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Abstract

Introduction—Growing evidence suggests that impairment in rest-activity rhythms may be a risk
factor for cognitive decline and impairment in the aging population. However, previous studies
included only a limited set of rest-activity metrics and produced mixed findings. We studied

a comprehensive set of parametric and nonparametric characteristics of rest-activity rhythms in
relation to mild cognitive impairment (MCI) and probable dementia in a cohort of older women.

Methods—The prospective analysis included 763 women enrolled in two ancillary studies of
the Women’s Health Initiative (WHI): the WHI Memory Study-Epidemiology of Cognitive Health
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Outcomes and Objective Physical Activity and Cardiovascular Health studies. The association
between accelerometry-based rest-activity parameters and centrally adjudicated MCI and
probable dementia were determined using Cox regression models adjusted for sociodemographic
characteristics, lifestyle factors, and comorbidities.

Results—Overall, the results support a prospective association between weakened rest-activity
rhythms (e.g., reduced amplitude and overall rhythmicity) and adverse cognitive outcomes.
Specifically, reduced overall rhythmicity (pseudo F statistic), lower amplitude and activity level
(amplitude/relative amplitude, mesor and activity level during active periods of the day (M10)),
and later activity timing (acrophase and midpoint of M10) were associated with higher risk

for MCI and probable dementia. Women with lower amplitude and mesor also exhibited faster
cognitive decline over follow-up.

Conclusion—Weakened rest-activity rhythms may be predictive markers for cognitive decline,
MCI and dementia among older women.

Keywords

rest-activity rhythm; circadian rhythm; sleep; physical activity; cognitive impairment; dementia;
older women

Introduction

Many human behaviors exhibit diurnal fluctuations that are orchestrated by the internal
circadian timing system and influenced by external stimuli such as light, work schedules,
and social patterns. 1 A prominent example of human diurnal behavior is the rest-activity
rhythm, and alterations in rest-activity rhythms have been linked to many chronic diseases.
23 The process of aging is associated with decline in circadian output and shift in circadian
phase, 4° leading to impairment in rest-activity rhythms in older adults. Some evidence
suggests that older women may be disproportionally affected by circadian dysfunction and
related diseases. 46

A limited but growing number of epidemiological studies have reported that weakened
rest-activity rhythms, typically manifested as lower amplitude, reduced overall rhythmicity,
increased variability but decreased stability, and altered timing, were associated with
higher risk of dementia and/or mild cognitive impairment (MCI). 711 The two main
methods for characterizing rest-activity rhythms are cosine-based parametric models 12

and nonparametric algorithms.13 The former assumes a cosine or cosine-like shape of

daily activity patterns and produces rhythmic measures such as amplitude (0.5*difference
between the peak and nadir of daily activity levels), mean estimating statistic of rhythm
(mesor), acrophase (timing of activity peak) and overall rhythmicity. In contrast, the
nonparametric methods have no underlying assumption about activity patterns and derive
metrics that measure specific aspects of the rest-activity cycles, such as stability, variability/
fragmentation, and activity levels and timing during the most and least active periods of the
rest-activity cycle. The two methods are complementary to each other and together offer a
more comprehensive assessment of the rest-activity rhythm. However, most of the previous
studies only used either the parametric or nonparametric method, and even when both

JAm Geriatr Soc. Author manuscript; available in PMC 2023 October 01.
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methods were applied, ° the list of metrics examined tended to be limited. Therefore, there
is a need for additional investigation combining both approaches and therefore including
a more complete set of rest-activity characteristics to study their relationships with risk of
dementia and cognitive impairment in older populations.

We examined associations of rest-activity characteristics with incident probable dementia
and MCI in the Women’s Health Initiative (WHI) study. Our study included both parametric
and nonparametric methods and thus employed an agnostic approach to examine multiple
aspects of the rest-activity rhythm. We hypothesized that patterns of weakened rest-activity
rhythms would be associated with higher risk of MCI and probable dementia in older
women.

Study population

The WHI is a longitudinal study focused on strategies to prevent major causes of disease
and disability in older women. 14 The WHI had two major components, including an
observational study and a clinical trial component that included three clinical trials.
Consenting participants in both components have been followed up in multiple WHI
Extension Studies. The current analysis included women in two WHI ancillary studies:

the Women’s Health Initiative Memory Study-Epidemiology of Cognitive Health Outcomes
(WHIMS-ECHO) 15 and Objective Physical Activity and Cardiovascular Health (OPACH)
16 studies.

WHIMS-ECHO is an extension of the original WHIMS study, which enrolled cognitively
unimpaired women ages 65-79 years in the WHI Hormone Therapy trial from 1996 to 1999
and followed them through 2007 for cognitive outcomes. 1% In 2008, WHIMS transitioned
to WHIMS-ECHO, which conducted annual telephone-based cognitive assessments. A total
of 2922 women consented to the study and have been followed up for cognitive outcomes
through Dec 31, 2019 at the time of this analysis. OPACH was initiated in 2012, and

its primary aim was to investigate physical activity and sedentary behaviors in relation to
cardiovascular and other health outcomes. The OPACH study enrolled 7,048 women, and
among them, 6,489 provided accelerometry data between 2012 and 2014. A total of 1,503
women were in both OPACH and WHIMS-ECHO. Of these, we excluded women with
missing rest-activity characteristics (N=211), or who had less than four days with at least 18
hours of recording (N=392), or whose follow-up time ended before accelerometry data were
collected (N=137). The final analytic cohort included 763 women (see Figure 1).

Accelerometry-measured rest-activity characteristics

Participants were asked to wear an ActiGraph GT3X+ (Pensacola, Florida) triaxial
accelerometer on their right hip for 7 consecutive days during waking and sleeping hours,
and only to remove the device when swimming or bathing. Movement was recorded in
15-second epochs, and activity counts were derived from vector magnitudes of all three axes.
We used the triaxial movement measure to derive rest-activity characteristics using both
parametric and non-parametric methods.

JAm Geriatr Soc. Author manuscript; available in PMC 2023 October 01.
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Detailed descriptions of as well as main findings for each rest-activity parameter

are presented in Supplementary Table 1. Briefly, parametric rest-activity characteristics
were derived using the extended cosine model. 12 This model applies an anti-logistic
transformation to fit activity data to a modified cosine curve and has been suggested to have
advantages over regular cosinor models, because it provides better model fit for older adults
whose activity patterns often deviate from a standard cosine curve.1? The extended cosine
model derives multiple parameters, including amplitude, mesor, pseudo F statistic (overall
rhythmicity), and acrophase. For deriving non-parametric rest-activity characteristics, we
applied the previously published methods to activity data summarized into 1-hour intervals.
13 Nonparametric parameters included intradaily variability (1V), interdaily stability (IS),
relative amplitude, average hourly activity during the 5 consecutive hours of the day with
the lowest activity (L5), average hourly activity during the 10 consecutive hours of the day
with the highest activity (M10), midpoint of L5 and midpoint of M10. All rest-activity
variables were further categorized with the category indicating the strongest rhythmicity and
thus the lowest hypothesized risk for incident MCI and probable dementia serving as the
reference. Specifically, amplitude, mesor, pseudo-F statistic, IS, M10 and RA were divided
into quartiles with the highest quartile (Q4) as the reference. IS and L5 were also divided
into quartiles but the lowest quartile served as the reference. Finally, acrophase, midpoint of
M10 and midpoint of L5 were divided into three groups (early (Q1), normal (Q2-3), and late
(Q4), with the normal group serving as the reference.

Cognitive outcomes

Covariates

All women were cognitively unimpaired at baseline. The WHIMS-ECHO protocol for
cognitive assessment and ascertainment of probable dementia and MCI has been described
in depth previously. 1517 Briefly, certified staff conducted annual centralized telephone-
administered cognitive assessments, including the Telephone Interview for Cognitive Status-
modified (TICS-m), 18 East Boston Memory Test, 19 Oral Trail Making Test, 20 Verbal
Fluency-Animals test, 21 and Digit Span Test 22. If a participant scored below 31 on the
TICS-m, the Dementia Questionnaire 23 was administered to a friend or family member to
assess the participant’s observed cognitive and functional performance. All data were sent

to the WHIMS Clinical Coordinating Center for review and central adjudication of final
classification (MCI, probable dementia, or no cognitive impairment) by a panel of specialists
with experience in diagnosing cognitive impairment. MCI diagnosis was based on Petersen’s
criteria, 24 and probable dementia diagnosis was based on Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition (DSM-1V) criteria. 2°

Covariates ascertained the closest in time to the baseline of our analysis (2012-2014)
were included in our analysis. Sociodemographic characteristics included age, race,
ethnicity, education, and income. Lifestyle covariates included self-reported smoking and
alcohol intake. Weight and height were measured by trained staff. Body-mass index
(BMI) was calculated as weight (kg) / height? (m2). Physical activity levels measured as
total steps per day and total sleep time in hours were derived based on accelerometry
data, as previously described. 16:26:27 physical function was assessed by the Established
Populations for Epidemiological Studies in the Elderly short physical performance

JAm Geriatr Soc. Author manuscript; available in PMC 2023 October 01.
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battery (SPPB).28 Finally, we derived a variable indicating the number of comorbidities
(cancer, cerebrovascular disease, cardiovascular disease, diabetes, frequent falls, depression,
osteoarthritis and chronic obstructive pulmonary disease) among OPACH participants.

Statistical analysis

Results

We used Cox proportional hazards regression models to calculate hazard ratios (HR)

and 95% confidence intervals (ClIs) for the risk of developing incident MCI or probable
dementia, comparing each category of rest-activity characteristic to the reference. We
evaluated and confirmed the proportional hazards assumption using the Wald - procedure
by including interaction terms with time. Separate models were fit for each rest-activity
characteristic. Follow-up time was calculated from the start of the OPACH study until the
date of the cognitive assessment at which a woman was first determined to have either MCI
or probable dementia or the date of the last cognitive assessment, whichever occurred first.
We presented results in three models. Model 1 was the minimal model adjusted for age
alone. Model 2 was adjusted for age, education, race/ethnicity, intervention arm assignment,
BMI, smoking, alcohol use, number of comorbidities and SPPB scores. Model 2 is
considered as our main model. To assess to what degree the association between rest-activity
parameters and cognitive outcomes was explained by individual behavioral components of
the rest-activity rhythm (i.e., physical activity, sleep), we performed sensitivity analysis
(Model 3) additionally adjusted for accelerometry-measured physical activity (total step
count/day, quartile) and total sleep time (quartile). None of the variables had >10% missing,
and missing values were coded as a separate group (groupings of each covariate are
presented in table footnotes). We used mixed-effects linear regression models to investigate
associations between rest-activity characteristics and trajectories of global cognitive function
using TICS-m total scores with an interaction term between follow-up time and rest-activity
characteristics. The models were adjusted for the same covariates in Model 2, and included a
random intercept and allowed for random slopes for follow-up time.

We performed several sensitivity analyses to assess the robustness of our results. First, we
excluded participants who developed MCI or probable dementia within two years of follow
up to assess the potential of reverse causation. Second, we conducted analysis with MCI

and probable dementia as the separate outcome. Third, we carried out stratified analysis
according to carrier status of the APOE ¢4 allele among White women (the APOE genotype
was measured only among White women 29). Finally, we examined the relationship between
rest-activity characteristics and MCI and probable dementia in subgroups stratified by age
using a median split (83.5 years). All statistical analyses were performed using SAS Version
9.4 (SAS Institute, Cary, NC).

Baseline study characteristics according to quartiles of pseudo F statistic are presented in
Table 1. When compared to the highest quartile, women in lower quartiles were older, had
higher BMI and lower daily step count, and were more likely to be non-drinkers and report
fair or poor self-rated health.

JAm Geriatr Soc. Author manuscript; available in PMC 2023 October 01.
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During an average 4.5 years (standard deviation, 2.2 years) of follow-up, 193 women
developed MCI (N=120) or probable dementia (N=73). We found that all parametric
rest-activity rhythm parameters were associated with MCI and dementia risk (Table 2).
Specifically, the risk was 2.28 (95% ClI: 1.43-3.63, p-trend: 0.0004), 2.45 (1.52-3.94, 0.001)
and 1.80 (1.12-2.88, 0.02) times higher among women in the lowest quartiles of amplitude,
mesor, and pseudo F statistic, respectively, when compared to those in the highest quartile
(Table 2, Model 2). In addition, when compared to women in the normal group of acrophase,
those in the early group were 33% less likely to develop MCI and probable dementia

(HR: 0.67, 95% ClI: 0.46, 0.99). After additionally adjusting for physical activity and total
sleep time (Table 2, Model 3), the strengths of associations were modestly attenuated but
observed overall patterns remained similar to results from the main model. In longitudinal
analyses examining cognitive trajectories, we found a significant interaction between follow-
up time and amplitude and mesor (p-interaction, 0.02and 0.005, respectively), suggesting
differences in the slope of cognitive decline across different categories of these two rest-
activity characteristics (Figure 2). Specifically, when compared to the highest quartile,
women in lower quartiles of amplitude and mesor exhibited a steeper decline in TICS-m
scores over 4 years of follow up.

Associations between non-parametric rest-activity rhythm parameters and incident MCI and
probable dementia are presented in Table 3. We found that lower RA, M10, and a later
midpoint of L5 were associated with higher incident MCI and probable dementia ((HR

01 vs. Q4 (95% CI): 1.67 (1.06-2.62), p-trend, 0.04 for RA and 2.01 (1.25, 3.23), 0.002for
M10, HR jate vs. normal (95% ClI), (1.51 (1.06, 2.14) for midpoint of L5). In addition, we

also found a suggestive trend between a later midpoint of M10 and higher incidence of

MCI and probable dementia (p-trend: 0.03). These results were attenuated after additionally
adjusting for physical activity and sleep (Table 3, Model 3). None of the nonparametric
parameters showed a significant interaction with follow-up time in relation to the continuous
TICS-m score, suggesting a similar rate of cognitive decline among different categories of
rest-activity parameters.

We conducted sensitivity analysis by excluding cases of MCI and probable dementia that
occurred within the first 2 years of follow up (N=47) (Supplementary Table 2-3). We found
that, after exclusion, associations were attenuated but remained similar for amplitude, mesor,
pseudo F statistic and M10. The exclusion had little impact on the results for acrophase,

RA and midpoints for L5 and M10. In analysis focusing on MCI and probable dementia

as separate outcomes, we found suggestive evidence indicating potential differences in

their respective associations with rest-activity characteristics (Supplementary Table 4). For
example, when both effect sizes and p-values are taken into consideration, amplitude showed
a stronger association with MCI while pseudo F statistic showed a stronger association

with probable dementia. However, the results were mixed and did not suggest consistently
stronger associations with one outcome versus the other. In subgroup analysis among White
women stratified by APOE e4 status, we found that the results among non-carriers (N=572)
were largely similar to those in the overall sample, while results among carriers (N=119)
were less stable and with large confidence intervals due to small sample size (data not
shown). Finally, in subgroup analysis stratified by age, the associations between rest-activity
characteristics and incident MCI and probable dementia were generally similar between

JAm Geriatr Soc. Author manuscript; available in PMC 2023 October 01.
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age groups, and none of the p-for-interaction suggested a statistically significant modifying
effect due to age (data not shown).

Discussion

Among older women, we reported associations of multiple parametric and non-parametric
rest-activity parameters with incident cognitive impairment and decline. Specifically, we
found that weakened rest-activity characteristics as measured by variables derived from the
extended cosine model (i.e., smaller amplitude, lower mesor, and reduced pseudo F statistic
or overall rhythmicity) and nonparametric algorithms (i.e., smaller RA and lower M10) were
associated with higher incidence of MCI and probable dementia. Moreover, women with
smaller amplitude and lower mesor exhibited faster cognitive decline over follow-up. In
addition, we found evidence suggesting a positive association between the timing or phase
of rest-activity rhythms, as measured by both parametric (i.e., acrophase) and nonparametric
variables (i.e., midpoint of M10), and incidence of MCI and PD.

Associations between weakened rhythmicity as measured by parametric variables and
incidence of MCI and probable dementia are consistent with results from several previous
studies, particularly those from the Study of Osteoporotic Fractures (SOF), a cohort of older
women with similar characteristics to those in the WHI. Among 1,283 women in the SOF
with an average of 4.9 years of follow up, the analysis showed that lowest quartiles of
amplitude, mesor and pseudo F statistic were associated with higher incidence of MCI and
dementia. 7 A follow-up study in SOF also found that a lower amplitude and mesor were
associated with worse cognitive decline after five years of follow-up. 39 Similar findings
with parametric rhythmic measures were also reported in the Osteoporotic Fractures in Men
(MrOS) cohort, & with lower amplitude and pseudo F statistic both associated with higher
dementia risk. A recent analysis in the Rush Memory and Aging Project (RMAP) also
reported an association between lower amplitude and higher risk for Alzheimer’s Disease;
9 however, no association was observed for acrophase. Because this study used a regular
cosine regression, instead of the extended cosine model to assess rest-activity rhythms, it
did not assess overall rhythmicity (i.e., pseudo F statistic) in relation to cognitive outcomes.
Studies on nonparametric rest-activity measures have been more limited and produced
mixed results. In a recent analysis in SOF, of all the nonparametric variables (i.e., 1V, IS,
RA, L5 and L10), only RA was associated with incident dementia. In the RMAP, higher

IV predicted an overall higher risk of Alzheimer’s disease. Among those with MCI at
baseline, both higher IV and lower IS were associated with higher risk of Alzheimer’s
disease. © However, similar findings were not observed either in our analysis, or an analysis
in the Rotterdam Study, which reported no association between 1V or IS and dementia

risk. 11 The discrepancy among these studies may be due to chance alone, or attributable

to differences in sample size, study population, geographic location and differences in
outcome assessment (e.g., WHIMS examined only all-cause dementia, whereas the RMAP
examined Alzheimer’s Disease). Overall, these findings support a link between weakened
rest-activity rhythms as characterized by lower amplitude and overall rhythmicity and
cognitive impairment and decline in older adults.

JAm Geriatr Soc. Author manuscript; available in PMC 2023 October 01.
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Timing is an important aspect of diurnal behaviors. We found that, overall, the results for
both parametric and nonparametric variables suggested a positive trend linking a later timing
of the activity (acrophase and M10) and rest (L5) periods of the day with higher risk of

MCI and probable dementia. Previous findings on the timing of rest-activity rhythms and
cognitive health were mixed. In SOF, while a later acrophase (>15:51) was associated with
a 67% increase in the incidence of MCI and dementia, when compared to the reference
group (13:34-15:51), the study did not observe a linear trend similar to ours, but instead a
suggestive U-shaped association. 7 In the SOF analysis focusing on nonparametric variables,
the authors reported no association between M10 midpoint and dementia incidence.
However, they found that an earfier L5 (<1:42 AM) was associated with higher incidence

of dementia. 19 Analysis in the MrOS study reported an association between an early
acrophase (<12:28) and higher risk of dementia. & Finally, no association was found
between L5 onset and dementia risk in the Rotterdam Study. 11 The inconsistent and
sometimes contradictory findings from different studies warrant further investigation on the
dose-dependent relationship between rest-activity rhythm timing and cognitive outcomes.
Previous studies were conducted in populations with potentially different distributions of
rest/activity timing, and used different criteria to categorize them into early, normal and late
groups. Such heterogeneity in sample distributions and the operationalization of exposure
variables may have contributed to the inconsistency in their findings.

Several lines of evidence have suggested that impaired circadian function may play a role

in neurodegenerative diseases such as dementia. 2 First, circadian disruption may lead to
sleep deficiency and reduce sleep-dependent removal of key proteins involved in dementia
pathology, such as Ap and Tau. 31 Moreover, circadian disruption may directly impact the
dynamics of Ap via altered protein homeostasis and quality control 3233 and influence
protein clearance by modulating the permeability of the blood-brain barrier, 34 both of
which may lead to pro-neurodegenerative aggregation of harmful proteins and peptides. In
addition, deletion of core clock genes in animal models led to oxidative damage, synapse
degeneration, and impaired neuronal connectivity in the brain, even when the sleep-wake
rhythm remained intact, suggesting a direct role of circadian rhythms in neurodegenerative
pathogenesis. 35 Finally, several previous studies have linked weakened rest-activity
patterns, such as a lower amplitude and overall rhythmicity, to insulin resistance, type

2 diabetes, and chronic inflammation in older populations. 36-40 As both metabolic
dysfunction and chronic inflammation are well established risk factors for dementia, 41

it is plausible that the disrupted circadian rhythms may lead to elevated risk of dementia via
metabolic and inflammatory dysregulation. Although the aforementioned evidence supports
a role of circadian disruption in dementia risk, it is important to note that there may be a
bidirectional relationship between neurodegenerative diseases and circadian impairment. 29
In the RMAP, it was reported that the pathological development of Alzheimer’s disease after
the diagnosis of MCI was associated with a more rapid decline in rest-activity rhythmicity
over time. 2 In addition, neuronal loss in brain regions involved in circadian regulation (e.g.,
suprachiasmatic nucleus) was observed in patients with Alzheimer’s disease. 42 The aging
process itself may also lead to changes in both circadian rhythms and cognitive function,
leading to an observed correlation between the two. In summary, the association between
rest-activity rhythm patterns and MCI and dementia observed in our study and other studies

JAm Geriatr Soc. Author manuscript; available in PMC 2023 October 01.
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may be driven by multiple causes, and future studies, particularly well-controlled human
intervention studies and animal experiments, are needed to elucidate the various underlying
mechanisms. In particular, the field may benefit from research designed to evaluate the
potential cognitive benefits of strategies that aimed at improving rest-activity rhythmicity,
such as enhanced sleep hygiene, timed exercise, and light therapy.

Although the mechanisms linking rest-activity patterns with cognitive function in older
populations remain to be determined, evidence from our study and previous longitudinal
analyses suggest that rest-activity parameters may be useful predictive markers of the

risk of dementia and cognitive decline. In particular, ours is the first study that included

a comprehensive list of both parametric and nonparametric variables to characterize the
rest-activity rhythm. Overall, when compared with nonparametric algorithms, the parametric
models appeared to produce measures of rest-activity rhythms that were more robust

in predicting the risk of dementia and MCI in various studies. Future studies should
systematically quantify the relative importance and predictive power of various rest-activity
variables in the context of cognitive health. Moreover, as mentioned above, the modeling

of nonlinear relationships and choice of cutoff points may also influence the performance
of regression models. Several machine learning methods have been previously proposed to
systematically evaluate multiple measures of correlated behavioral patterns such as sleep,
physical activity and rest-activity rhythms to identify the strongest predictors for health
outcomes. 43

Strengths of our study include its longitudinal design, clinically adjudicated cognitive
outcomes, and objective and comprehensive measures of rest-activity rhythms. Excluding
incident cases that developed within two years after baseline, and finding largely similar
results suggested that rest-activity rhythm characteristics are not merely correlated with
existing cognitive impairment, but may predict future risks of MCI and dementia.

Our study also has several limitations. First, most of our study participants were in their
80s at baseline. This may introduce survival bias, as women who developed cognitive
impairment before baseline were excluded from the analysis. Second, previous studies
indicated that sleep patterns in middle age were an important predictor of dementia risk
later in life 44, while our analysis was limited to older women. Third, rest-activity patterns
are not static and may change over time as a result of aging-related and/or other factors.

45 However, we only had one-time measurement of rest-activity rhythms, and were not
able to assess whether changes in rest-activity characteristics are associated with cognitive
outcomes. Fourth, rest-activity patterns are influenced by both internal circadian clocks and
external factors. However, we did not have biomarkers of internal circadian rhythms, or
measures of important environmental cues, such as light exposures, daily schedule, and
social obligations. Thus, we were not able to pinpoint the upstream determinants of altered
rest-activity patterns that may contribute to cognitive decline. Finally, women in our study
were predominantly White and of relatively high socioeconomic status, and thus our study
findings may not be generalizable to other populations.

JAm Geriatr Soc. Author manuscript; available in PMC 2023 October 01.
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Conclusion

We found that multiple rest-activity parameters were associated with risk of cognitive
impairment and decline in the WHI. Additional research, including intervention studies

in humans, are needed to clarify the direction of the association and pinpoint underlying
mechanisms linking rest-activity rhythms with cognitive health. Moreover, our results
combined with findings from earlier studies suggest that accelerometry-based rest-activity
measures may be used, in conjunction with other biomarkers, for predicting cognitive
decline and cognitive impairment in older populations. Future studies should focus on
developing statistical algorithms and platforms for data collection and analysis for risk
prediction and management in clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

. We report associations of multiple parametric (i.e., amplitude, mesor,
pseudo F statistic, acrophase) and non-parametric rest-activity (i.e., relative
amplitude, activity during the most active 10 hours of the day (M10),
midpoint of M10) parameters with incident cognitive impairment and
dementia, as well as cognitive decline in older women.

. Specifically, weakened rest-activity rhythms, manifested as lower amplitude
and reduced overall rhythmicity, are associated with a higher incidence of
mild cognitive impairment (MCI) and probable dementia (PD).

. We report evidence suggesting a positive association between the timing or
phase of rest-activity rhythms (i.e., acrophase and midpoint of M10), and
incidence of MCI and PD.
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Why Does this Paper Matter

Accelerometry-based rest-activity measures may be used as predictive markers of future
cognitive decline and cognitive impairment in older women.
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WHI (1993-1998)
N=161,808

OPACH (2012)

v N=7,048
WHIMS-ECHO (2008)
N=2,922
With accelerometry data
N=6,489
WHIMS-ECHO participants with accelerometry data
N=1,503
Exclusions:
* Missing rest-activity characteristics (N=211)
7| * Less than four days of at least 18 hours of recording (N=392)
* Follow-up for cognitive outcomes ended before
v accelerometry data were collected (N=137).
Analytic sample
N=763
Figure 1.

Flow chart showing the progression of participants. Abbreviations: OPACH, Objective PA
and Cardiovascular Health in Older Women; WHI, Women’s Health Initiative; WHIMS-
ECHO, Women’s Health Initiative Memory Study-Epidemiology of Cognitive Health

Outcomes
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A) Amplitude

36 -

34 -

Mean TICS-m score, adjusted

p-value=0.02 p-value=0.005
32
0 1 2 3 4 0 1 2 3
Follow-up time, years Follow-up time, years
Figure 2.

Trajectories of TICS-m scores by A) Amplitude and B) Mesor in the WHI OPACH

and WHIMS-ECHO Study (N=763). Models were P adjusted for age (continuous),
education (less than high school, vocational or training school, some college or associate,
college, graduate school), race/ethnicity (White, Black, Hispanic), intervention arm (HRT
(estrogen only, progestin only, estrogen + progestin, control), dietary modification arm
(not randomized, intervention, control), calcium and vitamin D arm (not randomized,
intervention, control)), BMI (<25, 25-29.9, 30-34.9, 35+, missing), smoking (yes, no,
missing), alcohol use (never, <1 drink/week, 1-2 or 3-4 drink/week, 4+ drink/week),
number of comorbidities (0, 1, 2, 3+), SPPB score (<7, 7-9, 10-12). P-values represent
the interaction between rest-activity characteristics and follow-up time. Abbreviations: BMI,
body-mass index; CI, confidence intervals; HR, hazard ratio; OPACH, Objective PA and
Cardiovascular Health in Older Women; SD, standard deviation; SPPB, Short Physical
Performance Battery; TICS-m, Modified Telephone Interview for Cognitive Status; WHI,
Women’s Health Initiative; WHIMS-ECHO, Women’s Health Initiative Memory Study-
Epidemiology of Cognitive Health Outcomes.
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Table 1.
Baseline characteristics by quartiles of pseudo F statistic in the WHI OPACH and WHIMS-ECHO studies
(N=763).
Pseudo F statistic
Q1 Q2 Q3 Q4 p-value b

Age, mean (SD) 84.6(33) 844(33) 841(34)  832(27) <0001
Age, year, % 0.02

75-79 7.9 6.3 6.8 8.9

80-84 511 52.4 57.1 67.5

85-90 33.7 34.6 29.8 22.0

90+ 7.4 6.8 6.3 1.6
Education, college or higher, % 37.9 429 435 42.4 0.83
White, % 89.5 93.7 94.8 94.2 017
Smoking, never, % 89.5 89.0 93.2 93.7 0.55
Alcohol, non-drinker, % 39.0 29.8 28.3 24.1 0.005
Body mass index, kg/m2, mean (SD) 29.7 (5.7) 27.8 (5.0) 26.5 (5.0) 248 (4.1) <.0001
ApoE e4 carrier, b% 18.4 15.7 13.6 15.2 0.64
Total steps per day, mean (SD) 1687 (851) 2457 (1072) 3167 (1242) 4636 (2056) <.0001
Total sleep time per day, mean (SD) 8.5(1.2) 8.3(1.1) 8.4 (1.0) 8.4 (0.9) 0.16
Number of comorbidities, 3+, o 33.7 25.7 18.3 15.2 0.001
Poor physical function, SPPB score<7, % 479 20.9 22.0 15.7 <.0001

a . . . . . .
p-values were derived from chi-square test for categorical variables and ANOVA for continuous variables.

b .
measured among White women only.

Comorbidities included cancer, cerebrovascular disease, cardiovascular disease, diabetes, frequent falls, depression, osteoarthritis and chronic

obstructive pulmonary disease.

Abbreviations: ANOVA, Analysis of variance; OPACH, Objective PA and Cardiovascular Health in Older Women; SD, standard deviation; SPPB,
Short Physical Performance Battery; WHI, Women’s Health Initiative; WHIMS-ECHO, Women’s Health Initiative Memory Study-Epidemiology

of Cognitive Health Outcomes.
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Associations (HR (95% CI)) between rest-activity rhythm characteristics derived from extended cosine models

and incident probable dementia and mild cognitive impairment in the WHI OPACH and WHIMS-ECHO
studies (N=763).

Incident Probable Dementia and Mild Cognitive Impairment

Rest-activity parameters Mean (SD) N Model 1 2 Model 2 b Model 3 ¢
Amplitude
Q1 42.83 (12.49) 57 2.15(1.40,3.29) 2.28(1.43,3.63) 1.84(1.07,3.15)
Q2 72.82 (7.07) 54 1.62(1.052.49) 1.58(1.02,2.46) 1.38(0.84, 2.28)
Q3 101.48 (10.97) 47 1.38(0.89,2.14) 1.36(0.87,2.13) 1.35(0.84, 2.16)
Q4 217.39 (202.91) 35 ref ref ref
p-trend 0.0003 0.0004 0.04
Mesor
Q1 35.40 (7.41) 55  2.38(1.53,3.73) 2.45(152,3.94) 1.92(1.10,3.35)
Q2 53.38 (4.40) 52 1.70(1.08,2.66) 1.63(1.03,259) 1.46 (0.86, 2.45)
Q3 70.41 (6.19) 55  1.90(1.22,2.95) 1.80(1.15,2.81) 1.69 (1.05,2.73)
Q4 133.22 (108.14) 31 ref ref ref
p-trend 0.0006 0.001 0.06
Pseudo F statistic
Q1 198.11(69.05) 49  1.60(1.04,2.45) 1.80(1.12,2.88) 1.33(0.78, 2.26)
Q2 394.21(55.62) 55  1.45(0.96,2.20) 1.46 (0.95,2.24) 1.18 (0.73, 1.90)
Q3 605.62 (75.29) 50  1.30(0.85,1.98) 1.39(0.90,2.13) 1.29(0.83, 2.03)
Q4 1146.87 (742.04) 39 ref ref ref
p-trend 0.03 0.02 0.40
Acrophase a
Early 11.12 (1.53) 35  0.67 (0.46,0.99) 0.70(0.48,1.04) 0.72(0.48, 1.07)
Normal 13.60 (0.50) 100 ref ref ref
Late 15.53 (1.03) 58  1.28(0.92,1.77) 1.20(0.86,1.69) 1.11(0.79, 1.57)
p-trend 0.003 0.02 0.06

aadjusted for age (continuous).

adjusted for age (continuous), education (less than high school, vocational or training school, some college or associate, college, graduate school),
race/ethnicity (White, Black, Hispanic), intervention arm (HRT (estrogen only, progestin only, estrogen + progestin, control), dietary modification
arm (not randomized, intervention, control), calcium and vitamin D arm (not randomized, intervention, control)), BMI (<25, 25-29.9, 30-34.9,

35+, missing), smoking (yes, no, missing), alcohol use (never, <1 drink/week, 1-2 or 3-4 drink/week, 4+ drink/week), number of comorbidities ¢
(0, 1, 2, 3+), SPPB score (<7, 7-9, 10-12).

cadjusted for variables in Model 2 and total daily steps (quartile) and total sleep time (<7, 7-<8, 8-<9, 9+ hours).

dearly, normal and late groups defined as Q1 (<12:42), Q2-3 (12:43-14:29), and Q4 (=14:30), respectively.

e S . . . . . . .
Comorbidities included cancer, cerebrovascular disease, cardiovascular disease, diabetes, frequent falls, depression, osteoarthritis and chronic

obstructive pulmonary disease.
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Abbreviations: BMI, body-mass index; Cl, confidence intervals; HR, hazard ratio; HRT, hormone replacement therapy; OPACH, Objective PA and
Cardiovascular Health in Older Women; SD, standard deviation; SPPB, Short Physical Performance Battery; WHI, Women’s Health Initiative;
WHIMS-ECHO, Women’s Health Initiative Memory Study-Epidemiology of Cognitive Health Outcomes.
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Table 3

Associations (HR (95% CI)) between rest-activity rhythm characteristics derived from nonparametric
algorithms and incident probable dementia and mild cognitive impairment in the WHI OPACH and WHIMS-
ECHO studies (N=763).
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Incident Probable Dementia and Mild Cognitive Impairment

Rest-activity parameters Mean (SD) N Model 12 Model 2 b Model 3 ©
Interdaily stability
Q1 0.35 (0.05) 46  1.25(0.82,1.91) 1.33(0.85,2.08) 1.16(0.73,1.83)
Q2 0.45 (0.02) 53  1.28(0.85,1.92) 143(0.93,2.21) 1.28(0.83,1.96)
Q3 0.53 (0.02) 52 1.37(0.91,2.06) 1.47(0.96,2.25) 1.33(0.87,2.04)
Q4 0.63 (0.06) 41 ref ref ref
p-trend 0.37 025 0.58
Intradaily variability
Q1 0.84 (0.09) 46 ref ref ref
Q2 1.07 (0.05) 51 1.07(0.71,159) 1.18(0.78,1.78) 1.07(0.71, 1.62)
Q3 1.25 (0.06) 44 0.90(0.59,1.36) 0.99 (0.65, 1.53) 0.85(0.54,1.32)
Q4 1.57 (0.18) 51  1.23(0.82,1.85) 1.41(0.91,2.18) 1.16(0.73,1.83)
p-trend 0.48 024 0.79
Relative amplitude
Q1 0.64 (0.11) 52 1.64(1.08,2.49) 167 (1.06,2.62) 1.39(0.86, 2.24)
Q2 0.81 (0.03) 49  1.34(0.88,2.04) 142(0.91,2.20) 1.26(0.81,1.99)
Q3 0.87 (0.02) 52 1.46(0.96,2.21) 1.45(0.94,2.23) 1.47(0.95, 2.28)
Q4 0.93(0.02) 39 ref ref ref
p-trend 0.04 0.04 0.30
L5
Q1 3.95 (126) 44 ref ref ref
Q2 7.13 (0.79) 53 1.30(0.87,1.95) 1.26(0.83,1.91) 1.35(0.89, 2.05)
Q3 9.92 (0.95) 45  1.04(0.69,158) 1.03(0.67,1.57) 1.14(0.74, 1.76)
Q4 17.12(527) 50 1.30(0.86,1.94) 1.25(0.82,1.90) 1.27 (0.83, 1.95)
p-trend 041 051 042
M10
Q1 56.83 (12.45) 52  1.70(1.12,2.60) 2.01(1.25,3.23) 1.31(0.71,2.41)
Q2 87.57(7.65) 56  1.56(1.03,2.36) 1.60(1.03,2.47) 1.18(0.68, 2.03)
Q3 11439 (851) 46  1.22(0.79,1.87) 1.25(0.81,1.94) 1.05(0.64,1.72)
Q4 163.95(32.86) 39 ref ref ref
p-trend 0.006 0.002 0.33
Midpoint of L5 a
Early 1.14 (0.99) 45  0.95(0.67,1.37) 1.04(0.72,1.50) 1.08 (0.74, 1.56)
Normal 2.87 (0.49) 59 ref ref ref
Late 4.78 (0.88) 59  155(1.11,2.16) 1.51(1.06,2.14) 1.41(0.99, 2.02)
p-trend 0.01 0.07 019

JAm Geriatr Soc. Author manuscript; available in PMC 2023 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Xiao et al. Page 21

Incident Probable Dementia and Mild Cognitive Impairment

Rest-activity parameters Mean (SD) N Model 12 Model 2 b Model 3
Midpoint of M10 ¢
Early 1116 (1.02) 36  0.69(0.47,1.02) 0.68(0.46,1.01)  0.74 (0.50, 1.09)
Normal 12.83 (0.53) 102 ref ref ref
Late 1507 (1.39) 55 1.22(0.88,1.69) 1.12(0.79,1.58) 1.14(0.80, 1.62)
p-trend 0.009 0.03 0.06

aadjusted for age (continuous).

adjusted for age (continuous), education (less than high school, vocational or training school, some college or associate, college, graduate school),
race/ethnicity (White, Black, Hispanic), intervention arm (HRT (estrogen only, progestin only, estrogen + progestin, control), dietary modification
arm (not randomized, intervention, control), calcium and vitamin D arm (not randomized, intervention, control)), BMI (<25, 25-29.9, 30-34.9,

f
35+, missing), smoking (yes, no, missing), alcohol use (never, <1 drink/week, 1-2 or 3—-4 drink/week, 4+ drink/week), number of comorbidities
(0, 1, 2, 3+), SPPB score (<7, 7-9, 10-12).

cadjusted for variables in Model 2 and total daily steps (quartile) and total sleep time (<7, 7-<8, 8-<9, 9+ hours).
dearly, normal and late groups defined as Q1 (<02:00), Q2-3 (02:01-03:47), and Q4 (=03:48), respectively.
eearly, normal and late groups defined as Q1 (<11:54 PM), Q2-3 (11:55-13:47), and Q4 (=13:48), respectively.

Comorbidities included cancer, cerebrovascular disease, cardiovascular disease, diabetes, frequent falls, depression, osteoarthritis and chronic
obstructive pulmonary disease.

Abbreviations: BMI, body-mass index; Cl, confidence intervals; HR, hazard ratio; HRT, hormone replacement therapy; OPACH, Objective PA and
Cardiovascular Health in Older Women; SD, standard deviation; SPPB, Short Physical Performance Battery; WHI, Women’s Health Initiative;
WHIMS-ECHO, Women’s Health Initiative Memory Study-Epidemiology of Cognitive Health Outcomes.
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