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ORIGINAL ARTICLE
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Abstract

Study Objectives: Disrupted daily rhythms are associated with mild cognitive impairment (MCI) and dementia. The specific nature of how rhythms and cognition are
related, however, is unknown. We hypothesized characteristics from a nonparametric estimate of circadian rest-activity rhythm patterns would be associated to the
development of MCI or dementia.

Methods: Wrist actigraphy from 1232 cognitively healthy, community-dwelling women (mean age 82.6 years) from the Study of Osteoporotic Fractures was used to
estimate rest-activity patterns, including intradaily variability (IV), interdaily stability (IS), most active 10-hour period (M10), least active 5-hour period (L5), and relative
amplitude (RA). Logistic regression examined associations of these predictors with 5-year incidence of MCI or dementia. Models were adjusted for potential confounders.
Results: Women with earlier sleep/wake times had higher risk of dementia, but not MCI, (early vs. average L5 midpoint: OR, 1.66; 95% CI, 1.08-2.55) as did women
with smaller day/night activity differentials (low vs. high RA: OR, 1.96; 95% CI, 1.14-3.35). 1V, IS, and M10 were not associated with MCI or dementia.

Conclusion: The timing and difference in day/night amplitude, but not variability of activity, may be useful as predictors of dementia.

Statement of Significance

Characteristics describing circadian rest-activity rhythm patterns that were derived using a nonparametric approach were related to 5-year odds of developing
dementia in a prospective cohort of cognitively healthy, community-dwelling older women. No associations were found between these characteristics and the de-
velopment of mild cognitive impairment. This approach does not assume predictable activity patterns, which may not apply to those with impairments associated
with aging. These results add to the literature that predominately focus on associations of parametrically derived parameters of circadian rest-activity rhythm
patterns with the development of dementia. Future work is needed to confirm these findings in other cohorts. These findings may support the development of

interventions to adjust activity patterns that may delay the onset of dementia in the elderly.
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Introduction

Alzheimer’s disease, the most common cause of dementia, is
known to affect nearly six million Americans as of 2019 [1-3].
Despite the high prevalence of dementia among the elderly, only
16% of older adults receive regular cognitive assessments at
their routine doctor visits [1], partly due to the intensive nature
of cognitive adjudication, which involves physician review of a
patient’s demographics, lifestyle, family, and medical history as
well as employment of a “battery” of cognitive tests, which as-
certains deficiencies across four neuropsychological domains:
global cognition, working memory, verbal memory, and execu-
tive function. Neuroimaging examinations are also often re-
quired [4, 5]. Identifying potential risk factors may help to detect
early-stage cognitive decline in older adults.

Concerted, multidisciplinary research in recent years has
refined our understanding of the relationship between brain
pathophysiology and age-related changes in patterns of circa-
dian biology. Chronobiology and circadian medicine—fields fo-
cused on the study of biological and clinical features that follow
roughly 24-hour periods [6]—have helped identify preclinical
biomarkers of cognitive decline in older adults. With age, circa-
dian rhythms phase advance, resulting in earlier onset of sleepi-
ness at night and earlier mean morning wake time on average
[7]. Rhythm amplitude (the maximum daily activity level) also
decreases over time [8]. Disturbances of the sleep-wake cycle
are prevalent among those with Alzheimer’s disease [9] and
frequently precede the transition from community dwelling to
institutional residence [10, 11]. Furthermore, nighttime restless-
ness, poor sleep, and sleep fragmentation are associated with
cognitive decline [12-14], dementia [15], and mortality [16] in the
elderly.

We previously examined circadian rest-activity rhythm
(RAR) patterns derived from activity data captured with wrist
actigraphy in relation to cognitive decline, including the de-
velopment of mild cognitive impairment (MCI) and dementia
[17], in older women. Those with weaker, less robust, or delayed
rhythms had significantly higher 5-year odds of MCI or de-
mentia. However, the parametric approach we used to esti-
mate RAR patterns invokes the extended cosine model, which
presumes a modified sinusoidal “shape” to the 24-hour activity
rhythm, or that resembling a squared-off cosine wave [18-20].
This assumption of a predictable pattern is useful for those with
robust activity patterns, but this shape may not apply to those
with physical impairments, such as those associated with aging.
Here, we utilized a nonparametric, “shape-naive” approach [21]
to estimate circadian rest-activity rhythm patterns from activity
data gathered with wrist actigraphy, and examined character-
istics describing these patterns in relation to 5-year odds of
developing MCI or dementia in a prospective cohort of cogni-
tively healthy, community-dwelling older women.

Methods
Participants

Women were participants in the Study of Osteoporotic
Fractures (SOF), a longitudinal study of 10,366 community-
dwelling women age 65 and older, recruited from four clinic
sites in Baltimore, MD; Minneapolis, MN; Portland, OR; and the
Monongahela Valley near Pittsburgh, PA. Participant recruitment

is described elsewhere [22]. Women were excluded if they had a
bilateral hip replacement or were unable to walk without assist-
ance. The SOF baseline visit was conducted from 1986 to 1988,
when 9704 white women were recruited [23]. The initial study
population consisted of white women because of their high
prevalence of hip fractures, but from 1997 to 1998, 662 African
American women were separately recruited [24]. Participants
were re-contacted every 2-5 years for in-person visits. The insti-
tutional review board on human research at each institution ap-
proved the study, and all participating women provided written
informed consent.

For this analysis, we defined the baseline as the eighth SOF
visit that occurred from 2002 to 2004 (Visit 8) (Figure 1). MCI and
dementia outcomes were identified at the ninth SOF visit that
occurred approximately 5 years later from 2006 to 2008 (Visit
9) in three of the four clinic sites (The Baltimore, MD was not
included in Visit 9). Participants included had activity data col-
lected via wrist actigraphy at Visit 8 and clinical cognitive status
adjudicated by expert panel atVisit 9. Three thousand and seven
hundred eighteen women were still participating in the longi-
tudinal study at Visit 8 across the three clinic sites with data
at Visit 9. Across these three sites, 2579 women had actigraphy
data collected at Visit 8, and 1793 participated in Visit 9. 1320
women completed the expanded neuropsychological cognitive
assessment at Visit 9. We excluded 28 women with probable
cognitive impairment at Visit 8 identified from self-reported
dementia diagnosis, dementia medication use, and/or a Mini-
Mental State Examination (MMSE) score < 24 [25] and 41 women
who had missing data to determine probable cognitive impair-
ment. Of the remaining 1245, we also excluded 19 women with
fewer than two days of actigraphy data from the Proportional
Integration Mode of activity collection. As such, our analysis
cohort comprised 1232 women who had at least 2 days of ac-
tivity data successfully collected at Visit 8, cognitive status ad-
judicated at Visit 9, and no probable cognitive impairment at
baseline.

Actigraphy

Activity data were collected using wrist actigraphs (Sleep-
Watch-0O, Ambulatory Monitoring, Inc., Ardsley, NY) worn on par-
ticipants’ nondominant wrists. Participants were instructed to
wear the actigraph for a minimum of three consecutive 24-hour
periods (i.e., 272 hours), although 110 (8.9%) had fewer (mean 85.8
hours). Movement is measured by a piezoelectric linear acceler-
ometer, which generates a voltage each instance the actigraph is
moved [26]. These voltages are gathered continuously and sum-
marized over 1-minute intervals, providing 1440 distinct time
points per day. The accelerometer is optimized for highly sen-
sitive sleep-wake inference from wrist activity, which has been
previously validated [27, 28]. Circadian imputations derived from
wrist actigraphy (e.g., sleep/wake predictions and acrophase)
show strong concordance with measures derived from refer-
ence standards like polysomnography, urinary melatonin, and
core body temperature [29-33]. Actigraphy has also been shown
to effectively assess activity levels [34-36]. Actigraphy data were
analyzed using ActionW-2 software (Ambulatory Monitoring,
Inc., Ardsley, NY), which derived estimates of total sleep time
and sleep efficiency (the proportion of time in bed that was
spent asleep; a measure of sleep fragmentation) [37]. Additional
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Women at SOF Visit 8
N=4,727
N=1,009 from Baltimore clinic which
did not participate in Visit 9
N at sites in Visit 9
N=3,718
N=1,139 without usable actigraphy data
779 questionnaire data only
305 not given actigraph
18 device malfunction
3 actigraph software problem
26 participant removed actigraph
8 other
N with actigraphy data
N=2,579
N=786 no Visit 9 data:
656 died
130 did not participate
N with Visit 9 data
N=1,793

N with outcome data

N=473 without cognitive outcome data:
444 questionnaire data only
17 missing data needed
12 adjudicated as indeterminate

N=88 further exclusions
28 with probable prevalent dementia
41 unable to determine prevalence
19 <2 days PIM mode actigraphy data

3

N=1,320
3
Analysis Cohort
N=1,232

Figure 1. Progression of participants.

measures obtained from actigraphy were parameters related to
sleep timing (time to bed, sleep onset, sleep offset), duration of
the main in-bed interval, time spent napping, number of long
(>5 min) sleep episodes outside of the main in-bed interval and
average activity level outside the main in-bed interval.

An approach developed by van Someren and colleagues [21]
was utilized to estimate the following nonparametric variables
from activity data: intradaily variability (IV), a measure of the
fragmentation of the 24-hour activity rhythm, reflecting the fre-
quency and extent of transitions between periods of rest and ac-
tivity on an hourly basis (range 0-2: IV~0 for a perfect sine wave,
IV~2 for Gaussian noise; higher IV indicating more fragmented
rhythms); interdaily stability (IS), a measure reflecting how
closely the 24-hour activity rhythm synchronizes to the 24-hour
light-dark cycle and other environmental cues that regulate
the biological clock (range 0-1: IS~0 for Gaussian noise, IS~1 for
perfect stability; higher IS indicating more stable rhythms); the
average activity level of the most active 10-hour period (M10),
a measure reflecting how active the wake periods are (meas-
ured in arbitrary units of activity [counts/min]), and the M10
midpoint, which indicates whether a person is more active
earlier or later in the day; the average activity level of the least
active 5-hour period (L5), a measure reflecting activity during

periods of rest (measured in arbitrary units of activity [counts/
min]), as well as the L5 midpoint, indicating whether inactivity
(likely sleep) is earlier or later in the day; and relative ampli-
tude (RA), the difference in activity between M10 and L5 in the
average 24-hour pattern, normalized by their sum (RA = ¥19-1;
higher RA reflecting relatively lower activity during the night
and greater activity when awake).

IV, IS, RA, and average activity in M10 and L5 were examined
based on quartile distributions. Previous studies have reported
U-shaped associations between acrophase and health condi-
tions such as dementia [17]. Therefore, we examined predictors
describing sleep timing, the midpoints of M10 and L5, in three
categories based on midpoints more than one standard devi-
ation (SD) above and below the respective means for the study

population.

Adjudication of cognitive status

Cognitive status was determined in a two-step process that
is described elsewhere [38]. First, women were screened for
five criteria (based on cognitive test scores, self-report of de-
mentia diagnosis, or nursing home residence) that could indi-
cate possible cognitive impairment. Those who did not meet
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any of the criteria for possible cognitive impairment were con-
sidered to have normal cognitive status. Those who did meet
one or more criteria had an assessment of cognitive status
performed by a panel of clinical experts, which included a
neurologist, two neuropsychologists, and a geropsychologist.
Information used for assessment included the Visit 9 neuro-
psychological battery scores, prior cognitive test scores, demo-
graphics, medical history, medications, depression symptoms,
and functional status. Dementia diagnoses were based on cri-
teria from the fourth edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-IV), and likely dementia
etiology (vascular dementia, Alzheimer’s disease, dementia
due to multiple etiologies, or other) was also determined. MCI
was diagnosed using a modified Petersen Criteria, which re-
quires generally intact functional status and cognitive impair-
ment that is insufficient to be dementia. Those who initially
screened positive for possible impairment at Visit 9 but did
not meet diagnostic criteria for MCI or dementia were classi-
fied as having normal cognitive status.

Other measurements

Additional data were collected at participants’ clinic or home
visits at Visit 8. For this analysis, data on covariates from the fol-
lowing three categories were collected, measured, or estimated:
demographics; medical history, including comorbid conditions
and current medications; and lifestyle.

Demographic variables included age in years; race (white
or African American); and years of education. Body mass index
(BMI) in kg/m? was calculated based on measurement of par-
ticipants’ body weight and height by clinic site staff. Medical
history variables were all binary and included depression; anti-
depressant use; benzodiazepine use; sleep medication use;
self-reported health status (good or fair/poor); self-reported
history of hypertension; and a composite medical history vari-
able indicating self-report of prior physician diagnosis of one
or more of the following: chronic obstructive pulmonary dis-
ease (COPD); diabetes; stroke; cardiovascular disease (including
myocardial infarction, angina, congestive heart failure, or
other heart disease); any cancer; and Parkinson’s disease. The
Geriatric Depression Scale-Short Form (GDS) was used by clinic
site staff to assess depressive symptoms, with a score of six or
more symptoms (out of 15 possible) used to define depression
[39]. Medication use was ascertained by asking participants to
bring all medications (prescription and nonprescription) used in
the past 30 days to their clinic visits, and a computerized medi-
cation coding dictionary was used to categorize all medications
(antidepressant, benzodiazepine, prescription sleep medication,
and others) [40].

Lifestyle variables included smoking status (whether the
participant currently smokes cigarettes), number of alcoholic
drinks consumed per week in the past 30 days, caffeine intake
in mg/day, actigraphic sleep efficiency and total sleep time,
whether participants walk for exercise, and functional status.
Functional status was assessed by collecting information on
six instrumental activities of daily living (IADL), which included
walking two to three blocks on level ground, climbing up to 10

steps, walking down 10 steps, preparing meals, doing heavy
housework, and shopping for groceries or clothing [41, 42].

The MMSE, a test of global cognition [43], and a modified ver-
sion of Trails B, a test of executive function [44], were adminis-
tered at both clinic visits (Visits 8 and 9).

Statistical analysis

Participant characteristics are summarized for SOF participants
who were included and excluded from our analysis cohort.
Similar comparisons were made across clinical cognitive status
categories and across quartiles and categories of circadian RAR
predictor patterns. Sleep timing variables were compared across
category of L5 midpoint. We compared group-specific summary
statistics using a t-test or analysis of variance (ANOVA) for nor-
mally distributed continuous covariates, a Wilcoxon rank-sum
test or Kruskal-Wallis test for skewed continuous covariates,
and a chi-squared (x?) test for categorical covariates.

To determine the relationship between circadian activity
rhythms and incident MCI and dementia, we used logistic re-
gression to estimate odds ratios (ORs) and 95% confidence
intervals (ClIs). For dementia, this model compared participants
with dementia to those without dementia (i.e., with either MCI
or normal cognitive status); for models with MCI as the out-
come, participants with incident dementia at Visit 9 were ex-
cluded, and participants with MCI were compared to those with
normal status. The minimally adjusted models included clinic
site, age, race, and education. To determine covariates for the
multivariable models, we identified potential confounders by
first considering a list of characteristics thought to be asso-
ciated with circadian activity rhythms or cognitive function
based on biological plausibility or previous studies. The final
multivariable model included the following covariates: clinic
site, age, race, education, BMI, history of one or more select med-
ical conditions, hypertension, depression, antidepressant use,
benzodiazepine use, sleep medication use, current smoking, al-
cohol consumption, caffeine intake, self-reported health status,
and walking for exercise.

We also examined associations using a binomial logistic
model adapted from Tranah et al. [17] that further adjusted for
participants’ total IADL impairments.

Because associations have been found with sleep fragmen-
tation and cognitive impairment in this cohort [45], sensitivity
analyses were performed further adjusting the multivariable
model by actigraphic sleep efficiency to examine if associations
between activity rhythms and incident MCI or dementia were
driven by underlying sleep fragmentation.

In secondary analyses, additional multivariable adjusted models
were performed examining the associations of incident cognitive
impairment with sleep timing variables (time to bed, sleep onset
time, sleep offset time, midpoint of the main in-bed interval, mid-
point of sleep interval) to determine if associations seen with L5 or
M10 midpoint were also observed with these parameters.

Lastly, those parameters with statistically significant associ-
ations to an outcome were included in the same multivariable
adjusted model to determine if the associations were inde-
pendent. Statistical analysis was performed using SAS version
9.4 (SAS Institute, Inc., Cary, NC).



Results
Characteristics of the study population

The average age was 82.6 (+3.3) years. 89.1% of participants were
white and 10.9% were African American. The average MMSE
score at baseline was 28.5 (+1.4), and the average total sleep time
was 6.8 (+1.2) hours.

Compared to the remaining SOF cohort excluded from this
analysis (n=2486), on average, women in the analysis cohort
were younger, had more years of education, had higher BMI,
had fewer medical conditions overall, were less likely to have
concurrent depression or use antidepressants, less likely to
take benzodiazepines, consumed more alcohol, were less likely
to smoke, were more likely to report walking for exercise, had
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fewer functional impairments and better self-reported health
status, had higher MMSE scores and shorter Trails B comple-
tion times, and had greater actigraphic sleep efficiency (Table
1). Similar comparisons across other circadian RAR predictor
patterns can be found in Supplemental Tables 1-4. Compared
to those participants in our analysis cohort with normal cog-
nitive status, on average, those with incident dementia at Visit
9 were older, had fewer years of education, were more likely to
have concurrent depression and use antidepressants, consumed
less alcohol, had more functional impairments, and had lower
MMSE scores and higher Trails B completion times (Table 2).
The later midpoint of L5 was associated in a linear fashion with
later sleep onset time, sleep offset time, and the start and mid-
point of the main sleep interval (p < 0.001). Both earlier and later

Table 1. Characteristics of SOF participants according to analysis cohort inclusion.

Analysis Cohort* Excluded

Characteristic N=1232 N = 2486 P-value

Age, years 82.6+3.3 849+4.4 <0.0001
Median (range) 82 (70-96) 84 (70-100)

African American 134 (10.9) 229 (9.2) 0.11

Education, years 129+26 12.4+2.8 <0.0001
Median (range) 12 (1-19) 12 (0-19)

BMI, kg/m? 275+48 26.6 5.2 <0.0001
Median (range) 26.9 (17.2-51.7) 25.9 (14.4-51.4)

Any medical historyt 700 (56.9) 1543 (65.8) <0.0001

COPD 148 (12.0) 299 (12.7) 0.53

Diabetes 118 304 (13.0) 0.003

Stroke 120 423 (18.0) <0.0001

Cardiovascular diseaset 274 (22.2) 625 (26.6) 0.004

Cancer 279 (22.7) 482 (20.5) 0.13

Parkinson’s disease 3(0.2) 48 (2.0) <0.0001

History of hypertension 732 (59.4) 1416 (60.4) 0.58

Depression (GDS score > 6) 99 (8.0) 459 (20.2) <0.0001

Current antidepressant user 130 (10.6) 325 (19.2) <0.0001

Current benzodiazepine user 83 (6.7) 153 (9.0) 0.02

Current sleep medication user 14 (1.1 12 (0.7) 0.22

Current smoker 27 (2.2 80 (3.4) 0.04

Alcoholic consumption, drinks/week 1.1+29 0.8+222 <0.0001
Median (range) 0 (0-42) 0 (0-24.5)

Caffeine intake, mg/day 156.2 + 155.0 149.6 + 153.0 0.15
Median (range) 110 (0-950) 110 (0-960)

Walks for exercise 510 (41.8) 729 (31.4) <0.0001

IADL impairments (of 6) 1.1+16 22+21 <0.0001
Median (range) 0 (0-6) 2 (0-6)

Self-reported health status, fair/poor/very poor 238 (19.3) 875 (35.5) <0.0001

MMSE score (0-30) 285+1.4 27.2 +2.46 <0.0001
Median (range) 29 (24-30) 28 (9-30)

Trails B time to complete, seconds 137.0 £ 63.6 189.2 +90.7 <0.0001
Median (range) 120 (46-421) 166 (54-421)

Actigraphic sleep efficiency, % 79.1+10.8 75.8 £12.7 <0.0001
Median (range) 81.9 (9.8-97.1) 78.4 (5.7-96.0)

Actigraphic total sleep time, minutes 407.9 £ 69.4 408.7 + 84.9 0.80

Median (range)

414.8 (59.8-618.8)

413.1 (29.0-721.0)

SOF, Study of Osteoporotic Fractures; BMI, body mass index; COPD, chronic obstructive pulmonary disease; GDS, Geriatric Depression Scale; IADL, instrumental activ-

ities of daily living; MMSE, Mini-Mental State Examination; SD, standard deviation.

All continuous data are mean + SD; P-values are from a t-test if normally distributed or Wilcoxon rank-sum test if skewed. All categorical data are N (%); P-values are

from a y? test.

*Participants in the analysis cohort were from three of four SOF clinic sites, had no probable cognitive impairment at Visit 8, had at least 2 days of actigraphy data
collected at Visit 8, and had clinical cognitive status successfully adjudicated at Visit 9.

Includes all members of SOF cohort at Visit 8 from three of four clinic sites (OR, MN, PA).

tAny medical history indicates prior physician diagnosis of one or more of the following: COPD, diabetes, stroke, cardiovascular disease, cancer, or Parkinson’s

disease.

fCardiovascular disease includes myocardial infarction, angina, congestive heart failure, or other heart disease.
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Table 2. Characteristics of the SOF cohort among categories of incident clinical cognitive status.

Normal MCI Dementia

Characteristic N=767 N =287 N=178 P-value

Age, years 823x3.1 82.8+3.3 83.7+4.0 <0.0001
Median (range) 82 (70-92) 83 (73-91) 83.5 (73-96)

African American 74 (9.7) 36 (12.5) 24 (13.5) 0.20

Education, years 13.1+26 124+ 25 127 £2.6 0.0001
Median (range) 12 (1-19) 12 (7-19) 12 (5-19)

BMI, kg/m? 27.5+4.8 27.6+4.6 27.2+5.3 0.74
Median (range) 26.8 (17.4-51.7) 27.5 (18.8-46.0) 26.8 (17.2-45.8)

Any medical history* 436 (56.9) 158 (55.1) 106 (59.6) 0.63

COPD 89 (11.6) 36 (12.5) 23 (12.9) 0.84

Diabetes 69 (9.0) 29 (10.1) 20 (11.2) 0.62

Stroke 66 (8.6) 30 (10.5) 24 (13.5) 0.13

Cardiovascular diseaset 172 (22.4) 60 (20.9) 42 (23.6) 0.78

Cancer 187 (24.4) 54 (18.8) 38 (21.3) 0.14

Parkinson’s disease 1(0.1) 1(0.3) 1(0.6) 0.53

History of hypertension 455 (59.3) 163 (56.8) 114 (64.0) 0.30

Depression (GDS score > 6) 46 (6.0) 28 (9.8) 25 (14.0) 0.0009

Current antidepressant user 58 (7.6) 37 (12.9) 35 (19.7) <0.0001

Current benzodiazepine user 51 (6.6) 17 (5.9) 15 (8.4) 0.57

Current sleep medication user 9(1.2) 1(0.3) 4(2.2) 0.17

Current smoker 14 (1.8) 10 (3.5) 3(1.7) 0.23

Alcohol consumption, drinks/week 1.2£31 1.2+28 05+14 <0.0001
Median (range) 0 (0-42) 0 (0-17.5) 0 (0-7)

Caffeine intake, mg/day 159.9 + 156.5 158.0 + 157.6 137.6 +143.5 0.23
Median (range) 140 (0-950) 110 (0-815) 95 (0-760)

Walks for exercise 330 (43.5) 119 (41.8) 61 (34.9) 0.11

IADL impairments (of 6) 1.0+15 1.2+1.6 1.6+1.8 <0.0001
Median (range) 0 (0-6) 0 (0-6) 1(0-6)

Self-reported health status, fair/poor/very poor 136 (17.7) 61 (21.3) 41 (23.0) 0.17

MMSE score (0-30) 287 +1.2 283+14 27.7 £1.5 <0.0001
Median (range) 29 (24-30) 29 (24-30) 28 (24-30)

Trails B time to complete, seconds 123.9 +53.9 157.2 +69.6 164.0 +76.9 <0.0001
Median (range) 111 (46-421) 138 (55-421) 145.5 (66 — 421)

Actigraphic sleep efficiency, % 79.6 + 10.6 785+ 11.3 78.0 +10.5 0.10
Median (range) 82.2 (30.5-96.8) 81.7 (9.8-95.2) 80.4 (34.8-97.1)

Actigraphic total sleep time, minutes 407.7 £ 69.4 407.0 £ 70.7 410.0 £ 67.2 0.90
Median (range) 414.5 (142.7-618.8) 415 (59.8-564.8) 415 (199-576.5)

Time wearing actigraph, days 36+06 3.6+0.6 35x07 0.17
Median (range) 3.5 (2.3-7.3) 3.5 (2.3-6.6) 3.4 (2.3-6.4)

SOF, Study of Osteoporotic Fractures; MCI, mild cognitive impairment; BMI, body mass index; COPD, chronic obstructive pulmonary disease; GDS, Geriatric Depression
Scale; IADL, instrumental activities of daily living; MMSE, Mini-Mental State Examination; SD, standard deviation.
All continuous data are mean + SD; P-values are from an ANOVA if normally distributed or Kruskal-Wallis test if skewed. All categorical data are N (%); P-values are

from a y? test for homogeneity.

*Any medical history indicates prior physician diagnosis of one or more of the following: COPD, diabetes, stroke, cardiovascular disease, cancer, or Parkinson’s

disease.

tCardiovascular disease includes myocardial infarction, angina, congestive heart failure, or other heart disease.

times for midpoint of L5 were associated with longer time in bed
(p <0.001), while the time spent napping and average physical
activity level were similar (p > 0.10) (Supplemental Table 3).

Rest-activity rhythms and incident dementia

After a mean 4.9 (+0.6) years of follow-up, there were 178 cases
of dementia (14%) identified. Women in the lowest quartile
of relative amplitude (n=296) had nearly twice the odds of
developing dementia compared to those (n = 297) in the highest
quartile (Multivariable adjusted OR, 1.96; 95% CI, 1.14-3.35; Table
3). A significant linear trend across quartiles was also observed,
such that a linear increase in odds of developing dementia was
found with corresponding decreases across quartiles of RA (P

value for trend = 0.03). Results were largely unchanged after fur-
ther adjusting for actigraphic sleep efficiency in sensitivity ana-
lyses, and in all three lower quartiles of RA, estimated odds of
dementia increased slightly (Table 3). RA and rest-activity levels
for three SOF participants are illustrated in Figure 2.

Additionally, women with an earlier than average L5 mid-
point (< 1:42 AM; n = 200) experienced a 66% increase in odds of
developing dementia compared to those (n =833) in the mean
midpoint range of 1:42-4:39 AM (OR, 1.66; 95% CI, 1.08-2.55). This
significant finding was consistent across all models.

In the minimally adjusted model, evidence for a linear in-
crease in odds of developing dementia was found with associ-
ated increases in average activity in L5 (p value for trend = 0.03),
although evidence for this trend attenuated slightly upon
multivariable adjustment (p value for trend = 0.08; Table 3).


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab119#supplementary-data

Table 3. Associations between rest-activity rhythm patterns and incident dementia across logistic models.
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Minimal* Multivariablet Sleept Prior§
Pattern N Events Odds Ratio (95% CI)
Intradaily variability, 0-2 177
Q1: 0.26 to <0.51 42 Ref Ref Ref Ref
Q2: 0.51 to <0.63 40 0.92 (0.58, 1.49) 0.96 (0.59, 1.56) 0.95 (0.58, 1.55) 0.94 (0.57, 1.53)
Q3: 0.63 t0 <0.77 35 0.76 (0.47, 1.24) 0.79 (0.48, 1.31) 0.78 (0.47, 1.30) 0.75 (0.45, 1.26)
Q4:0.77 to 1.89 60 1.35 (0.87, 2.10) 1.17 (0.72, 1.89) 1.15 (0.71, 1.89) 1.12 (0.69, 1.82)
P-value for linear trend 0.25 0.65 0.72 0.80
Interdaily stability, 0-1 177
Q1: 0.20 to <0.73 50 0.99 (0.64, 1.55) 0.95 (0.59, 1.53) 0.92 (0.57, 1.48) 0.93 (0.57, 1.49)
Q2: 0.73 to <0.80 37 0.71 (0.44, 1.13) 0.72 (0.44, 1.18) 0.71 (0.43, 1.16) 0.68 (0.42,1.13)
Q3: 0.80 to <0.85 43 0.99 (0.67, 1.45) 0.92 (0.57, 1.48) 0.91 (0.56, 1.46) 0.90 (0.56, 1.44)
Q4: 0.85 to 0.98 47 Ref Ref Ref Ref
P-value for linear trend 0.76 0.64 0.53 0.55
L5, activity counts/min 178
Q1: 41 to <185 32 Ref Ref Ref Ref
Q2: 185 to <263 41 1.38 (0.84, 2.27) 1.52 (0.91, 2.53) 1.50 (0.89, 2.53) 1.48 (0.89, 2.48)
Q3: 263 to <384 55 1.86 (1.16, 3.00) 1.88 (1.15, 3.08) 1.84 (1.09, 3.12) 1.82 (1.11, 2.98)
Q4: 384 t0 2027 50 1.58 (0.97, 2.57) 1.50 (0.90, 2.51) 1.43 (0.72, 2.84) 1.43 (0.85, 2.39)
P-value for linear trend 0.03 0.08 0.13 0.13
L5 midpoint 178
< 1:42 AM 38 1.67 (1.10, 2.53) 1.66 (1.08, 2.55) 1.66 (1.08, 2.55) 1.63 (1.06, 2.51)
1:42 AM to 4:39 AM 106 Ref Ref Ref Ref
> 4:39 AM 34 1.36 (0.88, 2.10) 1.32 (0.84, 2.09) 1.31 (0.83, 2.06) 1.29 (0.82, 2.04)
M10, activity counts/min 175
Q1: 1633 to <3534 58 1.28 (0.82, 1.99) 1.10 (0.67, 1.79) 1.11 (0.68, 1.81) 1.05 (0.64, 1.71)
Q2: 3534 to <4077 45 0.99 (0.62, 1.58) 0.91 (0.56, 1.49) 0.92 (0.56, 1.50) 0.87 (0.53, 1.43)
Q3: 4077 to <4612 30 0.66 (0.40, 1.09) 0.66 (0.39, 1.12) 0.67 (0.40, 1.12) 0.66 (0.39, 1.11)
Q4: 4612 to 7578 42 Ref Ref Ref Ref
P-value for linear trend 0.11 0.45 0.43 0.61
M10 midpoint 175
<11:59 AM 19 0.83 (0.49, 1.40) 0.88 (0.51, 1.50) 0.89 (0.52, 1.52) 0.88 (0.51, 1.51)
11:59 AM to 3:17 PM 131 Ref Ref Ref Ref
>3:17 PM 25 0.93 (0.58, 1.50) 0.95 (0.58, 1.55) 0.93 (0.57, 1.53) 0.94 (0.57, 1.53)
Relative amplitude, 0-1 175
Q1:0.16 to <0.82 57 2.06 (1.25, 3.40) 1.96 (1.14, 3.35) 2.15 (1.11, 4.15) 1.84 (1.07, 3.16)
Q2: 0.82 t0 <0.88 47 1.82 (1.09, 3.02) 1.78 (1.05, 3.03) 1.86 (1.06, 3.24) 1.71 (1.00, 2.93)
Q3: 0.88 to <0.92 44 1.69 (1.01, 2.83) 1.82 (1.07, 3.10) 1.86 (1.09, 3.18) 1.79 (1.05, 3.04)
Q4:0.92 to 0.98 27 Ref Ref Ref Ref

P-value for linear trend

<.01

0.03

0.03

0.06

CI, confidence interval; L5, least active 5-hour period; M10, most active 10-hour period; BMI, body mass index; IADL, instrumental activities of daily living.

*Minimal: Adjusted for clinic site, age, race, and education.

tMultivariable: Adjusted for Minimal + BMI, history of any of six select medical conditions, history of hypertension, depression, antidepressant use, benzodiazepine
use, sleep medication use, smoking, alcohol use, caffeine intake, walking for exercise, and self-reported health status.

}Sleep: Adjusted for Multivariable + actigraphic sleep efficiency.

§Prior: Adjusted for Multivariable + number of IADL impairments. Adapted from Tranah et al. [17]
P-values are from tests for linear trends across quartiles. The associations between L5 and M10 midpoint and the outcome is hypothesized to be nonlinear, so the

test for linear trend was not performed.; Bold values indicate significance at P < 0.05.

Across models, IV, IS, average activity in M10, and M10
midpoint were not associated with elevated 5-year odds of
developing dementia in our cohort.

Results were largely similar when including both quartile or
RA and category of L5 midpoint in the same multivariable ad-
justed model. (L5 midpoint < 1:42 AM vs. mean midpoint range
of 1:42-4:39 AM: OR, 1.57; 95% CI, 1.01-2.45; Quartile 1 vs. Quartile
4 of RA: OR, 1.92; 95% CI, 1.12-3.29).

Rest-activity rhythms and incident MCI

After a mean 4.9 years (+0.6) of follow-up, there were 287 cases
of MCI identified (23%). There were no significant associations

between rest-activity rhythm patterns and 5-year odds of MCI.
The only RAR predictor that was suggestive of elevated odds
of developing MCI or differences across quartiles was average
activity in M10. Women in the lower two quartiles of average
activity in M10 experienced an increase in odds of developing
MCI of approximately 50% compared to those in the highest
quartile (Multivariable adjusted OR: Q1 vs. Q4: 1.49; 95% CI,
0.95-2.32; Table 4); similarly, increases in average activity in
M10 were suggestive of decreasing odds of developing MCI
(p value for trend = 0.05). Across models, 1V, IS, RA, average
activity in L5, L5 midpoint, and M10 midpoint were not as-
sociated with elevated 5-year odds of developing MCI in
our cohort.
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A. Normal Cognitive Status, RA =0.971 (Q4)
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Figure 2. Relative amplitude and cognitive status. Footnote: Activity levels and average relative amplitude (RA) over 72 hours for three individuals across clinical cog-

nitive status categories.

Secondary analyses of sleep timing and incident
MCI or dementia

None of the multivariable adjusted models examining the as-
sociations of the sleep timing parameters with incident MCI
or dementia were significant (results not shown). Parameters
included time to bed, time of sleep onset, time of sleep offset,
midpoint of the main in-bed interval and midpoint of the sleep
interval (onset to offset). Sleep timing parameters were exam-
ined as continuous variables to allow for potential linear rela-
tionships with the outcomes and also as categorical to allow for

a u-shaped relationship with the outcomes (one SD above and
below the mean value, compared to the middle category).

Discussion

We found evidence that among 1232 cognitively healthy older
women, variations in nonparametric indices of rest-activity
timing and relative amplitude were associated with an ele-
vated 5-year risk of developing dementia but not MCI. Earlier



Table 4. Associations between rest-activity rhythm patterns and incident MCI across logistic models.
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Minimal* Multivariablet Sleept Prior§
Pattern N Events Odds Ratio (95% CI)
Intradaily variability, 0-2 285
Q1: 0.26 to <0.51 68 Ref Ref Ref Ref
Q2: 0.51 to <0.63 67 1.00 (0.67, 1.48) 1.00 (0.67, 1.51) 1.00 (0.67,1.51) 1.00 (0.66, 1.50)
Q3: 0.63 t0 <0.77 72 1.05 (0.71, 1.56) 1.07 (0.71, 1.62) 1.07 (0.71, 1.62) 1.06 (0.70, 1.61)
Q4:0.77 to 1.89 78 1.39 (0.93, 2.06) 1.36 (0.89, 2.07) 1.34 (0.88, 2.05) 1.35 (0.89, 2.06)
P-value for linear trend 0.11 0.15 0.17 0.16
Interdaily stability, 0-1 285
Q1: 0.20 to <0.73 73 1.30 (0.86, 1.94) 1.27 (0.83, 1.94) 1.25 (0.81, 1.91) 1.27 (0.83,1.94)
Q2: 0.73 to <0.80 76 1.24 (0.83, 1.85) 1.27 (0.84,1.91) 1.25 (0.83,1.89) 1.26 (0.84,1.90)
Q3: 0.80 t0 <0.85 75 1.29 (0.86, 1.92) 1.39 (0.80, 2.05) 1.36 (0.90, 2.04) 1.36 (0.91, 2.05)
Q4: 0.85 to 0.98 61 Ref Ref Ref Ref
P-value for linear trend 0.26 0.34 0.40 0.35
L5, activity counts/min 287
Q1: 41 to <185 72 Ref Ref Ref Ref
Q2: 185 to <263 79 1.25(0.85, 1.83) 1.27 (0.86, 1.87) 1.20 (0.81,1.79) 1.26 (0.85, 1.86)
Q3: 263 to <384 63 0.94 (0.63, 1.40) 0.93 (0.62, 1.40) 0.84 (0.54, 1.30) 0.92 (0.61, 1.39)
Q4: 384 to 2027 73 1.08 (0.73, 1.60) 1.07 (0.71, 1.61) 0.83 (0.47, 1.46) 1.05 (0.70, 1.58)
P-value for linear trend 0.96 0.9 0.32 0.84
L5 midpoint 287
< 1:42 AM 43 0.94 (0.64, 1.39) 0.92 (0.62, 1.37) 0.92 (0.62, 1.37) 0.92 (0.62, 1.37)
1:42 AM to 4:39 AM 203 Ref Ref Ref Ref
> 4:39 AM 41 0.90 (0.60, 1.34) 0.88 (0.58, 1.34) 0.87 (0.57, 1.31) 0.88 (0.58, 1.33)
M10, activity counts/min 275
Q1: 1633 to <3534 73 1.41(0.93,2.13) 1.49 (0.95, 2.32) 1.50 (0.96, 2.35) 1.48 (0.94, 2.31)
Q2: 3534 to <4077 74 1.42 (0.94, 2.14) 1.48 (0.96, 2.26) 1.49 (0.97,2.29) 1.47 (0.95, 2.26)
Q3: 4077 to <4612 70 1.15 (0.76, 1.73) 1.20 (0.79, 1.82) 1.20 (0.79, 1.83) 1.20 (0.79, 1.82)
Q4: 4612 to 7578 58 Ref Ref Ref Ref
P-value for linear trend 0.06 0.05 0.05 0.06
M10 midpoint 275
<11:59 AM 41 1.24 (0.82,1.88) 1.29 (0.85,1.97) 1.31 (0.86, 1.99) 1.30 (0.85, 1.98)
11:59 AM to 3:17 PM 193 Ref Ref Ref Ref
>3:17 PM 41 1.11 (0.74, 1.68) 1.00 (0.65, 1.52) 0.98 (0.64, 1.49) 1.00 (0.65, 1.52)
Relative amplitude, 0-1 275
Q1: 0.16 to <0.82 70 1.11 (0.74, 1.66) 1.12 (0.73,1.72) 0.92 (0.52, 1.62) 1.11 (0.72,1.70)
Q2: 0.82 t0 <0.88 63 0.98 (0.65, 1.47) 0.96 (0.63, 1.46) 0.88 (0.57, 1.38) 0.95 (0.63, 1.45)
Q3: 0.88 to <0.92 73 1.23 (0.83,1.82) 1.24 (0.83, 1.86) 1.19 (0.79, 1.79) 1.24 (0.83,1.85)
Q4: 0.92 to 0.98 69 Ref Ref Ref Ref

P-value for linear trend

0.88

0.88

0.55

0.95

CI, confidence interval; L5, least active 5-hour period; M10, most active 10-hour period; MCI, mild cognitive impairment; BMI, body mass index; IADL, instrumental
activities of daily living.

*Minimal: Adjusted for clinic site, age, race, and education.

tMultivariable: Adjusted for Minimal + BMI, history of any of six select medical conditions, history of hypertension, depression, antidepressant use, benzodiazepine
use, sleep medication use, smoking, alcohol use, caffeine intake, walking for exercise, and self-reported health status.

tSleep: Adjusted for Multivariable + actigraphic sleep efficiency.

§Prior: Adjusted for Multivariable + number of IADL impairments. Adapted from Tranah et al. [17].

NOTE. P-values are from tests for trends across quartiles. The associations between L5 and M10 midpoint and the outcome is hypothesized to be nonlinear, so the
test for linear trend was not performed.; Bold values indicate significance at P < 0.05.

timing of low activity (L5 midpoint) was found to be strongly
associated with increased odds of dementia 5 years later, inde-
pendent of numerous potential confounders including demo-
graphic characteristics, self-report of walking for exercise,
medical history, smoking status, alcohol use, caffeine intake,
and actigraphic sleep efficiency. While neither the amount
of activity during the night (L5) nor the amount of activity
during the day (M10) were associated with dementia, lower RA
was associated with greater risk of dementia, indicating that
the ratio of activity in the day and night appears to be more
prognostic for dementia than the absolute amount of activity
during either time point. 1V, IS, and M10 midpoint were not

associated with increased risk of dementia, and none of the
nonparametric variables was associated with increased risk
of MCIL.

In previous work in this same SOF cohort, later timing of
parametrically derived acrophase was related to the devel-
opment of dementia [17], yet here earlier timing of L5 was
associated with this outcome. Additionally, both the lower
category of acrophase and the higher category of L5 midpoint
had an elevated risk of development of dementia, however,
results did not reach statistical significance. While acrophase
and LS timing are correlated (rho = 0.55) they are not aspects
of the same measure. Acrophase is primarily driven by the
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distribution of the wake (active) data and is dependent on
the amplitude of activity data. L5 is mainly driven by when
the inactive period occurs irrespective (mostly) of the amp-
litude of the movement data. These current results add nu-
ance to the past parametric analyses, in which deviations in
daily amplitude and acrophase (timing of daily peak activity)
were found to be associated with increased risk of both MCI
and dementia [17]. Thus, the possibility remains that MCI,
representing a transitional stage between healthy aging and
dementia, is better predicted by parametric analysis, specif-
ically by examining deviations in amplitude and acrophase
from the expected sinusoidal pattern, and that nonparametric
analysis, while robust enough to predict 5-year odds of sub-
stantial cognitive impairment (i.e., dementia), is not sensi-
tive enough to be utilized in predicting the smaller transition
from healthy cognition to MCI or early stage cognitive impair-
ment in older, community-dwelling women more generally.
Specifically, acrophase appears to be a strong predictor of MCI
in this population, and parametrically derived acrophase and
L5 midpoint may play important roles in the larger transition
to dementia by reflecting overall endurance, or the ability to
sustain periods of rest and activity. Compared to the middle
category of L5 timing, women in the low and high category on
average had more interruptions of active periods by bouts of
sleep. They had about 20-40 min shorter length of time out-
side the main sleep interval, but during that time had more
long sleep episodes and a higher amount of time spent nap-
ping, while average activity level was similar across category
of L5 midpoint. This supports the theory that those in the ex-
tremes of L5 timing have less sustained periods of rest and
activity.

The recent work of Li and colleagues reported an association
of more suppressed (parametrically derived amplitude) and
greater fragmented (IV) daily activity rhythms with higher risk
of development of dementia, but no associations were observed
between the parameters examined and development of MCI
[46]. While this work did not examine the association of RA, L5,
M10 or their placement, in general the results are in agreement
of an association of parameters measuring circadian disruption
with development of incident dementia but not incident MCI.
A study of the relationship of white matter microarchitecture
with these nonparametric rest-activity rhythm parameters
found that RA and L5 timing, but not IV or IS, were associated
with white matter fiber density and fiber cross-section in a
number of major white matter pathways, which is in line with
our findings [47].

In contrast, work examining the association of
nonparametric rest-activity rhythm parameters (IV, IS, and L5
onset) with incident dementia in the Rotterdam Study did not
observe any increased risk with L5 timing [48]. This difference
in results may be due to the use of L5 timing as a continuous
variable, where our analyses examined a u-shaped association
of L5 timing to development of dementia. Also, the Rotterdam
study included both men and women with no presentation
of presented results stratified by gender, which makes direct
comparisons difficult.

Our study had several strengths, including analysis of a
large cohort of mostly community-dwelling older women
followed prospectively. The SOF cohort had no inclusion cri-
teria regarding daily activity rhythms, sleep disorders, or

particular cognitive function. We adjusted for multiple pos-
sible confounders, used validated methods to estimate
nonparametric rest-activity rhythm patterns from activity
data gathered with wrist actigraphy, and utilized an expan-
sive neuropsychological examination to adjudicate cognitive
status. By excluding participants with probable cognitive im-
pairment at Visit 8, we were able to prospectively assess the re-
lationship between rest-activity rhythms and 5-year incidence
of MCI and dementia (reflecting the transition from normal to
impaired cognitive status). This analysis also had limitations;
most notably, our cohort only included older women who were
mostly white, so results may not be generalizable to other
populations such as men, nonwhite, or younger women. As a
result, a concern remains that findings from this study may not
be valid when assessing a population of community-dwelling
older women that is more racially or socioeconomically di-
verse. However, in the present study, we controlled for both
race and years of education. Participants were instructed to
wear their actigraphs for a minimum of three consecutive days,
though some only wore it for two days in the current analysis
cohort. Typically, five days of activity data is recommended for
proper estimation of rest-activity patterns like IV and IS and it
is therefore possible that these metrics may not be accurate in
the current study. While it would be preferable to perform sen-
sitivity analyses restricted to those women with 5 or more days
of data, it was not possible due to small sample size of this
subset (n = 56). Participants who agreed to wear the actigraph
were also younger on average and somewhat healthier than
those who did not. However, we expect that this would have
biased our findings toward the null. That said, the possibility of
residual confounding cannot be eliminated given the observa-
tional design of our study.

This study evaluating the relationship between circadian
activity rhythms analyzed nonparametrically and subsequent
development of MCI and dementia in participants from a com-
munity dwelling setting confirms some findings in prior work
[46]. If confirmed in other cohorts, such as older men or women
with greater socioeconomic, ethnic, and racial diversity, these
findings may support the development of interventions to ad-
just activity patterns that may delay the onset of dementia in
the elderly.
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