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Abstract

Background: Light at night (LAN) may alter estrogen regulation through circadian disruption.
High levels of outdoor LAN may increase breast cancer risk, but studies have largely not
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considered possible residual confounding from correlated environmental exposures. We evaluated
the association between indoor and outdoor LAN and incident breast cancer.

Methods: In 47,145 participants in the prospective Sister Study cohort living in the contiguous
U.S., exposure to outdoor LAN was determined using satellite-measured residential data and
indoor LAN was self-reported (light/TV on, light from outside the room, nightlight, no light).

We used Cox proportional hazards models to calculate hazard ratios (HRs) and 95% confidence
intervals (Cls) for the associations between outdoor and indoor LAN and breast cancer risk.
Models were adjusted for age, race/ethnicity, educational attainment, annual household income,
neighborhood disadvantage, latitude, and population density as a proxy for urbanicity. To evaluate
the potential for residual confounding of the outdoor LAN and breast cancer relationship by
factors associated with urbanicity, we considered further adjustment for exposures correlated with
outdoor LAN including NO, [Spearman correlation coefficient, rho (0)=0.78], PM> 5 (0=0.36),
green space (p=-0.41), and noise (p=0.81).

Results: During 11 years of follow-up, 3,734 breast cancer cases were identified. Outdoor LAN
was modestly, but non-monotonically, associated with a higher risk of breast cancer (Quintile 4
vs. 1: HR=1.10, 95% CI: 0.99-1.22; Quintile 5 vs 1: HR=1.04, 95% CI: 0.93-1.16); however,

no association was evident after adjustment for correlated ambient exposures (Quintile 4 vs. 1:
HR=0.99, 95% CI: 0.86-1.14; Quintile 5 vs. 1: HR=0.89, 95% CI: 0.74-1.06). Compared to those
with no indoor LAN exposure, sleeping with a light or TV on was associated with a HR=1.09
(95% CI: 0.97-1.23) in the adjusted model.

Conclusions: Outdoor LAN does not appear to increase the risk of breast cancer after
adjustment for correlated environmental exposures.

Graphical Abstract
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1. Introduction

Light at night is a pervasive and rapidly growing form of environmental pollution,! and
exposure to light at night (LAN) has become a substantial public health concern. Animal
models and studies of shift workers suggest that exposure to LAN may play a role in the
development of cardiovascular disease, cancer, metabolic disorders, and cognition and mood
disorders.2 Individuals are exposed to outdoor LAN from streetlights, buildings, stadiums,
and other sources and indoor LAN through the use of lights and electronic devices in the
home and sleeping environment. High levels of LAN have the potential to disrupt normal
circadian functioning, including melatonin secretion, gene expression, cell cycle regulation,
metabolic function, and sleep-wake patterns, which may in turn affect chronic disease risk,
including carcinogenesis.3

Among women in the United States (U.S.), breast cancer is the most common

malignancy and the second-leading cause of cancer-related mortality. Established lifestyle,
reproductive, and genetic risk factors for breast cancer are estimated to explain only

half of incident cases,® underscoring the importance of identifying new breast cancer

risk factors. Numerous ecologic studies have assessed the relationship between satellite-
measured outdoor LAN and breast cancer, with most reporting positive associations.5-
Similarly, individual-level studies also support a modest positive association between
outdoor LAN and breast cancer,10-14 as does a recent meta-analysis of 8 cohort/case-cohort
studies [highest vs. lowest category: risk ratio (RR)=1.11, 95% CI: 1.07-1.16].1° Studies
of self-reported indoor LAN provide weaker evidence: of the several studies conducted to
date,11:16-22 only one has observed a positive association (OR=1.22, 95% CI: 1.12-1.31).1°
In the Sister Study, we previously reported negligible associations between indoor LAN
exposure and breast cancer risk.22 The present work expands on the previous Sister Study
analysis with the inclusion of outdoor LAN exposure estimates and an additional ~1,000
incident breast cancer cases over an additional ~4 years of follow-up.

Exposure to outdoor LAN increases with increasing population density and urbanicity.23
Therefore, outdoor LAN could be a proxy for exposure to other environmental exposures
that are also associated with the urban environment, such as traffic-related pollution.
However, few studies have considered whether these correlated environmental exposures
may act as potential confounders of the outdoor LAN and breast cancer relationship.24

In this prospective study, we evaluated the associations between outdoor LAN and breast
cancer risk, with consideration of adjustment for other ambient environmental exposures
and include an update on our indoor LAN findings with additional follow-up time and case
accrual. We hypothesize that exposure to outdoor LAN will be associated with a higher risk
of breast cancer, even after adjustment for additional environmental covariates.

2. Methods
2.1 Study population

The Sister Study is a U.S.-based prospective cohort of 50,884 women from all 50
states and Puerto Rico and was designed to assess environmental risk factors for breast

Environ Int. Author manuscript; available in PMC 2023 November 01.
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cancer.2® Participants were aged 35 to 74 years and had a full or half-sister who had been
previously diagnosed with breast cancer but were breast cancer-free themselves at the time
of enrollment (2003-2009). At study entry, participants completed mailed questionnaires
and computer-assisted telephone interviews to assess sociodemographic characteristics,
lifestyle factors, residential history and current address, and environmental as well as
occupational risk factors. Women complete additional short questionnaires annually and
detailed questionnaires every 2 to 3 years. The Institutional Review Board of the National
Institute of Environmental Health Sciences approved the Sister Study. All participants
provided written informed consent. For this study, we have included follow-up through
September 30, 2019 (Data Release 9.1).

2.2 Outcome assessment

Incident breast cancer diagnoses were self-reported on follow-up questionnaires or via
phone calls to the study’s hotline. Pathology reports and access to medical records were
requested to confirm diagnoses and to ascertain additional information about the tumor,
including estrogen receptor (ER) and progesterone receptor (PR) status and tumor type (e.g.,
lobular, ductal) and invasiveness. Medical records were obtained for over 80% of diagnoses.
Given the high accuracy of several breast cancer characteristics between self-report and
medical records,2® self-reported breast cancer information was included when medical
reports were not available. Menopausal status at enrollment and throughout follow-up was
self-reported and used to determine menopausal status at the time of breast cancer diagnosis.

2.3 EXxposure assessment

Annual average outdoor LAN was assessed using satellite images obtained from the
Operational Linescan System of the U.S. Defense Meteorological Satellite Program
(DMSP), which is maintained by the National Oceanic and Atmospheric Administration’s
Earth Observation Group (https://ngdc.noaa.gov/eog, 2019). Daily global coverage was
provided, and annual composites were made after excluding sun and moon luminance, glare,
clouds, atmospheric lighting, and ephemeral events such as fires. Processed images were
then georectified to a 30 arc-second grid (equivalent to ~1 km-sq).13 The DMSP Global
Radiance Calibrated Nighttime Lights high-dynamic range data was used as it provides
better variability of LAN measures in urban areas compared to the 6-bit low-dynamic range
data.13 The high-dynamic images were generated using three different gain settings (low,
medium, high), and provide relative levels of illumination.:® Outdoor LAN was available
in units of radiance (NW/cm?2/sr) and was linked to participants’ geocoded enrollment
addresses using ArcGIS (ESRI, Redlands, CA). High-dynamic DMSP satellite images are
available for 1996, 1999, 2000, 2003, 2004, 2006, and 2010, and data was linked to the
closest corresponding prior enrollment year (e.g., 2006 data was linked to enrollment years
2006-2009). Nine women were excluded due to not completing the residential history
questionnaire. Enrollment address geocoding has been completed for >99% of the study
population, and exact street addresses for current residences were geocoded for 93.2% of
women. For 5.1% of the women, the geocoding was available for a nearby intersection, and
for 1.4%, it was available for the centroid of the ZIP code. Women with any geocode status
were assigned a value for outdoor LAN and included in the analysis. Outdoor LAN was
assessed per IQR increase and as quintiles.

Environ Int. Author manuscript; available in PMC 2023 November 01.
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Information on indoor LAN was self-reported at enrollment and included use of a sleep
mask and specific light sources in the bedroom while sleeping (select all that apply:
daylight; one or more lights on in the room; light from a television on in the room for

most or all of the night; light from other rooms; light from outside shining in; light from a
small nightlight or clock radio). For this analysis, indoor LAN was assessed as a four-level
variable reflecting highest to lowest level of assumed exposure: 1) one or more lights or
light from a TV, 2) light from outside the room (either from other rooms or through the
windows, as these sources are both likely to be dimmer than lights on in the room itself), 3)
light from a small nightlight or clock radio, and 4) none (including all women who reported
using a sleep mask, regardless of other light sources reported).22 For women who reported
multiple sources of light in the bedroom, they were classified based on the highest level of
light reported unless they reported using a sleep mask.

2.4 Covariate assessment

On the baseline questionnaire, women reported their year of birth, race (American Indian/
Alaska Native, Asian, Black/African American, Native Hawaiian/Pacific Islander, white;
with the option to select multiple), ethnicity (Hispanic/Latina, with the option to provide
country/region of origin), parity, educational attainment, annual household income, and
primary residential address. Race/ethnicity is associated both with differences in breast
cancer incidence?’ and with residential location and neighborhood characteristics (and
consequently outdoor light at night exposure) due to systemic discriminatory practices
such as redlining.28 For women missing information on household income (n=1,993,
<4%), multiple imputation by fully conditional specification was used to impute household
income.29

Geocoded primary enrollment residential addresses (Figure 1) were used to determine
several covariate values. Latitude of primary enrollment residence was dichotomized as
Northern (=37°N) or Southern (<37°N) to account for differences in length of night
associated with latitude and because incidence of breast cancer varies by latitude.30
Population density was determined at the Census tract level for the year 2000 using

publicly available data from the U.S. Census Bureau (http://www.census.gov) by dividing
the tract population size by the tract area in square miles (N/miles?). Area Deprivation

Index (ADI) is based on 17 U.S. Census indicators of poverty, education, housing, and
employment from the 2000 long-form Census, which are weighted to create Census

block group-level measurements of neighborhood disadvantage.3! Values range from 1

(low deprivation) to 100 (high deprivation). Annual average concentrations of nitrogen
dioxide (NO,) and particulate matter less than 2.5 microns in diameter (PM, 5) for 2006
were determined at the residence location using a validated regionalized universal kriging
model with spatial smoothing, which incorporated regulatory monitoring information

and a range of geographical covariates, including some satellite-derived measures.32:33
Measures of green space were determined at the residence location using NASA’s Moderate
Resolution Imaging Spectroradiometer (MODIS) method to capture the normalized
difference vegetation index (NDVI) (https://modis.gsfc.nasa.gov/data/dataprod/mod13.php)
at approximately a 439.5 m resolution. NDVI values from July were matched to the year of
enrollment in the study and range from -1 to 1. A-weighted 24-hour equivalent sound levels,

Environ Int. Author manuscript; available in PMC 2023 November 01.


http://www.census.gov/
https://modis.gsfc.nasa.gov/data/dataprod/mod13.php

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweeney et al.

Page 6

or the average sound level for the day in decibels (dB), were determined based on a land-use
regression model with 270-m resolution developed using noise data from the National Park
Service and monitors in cities and at airports for the years 2000 to 2014.34

2.5 Statistical analysis

We excluded women who were diagnosed with breast cancer (invasive or ductal carcinoma
in situ (DCIS)) prior to completing the enroliment interview, who had unknown timing of
breast cancer diagnosis, did not contribute any follow-up time, or had an unknown year of
enrollment (n=402). To focus on environmental (i.e., non-occupational) LAN exposure, we
excluded women who reported working at night (n=1,477) or as part of a flight crew (flight
attendant, pilot, or flight engineer; n=22) at enrollment. Women who were blind (n=6),
women who reported daylight as the only light source while sleeping (n=200), and those
who were missing outdoor (n=135, due to missing geocode) or indoor (n=16) LAN were
also excluded (Supplemental figure 1).

Descriptive statistics are presented for the total analytic sample and by quintile of outdoor
LAN. The Spearman correlation coefficient, p, was determined for the relationship between
continuous outdoor LAN, population density, ADI, NO,, PM, 5, green space, and noise,

as well as for outdoor LAN over time (1996, 1999, 2000, 2003, 2004, 2006, 2010).
Correlations were evaluated in R (version 4.2.1; R Project for Statistical Computing) and
presented using the package corrplot (https://www.rdocumentation.org/packages/corrplot).

We estimated hazard ratios (HRs) and 95% confidence intervals (Cls) for associations
between indoor and outdoor LAN and breast cancer using Cox proportional hazards
regression models. Age was used as the time scale: women entered the risk set at their

age at study enrollment and left the risk set at their age at diagnosis of invasive breast cancer
or DCIS, at the end of the follow-up period (September 30, 2019), or age of a censoring
event (death or loss-to-follow-up). In addition to assessing all breast cancers combined,
separate analyses considered whether associations varied based on menopausal status at time
of diagnosis, hormone receptor status, and invasiveness. We assessed heterogeneity by tumor
characteristics using the likelihood ratio test (LRT) p-for-interaction for the interaction

term between LAN (indoor, outdoor) and menopausal status, estrogen receptor (ER) status,
progesterone receptor (PR) status, or invasiveness.

Confounders were selected using a directed acyclic graph.3® For both indoor and

outdoor LAN models, we adjusted for age (as the timescale), self-reported race/ethnicity
[non-Hispanic white, non-Hispanic Black/African American, Hispanic, “other” (collapsed
due to small numbers; includes women who self-identified as Asian, Native Hawaiian/
Pacific Islander, or American Indian/Alaska Native)], educational attainment (high school
diploma or equivalent, some college or a technical degree, Bachelor’s degree or higher),
annual household income (<$50,000, $50,000-$99,999, $100,000-$200,000, >$200,000),
neighborhood disadvantage (ADI, continuous; 1-100), latitude (<37°N, =37°N) and
population density (continuous) (Model 1). This model assumes that population density
adequately controls for urbanicity (i.e., all factors related to living in an urban area).
Reproductive factors (parity, age at first birth) were determined to not be confounders based
on our directed acyclic graph. For outdoor LAN, we considered a second adjustment set that

Environ Int. Author manuscript; available in PMC 2023 November 01.
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assumes some amount of residual confounding by urbanicity due to correlations between
outdoor LAN and other environmental exposures; this model includes the covariates in
Model 1 as well as PM, 5, NO», green space, and noise (Model 2). To assess the individual
impact of adjusting for these additional variables, each was separately added to the Model

1 for outdoor LAN. We also evaluated the possibility of collinearity using linear regression
models with quintiles of outdoor LAN or the IQR increase in outdoor LAN as the dependent
variable and the Model 2 covariates as the predictors. From these regression models, we
used R? to calculate the variance inflation factor [ V/F= 1/(1 — R2)]. A VIF of >5 suggests
collinearity.36

Women who were missing information on either exposure or confounders for either model
(n=1,632) were excluded from all analyses, which included residents of Puerto Rico,
Hawaii, or Alaska, for whom information on NO,, PM> 5, green space, or noise were not
available (Supplemental figure 1). Women who were excluded from the analysis due to
missing covariates were similar to women in the analytic sample for most characteristics but
tended to live in areas with lower deprivation and were more likely to be Hispanic and have
a lower annual household income and lower educational attainment.

In a subgroup analysis, we investigated potential effect measure modification of associations
between LAN and breast cancer by race (non-Hispanic white, non-Hispanic Black/African
American). The purpose of this subgroup analysis was to identify differences in HRs

by race, which is a social construct and, in a racialized country such as the U.S.,

contributes to individual socioeconomic status. Black and other minoritized women have
poorer health outcomes compared to non-Hispanic white women,3” emphasizing the need
for disaggregated data to be presented where possible. Interaction between race and

LAN (indoor, outdoor) was assessed using multiplicative interaction terms, and statistical
significance was determined using the LRT p-for-interaction.

Several sensitivity analyses were conducted. To address the possibility that outdoor LAN
exposure only matters if it is actually entering the bedroom, we analyzed the association
between outdoor LAN and breast cancer risk limiting to participants who reported having
light from outside entering the bedroom while sleeping. To account for not having historical
outdoor or indoor LAN, we restricted to women who lived at their primary enrollment
residence for at least 10 years and for at least 20 years. We also considered analyses
restricted to women who did not move outside of their enrollment residence census tract
during follow-up (prior to March 15, 2018) to account for the lack of LAN data throughout
the follow-up period. We further excluded women who were diagnosed with breast cancer
during the first 2 years of follow-up to address the possibility of pre-clinical symptoms
influencing self-reported indoor LAN exposures.

Statistical significance was determined using two-sided tests with p-values of 0.05. All
analyses, unless otherwise noted, were conducted using SAS statistical software version 9.4
(SAS Institute, Cary, NC).

Environ Int. Author manuscript; available in PMC 2023 November 01.
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3. Results

Among the 47,145 women in our final analytic sample, a total of 3,734 cases were
diagnosed (2,921 invasive, 793 DCIS) during an average of 11 + 3 years of follow-up.

At enrollment, the average age of the study participants was 56 years, and two thirds of

the women were postmenopausal (Table 1). Most women were non-Hispanic white (85%),
married or cohabitating (75%), and lived in the Northern half of the U.S. (66%). About half
had at least a bachelor’s degree (51%).

Population density, PM, 5, NO5, and noise increased with increasing outdoor LAN whereas
green space was inversely related to outdoor LAN. ADI was highest for women exposed

to the lowest level of outdoor LAN but did not demonstrate a linear association across
quintiles. Women living in areas with high outdoor LAN exposure were more likely to

be non-Hispanic Black (Quintile 5: 15%) than in areas of low exposure (Quintile 1: 3%).
Women with the highest outdoor LAN exposure were also more likely to have attained a
bachelor’s degree or higher, to have never married or be single, to be nulliparous, to live in
the Southern half of the U.S., and to report sleeping with a light or TV on in the room.

Continuous outdoor LAN was strongly correlated with population density (o = 0.82), NO,
(p=0.78), and noise (o = 0.81; Supplemental figure 2a). NO, and noise were also highly
correlated with each other (o = 0.75). From 1999 to 2010, relative values of outdoor LAN
values were extremely consistent, with correlation coefficients ranging from 0.92 to 0.98
(Supplemental figure 2b).

In our statistical model that did not adjust for the correlated environmental exposures (Model
1), the HR associated with outdoor LAN was elevated in the fourth (HR=1.10, 95% CI:
0.99-1.22; Table 2), but not the fifth quintile (HR=1.04, 95% CI: 0.93-1.16). However, after
additional adjustment for NO,, PM,, green space and noise (Model 2), the elevated HR seen
in Q4 was no longer apparent (HR=0.99, 95% CI: 0.86-1.14), and the HR for Q5 (HR=0.89,
95% Cl: 0.74-1.06) and an IQR increase (HR=0.94, 95% CI: 0.87-1.01) both suggested an
inverse relationship. Compared to having no light in the bedroom, sleeping with a light or
TV on was associated with a HR=1.09 (95% CI: 0.97-1.23; Table 2).

When added separately to Model 1, adjustment for NO, (Quintile 4 vs. 1: HR=1.02, 95%
Cl: 0.91-1.16) and noise (Quintile 4 vs. 1: HR=1.04, 95% CI: 0.91-1.19) attenuated the
outdoor LAN estimate the most (Table 3). Outdoor LAN results adjusted for the correlated
environmental exposures (Model 2) are presented for the remainder of the analyses. The
VIFs of 3.16 for quintiles of outdoor LAN and 3.31 for an IQR increase in outdoor LAN are
both below 5.00 and therefore do not suggest collinearity.

When outdoor LAN was assessed only among women who reported light entering the
bedroom while sleeping, the HRs for both quintile 4 (HR=1.13, 95% CI: 0.85-1.51) and
quintile 5 (HR=1.13, 95% CI: 0.79-1.60) were elevated, although the wide confidence
intervals are reflective of the small number of women included in this analysis (n=11,573;
Table 4).

Environ Int. Author manuscript; available in PMC 2023 November 01.
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Estimates were similar for sleeping with a light or TV on in the room when stratified by
menopausal status (pre: HR=1.09, 95% CI: 0.81-1.48; post: HR=1.05, 95% CI: 0.91-1.21),
as were estimates for an IQR increase in outdoor LAN (pre: HR=0.91, 95% CI: 0.76,

1.10; post: HR=0.93, 95% CI: 0.85-1.01; Supplemental table 1). Associations also did not
meaningfully differ by ER and PR status for indoor (e.g., sleeping with a light/TV on — ER+:
HR=1.06, 95% CI: 0.91-1.22; ER-: HR=1.01, 95% CI: 1.01, 95% CI: 0.73-1.41) or outdoor
LAN (Quintile 5 vs. 1 — ER+: HR=0.89, 95% ClI: 0.72-1.09; ER-: HR=0.96, 95% ClI:
0.59-1.57; Supplemental table 2). Although the outdoor LAN HRs differed somewhat for PR
status (Quintile 5 vs. 1 — PR+: 0.84, 95% ClI: 0.67-1.06; PR-: HR=1.03, 95% ClI: 0.71-1.50),
the confidence intervals are imprecise and have considerable overlap. Estimates for outdoor
LAN in relation to DCIS were elevated (Quintile 4 vs. 1: HR=1.17, 95% CI: 0.85-1.60)
compared to invasive breast cancer (Quintile 4 vs. 1: HR=0.97, 95% CI: 0.82-1.12), although
we had reduced power to detect an association due to the small number of DCIS cases
(n=793; Supplemental table 3). Non-Hispanic Black women had an elevated risk of breast
cancer for indoor LAN (light from outside the room: HR=1.32, 95% ClI: 0.91-1.91; light/TV
in the room: HR=1.28, 95% CI: 0.91-1.80) compared to non-Hispanic white women (light
from outside the room: HR=1.03, 95% CI: 0.93-1.14; light/TV in the room: HR=1.09,

95% CI: 0.94-1.25), although these analyses were also limited by the limited number of
non-Hispanic Black cases (n=293; Supplemental table 4).

Associations for all measures of LAN were generally consistent among long-term residents
(women who reported living at their enrollment address for at least 10 years or at

least 20 years prior to enrollment), non-movers (women who did not move outside their
enrollment residence census tract prior to March 15, 2018) and the 2-year lagged analysis
(Supplemental table 5).

4. Discussion

In this large, prospective U.S.-based cohort study, we observed little evidence that either
indoor or outdoor LAN was related to breast cancer risk. After adjustment for factors
correlated with urbanicity (NO», noise, PM, 5, and green space), no association was
observed between outdoor LAN and the risk of breast cancer. When separately adding these
four covariates to the model, NO5, followed by noise, led to the largest attenuation of the
association between higher outdoor LAN and breast cancer risk, compared to the lowest
quintile of outdoor LAN.

As described by Stevens and Davis (1996), there is biologic plausibility for an association
between exposure to LAN and the risk of breast cancer, referred to as “the melatonin
hypothesis.”38 The light-dark cycle is the primary regulator of human circadian rhythms.2
Melatonin is a neurotransmitter that typically peaks between midnight and 4:00 a.m. and

is both a product of and signal for circadian rhythms.? Relevant for breast carcinogenesis,
the functions of melatonin include the suppression of estrogen, as well as antioxidant,
apoptotic, and anti-proliferative effects in cancer cells.3? Exposure to light, when detected by
specialized cells in the eyes, has been demonstrated to suppress melatonin secretion.* Thus,
a decrease in melatonin is hypothesized to lead to an increase in estrogen and a concomitant
increase in breast cancer risk.38

Environ Int. Author manuscript; available in PMC 2023 November 01.
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Our finding of no association between outdoor LAN, either categorically or continuously,
and breast cancer risk in our full study population does not provide evidence in favor of

“the melatonin hypothesis” and is not consistent with the results of other large, U.S.-based
cohort studies that have evaluated this association, despite the use of the same outdoor

LAN assessment method. In the Nurses’ Health Study 11, women exposed to the highest
quintile of outdoor LAN had 1.14 times the risk of breast cancer of women exposed to the
lowest quintile (95% CI: 1.01-1.29), and a small positive association was also observed for
continuous outdoor LAN (HR=1.05, 95% CI: 1.00-1.11).12 Similar estimates were observed
in the California Teachers Study (Quintile 5 vs. 1: HR=1.12, 95% CI: 1.00-1.26),11 the NIH-
AARP Diet and Health Study (Quintile 5 vs. 1: HR=1.10, 95% CI: 1.02-1.18),13 and the
Southern Communities Cohort (Quintile 5 vs. 1: HR=1.27, 95% CI: 1.00-1.60).14 However,
none of these studies adjusted for NO, or noise, which attenuated the weak associations

we observed for outdoor LAN in our first model that did not adjust for these correlated
exposures. It is possible that confounding by NO, exposure, which has been associated

with breast cancer risk in a recent meta-analysis,*! and in this cohort specifically,*2 was
responsible for the non-null associations observed between outdoor LAN and breast cancer
in previous cohort studies. Noise, which further reduced our observed estimates when added
to the model with NO,, has also been associated with breast cancer risk in a few studies, 4344
although none of these studies adjusted for NO, exposure. NO, and noise, both frequently
resulting from road traffic,4>46 were highly correlated at participant residence locations.

Our results for outdoor LAN are, however, consistent with those of three case-control
studies. No associations between outdoor LAN and breast cancer were observed among
Danish nurses (Tertile 3 vs. 1: OR=0.97, 95% CI: 0.77-1.23)* or Canadian women (Tertile
3vs. 1: OR=0.83, 95% ClI: 0.63-1.09).48 The MCC-Spain Study used images of Madrid and
Barcelona taken from the International Space Station (ISS) in 2012 and 2013, respectively,
to capture outdoor LAN; it was also the only analysis to adjust for indoor LAN in their
outdoor LAN model.1” No association was observed for overall visual light (Tertile 3 vs.

1: OR=0.81, 95% CI: 0.54-1.20), although the odds of breast cancer were elevated among
women who were exposed to the highest tertile of blue light (OR=1.47, 95% Cl: 1.00-2.17).

An important limitation of all but one of the prior studies is the lack of information
regarding the indoor environment. High exposure to outdoor LAN is irrelevant if black out
shades or sleep masks are used to block outdoor light from entering the bedroom during the
sleeping period. When we limited our analysis to women who reported having light enter the
bedroom from the outside, we did note elevated effect estimates in our sensitivity analysis,
although our analysis was underpowered. Future analyses with larger sample sizes assessing
outdoor LAN in context of the indoor environment are needed to confirm our suggested
associations.

We observed a small, but elevated, association for sleeping with a light or TV on and

the risk of breast cancer, which is consistent with the previous literature. The California
Teachers Study, which compared “heavy users” of indoor LAN (defined as =10 months
of use, =5 days per week for =7 hours per night) to “non-users” users, found an elevated
estimate (HR=1.13, 95% CI: 0.84-1.52).11 A similar-magnitude association was observed
in a case-control study in Seattle (continuous across 6 reported levels: OR=1.1, 95% CI:
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0.9-1.2).16 In an Israeli case-control study, women reporting the highest level of bedroom
light had an OR of 1.22 (95% CI: 1.12-1.31) after adjustment for sleeping with the shutters
open or with a television on.1? Other studies that did not observe elevated risks for indoor
LAN and breast cancer include the MCC-Spain Study (“quite illuminated” compared to
“total darkness”: OR=0.77, 95% CI: 0.39-1.51)17 and the UK Generations Study (“light
enough to see across the room, but not to read” or “light enough to read” compared to “too
dark to see your hand, or you wear a mask”: HR=1.01, 95% CI: 0.88-1.15).18 Despite having
an additional 1,000 cases, our estimates for indoor LAN (HR=1.09, 95% CI: 0.97-1.23)
were only marginally more precise than the previous analysis in the Sister Study (HR=1.09,
95% CI: 0.93-1.26).22 To date, no study has assessed objectively measured indoor LAN and
breast cancer risk, which could further illuminate whether an association truly does or does
not exist between indoor LAN and breast cancer.

The Sister Study is a large, prospective cohort with over 10 years of follow-up and over
3,700 breast cancer diagnoses. Participants included in this analysis lived in all 48 states

of the contiguous U.S. at enrollment and represented a range of ages and occupations.
Extensive questionnaire data was available, and we were able to link multiple environmental
exposures to participants through the use of geocoded enroliment addresses. However,
indoor and outdoor LAN exposures were only available for the enrollment time period.
Women who moved during follow-up may have altered their indoor LAN habits or moved
to an area with significantly more or less outdoor LAN. However, when restricting to
women who had lived at their enrollment residence for at least 10 or 20 years, we did

not see a difference in our estimated associations for indoor or outdoor LAN, nor did we
see differences in the relative values of outdoor LAN over the available years of data.
However, it is possible that we did not capture the etiologically relevant time window in our
analysis®9-51 or did not have sufficient follow-up time.

Since the enrollment period of our study population (2003-2009), two other methods of
evaluating outdoor LAN exposure have become available. ISS images provide high spatial
resolution with the added benefit of allowing for an assessment of blue light exposure.
However, these types of images are only available for a select number of cities in the U.S.
and were taken after the enrollment period of our study (e.g., Houston in 2014, Phoenix in
2013; https://eol.jsc.nasa.gov/). Visible Infrared Imaging Radiometer Suite Day-Night Band
(DNB) is another satellite-derived method of ascertaining outdoor LAN exposure that has a
higher resolution (15 arc-second grid vs. 30 arc-second grid) and a greater ability to detect
lower levels of light (0.02 nW/cm?2/sr vs. 0.5 nW/cm?/sr) compared to the DMSP method>2
that we used for our analysis. We did not use DNB because the first year of availability
(2012) is three years after the end of our enrollment period, which would have restricted our
analytic sample to women who were still living at their enroliment residence in 2012 and
limited the amount of follow-up time and case accrual. The previously-mentioned Canadian
case-control study assessed outdoor LAN using both DNB and DMSP, and did not observe
an association with either method (DNB, Tertile 3 vs. 1: OR=0.95, 95% CI: 0.70-1.27),48
suggesting that the resolution difference between DMSP and DNB is unlikely to explain our
null finding. It is likely that our use of DMSP data for determining outdoor LAN exposure
resulted in some amount of exposure misclassification. However, several large cohort studies
have previously found positive associations between DMSP outdoor LAN and breast cancer,
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as noted above, but used a different set of adjustment variables, further suggesting that
confounding by other environmental exposures, rather than exposure measurement error,
more plausibly explains our negligible findings. Future studies could consider whether more
spatially-refined measures of outdoor LAN are associated with breast cancer risk, after
accounting for correlated environmental exposures.

Indoor LAN data was self-reported by study participants at enrollment. Participants were
asked about light sources but not asked about the types of bulbs used, the brightness

level of indoor LAN sources, or the use of electronic devices before falling asleep. This
lack of specificity could have resulted in misclassification of indoor LAN. Additionally,
light emitting diodes, or LEDs, have grown in popularity since our study enrollment

period, and this type of lighting emits predominantly blue wavelength light.>3 Blue light
more strongly impacts circadian functioning and, consequently, melatonin concentrations in
humans compared to longer-wavelength light (e.g., red).3 Our indoor LAN assessment may
therefore be an underestimate of true exposure and may not be generalizable to present day
indoor LAN exposures.

While we attempted to account for residual confounding by additionally adjusting for NO,,
PM, 5, green space, and noise, it is possible that our residual confounding model resulted
in bias amplification. Bias amplification can occur when covariates that are correlated with
the exposure because of an upstream, unmeasured variable (e.g., living in an urban/more
developed area beyond a simple measurement of population density) are also associated
with the outcome along with other confounders of the exposure-outcome relationship

(e.g., socioeconomic status) and are included in the model.>* The challenge becomes
determining which is worse: the amplification of bias from including correlated variables in
the model (represented by Model 2) or not adjusting for all possible sources of confounding
(represented by Model 1). This trade-off is difficult to quantify although unlikely to be
meaningful for our analysis, given the small difference between our two model effect
estimates for outdoor LAN. Of note, we did not find collinearity to be impacting our model
2, when including the additional environmental exposures. Supplemental figure 1 depicts
the relationship between these variables in a simplified directed acyclic graph. While our
analysis attempted to isolate the impact of LAN on breast cancer risk, future studies could
consider using a mixtures methods approach (e.g., quantile g-computation®®) to address the
impact of LAN in conjunction with other exposures.

5. Conclusion

In this large, prospective U.S. cohort, outdoor LAN does not appear related to breast

cancer risk after adjustment for correlated environmental exposures. To our knowledge, this
analysis is the first study of outdoor LAN and breast cancer to investigate a range of ambient
environmental exposures as potential confounders. In our population, NO, and noise

were highly correlated with outdoor LAN and appeared to confound a modest suggestive
association between outdoor LAN and breast cancer risk, although it is possible that
adjusting for correlated variables led to bias amplification. These findings underscore the
importance of carefully considering how multiple, correlated environmental exposures may
impact observed associations. We did observe slightly elevated, but imprecise, estimates
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for high outdoor LAN among women reporting light from the outside entering the sleep
environment and for the highest category of indoor LAN. If LAN, which serves many
important functions in society, does impact the risk of breast cancer, the increase in risk is
likely to be very small.
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Refer to Web version on PubMed Central for supplementary material.
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DMSP Light at Night
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Figure 1.
Outdoor light at night for 2006, as captured by the U.S. Defense Meteorological Satellite

Program. Blue dots represent Sister Study participants’ primary enrollment residences.
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Association between outdoor and indoor LAN and breast cancer among Sister Study participants (N=47,145)

Table 2.

Total # # Person- Age—adjusted1 Model 12 Model 23
(%) cases  years HR (95% CI) HR (95% ClI) HR (95% CI)
Outdoor LAN
Q1<2755 9429 (20) 703 102402 1.0 (ref) 1.0 (ref) 1.0 (ref)
Q2<90.85 9429(20) 736 102525 1.06 (0.95-1.17) 1.03(0.93-1.15) 0.9 (0.88-1.11)
Q3<176.20  9429(20) 752 102874 1.08(0.97-1.20) 1.05(0.94-1.17) 0.97 (0.85-1.10)
Q4<27850 9429(20) 796 103643 1.13(1.02-1.25) 1.10(0.99-1.22) 0.99 (0.86-1.14)
Q5<277652 9429 (20) 747 103328 1.07(0.96-1.18) 1.04(0.93-1.16) 0.89 (0.74-1.06)
IQR increase” 47145 (100) 3734 514771 1.02(0.98-1.06)  1.01(0.96-1.06) ~ 0.94 (0.87-1.01)
Indoor LAN
No light/sleep mask 8529 (18) 679 92445 1.0 (ref) 1.0 (ref) -
Small nightlight ~ 18527 (39) 1429 204591  0.96 (0.87-1.05)  0.96 (0.87-1.05) -
Light from outside room 14452 (31) 1179 158907 1.02 (0.92-1.12) 1.02 (0.93-1.13)
LighttTVinroom 5637 (12) 447 58828  1.07(0.95-1.21) 1.09 (0.97-1.23)

1duosnuen Joyiny

Note: LAN, light at night; HR, hazard ratio; CI, confidence interval; IQR, interquartile range; ADI, Area Deprivation Index; PM2 5, fine particulate
matter with diameter <2.5 um; NO2, nitrogen dioxide

'ZAge used as the timescale
Additionally adjusted for race/ethnicity, educational attainment, household income, ADI, latitude, and population density

3Additiona||y adjusted for PM2 5, NO2, green space, and noise

1duosnuey Joyiny

1duosnuen Joyiny

4IQR increase = 207.88 nW/cmZ/sr
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Table 3.

Association between outdoor LAN and breast cancer risk in the Sister Study comparing models with each of
the environmental covariates from Model 2 separately added to Model 1

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Model 11
HR (95% CI)

Model 1:L
+NO,
HR (95% CI)

Model 1l
+noise
HR (95% ClI)

Model :L1
+green space
HR (95% CI)

Model 11
+PMy 5
HR (95% CI)

Outdoor LAN
Q1 <27.55 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)
Q2<90.85 1.03(0.93-1.15) 1.01(0.91-1.12) 1.01(0.90-1.13) 1.02(0.92-1.14) 1.03(0.92-1.14)

Q3 <176.20
Q4 <278.50
Q5 <2776.52

IQR increase2

1.05 (0.94-1.17)
1.10 (0.99-1.22)
1.04 (0.93-1.16)
1.01 (0.96-1.06)

1.00 (0.89-1.12)
1.02 (0.91-1.16)
0.93 (0.80-1.08)
1.01 (0.96-1.06)

1.00 (0.89-1.14)
1.04 (0.91-1.19)
0.97 (0.83-1.13)
0.98 (0.92-1.04)

1.03 (0.93-1.15)
1.08 (0.97-1.20)
1.00 (0.89-1.13)
1.00 (0.95-1.05)

1.04 (0.93-1.16)
1.08 (0.97-1.21)
1.02 (0.91-1.15)
1.00 (0.95-1.05)

Note: LAN, light at night; HR, hazard ratio; CI, confidence interval; IQR, interquartile range; ADI, Area Deprivation Index; PM2 5, fine particulate

matter with diameter <2.5 um; NO2, nitrogen dioxide

Adjusted for race/ethnicity, educational attainment, household income, ADI, latitude, and population density

ZIQR increase = 207.88 nW/cm2/sr
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Table 4.

Association between outdoor LAN and breast cancer among women in the Sister Study who reported light
entering the bedroom from outside the residence (N=11,573)

Total # (%) # Person-

. 1
cases  years Adjusted HR

(95% ClI)
Outdoor LAN

Q1<2755 1846(16) 138 19995 1.0 (ref)

Q2 <90.85 2133 (18) 183 23281  1.14 (0.90-1.45)
Q3<176.20 2341(20) 171 25767  0.96 (0.74-1.26)
Q4<27850 2463 (21) 208 27098  1.13(0.85-1.51)

Q5 <2776.52 2790 (24) 228 30634  1.13(0.79-1.60)
IQR increa562 11573 (100) 928 126775  1.04 (0.91-1.19)

Note: LAN, light at night; HR, hazard ratio; CI, confidence interval; IQR, interquartile range; ADI, Area Deprivation Index; PM2 5, fine particulate
matter with diameter <2.5 um; NO2, nitrogen dioxide

Adjusted for race/ethnicity, educational attainment, household income, ADI, latitude, population density, PM2 5, NO2, green space, and noise

ZIQR increase = 207.88 nW/cmZ/sr

1duosnuey Joyiny 1duosnuen Joyiny
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