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INTRODUCTION
With the rapidly expanding older adult population, it is es-

sential to identify risk factors and possibly modifiable con-
structs associated with cognitive impairment. One area that 
has shown substantial promise is sleep, given that sleep dis-
turbance increases with age1–3 and is associated with greater 
impairment in cognitive performance.4–8 Both physiologic and 
behavioral circadian patterns9–15 have been shown to be more 
disrupted with increased age, with an advanced phase and flat-
tening of the amplitude of the circadian cycle as measured by 
body temperature, melatonin, and behavioral activity.12–15 Little 
is known, however, about the relationship between circadian 
activity rhythms (CARs) and cognition in older adults. The 
onset of mild cognitive impairment (MCI) and dementia is as-
sociated with weaker circadian activity rhythmicity, smaller 
amplitude of activity, lower mesor of activity, and a delayed 
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activity phase.16–18 Disrupted behavioral CARs negatively 
affect longevity in older adults19,20 and individuals with de-
mentia.21 Overall, this suggests that weaker circadian patterns 
are associated with both aging and cognitive decline in older 
adults, but that healthy aging is associated with both a behav-
ioral and physiological phase advancement, whereas disease-
related aging (such as cognitive impairment) is associated with 
an activity phase delay.

Previous research has shown that disrupted CARs are asso-
ciated with increased risk of MCI and dementia 5 years later22 
and in a cross-sectional study older adults with weaker CAR 
amplitude had poorer executive function.8 However, no study 
has investigated the relationship between CARs and prospec-
tive cognitive performance in different types of cognitive 
processes. Therefore, it remains unclear whether disrupted 
CARs are associated with generalized or specific cognitive 
impairment. Making the distinction between generalized and 
focused cognitive impairment associated with previous CARs 
could suggest potential underlying mechanisms. Further, un-
derstanding if all cognition or a specific domain is more likely 
to be impaired in those with weaker CAR will allow for more 
directed care-planning.

The objective of this study was to determine if CARs were 
associated with prospective cognitive function in global cogni-
tion, verbal memory, working memory, or executive function. 
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In this study, we used the same cohort of subjects previously 
reported on,22 using slightly more stringent inclusion criteria. 
Therefore, based on the previous study using this same cohort,22 
as well as other cohorts,8 we hypothesized that individuals with 
weaker CAR amplitude, lower mesor, or delayed acrophase 
would have poorer performance on cognitive tests, especially 
those related to executive function 5 y later.

METHODS

Participants
Between 1986 and 1988, 9,704 community-dwelling Cau-

casian women age 65 y and older were recruited into a longi-
tudinal Study of Osteoporotic Fractures (SOF) at one of four 
centers: Baltimore, MD; Minneapolis, MN; Portland, OR; and 
Monongahela Valley, near Pittsburgh, PA.23 From 1997 to 1998, 
an additional 662 African-American women were recruited to 
the study.24 Women were originally excluded from the study if 
they had a history of bilateral hip replacement or were unable 
to walk unassisted.

For this analysis we included women who had actigraphy 
measured at the Year 15 visit (2002-2004, our study baseline) 
and an expanded cognitive assessment at the Year 20 visit 
(2006-2008), which included participants from three of the 
four clinic sites. Though the African-American cohort was re-
cruited several years into the original study, we will refer to all 
subjects’ visits as the year from the start of the original study, 
e.g., all testing done in 2002-2004 for both the original and the 
African-American cohort will be referred to as the Year 15 visit. 
Of the 2,549 women with a minimum of 24 h of CAR data at 
Year 15, 1,777 also participated in the Year 20 visit. Of these, 
1,323 underwent cognitive testing at the year 20 (2006-2008) 
visit. We excluded 25 women who had either a Mini-Mental 
State Examination (MMSE) score below 24, a medical history 
of dementia, or were taking medication for dementia at year 15. 
Because of the relationship between sleep disrupted breathing 
and cognitive impairment, we excluded 11 women with self-
reported sleep apnea at Year 15. The final analytic cohort was 
1,287. The final cohort used in this study mostly overlaps with 
the same subjects used in the previously published study re-
porting that weaker CAR was associated with increased risk of 
MCI and dementia 5 y later.22 The institutional review boards at 
each site approved the study, and written informed consent was 
obtained from all subjects.

Measures of CARs
Activity data was computed from wrist actigraphy measured 

using the Sleep-watch-O (Ambulatory Monitoring, Inc., Ard-
sley, NY) actigraphy wristband. Actigraphs were worn on the 
nondominant wrist for three 24-h periods. Activity was mea-
sured by a piezoelectric biomorph-ceramic cantilevered beam, 
which generates a voltage each time the actigraph is moved. 
Data were continuously collected and averaged into 1-min ep-
ochs, with activity measured in arbitrary units of counts/min. 
Activity data were collected using the proportional integration 
mode (PIM) of data collection, a high-resolution measurement 
of the area under the rectified conditioned transducer signal 
(area under the curve). Circadian activity rhythm variables 
were calculated from the activity data using a five-parameter 

extension of the 24-h cosine curve, or in other words, a non-
linear transformation to the cosine curve to describe the shape 
of the rest/activity rhythm across the 24-h period.25 There were 
four calculated variables of interest: amplitude, mesor, rhythm 
robustness, and acrophase. Amplitude (counts/min) is the dif-
ference between the peak and nadir of the activity fitted curve. 
Mesor (counts/min) is the mean of the activity fitted curve. Ro-
bustness (pseudo F-statistic) represents the rhythmicity of the 
circadian activity pattern in which the pseudo-F statistic calcu-
lates the overall fit of the raw activity data to the fitted curve. 
Acrophase (hours) is the time of day of the peak of the fitted 
curve.

CAR measures of amplitude, mesor, and robustness were 
subdivided into quartiles, with individuals in the lowest am-
plitude, mesor, or robustness quartile having the weakest CAR. 
Alternatively, acrophase quartiles were assessed based on pre-
viously published activity periods in older women.20 For this 
measure, individuals with early, mean, and late acrophase ac-
tivity showed peak activity prior to 13:34, between 13:34 and 
15:51, and after 15:51, respectively.

We also used other measures of sleep assessed at Year 15 
(baseline) to control for potential sleep confounds in our anal-
yses. Subjective sleep duration was assessed from the self-
reported Pittsburgh Sleep Quality Index26 (PSQI) using a 0-3 
scale (0 represents over 7 h of sleep per night, whereas 3 indi-
cates less than 5 h of sleep per night). Objective total sleep time 
was assessed using actigraphy measures. Subjective sleepiness 
was assessed using the Epworth Sleepiness Scale27 (ESS). Fi-
nally, in addition to providing self-reported information based 
on physician diagnoses of sleep apnea (used as an exclusion 
criteria), participants indicated through self-report if they ever 
stop breathing while sleeping as an additional subjective marker 
for potential sleep apnea.

Measures of Cognitive Performance
Cognitive tasks were measured at the SOF Year 20 visit. Cog-

nitive variables included measures of global cognition, verbal 
memory, and executive functioning. Global cognition was as-
sessed using the 3MS, which is an expanded and more sensitive 
version of the MMSE.28 Verbal memory was assessed using the 
California Verbal Learning Test-Second Edition, Short Form 
(CVLT-II SF) 10-min delayed free recall.29 Working memory 
was assessed using the Digits Span Backwards test (Wechsler 
Adult Intelligence Scale). Executive functioning was assessed 
using Trail Making Test B (Trails B), categorical fluency and 
letter fluency. Trails B measures executive task-switching, at-
tention, visual scanning, and motoric speeds.30 Both the cat-
egorical fluency and the letter fluency tasks measure executive 
function, verbal production, and language. In all cognitive 
testing higher scores indicated better performance except for 
Trails B, where lower scores indicated better performance.

At the Year 15 (baseline) visit, the 30-item MMSE was used 
as a measure of global cognition. Performance on MMSE was 
used as a covariate in our analyses to control for initial differ-
ences in overall cognition.

Baseline Cohort Characteristics
All subjects completed self-reported questionnaires at this 

study baseline (Year 15), which included education level, 
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medical history, alcohol use, caffeine intake, and physical ac-
tivity (number of blocks walked per day). Self-reported physi-
cian diagnoses were assessed for conditions including stroke, 
diabetes, hypertension, chronic obstructive pulmonary disease 
(COPD), and coronary heart disease. Medication use was based 
on medications used in the past 30 days and coded with a medi-
cation coding dictionary for categorization.31 Body mass index 
(BMI) was calculated as weight (kg) divided by height (m) 
squared (kg/m2). Depressive symptoms were measured using 
the 15-item Geriatric Depression Scale32 (GDS-SF).

Statistical Analysis
Characteristic variables known to affect either cognition or 

CAR patterns were analyzed to determine their relationship with 
each of the four CAR measures (at Year 15) and global cogni-
tion (3MS, at Year 20) using analyses of variance (ANOVAs) 
or correlations for continuous normally distributed variables, 
and Kruskal-Wallis tests for skewed and categorical variables 
across all subjects. These analyses identified characteristics of 
interest to use as covariates in our analyses. Follow-up analyses 
were used to confirm group differences between women in the 
highest and lowest amplitude quartiles.

Our research question focused on cognitive differences be-
tween those individuals with higher versus lower CARs. The 
cognitive variables were Blom transformed33 (a rank-based in-
verse normal transformation) using all 1,287 subjects. We used 
ANOVAs and ANCOVAs to determine if CARs were associ-
ated with cognitive performance 5 y later. Cognitive perfor-
mance was compared between individuals with the strongest 
(highest quartile, Q4) and weakest (lowest quartile, Q1) CAR 
amplitude, mesor, or robustness. Cognitive performance was 
also compared between individuals with the earlier and later 
CAR acrophase.

Covariate models were constructed to better understand the 
relationship between CAR predictors and cognitive perfor-
mance. In Models 1-3, ANOVAs were adjusted for baseline 
(Year 15) characteristic variables, which were related (P < 0.10) 
to either the global cognitive score (3MS) at Year 20, or at least 
one of the baseline CAR measures (amplitude, mesor, robust-
ness, or acrophase). We first adjusted for demographics and 
medical covariates (Model 1), which were: age, race, education, 
BMI, depressive symptoms, use of antidepressants or benzodi-
azepines, caffeine use, number of blocks walked per day, his-
tory of coronary heart disease, COPD, hypertension, diabetes, 
and stroke. To determine the CAR/cognitive relationship inde-
pendent of baseline global cognition, we adjusted for MMSE 
in addition to demographics and medical covariates (Model 2). 
To better isolate CAR from potential sleep related effects on 
cognition, we adjusted for subjective total sleep time, objec-
tive total sleep time, and sleepiness in addition to demographics, 
medical covariates, and baseline cognition (Model 3). All sta-
tistical analyses were performed using SPSS 20 (IBM Corp.).

Analyses were repeated restricting the cohort to individ-
uals with a minimum of 72 h of good actigraphy recordings 
(n = 1,149).

RESULTS
CAR amplitude was significantly associated with sev-

eral cohort characteristics (Table 1). Specifically analyzing 

differences between women in the highest and lowest CAR 
amplitude quartiles, women with smaller amplitude: were 
older (P < 0.001), had higher BMI (P < 0.001), lower MMSE 
(P < 0.05), used less caffeine (P < 0.001), walked fewer blocks 
per day (P < 0.001), and had lower sleep efficiency (P < 0.001). 
Further, women with smaller CAR amplitude had higher levels 
of depression (P < 0.001) and medical comorbidities, and used 
more medications.

Unadjusted Model
Blom transformed cognitive performance was compared 

between women in the highest (Q4) and lowest quartiles 
(Q1) of CAR amplitude, mesor, and robustness, and between 
the earlier and later acrophase periods (Table 2). Women in 
the lowest CAR amplitude quartile performed significantly 
worse than women in the highest quartile on global cognition 
(P < 0.05), verbal memory recall (P < 0.05), and two of the 
executive function tasks, Trails B (P < 0.001) and categorical 
fluency (P < 0.001). Women in the lowest CAR mesor quar-
tile performed significantly worse than women in the highest 
quartile on verbal memory recall (P = 0.01) and on two of the 
executive function tasks, Trails B (P = 0.01) and categorical 
fluency (P < 0.01). Women in the lowest CAR robustness 
quartile performed significantly worse than women in the 
highest quartile on global cognition (P = 0.05), and two of the 
executive function tasks, Trails B (P < 0.05) and categorical 
fluency (P < 0.05). In addition, women with a later peak ac-
tivity phase performed significantly worse than women with 
an earlier acrophase on global cognition (P < 0.05) and Trails 
B (P = 0.05).

Adjusting for Demographics and Medical Covariates (Model 1)
After adjusting for a number of comorbidities and health-

related factors, only executive function continued to be signifi-
cantly associated with CAR amplitude, mesor, and acrophase 
(Table 3). Specifically, as compared to women with higher am-
plitude (Q4), those with smaller amplitude (Q1) performed sig-
nificantly worse on Trails B (P < 0.05) and categorical fluency 
(P < 0.05). Women with smaller mesor (Q1) were significantly 
worse on categorical fluency (P < 0.05) as compared to women 
with higher mesor (Q4). Women with an earlier acrophase per-
formed significantly better on categorical fluency (P < 0.05) 
than those with a later phase.

Adjusting for Demographics, Medical Covariates, and Baseline 
Cognition (Model 2)

To control for the contribution of baseline differences in 
global cognition contributing to our results, we adjusted for 
MMSE in addition to demographics and medical covariates. 
Women with smaller CAR amplitude and CAR mesor performed 
significantly worse on executive function measures (amplitude: 
Trails B [P < 0.05] and categorical fluency [P < 0.05]; mesor: 
categorical fluency [P < 0.05]) independent of baseline global 
cognition.

Adjusting for Demographics, Medical Covariates, Baseline 
Cognition, and Sleep (Model 3)

To reduce the contribution of sleep in our investigation of the 
relationship between CAR and cognitive function, we controlled 
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for sleep, in addition to global cognition, demographics, and 
medical covariates. Women with smaller CAR amplitude and 
mesor performed significantly worse on executive function 
measures (amplitude: Trails B [P < 0.05] and categorical flu-
ency [P < 0.05]; mesor: categorical fluency [P < 0.05]). In ad-
dition, women with a later acrophase performed significantly 
worse on categorical fluency (P < 0.05) than those with an ear-
lier phase. The group comparisons for the executive function 
tasks analyzed using this model, adjusting for demographics, 
medical covariates, baseline cognition, and sleep are shown in 
Figure 1. No other group differences were identified.

When the data were restricted to only individuals with a min-
imum of 72 h of good actigraphy recordings, the results were 
nearly identical (data not shown).

DISCUSSION
Our study investigated the relationship between CAR and 

prospective performance on individual cognitive tasks. We 
found that some measures of CAR are positively associated 
with performance on cognitive testing, in particular, executive 
function, 5 y later. Furthermore, we found that of the cogni-
tive tasks assessed, executive function alone was positively as-
sociated with CAR measures, independent of baseline MMSE, 
sleep factors, and a number of comorbidities and health factors. 
Here we discuss these findings with respect to cognitive func-
tion, dementia and cardiovascular function.

Sleep and Executive Function
Our study supports and extends the previous cross-sectional 

findings that CAR amplitude was positively associated with 
executive function in older adults.8 It is possible that sleep 
and CARs may differentially affect cognition. In older adults, 
increased sleep disturbance is associated with deficits in ex-
ecutive function, working memory, and global cognition.4,5,7 
By covarying for sleep measures in addition to baseline cog-
nition, demographics, and medical covariates (Model 3), we 
isolated the CAR/cognitive relationship from the contribution 
of sleep. In light of previous findings, our study suggests that 
both CARs and sleep may have distinct relationships with 
cognitive aging.

Understanding the relationship-flow between dementia and 
CARs has been challenging. Previous studies have shown that 
CARs are disrupted in individuals with dementia16,18,34,35 and that 
CAR disruption increases as dementia worsens.17,36 However, it 
has been unclear whether disrupted CARs lead to dementia, de-
mentia leads to CAR disruption, or if these processes occur in 
parallel. It could be argued that the disrupted CARs seen with 
worsening dementia may result from an individual no longer 
being independent and as active on a daily basis. Our results 
suggest, however, that independent of cognitive impairment 
(Model 2 adjusting for demographics, medical covariates, and 
baseline cognition), CARs may lead to worse cognitive func-
tion. This suggests that CAR disruption is prior to the cognitive 

Table 1—Year 15 baseline characteristics for women in each circadian activity rhythm amplitude quartile.

Amplitude Q1
(n = 320)

Amplitude Q2
(n = 319)

Amplitude Q3
(n = 322)

Amplitude Q4
(n = 326) P

Age (y), mean ± SD 83.42 ± 3.3 83.00 ± 3.1 82.35 ± 3.1 82.47 ± 2.8  < 0.001
Education (y), mean ± SD 12.82 ± 2.5 12.85 ± 2.5 12.92 ± 2.5 12.82 ± 2.6 0.96
African-American, n (%) 32 (10.0) 26 (8.1) 44 (13.7) 39 (12.0) 0.13
MMSE, mean ± SD 28.38 ± 1.4 28.45 ± 1.4 28.44 ± 1.3 28.65 ± 1.3 0.06
BMI, mean ± SD 28.42 ± 4.6 27.59 ± 4.2 26.74 ± 4.1 26.35 ± 4.1  < 0.001
Caffeine intake (g/day), mean ± SD 0.13 ± 0.2 0.15 ± 0.2 0.16 ± 0.1 0.19 ± 0.2  < 0.001
Alcoholic drinks past 30 days, mean ± SD 1.29 ± 0.8 1.18 ± 0.5 1.27 ± 0.6 1.19 ± 0.4 0.27
Blocks walked/day, mean ± SD 3.58 ± 7.3 6.19 ± 11.1 7.29 ± 10.7 9.33 ± 13.5  < 0.001
Subjective sleep duration (PSQI), mean ± SD 0.92 ± 0.8 0.91 ± 0.7 0.90 ± 0.8 1.01 ± 0.8 0.2
Objective sleep duration (actigraphy), mean ± SD 407.19 ± 85.2 409.89 ± 64.4 409.59 ± 62.45 405.71 ± 63.0 0.85
Sleepiness (ESS), mean ± SD 5.70 ± 3.6 5.74 ± 3.5 5.80 ± 3.7 5.56 ± 3.7 0.86
Stop breathing, n (%) 7 (4.2) 6 (1.9) 5 (1.6) 5 (1.6) 0.82
Depressive symptoms (0-15), mean ± SD 2.54 ± 2.6 2.12 ± 2.3 1.72 ± 2.1 1.39 ± 1.9  < 0.001
Use of antidepressants, n (%) 52 (16.3) 29 (9.0) 22 (6.9) 30 (9.2) 0.001
Use of benzodiazepines, n (%) 32 (10.0) 22 (6.8) 22 (6.8) 11 (3.4) 0.01
History of coronary heart disease, n (%) 122 (38.0) 111 (34.8) 77 (23.9) 74 (22.7)  < 0.001
History of COPD, n (%) 47 (14.6) 34 (10.6) 39 (12.1) 34 (10.4) 0.32
History of diabetes, n (%) 54 (16.8) 37 (11.6) 18 (5.6) 21 (6.4)  < 0.001
History of hypertension, n (%) 211 (65.9) 199 (62.4) 187 (58.1) 166 (50.9) 0.001
History of stroke, n (%) 48 (15.0) 31 (9.7) 30 (9.3) 20 (6.1) 0.002

Data are shown for measures of descriptive cohort characteristics across individuals in each circadian activity rhythm (CAR) amplitude quartile (Q, lower CAR 
amplitude [Q1, ≤ 2,984 counts/min], Q2 [2,984–3,587 counts/min], Q3 [3,588–4,193 counts/min], and higher CAR amplitude [Q4, > 4,194 counts/min]). Data 
are presented as mean ± standard deviation (SD) for continuous variables and as count (percentage of total quartile) for categorical variables. P values (P) 
were determined using analysis of variance and Kruskal-Wallis tests across all four quartiles. BMI, body mass index; COPD, chronic obstructive pulmonary 
disease; ESS, Epworth Sleepiness Scale; MMSE, Mini-Mental State Examination; PSQI, Pittsburgh Sleep Quality Index.
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decline and therefore is not caused by the dementia itself and 
does not occur in parallel.

Our group previously reported that disrupted CARs (low am-
plitude, low mesor, and weak robustness) were associated with 
increased all-cause mortality20 and an increased likelihood for 
developing MCI or dementia 5 y later.22 Based on the previous 
studies, poorer performance on global cognition and memory 
tasks in those with previously weaker CARs may have been 
predicted. However, our results suggest that the weaker CAR-
associated cognitive impairment is found predominantly in the 
executive function domain. Individuals with vascular disease 
have a much higher specificity toward declines in executive 
function,37 even as compared with individuals with predomi-
nant hippocampal atrophy who show more widespread cogni-
tive declines.38

Further, individuals with vascular dementia have weaker 
CARs than those with Alzheimer disease.39 The pattern of 
cognitive impairment associated with previously disrupted 
CARs in our cohort is therefore similar to the pattern seen with 
vascular disease moreso than with other cognitive decline-
associated diseases such as Alzheimer disease. In other words, 
disrupted CARs may be associated with the later development 
of vascular dementia. To date, there have been no studies inves-
tigating CAR patterns prior to the onset of vascular dementia. 

It is possible that CAR modulation of cardiovascular regulation 
could alter executive functioning.

Cardiovascular Measures and Sleep Quality
In our analyses, we adjusted our models for a number of car-

diovascular factors and continued to find a cognitive deficit pat-
tern suggestive of cardiovascular disease, indicating that CARs 
may mediate cardiovascular health beyond typically measured 
factors. To date, there has been little research on the relation-
ship between CARs and risk for vascular dementia. However, 
the cardiovascular system has a circadian rhythm vulnerable 
to changes in sleep/waking activity. For example, there is a cir-
cadian pattern for the timing and severity of a cardiovascular 
event.40–42 Weaker or disrupted CARs are associated with in-
creased risk of cardiovascular disease, in particular stroke and 
coronary heart disease.43–45 These data suggest that disrupted 
CARs predate cardiovascular disease. The mechanism for this 
is likely caused by a desynchronized circadian pattern between 
the central clock and peripheral clocks that regulate factors such 
as heart rate and blood pressure, leading to the disrupted regu-
lation of these factors.46,47 Therefore, disrupted CARs increase 
risk of cardiovascular disease and based on our study CARs 
may also increase the risk for declines in executive function. 
Further research, with the addition of neuroimaging, is required 

Table 2—Cognitive performance based on circadian activity rhythm predictors 5 years earlier.

Global cognition Verbal memory Working memory Executive function

3MS CVLT-II recall
Digits span 
backward Trails B

Categorical 
fluency Letter fluency

Amplitude Q1 86.06 ± 11.8 4.83 ± 2.6 5.53 ± 2.0 204 ± 152 10.00 ± 3.4 10.31 ± 4.0
Q2 88.45 ± 9.2 5.25 ± 2.6 5.45 ± 2.1 173 ± 117 10.50 ± 3.2 10.63 ± 4.2
Q3 88.35 ± 8.8 5.28 ± 2.6 5.46 ± 2.0 189 ± 164 10.87 ± 3.6 10.59 ± 4.1
Q4 88.08 ± 9.9 5.33 ± 2.7 5.70 ± 2.1 169 ± 118 11.01 ± 3.7 10.92 ± 4.2
P 0.02 0.02 0.33  < 0.001  < 0.001 0.09

Mesor Q1 86.63 ± 11.4 4.97 ± 2.6 5.55 ± 2.1 190 ± 119 10.25 ± 3.4 10.60 ± 4.3
Q2 88.38 ± 9.1 5.10 ± 2.7 5.32 ± 2.0 188 ± 147 10.52 ± 3.5 10.65 ± 4.1
Q3 87.94 ± 9.5 5.16 ± 2.7 5.60 ± 1.9 175 ± 133 10.58 ± 3.5 10.43 ± 4.2
Q4 88.01 ± 10.0 5.47 ± 2.7 5.67 ± 2.1 181 ± 156 11.04 ± 3.7 10.79 ± 4.0
P 0.11 0.01 0.50 0.01 0.004 0.49

Robustness Q1 86.84 ± 10.8 5.03 ± 2.7 5.49 ± 2.1 194 ± 148 10.26 ± 3.6 10.39 ± 4.0
Q2 87.49 ± 10.5 5.16 ± 2.6 5.51 ± 2.1 181 ± 140 10.54 ± 3.3 10.47 ± 4.2
Q3 88.17 ± 9.4 5.09 ± 2.7 5.57 ± 2.0 177 ± 121 10.69 ± 3.5 10.70 ± 4.3
Q4 88.44 ± 9.3 5.43 ± 2.6 5.58 ± 2.0 181 ± 147 10.90 ± 3.6 10.89 ± 4.1
P 0.05 0.10 0.54 0.04 0.03 0.12

Acrophase Earlier 89.34 ± 7.5 5.16 ± 2.7 5.46 ± 2.1 175 ± 162 11.00 ± 3.0 10.58 ± 4.3
Mean 87.68 ± 10.5 5.21 ± 2.6 5.50 ± 2.0 184 ± 146 10.62 ± 3.6 10.58 ± 4.1
Later 87.09 ± 9.7 5.10 ± 2.8 5.71 ± 2.1 185 ± 98 10.34 ± 3.4 10.75 ± 4.1
P 0.04 0.90 0.27 0.05 0.06 0.71

Unadjusted, raw cognitive performance is presented as mean ± standard deviation for each of the four amplitude quartiles (Q1: < 2,984; Q2: 2,985–3,587; 
Q3: 3,588–4,193; Q4: ≥ 4,194 counts/min), mesor quartiles (Q1: < 1,861; Q2: 1,861–2,148; Q3: 2,149–2,436; Q4: ≥ 2,437 counts/min), robustness quartiles 
(Q1: < 595; Q2: 595–850; Q3: 851–1,151; Q4: ≥ 1,152 pseudo-F statistic) and acrophase (earlier phase: time < 13:34; mean phase: 13:34 to 15:51; 
later phase: > 15:51). P values (P) were identified using analysis of variance for the Blom transformed cognitive data comparing individuals in the lowest 
(Q1) and highest quartiles (Q4) on amplitude, mesor, and robustness, and between individuals with earlier acrophase versus those with later acrophase. 
Statistical comparisons were adjusted for age, number of African-Americans, education, body mass index, depressive symptoms, use of antidepressants or 
benzodiazepines, caffeine use, number of blocks walked per day, history of coronary heart disease, chronic obstructive pulmonary disease, hypertension, 
diabetes, and stroke. CVLT, California Verbal Learning Task; 3MS, Modified Mini-Mental Status Examination; Trails B, Trail Making Test B.
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to determine whether altered CARs can predict the later onset 
of specific neurodegenerative diseases such as vascular de-
mentia. Studies are also needed to examine whether synchro-
nizing or strengthening both the physiological and behavioral 
CARs would prevent cognitive decline. Thus, CARs could be a 
modifiable construct to manage cognitive loss.

Caveats and Conclusions
The strengths of this work include reporting on a large co-

hort of older adult women followed prospectively. Controlling 
for multiple variables and in particular for baseline MMSE and 
sleep factors, we were able to describe a unique relationship 
between CARs and cognitive performance 5 y later. Another 
strength of this study is that we assessed a battery of six cogni-
tive tests, measuring different domains of cognitive function. 
However, our study is limited to a single sex and primarily Cau-
casian population; thus, generalizability is a concern. A further 
limitation of this study is that we did not have detailed cogni-
tive function tests at baseline to control for initial differences in 
executive function. As previously described, we removed indi-
viduals from our analyses with likely dementia (MMSE below 
24 or reported dementia) and controlled for baseline MMSE. 

However, we are unable to establish longitudinal changes in 
specific cognitive function in this study. An additional limita-
tion to our study was that although we controlled for a number 
of cardiovascular-related health factors, other factors may me-
diate cardiovascular health that were not measured and that are 
contributing to our observational findings. Another limitation is 
that though the between-group differences are significant, the 
magnitude of the effect sizes found are low, in particular when 
adding the additional covariates into each model. Finally, we 
compared four measures of CAR across six measures of cog-
nition, raising the concern of a chance finding. However, we 
believe that our findings are reliable because our results were 
consistent for executive function across four models, incremen-
tally adjusting for a number of factors. Thus, the current find-
ings suggest that CARs could be an early indicator of executive 
function declines in the future and may serve as a biomarker 
for developing and expanding interventions related to sleep to 
improve healthy aging.
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Table 3—Cohen d effect sizes across models of analyses comparing cognitive performance based on circadian activity rhythm predictors 5 years earlier.

Global 
cognition

Verbal 
memory

Working 
memory Executive function

3MS
CVLT-II
recall

Digits span 
backward Trails B

Categorical 
fluency

Letter
fluency

Amplitude
Unadjusted 0.192 * 0.194 * 0.078 0.368 *** 0.289 *** 0.137
Adjusted for DMC 0.018 0.084 0.038 0.214 * 0.199 * 0.051
Adjusted for baseline cognition, DMC 0.0466 0.048 0.033 0.204 * 0.165 * 0.012
Adjusted for sleep, baseline cognition, DMC 0.051 0.045 0.031 0.194 * 0.166 * 0.004

Mesor
Unadjusted 0.125 0.204 * 0.054 0.224 * 0.229 ** 0.055
Adjusted for DMC 0.038 0.139 0.056 0.097 0.171 * 0.042
Adjusted for baseline cognition, DMC 0.013 0.152 # 0.083 0.116 0.190 * 0.046
Adjusted for sleep, baseline cognition, DMC 0.028 0.153 # 0.045 0.106 0.185 * 0.075

Robustness
Unadjusted 0.156 * 0.131 0.049 0.182 * 0.179 * 0.125
Adjusted for DMC 0.049 0.046 0.008 0.117 0.144 0.033
Adjusted for baseline cognition, DMC 0.051 0.027 0.032 0.108 0.131 0.003
Adjusted for sleep, baseline cognition, DMC 0.051 0.042 0.018 0.114 0.127 0.001

Acrophase
Unadjusted 0.208 * 0.013 0.111 0.215 * 0.194 # 0.038
Adjusted for DMC 0.179 0.041 0.147 0.187 0.224 * 0.05
Adjusted for baseline cognition, DMC 0.137 0.004 0.170 0.159 0.192 0.059
Adjusted for sleep, baseline cognition, DMC 0.131 0.013 0.148 0.149 0.207 * 0.040

Data are shown as Cohen d effect sizes, identified using analysis of variance or analysis of covariance for the Blom transformed cognitive data comparing 
individuals in the lowest (Q1) and highest quartiles (Q4) on amplitude, mesor, and robustness, and between individuals with earlier acrophase versus those with 
later acrophase. The demographics and medical comorbidities (DMC) covariates used were: age, race, education, body mass index, depressive symptoms, 
use of antidepressants or benzodiazepines, caffeine use, number of blocks walked per day, history of coronary heart disease, chronic obstructive pulmonary 
disease, hypertension, diabetes, and stroke. The baseline cognition covariate used was Mini-Mental State Examination. The sleep covariates used were: 
objective total sleep time, subjective total sleep time, and sleepiness. Effect sizes in bold indicate comparisons that have significant P values. # P < 0.1; 
* P ≤ 0.05; ** P < 0.01; *** P < 0.001. CVLT, California Verbal Learning Task; 3MS, Modified Mini-Mental Status Examination; Trails B, Trail Making Test B.
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Figure 1—The relationship between circadian activity rhythms and measures of executive function adjusting for sleep, baseline global cognition, and 
health- related factors (Model 3). Blom transformed executive performance adjusted for demographics, medical covariates, baseline cognition, and sleep 
is presented as estimated marginal means ± standard error for (A) amplitude, (B) mesor, (C) robustness, and (D) acrophase. Analyses of covariance 
(ANCOVAs) were used to statistically compare cognitive performance between individuals in the lowest quartile (light gray) and the highest quartile (dark 
gray) for amplitude, mesor, and robustness (pseudo-F statistic). Similarly, ANCOVAs were used to statistically compare cognitive performance for individuals 
with an earlier phase of peak activity (light gray) and later phase of peak activity (dark gray). Data for Trail Making Test B (Trails B) are inverted; therefore for 
all three cognitive variables the higher on the y-axes the better the performance. Statistical comparisons were adjusted for age, number of African-Americans, 
education, body mass index, Min-Mental State Examination, depressive symptoms, use of antidepressants or benzodiazepines, caffeine use, number of 
blocks walked per day, objective total sleep time, subjective total sleep time, sleepiness, history of coronary heart disease, chronic obstructive pulmonary 
disease, hypertension, diabetes and stroke. * P ≤ 0.05.
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