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Distortions in rest–activity rhythm in aging relate
to white matter hyperintensities
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Abstract

Distortions in the rest–activity rhythm in aging are commonly observed. Neurodegenerative changes of the suprachiasmatic nucleus have
been proposed to underlie this disrupted rhythm. However, based on previous studies, it can be proposed that white matter hyperintensities
(WMH)may also play a role in the altered rest–activity rhythm in aging. The present study focused on the rest–activity rhythm, as assessedwith
actigraphy, and WMH in nondemented aging. With regard to the rest–activity rhythm, the interdaily stability (IS), intradaily variability (IV)
and the amplitude (AMP) of the rhythm were of interest. The white matter hyperintensities were examined separately for the periventricular
(PVH) and deep white matter (DWMH) regions, while distinguishing between the various locations within these regions (e.g. occipital PVH).
The results indicated that frontal DWMH related to both IS and AMP. A reduction in the most active 10-h period mediated the relationship
between frontal DWMH and AMP. Possible underlying mechanisms of these associations are discussed.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Changes in the circadian rhythm are a common obser-
vation in the aged population and include distortions in
the rest–activity rhythm. Changes are expressed as noc-
turnal activity, increased sleep fragmentation and daytime
naps, and a reduction of circadian amplitude (Bliwise et al.,
2005; Haimov and Lavie, 1997; Huang et al., 2002). Age-
related degenerative changes of the suprachiasmatic nucleus
(SCN), a structure commonly acknowledged as the biologi-
cal clock of the mammalian brain (Pace-Schott and Hobson,
2002), partially account for the altered rest–activity rhythm.
The rest–activity rhythm can be considered as an indirect
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measure of the sleep–wake pattern (De Souza et al., 2003;
Tobler and Borbely, 1993). Evidence suggests that sleep dis-
tortions may be related to reductions in the white matter
integrity, denoted as white matter hyperintensities (WMH)
(Kanda et al., 2003; Meguro et al., 1995). As the white
matter forms the cortico-cortical and cortico-subcortical con-
nections, it has been argued that the cortical disconnection
caused by WMH mediates this relationship (Kanda et al.,
2003; Meguro et al., 1995). Considering the high agreement
between sleep and rest–activity rhythm measurements (De
Souza et al., 2003; Tobler and Borbely, 1993) it can be sug-
gested thatWMHmay be involved in the rest–activity rhythm
as well.
The importance of WMH in age-related rest–activity

rhythm distortions should be acknowledged considering the
high prevalence of WMH in normal aging. More specifi-
cally, aging poses the major risk factor for WMH (Ylikoski
et al., 1995), followed by cardiovascular risk factors such
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as hypertension and diabetes (Lazarus et al., 2005; Liao
et al., 1997; Ylikoski et al., 1995). Since the prevalence
of these risk factors increases with age as well (Jo et al.,
2001; Stolk et al., 1997), aging with cardiovascular risk fac-
tors may have devastating effects on white matter integrity.
This stresses the importance of assessing possible associa-
tions between WMH and the circadian rest–activity rhythm
in aging. Despite that previous studies suggest an association
between sleep and WMH, a specific differentiation within
white matter regions (e.g. frontal periventricular hyperinten-
sities) is lacking. This is important to determine possible
processes underlying alterations in the rest–activity rhythm.
The focus of the present study is therefore to examine a possi-
ble relationship between WMH and the rest–activity rhythm
bymeans of an objective registrationmethod, namely actigra-
phy. Furthermore, detailedWMH subscores are incorporated
in examining a relationship between the rest–activity rhythm
and WMH.

2. Methods

2.1. Study population

Participants were recruited in cooperation with the Sint
Lucas Andreas Hospital in Amsterdam, The Netherlands.
Medical records from subjects visiting the outpatient clinic
(e.g. of cardiology or internal medicine) were screened.
Because of the age relation of WMH, the lower limit of
inclusion was set at 50 years (Walhovd et al., 2005). The
vast majority of the participants (82.7%) scored positive
for at least one cardiovascular risk factor, such as hyper-
tension, diabetes mellitus, hypercholesterolemia, smoking,
and cardiac disease. A prerequisite for subjects to par-
ticipate was to be free of neurodegenerative disease (e.g.
dementia), stroke, pacemaker implant, psychiatric illness,
and alcohol or other substance abuse. The mini mental state
examination (MMSE) (Folstein et al., 1975) was used as a
screening instrument to exclude possible dementia: a score
of 24 and higher was required for participation (Grut et
al., 1993). Most common reasons for exclusion included
no informed consent, a history of stroke, and pacemaker
implant. Use of hypnotic medication (e.g. benzodiazepine)
was deduced from both a patient interview and medical
records. One hundred and sixty-two subjects participated.
Ninety-one participants were under treatment at the depart-
ment of cardiology, 34 subjects were under treatment at
the department of internal medicine, and 26 subjects, with
no symptoms suggestive of neurological disorders based on
medical history and physical examination, were recruited
from the department of neurology. A small number of par-
ticipants (n= 11) were either volunteers or spouses or friends
from participants under treatment. Subject characteristics
are presented in Table 1. Depressive symptoms were rated
with the Symptom Checklist (SCL-90), on which scores
can range between 16 (no depressive symptoms) and 80

Table 1
Subject characteristics (N= 162)

Variable Value

Age (mean±S.D.) 69.1 (8.6)
Sex (% male) 61.7
MMSE (mean±S.D.) 27.9 (1.6)
Depressive symptoms (mean±S.D.) 24.6 (9.3)
Use of hypnotic medication (n) 9
Cardiac disease (%) 65.4
Diabetes mellitus (%) 32.1
Hypercholesterolemia (%) 50.0
Hypertension (%) 38.3
Smoking (%) 18.5

Depressive symptoms were rated with the SCL-90, on which score can
range between 16 (no depressive symptoms) and 80 (most severe depressive
symptoms). MMSE: mini mental state examination.

(most severe depressive symptoms) (Arrindell and Ettema,
1986).
Approval for this study was obtained from the medical

ethics committee. All subjects signed an informed consent.

2.2. Rest–activity rhythm

The rest–activity rhythm was assessed using actigraphy
(Actiwatch, Cambridge Neurotechnology, Cambridge, UK).
Three variables were calculated (Van Someren et al., 1997a).
The first variable was interdaily stability (IS), which quan-
tifies the strength of coupling of the rest–activity rhythm
with zeitgebers (e.g., light). In an intact rest–activity rhythm,
there is high resemblance of the daily rhythm between dif-
ferent days, that is high stability of the rhythm over days.
Secondly, intradaily variability (IV) was considered, which
indicates the fragmentation of the rhythm, i.e. the frequency
and extent of transitions between rest and activitywithin a 24-
h period. Low IV is characterized by relative few transitions
between activity and rest during day, wheremuch activity can
be expected, and night, where inactivity is expected. Finally,
the amplitude of the rhythm (AMP) was calculated by sub-
tracting the least active 5-h period (L5) from the most active
10-h period (M10). A rhythm with high amplitude suggests
an intact rest–activity rhythm. Such a rhythm is characterized
by high levels of activity during daytime and low levels of
activity during night-time. A minimum of 5 days of actigra-
phy recording was required for these variables to be reliably
calculated.

2.3. Magnetic resonance imaging

A 1.5 T scan was used to obtain brain MRIs (General
Electric, Millwaukee, USA). Whole brain axial and coronal
fluid attenuated inversion recovery (FLAIR) (repetition time
[TR] = 10000ms, echo-time [TE] = 150ms, inversion time
[TI] = 2200ms, slice thickness 5mm, interslice gap 0mm,
24 slices) and axial T2-weighted images (TR= 6500ms,
TE= 102ms, echo train 24, slice thickness 5mm, inter-
slice gap 1mm, 22 slices) were acquired to allow detailed
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visualization of WMH. The white matter hyperintensities
were rated according to the Scheltens scale (Scheltens et al.,
1993). Two independent raters (PS and AG) scored the MRI
scans. The interrater weighted Cohen’s kappa’s of both raters
were >0.85 (against an internally established gold-standard).
Periventricular hyperintensities (PVH) were examined in
three regions, frontal and occipital caps and periventricu-
lar bands, and rated on a three-point scale: none (score 0);
5mm or less (score 1); 6mm or greater (score 2). The deep
white matter hyperintensities (DWMH) were examined in
four regions of the brain, the frontal, parietal, temporal, and
occipital lobes, andwere rated as follows: none (score 0); less
than 4mm and five or less lesions (score 1); less than 4mm
and six or more lesions (score 2); 4–10mm and five or less
lesions (score 3); 4–10mm and six or more lesions (score 4);
10mm or greater and one or more lesions (score 5); and large
confluent lesions (score 6).

2.4. Statistical analysis

Serious violations of normality were subjected to either
natural logarithmic or square root transformations, or cases
were ranked with normal distribution if appropriate. Due to
the low prevalence of both temporal and occipital DWMH
(26.7%and 7.4%, respectively), implicating severe violations
of normality, both variables were dichotomized into absence
(score 0) or presence (score 1) of WMH.
Pearson correlations were calculated between the

rest–activity rhythm variables (IS, IV, AMP) and the white
matter subscores. Next, hierarchicalmultiple regression anal-
yses were performed to determine which WMH subscore
strongest predicted the rest–activity rhythm.The rest–activity
rhythm variables were entered as the dependent variable. In
the first step, confounding effects of age, gender, use of hyp-
notic medication, and depressive symptoms were examined
by means of stepwise selection. In the next model, the white
matter subscores were examined, again bymeans of stepwise
selection. Significance for entry was set at p< .05.

3. Results

Of the 162 subjects initially enrolled into the study, 10 sub-
jects were not included in the analysis due to technical error
(e.g. malfunctional actigraphic registration). Furthermore,
five subjects were excluded due to insufficient actigraphy
registration. Despite explicit instructions, both insufficient
wearing (e.g. 3 days only) and severe fractionated actigra-
phy registration (due to frequent periods of not wearing the
actigraph) were present. MRI scans were furthermore not
obtained for eight subjects (e.g. due to claustrophobia). An
additional four subjects did not complete the SCL-90. As
such, data collection was complete for 135 subjects. WMH
were present in 94.8% of these participants (median = 5.0,
range = 0–27).

Table 2
Correlations between white matter and the rest–activity rhythm (N= 135)

IS IV AMP

Frontal PVH 0.011 0.123 −0.036
Lateral PVH −0.085 0.108 −0.061
Occipital PVH −0.171* 0.139 −0.180*
Frontal DWMH −0.173* 0.108 −0.237**
Parietal DWMH −0.145 0.111 −0.160
Temporal DWMH −0.027 0.140 −0.044
Occipital DWMH 0.016 0.121 −0.159
AMP: amplitude; DWMH: deep white matter hyperintensities; IS: interdaily
stability; IV: intradaily variability; PVH: periventricular hyperintensities.
* p< .05.
** p< .01.

Correlations between the WMH subscores and the
rest–activity rhythm variables are presented in Table 2. IS
significantly correlated with frontal DWMH and occipital
PVH and, marginally, with parietal DWMH. IV did not sig-
nificantly correlate with any of the white matter subscores.
Finally, AMP correlated with frontal DWMH and occipital
PVH and, marginally, with parietal, and occipital DWMH.
The hierarchical multiple regression analysis revealed that

frontal DWMH was the sole predictor of IS (β =−0.173,
p< .05); no further significant associations between IS and
other white matter subscores or confounders (age, depressive
symptoms, hypnotics, gender) were present. Age entered as
a significant predictor of IV (β = 0.197, p< .05), after which
no other confounder or white matter subscore could sig-
nificantly contribute. Finally, frontal DWMH was the only
significant predictor of AMP variance (β =−0.237, p< .01).
No effects of any of the confounders or other white mat-
ter subscores were noted. Since AMP reflects the difference
between L5 and M10, the analysis was repeated for these
variables in order to examine whether either an increase in
nighttime activity, a decrease in daytime activity, or possibly
changes in both variables mediates the AMP-frontal DWMH
association. This revealed that frontal DWMHpredictedM10
(β =−0.223, p< .01), but not L5. Examples of a normal and
disrupted rest–activity rhythm are presented in Fig. 1.
It can be argued that, as themajority of the participants suf-

fered from at least one cardiovascular risk factor, controlling
for these risk factors might attenuate the association between
WMHand the rest–activity rhythm. To examine this possibil-
ity, the cardiovascular risk factors were allowed to enter the
analysis using stepwise selection, after which the effects of
WMH subscores were examined. Results were fully compa-
rable to previous observations: frontal DWMH, but no other
WMH subscores, predicted IS, AMP, and M10.

4. Discussion

The present study suggests that WMH disrupt the
rest–activity rhythm in aging. Several white matter subscores
correlated significantly with IS and AMP, but not IV. Frontal
DWMH turned out to be the most important predictor of both
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Fig. 1. Circadian rest–activity rhythm in two participants. Upper panel represents a female diabetic participant, age 72, without WMH and high IS, low IV, and
high AMP. Lower panel displays the rest–activity rhythm of a male cardiac patient, age 82, with severe WMH (Scheltens et al., 1993) (score of 25 out of 30),
including frontal DWMH (6/6) and low IS, high IV, and low AMP. AMP: amplitude; DWMH: deep white matter hyperintensities; IV: intradaily variability; IS:
interdaily stability; WMH: white matter hyperintensities.

IS and AMP. It was further examined whether the association
between frontal DWMH and AMP could be attributed to an
increase in L5 or a decrease inM10, revealing that the associ-
ation between AMP and white matter was mainly attributed
to a decrease in M10 due to frontal DWMH.
Previous studies do suggest altered circadian rhythms both

in aging (Huang et al., 2002; Yoon et al., 2003) and demen-
tia (Harper et al., 2001; Scherder et al., 1999; Van Someren
et al., 1996, 1997a). Although disruption of the rest–activity
rhythm in the nondemented aged population has been sug-
gested to result from SCN degeneration, the present results
implicate that a WMH-related effect might be present in this
population as well. More specifically, the high prevalence
of WMH in both normal aging (De Leeuw et al., 2001)
and dementia (Varma et al., 2002) highlights the possible
widespread influence ofWMH on the rest–activity rhythm in
these populations.
How do WMH disrupt the rest–activity rhythm? Deaf-

ferentation has been optioned as an explanation (Kanda et
al., 2003; Meguro et al., 1995). The SCN, being the central
regulatory mechanism of the rest–activity rhythm, receives

input from cortical and subcortical areas (Moore et al., 2002;
Pace-Schott and Hobson, 2002). As such, a disruption in
one of the various connecting pathways might lead to a dis-
turbed rest–activity rhythm. As the white matter forms an
essential part of cortico-cortical and cortico-subcortical con-
nections, next through factors in aging such as a decrement
in light sensitivity (Duffy et al., 2007) and physical activity
(Elia et al., 2000), it can be argued that WMH may reduce
SCN input. A lack of input to the SCN may furthermore
decrease neuronal activation necessary for generation or out-
put of the circadian rhythm (Van Someren, 2000). Also, the
SCNcontains several (indirect) efferent connectionswith var-
ious brain structures, such as the brain stem (Pace-Schott and
Hobson, 2002), which may be disrupted as a consequence
of WMH. Further support for the notion of disconnection
of cortical and subcortical structures underlying disturbed
circadian rhythms comes from studies of vascular dementia
patients. These patients display severely disturbed circadian
rhythms, with deafferentation suggested as the main cause of
these alterations (Aharon-Peretz et al., 1991; Mishima et al.,
1997).
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Since distinct subregions of both PVH and DWMH cor-
related with the rest–activity rhythm variables in the present
study, it could be argued that the present results do imply a
more general involvement of white matter in maintaining a
stable rhythm. However, these results may alternatively be
interpreted as implicating a specific role of WMH subre-
gions in the rest–activity rhythm, with frontal DWMH as
the strongest predictor of both IS and AMP. The associa-
tion of frontal DWMH with AMP was mainly reflected in a
reduction in M10, the average activity in the most active 10-
h period, as a result of hyperintensities in this white matter
region. It is likely that self-initiated movements contribute
to this activity. Both imaging and lesion studies suggest
specific involvement of the dorsolateral prefrontal cortex
(DLPFC) in self-initiatedmovement (Jahanshahi et al., 1995;
Jenkins et al., 2000; Wiese et al., 2004, 2006). It has been
suggested that specifically the dorsal PFC white matter is
strongly related to both functioning of the PFC itself as well
as brain areas functionally and anatomically related to the
PFC (Nordahl et al., 2006). As such, the present observa-
tion of frontal DWMH relating to M10 fits in the idea of
frontal white matter being most important for PFC func-
tioning, which includes self-initiated activity. Equally, as
physical fitness and exercise have been shown to have benefi-
cial effects for the rest–activity rhythm in aging (VanSomeren
et al., 1997b), it could be argued that a reduction in activ-
ity mediates the association between frontal DWMH and IS
as well.
Alternatively, a reduction in visual inputmightmediate the

association of WMH with an altered rest–activity rhythm. In
the processing of light, retinofugal pathways include projec-
tions to the lateral geniculate nucleus (LGN), the midbrain
(superior-colliculus (SC) and pretectum (PT)), and the SCN.
The geniculo-hypothalamic tract originates from a portion
of the LGN, the intergeniculate leaflet, and conveys photic
and non-photic information to the SCN (Harrington, 1997).
The SC and PT are associated with the mediation of light
on sleep and wake in rats (Miller et al., 1998). Finally, the
retinohypothalamic tract projects directly to the SCN (Moore
et al., 1995). It could be argued that frontal DWMH, by
affecting the retinofugal tracts, reduces visual input to the
SCN. As photic input is related to amplitude (Satlin et al.,
1992) and IS (Van Someren et al., 1997a), the observation
of frontal DWMH to induce a reduction in IS and AMP
in the present study seems a logical consequence. How-
ever, these postulations are speculative and require further
research.
Despite that subjects with a history of depression were

excluded, depressive symptoms were taken into account
when performing the multiple linear regression analyses.
Considering the strong relationship of depression with both
WMH (Firbank et al., 2005) and the rest–activity rhythm
(Haynes et al., 2006), it could be argued that these symptoms
may still relate to both variables. However, the regression
analyses revealed that the degree of depressive symptoms
did not significantly contribute to any of the rest–activity

variables. Therefore, it can be concluded that these symp-
toms did not mediate (part of) the observed relationship of
WMH with both IS and AMP.
The present study contains several potential limitations.

One of them concerns the fact that no objective screeningwas
performed to examine the possible presence of sleep apnea.
The prevalence of sleep apnea might have been substan-
tial in our study population, considering the existing overlap
between cardiovascular risk factors and sleep apnea (Olson
and Somers, 2006). The high prevalence of these risk fac-
tors in the present study might actually indicate an increased
prevalence of sleep apnea. As WMH severity correlates with
the severity of sleep-disordered breathing (Harbison et al.,
2003), it can be argued that the presence of sleep apnea
accounts for part of the observed association between WMH
and the rest–activity rhythmvariables examined in the present
study. However, based on both patient interview and the care-
ful screening of patients’ medical records it is justified to
conclude that a history of sleep apnea is unlikely to have
mediated the observed effects.
Furthermore, several correlations between theWMH sub-

scores and the rest–activity variables were calculated, which
induces the risk of type 1 error. The results of these correla-
tions should therefore be interpreted with caution. However,
multiple linear regression analyses revealed a remaining
effect of frontal DWMH for both IS and AMP, which is likely
to reflect genuine effects.
The high prevalence of cardiovascular risk factors limits

generalizability of the present results to the aged population,
as the prevalence of these factors is likely to be lower in
this population. However, cardiovascular risk factors were
allowed to enter the multiple linear regression analyses and
this did not alter the previous observed effects of frontal
DWMH. This finding supports an independent association
between the rest–activity rhythm and WMH in the present
study, regardless of some subject characteristics.
A possible limitation is the use of a visual rating scale

instead of volumetric ratings to assess the degree ofWMH. It
could be argued that volumetric ratings are more accurate
than Scheltens’ semiquantative rating scale that was used
in the present study (Van Straaten et al., 2006). However,
strong correlations between the Scheltens scale and volu-
metric measurements have been reported (Kapeller et al.,
2003; Van Straaten et al., 2006). As white matter ratings in
the present study might deviate from volumetric ratings, the
observed associations between WMH and both IS and AMP
may underestimate the true relationship. These associations
might only prove stronger when volumetric rating methods
are applied.
The present study confirms involvement of the white mat-

ter in the rest–activity rhythm. As both the normal aged and
the demented populationmaypresentwithmoderate to severe
WMH, alterations in the rest–activity rhythm in these popula-
tions as a result of WMH can be anticipated. Future research
should focus on underlying mechanisms of the relationship
between WMH and the rest–activity rhythm.
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