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Abstract

Light at night (LAN) has been associated with negative health consequences and metabolic risk factors. Little is known about the prevalence of LAN in older adults

in the United States and its association with CVD risk factors. We tested the hypothesis that LAN in older age is associated with higher prevalence of individual

CVD risk factors. Five hundred and fifty-two community-dwelling adults aged 63-84 years underwent an examination of CVD risk factor profiles and 7-day
actigraphy recording for activity and light measures. Associations between actigraphy-measured LAN, defined as no light vs. light within the 5-hour nadir (L5), and
CVD risk factors, including obesity, diabetes, hypertension, and hypercholesterolemia, were examined, after adjusting for age, sex, race, season of recording, and
sleep variables. LAN exposure was associated with a higher prevalence of obesity (multivariable-adjusted odds ratio [OR] 1.82 [95% CI 1.26-2.65]), diabetes (OR 2.00
[1.19-3.43]), and hypertension (OR 1.74 [1.21-2.52]) but not with hypercholesterolemia. LAN was also associated with (1) later timing of lowest light exposure (L5-light)
and lowest activity (L5-activity), (2) lower inter-daily stability and amplitude of light exposure and activity, and (3) higher wake after sleep onset. Habitual LAN in
older age is associated with concurrent obesity, diabetes, and hypertension. Further research is needed to understand long-term effects of LAN on cardiometabolic

risks.

Statement of Significance

Light at night (LAN) is pervasive in developed countries and has been associated with negative health consequences. Little is known about
nighttime light exposure in community-dwelling older adults and its association with cardiovascular disease (CVD) risk factors. This study
aims to characterize 24-h light exposure patterns in a cohort of community-dwelling older adults and to determine whether habitual LAN
exposure in older age is associated with a higher prevalence of cardiovascular risk factors. The findings of this study suggest the import-
ance of examination of light exposure in population-based cohort studies as a potentially modifiable risk factor for CVDs and negative
health outcomes.
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Graphical Abstract

Light at night in older age is associated

with obesity, diabetes, and hypertension
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Light at night was associated with greater prevalence of obesity,

diabetes, and hypertension in community-dwelling older adults.
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Introduction

Light at night (LAN) has been associated with poorer health,
including obesity and cancer risk [1]. Cross-sectional studies
have demonstrated a higher prevalence of obesity in individ-
uals with bedroom LAN during sleep, measured objectively
and subjectively [1-3]. In a large prospective study of middle-
aged women followed for over 5 years, self-reported LAN while
sleeping was significantly associated with an increased risk of
weight gain and the development of obesity [4]. In Japanese
older adults followed up over 21 months, evening or nighttime
light exposure was associated with subsequent increase in
obesity [5]. In addition, annual levels of outdoor LAN estimated
from satellite data have been associated with a higher risk
of coronary heart disease in older adults in Hong Kong over
11 years of follow-up [6].

Many factors other than obesity mediate cardiovascular
disease (CVD) risk, and little is known about LAN exposure in
community-dwelling older adults in the United States and its
relationship with obesity and other CVD risk factors like dia-
betes, hypertension, and hypercholesterolemia. LAN during
sleep can induce stressor-like effects on autonomic functions
of heart rate and breathing in healthy individuals, which may
be a potential mechanistic link between LAN and CVD [7, 8].
The objectives of this study were (1) to characterize objective
light exposure patterns in a cohort of community-dwelling older
adults and (2) to determine whether LAN in older age is associ-
ated with higher prevalence of individual CVD risk factors. We
hypothesized that older adults with habitual LAN exposure are
more likely to be obese and to have diabetes, hypertension, and
hypercholesterolemia.

Materials and Methods

Study population

The Chicago Healthy Aging Study. The Chicago Healthy Aging
Study (CHAS) is a study of a subset of participants from
the Chicago Heart Association Detection Project in Industry
(CHA), a public health program and prospective epidemio-
logic study conducted in 1967-1973 to identify high-risk
adults in workplaces throughout the Chicago, IL, area. Details
of the CHA study have been previously published elsewhere
[9]. From the 11,908 potential CHAS participants identified
as CHA survivors, aged 65 to 84 years during 2007-2010, and
free of major ECG abnormalities or myocardial infarction (MI)
at the CHA examination (baseline), 59% (n =7090) of names
were randomly selected for contact. A stratified sampling
method was used to recruit CHAS participants based on their
baseline CVD risk factor profile. Low-risk status (LR) was de-
fined as having favorable levels of four major CVD risk fac-
tors: serum total cholesterol level <200 mg/dL and no use
of cholesterol-lowering medication; systolic blood pressure
(SBP) <120 mmHg, diastolic BP (DBP) <80 mmHg and no use
of antihypertensive medication; no current smoking; and no
history of diabetes or heart attack. The final CHAS sample in-
cluded 1395 participants (28% women, 9.3% African American,
2.5% Hispanic or Asian, 30.2% baseline LR). LR participants
were oversampled to obtain adequate numbers for between-
group comparisons. Details of the CHAS study and an ancil-
lary study involving sleep have been published [10, 11]. Both
CHAS and the sleep ancillary study were approved by the in-
stitutional review board of Northwestern University.



Study procedures and measures

Measurement of CVD risk factors. In 2007-2010, all CHAS partici-
pants completed standardized questionnaires about smoking his-
tory, medical history of hypertension, high serum cholesterol, and
presence or absence of diabetes. Health interviewers updated and
confirmed demographic information and reviewed all prescription
and nonprescription medications with their dosages. Comorbid
conditions were obtained using self-reported medical history,
which was verified and supplemented by Medicare claims data
[11]. Height and weight were measured with participants wearing
light clothing without shoes. Body mass index (BMI) was calculated
as weight in kilograms per height in meter squared. With parti-
cipants seated, BP was measured three times using an automatic
sphygmomanometer (Omron HEM-907 XL, Omron Healthcare, Inc.,
Bannockburn, IL) [12]. The average of the second and third meas-
urements was used in the analyses. Total cholesterol and glucose
levels were measured with 12-hour fasting blood samples.
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Definition of CVD risk factors. Diabetes was defined as a fasting
glucose level >126 mg/dL or use of antihyperglycemic medica-
tion [13]. Hypertension was defined as SBP >140 mmHg, DBP
>90 mmHg, or treatment with antihypertensive medication.
Hypercholesterolemia was defined as total cholesterol >240 mg/
dL or treatment with cholesterol-lowering medication. Obesity
was defined as BMI >30 kg/m?2.

Actigraphy. In 2007-2010, a wrist actigraphy monitor was
offered to all CHAS participants and was given to 1310 parti-
cipants (93.9%) who were instructed to wear it for 7 consecu-
tive days and to maintain a daily Karolinska Sleep Diary [11,
14] (Figure 1). Participants were provided either Actiwatch-L,
Actiwatch-64, or Actiwatch-16 (Phillips Respironics), based on
availability. Among these three types of actigraphy monitor,
only Actiwatch-L is equipped with an on-board miniature
photodiode for measurement of the amount and duration
of light exposure. This light sensor has a spectral sensitivity

Assessed for eligibility:
Chicago Healthy Aging Study (CHAS)
participants (n = 1395)

Excluded (n = 85):

* Declined to participate (n = 78)
* No watch given (n =7)

Actigraphy provid

ed to participants
(n=1310)

Excluded (n = 111):
* Device not returned/failure (n = 40)

* Inadequate data quality (n = 49)
¢ Other reasons (n = 22)

Actigraphy data extracted for analysis
(n=1199)

Actiwatch L
(n =634)

Actiwatch-64/16
(n = 565)

(n=71)

Excluded (n = 82):
* <5 days of valid recording

 Includes daylight saving
transition (n = 10)
¢ No lightdata (n=1)

Included in the final analysis
(n =552)

Figure 1. CONSORT flow diagram. Consolidated Standards of Reporting Trials (CONSORT) flow diagram for Chicago Healthy Aging Study and the ancillary sleep study.
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approximating that of the human eye, with wavelength range
of 330-720 nm, peak spectral sensitivity at 580 nm, and illu-
minance range of 0.1-150 000 lux [15]. Actigraphy data were
obtained in 30-s epochs. Participants were instructed to keep a
log when removing the device and to keep the light sensor of
the actigraphy device uncovered at all times (e.g. free of long
sleeves or bedding) [16]. Ninety-two percent (n =1199) of par-
ticipants returned the actigraphy device to the study team,
including 634 participants with Actiwatch-L and 565 with
Actiwatch-64 or Actiwatch-16. Recordings across daylight-
saving-time transitions were excluded (n = 10). Any 24-h period
(12:00 pm-12:00 pm next day) with >4 h of non-wear period
was removed as invalid. Since light measurements are the
focus of the current analysis, only actigraphy data with min-
imum five valid 24-h periods of recording using Actiwatch-L
were included (n=552). Missing actigraphy data within the
valid recording were imputed (see “Missing Data” for details).
For analysis, season of recording (Spring, Summer, Fall, and
Winter; defined by solstices and equinoxes) was defined as a
covariate. We chose the astronomical over the meteorological
season because it better represents light exposure [17].

Rest-activity variables. Standard nonparametric methods were
applied to actigraphy data to obtain intra-daily variability (IV),
inter-daily stability (IS), relative amplitude (RA), and midpoint of
the most active 10-h period (M10) and the least active 5-h period
(L5) computed from minute-wise averages across 24-h periods
[18]. IV represents the frequency and extent of transitions be-
tween low and high values; higher IV indicates more fragmen-
tation of the rest-activity rhythm, with IV ~ 0 for a perfect sine
wave and IV =2 for Gaussian noise. IS, which measures how
similar one 24-h period is to the next, is a measure of robustness
and ranges from 0 to 1; 0 indicates a complete lack of similarity
from day-to-day, while 1 indicates perfect day-to-day similarity.
RA is the normalized difference in activity count between M10
and L5 [19-21]. Midpoints of M10 and L5 periods are the indices
of activity peak and trough timing, respectively. Analysis was
conducted in R using the nparACT package [18].

Light exposure. Light data from actigraphy were used to calculate
daily mean and median light exposure averaged over valid 24-h
periods of recording. Log-transformed light data were analyzed
using nonparametric methods to derive 1V, IS, RA, L5, M10, and
midpoints of L5 and M10 periods [18].

Sleep variables. Actigraphy data were manually scored as sleep
or wake using a standardized hierarchical protocol and based
on the sleep diary and activity/light data from the actigraphy
device. Total sleep time (TST), time in bed, sleep efficiency (SE),
wake after sleep onset (WASO), sleep midpoint, onset, and
offset were calculated as published previously [22].

Missing data. After removing 24-h periods including >4 h of
missing data, remaining actigraphy data (n=552) contained
short periods of missing data as participants were instructed
to remove the device during shower or other activities where
the device would be submerged in water. Since missing
actigraphy data can bias estimates of nonparametric meas-
ures downwards and introduce artificial rest-activity transition
[23], multiple imputation was implemented to replace missing
actigraphy data prior to conducting nonparametric analyses [24,

25]. The “Multivariate Imputation by Chained Equations” (mice)
R package [26] was used to characterize and impute missing
actigraphy data. Based on low median proportion of missing
actigraphy data and prior report suggesting insufficient power
with five or less imputations [27], the number of imputations for
the mice algorithm was set to 10. White light exposure in lux and
activity counts in 30-s epochs were included in the imputation
model with the random forest method. The quality of imputed
actigraphy data were individually verified by observing the
distribution of imputed versus observed data, and by visually
inspecting the time series containing imputed data. There was
no missing demographic and CVD risk factor data.

Statistical analysis

Descriptive statistics were summarized using means and
standard deviations (SD) for continuous and normally distrib-
uted data, median and interquartile ratio (IQR) for continuous
and non-normally distributed data and counts and percentages
for categorical data.

L5 light value, in log-transformed lux, was selected as an ob-
jective measure of LAN (LAN), as it is less likely to be affected by
season, timing and duration of sleep, or scoring bias than other
measures such as light during sleep interval and light during a
fixed time window (e.g. 12 pm-6 am). After inspecting the distri-
bution of L5 light values (i.e. zero-inflated), a decision was made to
categorize L5 light as 0 or >0. Participants with 0 light during the 5-h
nadir (L5) were categorized as having “No-LAN,” while those with
>0 light during L5 were categorized as having “LAN.” Associations
between L5 light and demographic characteristics, individual CVD
risk factors, sleep, activity and other light variables were examined
in bivariate analyses using Wilcoxon rank-sum test, Pearson’s y?
test, or Fisher’s exact test, as appropriate. CVD risk factor variables
that met a significance threshold (two-sided p <.05) in bivariate
analyses were sequentially entered into multivariable models
including a priori covariates of age, sex, race, and season.

We then conducted sensitivity analyses to test whether
any significant association between LAN and CVD risk factor
variables was independent of measures of sleep and physical
activity. Given collinearity between measures of sleep and ac-
tivity, each model included a priori covariates (age, sex, race, and
season) plus only one of the following variables: WASO, SE, sleep
onset, sleep midpoint, sleep offset, TST, time in bed, mean ac-
tivity count during the L5 light period, mean 24-h activity count,
M10 activity, L5 activity, IS activity, IV activity, RA of activity, and
timing of M10 and L5 activity.

In addition, we tested whether CVD risk factor variables are
associated with other measures of 24-h light exposure pattern,
including 24-h mean light intensity, 24-h median light inten-
sity, peak (M10) light intensity, IS light, IV light, RA of light, and
timing of L5 and M10 light.

Additional analyses. For CVD risk factor variables that were sig-
nificantly associated with LAN, potential effect modification
was assessed through stratified analysis based on baseline CVD
risk status (i.e. low-risk vs. not low-risk). Wolf and Breslow-Day
tests of homogeneity were used to test the presence of effect
modification by baseline CVD risk status, and stratified ORs
were calculated using the Mantel-Haenszel formula.

In addition, we conducted exploratory analyses by dividing
the LAN group to Low-LAN vs. High-LAN group based on the



group median value of L5 light to test whether the associations
between LAN and CVD risk factor variables are dose-dependent.

Statistical analysis was conducted in R 4.0.3.[28] and figures
were produced using the package ggplot2 [29].

Results
Characteristics of the Study Population

Demographic characteristics of the participants and actigraphy-
derived light, sleep, and rest-activity variables are summarized
in Table 1. Participants were aged 72 years on average (SD 5),
with 142 (26%) women, 42 (7.6%) black, and 157 (28.4%) low-risk
at baseline. Four hundred and ten (74%) participants completed
7 days of valid actigraphy recording, 128 (23%) completed 6 days,
and the remainder (n = 14 (2.5%)) completed 5 days. The median
missing data were 1% [IQR 0, 2.1] or 1.7 hours [IQR 0, 3.4] for
each recording. Regarding LAN exposure, average light inten-
sity in the lowest 5-h light exposure (L5 light) was zero in 255
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participants (No-LAN), and greater than zero in 297 (54%) (LAN).
L5 light midpoint ranged from 21:25 to 07:11, and L5 light mid-
point and L5 activity midpoint were strongly correlated (p = 0.71,
p <.001). Figure 2 demonstrates light and activity profiles across
24-h periods between LAN and No-LAN groups.

Associations between LAN, demographic, light, activity,
and sleep variables

The LAN group was more likely to be black compared to the
No-LAN group (12 vs. 2.7%, p < .001). In bivariate analyses of
light exposure variables, LAN was associated with a lower IS
and RA of light and later L5 light midpoint by 36 min (p =.015
for IS light, otherwise p <.001). In terms of activity variables,
LAN was associated with lower IS, higher IV, lower RA due to
higher L5 activity count, and later midpoints of peak (M10) and
lowest activity (L5) by 24 min (p = .019 for IV activity, otherwise
p <.001). Regarding sleep variables, the LAN group had shorter
TST, time in bed, greater WASO, lower SE, and later sleep onset

Table 1. Sample characteristics by Light at Night (LAN)

Overall, No LAN, LAN,
Characteristic N =552* N =255* N =297* p-valuet q-value*
Age 72 (5) 71 (5) 72 (5) 0.2 0.3
Black 42 (7.6%) 7 (2.7%) 35 (12%) <0.001 <0.001
Female 142 (26%) 61 (24%) 81 (27%) 0.4 0.5
Body mass index (kg/m?) 27.9 (25.1, 31.4) 27.5 (25.0, 30.3) 28.5 (25.3, 32.0) 0.010 0.020
Season 0.2 0.3
Spring 103 (19%) 44 (17%) 9 (20%)
Summer 168 (30%) 69 (27%) 9 (33%)
Fall 189 (34%) 98 (38%) 91 (31%)
Winter 92 (17%) 44 (17%) 8 (16%)
Light variables
24 h mean light Intensity (lux) 342 (97,1,034) 322 (97, 990) 355 (97, 1,044) 0.7 0.7
24 h median light intensity (lux) 25 (13, 46) 26 (14, 46) 24 (13, 44) 0.3 0.4
Inter-daily stability 0.64 (0.48, 0.74) 0.65 (0.52, 0.74) 0.62 (0.46, 0.73) 0.015 0.027
Intra-daily variability 0.50 (0.37, 0.63) 0.50 (0.37,0.64) 0.50 (0.38, 0.63) 0.8 0.8
Relative amplitude 0.99 (0.97, 1.00) 1.00 (1.00, 1.00) 0.97 (0.90, 0.99) <0.001 <0.001
Lowest light exposure (L5) o 01 (0.00, 0.05) 0.00 (0.00, 0.00) 0.04 (0.01, 0.14) <0.001 <0.001
Peak light exposure (M10) 1(2.1,4.3) 0(2.1,4.3) 1(2.1,4.3) 0.4 0.5
Lowest light (L5) midpoint 8(1.8,3.5) 5(1.6,3.1) 3.1(2.1,3.9) <0.001 <0.001
Peak light (M10) midpoint 13.2 (12.5,14.1) 13.2 (12.5, 14.0) 13.3 (12,6, 14.2) 0.4 0.5
Mean activity during L5 light 9(6,14) (5,9) 12 (8, 18) <0.001 <0.001
Activity variables
Mean activity count 97 (74, 118) 98 (75, 118) 96 (73, 118) 0.6 0.6
Inter-daily stability 0.58 (0.51, 0.65) 0.61 (0.54, 0.67) 0.56 (0.48, 0.64) <0.001 <0.001
Intra-daily variability 0.78 (0.65,0.93) 0.75 (0.64, 0.90) 0.80 (0.68, 0.94) 0.019 0.033
Relative amplitude 0.90 (0.85, 0.93) 0.92 (0.90, 0.94) 0.87 (0.82, 0.92) <0.001 <0.001
Lowest activity (L5) 8(5,12) 6(4,9) 10 (7, 15) <0.001 <0.001
Peak activity (M10) 158 (121, 197) 161 (127, 199) 152 (119, 194) 0.069 0.11
Lowest activity (L5) midpoint 8(1.9,3.7) 6 (1.7, 3.4) 0(2.1, 4.0) <0.001 <0.001
Peak activity (M10) midpoint 13.2(12.2,14.1) 13.0 (12.0, 13.9) 13.4 (12.4,14.5) <0.001 <0.001
Sleep variables
Time in bed (min) 437 (403,478) 450 (416, 485) 424 (379, 467) <0.001 <0.001
Total sleep time (min) 394 (351, 431) 408 (376, 442) 383 (335, 413) <0.001 <0.001
Wake after sleep onset (min) 43 (31, 59) 40 (29, 52) 45 (34, 65) <0.001 <0.001
Sleep efficiency (%) 85 (79, 88) 87 (83, 90) 83 (76, 87) <0.001 <0.001
Sleep midpoint 0(2.5,3.8) 0 (2.4,3.5) 1(2.5,3.9) 0.023 0.039
Sleep onset »0 6 (-1.3, O 1) —0 8(-1.5,-0.2) —0 5(-1.1, 0 4) <0.001 <0.001
Sleep offset .7 (5.9,7.4) .7 (5.9,7.4) 7 (5.8, 0.7 0.7

*Mean (SD); n (%); median (IQR).

tWilcoxon rank-sum test; Pearson’s y? test. Bold values signify <0.05.
*False discovery rate correction for multiple testing. Bold values signify <0.05.
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and midpoint, compared to the No-LAN group (p = 0.023 for
sleep midpoint, otherwise p <.001). There were no significant
differences between the LAN and No-LAN groups by age, sex,
season of recording, mean or median light intensity across
24-hour period, peak light intensity and timing, mean ac-
tivity count, peak activity count, and sleep offset (Table 1).
In multivariable models including a priori covariates of age,
sex, race, and season, all light, activity, and sleep variables re-
mained significantly associated with LAN (all p <.05), except
for IV activity (p = .06) (Supplementary Table S1)

Associations between LAN and CVD risk factors

In bivariate analyses, the LAN group was significantly more likely
to have obesity (41% vs. 27%, p <.001), diabetes (18% vs. 9.8%,
p =.007), and hypertension (73% vs. 59%, p <.001) compared to
the No-LAN group. The prevalence of hypercholesterolemia was

not different between the two groups (59% in LAN vs. 65% in
No-LAN, p = .2).

In multivariable models including a priori covariates of age,
sex, race, and season, all significant associations in bivariate
analyses remained significant. LAN was associated with a
higher prevalence of obesity (multivariable-adjusted OR 1.82
[95% CI 1.26, 2.65], p =.002), diabetes (OR 2 [1.19, 3.43], p = .01),
and hypertension (OR 1.74 [1.21, 2.52], p =.003) (Table 2). Even
after adjusting for sleep, mean activity count during the L5 light
period, and other activity variables, the association of LAN with
obesity, diabetes, and hypertension remained statistically sig-
nificant (Supplementary Table S2).

Regarding other measures of 24-hour light exposure pattern,
no significant association was found between any of the CVD
risk factors (i.e. obesity, diabetes, hypertension, and hyperchol-
esterolemia) and 24-hour mean light intensity, 24-hour median
light intensity, peak (M10) light intensity, RA, IS light, IV light, RA
of light, and timing of L5 and M10 light.
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Figure 2. 24-Hour light and activity profiles in participants with and without LAN. Average hourly light intensity (in lux) (A) and activity counts (B) are log-transformed
and plotted across 24-hour period relative to clock time. Shaded areas represent 95% confidence intervals. (A) Older adults with non-zero light during the 5-hour nadir
(L5) (LAN) have greater nighttime light exposure compared to those with zero L5 light (No-LAN). Timing and intensity of peak light exposure are not different between
participants with LAN and No-LAN. (B) Older adults with LAN have greater nighttime activity compared to those with No-LAN. Peak activity counts are not different
between two groups. Participants with LAN have later midpoints of activity peak and nadir compared to those with No-LAN.

Table 2. Associations between LAN exposure and cardiovascular disease risk factors

CVD Risk Factor No LAN, N =255 LAN, N =297 p-value
Obesity

Prevalence (n (%)) 68 (26.7) 121 (40.7)

Unadjusted OR (95% CI) 1 [Reference] 1.89 (1.32-2.72) 0.001

Multivariable-adjusted OR (95% CI)* 1 [Reference] 1.82 (1.26-2.65) 0.002
Diabetes

Prevalence(n (%)) 25 (9.8) 53 (17.8)

Unadjusted OR (95% CI) 1 [Reference] 2(1.21-3.37) 0.008

Multivariable-adjusted OR (95% CI)* 1 [Reference] 2(1.19-3.43) 0.010
Hypertension

Prevalence (n (%)) 151 (59.2) 216 (73)

Unadjusted OR (95% CI) 1 [Reference] 1.86 (1.3-2.67) 0.001

Multivariable-adjusted OR (95% CI)* 1 [Reference] 1.74 (1.21-2.52) 0.003

LAN, light at night (defined as average light intensity during lowest 5-h light exposure); CVD, cardiovascular disease; OR, odds ratio; CI, confidence interval.

*Adjusted for age, sex, race, and season of actigraphy recording.


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac130#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac130#supplementary-data
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Table 3. Cardiovascular risk factors among Low-LAN and High-LAN groups compared to No-LAN group

No LAN, Low LAN, High LAN,

CVD Risk Factor N =255 N =149 p-value N =148 p-value
Obesity

Prevalence (n (%)) 68 (26.7) 57 (38.3) 64 (43.2)

Unadjusted OR (95% CI) 1 [Ref] 1.7 (1.11-2.62) 0.016 2.1 (1.37-3.22) 0.001

Multivariable-adjusted OR (95% CI)* 1 [Ref] 1.71 (1.1-2.67) 0.018 1.94 (1.25-3.03) 0.003
Diabetes

Prevalence (n (%)) 25 (9.8) 25 (16.8) 28 (18.9)

Unadjusted OR (95% CI) 1 [Ref] 1.85 (1.02-3.38) 0.042 2.15 (1.2-3.87) 0.010

Multivariable-adjusted OR (95% CI)* 1 [Ref] 1.87 (1.01-3.45) 0.045 2.15 (1.17-3.97) 0.014
Hypertension

Prevalence (n (%)) 151 (59.2) 108 (73) 108 (73)

Unadjusted OR (95% CI) 1 [Ref] 1.86 (1.2-2.91) 0.006 1.86 (1.2-2.91) 0.006

Multivariable-adjusted OR (95% CI)* 1 [Ref] 1.77 (1.13-2.79) 0.013 1.72 (1.1-2.73) 0.019

LAN, light at night (defined as average light intensity during lowest 5-hour light exposure); CVD, cardiovascular disease; OR, odds ratio; CI, confidence interval; Ref,

Reference.
*Adjusted for age, sex, race, and season of actigraphy recording.

Additional analysis

We conducted stratified analyses to assess whether the ob-
served associations between LAN and CVD outcome variables
(i.e. obesity, hypertension, and diabetes) are independent of the
baseline CVD risk status (low-risk vs. not low-risk). Both Woolf
and Breslow-Day tests of homogeneity failed to reject the null
hypothesis (p >.05) for all three CVD variables, suggesting that
there is no significant effect modification by baseline CVD risk
status and that the ORs of CVD outcome variables are homoge-
neous across strata. (Data stratified by baseline risk status are
presented in Supplementary Table S3.) Unstratified and stratified
ORs using the Mantel-Haenszel formula for each CVD outcome
variable did not differ by more than 10%, indicating that no sig-
nificant confounding effect by baseline CVD risk status was pre-
sent (Supplementary Figure S1).

In the exploratory analyses where the LAN group was div-
ided to Low-LAN (n = 149) vs. High-LAN (n = 148), both Low-LAN
and High-LAN groups were more likely to have obesity (aOR 1.71
and 1.94 for Low- and High-LAN, respectively, p <.02 for both),
diabetes (aOR 1.87 and 2.15, p < .05 for both), and hypertension
(aOR 1.77 and 1.72, p <.02 for both) compared to the No-LAN
group, in multivariable models including a priori covariates of
age, sex, race, and season (Table 3). These findings remained sig-
nificant after further adjusting for sleep and activity variables.
The risks of obesity, diabetes, and hypertension were not signifi-
cantly different between Low-LAN and High-LAN groups.

Discussion

In this study of community-dwelling older adults, we exam-
ined 24-hour light exposure patterns over 7 days. Less than half
(46.2%) of the examined older adults had a 5-hour period of
complete darkness per 24 hour (No-LAN), while 53.8% of partici-
pants were exposed to some light even during the 5-hour nadir
(LAN). The prevalence of obesity, diabetes, and hypertension was
significantly higher in older adults with LAN compared to those
with No-LAN, after adjusting for a priori covariates of age, race,
sex, and season as well as measures of sleep and activity.

Prior studies have documented cross-sectional associ-
ations between self-reported bedroom light during sleep and

prevalence of obesity in middle-aged women in the UK [3]
and United States [4]. Obayashi and colleagues have reported
cross-sectional associations between measured bedroom light
during sleep and obesity, diabetes, nighttime blood pressure,
dyslipidemia, and subclinical atherosclerosis in Japanese older
adults [2, 30, 31]. Using objective and validated measures of
24-h light exposure and cardiovascular risk factors, the present
study extends the existing literature by demonstrating associ-
ations between LAN and obesity, diabetes, and hypertension in
older United States adults. In contrast to the study from Japan
[2], no significant association was found between LAN and
hypercholesterolemia, which may be related to methodological
differences (i.e., measuring room light during sleep vs. 5-hour
nadir of 24-hour light exposure) and racial/ethnic differences
in dyslipidemia patterns and prevalence [32].

The pathophysiology underlying development of examined
CVD risk factors is complex, with both genetic predisposition
and lifestyle factors contributing to an individual’s risk. Due to
the study design of CHAS oversampling participants who were
considered to be at low risk for all four major CVD risk factors
in young adulthood (“baseline low-risk”), this cohort may have a
disproportionately large number of older adults with a favorable
genetic predisposition against development of CVD risk factors.
However, we did not find a significant effect modification or
confounding by baseline CVD risk profile in stratified analyses.
Therefore, LAN may represent an under-recognized, potentially
modifiable risk factor for CVD independent of CVD risk profiles
at a young age.

Because of the cross-sectional study design, we are un-
able to determine whether LAN at older age represents
chronic, habitual exposure, nor can we exclude the pos-
sibility that LAN at older age is the consequence of, rather
than a casual mechanism in the development of, obesity,
diabetes, and hypertension. For example, sleep disorders
and nocturia [33] are frequent comorbidities in adults with
diabetes [34] and hypertension [35], which may result in in-
creased LAN exposure. However, the associations between
LAN and CVD risk factors were independent of nocturnal
awakening and activity level during the period of LAN meas-
urement (i.e. a marker for bathroom visits). Alternatively,
the relationship between LAN and CVD risk factors may be
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bi-directional. While no directionality can be drawn from this
cross-sectional analysis, we postulate that LAN may increase
the risk of obesity [4, 5], diabetes, and hypertension, which
in turn increases the likelihood of LAN exposure, potentially
creating a vicious cycle of accelerated CVD risks. Future pro-
spective studies with longitudinal examination of light ex-
posure are needed to better understand the relationships
between LAN and health outcomes.

A few mechanisms have been postulated linking LAN
and cardiometabolic dysfunction. Light is the primary syn-
chronizer of the central circadian clock, and exposure to light
during the biological night can lead to circadian disruption
and dysregulation of clock-regulated physiological processes.
There is evidence from animal studies that exposure to LAN can
dysregulate circadian and metabolic function. For example, mice
exposed to dim LAN showed increased weight gain, reduced glu-
cose tolerance, and altered clock gene expression in the liver
as compared with mice not exposed to LAN, despite equivalent
caloric intake and activity counts [36-38]. Furthermore, timing of
food intake was shifted in mice exposed to LAN, demonstrating
a feeding behavior at an inappropriate circadian time. Therefore,
LAN may increase the risk of obesity and diabetes through
dysregulation of clock-controlled metabolic pathways and un-
coupling of feeding behavior from biological day-night cycle, i.e.
feeding at the wrong circadian time.

A second proposed mechanism through which LAN can im-
pair cardiometabolic function is through melatonin, the “hor-
mone of darkness.” Normally, melatonin is produced in the
pineal gland and secreted into general circulation during the
dark period and becomes nearly undetectable during the day in
humans [39]. LAN suppresses pineal production of melatonin
and weakens the circadian signal that regulates a host of cel-
lular mechanisms in the body [40, 41]. In addition to its key func-
tion in the circadian signaling and synchronization of peripheral
clocks in the body, melatonin plays important roles in metabolic
and circulatory function with anti-oxidant, anti-inflammatory,
and vasodilatory properties [42-44]. Lower melatonin levels
have been associated with increased risk of incident diabetes
in a large cohort study of women [45] and with increased risk of
incident hypertension in a smaller study of young women [46].

A third potential mechanism is the effect of light exposure
on autonomic nervous system activity. In a recent experimental
study, healthy adults exposed to a single night of room light at
100 lux during sleep showed increased insulin resistance the
next morning, compared to the those exposed to dim light (<3
lux) during sleep [8]. Sleep quality and plasma melatonin con-
centrations were not different between two groups. The effect
of LAN on metabolic function was correlated with an increase
in sympathovagal balance during sleep, suggesting that the im-
pact of LAN on autonomic nervous system may be an important
mechanism leading to cardiometabolic dysfunction.

In the present study, older adults with LAN exhibited a sig-
nificantly later timing of lowest light and activity and lower IS
compared to those with No-LAN, potentially indicating a later
chronotype and reduced robustness of circadian rhythms, re-
spectively. Three quarters of older adults with LAN did not enter
the lowest 5-hour light period (L5) until after 23:00. Given that
this is well after the timing of sunset in the Chicago area [range
16:18-20:28], these individuals likely had a significant evening
exposure to artificial light leading up to their L5 light. We cannot
separate independent effects of later timing and LAN on CVD

risk factors due to collinearity. Nonetheless, we postulate that
a later timing of lowest light and activity may increase the dur-
ation and intensity of LAN exposure, create circadian misalign-
ment between behavioral rhythms and biological light-dark
cycle, and provide opportunities for mistimed behaviors, such as
later meal timing, altogether contributing to increased CVD risks.
Future intervention studies are needed to test these hypotheses.

This study has a few important limitations. First, light meas-
ured by wrist actigraphy may not be the best estimate of light
exposure at the eye level, and we cannot exclude the possibility
of participants wearing the wrist actigraphy under blankets or
sleeves and being erroneously categorized to the No-LAN group,
despite the instructions to keep the device always uncovered.
Prior studies utilized self-report [4] or bedroom light meter [2]
to estimate light exposure, which are limited by recall bias and
inability to capture relevant light exposure (e.g. bathroom visits,
change in sleep location, smartphone use in bed), respectively.
Developing practical methods to measure light at the eye level
continuously over several days would help overcome the cur-
rent methodological limitation. Second, women and nonwhite
racial/ethnic groups are under-represented, reflecting the demo-
graphic composition of the original CHA cohort who was re-
cruited from adults employed in the Chicago area in 1967-1973.
Thus, the findings may not be generalizable to the population
of different sex and racial/ethnic composition. Third, due to the
CHAS study design of oversampling older adults who were low
risk at baseline among the survivors of the original CHA parti-
cipants, the study cohort may represent a “healthier” subgroup
of older adults. Even though we did not find a significant effect
modification or confounding by baseline risk status in our ana-
lysis, the possibility of unexamined bias cannot be excluded.

The strengths of this study include a detailed examination
of cardiovascular risk factors and objective and validated meas-
ures of habitual light exposure that are simple to reproduce
across different populations.

Conclusion

LAN is increasingly pervasive in developed countries where
the population is aging with an alarmingly high rate of
cardiometabolic disorders. The present study demonstrates a
high prevalence of LAN in community-dwelling older adults and
its association with obesity, diabetes, and hypertension. It will be
important for future prospective population studies to include
examination of light exposure patterns in young-to-middle-
aged adults as a potential modifiable risk factor for CVDs and
negative health outcomes. Furthermore, intervention trials will
be needed to elucidate how different components of LAN, such
as timing, duration, frequency, and chronicity of exposure and
intensity and wavelength of light, impact human health.

Supplementary material

Supplementary material is available at SLEEP online.
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