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Abstract

Aim: The neurobiological substrates underlying the relationship of circadian rest-activity rhythm
(RAR) alteration with accelerated late-life cognitive decline are not clearly understood. In the
present study, the longitudinal relationship of objectively measured circadian RAR with in vivo
Alzheimer disease (AD) pathologies and cerebrovascular injury was investigated in older adults
without dementia.
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Methods: The present study included 129 participants without dementia who participated in
the KBASE (Korean Brain Aging Study for Early Diagnosis and Prediction of Alzheimer’s
Disease) cohort. All participants underwent actigraphy at baseline and two consecutive [11C]
Pittsburgh compound-B positron emission tomography (PET), [18F] fluorodeoxyglucose-PET,
magnetic resonance imaging, and Mini-Mental State Examination (MMSE) at baseline and at
a 2-year follow-up assessment. The associations of circadian RAR with annualized change in
neuroimaging measures including global amyloid-beta retention, AD-signature region cerebral
glucose metabolism (AD-CM), and white matter hyperintensity volume were examined.

Results: Delayed acrophase at baseline was significantly associated with greater annualized
decline of AD-CM over a 2-year period, but not with that of other neuroimaging measures. In
contrast, other circadian RAR parameters at baseline had no association with annualized change
of any neuroimaging measures. Annualized decline of AD-CM was also significantly positively
associated with the annual change in MMSE scores. Furthermore, a mediation analysis showed
that greater reduction in AD-CM mediated the effect of delayed acrophase at baseline on faster
decline of MMSE score.

Conclusion: The findings indicate that delayed acrophase in late life may cause or predict
hypometabolism at AD-signature brain regions, which underlies cognitive decline in the near
future.
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Alzheimer disease; cognitive decline; neurodegeneration; older adults; rest-activity rhythm

Circadian rhythms are near 24-h oscillations in behavioral, physiological, and cellular
processes.! Disruptions in circadian rhythm are common in aging adults; however, it is
more severe in patients with Alzheimer disease (AD) dementia.? Circadian rest-activity
rhythm (RAR) is a representative behavioral marker of the circadian rhythm system, and
its alterations have been repeatedly described in symptomatic patients with AD.3-6 More
importantly, a growing number of longitudinal studies reported that RAR dysfunctions
including decreased total activity,”:8 fragmented rhythm,8 and advanced® or delayed
phase810:11 were associated with increased future risk of AD dementia or cognitive decline
in cognitively unimpaired adults.8-11

Nevertheless, the neurobiological substrates underlying the relationship of circadian RAR
alteration with accelerated cognitive decline are not clearly understood. A cross-sectional
clinical study!? that investigated the association of circadian rest-activity phase with
cerebrospinal fluid AD biomarkers indicated that circadian phase alteration is not associated
with amyloid-beta (AB) or tau accumulation in individuals without dementia. A laboratory
study?3 using human fibroblasts and brain samples reported that delayed acrophase of
Bmal 1 gene transcription was observed in cells from patients with AD compared with
those from cognitively intact individuals. Bmal 1 gene is a well-known key circadian
transcriptional regulator or master clock gene.14 A series of preclinical studies'®18 also
demonstrated that reduction of Bmall gene expression exacerbated neurodegeneration via
cortical astrogliosis, oxidative damage, and synaptic degeneration, supporting the close link
between circadian phase alteration and neurodegeneration. However, little information is
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yet available on the relationship between alterations of circadian RAR and longitudinal
brain changes underlying cognitive decline in older adults. To our knowledge, no study
has investigated the association of baseline circadian RAR and longitudinal changes of
neuroimaging measures for AD pathology or cerebrovascular injury.

In this context, we aimed to examine the relationship of circadian RAR at baseline with

the longitudinal brain changes related to cognitive impairment over a 2-year period in

older adults without dementia. Circadian RAR was objectively evaluated using actigraphy.

In regard to brain alterations associated with late-life cognitive decline, cerebral Ap
deposition and neurodegeneration in AD-signature regions were measured by [11C] Pittsburg
compound-B (PiB) positron emission tomography (PET) and [18F] fluorodeoxyglucose
(FDG) PET, respectively. Cerebral white matter hyperintensity (WMH) volume on magnetic
resonance imaging (MRI) was used as a measure of cerebrovascular injury.1®

Methods

Participants

This study was part of KBASE (Korean Brain Aging Study for the Early Diagnosis and
Prediction of Alzheimer’s Disease), a prospective cohort study that has been ongoing
since 2014.20 As of July 2018, 451 individuals without dementia (297 cognitively normal
[CN] individuals and 154 individuals with mild cognitive impairment [MCI]) between
55 and 90 years of age were recruited and underwent baseline evaluation including
comprehensive clinical assessment, PiB-PET, MRI, and FDG-PET. Among them, 192
patients additionally received actigraphy monitoring. Of these, 10 were excluded because
of inadequate collection of actigraphy data. Among them (7= 182), we finally included
129 participants (100 CN and 29 MCI), who had completed 2-year follow-up PiB-PET,
MRI, and FDG-PET scan for the current study (Fig. 1). Participants of the KBASE

were recruited through four recruitment sites across Seoul, South Korea. Eligible patients
who participated in a dementia screening program at two public dementia prevention and
management centers or who visited memory clinics at two university hospitals (i.e., Seoul
National University Hospital [SNUH] and Seoul National University-Seoul Metropolitan
Government [SNU-SMG] Boramae Medical Center) across Seoul, South Korea, were
informed about study participation. Among them, those who volunteered were invited for
an assessment of eligibility. Community volunteers were also recruited through online
website advertisements, posters, and brochures provided at main recruitment sites and
word of mouth (recommendations from other participants, family members, friends, or
acquaintances). The details of KBASE characteristics including recruitment have been
previously described.20

The CN group consisted of participants with a Clinical Dementia Rating (CDR) score

of 0 and no diagnosis of MCI or dementia. The MCI group consisted of individuals

who met the following inclusion criteria according to the core clinical criteria for the
diagnosis of MCI, as recommended by the National Institute of Aging and Alzheimer’s
Association guidelines?®: (i) memory complaint corroborated by self, an informant, or a
clinician; (ii) objective memory impairment for age, educational year, and sex; (iii) largely
intact functional activities; and (iv) without dementia. All individuals with MCI had a
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global CDR score of 0.5. In terms of criterion (ii) for MCI, all participants with MCI

had a performance score of at least 1.0 standard deviations (SDs) below the respective
age, educational year, and sex-specific mean for at least one of the four episodic memory
tests included in CERAD-K (the Korean version of Consortium to Establish a Registry for
Alzheimer’s Disease) neuropsychological battery (Word List Memory, Word List Recall,
Word List Recognition, and Constructional Recall test).22 The exclusion criteria were

the following: (i) presence of a major psychiatric illness; (ii) significant neurological or
medical conditions that could affect mental function; (iii) contraindications for MRI (e.g.,
pacemaker or claustrophobia); (iv) illiteracy; (v) the presence of significant visual/hearing
difficulties and/or severe communication or behavioral problems that would render clinical
examinations or brain scans difficult; and (vi) taking an investigational drug.

Standard protocol approvals, registrations, and patient consent

The study protocol was approved by the institutional review boards of Seoul National
University Hospital (C-1401-027-547) and SNU-SMG Boramae Center (26-2015-60) in
Seoul, South Korea, and conducted in accordance with the recommendations of the current
version of the Declaration of Helsinki. All participants provided written informed consent
prior to participation. This study followed STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) reporting guideline for cohort studies.

Clinical assessments

All participants received standardized clinical and neuropsychological assessments at
baseline by trained psychiatrists. The assessments were based on the KBASE clinical
assessment protocol, which incorporated the CERAD-K.23 The global cognition of each
participant was assessed using the Korean version of the Mini-Mental State Examination
(MMSE)?4 at both baseline and 2-year follow-up.

Measurement of circadian RAR data

Circadian RAR data were collected at baseline using the home-based Actiwatch 2 (Philips
Respironics), which the participants wore on their nondominant wrist for eight consecutive
days. Participants wore Actiwatch 2 on the day of the PiB-PET scan. Records with data
from three or more consecutive days (mean duration: 180.4 + 24.8 h) were included

in the analyses, and takeoff was manually excluded by one researcher based on a sleep
diary.25 Circadian rest-activity variables were derived using Actiware version 6.0.9 with a
high-sensitivity low threshold wake cutoff of 20, which is more sensitive to detecting sleep
disturbances in older adults.26 Cosinor analyses were conducted to process the circadian
RAR data. Four circadian parameters were calculated from the cosinor analysis: midline
estimation of statistic of rhythm (MESOR, overall average level of activity), amplitude (half
of the peak-to-nadir difference), acrophase (timing of peak activity during the day), and ~
statistics (rhythmicity representing the robustness of circadian activity).2> Additional details
on cosinor analyses were provided in a previous report by our study group.2’
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Measurement of cerebral AR deposition

Al participants underwent simultaneous three-dimensional [11C] PiB-PET and three-
dimensional T1-weighted MRI using a 3.0T Biograph mMR (PET-MR) scanner (Siemens)
at baseline and at a 2-year follow-up visit. The details of PiB-PET image acquisition and
preprocessing were previously described.2 An automatic anatomic labeling algorithm?2
and a region combining method3C were applied to determine regions of interests (ROIs)

to characterize the PiB retention level in the frontal, lateral parietal, posterior cingulate-
precuneus, and lateral temporal regions. A global Ap retention value was the mean
standardized uptake value ratio (SUVR) for all voxels of the four ROls, calculated by
dividing the mean uptake value of a reference region. Given the aims of the study to
investigate longitudinal changes, for all PiB-PET scans (both baseline and follow-up),

the SUVRs were calculated using a reference region that included the inferior cerebellar
gray matter of the Spatially Unbiased Infratentorial Template for the cerebellum atlas,3!
cerebellar white matter (thresholded at 50%),32 pons, and cerebrum white matter (threshold
at 95% and eroded by three voxels).33:34 Extracted SUVRs were used to derive the
annualized change of AP retention.

Measurement of AD-signature cerebral glucose metabolism

All participants also underwent 3D FDG-PET imaging using the abovementioned PET-MR
machine at baseline and at a 2-year follow-up visit. After intravenous administration of

0.1 mCi/Kg of [18F]-FDG radioligands, patients fasted for at least 6 h and rested in a
waiting room for 40 min prior to the scans. The PET data acquired in list mode (5 min

x 4 frames) were processed for routine corrections such as uniformity, ultrashort echo
time—based attenuation, and decay corrections. Inspection of the data for any significant
head movements was performed and the data were reconstructed into a 20-min summed
image using iterative methods (six iterations with 21 subsets). Image processing was
performed using SPM12 (http://www.fil.ion.ucl.ac.uk/spm) implemented in Matlab 2014a
(Mathworks). More specifically, static FDG-PET images were first coregistered to individual
T1 structural images, and transformation parameters for the spatial normalization of
individual T1 images to a standard montreal neurological institute (MNI) template were
obtained to be used for spatial normalization of the PET images into the MNI template.
Intensity normalization was performed using the pons as the reference region after
smoothing with a 12-mm Gaussian filter. Voxel-weighted mean SUVR was extracted from
the AD-signature FDG ROIs known to be sensitive to metabolic changes associated with
AD,3® which include the right and left angular gyri, bilateral posterior cingulate cortex, and
left middle/inferior temporal gyrus. The AD-signature region cerebral glucose metabolism
(AD-CM) was defined as a voxel-weighted mean SUVR of the AD-signature FDG ROls.

Measurement of WMH volume

All participants underwent MRI scans with fluid-attenuated inversion recovery using

the abovementioned PET-MER scanner. We followed the validated automatic procedure
previously reported.36:37 Briefly, the procedure consisted of 11 steps: spatial coregistration
of T1 and fluid-attenuated inversion recovery (FLAIR) images, fusion of T1 and FLAIR
images, T1 segmentation, attainment of transformation parameters, deformation and

Psychiatry Clin Neurosci. Author manuscript; available in PMC 2023 July 21.


http://www.fil.ion.ucl.ac.uk/spm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeon et al.

Page 6

obtainment of the white matter mask, obtainment of FLAIR within the white matter mask,
intensity normalization of the masked FLAIR, nomination of candidate WMH with a
designated threshold, creation of a junction map, and elimination of the junction. Two
modifications in the current processing procedure compared with the original study were

as follows37: (i) an optimal threshold of 70 was applied because it was more suitable for
current data compared with the threshold of 65 used in the original study; and (ii) we did not
use diffusion-weighted imaging in the current automated procedure given that participants
with acute cerebral infarcts were enrolled in the original study.3” Using the final WMH
candidate image, the WMH volume was extracted in the native space for each patient.

Statistical analysis

Results

Multivariate linear regressions were performed with annualized change of neuroimaging
measures as the dependent variable and circadian RAR variables as independent variables
after controlling for age, sex, apolipoprotein e4 (APOE4) positivity, and baseline MMSE.
Annualized change of a neuroimaging measure for each participant was calculated by the
subtraction of imaging values at follow-up visit minus those at baseline visit divided by time
difference between the two visits in years.3® We evaluated model assumptions of normality
using Q-Q plots and residual versus fitted plots, and homoscedasticity by examining the
nonconstant variance score test and confirmed that the assumptions were all satisfied. To
overcome the issues of multiple comparisons, Bonferroni-corrected P-values, calculated

by multiplying ~values by the number of comparisons (= 12), were used. In addition,
multiple regression analyses were conducted to examine the relationship between annualized
change of the MMSE and neuroimaging measure(s), which showed significant association
with RAR variable(s) in the above analyses. Age, sex, educational year, APOE4 positivity,
and baseline MMSE score were included as covariates. We also examined whether the
association between the RAR variable and MMSE change was mediated by the change

of neuroimaging measure, which showed a significant association with circadian variables
using model 4 in the PROCESS program.3° Circadian RAR variable was set as predictor,
annualized change of MMSE was set as outcome, and neuroimaging measure was set as
mediator. Inferences were determined by 95% bias-corrected bootstrap confidence intervals
for 10 000 bootstrap samples. If the 95% confidence interval did not contain zero, an effect
was considered significant. In addition, for exploratory purposes, when any relationship
between the RAR variable and neuroimaging measure was significant, moderation effects
of age, sex, APOE4 positivity, and clinical diagnosis were investigated using the multiple
regression analysis, including each of the variables x circadian rhythm variable interaction
term (e.g., age x acrophase) as an additional independent variable. All statistical analyses
were performed using IBM SPSS Statistics 21 (SPSS Inc.) and the statistical significance
was defined as £< 0.05 if not otherwise specified.

Characteristics of the study population

The mean age (£SD) of all 129 participants was 69.3 + 7.7 years at baseline assessment. Of
the 129 participants, 70 (54.3%) were women and 29 (22.5%) had MCI at baseline. Table
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1 shows demographic variables, RAR variables, and AD imaging biomarkers variable. The
mean follow-up interval (xSD) was 27.0 + 1.9 months.

Association between circadian RAR variables at baseline and annualized changes of
neuroimaging measures

Delayed acrophase at baseline was significantly associated with greater annualized decline
of AD-CM (B = —-0.256, P=0.004), even after applying the Bonferroni-corrected P-value
(i.e., corrected P=0.048 [= 0.004 x 12]) (Table 2, Fig. 2a), but not with the change of AB
accumulation and WMH (Table 2). The other three RAR variables did not have a significant
association with any neuroimaging measures (Table 2).

Relationship between annualized decline of AD-CM and annualized change of cognition

In order to investigate whether the decline of AD-CM, which showed a significant
relationship with delayed acrophase at baseline, underlies longitudinal cognitive impairment,
we further analyzed the association between AD-CM decline and MMSE score reduction
over a 2-year period. The annualized decline of AD-CM showed a significant positive
association with annualized reduction of MMSE scores (8= 0.182, A= 0.040) (Fig. 2(b)).

Mediation of annualized decline of AD-CM for the effect of delayed acrophase on cognitive
decline

We performed a mediation analysis to test whether annualized decline of AD-CM (mediator)
mediated the relationship between acrophase (predictor) and annualized change of MMSE
score (outcome). As shown in Fig. 3, the effect of acrophase at baseline on annualized
change of MMSE score was mediated by annualized decline of AD-CM. Before entering

the AD-CM in the model, delayed acrophase was significantly associated with faster decline
in MMSE score (8= -0.201, P=0.027). When AD-CM was included in the model, the
direct effect (acrophase — annualized MMSE) became nonsignificant (£ = 0.053), while
the indirect effect (acrophase — annualized AD-CM — annualized MMSE) was significant
(B[Boot 95% CI] = -0.037[ —0.083 to —0.002]) (Fig. 3) showing that annualized decline of
AD-CM mediates the relationship between delayed acrophase and greater cognitive decline.

Effect of age, sex, APOE4, and clinical diagnosis on the relationship between delayed
acrophase at baseline and annualized decline of AD-CM

Any interaction between delayed acrophase at baseline and age, sex, APOE4, and clinical
diagnosis was nonsignificant (Table 3). Although the interactions were not significant, we
performed further subgroup analyses for the purpose of exploration and the results are
presented in the Table S1.

Discussion

In the present study, we examined the relationship between circadian RAR alteration and
longitudinal neuroimaging biomarkers in older adults without dementia. We found that
delayed acrophase was associated with greater AD-CM decline over a 2-year period. We
additionally observed that AD-CM decline mediated the influence of delayed acrophase on
the reduction of MMSE score.
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Our results revealed that the delayed acrophase at baseline was associated with greater
AD-CM decline over 2 years. Although it is difficult to clearly explain the mechanism
underlying the connection between delayed acrophase and accelerated AD-CM reduction,
several recent studies provide some clues regarding the mechanism: first, one exploratory
study reported that changes of circadian phase, either phase advanced or phase delayed,
resulted in disturbance of glucose-insulin metabolism in older adults.*? More specifically,
phase delay was associated with reduced effectiveness of insulin-mediated glucose

uptake, possibly resulting in insulin resistance. Similarly, other studies demonstrated that
shift workers#! and individuals exposed to circadian misalignment protocol“? showed a
systematic increase in glucose and insulin, which could contribute to glucose intolerance
and increased insulin resistance.43 Abnormal glucose metabolism and insulin resistance in
the peripheral system are also well-correlated with decreased cerebral glucose uptake.44:45
Second, a previous post-mortem brain study*® suggested that the elevation of Circadian
Locomotor Output Cycles Kaput (CLOCK)/Brain and Muscle ARNT-like 1 (BMAL1),
i.e., master heterodimeric transcription factors, which act as a positive regulator of the
biological circadian clock, induces the impairment of aerobic glycolysis in astrocytes.*’
Because aerobic glycolysis in astrocytes is a critical metabolic pathway that processes the
utilization of glucose to generate lactate as a primary energy source for neurons,*® delayed
acrophase may affect AD-CM by altering aerobic glycolysis in astrocytes.

We found a significant association of delayed acrophase with greater MMSE decline.

The finding is generally consistent with the results from several longitudinal studies that
delayed acrophase was associated with greater cognitive decline and increased risk of MCI
and dementia, 81049 although there was a conflicting report that showed no association
between acrophase and conversion from normal cognition to MCI and dementia.” Several
studies also reported that greater reduction of AD-CM was correlated with faster cognitive
decline. 355051 |n line with those previous findings, our mediation analysis additionally
demonstrated that AD-CM decline mediated the association between delayed acrophase and
cognitive decline in older adults without dementia.

While some cross-sectional studies using actigraphic measurements reported that RAR
fragmentation1? and advanced phase®? in cognitively unimpaired older adults and phase
delay®3 in cognitively impaired individuals were related with cerebral AB deposition, we
did not find any association between baseline RAR variables and longitudinal changes of
AP accumulation. Although direct comparison is difficult because of different study design
(cross-sectional vs longitudinal), a 2-year follow-up period of our study may not be enough
to reveal the association of RAR alteration with prospective A accumulation.

In addition, we found significant associations of acrophase with the annualized decline of
AD-CM and cognitive impairment, under the assumption of linear relationships. However,
some studies on the effects of circadian RAR variables suggest a U- or L-shaped relationship
between RAR variables and outcome measures.89 Further investigations considering
nonlinear relationships may be helpful for a more detailed understanding about the effect of
the RAR variables on brain pathology and cognition.
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Furthermore, the association was not found between circadian rest-activity measures and
longitudinal change of WMH volume. Although in several studies where actigraphy

was used, WMH volume was reportedly associated with circadian rhythm stability>*

and fragmentation.5® The difference in study design (cross-sectional vs longitudinal) or
characteristics of study participants, such as number of patients and proportion of patients
with high vascular risk burden, may have contributed to the discrepancy. In the two previous
studies conducted by Zuurbier et al.>® and Oosterman et al.,>* a cross-sectional design

was used. In addition, the study by Zuurbier et al. included 970 older adults, which was
significantly greater than the number of participants in the present study. To the best of our
knowledge, the relationship between objectively measured delayed acrophase, longitudinal
decline of brain metabolism in AD-signature brain regions, and cognitive decline is a

novel finding. However, the present study had several limitations. First, measurement of
circadian rest-activity variables was performed only once at baseline, and the values for the
variables were assumed as fixed over a 2-year period. Consequently, intraindividual changes
in circadian rest-activity variables during the period were not reflected in the analyses.
Second, the longitudinal follow-up duration was relatively short, which might have caused
detection of subtle longitudinal brain changes difficult. In addition, given the potentially
bidirectional relationship between RAR and brain changes,?® a 2-year follow-up duration
may be not enough to exclude the possibility of reverse causation (i.e., RAR alterations
caused by brain changes already in progress). Further studies with longer follow-up are
needed to overcome the limitations. Third, we did not consider day-of-week®’ and seasonal
effects,>® which could affect the circadian rhythm variable. However, day-of-week effects
might not be serious in our study considering that it was reported to be nonsignificant in
old adults.>® Finally, we used AD-CM, but not cortical thickness or other structural brain
change, as a neurodegeneration measure. Further studies using structural brain changes as
outcome measures could provide additional valuable information.

Conclusions

The present study results indicate that delayed acrophase in late life may cause or predict
the progression of hypometabolism in AD-signature brain regions, which underlies cognitive
decline in the near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Baseline Assessment
[N =451 (297 CN, 154 MCI)]

Additional actigraphy monitoring
[N =192 (148 CN, 44 MCI)]

Participants who completed 2-year follow-up
assessment
[N =129 (100 CN, 29 MCI)]

Fig. 1.
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Excluded (N = 63)
* Inadequate collection of actigraphy data (5 CN, 5 MCI)
* Incomplete follow-up assessment (43 CN, 10 MCI)

Flow chart for the enrollment of study participants. CN, cognitively normal; MCI, mild

cognitive impairment.
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Fig. 2.

Annualized A AD-CM

(a) Association between delayed acrophase and annualized change of Alzheimer disease-
signature region cerebral glucose (AD-CM), and (b) association between annualized
change of AD-CM and those of Mini-Mental Status Examination (MMSE) score. Multiple
linear regression analyses were performed after controlling for age, sex, apolipoprotein

e4 (APOE4) positivity and baseline MMSE. Acrophase, time of peak activity; Dec.

hours, decimal hours (e.g. 14.5 = 2:30 pm); CN, cognitive normal; MCI, mild cognitive

impairment; Dec. hours, decimal hours (e.g. 14.5 = 2:30 pm).
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p=-0.201, p = 0.027 ! Annualized
Acrophase MMSE

(R*=0.161, F = 3.090, p = 0.003)
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AD-CM

B =-0.010, p = 0.006 B =3.689, p = 0.024

(—0.017, -0.003) (0.492, 6.885)

B =-0.132, p = 0.053
(—0.267, —0.002) A —
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SETOPITNEG. [ eim)vh fuie oo ey o/ ik g
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— < Indirect and total effects of Acrophase on MMSE > -

Indirect effect
B(Boot 95% CI) = -0.037(-0.083, —0.002)

Total effect
B =-0.169, p = 0.013 (-0.302, —0.037)

Fig. 3.
Mediation model of annualized decline of Alzheimer disease-signature region cerebral

glucose (AD-CM) for the effect of delayed acrophase on cognitive decline. Adjusted for
age, sex, educational year, apolipoprotein e4 (APOEA4) positivity, and baseline Mini-Mental
Status Examination (MMSE) score. Bold lines indicate significant association. Brackets
indicate 95% confidence intervals calculated using bootstrap method (10 000 resampling).
Acrophase, time of peak activity; Dec. hours, decimal hours (e.g. 14.5 = 2:30 pm).
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Sample characteristics

Table 1.

Total (N = 129)

Demographic and clinical
Age at baseline
Women
Education, year
APOEA4 carrier
Baseline MMSE
Annualized A MMSE
MCI

Follow-up interval (months)

Acrophase, Dec. hrs.
MESOR, counts
Amplitude, counts
F statistics

AD imaging biomarkers
Baseline AB deposition
Annualized A A deposition
Baseline AD-CM
Annualized A AD-CM
Baseline WMH (mm3)
Annualized A WMH (mm3)

69.3 + 7.7 [55, 83]
70 (54.3)

12.0 £ 4.6 [0, 21]

26 (20.2)

26.2 +3.4[15, 30]
-0.1+1.1[-4.0,3.4]
29 (22.5)
27.0£1.9[21,33]

Circadian rest-activity rhythm variables

14.17 + 1.60 [10.0, 18.5]

180.10 + 54.97 [76.9, 341.9]
137.42 £ 51.89 [39.1, 295.8]
2013.88 + 1117.30 [310.7, 6978.2]

0.83 +0.19 [0.65, 1.67]

0.00 + 0.03 [-0.08, 0.19]

1.40 + 0.13 [0.95, 1.85]

-0.05 +0.07 [-0.23, 0.17]

12 938.91 + 11 373.91 [0, 55 687]

28.62 + 6191.51 [-20 472.46, 18 358.00]

Note: Values are presented as number (percentage) or mean + standard deviation [minimum, maximum].

Page 17

Abbreviation: Acrophase, time of peak activity; AD-CM, AD-signature region cerebral glucose; APOE4, apolipoprotein £4; AB, amyloid-beta;
Dec. hours, decimal hours (e.g. 14.5 = 2:30 pm); Fstatistic represents rhythmicity; MCI, mild cognitive impairment; MESOR, midline estimating

statistic of rhythm; MMSE, Mini-Mental State Examination; SD, standard deviation; WMH, white matter hyperintensity.
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