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Objective: Although aging is associated with alterations of both activity/rest cycle and brain structure,
few studies have evaluated associations between these processes. The aim of this study was to examine
relationship between activity/rest cycle quality and brain structural integrity in aging subjects by ex-
ploring both grey and white matter compartments.
Material and methods: Fifty-eight elderly subjects (7670.5 years; 41% female) without dementia, sleep
disorders and medications were included in the analysis. Actigraphy was used to measure parameters of
activity/rest cycle (24-h amplitude, 24-h fragmentation and 24-h stability) and sleep (total sleep time
and sleep fragmentation) over a minimal period of 5 days. Whole brain linear regression analyses were
performed on grey matter volumes maps using voxel based morphometry and on white matter integrity
using tract based statistics analyses.
Results: A lower 24-h amplitude and a higher sleep fragmentation were independently associated with a
reduction of white matter integrity in models including age and gender as covariates. The association
between 24-h amplitude and white matter integrity decreased but remained significant in a model ac-
counted for sleep fragmentation, indicating a specific effect of 24-h cycle disturbances. No association
with grey matter volumes was observed.
Conclusion: In elderly, not only sleep but also 24-h cycle disturbances were associated with altered
structural connectivity. This alteration of structural backbone networks related to activity/rest cycle
disturbances in aging might constitute a cerebral frailty factor for the development of cognitive
impairment.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Knowledge on activity/rest cycle and sleep disturbances in
aging mainly results from subjective self-reported questionnaires
(Buysse et al., 1989; Johns, 1991), easily applied in large epide-
miologic or cohort-based investigations. However, these ques-
tionnaires are subject to the influence of perception and several
studies have illustrated their relative inaccuracy compared to ob-
jective measures (polysomnography, PSG), in middle age and older
individuals (Buysse et al., 2008, 1991). More recently, technological
advances have led to the development of mobile activity
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monitoring systems (actigraphy), a non-invasive technique easy to
apply in large samples. Actigraphy has been used to objectively
assess global activity/rest cycle including measures of daytime
activity and sleep over a long-term period in a natural environ-
ment. Previous actigraphic studies have demonstrated that aging
is not only related to sleep alterations but also to activity/rest cycle
disturbances including fragmentation and a reduced amplitude of
the cycle (Huang et al., 2002; van Someren et al., 1993). Evidence
suggest that activity/rest cycle and sleep disruptions are related to
cognitive deficits (Lim et al., 2013, 2012; Luik et al., 2015; Oos-
terman et al., 2009; Tranah et al., 2011; Walsh et al., 2014) and may
represent earliest signs of neurodegenerative diseases (Wulff et al.,
2010).

Although post-mortem and magnetic resonance imaging (MRI)
investigations have reported widespread age-related changes in
brain structure within grey (GM) and white matter (WM; Lockhart
sturbances of structural backbone of cerebral networks in aging.
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and DeCarli, 2014), few studies have evaluated associations be-
tween activity/rest cycle and brain modifications. GM atrophy,
either widespread (Sexton et al., 2014) or circumscribed to the
inferior prefrontal cortex (Branger et al., 2016; Lim et al., 2016), has
been associated with disturbed sleep quality assessed through
self-reported and actigraphic measures. Concerning the structural
state of WM, research have shown that activity/rest cycle dis-
turbances (fragmentation and reduction of amplitude) were re-
lated to WM integrity alterations assessed through WM hyper-
intensities (WMH; Oosterman et al., 2008; Zuurbier et al., 2015),
suggesting an association between activity/rest cycle and cere-
brovascular changes.

Diffusion Tensor Imaging (DTI) enables indirect investigation of
WM microstructure via water diffusion within brain tissues and
appears as a sensitive technique to describe age-related mod-
ifications of WM (Sullivan and Pfefferbaum, 2006). During aging, a
consistent decrease of fractional anisotropy of water diffusion was
described in the major WM tracts indicating a decrease of their
anatomical coherence (Sullivan and Pfefferbaum, 2006). Moreover,
recent research indicate that DTI parameters are modified before
the appearance of WMH and therefore would reflect the early
phase of WM changes (Maillard et al., 2013; Pelletier et al., 2015).
Whereas age-related modifications of WM have been extensively
investigated with DTI, relationship between DTI modifications and
actigraphic parameters in aging have not been explored yet.

The present study aims to investigate associations of activity/
rest cycle assessed through actigraphy with GM atrophy and WM
integrity in a population of elderly. Whole brain analyses will be
conducted on GM volumes using voxel based morphometry pi-
peline and on WM integrity using tract based statistics analyses.
2. Material and methods

2.1. Participants

This study is a part of the AMImage research project, started in
2009 as an ancillary study of the AMI (Agrica-MSA-IFR de Santé
Publique, Aging Multidisciplinary Investigation) cohort, an epide-
miological prospective study on health and aging. The AMI cohort
was composed of elderly people, aged Z65 years retired from
agriculture and living in rural settings in South-West France. A
more detailed description of the AMI cohort is provided elsewhere
(Pérès et al., 2012). Study procedures were approved by the re-
gional human research review board and all participants provided
written informed consent (CHU de Bordeaux). At the second fol-
low-up of AMImage, MRI sessions were followed by an actigraphic
study performed on a sub-sample of participants (n¼91). Before
analyses, all subjects were screened to exclude the following:
major physical illness requiring treatment (n¼1; leukemia), re-
cordings containing less than 5 days (n¼5), sleep medications
(n¼14), sleep complaints that had led to a diagnosis of sleep
disorders (n¼5), external activity/rest cycle perturbations (n¼2),
diagnosed dementia according to the National Institute of Neuro-
logical and Communication Disorders and Stroke/Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA) cri-
teria (n¼1) and significant depressive symptomatology (n¼5;
CESD416). A total of 58 elderly subjects were included in the
present study.

2.2. Demographic and clinical variables

Participants' data were collected at home by a neuropsycholo-
gist to provide general information (age and gender) via ques-
tionnaires and to assess global cognitive functions using the Mini
Mental State Examination (MMSE; Folstein et al., 1975) and
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depressive symptoms with the Center for Epidemiologic Studies
Depression scale (CESD; Radloff, 1977).

Several clinical vascular risk factors were considered, including
presence/absence of hypertension (blood pressure 4 140/90 mm
Hg), of diabetes and of ischemic lesions on MRI images evaluated
by a neuroradiologist.

2.3. Activity/rest cycle assessment

Activity/rest cycle was recorded by MotionWatch 8s actigraph
(Cambridge Neurotechnology, Cambridge, UK), equipped with a
tri-axial accelerometer. This device was located at the non-
dominant wrist during a period of 7 days and 8 nights, in personal
environment. Activity was measured in counts (i.e. acceleration
episodes) on 60s epoch and data were analyzed with Motion-
Wares, version 1.0.3 (Cambridge Neurotechnology, Cambridge,
UK).

A non-parametric approach was used to quantify the 24-h ac-
tivity/rest cycle, more suitable than parametric analyses for the
quantitative analysis of non-sinusoidal data. According to this type
of analysis, three parameters were computed, the 24-h amplitude,
the 24-h fragmentation and the 24-h stability (Van Someren et al.,
1999). The 24-h amplitude represents the difference between the
amount of activity occurring during the daytime period and the
one occurring during the nighttime period. A high 24-h amplitude
reflects a robust activity/rest cycle. The 24-h fragmentation
quantifies the frequency and extent of transitions between activity
and rest periods, i.e., the interruption of daytime activity by slee-
piness periods and nighttime period by nocturnal arousals. A high
24-h fragmentation is often reported in pathological conditions
(Hatfield et al., 2004). The 24-h stability evaluates the repetition of
the 24-h activity/rest cycle pattern over 7 days, i.e., the strength of
coupling of the activity/rest cycle to supposedly stable environ-
mental synchronizer (Zeitgeber).

Considering sleep analysis, a sensitivity threshold of 40 counts
was applied; a movement higher than 40 counts will be classified
as active whereas a movement lower than 40 counts will be
classified as rest. We reported total sleep time defined as the
period between the onset and the offset of sleep minus the time
classified as awake by the algorithm. To assess sleep quality, sleep
fragmentation was used and calculated as the sum of the per-
centage of time spent in mobile periods and the percentage of
immobile periods less or equal to one minute. Sleep parameters
used in actigraphic studies were previously validated against PSG
(Sadeh, 2011).

A minimum of 5 days of actigraphic recording was required for
these variables to be reliably calculated.

2.4. MRI acquisition

MRI scans were obtained using an ACHIEVA 3T scanner (Philips
Medical System, Netherlands) with a SENSE 8-channel head coil.
Anatomical high resolution MRI volumes were acquired in trans-
verse plan using a 3D MPRAGE T1-weighted sequence with the
following parameters: TR¼8.2 ms, TE¼3.5 ms, 7-degree flip angle,
FOV 256�256 mm2, 180 slices, no gap and voxel size of 1�
1�1 mm3. Two diffusion-weighted images (DTI) with opposite
polarities were performed using a spin echo single shot EPI se-
quence with the following parameters: TR¼6770 ms, TE¼60 ms,
90-degree flip angle, FOV 224�224 mm2, 60 slices, no gap and
voxel size of 2�2�2 mm3. One b0 image was acquired and dif-
fusion gradients were applied in 21 non-collinear directions
(b-value¼1000s/mm2). To increase signal-to-noise ratio, the se-
quence was repeated in two successive runs for each polarity. All
acquisitions were aligned on the anterior commissure-posterior
commissure plan (AC-PC). Fluid-attenuated inversion recovery
sturbances of structural backbone of cerebral networks in aging.
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Table 1
Characteristics of participants and activity/rest cycle parameters.

Variables Mean 7 SEM or %

Demographic data
Age (years) 76.170.5
Female gender 41%
Behavioral data
MMSE score 27.670.2
CESD score 3.370.5
Vascular risk factors
Hypertension 64%
Diabetes 5%
Ischemic lesions 7%
WMH volumes (% TIV) 0.6 7 0.1
Activity/rest cycle parameters
24-h amplitude 0.9270.005
24-h fragmentation 0.7770.026
24-h stability 0.6770.015
Sleep parameters
Total sleep time 07:36700:05
Sleep fragmentation 32.4271.481
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(FLAIR) images were also obtained with the following parameters:
TR¼11000 ms, TE¼140 ms, TI¼2800 ms, 90-degree flip angle,
FOV 230�172 mm2, 24 slices of 5mm of thickness, voxel size
0.72�1.20�5 mm3.

2.5. MRI processing

2.5.1. Grey volume analysis
Brain volumes were analyzed using the Voxel-Based Morpho-

metry toolbox (VBM8; Ashburner and Friston, 2000) implemented in
SPM8. Images were denoised and segmented into grey matter (GM),
white matter (WM) and cerebro-spinal fluid (CSF) maps. These maps
were warped to the Montreal Neurological Institute (MNI) space with
a DARTEL type non-linear registration, modulated to preserve vo-
lume information and smoothed using a Gaussian kernel with a full-
width half-maximum of 8 mm. Total Intracranial Volume (TIV) was
computed as the sum of the GM, WM and CSF volumes.

2.5.2. White matter integrity analysis
DTI images were pre-processed using FMRIB’s Diffusion Tool-

box in order to produce fractional anisotropy (FA), mean, axial and
radial diffusivity (MD, AD and RD) maps. The Tract Based Spatial
Statistics (TBSS) pipeline was then applied on FA maps generated
during the FDT pre-processing (Smith et al., 2006). A nonlinear
registration was applied to align all subjects’ FA maps to the
FMRIB58_FA template. These maps were projected on a study-
specific mean FA skeleton template. This skeleton was created
from 260 elderly subjects free of dementia and cerebral patholo-
gies included at the first follow up of AMImage cohort. The same
transformations were applied to MD, AD and RD maps.

WMH were obtained by the lesion growth algorithm (Schmidt
et al., 2012) as implemented in the Lesion Segmentation Tool (LST)
toolbox version 1.1.7 for SPM8. Briefly, FLAIR images were co-re-
gistered to T1 images and using intensity distribution of FLAIR
images, outliers were detected and lesion belief maps were cal-
culated for each tissue classes (GM, WM and CSF). These maps
were then summed up and a lesion growth model was applied to
create lesion maps. WMH volumes were extracted and expressed
as a percentage of TIV.

2.6. Statistical analyses

2.6.1. Activity/rest cycle: relationship with demographic and clinical
variables

Because of the non-normality of measured variables distribu-
tion, we performed Spearman correlations to assess relationship
between activity/rest cycle and continuous variables namely age,
global cognition score, depressive symptoms score and WMH vo-
lumes. A Kruskal-Wallis test was used to measure associations of
activity/rest cycle with categorical variables namely gender, pre-
sence/absence of hypertension, of diabetes and of ischemic lesions.
Statistics were performed using the IBMs SPSSs Statistics v.20
software (IBM Corporation, Armonk, NY, USA).

2.6.2. Activity/rest cycle: relationship with GM volumes
Whole brain analyses were performed using linear regressions

with SPM8 to explore associations between activity/rest cycle and
GM volumes extracted from VBM8 toolbox. Analyses were ad-
justed for age, gender and TIV. For all VBM analyses, we used a
statistical threshold of po0.05 after corrections for multiple
comparisons (False Discovery Rate, FDR) and a significant thresh-
old cluster of 50 voxels.

2.6.3. Activity/rest cycle: relationship with WM microstructure
Linear regression models using FSL were computed to examine

associations between activity/rest cycle and DTI indices. We first
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performed four models to describe associations of DTI indices
(outcomes) with each activity/rest cycle parameters (predictors),
controlling for age and gender. As 24-h amplitude includes mea-
sure of nighttime activity and consequently of sleep fragmentation
(both parameters are significantly correlated), we then explored
which 24-h amplitude or sleep was associated with WM integrity.
For this, a fifth linear regression model was computed to test the
association of DTI indices with 24-h amplitude (predictor), con-
trolling for age, gender and sleep fragmentation. Finally, to in-
vestigate a potential impact of WMH burden, we added total WMH
volumes as covariate in our multivariate model. Statistical in-
ference was based on permutation-based statistics with 5000
permutations and threshold-free cluster enhancement (TFCE),
with a threshold of po0.05 corrected for multiple comparisons.
The WM atlas of the Johns Hopkins University was used to label
significant results.
3. Results

From the initial cohort, 58 elderly with a mean age of 76 years
were analyzed. Characteristics of participants and activity/rest
cycle parameters are presented in Table 1.

3.1. Activity/rest cycle: relationship with demographic and clinical
variables

Associations of demographic variables with activity/rest cycle
(Table 2) revealed that an advanced age was associated with a
lower 24-h amplitude (ρ¼�0.280, p¼0.033) and that men pre-
sented a 24-h stability lower than women (K¼15.086, po0.001).
Considering clinical factors, 24-h amplitude was negatively asso-
ciated with WMH volumes (ρ¼�0.301, p¼0.022; Table 2) and a
trend was observed for sleep fragmentation (ρ¼0.256 p¼0.052;
Table 2). None of the activity/rest cycle parameters were linked
with global cognition or depressive symptoms scores, and other
vascular risk factors (hypertension, diabetes and ischemic lesions).

Correlations analyses between activity/rest cycle parameters
(Table 3) revealed that a less stable cycle (24-h stability) was as-
sociated with a higher 24-h fragmentation (ρ¼�0.424, p¼0.001).
A lower 24-h amplitude was related to a higher 24-h fragmenta-
tion (ρ¼�0.291, p¼0.027) and sleep fragmentation (ρ¼�0.664,
po0.001).
sturbances of structural backbone of cerebral networks in aging.
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Table 2
Relationship of activity/rest cycle with demographic and clinical variables.

24-h Am-
plitude

24-h Frag-
mentation

24-h Stability Sleep Frag-
mentation

ρa or Kb ρa or Kb ρa or Kb ρa or Kb

Agea �0.280n 0.184 �0.245 0.140
Genderb 0.389 0.587 15.086nnn 0.440
MMSEa 0.110 �0.124 0.088 �0.149
CESDa �0.187 �0.009 0.120 0.101
Hypertensionb 0.213 0.041 0.005 0.654
Diabetesb 0.100 2.784 1.223 0.178
Ischemic
lesionsb

0.477 0.015 0.015 0.377

WMH vo-
lumes (%
TIV)a

�0.301n 0.012 �0.141 0.256

a Spearman correlation ρ,
b Kruskal Wallis test K;
n po0.05,
nnn po0.001.

Table 3
Relationship between activity/rest cycle parameters.

24-h Amplitude 24-h Fragmentation 24-h Stability
ρ ρ ρ

24-h Amplitude – – –

24-h Fragmentation �0.291n – –

24-h Stability 0.156 �0.424nnn –

Sleep Fragmentation �0.664nnn 0.061 0.083

Spearman correlation ρ;
n po0.05,
nnn po0.001.
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3.2. Activity/rest cycle: relationship with GM volume

No significant association was found between GM volumes of
brain area and activity/rest cycle parameters.

3.3. Activity/rest cycle: relationship with WM microstructure

TBSS analyses showed significant associations between DTI
indices and 24-h amplitude (po0.05, TFCE corrected; Fig. 1). A
diminution of 24-h amplitude was associated with lower FA values
and higher diffusivity values (MD and RD) in mostly WM areas,
including the corpus callosum, external and internal capsule and
the fornix. No significant result was found with 24-h fragmenta-
tion or 24-h stability.

A significant association was also observed between DTI indices
and sleep fragmentation. An increase of sleep fragmentation was
related to a diminution of FA values (po0.05, TFCE corrected;
Fig. 2). Less extended results were found with RD values (po0.05,
TFCE corrected; Fig. 2) and with MD values which remained under
the significant threshold (p¼0.054, TFCE corrected).

In a model adjusted for age, gender and sleep fragmentation,
the association of 24-h amplitude with FA and RD decreased but
remained significant in several WM pathways (MD did not reach
significant threshold p¼0.053, TFCE corrected).

In the last model adjusted for age, gender and WMH volumes,
the association between 24-h amplitude and DTI indices did not
reach significant threshold after multiple comparisons adjustment.
As shown in Fig. A.1, 4 outliers of WMH were present in our
sample; while most of participants had a WMH volumes between
0 and 1.5% of TIV (0-20mL respectively), these subjects presented
WMH volumes ranging from 2.3% to 3.7% of TIV (30–52 mL
Please cite this article as: Baillet, M., et al., Activity/rest cycle and di
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respectively). When those were excluded from regression analysis,
the association between 24-h amplitude and DTI indices (FA, RD
and MD) remained significant after adjusting by WMH volumes in
several WM areas (Fig. A.2).
4. Discussion

In this study of 58 older persons, a lower 24-h amplitude and a
higher sleep fragmentation were both associated with WM mi-
crostructure alterations, independently of age and gender whereas
no association was observed with GM volumes. In addition, our
statistical analyses indicated that not only sleep but also 24-h cycle
were associated with WM integrity in aging subjects.

Compared to other studies on elderly, we observed a higher 24-
h amplitude, a higher 24-h stability and a lower 24-h fragmenta-
tion suggesting that our population was relatively preserved for
activity/rest cycle (Hatfield et al., 2004; Huang et al., 2002). A
higher sleep duration and quality were also observed (Huang et al.,
2002). Subjects included in our study were free of diagnosed sleep
disorders and sleep medication explaining their relative pre-
servation of activity/rest cycle (Dawson et al., 2008; Sadeh et al.,
1995). Despite this preservation and in accordance with the lit-
erature, we found that men presented a 24-h stability lower than
women (Luik et al., 2013) and we observed an age-related al-
teration of the 24-h amplitude. In contrast to other studies (Huang
et al., 2002; Luik et al., 2013), no age effect was observed on the
24-h fragmentation, 24-h stability and sleep fragmentation.
However, this is consistent with studies suggesting that reduced
24-h amplitude is the most prominent activity/rest cycle changes
in aging (Huang et al., 2002; van Someren et al., 1993). As ex-
pected, we reported an inverse correlation between 24-h stability
and 24-h fragmentation (Luik et al., 2013; Zuurbier et al., 2015),
but also an association between 24-h amplitude and 24-h frag-
mentation (Luik et al., 2013). In our population, 24-h fragmenta-
tion of the activity/rest cycle was not associated with sleep frag-
mentation. This suggests that 24-h fragmentation in our popula-
tion of elderly would rather be related to the fragmentation of the
active period than to the one of the rest period. However, the as-
sociation of these two parameters should be considered with
caution since these parameters were computed on different time
scales; short sleep perturbations during one or several minutes
might weakly impact the 24-h fragmentation parameter.

In our population of 58 community-dwelling elderly, we found
an association between 24-h amplitude of the activity/rest cycle
and a widespread alteration of WM integrity, whenever WMH are
taking into account. Even if 24-h amplitude and sleep fragmen-
tation are related to WM integrity disruption, results from the
model accounted for sleep fragmentation suggest that not only
sleep but also 24-h cycle are associated with WM integrity. Some
evidence in the literature showed that physical activity influences
both vascular health (Lacey et al., 2015) and WM integrity (Tseng
et al., 2013). Physical activity could therefore account for a part of
the association between 24-h amplitude and WM integrity ob-
served in our population. Since actigraphy provides a measure of
mean daily activity - an indirect measure of physical activity - we
could test this hypothesis. In our population, no significant asso-
ciation was found between mean daily activity and vascular risk
factors (presence/absence of hypertension, of diabetes, of ischemic
lesions and WMH volumes; data not shown). Concerning WM
integrity, the association between 24-h amplitude and DTI para-
meters (FA, MD and RD) remained significant (po0.05, TFCE
corrected) in a model accounting for age, gender and mean daily
activity (data not shown). This set of analyses suggests that the
association between the activity/rest cycle and WM integrity is not
driven by the amount of daily activity in our population. Moreover,
sturbances of structural backbone of cerebral networks in aging.
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Fig. 1. White matter integrity and 24-h amplitude. A lower 24-h amplitude was associated with lower FA and higher diffusivity values (MD and RD) in the whole WM
skeleton after adjustment for age and gender. Results were displayed at po0.05, TFCE corrected and overlaid on the MNI template.

Fig. 2. White matter integrity and sleep fragmentation. A higher sleep fragmen-
tation was associated with lower FA and higher RD values after adjustment for age
and gender. Results were displayed at po0.05, TFCE corrected and overlaid on the
MNI template.
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regular physical practice has been shown to influence sleep quality
(Youngstedt, 2005). No significant correlation between mean daily
activity and sleep fragmentation was found in our population (data
not shown). Noteworthy, the amount of activity measured by ac-
tigraphy does not indicate neither the intensity of physical activity
nor the type of activity (aerobic or anaerobic) - both pertinent
parameters of physical activity (Nelson et al., 2007).

These results highlight important findings, as they provide
Please cite this article as: Baillet, M., et al., Activity/rest cycle and di
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evidence that 24-h amplitude alterations are associated with cer-
ebral frailty mainly underpinned by an alteration of brain struc-
tural connectivity. Considering the relationship between cerebral
WM integrity alterations and cognition (Lockhart and DeCarli,
2014), our results suggest a neuroanatomical substrate explaining
the risk of cognitive impairment or dementia associated with ac-
tivity/rest cycle perturbations (Lim et al., 2013, 2012; Luik et al.,
2015; Oosterman et al., 2009; Tranah et al., 2011; Walsh et al.,
2014).

We observed an association between 24-h amplitude and DTI
indices partly impacted by WMH burden. This is in accordance with
previous studies showing a significant association between disrupted
activity/rest cycle and the presence of WMH (Oosterman et al., 2008;
Zuurbier et al., 2015). We also observed that a lower 24-h amplitude
is related to altered DTI parameters not only in regions presenting
WMH (periventricular and deep WM regions) but also in peripheral
normal-appearing WM. Moreover, after exclusion of 4 outliers (high
volumes of WMH), the association remained significant after cor-
rection by WMH volumes. Regarding these results, it could be hy-
pothesized that a diminution of 24-h amplitude might be associated
with a global alteration of WM microstructure independently of
WMH burden. WMH and DTI parameters modifications are both age-
related changes observed in MRI studies (Lockhart and DeCarli,
2014). Recent studies indicate that DTI modifications and the pre-
sence of WMH are two interdependent processes occurring within
different temporal windows; in that DTI changes are part of a con-
tinuum of WM degeneration with WMH being the ultimate phase
(Maillard et al., 2013; Pelletier et al., 2015). Even if physiological in-
terpretations of DTI parameters should be drawn with cautious
(Wheeler-Kingshott and Cercignani, 2009), the increase of RD could
reflect a dysmyelination rather than a loss of axonal integrity driven
by AD modifications (Song et al., 2002). Since WMH in elderly have a
vascular origin, our results suggest that cerebral frailty associated
with age-related activity/rest cycle dysfunction has a sub-clinical
vascular origin. Consistently, some studies have suggested that dis-
rupted activity/rest cycle in older adults, particularly reduced 24-h
amplitude measured by actigraphy, was associated with increased
risk of cardiovascular disease and mortality (Paudel et al., 2011).

We did not find any association between activity/rest cycle and
sturbances of structural backbone of cerebral networks in aging.
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GM volumes. Age-related atrophy and sleep fragmentation were
sparsely investigated and inconsistent results were obtained in three
previous MRI studies (Branger et al., 2016; Lim et al., 2016; Sexton
et al., 2014). For one of them, sleep quality was related to widespread
GM atrophy (Sexton et al., 2014) whereas for the others, sleep quality
was associated with regional brain atrophy (Branger et al., 2016; Lim
et al., 2016). Methodological considerations could explain these
discrepancies; in two previous studies (Branger et al., 2016; Sexton
et al., 2014), sleep quality was evaluated through the Pittsburg Sleep
Quality Index (Buysse et al., 1989). Considering the relative in-
accuracy of these evaluations compared to objective measures in
healthy individuals (Buysse et al., 2008, 1991; Grandner et al., 2006;
Landry et al., 2015), results from these studies might be difficult to
compare with those using actigraphy or PSG. In Lim study (Lim et al.,
2016), a higher sample size, a different algorithm of segmentation
(cortical thickness parameters through FreeSurfer analysis) and a
more sensitive parameter (0 count as a threshold for classification of
activity or rest period) might explain their higher sensitivity for GM
atrophy. Moreover, subjects with diagnosed sleep disorders were not
excluded from their analyses. Considering that pathological sleep
situations like insomnia (Altena et al., 2010) or sleep apnea (Torelli
et al., 2011) are reported to be associated with both sleep fragmen-
tation and neuroanatomical changes especially in frontal area, these
types of disorders might contribute to their results.

Methodological limitations have to be considered in inter-
preting our data. Firstly, this cross-sectional study was not de-
signed to explore the causal association between activity/rest cycle
and brain structure alterations. Despite its widespread use, TBSS
pipeline and its skeleton approach is still questionable regarding
the confining statistical testing to voxels within the skeleton (Za-
lesky, 2011) and the possible loss of anatomical consistency (de
Groot et al., 2013). Secondly as in most actigraphic studies, in-
dividuals with undiagnosed sleep-disordered breathing in our
population cannot be excluded. Finally, we did not find significant
association between activity/rest cycle parameters and global
cognitive status evaluated by using MMSE, which might not be
sensitive enough to detect subtle inter-individual differences in
healthy older adults. Another potential limitation is the general-
izability of our results to other populations for two reasons. Firstly,
this study was based on a small sample size of healthy individuals
who accepted to participate in both MRI and actigraphic studies.
Despite this selection bias, our population exhibited sufficient in-
ter-individual variability in activity/rest cycle and WM integrity to
detect associations between these parameters. Secondly, the co-
hort is composed by retired farmers living in rural settings, lim-
iting the comparison with other populations living in urban areas.
Facing these considerations, our study presents several strengths.
To our knowledge, this is one of the first study assessing associa-
tions of activity/rest cycle through actigraphy with both measures
of GM atrophy and WM integrity in a population of older in-
dividuals. All potential effects of comorbid conditions were limited
with the exclusion of diagnosed sleep disorders, sleep medications
(Dawson et al., 2008) and prominent depressive symptoms (Alvaro
et al., 2013). We believe that further studies are needed to confirm
our results in a larger cohort of elderly people.
5. Conclusion

This study showed that in our population of elderly persons, a
diminution of 24-h amplitude of the activity/rest cycle was asso-
ciated with a cerebral frailty of structural connectivity and suggests
a neuroanatomical substrate to explain the association between
activity/rest cycle and cognition. While the majority of studies fo-
cused on sleep, this one highlights the importance of activity/rest
cycle on brain structure. Considering that during aging WM
Please cite this article as: Baillet, M., et al., Activity/rest cycle and di
NeuroImage (2016), http://dx.doi.org/10.1016/j.neuroimage.2016.09.0
microstructure alterations are often related to vascular risk factors,
further studies are required to examine their links with activity/rest
cycle disruptions and temporal sequences of these events.
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