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A B S T R A C T

Background:We sought to investigate the possible associations of rest-activity patterns with cortical amyloid
burden, medial temporal lobe (MTL) neurodegeneration, and cognitive function in patients in the early stage
of cognitive impairment.
Methods: Rest-activity patterns were assessed in 100 participants (70 with mild cognitive impairment and 30
with mild dementia) using wrist actigraphy. All participants underwent 18F-flutemetamol positron emission
tomography (PET) imaging to quantify cortical amyloid burden, structural brain magnetic resonance imaging
(MRI) to quantify MTL grey matter volume, neuropsychological testing, and clinical diagnosis. We used multi-
ple linear regression models adjusted for covariates, including demographics, diabetes, hypertension, depres-
sive symptom, psychotropic medication, sleep medication, weekend effect, and apolipoprotein-e allele
status.
Findings: After adjusting for possible confounders, we found that the midline estimation of statistic of rhythm
(MESOR) associated positively with frontal/executive function (estimate = 1.17, standard error [SE] = 0.37,
p = 0.002). The least active 5-h (L5) onset time associated positively with MTL grey matter volume and mem-
ory function (estimate = 1.24, SE = 0.33, p = 0.001, and estimate = 3.77, SE = 1.22, p = 0.003, respectively), par-
ticularly in amyloid-negative participants. Additional path analysis revealed that MTL grey matter volume
partially mediated the association between L5 onset time and memory function in amyloid-negative
participants.
Interpretation: Decreased MESOR and advanced L5 onset time may be useful as early signs of cognitive
decline or MTL neurodegeneration. Furthermore, amyloid pathology may act as a moderator of the relation-
ships between rest-activity patterns, neurodegeneration, and cognitive function.
Funding: Korea Centres for Disease Control and Prevention (#4845�303); National Research Foundation of
Korea (2019M3C7A1031905, 2019R1A5A2026045).
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
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1. Introduction

Circadian rhythms are near 24-h oscillations in behavioural,
physiological, cellular, and biochemical processes [1]. In mammals,
the principal circadian oscillator is comprised of cell-autonomous
transcriptional and post-translational feedback loops in the
suprachiasmatic nucleus (SCN) of the hypothalamus [2]. The SCN
carries circadian rhythm output signals via projection neurons to
multiple brain regions that contain the local circuits responsible
for various biological processes. For example, the spontaneous fir-
ing rate in SCN neurons affects daily rest-activity patterns in
mammals [3].
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Research in context

Evidence before this study

Recent animal studies indicate that a circadian rhythm deficit in
the central nervous system accelerates neurodegenerative
changes by increasing oxidative stress, inflammation, astroglio-
sis, blood-brain barrier permeability, and amyloid plaque for-
mation. Nonetheless, relatively little is known about the impact
of circadian rhythm disturbance and rest-activity pattern
changes on neurodegeneration in humans. Especially, much
more research needs to be done in patients with early stage of
cognitive impairment to elucidate the relationships between
rest-activity pattern, neurodegeneration, and cognitive func-
tion. A few case-control studies have been reported; however,
the data are inconsistent regarding changes in rest-activity pat-
tern in this population. Active phase advance, rest or sleep
phase advance, decreased rhythm amplitude, and increased
daytime nap with dampened melatonin profile have been
reported, but these studies were limited by small sample sizes
as well as a lack of neuroimaging biomarkers and detailed neu-
ropsychological tests.

Added value of this study

In the present study, we investigated associations of rest-
activity patterns with cortical amyloid burden, medial tem-
poral lobe (MTL) neurodegeneration, and cognitive function
in patients in the early stage of cognitive impairment. We
found that MESOR, which corresponds to the rhythm-
adjusted mean activity, associated positively with frontal/
executive function. Furthermore, L5 onset time, which corre-
sponds to the time of rest period onset, associated positively
with MTL grey matter volume and memory function, particu-
larly in amyloid-negative participants. Additional path analy-
sis revealed that MTL grey matter volume partially mediates
the relationship between L5 onset time and memory function
in amyloid-negative participants.

Implications of all the available evidence

The findings of our study suggest rest-activity pattern
changes in early stage of cognitive impairment may be useful
as early signs of cognitive decline or neurodegeneration. In
addition, future research efforts should consider the poten-
tial moderating effects of cortical amyloid burden on rela-
tionships between rest-activity patterns, neurodegeneration,
and cognitive function.

2 H.W. Roh et al. / EBioMedicine 58 (2020) 102881
Circadian rhythm output from the SCN decreases with age [4, 5].
Whether the reduced circadian output is a physiological change due
to ageing or a pathological process remains controversial; however,
increasing evidence suggests that circadian rhythm disturbances
occur early in the course of neurodegenerative disorders and may
potentially contribute to the pathogenesis and progression of disease
[6]. Recent animal studies indicate that a circadian rhythm deficit in
the central nervous system accelerates neurodegenerative changes
by increasing oxidative stress, inflammation, astrogliosis, blood-brain
barrier permeability, and amyloid plaque formation [7-10]. Despite
these reports, relatively little is known about the impact of circadian
rhythm disturbance and rest-activity pattern changes on neurode-
generation in humans.

Dementia, a common health problem in older adults, is defined by
the deterioration of cognitive function and ability to perform every-
day activities. Alzheimer’s disease (AD) with cortical amyloid burden
as a prominent neuropathological biomarker is the most common
neurodegenerative disease causing dementia. Non-Alzheimer’s
dementia that is free of prominent cortical amyloid burden, includes
frontotemporal lobe dementia (FTLD), Lewy body dementia (LBD),
vascular dementia, or a mixture of these pathologies [11-13]. Impor-
tantly, vascular pathologies can contribute to AD aetiology as well.
Evaluation of dementia patients requires not only cognitive and neu-
rological examination, but also assessment of available disease bio-
markers such as cortical amyloid burden. However, it is still unclear
whether or not rest-activity pattern changes depend on the aetiology
of neurodegeneration [14].

Rest-activity pattern changes have been reported in numerous
studies of patients with moderate to severe dementia, as reviewed in
[14]. Decreased total activity, fragmented 24-h activity rhythm,
blunted rhythm amplitude, and phase delay have been documented
in these patients [15-19]. Nonetheless, much more research needs to
be conducted in patients in the early stage of cognitive impairment
to elucidate the relationships between rest-activity pattern, neurode-
generation, and cognition [14, 20]. A few case-control studies have
been reported; however, the data are inconsistent regarding changes
in rest-activity pattern in this population [21]. Active-phase advance
[22], rest or sleep phase advance [22, 23], decreased rhythm ampli-
tude [24], and increased daytime nap with a dampened melatonin
profile [25] have been reported. However, most of these studies were
limited by small sample sizes as well as a lack of neuroimaging bio-
markers and detailed neuropsychological tests.

In the present study, we examined the rest-activity patterns of
patients with mild cognitive impairment (MCI) and mild dementia
using actigraphy. In addition, we performed detailed neuropsycho-
logical tests and assessed neuroimaging biomarkers such as cortical
amyloid burden, and medial temporal lobe (MTL) neurodegeneration.
We investigated the possible associations of rest-activity patterns
with cortical amyloid burden, MTL neurodegeneration, and cognitive
function, thereby evaluating the possibility of actigraphy-based rest-
activity pattern variables as biomarkers in patients with MCI and
mild dementia.

2. Materials and methods

2.1. Participants

Study participants were from the Chronic Cerebrovascular Disease
Consortium at Ajou University Hospital (Suwon, Korea), which is a
disease-orientated biobank supported and funded by the Korea
Centres for Disease Control and Prevention. The Chronic Cerebrovas-
cular Disease Consortium recruited participants who complained of
changes in cognition by an affected individual or observers from six
hospital-based outpatient clinics at tertiary referral centres and two
community-based mental health centres. Rest-activity patterns were
measured in participants recruited at Ajou University Hospital only.
Of the 170 participants who registered for the Chronic Cerebrovascu-
lar Disease Consortium at Ajou University Hospital, our final analysis
included 70 patients who presented with MCI and 30 patients who
displayed mild dementia from November 2016 to December 2018.
Given that MCI and mild dementia lie on a continuum of the early
stages of cognitive impairment, those individuals were combined in
our analysis. A flow diagram illustrating how study participants were
selected is shown in Fig. S1.

Patients with MCI were evaluated using the expanded Mayo Clinic
criteria [26]. Patients with mild dementia were evaluated using the
National Institute on ageing-Alzheimer’s Association core clinical cri-
teria for all-cause dementia [27] with two additional conditions: a
Clinical Dementia Rating (CDR) global score of 1 and a Mini-Mental
State Examination (MMSE) score of at least 15. We excluded patients
who met at least one of the following criteria: (1) possible behaviou-
ral variant frontotemporal lobar degeneration, (2) possible Lewy
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body dementia, and (3) history of a neurological or medical condition,
such as territorial cerebral infarction, intracranial haemorrhage, idio-
pathic parkinsonism, heart failure, or renal failure, or other condi-
tions that could interfere with the study.

2.2. Standard protocol approval, registration, and patient consent

The Chronic Cerebrovascular Disease Consortium is registered at
the Korean National Clinical Trial Registry CRIS (identifier:
KCT0003391). The study was approved by the Institutional Review
Board of Ajou University Hospital (AJIRB-BMR-SUR-16�362). Written
informed consent was obtained from all participants and caregivers.

2.3. Measurement of rest-activity patterns

All participants were invited to wear a research-grade triaxial
accelerometer (Fitmeter; Fit.Life Inc, Suwon, Korea) [28, 29] on their
non-dominant wrist for at least 7 days while performing their usual
daily activities in a home setting. Activity counts in 1-min epochs
from the first 4 consecutive days of data, starting at midnight, were
processed to calculate rest-activity pattern variables. We adjusted for
the number of weekend days to control for a potential weekend
effect. In fact, the majority of participants (85%) reported that they
did not have a regular job during the assessment period. Of the 100
participants, 17 participants had irregular missing data periods, indi-
cating device removal during their 4-day assessment period. To con-
trol for this, we applied the recently developed imputation method
‘accelmissing’, which was developed for accelerometer data and vali-
dated using 2003�2004 National Health and Nutrition Examination
Survey data [30]. In our study, the mean imputation time was
77 min/day from the 17 participants, representing less than 1% of the
total data time of all participants.

We calculated rest-activity pattern variables using two different
methods, namely cosinor analysis and nonparametric analysis. Cosi-
nor analysis fits the raw activity counts to cosine curves using the
least-square method [31]. From the cosinor analysis, we calculated
the (1) robustness (goodness-of-fit for cosine curve, generally repre-
sents the rhythmicity of the circadian activity pattern), (2) midline
estimation of statistic of rhythm (MESOR, generally represents the
mean of the activity fitted curve), (3) amplitude (peak to nadir differ-
ence in activity), and (4) acrophase (timing of peak activity). We also
performed nonparametric analysis, which does not have a priori
assumptions about the waveform of daily activity but instead calcu-
lates variables based on raw activity counts [32]. We calculated the
(1) inter-daily stability (IS, generally represents the strength of cou-
pling of a rhythm to environmental zeitgebers), (2) intra-daily vari-
ability (IV, generally represents activity fragmentation in a day), (3)
least active 5-h (L5) onset time, and (4) most active 10-h (M10) onset
time from the nonparametric analysis. Analyses were performed
using in-house-developed Python code, which was validated using
‘Cosinor’ software (developed by Refinetti) and the ‘nparACT’ package
in the R Statistical software [33, 34]. The distribution of eight rest-
activity pattern variables is shown in Fig. S2.

2.4. Cognitive function assessment

Cognitive function was evaluated using a standardised neuropsy-
chological test called the Seoul Neuropsychological Screening Battery
(SNSB) [35]. The SNSB includes tests of language, visuospatial, mem-
ory, frontal/executive function, and depressive symptoms. The lan-
guage function was based on the Boston Naming Test (range, 0�60).
The visuospatial function was based on the Rey Complex Figure Test
(range, 0�36). The memory function was calculated by summing
scores from verbal memory (Seoul Verbal Learning Test immediate
recall, delayed recall, and recognition score) and visual memory tests
(Rey Complex Figure Test immediate recall, delayed recall, and
recognition score; range, 0�144). The frontal/executive function was
calculated by summing scores from the Controlled Oral Word Associ-
ation Test and Stroop Colour Reading Test (range, 0�55). The depres-
sive symptoms were evaluated by the Korean version of the short-
form geriatric depression scale (SGDS; range, 0�15).

2.5. Neuroimaging biomarkers

All participants underwent an 18F-flutemetamol positron emis-
sion tomography (PET) scan to quantify cortical amyloid burden
using a Discovery STe PET/CT scanner (GE, Milwaukee, WI, USA) with
identical settings. The 18F-flutemetamol was injected into an antecu-
bital vein as a bolus with a mean dose of 185 MBq. After 90 min, a 20-
min PET scan was performed. The 18F-flutemetamol PET scans were
co-registered with individual magnetic resonance imaging (MRI)
scans, which were normalised to a T1-weighted MRI template. Using
transformation parameters, MRI-co-registered 18F-flutemetamol PET
images were normalised to the MRI template. To quantify 18F-flute-
metamol retention, a standard uptake value ratio (SUVR) was
obtained by using the pons as a reference region. Global cortical 18F-
flutemetamol retention was calculated from the volume-weighted
average SUVR of bilateral 28 cortical volumes of interest from frontal,
posterior cingulate, lateral temporal, parietal, and occipital lobes
using the Annotated Anatomical Labelling atlas [36]. Based on a pre-
vious report on the elderly Korean population and our observed data
distribution, participants were considered to be positive for amyloid
if their global cortical SUVR was greater than 0.65 [37].

All participants underwent structural brain MRI scanning to quan-
tify MTL grey matter (GM) volume. We performed voxel-based mor-
phometry with the diffeomorphic anatomical registration through an
exponentiated lie algebra (DARTEL) procedure on T1-weighted
images [38, 39]. All MRI data acquisition was performed using a 3T
GE Healthcare Discovery 750 M scanner. High-resolution axial three-
dimensional fast spoiled gradient recalled echo structural images
(3D-T1 FSPGR: 200£ 200matrix, TR = 8ms, TE = 3 ms, flip angle = 12°,
FOV = 20 cm, slices = 176, slice thickness = 1.0 mm) were collected
using a magnetisation-prepared rapid gradient echo sequence. Pre-
processing of the structural data was performed using the Statistical
Parametric Mapping software (SPM12; Wellcome Department of
Cognitive Neurology, London, UK) implemented in MATLAB (Math-
works Inc., Natick, MA, USA). At first, using the segmentation algo-
rithm implemented in SPM12, three-dimensional T1-weighted
structural images of each individual were segmented into six tissue
sections. Default parameters were used in the segmentation process
with the exception that affine regularisation was performed using
the international consortium for brain mapping template for east
Asian brains. We then progressed to the DARTEL process imple-
mented in SPM12. First, we created grey matter and white matter
templates from our entire data set using the DARTEL technique. We
then normalised each participant’s image into the Montreal Neuro-
logical Institute space with the normalised images modulated to
ensure that relative grey and white matter volumes were preserved
following spatial normalisation. Subsequently, all images were
smoothed by convolving them with an isotropic Gaussian kernel of
6 mm full width at half maximum.

To assess subcortical vascular pathology, we evaluated the sever-
ity of white matter hyperintensities (WMHs) according to the modi-
fied criteria of Fazekas et al. using the fluid-attenuated inversion
recovery images [40]. The severity of periventricular white matter
hyperintensities (PVWMHs) were categorised into the following
groups, namely mild (cap or band < 5 mm), moderate (5 mm � cap
or band < 10 mm), and severe (cap or band � 10 mm), based on the
size of the cap or band that was perpendicular or horizontal to the
ventricle. The severity of deep white matter hyperintensities
(DWMHs) were divided into the following groups: mild (maximum
diameter of deep white matter lesion < 10 mm), moderate (10 mm �
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lesion < 25 mm), and severe (lesion � 25 mm). The severity of overall
WMHs was assigned to one of three groups by combining PVWMHs
(P1: mild, P2: moderate, P3: severe) and DWMHs (D1: mild, D2:
moderate, D3: severe), such as the mild (D1P1, D1P2), moderate (nei-
ther mild nor severe), and severe (D3P3) groups.

2.6. Other measures

The covariates assessed in this study were age, sex, education, liv-
ing alone, diabetes, hypertension, depressive symptom, acetylcholine
esterase inhibitor use, antidepressant use, antipsychotics use, benzo-
diazepine use, sleep medication use, number of weekend days, and
apolipoprotein-e allele status.

2.7. Statistical analysis

Continuous variable data are reported as the mean with the stan-
dard deviation (SD) or median with the interquartile range (IQR) after
verifying a normal distribution using the Shapiro�Wilk test. For
group comparisons, we used the Student’s t-test and the Man-
n�Whitney U test for variables exhibiting a normal or non-normal
distribution, respectively. For categorical variables, we examined
group differences using the chi-squared test. For exploratory analy-
ses, we performed Pearson’s correlation tests. Rest-activity pattern
variables that had at least one significant correlation (p < 0.01) with
a neuroimaging biomarker or cognitive function were selected for
subsequent regression analyses. We performed multiple linear
regression analyses to examine the significance of observed associa-
tions. To adjust possible covariates with parsimonious models, we
used forward stepwise methods. The criterion for covariate selection
involved entering variables p < 0.05 and exit variables p > 0.10. The
local effect size of the rest-activity pattern variable within the regres-
sion model was assessed by a variation of Cohen’s f square [41]. We
evaluated model assumptions of normality and homoscedasticity by
examining the distribution of standardised residuals. To correct for
multiple independent variables, dependant variables, and subgroup
analyses, false discovery rate (FDR)-corrected p-values less than 0.05
Table 1
Demographic characteristics of study participants.

Characteristics All participants
(n = 100)

Age, median (IQR), yr 73 (67�77)
Female, No. (%) 68 (68.0)
Education, median (IQR), yr 12 (6�12)
Living alone, No. (%) 14 (14.0)
Comorbidity, No. (%)
Diabetes 23 (23.0)
Hypertension 52 (52.0)

SGDS, median (IQR) 4.5 (2.0�9.0)
Psychotropic medication use, No. (%)
Acetylcholinesterase inhibitor 30 (30.0)
Antidepressant 57 (57.0)
Antipsychotics 11 (11.0)
Benzodiazepine (daytime) 14 (14.0)
Sleep medicationb 35 (35.0)

APOE genotype, No. (%)
e2 allele carrier 16 (16.0)
e4 allele carrier 30 (30.0)

MMSE, median (IQR) 25 (22�27)
CDR-SB, median (IQR) 2.0 (1.1�4.5)

APOE = apolipoprotein E; CDR-SB = Clinical Dementia Rating
Mental Status Examination; SGDS = Short-form Geriatric Depr

a Student's t-test was performed for normally distributed
conducted for continuous variables that did not exhibit a no
categorical variables.

b Benzodiazepine, zolpidem, and trazodone at bedtime.
were considered as statistically significant. Finally, we performed
path analysis using the PROCESS macro in SPSS [42], which uses a
bootstrap approach that can avoid the power problem by non-nor-
mality and is less restricted by sample size [43]. All analyses were
performed using SPSS, version 22 (IBM, Chicago, IL, USA) or the R Sta-
tistical Software, version 3.5.3, (R Foundation for Statistical Comput-
ing, Vienna, Austria).

3. Results

3.1. Demographic characteristics of study participants

The demographic characteristics of the study participants are
listed in Table 1. The median (IQR) age was 73 (67�77) years, number
of years of education was 12 (6�12), SGDS score was 4.5 (2�9), and
MMSE score was 25 (22�27). Of the 100 participants, 68% were
female, 23% presented with diabetes, and 52% were diagnosed with
hypertension. Approximately 57% were taking antidepressants and
35% were taking sleep medication, consistent with recent studies
suggesting a high prevalence of depression or insomnia in patients
with cognitive impairment [44, 45]. Finally, 46% were identified as
amyloid-positive by 18F-flutemetamol PET imaging.

Next, we categorised the participants into two groups based on
cortical amyloid burden. These demographic characteristics were
also compared between subgroups (Table 1). In brief, amyloid-posi-
tive participants were slightly older, more likely to be treated with
acetylcholinesterase inhibitor (ACEi) and less likely to be an APOE e2
carrier. Moreover, these participants were more likely to be an APOE
e4 allele carrier and exhibited lower MMSE scores with higher CDR-
Sum of Boxes (CDR-SB).

3.2. Analysis of rest-activity patterns, neuroimaging biomarkers, and
cognitive function

Descriptive statistics for rest-activity patterns, neuroimaging bio-
markers, and cognitive function are reported in Table 2. We first
examined whether rest-activity pattern variables were different
Categories based on cortical amyloid burden

Amyloid-negative
(n = 54)

Amyloid-positive
(n = 46)

pa

71 (64�75) 74 (72�78) <0.001
37 (68.5) 31 (67.4) 0.90
9 (6�12) 12 (6�14) 0.10

10 (18.5) 4 (8.7) 0.16

13 (24.1) 10 (21.7) 0.78
28 (51.9) 24 (52.2) 0.97
5.5 (2.0�11.0) 3.5 (2.0�8.0) 0.08

9 (16.7) 21 (45.7) 0.002
27 (50.0) 30 (65.2) 0.13
4 (7.4) 7 (15.2) 0.21
7 (13.0) 7 (15.2) 0.75

20 (37.0) 15 (32.6) 0.64

13 (24.1) 3 (6.5) 0.02
5 (9.3) 25 (54.3) <0.001

26 (23�28) 23 (20�26) 0.003
2.0 (1.0�3.0) 4.0 (1.5�5.1) <0.001

Sum of Boxes; IQR = interquartile range; MMSE = Mini-
ession Scale.
continuous variables, and the Mann-Whitney U test was
rmal distribution. Chi-square tests were performed for



Table 2
Rest-activity pattern variables, neuroimaging biomarkers, and cognitive function of study participants.

Characteristics Categories based on cortical amyloid burden

Mean (SD) or Median (IQR)a Range All participants
(n = 100)

Amyloid-negative
(n = 54)

Amyloid-positive
(n = 46)

pb

Rest-activity pattern variables
Cosinor analysis
Robustness 0.02�0.48 0.14 (0.08�0.18) 0.13 (0.09�0.17) 0.14 (0.07�0.19) 0.75
MESOR, rhythm-adjusted mean activity 1.06�10.34 4.93 (2.03) 4.97 (1.86) 4.87 (2.22) 0.69
Amplitude 0.66�8.12 3.36 (2.32�4.82) 3.46 (2.50�5.07) 3.25 (2.26�4.74) 0.56
Acrophase, timing of peak activity, time 11.5�18.1 13.7 (12.7�14.6) 13.6 (12.6�14.4) 13.9 (12.7�14.6) 0.57

Nonparametric analysis
IS, day to day consistency 0.27�0.85 0.60 (0.49�0.69) 0.59 (0.51�0.68) 0.64 (0.45�0.71) 0.86
IV, fragmentation 0.38�1.66 0.93 (0.28) 0.93 (0.30) 0.92 (0.28) 0.81
L5 onset time, rest phase, time 18.8�27.9 23.9 (1.7) 23.6 (1.7) 24.2 (1.8) 0.04
M10 onset time, active phase, time 3.5�12.4 8.1 (6.8�9.8) 8.2 (7.0�9.5) 7.8 (6.6�10.0) 0.86

Neuroimaging biomarkers
Cortical amyloid burden, SUVR 0.49�1.28 0.62 (0.57�0.87) 0.57 (0.55�0.60) 0.88 (0.79�1.00) <0.001
Medial temporal lobe GM volume 0.26�0.53 0.39 (0.06) 0.41 (0.05) 0.36 (0.05) <0.001

Cognitive function
Language function 8.0�57.0 42.0 (32.0�48.0) 45.5 (36.0�50.3) 40.0 (29.5�48.0) 0.03
Visuospatial function 2.5�36.0 28.5 (24.1�32.0) 29.0 (24.9�32.0) 27.8 (21.6�30.3) 0.11
Memory function 6.0�105.0 49.3 (19.7) 56.7 (19.2) 40.6 (16.8) <0.001
Frontal/executive function 0.0�41.0 18.7 (10.1) 19.7 (10.1) 17.5 (10.0) 0.28

GM = grey matter; IQR = interquartile range; IS = inter-daily stability; IV = intra-daily variability; L5 onset time = least active 5-h onset time; M10
onset time = most active 10-h onset time; MESOR = midline estimation statistic of rhythm; SD = standard deviation; SUVR = standardised uptake
value ratio.

a Values represented as the mean § standard deviation (SD) for normally distributed variables and median (IQR) for variables that did not
exhibit a normal distribution.

b Student's t-test was performed for normally distributed continuous variables, and the Mann-Whitney U test was conducted for continuous
variables that did not exhibit a normal distribution.
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between the subgroups. Although other variables did not exhibit dif-
ferences, L5 onset time, which is akin to the rest period onset time,
differed with the presence of cortical amyloid burden. Amyloid-
positive participants displayed a later L5 onset time than amyloid-
negative participants (mean [SD], 23.6 [1.7] vs. 24.2 [1.8]; p = 0.04).
This difference remained significant after accounting for six covari-
ates that varied between the demographic characteristics, including
age, ACEi use, APOE -e2, -e4 allele carrier, MMSE, and CDR-SB (esti-
mated marginal means [standard error], 23.4 [0.3] vs. 24.5 [0.3];
p = 0.02; Fig. 1). Furthermore, amyloid-positive participants exhibited
a higher cortical amyloid burden, more MTL neurodegeneration, and
lower language and memory functions. However, visuospatial and
frontal/executive functions did not differ between the two groups.

3.3. Association of MESOR with frontal/executive function and L5 onset
time with memory function

To enable further analysis, we first performed a Pearson correla-
tion test to narrow down possible associations of the rest-activity
pattern variables with neuroimaging biomarkers and cognitive
domains (Fig. 2). MESOR and L5 onset time correlated significantly (p
< 0.01) with at least one neuroimaging biomarker, or cognitive
domain.

To investigate the robustness and effect size of these associations
after controlling for possible covariates, we next conducted a multi-
ple linear regression analysis. MESOR associated positively with
frontal/executive function in all participants, as well as in amyloid-
negative participants (estimate = 1.17, standard error [SE] = 0.37,
p = 0.002, estimate = 2.12, SE = 0.52, p < 0.001; Table 3). The local
effect sizes for MESOR on frontal/executive function in all partici-
pants and amyloid-negative participants were low (Cohen’s f2 = 0.08)
and medium (Cohen’s f2 = 0.17), respectively (Table S1). Next, to
assess the moderating effect of cortical amyloid burden, we per-
formed interaction analyses. No significant moderating effect on the
association between MESOR and frontal/executive function was
observed with cortical amyloid burden (p for interaction = 0.1;
Fig. 3a).
Our analysis also revealed that L5 onset time associated positively
with memory function in amyloid-negative participants (esti-
mate = 3.77, SE = 1.22, p = 0.003; Table 3). Furthermore, L5 onset time
associated positively with MTL GM volume in amyloid-negative par-
ticipants (estimate = 1.24, SE = 0.33, p = 0.001). The local effect sizes
of L5 onset time for memory function and MTL GM volume in amy-
loid-negative participants were medium (Cohen’s f2 = 0.19 for mem-
ory function, Cohen’s f2 = 0.28 for MTL GM volume; Table S2). We
also found a significant moderating effect by cortical amyloid burden
on associations of L5 onset time with memory function and MTL GM
volume (p for interaction = 0.007 and p = 0.003, respectively; Fig. 3b
and c).
3.4. Model of relationships between L5 onset time, MTL GM volume,
memory function, and cortical amyloid burden

To further understand the complex relationships between L5
onset time, MTL GM volume, memory function, and cortical amyloid
burden, we performed path analysis, which enabled us to consider
different variables together in one model. Based on our regression
results and previous evidence suggesting a pathophysiological role
for disrupted circadian rhythm on neurodegeneration [21, 23], we
examined a model that involves MTL GM volume mediation in the
association between L5 onset time and memory function. Further-
more, we added cortical amyloid burden as a possible moderator in
the association of L5 onset time with MTL GM volume and memory
function. Six variables selected as significant covariates in our multi-
ple linear regression analyses were adjusted in the final path model
(Fig. 4).

This analysis revealed that both the direct (L5 onset
time ! memory function) and indirect paths (L5 onset time ! MTL
GM volume ! memory function) were significant in amyloid-nega-
tive participants. On the other hand, neither path was significant in
amyloid-positive participants. Collectively, our results indicate that
MTL GM volume partially mediates the association between L5 onset
time and memory function in amyloid-negative participants.



Fig. 1. Comparison of least active 5-h onset time between amyloid-negative and -posi-
tive participants. L5 onset time, which is defined as the least active 5-h onset time, was
compared between the two groups by applying analysis of covariance (ANCOVA)
adjusted for age, acetylcholine esterase inhibitor use, Apolipoprotein -e2, -e4 allele car-
rier, Mini-Mental State Examination (MMSE) score, and Clinical Dementia Rating Sum
of Boxes. These six covariates exhibited statistically significant differences between
the two groups for the demographic characteristics listed in Table 1 (estimated mar-
ginal means [standard error], 23.4 [0.3] vs 24.5 [0.3]; p = 0.02). Circles represent
patients; bars in the middle, median; error bars, interquartile range.
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4. Discussion

In this study, we explored the relationships between rest-activity
pattern, neuroimaging biomarkers, and cognitive function in patients
with MCI and mild dementia. We found that MESOR, which corre-
sponds to the rhythm-adjusted mean activity, associated positively
with frontal/executive function. Furthermore, L5 onset time, which
corresponds to the time of rest period onset, associated positively
Fig. 2. Exploratory correlation analysis between rest-activity pattern variables, neuroimagin
to narrow down the possible associations between the eight rest-activity pattern variables (
(horizontal axis) in all participants (a), in amyloid-negative participants (b), and in amyloid-p
relation coefficient. Note that statistically significant associations were observed between L5
tion, significant associations were observed between MESOR and frontal/executive function
p = 0.004) and memory function (r = 0.43, p = 0.001) in amyloid-negative participants. Ast
time = least active 5-h onset time; M10 onset time = most active 10-h onset time; MESOR = m
with MTL GM volume and memory function, particularly in amyloid-
negative participants. Additional path analysis revealed that MTL GM
volume partially mediates the relationship between L5 onset time
and memory function in amyloid-negative participants.

Our finding that MESOR is associated with frontal/executive func-
tion is consistent with a previous study that showed a positive associ-
ation between MESOR and frontal/executive function in elderly
individuals. Indeed, Walsh et al. reported that the lowest quartile for
MESOR at baseline was associated with lower frontal/executive func-
tion 5 years later in 1287 older women without dementia (mean age,
82.8 years; mean MMSE score, 28.4) [46]. Their study included only
women with advanced age, MESOR was treated as a quartile variable,
and neither baseline frontal/executive function nor any neuroimag-
ing biomarkers were assessed. Thus, our analyses expand on these
findings on several important considerations. Our study is first to
report a positive association between MESOR and frontal/executive
function in patients with cognitive impairment. In addition, we
treated MESOR as a continuous variable, enabling us to estimate a
more accurate association between variables. Finally, we assessed
cortical amyloid burden using 18F-flutemetamol PET imaging, reveal-
ing a more prominent association between MESOR and frontal/exec-
utive function specifically in amyloid-negative participants. Recently,
several studies have suggested unidirectional or bidirectional
associations between low physical activity and frontal/executive dys-
function in elderly individuals with normal cognition and in MCI
patients [47, 48]. Thus, one possible mechanistic explanation for the
association of MESOR with frontal/executive function could involve
the positive relationship between MESOR and physical activity. In
fact, several previous reports have emphasised intensity and quality
of exercise as important factors involved in the protective effects
against cognitive impairment [49, 50]. However, it should be noted
that, although MESOR and physical activity are conceptually similar,
they measure different characteristics. In other words, MESOR does
not reflect the quality of exercise. Future studies that examine
both MESOR and physical activity will confirm our hypothesis more
thoroughly.
g biomarkers, and cognitive domain measures. We performed Pearson correlation tests
vertical axis) with two neuroimaging biomarkers and four cognitive domain measures
ositive participants (c). The colour and diameter of each circle represent a Pearson cor-
onset time and frontal/executive function (r = 0.29, p = 0.003) in all participants. In addi-
(r = 0.36, p = 0.008), as well as between L5 onset time and MTL GM volume (R = 0.38,
erisk indicates p < 0.01. IS = inter-daily stability; IV = intra-daily variability; L5 onset
idline estimation statistic of rhythm, MTL GM = medial temporal lobe grey matter.



Table 3
Multiple linear regression analysis for associations of MESOR and L5 onset time with neuroimaging biomarkers and cog-
nitive function.

Independent variable: MESOR

All participants
(n = 100)

Amyloid-negative
(n = 54)

Amyloid-positive
(n = 46)

Dependant variables estimate (se) pa estimate (se) p estimate (se) p

Neuroimaging biomarkers
Cortical amyloid burden, SUVRb 0.46 (0.83) 0.58 0.26 (0.23) 0.26 �0.25 (1.00) 0.80
Medial temporal lobe GM volumeb �0.39 (0.21) 0.08 �0.22 (0.33) 0.52 �0.15 (0.25) 0.54

Cognitive function
Language function 0.76 (0.46) 0.10 0.78 (0.62) 0.21 0.63 (0.70) 0.37
Visuospatial function 0.17 (0.32) 0.59 0.64 (0.36) 0.08 �0.31 (0.46) 0.51
Memory function 0.39 (0.78) 0.62 0.91 (0.12) 0.45 �0.06 (0.90) 0.95
Frontal/executive function 1.17 (0.37) 0.002c 2.12 (0.52) <0.001c 0.54 (0.52) 0.30

Independent variable: L5 onset time

All participants
(n = 100)

Amyloid-negative
(n = 54)

Amyloid-positive
(n = 46)

Dependant variables estimate (se) pa estimate (se) p estimate (se) p

Neuroimaging biomarkers
Cortical amyloid burden, SUVRb 1.39 (0.96) 0.15 �0.12 (0.25) 0.64 �0.08 (1.26) 0.95
Medial temporal lobe GM volumeb 0.47 (0.25) 0.06 1.24 (0.33) 0.001c �0.13 (0.35) 0.72

Cognitive function
Language function 0.95 (0.55) 0.09 1.17 (0.69) 0.10 0.59 (0.91) 0.52
Visuospatial function 0.53 (0.36) 0.14 0.50 (0.41) 0.23 0.87 (0.57) 0.13
Memory function 1.21 (0.91) 0.19 3.77 (1.22) 0.003c �0.22 (1.13) 0.85
Frontal/executive function 1.13 (0.45) 0.01 1.36 (0.65) 0.04 1.48 (0.61) 0.02

GM, grey matter; L5 onset time, least active 5-h onset time; MESOR, midline estimation statistic of rhythm; SUVR, stand-
ardised uptake value ratio.

a All p-values were adjusted for age, sex, education, living alone, diabetes, hypertension, depressive symptom, acetyl-
choline esterase inhibitor use, antidepressant use, antipsychotics use, benzodiazepine use, sleep medication use, number
of weekend days, and apolipoprotein-e2 and -e4 allele carrier status using a forward stepwise method. The criterion for
covariate selection involved entering variables p < 0.05 and exit variables p > 0.10. Independent variables were directly
entered into the regression model.

b Cortical amyloid burden and medial temporal lobe GM volume were multiplied by 100 before regression analysis for
ease of interpreting estimates.

c p < 0.05 after false discovery rate correction for two independent variables, six dependant variables, and subgroup
analysis (correction for 36 tests).
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Another interesting finding of our study is the positive associa-
tion between L5 onset time and memory function in amyloid-neg-
ative participants (Table 3 and Fig. 4). We found that individuals
with earlier rest-phase are more likely to have poor memory
Fig. 3. Association of MESOR with frontal/executive function and of L5 onset time with mem
were performed after controlling for the covariates using a forward stepwise method. Associ
(b), and L5 onset time and medial temporal lobe GM volume (c) are shown. The values on th
cognitive function or medial temporal lobe GM. The selected covariates in each graph are: ed
e2 allele carrier status (a); education, acetylcholine esterase inhibitor use, APOE e2 allele carri
itor use, and APOE e4 allele carrier status (c). Amyloid-negative participants are indicated by
orange circles with orange linear trendlines. APOE = apolipoprotein E; GM = grey matter;
rhythm.
function, suggesting that rest-phase advance is a potential bio-
marker for memory impairment. Two previous cross-sectional
studies also suggested circadian phase advance as a possible state
marker for MCI. Naismith, et al. reported phase advance of dim-
ory function and medial temporal lobe GM volume. Multiple linear regression analyses
ations of MESOR and frontal/executive function (a), L5 onset time and memory function
e graph represent residuals from regression of the rest-activity pattern variable and the
ucation, living alone, acetylcholine esterase inhibitor use, antipsychotics use, and APOE
er status, and APOE e4 allele carrier status (b); and age, sex, acetylcholine esterase inhib-
blue circles with blue linear trendlines. Amyloid-positive participants are indicated by
L5 onset time = least active 5-h onset time; MESOR = midline estimation statistic of



Fig. 4. Path analysis of L5 onset time for memory function. In this path model, we adjusted for six covariates (age, sex, education, APOE e2 allele carrier status, APOE e4 allele carrier
status, and acetylcholine esterase use). These variables were significant covariates in either or both of the two relationships examined for associations of L5 onset time with memory
function and L5 onset time with medial temporal lobe GM volume (as shown in Fig. 3b and 3c). 95% confidence intervals were calculated using the bootstrap method (5000 resam-
pling). APOE = apolipoprotein E; Ab = amyloid beta; CI = confidence interval; GM = grey matter; L5 onset time = least active 5-h onset time; SE = standard error.
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light melatonin onset (DLMO) in 26 MCI patients relative to 26
matched controls [23]. They also found a significant association
between early DLMO with poorer memory function. Other cogni-
tive domain functions, however, were not assessed in their study,
hampering the interpretation of a specific effect of phase advance
on memory. Another study assessed the circadian phases of partic-
ipants using a combined analysis of wrist temperature, motor
activity, and body position [22]. Compared to 19 healthy controls,
21 MCI patients exhibited more phase advance in both L5 and
M10 onset times, however, cognitive function was not analysed
specifically. Another recent longitudinal study of 2754 older men
without dementia showed that an advance in acrophase, which
indicates the timing of peak activity, was associated with greater
cognitive impairment 3.4 years later [51]. A significant effect of
acrophase on general cognitive function, as assessed by a modified
MMSE, was noted. Taken together with our findings, these results
imply that phase advance is linked to the clinical and cognitive
trajectories in patients with cognitive impairment. The underlying
mechanisms of this association, however, remain uncertain. Thus,
the need for a proper assessment of neural correlates of cognitive
impairment is paramount in resolving uncertainty [20].

In line with this perspective, we performed brain amyloid PET
imaging with structural MRI and found a positive association
between L5 onset time and MTL GM volume in amyloid-negative par-
ticipants (Fig. 3c). MTL is an anatomical component of the memory
system, and its degeneration is associated with memory impairment
and increased risk for dementia [52�54]. Several reports suggested a
pathophysiological role of circadian disruption and rest-activity pat-
tern alteration on neurodegeneration [21, 23]. We thus performed
path analysis and found a partial mediating effect of MTL neurode-
generation on the association of L5 onset time and memory function.
Taken together, these findings suggest the possibility that an advance
of L5 onset time might precede and affect memory impairment via
MTL neurodegeneration.

Such an advance in the L5 onset time and its association with MTL
neurodegeneration suggests two possible hypotheses. First, L5 onset
time advance may reflect the circadian clock system disruption in
affected individuals. However, in our study, active-phase (acrophase
and M10 onset time) did not significantly associate with MTL neuro-
degeneration. In addition, no associations were observed between
other circadian rest-activity pattern variables and neurodegeneration
in our study. However, a previous report demonstrated the contribu-
tion of fragmented rhythm as represented by high IV values to
preclinical amyloid pathophysiology [55]. Therefore, we cannot con-
clude that L5 onset time advance and its association with neurode-
generation were attributed to circadian clock system disruption.
Second, L5 onset time advance may reflect changes in sleep phase or
architecture in affected individuals. Sleep phase advance, fragmented
sleep, and decreased slow-wave sleep, which are common in patients
with cognitive impairment, could result in L5 onset time advance in
the affected individuals of our study [56]. Future studies to examine
both actigraphy measurement and sleep monitoring will be required
to examine this hypothesis.

Intriguingly, significant associations of MESOR and L5 onset time
with cognition were more robust in amyloid-negative participants.
To delineate the moderating effect of cortical amyloid burden on this
association, we performed an interaction test. Cortical amyloid bur-
den did not significantly moderate the relationship between MESOR
and frontal/executive function. Thus, we do not support the idea that
the association of MESOR with frontal/executive function is specific
to cognitive impairment with non-Alzheimer’s pathologic changes
[57]. Different baseline characteristics, such as the presence of
slightly advanced disease, small sample size, and unknown con-
founding factors, may contribute to the lack of significance in the
relationship between MESOR and L5 onset time with cognition in
amyloid-positive participants. On the other hand, we found that cor-
tical amyloid burden exerted a significant moderating effect on the
association of L5 onset time with MTL neurodegeneration. Thus, we
reasoned that this association may be specific to cognitive
impairment with non-Alzheimer’s pathologic changes [57].

Nevertheless, the question remains of why this association was
not significant in amyloid-positive participants. These participants
exhibited somewhat later L5 onset time than amyloid-negative par-
ticipants, suggesting that the presence of cortical amyloid influenced
L5 onset time and restricted the association between L5 onset time
and other variables (Fig. 1). Interestingly, a recent study showed that
physiologically relevant concentrations of Ab1�42 lengthened the cir-
cadian rhythm period in human fibroblasts and mouse primary neu-
rons [58]. In addition, the lower MTL GM volume and memory
function observed in amyloid-positive participants may also be



H.W. Roh et al. / EBioMedicine 58 (2020) 102881 9
attributed to nonsignificant associations. Based on these results,
future research efforts should consider the potential moderating
effect of cortical amyloid burden on the relationship between rest-
activity patterns, neuroimaging biomarkers, and cognitive function.

There are several possibilities for pathophysiology of cognitive
impairment in amyloid-negative participants in our study. FTLD
and LBD are common possible causes of cognitive impairment in
non-Alzheimer’s pathologic changes. In our study, we excluded
‘possible behavioural variant FTLD’ or ‘possible LBD’ patients
using validated diagnostic criteria for each disease [59, 60]. How-
ever, considering the lack of early stage FTLD or LBD biomarkers,
the possibility exists that we inadvertently included cognitively
impaired FTLD or LBD patients as amyloid-negative participants,
especially those who had mild or atypical clinical features due to
early stage disease or mixed pathology. Vascular cognitive
impairment is another common cause of cognitive impairment in
non-Alzheimer’s pathologic changes. We excluded participants
who had a history of large vessel disease, such as territorial cere-
bral infarction and intracranial haemorrhage, as they usually pos-
sess lesion-specific motor or cognitive defects. However, we did
not exclude participants who had small vessel disease with sub-
cortical vascular pathology, which is very common in Alzheimer’s
and non-Alzheimer’s patients and contributes to increased risk of
dementia [61]. About 64.8%, 25.9%, and 9.3% of amyloid-negative
participants in our study displayed mild, moderate, and severe
WMHs, respectively (Table S3). These were similar in proportion
to the number of amyloid-positive participants in our study and
that of a previous one examining 4253 older adults with a similar
stage of cognitive impairment [62].

Our study had some limitations. Given that all participants dis-
played cognitive impairment, associations between rest-activity pat-
terns and participant characteristics pertaining to disease onset and
preclinical stage of disease may have been missed in our study.
Future studies which include cognitively normal older adults com-
bined with numerous neurodegenerative disease-associated bio-
markers (e.g., amyloid, tau, vascular, MTL neurodegeneration, whole-
brain functional, and structural connectivity, etc.) are warranted.
Lack of subjective and objective sleep assessments was another limi-
tation. Physical activity should be assessed in future study. Addition-
ally, this study was cross-sectional, making causal relationships of
our findings difficult to demonstrate. Finally, the small sample size
potentially limits the ability to generalise our results. Thus, future
studies of longitudinal design with a greater number of participants
are necessary to confirm our results.

In conclusion, we investigated the associations between rest-
activity patterns, neuroimaging biomarkers, and cognitive func-
tion in patients with MCI and mild dementia. We found that
decreased MESOR and advanced L5 onset may be useful as early
indicators of cognitive decline or MTL neurodegeneration. In addi-
tion, our findings suggest for the first time that cortical amyloid
pathology may function to moderate the relationship between
rest-activity patterns, neurodegeneration, and cognitive function.
Our study will undoubtedly inform future animal and human
research to probe the neurobiology of circadian rhythm distur-
bances and rest-activity pattern alterations in neurodegenerative
disorders.
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