represent a negative association.
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Table 1. Characteristics of study population (N=1201)
Mean ± SD or
Characteristic
N (%)
Median (IQR)
Sleep
TST, hours
6.0 ± 0.9
SE, %
74.3 ± 8.9
16.5
SOL, min
(9.9 – 26.4)
WASO, min
62.7 ± 25.4
Brain
Baseline
FA
0.35 ± 0.01
-3
2
MD, 10 mm /sec
0.74 ± 0.03
ICV, mL
1140.5 ± 117.1
White matter volume, mL
413.7 ± 59.2
White matter lesions
2.7
volume, mL
(1.5 – 4.9)
Follow-up (n=853)
FA
0.34 ± 0.01
-3
2
MD, 10 mm /sec
0.74 ± 0.02
Follow-up time, months
Between sleep and DTI
1 (0 – 50)
Between two scans
66 (34 – 70)
Socio-demographic characteristics
Age, years
59.3 ± 7.9
Women
657 (55)
Educational level
low
92 (7.7)
medium-low
458 (38.1)
medium-high
374 (31.1)
high
277 (23.1)
Employed
692 (57.6)
Health indicators
BMI
27.7 ± 4.0
Diabetes, present
109 (9.1)
Hypertension, present
53.5
Smoking
never
390 (32.5)
former
589 (49.0)
current
222 (18.5)
Lipid lowering medication
240 (20)
use
CNS medication use
174 (14.5)
Cognitive status (MMSE)
28.1 ± 1.7
Depressive symptoms(CES3.0
D)
(1.0 – 7.0)
Abbreviations: IQR=interquartile range, TST=total sleep time,
SOL=sleep onset latency, SE=sleep efficiency, WASO=wake after
sleep onset, ICV=intracranial volume, BMI=body mass index, CNS
medication=central nervous system, MMSE= mini mental state
1

examination (cognitive score), CES-D=center for epidemiologic
studies-depression scale.

2

Table 2. Associations between objective sleep parameters and repeatedly measured
microstructural integrity of white matter (n=1201)
Outcome: Fractional Anisotropy
Model 1
Model 2
Determinant
B
95% CI
p-value
B
95% CI
TST, hrs
SE, %
SOL, min
WASO, min

0.07
0.01
-0.001
-0.003

Determinant

B

0.01,0.12
0.020
0.06
0.01,0.12
0.002,0.01
0.004
0.01
0.002,0.01
-0.003,0.001
0.540
-0.001 -0.003,0.002
-0.005,-0.002
<0.001
-0.003 -0.005,-0.001
Outcome: Mean Diffusivity
Model 1
Model 2
95% CI
p-value
B
95% CI

pvalue
0.028
0.006
0.536
0.001

pvalue
TST, hrs
-0.03
-0.08,0.02
0.201
-0.02
-0.07,0.02
0.299
SE, %
-0.01
-0.01,-0.001
0.015
-0.01
-0.01,-0.0004
0.033
SOL, min
0.002 -0.0003,0.004
0.086
0.001
-0.001,0.004
0.180
WASO, min
0.002
0.001,0.004
0.006
0.002
0.0004,0.004
0.015
Abbreviations: TST=total sleep time, SE=sleep efficiency, SOL=sleep onset latency,
WASO=wake after sleep onset. B’s are estimated using a linear mixed model based on
2030 observations (fixed main effects for sleep indices).
Model 1 is adjusted for age, sex, intra cranial volume, white matter volume and white
matter lesion volume, time interval between the two scans, time interval between baseline
scan and actigraphy, and an interaction term of the sleep determinant with time between
the two scans.
Model 2 is adjusted for all variables named in model 1 and additionally adjusted for
educational level, smoking, use of lipid lowering medication, prevalent diabetes, use of
CNS medication, cognitive score, and depressive symptoms.
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Figure S1. Flowchart of participants

1938 participants with
actigraphy at baseline
29.09.2004 to 30.03.2007

•
•

1759 eligible for MRI scanning in
2006

1333 underwent MRI scanning

•
•
•
•

Scanned before
actigraphy study (n=169)
Died before MR study
(n=10)

Contraindications (n=39)
Afraid (n=99)
Refused (n=141)
Unknown (n=147)

30.03.2006 to 01.09.2011
•
•
•
•

Cortical infarcts (n=42)
Dementia (n=15)
Stroke (N=45)
Less than 4 days
actigraphy (n=30)

•

Died before follow-up
(n=12)
Not followed up (n=128)
Refused (n=58)
Scanned after Sep 2015
(n=118)
Unknown (n=32)

1201 final sample

•
•
•
853 underwent second MRI
between
20.07.2010 to 22.09.2015

1

•

Figure S2. Overview of white matter tracts

Abbreviations: ATR, anterior thalamic radiation; CGC, cingulate gyrus part of cingulum;
CGH, parahippocampal part of cingulum; CST, corticospinal tract; FMA, forceps major;
FMI, forceps minor; FX, fornix, IFO, inferior fronto-occipital fasciculus; ILF, inferior
longitudinal fasciculus; L, lateral; MCP, middle cerebellar peduncle; ML, medial
lemniscus; PTR, posterior thalamic radiation; SLF, superior longitudinal fasciculus; STR,
superior thalamic radiation; and UNC, uncinate fasciculus
2

Table S1. Associations between objective sleep parameters and repeatedly measured
microstructural integrity of white matter excluding participants with high depressive
symptoms or low cognitive scores (n=1074)
Outcome: Fractional Anisotropy
Model 1
Model 2
Determinant
B
95% CI
p-value
B
95% CI
p-value
TST, hrs
0.07
0.01;0.13
0.015
0.07
0.01;0.13
0.018
SE, %
0.01
0.004;0.02
0.001
0.01
0.003;0.02
0.002
SOL, min
-0.001 -0.004;0.001
0.239
-0.002 -0.004;0.001
0.259
WASO, min
-0.003 -0.006;-0.002 <0.001
-0.004 -0.006;0.002
<0.001
Outcome: Mean Diffusivity
Model 1
Model 2
Determinant
B
95% CI
p-value
B
95% CI
p-value
TST, hrs
-0.04
-0.09;0.01
0.083
-0.04
-0.09;0.01
0.114
SE, %
-0.01
-0.01;-0.002
0.005
-0.01
-0.01;-0.001
0.008
SOL, min
0.002 -0.0002;0.005
0.079
0.002 -0.0004;0.005
0.103
WASO, min
0.002
0.001;0.004
0.004
0.002
0.001;0.004
0.008
Abbreviations: TST=total sleep time, SE=sleep efficiency, SOL=sleep onset latency,
WASO=wake after sleep onset. B’s are estimated using a linear mixed model based on
1817 observations (fixed main effects for sleep indices).
Model 1 is adjusted for age, sex, intra cranial volume, white matter volume and white
matter lesion volume, time interval between the two scans, time interval between baseline
scan and actigraphy, and an interaction term of the sleep determinant with time between
the two scans.
Model 2 is adjusted for all variables named in model 1 and additionally adjusted for
educational level, smoking, use of lipid lowering medication, prevalent diabetes, use of
CNS medication, cognitive score, and depressive symptoms.
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Table S2. Associations between objective sleep parameters and repeatedly measured
microstructural integrity of white matter excluding images with high motion (n=1140)
Outcome: Fractional Anisotropy
Model 1
Model 2
Determinant
B
95% CI
p-value
B
95% CI
p-value
TST, hrs
0.06
0.01,0.11
0.043
0.05
-0.002,0.11
0.060
SE, %
0.01
0.001,0.01
0.013
0.01
0.001,0.01
0.011
SOL, min
-0.001 -0.003,0.002
0.650
-0.001 -0.003,0.001
0.629
WASO, min
-0.003 -0.005,-0.001
<0.001
-0.003 -0.005,-0.001
<0.001
Outcome: Mean Diffusivity
Model 1
Model 2
Determinant
B
95% CI
p-value
B
95% CI
p-value
TST, hrs
-0.02
-0.07,0.03
0.434
-0.01
-0.06,0.04
0.663
SE, %
-0.004 -0.01,-0.0001
0.055
-0.003
-0.01,0.001
0.112
SOL, min
0.002
-0.001,0.004
0.147
0.001
-0.001,0.004
0.289
WASO, min
0.002
0.001,0.004
0.004
0.002
0.001,0.004
0.007
Abbreviations: TST=total sleep time, SE=sleep efficiency, SOL=sleep onset latency,
WASO=wake after sleep onset. B’s are estimated using a linear mixed model based on
1826 observations (fixed main effects for sleep indices).
Model 1 is adjusted for age, sex, intra cranial volume, white matter volume and white matter
lesion volume, time interval between the two scans, time interval between baseline scan and
actigraphy, and an interaction term of the sleep determinant with time between the two
scans.
Model 2 is adjusted for all variables named in model 1 and additionally adjusted for
educational level, smoking, use of lipid lowering medication, prevalent diabetes, use of CNS
medication, cognitive score, and depressive symptoms.
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Table S3. Associations between actigraphic total sleep time (TST) and tract-specific white matter microstructure (n=1201)
Determinant: Actigraphic sleep duration, hrs
Fractional Anisotropy
Mean Diffusivity
Labeled tracts in which outcome was measured
B
95% CI
p value
B
95% CI
p value
Brainstem tracts
Middle cerebellar peduncle
-0.03
-0.09,0.03
0.329
0.05
-0.01,0.11
0.106
Medial lemniscus
-0.01
-0.07,0.05
0.830
0.02
-0.05,0.09
0.575
Projection tracts
Corticospinal tract
0.07
0.004,0.13
0.034
-0.04
-0.09,0.01
0.118
Anterior thalamic radiation
0.03
-0.02,0.08
0.234
-0.01
-0.05,0.02
0.437
Superior thalamic radiation
0.08
0.02,0.14
0.005
-0.03
-0.09,0.02
0.257
Posterior thalamic radiation
0.03
-0.02,0.08
0.242
-0.03
-0.08,0.02
0.224
Association tracts
Superior longitudinal fasciculus
0.04
-0.02,0.08
0.189
-0.04
-0.08,0.01
0.125
Inferior longitudinal fasciculus
0.05
-0.01,0.10
0.097
-0.03
-0.08,0.01
0.169
Inferior fronto-occipital fasciculus
0.05
-0.004,0.10
0.072
-0.04
-0.09,0.004
0.071
Uncinate fasciculus
0.06
0.01,0.11
0.026
-0.01
-0.07,0.04
0.581
Limbic System tracts
Cingulate gyrus - cingulum
0.05
-0.01,0.11
0.094
-0.05
-0.11,0.005
0.075
-0.001
-0.06,0.06
0.968
-0.01
-0.07,0.06
0.864
Parahippocampal part of cingulum
Fornix
-0.02
-0.08,0.04
0.542
0.004
-0.04,0.05
0.821
Callosal tracts
Forceps major
0.05
-0.004,0.10
0.072
-0.04
-0.09,0.02
0.174
Forceps minor
0.01
-0.04,0.06
0.643
-0.05
-0.10,0.01
0.080
All analyses are adjusted for sex, age, intra cranial volume, white matter volume and white matter lesion volume within the investigated tract, time interval
between the two scans, time interval between baseline scan and actigraphy, an interaction term of TST with time between the two scans, educational level,
smoking, use of lipid lowering medication, prevalent diabetes, use of CNS medication, cognitive score, and depressive symptoms. B’s are estimated using
a linear mixed model based on 2054 observations (fixed main effects for sleep duration, per 1 hour).
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Table S4. Associations between actigraphic sleep efficiency (SE) and tract-specific white matter microstructure
Determinant: Sleep efficiency, %
Fractional Anisotropy
Mean Diffusivity
Outcomes
B
95% CI
p value
B
95% CI
Brainstem tracts
Middle cerebellar peduncle
-0.001
-0.01,0.005
0.695
0.003
-0.001,0.001
Medial lemniscus
0.001
-0.01,0.01
0.928
-0.001
-0.001,0.001
Projection tracts
Corticospinal tract
0.005
-0.001,0.01
0.114
-0.005
-0.01,0.00004
Anterior thalamic radiation
0.01
0.001,0.01
0.009
-0.003
-0.01,0.0001
Superior thalamic radiation
0.01
-0.0001,0.01
0.055
-0.004
-0.01,0.001
Posterior thalamic radiation
0.01
0.001,0.01
0.021
-0.004
-0.01,0.002
Association tracts
Superior longitudinal fasciculus
0.01
0.0003,0.01
0.038
-0.01
-0.01,-0.001
Inferior longitudinal fasciculus
0.01
0.003,0.01
0.004
-0.01
-0.01,-0.001
Inferior fronto-occipital fasciculus
0.01
0.004,0.01
0.001
-0.01
-0.01,-0.001
Uncinate fasciculus
0.01
0.003,0.01
0.003
-0.004
-0.01,0.001
Limbic System tracts
Cingulate gyrus - cingulum
0.003
-0.003,0.01
0.288
-0.01
-0.01,-0.003
-0.001
-0.004,0.01
0.617
-0.002
-0.01,0.004
Parahippocampal part of cingulum
Fornix
0.0004
-0.01,0.006
0.895
-0.0002
-0.004,0.004
Callosal tracts
Forceps major
0.004
-0.001,0.01
0.117
-0.01
-0.01,0.001
Forceps minor
0.003
-0.002,0.01
0.193
-0.01
-0.01,-0.002

p value
0.262
0.789
0.048
0.056
0.110
0.169
0.010
0.029
0.002
0.097
0.005
0.466
0.918
0.078
0.008

All analyses are adjusted for sex, age, intra cranial volume, white matter volume and white matter lesion volume within the investigated tract, time interval
between the two scans, time interval between baseline scan and actigraphy, an interaction term of SE with time between the two scans, educational level,
smoking, use of lipid lowering medication, prevalent diabetes, use of CNS medication, cognitive score, and depressive symptoms. B’s are estimated using a
linear mixed model based on 2054 observations (fixed main effects for sleep efficiency, per 1 %).
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Table S5. Associations between actigraphic sleep onset latency (SOL) and tract-specific white matter microstructure
Determinant: Sleep onset latency, min
Fractional Anisotropy
Mean Diffusivity
Outcomes
B
95% CI
p value
B
95% CI
p value
Brainstem tracts
Middle cerebellar peduncle
0.0003
-0.003,0.003
0.833
-0.001
-0.004,0.001
0.352
Medial lemniscus
0.0002
-0.002,0.003
0.878
-0.001
-0.001,0.001
0.524
Projection tracts
Corticospinal tract
0.002
-0.001,0.005
0.253
-0.0001
-0.002,0.002
0.958
Anterior thalamic radiation
-0.0003
-0.003,0.002
0.826
0.001
-0.001,0.002
0.447
Superior thalamic radiation
0.001
-0.002,0.003
0.555
0.0003
-0.002,0.003
0.832
Posterior thalamic radiation
-0.0003
-0.003,0.002
0.827
0.0003
-0.002,0.003
0.784
Association tracts
Superior longitudinal fasciculus
0.0001
-0.002,0.002
0.922
0.0004
-0.002,0.003
0.727
Inferior longitudinal fasciculus
-0.0001
-0.003,0.003
0.936
0.0001
-0.003,0.002
0.929
Inferior fronto-occipital fasciculus
-0.001
-0.004,0.001
0.285
0.002
-0.001,0.004
0.067
Uncinate fasciculus
-0.0004
-0.003,0.001
0.729
0.0004
-0.002,0.003
0.740
Limbic System tracts
Cingulate gyrus - cingulum
-0.001
-0.003,0.002
0.636
0.001
-0.002,0.004
0.367
0.002
-0.001,0.004
0.265
-0.0004
-0.004,0.003
0.751
Parahippocampal part of cingulum
Fornix
-0.001
-0.004,0.002
0.570
0.001
0.0001,0.004
0.070
Callosal tracts
Forceps major
-0.001
-0.004,0.001
0.332
0.00002
-0.003,0.003
0.987
Forceps minor
-0.001
-0.004,0.001
0.322
0.001
-0.001,0.004
0.285
All analyses are adjusted for sex, age, intra cranial volume, white matter volume and white matter lesion volume within the investigated tract, time
interval between the two scans, time interval between baseline scan and actigraphy, and an interaction term of SOL with time between the two scans,
educational level, smoking, use of lipid lowering medication, prevalent diabetes, use of CNS medication, cognitive score, and depressive symptoms. B’s
are estimated using a linear mixed model (fixed main effects for wake after sleep onset, per minute).
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Table S6. Associations between actigraphic wake after sleep onset (WASO) and tract-specific white matter microstructure
Determinant: Wake after sleep onset, min
Fractional Anisotropy
Mean Diffusivity
Outcomes
B
95% CI
p value
B
95% CI
p value
Brainstem tracts
Middle cerebellar peduncle
-0.001
-0.003,0.001
0.565
-0.001
-0.003,0.001
0.460
Medial lemniscus
-0.001
-0.003,0.001
0.256
0.002
-0.001,0.004
0.205
Projection tracts
Corticospinal tract
-0.002
-0.004,0.01
0.125
0.002
0.001,0.004
0.012
Anterior thalamic radiation
-0.003
-0.004,-0.001
0.004
0.001
0.0004,0.002
0.042
Superior thalamic radiation
-0.001
-0.003,0.001
0.314
0.001
-0.001,0.003
0.194
Posterior thalamic radiation
-0.002
-0.004,-0.001
0.011
0.001
-0.001,0.003
0.329
Association tracts
Superior longitudinal fasciculus
-0.001
-0.003,0.0003
0.118
0.002
-0.0001,0.003
0.058
Inferior longitudinal fasciculus
-0.003
-0.005,-0.0001
0.006
0.002
0.00004,0.003
0.056
Inferior fronto-occipital fasciculus
-0.003
-0.01,-0.002
0.0004
0.002
0.001,0.004
0.005
Uncinate fasciculus
-0.002
-0.004,-0.001
0.008
0.001
-0.0003,0.003
0.103
Limbic System tracts
-0.002
-0.004,0.0001
0.059
Cingulate gyrus - cingulum
0.003
0.001,0.005
0.017
-0.0002
-0.002,0.002
0.821
0.002
-0.001,0.004
0.148
Parahippocampal part of cingulum
Fornix
-0.001
-0.003,0.001
0.258
0.001
-0.0003,0.003
0.105
Callosal tracts
Forceps major
-0.002
-0.004,0.0002
0.079
0.002
-0.0003,0.003
0.093
Forceps minor
-0.002
-0.004,-0.001
0.008
0.002
-0.0001,0.004
0.063
All analyses are adjusted for sex, age, intra cranial volume, white matter volume and white matter lesion volume within the investigated tract, time interval
between the two scans, time interval between baseline scan and actigraphy, and an interaction term of WASO with time between the two scans, educational
level, smoking, use of lipid lowering medication, prevalent diabetes, use of CNS medication, cognitive score, and depressive symptoms. B’s are estimated
using a linear mixed model based on 2054 observations (fixed main effects for wake after sleep onset, per 1 minute
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