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Abstract

Background: Older men with the worse alignment of activity and light may have lower levels of cognition and increased rates of cognitive
decline.

Methods: This cohort consisted of 1 036 older men (81.1 = 4.6 years) from the MrOS Sleep Study (2009-2012). Light and activity levels were
gathered by wrist actigraphy. Phasor analysis was used to quantify the alignment of light—dark and rest-activity patterns (magnitude) and their
temporal relationship (angle). Global cognitive function (Modified Mini-Mental State examination [3MS]) and executive function (Trails B
test) were measured, then repeated 4.2 = 0.8 years later. Linear regression models examined the associations of phasor magnitude and angle
with cognition and cognitive decline. Models were adjusted for age, clinic, race, education, and season.

Results: Smaller phasor magnitude (worse aligned light and activity patterns) was associated with lower initial level and increased decline in
executive function. Compared to those with higher phasor magnitude, those with lower magnitude took an average of 11.1 seconds longer to
complete the Trails B test (quartile 1 vs quartile 4, p = .02). After follow-up, Trails B completion time increased an average of 5.5 seconds per
standard deviation decrease in phasor magnitude (95% confidence interval [CI] 0.7-10.4, p = .03). There were no associations with phasor
angle, and none with magnitude and global cognition (3MS).
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Conclusion: Among older men, worse alignment of light and activity patterns was associated with worse initial performance and increased

decline in executive function, but not related to global cognition. Interventions that improve the alignment of light and activity may slow

cognitive decline in older adults.

Keywords: Circadian rhythms, Cognitive function, Light exposure, Phasor analysis.

Sleep problems are common in older adults with dementia, and we
and others have shown that these sleep-wake disturbances are related
to cognitive impairment and cognitive decline (1-6). Specifically,
studies have shown a relationship of circadian rest-activity rhythm
disturbances to cognitive decline (7-12). One factor that could con-
tribute to the disruption of rest-activity rhythms and nighttime sleep
in older adults is their 24-hour pattern of light exposure. Daily pat-
terns of light—dark exposure affect the timing and amplitude of cir-
cadian rhythms. Poor alignment between 24-hour light and activity
patterns can contribute to sleep disturbances as well as impairments
in mood, metabolism, and other health outcomes (13). The effect of
poor alignment of the light-dark exposure with rest-activity patterns
on cognition is understudied and could be an important pathway
in understanding the relationship of poor sleep, wake activity, and
cognition.

Circadian responses to light can be diminished in otherwise
healthy older adults (14). Furthermore, the difference between day-
time and nighttime light exposure can be dampened in older adults
as they may spend more time in relatively dim lighting during the
daytime hours and be exposed to excessive light during the sleeping
period (eg, leaving the light on to safely navigate to the restroom).
Studies demonstrate improved sleep and daily rhythms with bright
light therapy in adults with dementia (15,16), and a modest benefit
for improving some cognitive symptoms of dementia (17). While
lighting interventions may be more easily operationalized in older
adults, an intervention with moderate exercise at specified times has
been shown to have circadian phase-shifting effects (18).

Circadian disruption can be measured by salivary melatonin
concentration or core body temperature under highly controlled
circumstances, but these measurements can be expensive and dif-
ficult to obtain and are less reliable outside the laboratory setting
(19). Wearable technology allows for continuous measurement of
both activity and light exposure for a number of sequential 24-hour
periods. Specifically, actigraphy allows the study of sleep—wake pat-
terns occurring over many days; it is therefore well suited to the
study of circadian rest-activity rhythms. Activity is a valid marker
of entrained polysomnography (PSG) sleep phase and correlates
strongly with entrained endogenous circadian phase (20). Actigraphy
has been used to study circadian rhythms in a variety of populations,
including demented older persons (6,15).

Light patterns are the main determinant for the timing and amp-
litude of the human circadian clock, and to a lesser extent timing of
exercise influences the human circadian system (21). The relation-
ship between light exposure patterns and activity patterns, which are
under the strong influence of the circadian clock, can be used to im-
pute the relationship between the input (light) and output (activity)
of the circadian system. Phasor analysis can be used to quantitate
this relationship in terms of both the magnitude (strength of coup-
ling) and angle (relative difference in timing) (19).

Using actigraphy data from a prospective study of older men (the
Osteoporotic Fractures in Men [MrOS] Sleep Study), which pro-
vided 24-hour patterns of light and activity over an average of 4.7
consecutive 24-hour periods, we calculated phasor magnitude and
phasor angle. We hypothesized that men with less aligned patterns

of activity and light, delineated by smaller phasor magnitudes and
larger phasor angles, would have a greater risk of having a worse
cognitive function (cross-sectional) and cognitive decline (longitu-
dinal) over approximately 4 years of follow-up.

Method

Participants

During the MrOS baseline examination (March 2000 to April 2002),
5 994 community-dwelling men 65 years or older were enrolled
at 6 clinical centers in the United States: Birmingham, Alabama;
Minneapolis, Minnesota; Palo Alto, California; the Monongahela
Valley near Pittsburgh, Pennsylvania; Portland, Oregon; and San
Diego, California (22,23). In order to participate, men needed to be
able to walk without assistance and could not have had a bilateral
hip replacement.

The ancillary MrOS Sleep Study recruited 3 135 participants
from the parent cohort from December 2003 to March 2005 (Sleep
Visit 1) for comprehensive sleep assessment. At that initial sleep visit,
men being treated for sleep apnea or using nocturnal oxygen were
excluded if they could not forgo use during a PSG recording. All ac-
tive MrOS Sleep Study participants with objective sleep data at Sleep
Visit 1 were eligible to participate in Sleep Visit 2 (November 2009
to March 2012), when the measurement of light was added to the
battery of data collected. The present analyses use light and activity
data gathered via actigraphy and covariate data from Sleep Visit 2,
which is considered the initial timepoint for the analyses. Actigraph
data were considered technically adequate for measurement of ac-
tivity and light patterns if there were >72 consecutive hours of data
collection, which is the minimum current requirement for actigraphy
monitoring for the Centers for Medicare Services (Current
Procedural Technology [CPT® code 95803]) (24). Cross-sectional
analyses were performed on the subset of men with both data for
technically adequate actigraph data for light and activity along with
cognitive data at Sleep Visit 2 (N = 1 036). Longitudinal analyses on
change in cognition used data gathered at Sleep Visit 2 and repeated
at the MrOS Visit 4 (May 2014 to May 2016). Longitudinal analyses
excluded those without a follow-up measure of cognitive function
(n = 342). The goal of the longitudinal analyses was to assess if there
was an association of circadian misalignment with incident cognitive
decline, so those with probable dementia at the Sleep Visit 2 (initial
visit for this analysis) were excluded (Modified Mini-Mental State
examination [3MS] score <80, self-report of a dementia diagnosis or
on a medication for dementia, 7 = 20). There were 674 men in the
longitudinal analytic cohort (Figure 1).

All men provided written informed consent; the study was ap-
proved by the Institutional Review Board at each participating study
site.

Actigraphy and Phasor Analysis

At Sleep Visit 2, activity and light were measured using an actigraph
(Actiwatch® 2, Philips Respironics Inc, Murrysville, PA). The
actigraph, which is similar in size to a wristwatch, digitally records
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Men in MrOS Study

N = 5,994 Reason not at Sleep Visit 1:

1,997 Refused
349 Died
40 Terminated
150 Ineligible
323 Not asked. Recruitment goal met.

Men in Sleep Visit 1
N=3,135

Reason not at Sleep Visit 2:
856 Refused
538 Died
37 Terminated
54 Ineligible
288 Only postcard contact
307 Not asked. Recruitment goal met.

Men in Sleep Visit 2
N=1,055

Reason not in cross-sectional analysis:
10 didn’t wear actigraph
1 actigraph malfunction
4 <3 consecutive days of actigraphy

- n 4 no cognitive data
Cross-Sectional Analysis
N=1,036
Reason not at Visit 4:
57 Refused
179 Died
11 Terminated
Men in Visit 4
N =789

95 no cognitive data

20 Excluded for probable dementia:
10 with 3MS<80
2 self-report of dementia diagnosis
5 on dementia medications
3 >=1 dementia criteria

Longitudinal Analysis
N=674

Figure 1. Progression of participants. MrOS = the Osteoporotic Fractures in
Men Sleep study; 3MS = Modified Mini-Mental State examination.

an integrated measure of gross motor activity using a solid-state
piezoelectric accelerometer with a sensitivity of 0.025 G and a sam-
pling rate of 23 Hz. The actigraph was also equipped with an am-
bient light sensor that gathered data on light illuminance (lux). The
light sensor was a silicon photodiode with a wavelength range of
400-900 nanometers and an illuminance range up to 100 000 lux.
This light sensor has been shown to provide good performance in
monitoring the temporal patterning of light, whereas the absolute il-
luminance values tend to underestimate illuminance levels (25). Data
were stored as sum (activity) or average (light) in 1-minute epochs.
Men were asked to wear the actigraphs continuously and did so for
an average of 4.7 24-hour periods (range 3.0-13.5). Protocols did
not require the light meter remain uncovered.

Light and activity data were used to estimate circadian entrain-
ment and disruption with phasor analysis (see for example Figures
in Supplementary Materials) (19,26). Epochs in which the actigraph
was removed were not used in the calculation. Any light value less
than 1 lux was replaced with 1 in the calculation, as it is likely the
light sensor did not have a resolution of less than 1 lux. The human
circadian system responds to light intensity with a rough approxima-
tion of a log-compression (27). Therefore, illuminance values were
converted to the log scale (log-light). The preprocessed activity and
log-light data were used to compute phasor magnitude and phasor
angle for each participant. A cosine wave with a 24-hour period was
fit to both activity and log-light. Acrophase was calculated for both
activity and log-light as the time of the peak of the fitted cosine wave.
The difference in acrophase between the fitted cosine wave forms is

the phasor angle, reported here in hours. Phasor angle is, therefore, a
measure of the offset of time between the fitted peak of the 24-hour
rest-activity pattern and the fitted peak of the 24-hour light exposure
pattern. A positive phasor angle means that the activity pattern is de-
layed with respect to light exposure pattern, and a negative phasor
angle means that the activity pattern is advanced with respect to
light exposure pattern (28). Phasor angle estimates the temporal re-
lationship between light—dark and rest-activity patterns (29). People
who are considered to be entrained have a positive phasor angle of
approximately 1 hour (28). The phasor magnitude is the strength
of correlation between the 2 signals once the phase difference is
removed; this is computed as the normalized cross covariance, by
dividing by the number of minutes sampled, subtracting the product
of the individual signal means, and dividing by the product of the
standard deviations (SDs) of each signal (26). Smaller phasor mag-
nitude may imply weaker circadian entrainment because the correl-
ation between light—dark and rest-activity patterns is lower.

Total sleep time during the in-bed interval and sleep efficiency
(the percentage of time in bed after “lights off” spent sleeping) were
also assessed with actigraphy, calculated using an algorithm in the
manufacturer-supplied software (30). Values for sleep efficiency and
total sleep time were averaged over all nights the participant wore
the device.

Assessment of Cognitive Function

Two tests of cognitive function were administered at both timepoints
by trained staff: the Trail Making Test—Part B (Trails B) and the
3MS. These 2 cognitive tests were selected for this examination of
the relationship of the alignment of activity and light with cognition
because they were the only measures of cognition at both timepoints,
and parametric and nonparametric circadian rhythm parameters
with these 2 cognitive tests have been examined previously in this
cohort (7,8).

The Trails B is a timed test of processing speed that measures
attention, sequencing, visual scanning, and executive function.
Executive function is a measure of the ability for planning or de-
cision making, error correction or trouble shooting, and abstract
thinking. The Trails B test requires the participant to continuously
scan a page to identify numbers and letters in a specified sequence
while shifting from number to letter sets (31). The participant is
given 300 seconds to complete the test. A lower time for completion
(in seconds) represents better executive functioning. A positive in-
crease in completion between visits time represents cognitive decline
(took longer to complete the test at the follow-up timepoint).

The 3MS is a global measurement of cognitive function, with
components for orientation, concentration, language, praxis, and
immediate and delayed memory. The 3MS test is a broad sampling
of cognitive domains. Scores range from 0 to 100, with higher scores
representing better cognitive functioning (32). A decrease in 3MS
score between visits represents cognitive decline (score was lower at
the follow-up timepoint).

Other Measurements

All participants completed questionnaires at the initial timepoint,
including questions about demographics, self-reported medical his-
tory, self-reported health status, living arrangement, physical ac-
tivity, smoking, daily caffeine intake, and alcohol use. The Geriatric
Depression Scale (GDS) was used to assess depressive symptoms,
with depression defined as GDS>6 (33). Physical activity was meas-
ured using the Physical Activity Scale for the Elderly (PASE) (34).
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All prescription and nonprescription medications used within the
preceding 30 days were entered into an electronic database; each
medication was matched to its ingredient(s) based on the Iowa
Drug Information Service Drug Vocabulary (College of Pharmacy,
University of lowa, Iowa City, IA) (35). Functional status was assessed
based on 5 instrumental activities of daily living (IADL) (36,37).
Self-reported caffeine intake was calculated based on the number of
ingested drinks of caffeinated coffee, tea, or soda (38). A comprehen-
sive examination included measurements of body weight and height,
which were used to calculate body mass index (BMI).
Sleep-disordered breathing and sleep staging were measured at
the initial timepoint using in-home overnight PSG, as described pre-
viously (2,3). Nocturnal hypoxemia was defined as the percentage
of time during sleep in which arterial oxygen saturation was less
than 90% (SaO, < 90%). The apnea-hypopnea index (AHI) was de-
fined as the total number of apneas and hypopneas per hour of sleep
at 3% or greater desaturation, with apneas defined as complete or
near complete cessation of airflow for longer than 10 seconds, and
hypopneas scored if clear reductions in breathing amplitude (230%
below baseline breathing) occurred and lasted longer than 10 sec-
onds (39). Sleep stages (rapid eye movement [REM], stage 1, stage
2, and slow wave sleep) were scored using standard criteria (40,41).

Statistical Analysis

The phasor parameters were expressed as quartiles. Analyses were
also performed to evaluate the linear relationship of the phasor
parameters and cognitive outcomes, with the phasor parameters ex-
pressed as continuous variables.

Characteristics of participants were compared by quartile of
phasor magnitude using chi-square tests for homogeneity for cat-
egorical variables, ANOVA for normally distributed continuous
variables, and Kruskal-Wallis tests for continuous variables with
skewed distributions. Similar comparisons were performed across
quartiles of the phasor angle (data not shown).

Linear regression models were used to assess the relationships
of phasor angle and phasor magnitude and the cognitive out-
comes. Results are presented as adjusted means or beta coefficients
and their 95% confidence intervals (CIs). The cross-sectional cog-
nitive scores were transformed to meet model requirements of
normality (log transformation for Trails B, squared transform-
ation for 3MS) and back-transformed for the display of results.
The change in cognition outcomes were normally distributed.
Quartile 1 of phasor angle and quartile 4 of phasor magnitude
served as the reference groups in models with the predictor ex-
pressed as quartiles. Tests for a linear trend across quartiles were
performed by including each predictor (ordinal variable, 4 levels)
as an independent variable in models. Covariates for model ad-
justment were selected based on potential biological plausibility.
All models were minimally adjusted for age, clinic, race, edu-
cation level, and season of activity and light assessment. These
models were further adjusted by potentially confounding factors
(alcohol use, daily caffeine use, living alone, depressive symp-
toms, physical activity, BMI, history of cataracts that were not
corrected, and number of comorbid conditions [diabetes mellitus,
stroke/transient ischemic attack, Parkinson’s disease, chronic ob-
structive pulmonary disease, high blood pressure, and coronary
heart disease]).

A number of secondary analyses were performed to determine
if the associations of phasor parameters and cognition were in-
dependent of other characteristics of sleep that have been shown
to be associated to cognition in this cohort (1-4). In particular,

individual multivariable models were further adjusted to include
total sleep time, sleep efficiency, sleep staging, the AHI, and noc-
turnal hypoxemia.

A limitation of this analysis is that participant instructions on
wearing the actigraph did not ask that the light meter remain un-
covered, so it may have been blocked by clothing or bedding.
Sensitivity analyses were performed, excluding those men in the
highest quartile of percent time with probable covering of the light
sensor. A detailed description of these sensitivity analyses can be
found in Supplementary Materials.

Finally, although all analyses were prespecified, a Bonferroni cor-
rection was applied to all significant p values in the primary analysis
to examine whether the associations observed held after correction
for multiple comparisons.

All significance levels reported were 2-sided, and all analyses
were conducted using SAS version 9.4 (SAS Institute Inc, Cary, NC).

Results

Participant Characteristics

The analysis cohort was comprised of 1 036 primarily White (87%)
men with an average age of 81.1 = 4.6 years at the initial timepoint.
The average phasor angle was -0.29 = 1.30 hours. The negative
value for phasor angle implies that, on average, the activity patterns
of the men in this cohort were slightly advanced with respect to light
exposure patterns. The average phasor magnitude was 0.24 = 0.09.
Participants slept on average 6.6 = 1.1 hours per night with a sleep
efficiency of 79.3 = 8.2%.

Many covariates differed significantly across quartile of phasor
magnitude (Table 1). Compared to men with larger phasor magni-
tude, those men with smaller values on average were older, had more
depressive symptoms, consumed less alcohol, had lower levels of
physical activity, and slept less. Men with smaller phasor magnitude
were more likely to have at least one IADL impairment. Education
level also differed by phasor magnitude level. Of the characteristics
examined, only the level of physical activity differed across quar-
tiles of phasor angle, with those in the lowest and highest quartiles
having lower average activity level than those in quartiles 2 and 3
(p <.01).

Compared to those 674 men with longitudinal data, those 141
surviving men without probable dementia who did not provide data
at follow-up for cognitive assessment were on average 2 years older
and less active, were more likely to be non-White, had more depres-
sive symptoms and were more likely to take antidepressants, had
more comorbidities and IADL impairments, had lower self-reported
health status, had lower levels of cognitive function and shorter
phasor magnitude (p < .05 for all comparisons).

Cross-Sectional Associations of Phasor Analysis

With Cognition

Overall, this cohort of relatively healthy community-dwelling older
men had high levels of global cognition at the initial visit (92.5 = 6.3
points on the 3MS), with similar Trails B completion times to pub-
lished norms for community-dwelling adults of similar age and edu-
cation level (130.1 = 65.8 seconds) (42).

There were no significant cross-sectional associations observed
between phasor angle and cognition (Table 2). Phasor magnitude
was not associated with 3MS score, but was associated with execu-
tive function. After minimal adjustment, those with smaller phasor
magnitude took longer to complete the Trails B test at the initial visit
(Q1 vs Q4 122.5 vs 111.4 sec, p = .02; Table 2). In the fully adjusted
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Table 1. Participant Characteristics at the Initial Visit by Quartile of Phasor Magnitude

Quartile 1 Quartile 2 Quartile 3 Quartile 4
<0.175 0.175 to <0.238 0.238 to <0.303 >0.303

Characteristic (N = 259) (N = 259) (N = 259) (N = 259) p Value
Age, years 81.66 = 4.85 81.44 = 4.55 80.93 = 4.44 80.37 = 4.64 .007
Race/ethnicity .20

African American or Black 12 (4.63) 13 (5.02) 8 (3.09) 7 (2.70)

Asian 16 (6.18) 15 (5.79) 13 (5.02) 6(2.32)

Hispanic 5(1.93) 7 (2.70) 5(1.93) 10 (3.86)

White 220 (84.94) 221 (85.33) 232 (89.58) 229 (88.42)

Other 6(2.32) 3(1.16) 1(0.39) 7(2.70)
Education <.001

Less than high school 15 (5.79) 5(1.93) 5(1.93) 10 (3.86)

High school 20 (7.72) 42 (16.22) 40 (15.44) 41 (15.83)

Some college or graduate 224 (86.49) 212 (81.85) 214 (82.63) 208 (80.31)
school
Body mass index, kg/m? 27.13 +4.04 26.98 +4.17 26.85 +3.98 26.87 = 3.19 .83
Geriatric Depression Scale 1.97 £2.20 1.75 £2.05 1.93 +2.28 1.59 £2.17 .03
(GDS) score (0-15)

Depression (GDS score >6) 13 (5.04) 15 (5.81) 12 (4.63) 13 (5.04) 94
Smoking status .29

Never 136 (52.71) 132 (50.97) 114 (44.02) 113 (43.63)

Past 118 (45.74) 124 (47.88) 142 (54.83) 143 (55.21)

Current 4 (1.55) 3(1.16) 3(1.16) 3(1.16)
Alcohol consumption (average .001
drinks/week)

<1 129 (50.39) 125 (48.64) 118 (45.56) 122 (47.29)

1-13 119 (46.48) 123 (47.86) 132 (50.97) 109 (42.25)

>14 8(3.13) 9 (3.50) 9 (3.47) 27 (10.47)
Caffeine use, mg/day 249.77 = 270.90 249.55 = 245.11 236.57 = 215.55 245.89 + 247.41 .99
Physical activity score (PASE) 100.92 = 62.28 120.84 = 67.74 126.68 = 61.83 151.72 = 71.32 <.001
Any impairment of 97 (37.45) 81 (31.27) 78 (30.12) 56 (21.71) .002
instrumental activities of daily
living (of 5)
Self-reported health status 208 (80.62) 225 (86.87) 215 (83.01) 227 (87.64) .09
good or excellent
Lives alone 60 (23.62) 43 (16.67) 41 (15.89) 43 (16.67) .08
Current antidepressant use 34 (13.13) 27(10.42) 24 (9.27) 21 (8.11) 27
Current benzodiazepine use 11 (4.25) 10 (3.86) 7 (2.70) 11 (4.25) 77
Current prescription sleep 13 (5.02) 11 (4.25) 10 (3.86) 6(2.32) 44
medication use
Number of select comorbid 1.28 + 1.06 1.34 = 1.04 1.22 = 0.94 1.10 = 0.91 .09
conditions (0-6)*

History of diabetes mellitus 53 (20.54) 46 (17.76) 33 (12.74) 37 (14.29) .07

History of stroke or 31 (12.02) 35(13.51) 45 (17.37) 24 (9.27) .049
transient ischemic attack

History of Parkinson’s 5(1.94) 5(1.93) 5(1.93) 2(0.77) .65
disease

History of chronic 13 (5.33) 13 (5.26) 14 (5.74) 5(2.00) .16
obstructive pulmonary disease

History of high blood 143 (55.43) 154 (59.46) 125 (48.26) 126 (48.65) .03
pressure

History of coronary heart 96 (36.21) 94 (36.58) 103 (40.08) 91 (35.14) 70
disease’
History of cataracts that were 56 (21.71) 54 (20.85) 46 (17.76) 65 (25.10) .24
not corrected
Total sleep time, min 381.02 = 74.30 398.60 = 59.85 397.38 = 60.41 404.29 = 60.90 <.001
Sleep efficiency, % 78.15 = 9.80 79.79 = 7.80 79.71 £ 7.53 79.26 = 7.24 .08
Apnea-hypopnea index 18.44 = 16.63 18.91 = 15.55 19.77 = 17.86 19.29 = 16.11 .50
Nocturnal hypoxemia (% of 4.64 +10.72 5.46 = 11.48 6.04 = 14.23 5.61+11.40 .33
sleep time with SaO, <90%)
% of sleep time in Stage 1 12.11 = 8.45 11.97 = 8.58 13.64 = 10.43 11.94 = 8.09 .38
% of sleep time in Stage 2 63.16 = 11.00 60.71 = 10.51 61.03 = 11.50 61.75 = 9.50 .05
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Table 1. Continued
Quartile 1 Quartile 2 Quartile 3 Quartile 4
<0.175 0.175 to <0.238 0.238 to <0.303 >0.303
Characteristic (N =259) (N =259) (N =259) (N =259) » Value
% of sleep time in Slow Wave 23.35 +26.24 24.17 = 24.35 24.09 = 25.45 22.54 + 22.66 91
Sleep
% of sleep time in REM 17.97 + 6.71 20.36 = 7.25 18.53 £ 7.35 19.98 = 6.65 <.001
Season of light and activity <.001
assessment
Winter (January—March) 109 (42.08) 78 (39.73 58(22.39) 39 (15.06)
Spring (April-June) 44 (16.99) 56 (21.62 76 (29.34) 81 (31.27)
Summer (July-September) 21 (8.11) 48 (18.53 73 (28.19) 92 (35.52)
Fall (October-December) 85(32.82) 78 (30.12 52 (20.08) 47 (18.15)

Notes: p Values for continuous data from an ANOVA for normally distributed variables, a Kruskal-Wallis test for skewed data. p Values for categorical data

from a chi-square test for homogeneity. REM = rapid eye movement.

*Comorbid conditions include diabetes mellitus, stroke or transient ischemic attack, Parkinson’s disease, chronic obstructive pulmonary disease, high blood

pressure, and cardiovascular disease.

fCoronary heart disease includes myocardial infarction, angina, congestive heart failure, bypass surgery, angioplasty, and pacemaker placement.

model, the association of phasor magnitude and Trails B test time
was no longer statistically significant.

Longitudinal Associations of Phasor Analysis With
Cognitive Decline

After 4.2 = 0.8 years of follow-up, on average, the 3MS scores for
the men declined by 1.3 = 5.6 points, which is considered a detect-
able change (43). The men took 23.1 = 57.0 seconds longer to com-
plete the Trails B test at the follow-up time point.

There were no significant associations observed between phasor
angle and cognitive decline (Table 3). There was, however, a signifi-
cant association between phasor magnitude and subsequent decline
in executive function. After multivariable adjustment, lower phasor
magnitude was associated with an average 6.9 second increase in
test completion time per SD decrease in phasor magnitude (Table 3).
Examination of the association of phasor magnitude with the decline
in 3MS score was not significant. (Table 3).

Further adjustment for other sleep characteristics did not alter
the association of phasor magnitude and decline in executive func-
tion. Adjustment for total sleep time, sleep efficiency, AHI, nocturnal
hypoxemia, and sleep staging had little impact on the effect size.
Further adjustment for a percentage of time spent in REM sleep had
the greatest effect, reducing the association to a 6.7 second increase
in Trails B test time per SD decrease in phasor magnitude (p = .01).
Results were similar after dropping the subset of men from the ana-
lyses who had the highest levels of time where the light sensor may
have been covered (see Supplementary Materials).

Tables 2 and 3 each show the results of 6 models per phasor pre-
dictor per cognitive test, a total of 12 models per outcome. Adjusting
the significance level of 0.05 with a Bonferroni correction would lead
to a significance cutpoint of p < .004 (=.05/12). After applying this
more-stringent cutpoint for significance, the associations between
phasor magnitude and Trails B test time were no longer significant.
Therefore, it is essential that results are replicated in future studies.

Discussion

In this cohort of community-dwelling older men, smaller phasor
magnitude (ie, weaker circadian entrainment because the alignment

between light-dark and rest-activity patterns is lower) was asso-
ciated with lower initial level and subsequent decline in executive
function, as measured by time to complete the Trails B test. The as-
sociation of smaller phasor magnitude with the decline in execu-
tive function (but not initial level) was robust to further adjustment
for other sleep characteristics. There were no associations of phasor
magnitude with global cognition or decline in global cognition.

There were no associations observed between phasor angle (ie,
the temporal relationship between light—dark and rest-activity pat-
terns) and cognition or cognitive decline. Phasor angle reflects the
timing of activity with respect to light, but not necessarily circadian
entrainment, which is what we hypothesized would be associated
with cognitive function.

The consistent relationship observed with phasor magnitude and
executive function, while no association seen with global cognition
may be due to variations of associations across specific domains
of cognitive function. The Trails B test, a measure of attention and
executive function, can be considered a test of prefrontal cortical
function (44). It has been suggested that microstimulation of the pre-
frontal cortex modulates the pupil light reflex, which is a mechanism
for light adaptation (45). A meta-analysis of trials of phototherapy
for improvement of cognitive function among those with dementia
found that the cognitive improvements seen with phototherapy were
specific to the domains of attention, executive function, and working
memory (17).

Studies in cohorts of older adults and older women have reported
the association of rest-activity rhythm disruption and development
of cognitive decline (10-12). In this MrOS cohort of older men, it
has been shown previously that disrupted rest-activity rhythms, as
measured by parametric and nonparametric patterns of daily activity
were associated with cognitive decline (7-9). The parametric rest-
activity rhythm parameters examined in prior work include the amp-
litude (strength of the activity rhythm) and the F-statistic (overall
rhythm robustness). While these parameters are correlated to the
phasor magnitude (amplitude rho = 0.57, F-statistic rho = 0.64) the
effect size of their association to decline in executive function in this
cohort is smaller than that of phasor magnitude (multivariable ad-
justed, per SD decrease: amplitude 5.9 [95% CI 0.9, 11.0]; F-statistic
5.4 [95% CI 0.7, 10.3], phasor magnitude 6.9 [95% CI 1.7, 12.0];
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Table 2. Cross-Sectional Association of Phasor Angle and Phasor Magnitude With Cognition. Adjusted Means or Beta Coefficient (95%
Confidence Interval)

Trails B Test Completion Time, sec 3MS Score
Minimally* Multivariablet Minimally* Multivariablet
Phasor Predictor Adjusted Adjusted Adjusted Adjusted
Phasor angle, hours
Continuous, per SD increase (1.30), beta 1.9 (-1.6,5.5) 2.0 (-1.5,5.7) -0.1(-0.5,0.2) -0.17 (-0.5,0.2)
coefficient
Q1: <-0.967 114.8 (108.9, 121.0) 113.4 (107.5,119.7) 92.7 (92.1,93.4) 93.0(92.3,93.6)
Q2: -0.967 to <-0.305 119.7 (113.6, 126.1) 117.4 (111.3,123.9) 92.6 (91.9,93.2) 92.7 (92.1,93.4)
Q3: -0.305 to <0.403 114.9 (109.0,121.2) 112.9 (106.9, 119.2) 92.9 (92.2, 93.5) 92.9 (92.2, 93.6)
Q4: 20.403 116.5 (110.5, 122.9) 116.0 (109.7,122.6) 92.6 (91.9,93.2) 92.6 (91.9,93.3)
p-trend .97 .82 .97 .59
Phasor magnitude
Continuous, per SD decrease (-0.09), beta 3.7 (-0.2,7.7) 2.3 (-1.8,6.6) -0.1 (-0.5,0.2) 0.06 (-0.3,0.4)
coefficient
Q1: <0.175 122.5 (116.0, 129.5)¢ 120.3 (113.5, 127.5) 92.6 (91.9, 93.2) 92.9 (91.2, 93.6)
Q2:0.175 to <0.238 116.7 (110.7,123.1) 114.4 (108.4,120.8) 92.7 (92.1,93.4) 92.8 (92.2,93.5)
Q3:0.238 t0 <0.303 115.8 (109.9, 122.0) 113.4 (107.4,119.6) 92.6 (91.9,93.2) 92.8 (92.1,93.4)
Q4: 20.303 111.4 (105.5, 117.5) 112.1 (106.0, 118.6) 92.9 (92.2, 93.6) 92.8 (92.1, 93.4)
p-trend .02 12 57 .80

Notes: A higher value for Trails B completion time denotes worse cognitive function. A lower value for 3MS score denotes worse cognitive function. SD = stand-
ard deviation; 3MS = Modified Mini-Mental State examination.
*Minimally adjusted: clinic, age, race, education level, and season.

tMultivariable adjusted: clinic, age, race, education level, season, alcohol use, living alone, caffeine intake, depressive symptoms, physical activity, body mass

index, history of cataracts that were not corrected, and number of comorbid conditions.

i < .05.

Table 3. Association of Phasor Angle and Phasor Magnitude With Change in Cognition. Adjusted Means or Beta Coefficient (95% Confidence

Interval)

Change in Trails B Test Completion

Time, Sec Change in 3MS Score
Minimally* Multivariablet Minimally* Multivariablet
Phasor Predictor Adjusted Adjusted Adjusted Adjusted
Phasor angle, hours
Continuous, per SD increase (1.24), beta coefficient -0.9 (-5.2,3.5) 3(-4.1,4.8) 0.09 (-0.3,0.5) 1(-0.3,0.6)
Q1:<-0.967 22.9 (14.0, 31.8) 21 0 (12.0, 30.0) -1.3(-2.1,-0.4) -1 3 (-2.2,-0.4)
Q2: -0.967 to <-0.305 20.2 (11.8,28.7) 18.5 (9.8,27.2) -1.9(-2.7,-1.1) -1.8 (2.6, -0.9)
Q3:-0.305 to <0.403 29.9 (21.3, 38.5) 31.8 (23.0,40.6) -1.1(-1.9,-0.3) -1.1(-1.9,-0.2)
Q4:20.403 19.7 (10.8, 28.5) 20.4 (11.4,29.5) -1.1(-2.0,-0.3) -1.0 (-1.9,-0.2)
p-trend 97 55 49 44
Phasor magnitude
Continuous, per SD decrease (-0.09), beta coefficient 5(0.7,10.4)* 9(1.7,12.0)* -0.4 (-0.9, 0.06) -0.4 (-0.9,0.1)
Q1: <0.175 30 9 (21.0, 40.9) 32 5(22.1,42.8) ~1.4 (<2.3,-0.4) -1.5 (-2.4,-0.5)
Q2:0.175 to <0.238 28.7 (20.1, 37.3) 29.0 (20.2,37.8) -2.1(-2.9,-1.2)* -1.9(-2.8,-1.1)
Q3:0.238 to <0.303 15.0 (6.3,23.7) 13.8 (4.9,22.7) -1.3(-2.2,-0.4) -1.2 (-2.1,-0.4)
Q4: 20.303 19.7 (11.3,28.2) 18.8 (10.0, 27.6) ~0.7 (-1.5,0.1) ~0.6 (~1.5,0.2)
p-trend .04 .02 14 A2

Notes: Change is calculated as follow-up time point—initial timepoint. A positive value for change in Trails B completion time denotes cognitive decline. A nega-
tive value for change in 3MS score denotes cognitive decline. SD = standard deviation; 3MS = Modified Mini-Mental State examination.

*Minimally adjusted: clinic, age, race, education level, and season.

tMultivariable adjusted: clinic, age, race, education level, season, alcohol use, living alone, caffeine intake, depressive symptoms, physical activity, body mass

index, history of cataracts that were not corrected, and number of comorbid conditions.

i <.05.

all p < .05). This current work builds on these previous findings to

suggest a mechanism for the disruption in circadian rhythms, poor

alignment of the light—dark, and rest-activity patterns.

The electric lighting present in today’s modern environment al-

lows for incorrect timing of light exposure and insufficient bright-

ness. The light and activity data in this MrOS study was measured



Journals of Gerontology: MEDICAL SCIENCES, 2023, Vol. 78, No. 10 1841

approximately 10 years ago, and it is likely that the nighttime use
of light-emitting electronic media has increased because that time.
If similar data were measured today, there may be an even stronger
misalignment of light-dark and rest-activity patterns, leading to
higher levels of cognitive decline. It has been shown that this mis-
alignment can be altered nonpharmacologically with lighting
interventions (29,46,47). Light treatment is noninvasive, and inter-
ventions of light therapy have little attrition (48). Bright light treat-
ment can be delivered with lightboxes, and light visors or glasses
can be used to deliver or block light. Other light interventions target
indoor lighting, or an increase in natural light exposure (48). An
estimate of the global prevalence of dementia was 35.6 million in
2010, which is expected to double every 20 years (49). Therefore,
a nonpharmacological lighting or exercise intervention that could
slow the progression of cognitive decline would have a great public
health impact.

This study has several strengths. The study had a large popu-
lation of cognitively intact community-dwelling older men who
were not selected for inclusion based on any sleep-related criteria.
Adjustments for multiple potential confounding factors were made,
suggesting these associations were not explained by other covariates,
including depression, comorbidities, education, or lifestyle.

This study also has limitations. The findings may not be gen-
eralizable to populations other than community-dwelling primarily
White older men. Adjustment for numerous covariates was per-
formed, but there may be unmeasured confounders that could af-
fect the results. Surviving men not returning to the clinic for repeat
assessment of cognition had smaller phasor magnitude and poorer
health at the initial visit. It is possible that this missing data may
have biased the longitudinal findings toward the null hypothesis of
no association. The cognitive battery of tests was somewhat limited
and only included measures of global cognition and executive func-
tion. Our measure of light was imprecise as it was derived from wrist
actigraphy. The light sensor used has been shown to provide good
temporal patterning of light but less accurate values for absolute
illuminance. Therefore, the phasor magnitude estimate would be
most affected by the imprecision of the sensor (25). Protocols did
not require the light meter remain uncovered, so participants may
have blocked the meter with clothing or bedding. Measurement of
light is preferred near the cornea, but the light meters in the current
study were wrist-worn (50). It has been shown that estimating cor-
neal light exposure from a wrist-worn light meter may introduce
bias due to the covering of the light meter by clothing, particularly
in winter months (50). Thus, imprecise light measurement may have
biased findings towards the null hypothesis of no association (see
Supplementary Materials). Adjustment for the season of data col-
lection was an attempt to limit this bias. The follow-up time for as-
sessment of cognitive decline was somewhat limited (4.2 = 0.8 years)
as we were unable to use the actigraphy data collected at the initial
Sleep Visit 1 6 years earlier because the actigraph used at that visit
did not have a light meter.

Conclusion

In conclusion, among older community-dwelling men, we found
some evidence to suggest that smaller phasor magnitude was asso-
ciated with impairment and subsequent decline in executive func-
tion. Further study is needed to replicate these findings, as well as to
examine if these associations hold after longer follow-up, are present
in other populations, and vary by specific cognitive domains. Future
studies might also investigate whether behavioral interventions

designed to improve the alignment of light and activity patterns can
slow cognitive decline in older adults, including among those who
have not yet progressed to dementia.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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