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Abstract

particularly in premenopausal women.

Breast cancer is the most common malignancy in women and the second leading cause of cancer death overall.
Besides genetic, reproductive, and hormonal factors involved in disease onset and progression, greater attention

has focused recently on the etiologic role of environmental factors, including exposure to artificial lighting such as
light-at-night (LAN). We investigated the extent to which LAN, including outdoor and indoor exposure, affects breast
cancer risk. We performed a systematic review of epidemiological evidence on the association between LAN expo-
sure and breast cancer risk, using a dose—response meta-analysis to examine the shape of the relation. We retrieved
17 eligible studies through September 13, 2021, including ten cohort and seven case—control studies. In the analysis
comparing highest versus lowest LAN exposure, we found a positive association between exposure and disease risk
(risk ratio [RR] 1.11, 95% confidence interval-Cl 1.07-1.15), with comparable associations in case—control studies (RR
1.14,95% C1 0.98-1.34) and cohort studies (RR 1.10, 95% Cl 1.06-1.15). In stratified analyses, risk was similar for outdoor
and indoor LAN exposure, while slightly stronger risks were observed for premenopausal women (premenopausal: RR
1.16,95% Cl 1.04-1.28; postmenopausal: 1.07,95% Cl 1.02-1.13) and for women with estrogen receptor (ER) positive
breast cancer (ER+:RR 1.09, 95% Cl 1.02-1.17; ER—: RR 1.07, 95% Cl 0.92-1.23). The dose—response meta-analysis, per-
formed only in studies investigating outdoor LAN using comparable exposure assessment, showed a linear relation
up to 40 nW/cm?/sr after which the curve flattened, especially among premenopausal women. This first assessment
of the dose-response relation between LAN and breast cancer supports a positive association in selected subgroups,
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Introduction

Breast cancer is the most common cancer in women in
both developed and undeveloped countries [1]. In Italy,
there were an estimated 55,000 new cases in 2020 [2],
and while incidence is increasing, mortality rates have
significantly decreased across the years. Several factors
appear to be involved in both etiology and prognosis of
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this malignancy, including selected genes, ageing, family
history, reproductive factors, long-term use of postmen-
opausal female hormones, lifestyle [3, 4], and environ-
mental factors such as exposure to chemical endocrine
disruptors [5-9].

In 2007, the International Agency for Research on Can-
cer (IARC) defined night-shift work as ‘probably carci-
nogenic to humans’ i.e. belonging to category 2A [10],
due to a possible link with breast cancer [11, 12] and
with prostate and colorectal cancer [13]. The definition
of night-shift work, also identified as graveyard shift,
refers to a work schedule involving the sleeping hours of
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the general population. Among the exposure linked to
graveyard shift work there is light-at-night (LAN), which
induces disruption of the circadian rhythm and oxidative
stress [14]. In particular, LAN could be involved in breast
cancer etiology through different mechanistic path-
ways including DNA damage, impairment of melatonin
and estrogen secretion, inflammation, and disruption
of metabolic function [15]. Exposure to LAN can cause
circadian and sleep disruptions, which may adversely
affect different inflammatory and immunological path-
ways, thereby decreasing production of circulating natu-
ral killer cells or enhancing pro-inflammatory effects [16,
17]. Since sleep has antioxidant effects, its disruption
may also cause increased production of reactive oxygen
species [18, 19]. When evaluating exposure to LAN, both
outdoor (e.g., streetlamps, illuminated buildings, lights
from vehicles) and indoor artificial sources (e.g., domes-
tic lights, electric devices-derived illumination) are rel-
evant in increasing circadian disruption and therefore
the risk of developing cancer. Outdoor LAN is gener-
ally assessed using satellite-derived data, while indoor is
often evaluated through surveys on night habits and bed-
room light characteristics [20].

Two recent meta-analyses summarized data on the
association between LAN and breast cancer risk, investi-
gating the effects of the highest vs. the lowest LAN expo-
sure categories [21, 22]. Since the publication of these
meta-analyses, three large studies of the LAN-breast can-
cer association have been published [23-25]. In the pre-
sent report, we update the meta-analysis with these new
studies, perform subgroup analyses by breast cancer sub-
type and other factors, and more comprehensively assess
the epidemiological evidence about LAN and breast
cancer risk. In addition, we apply dose-response meta-
analyses to assess, for the first time, the shape of the asso-
ciation between LAN and breast cancer.

Methods

We followed the Preferred Reporting Items for System-
atic Reviews and Meta-Analysis (PRISMA) 2020 state-
ment [26] to perform this review.

Study identification and selection

The research question was configured according to
PECOS statement (Population, Exposure, Comparator(s),
Outcomes, and Study design): “Is exposure to light-at-
night, as assessed through indoor and outdoor expo-
sure to lighting sources, positively associated with risk
of breast cancer in non-experimental studies?” and “Is
there a dose-response association between LAN and
breast cancer incidence?” [27]. Accordingly, we carried
out a systematic literature search for publications avail-
able as of September 13, 2021 in the PubMed/MEDLINE,

Page 2 of 26

Embase and Web of Science (WoS) databases. We used
search terms linked to “breast cancer” and “lighting” in
PubMed, WoS, and Embase databases with no language
restrictions (Additional file 1: Table S1). We also per-
formed citation chasing by scanning the reference list of
included studies and of previous reviews, as well as back-
ward/forward citation retrieval to identify additional rel-
evant papers [28]. Inclusion criteria were as follows: titles
including LAN and breast cancer; mentioning case—con-
trol/case-cohort/cohort studies; monitoring LAN from
space according to the US Defense Meteorological Sat-
ellite Program (DMSP) Operational Linescan System
or from the Visible Infrared Imaging Radiometer Suite
Day-Night Band (DNB); evaluating indoor LAN based on
self-reported questionnaires and mentioning LAN levels
as low, medium or high, and darkness and nightlight lev-
els, and habits of sleeping with lights on; reporting of risk
estimates for breast cancer, along with their 95% confi-
dence intervals, or availability of enough data to calculate
them.

Two authors reviewed all titles and abstracts indepen-
dently, and any conflicts were resolved with the help of
third author. For each included study, we extracted infor-
mation about design, population size and characteristics,
country, study period and years of follow-up, risk esti-
mates (either odds ratio, risk ratio, or hazard ratio) along
with their 95% confidence interval (CI) of breast cancer,
adjustment factors, type of exposure assessment, and
dose of exposure.

Quality assessment

We assessed the quality in the included studies by using
the Risk Of Bias In Non-randomized Studies of Expo-
sures (ROBINS-E) tool [29]. We classified studies as hav-
ing low, moderate, or high risk of bias according to seven
domains: bias due to confounding; bias in selecting par-
ticipants in the study; bias in exposure classification; bias
due to departures from intended exposures; bias due to
missing data; bias in outcome measurement; and bias
in the selection of reported results. In Additional file 1:
Table S2, we report criteria for risk of bias evaluation,
performed by two authors. In case of disagreement, a
third author helped in the final decision. A study’s overall
risk of bias was considered high or moderate if at least
one domain was judged at high or moderate risk, other-
wise it was classified as having a low risk of bias.

Statistical analysis

We performed a meta-analysis comparing breast can-
cer incidence in the highest versus lowest levels of LAN
exposure using a restricted maximum likelihood ran-
dom effect model, which bases estimates on a likelihood
function calculated from a transformed set of data [30].
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Additionally, whenever possible, we carried out a dose—
response meta-analysis of breast cancer risk according
to increasing LAN exposure through a random-effects
model, using a one-stage approach as previously imple-
mented in other fields [31-33]. Specifically, for each LAN
category, we used the mean or the median value, or the
midpoint for the intermediate categories, whichever was
available. For the highest and lowest exposure categories,
if the average values were not reported and were ‘open,
we used as boundary a value 20% higher or lower than
the closest cut-point. We used a restricted cubic spline
model with three knots at fixed percentiles (10th, 50th,
and 90th) and we considered the correlation within each
set of published effect estimates using generalized least-
squares regression through a multivariate random-effect
meta-analysis, incorporating the restricted maximum
likelihood method [30, 34].

Besides the overall group, we also performed strati-
fied analyses according to menopausal status (pre and
postmenopausal), body mass index-BMI (<25 and > 25),
estrogen receptor-ER status (ER +and ER-) of cases, and
type of LAN exposure (outdoor and indoor). Further-
more, we explored the role of possible effect modifiers,
by dividing the studies according to the country-specific
estimated annual sunshine hours [35] into the three
subgroups (<2000, 2000—-3000, and >3000 annual mean
sunshine hours), and country solar ultraviolet B (UV-B)
radiation [36].

We assessed the potential for small-study bias using
funnel plots for studies reporting highest versus lowest
exposure, and by performing Egger’s test [37, 38] and
trim-and-fill analysis [39]. We also evaluated the effect
of variation across studies through the graphical over-
lay of study-specific predicted curves by using fixed and
random effects [34]. Finally, we assessed heterogeneity
by reporting I? statistics, and by carrying out stratified
analyses whenever possible such as for LAN exposure
assessment method, menopausal status, participants’
weight (normal vs overweight/obese), and ER status. We
used Stata software (v 16.1, 2021—Stata Corp., College
Station, TX), namely its ‘meta’ and ‘drmeta’ routines, for
data analysis.

Results

Overall, of the 494 individual studies identified after
removal of duplicates, we excluded 465 studies due to
title and abstract screening, and 13 additional studies
after full-text evaluation, leaving 17 studies eventually
fulfilling inclusion criteria (Fig. 1). Main reasons of exclu-
sion were the following: insufficient data, commentaries,
reviews or meta-analyses, editorials, ecological studies,
or lack of LAN exposure assessment (reasons reported in
detail in Additional file 1: Table S3).

Page 3 of 26

Table 1 presents characteristics of the 17 included stud-
ies, three with case-cohort design [40—42], six cohort
[23-25, 43-45], and eight case—control [46-53]. The
studies were published during 2001-2021, mainly in
North America (N=10), followed by Europe (N=3),
Israel (N=2), Australia (N=1), and China (N=1). Fol-
low-up duration was reported in only two studies (16
and 6.1 years) [23, 42]. LAN was assessed according to
two main methods: from outdoor (N =7) [23, 24, 40, 41,
43, 44, 52] and indoor (N=11) sources [41-43, 45-51,
53]. In all cohort and case-cohort studies assessing out-
door LAN, the unit of measurement for LAN was nano-
Watt/square centimeters/steradian (nW/cm?/sr) [23, 24,
40, 43, 44, 52]. The only exception was a Spanish study
that assessed outdoor LAN using an index of outdoor
blue light spectrum to calculate melatonin suppression
index (MSI). MSI was estimated at each pixel of images
of Madrid and Barcelona detected from the International
Space Station (ISS) [41]. Indoor LAN data were evaluated
based on self-reported questionnaires, for example, refer-
ring to use of lamps during the night or other sources of
artificial light in the bedroom while sleeping. Additional
characteristics of studies included in the systematic
review are shown in the Additional file 1: Table S4.

Risk of bias assessment (Additional file 1: Table S5)
showed that most studie s were at low risk of bias due to
confounding, while four w ere at moderate risk of bias
because they did not control for some breast cancer risk
factors, typically family history of breast cancer, post-
menopausal hormone use, or sm oking [24, 40, 47, 48].
Concerning exposure assessment, studies assessing out-
door LAN exposure were at low risk of bias [23-25, 40,
44, 52], while those assessing both outdoor and indoor
LAN or only indoor LAN were generally at moderate
risk due to possible misclassification bias [41-43, 45-47,
49-51, 53]. One study was considered at high risk of
bias because exposure assessment was based on a non-
validated self-administered questionnaire [48]. All other
domains were considered at low risk of bias in all stud-
ies, although four studies were judged at moderate risk
of bias because some information (i.e., smoking or men-
opausal status) had been collected but not reported, no
differences were found, or no data were presented [44,
46, 51].

Comparing the highest versus the lowest LAN expo-
sure category, we consistently found positive asso-
ciations with breast cancer risk (summary RR=1.11,
95% CI 1.07-1.15). In subgroup analyses (Table 2), we
found positive associations for outdoor (RR=1.11,
95% CI 1.07-1.16) and indoor (RR=1.08, 95% CI
1.00-1.17) LAN exposure, as well as both for case—con-
trol (RR=1.11, 95% CI 0.97-1.28) and cohort studies
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(RR=1.11, 95% CI 1.07-1.15) as shown in Fig. 2 and
Additional file 1: Figure S1.

Eight studies assessed breast cancer risk among both
pre and postmenopausal women at the moment of
diagnosis, while one was restricted to postmenopausal
women only. The summary RR was slightly stronger
among premenopausal women (RR=1.16, 95% CI
1.04-1.28) than postmenopausal women (RR=1.07,
95% CI 1.02-1.13) (Fig. 3). A slight positive associa-
tion among premenopausal women also emerged in the
cohort/case-cohort study subgroup and for outdoor
LAN exposure. Conversely, for the case—control cat-
egory and indoor LAN exposure, the RR was slightly
higher among postmenopausal women (Table 2 and
Additional file 1: Figure S2).

In the dose—response meta-analysis, we found a posi-
tive linear relation up to 40 nW/cm?/sr of outdoor LAN
exposure, after which a plateau was reached (Fig. 4).
A substantially comparable pattern was noted for all
women and in analyses stratified according to meno-
pausal status.

Concerning possible effect-modification by ER status,
few differences emerged between women with ER +and
E R-b r east cancer , for whom the summary RRs were
1.09 (95% CI 1.02-1.17) and 1.07 (95% CI 0.92-1.23),
respectively (Table 2 and Additional file 1: Figure S3).
In addit ion, in the dose—response meta-analysis we
found that the risk was slightly higher in the ER — sub-
group compared to the ER+one. A difference also
emerged above 30 nW/cm?/sr of outdoor LAN expo-
sure, when the curve flattened in the ER+ subgroup
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Table 2 Summary risk ratios (RRs) and 95% confidence interval (Cl) for the association between breast cancer risk and light at night
exposure comparing the highest versus the lowest exposure categories for overall study population, outdoor and indoor exposure

with selected subgroups

Breast cancer All studies Outdoor Indoor
n RR (95% Cl) P®%) n RR (95% Cl) P(%) n RR (95% Cl) P (%)

All women 17 1.11(1.07-1.15) 0.0 7 1.11 (1.07-1.16) 0.0 11 1.08 (1.00-1.17) 6.5
Study design

Cohort/case-cohort studies 9 1.11(1.07-1.15) 0.0 8 1.11(1.07-1.16) 0.0 4 1.05 (0.96-1.15) 0.0
Case—control studies 1.11 (0.97-1.28) 315 1 0.95 (0.71-1.28) - 1.14 (0.98-1.34) 34.2
Menopausal status

Premenopausal 1.16 (1.04-1.28) 2.3 4 1.22(1.08-1.39) 0.0 1.04 (0.88-1.23) 0.0
Postmenopausal 1.07 (1.02-1.13) 0.0 5 1.07 (1.00-1.14) 59 1.08 (0.95-1.23) 43
BMI

<25 kg/m2 1.17 (1.00-1.36) 389 2 1.17 (1.00-1.36) 39.0 - - -
> 25 kg/m2 1.07 (0.87-1.32) 538 2 1.07 (0.87-1.32) 538 - - -
Estrogen receptor status

ER+ 7 1.09 (1.02-1.17) 0.0 1.12(0.95-1.32) 44.8 3 1.06 (0.95-1.18) 0.0
ER - 7 1.07 (0.92-1.23) 0.0 1.12(0.92-1.35) 0.0 3 1.01 (0.81-1.25) 0.0
LAN/sunshine hours

<2000 h 3 0.99 (0.89-1.11) 0.0 2 0.96 (0.80-1.16) 0.0 1 1.01 (0.88-1.15) -
2000-3000 h 11 1.12(1.08-1.17) 0.0 5 1.12(1.07-1.17) 0.0 7 1.13(1.02-1.25) 0.0
>3000 h 3 130 (1.11-1.52) 154 1 147 (1.00-2.17) - 3 1.11(0.79-1.56) 66.3
Equinoctial UVB

0.0-0.58 W/m? 3 0.97 (0.87-1.08) 0.0 2 0.91(0.76-1.09) 0.0 1 1.01 (0.88-1.15) -
0.58-1.15 W/m? 1 1.27 (0.89-1.82) - 1 147 (1.00-2.17) - 1 1.01 (0.60-1.70) -
1.15-1.73 W/m? 13 1.15(1.10-1.19) 56 5 1.12(1.07-1.17) 0.0 9 120 (1.12-1.27) 0.0

BMI body mass index, Cl confidence interval, ER estrogen receptor, h. hours, I (%) heterogeneity, LAN | ight at night, n number of studies, RR risk ratio, UVB ultraviolet B

while continued to increase in the ER — one (Additional
file 1: Figure S4).

With regards to BMI status, the two studies of breast
cancer risk among women with BMI<25 or BMI> 25
yielded similar positive summary RRs in both catego-
ries, though RRs were stronger in the normal-weight
(BMI<25) group (RR=1.17, 95% CI 1.00-1.36 and
RR=1.07, 95% CI 0.87-1.32, respectively (Table 2 and
Additional file 1: Figure S5). A monotonic positive asso-
ciation emerged in the dose—response meta-analysis for
the two BMI subgroups, despite the very low number of
studies (Additional file 1: Figure S6).

We also performed stratified analyses according to the
annual sunshine hours’ map of the world (Table 2 and
Additional file 1: Figure S7), dividing the 17 studies by
country latitude. We divided the countries in three dif-
ferent groups of annual sunshine hours (<2000 h: Can-
ada, UK, Denmark; 2000—-3000 h: US, Western Australia,
China; > 3000 h: Spain, Israel). Countries with annual sun-
shine hours <2000 exhibited null association (RR=0.97,
95% CI 0.87-1.08). Conversely, we found a stronger asso-
ciation between LAN in the subgroup of countries with
2000 to 3000 annual sunshine hours (RR=1.12, 95% CI

1.08-1.17) as well as in countries with more than 3000
annual sunshine hours, i.e., Spain and Israel (RR=1.30,
95% CI 1.11-1.52) (Additional file 1: Figure S8). These
findings were also observed in analyses stratified by
postmenopausal status (Additional file 1: Figure S9) and
indoor/outdoor exposure, although for indoor exposure,
the risk ratio was slightly higher in countries with 2000 to
3000 annual sunshine hours than those with more than
3000 (Table 2 and Additional file 1: Figure S10). Finally,
when we accounted for estimated equinoctial UV-B irra-
diance map (Additional file 1: Figure S11) we found a null
association between LAN and breast cancer risk in stud-
ies from countries with less UV-B irradiance (RR=0.97,
95% CI 0.87-1.08), while an inverse association was
observed in the outdoor exposure subgroup (RR=0.91,
95% CI 0.76—1.09). Conversely, there was a positive asso-
ciation in studies from countries with higher (>0.58 W/
m?) UV-B irradiance levels (Additional file 1: Figure S12),
as also confirmed when considering either outdoor or
indoor exposure (Table 2).

Exclusion of the one study [48] considered at high
risk of bias did not substantially alter the results (Addi-
tional file 1: Table S6). Findings were also similar when
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exp(RR) Weight

Study with 95% Cl (%)

Outdoor

Garcia-Saenz 2018 e 1.47[1.00, 2.17] 0.87

Hurley 2014 — 1.12[1.00, 1.26] 9.81

James 2017 — 1.14[1.01, 1.29] 8.75

Xiao 2020 E 3 1.10[1.02, 1.18] 24.67

Ritonja 2020 —_—— 0.95[0.71, 1.28] 1.48

Bauer 2013 B 1.12[1.04, 1.20] 25.57

Clarke 2021 —— 0.97[0.77, 1.23] 2.39

Xiao 2021 - 1.27[1.00, 1.61] 2.37

Heterogeneity: T~ = 0.00, I* = 0.00%, H’ = 1.00 1.11[1.07, 1.16]

Indoor

Garcia-Saenz 2018 1.01[0.60, 1.70] 0.49

Hurley 2014 — 1.13[0.84, 1.52] 1.49

Davis 2001 —_— 1.00[0.71, 1.41] 1.09

O' Leary 2006 O e 1.12[0.80, 1.57] 1.15

Fritschi 2013 T 1.25[0.98, 1.59] 2.24

Keshet-Sitton 2016 —_— 1.52[1.09, 2.11] 1.22

Johns 2018 —— 1.01[0.88, 1.15] 7.31

White 2017 —u— 1.09[0.94, 1.27] 5.68

Kloog 2011 —— 0.91[0.73, 1.14] 2.54

Yang 2019 —_—t 1.19[0.75, 1.89] 0.61

Li 2010 1.40[0.71, 2.75] 0.29

Heterogeneity: T° = 0.00, I* = 6.51%, H’ = 1.07 1.08 [ 1.00, 1.17]

T
1 2
Random-effects REML model

Fig. 2 Risk ratio (RR) with 95% confidence interval (Cl) for the association between light at night exposure and r isk o f breast cancer (N=17
studies) com paring the highest versus the lowest exposure category in studies assessing outdoor and indoor exposure. The squares represent
point estimates of RR and horizontal lines represent their 95% confidence intervals (Cls). The area of each square is proportional to the inverse of
the variance of the estimated log RR. The diamonds represent the combined RR for each subgroup and the overall RR for all studies. The solid line
represents RR=1

we additionally excluded the two studies considered
at moderate risk of bias in selection of reported results
[46, 51] (Additional file 1: Table S7). To further limit the
effect of potential biases, we then performed the analy-
ses excluding three additional studies [24 40, 47] consid-
ered at moderate risk of bias due to confounding. Still,
there were little changes in the results, and the estimates
were substantially confirmed (Additional file 1: Table S8).
Similarly, analysis of conditional study-specific lines aris-
ing from the estimated random-effects model yielded
homogeneous results overall and among premenopausal
women, while among postmenopausal women, slightly
higher variation was noted (Additional file 1: Figure

S13). Finally, evaluation of small-study bias suggested no
occurrence of bias due to symmetric distribution and no
studies were added when running trim-an-fill analysis
both in overall studies (Additional file 1: Figure S14) and
in analyses stratified by menopausal status (Additional
file 1: Figure S15) and exposure assessment (Additional
file 1: Figure S16).

Discussion

Higher urbanization has prompted substantial changes
in peoples’ lifestyles as compared with our ancestors.
Nowadays, over 80% of the World’s population and
close to 100% of the people in the United States and
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exp(RR) Weight
Study with 95% ClI (%)
Premenopausal
Garcia-Saenz 2018 1.09[0.57, 2.09] 054
Hurley 2014 — 134[1.07, 1.68] 4.32
James 2017 —— 120[1.02, 1.41] 862
Ritonja 2020 _— 1.06[0.68, 1.66] 1.12
Fritschi 2013 —t— 110[0.78, 155] 1.92
Johns 2018 —a— 1.00[0.81, 1.24] 4.98
Yang 2019 S e 1.16[0.69, 1.95] 0.84
Li 2010 110[0.37, 3.30] 0.19
Heterogeneity: v = 0.00, I> = 2.29%, H> = 1.02 1.16[1.04, 1.28]
Postmenopausal
Garcia-Saenz 2018 —_— 131[0.84, 2.04] 1.16
Hurley 2014 1.04[0.90, 1.20] 10.92
James 2017 095[0.78, 1.15] 5.99
Xiao 2020 | ] 1.10[1.02, 1.18] 4254
Ritonja 2020 —_— 090[0.64, 127] 192
Fritschi 2013 A 117[0.94, 1.45] 481
Johns 2018 —— 1.00[0.85, 1.18] 8.40
Yang 2019 _— 114[0.74, 1.74] 125
Li 2010 1.40[0.71, 2.75] 050
Heterogeneity: v = 0.00, I* = 0.00%, H*> = 1.00 1.07[1.02, 1.13]

172 1 2

Random-effects REML model

line represents RR=1

Fig. 3 Risk ratio (RR) with 95% confidence interval (Cl) for the association between light at night exposure and risk of breast cancer (N=9 studies)
among premenopausal and postmenopausal women, comparing the highest versus the lowest exposure category. The area of each grey square is
proportional to the inverse of the variance of the estimated log RR. Black diamonds represent point estimates of RR and horizontal lines represent
their 95% confidence intervals (Cls). The open diamonds represent the combined RR for each subgroup and the overall RR for all studies. The solid

Europe live under skies polluted by light [54], one of the
key environmental factors characterizing the Western
world environment . Besides residence-related artificial
light (i.e., urban light pollution), other sources of non-
natural LAN are electronic devices (TVs, smartphones,
tablets, computers, etc.) or lights turned on during
night at home or at the workplace. The possible carci-
nogenic effects of LAN has been recently assessed also
by the U.S. National Toxicology Program (NTP) can-
cer hazard assessment [55]. NTP concluded that there
was moderate evidence for a causal relation between
LAN exposure and human cancer, since LAN may act
through different mechanisms of circadian disruption
and its biological effects are the same of well-known
recognized carcinogens [55].

Over the last twenty years, the association between
LAN exposure and breast cancer risk has been assessed
primarily in occupational settings, specifically among
night-shift workers [56—60]. These studies generally
found a slight to substantial excess for breast cancer in
women working graveyard shifts. Most recently, epide-
miological studies investigating LAN exposure, in most
cases independently from nightshift work, and its associ-
ation with risk of breast cancer in the general population
have greatly increased. In longitudinal studies, metrics of
outdoor LAN have been collected through sophisticated
methods such as the US DMSP Operational Line-Scan
System or the Visible Infrared Imaging Radiometer Suite
DNB, and expressed as nW/cm?/sr, except for one study
[41], which was based on a visual artificial light-at-night
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All women

1.24

- T m———

0O 20 40 60 8 100 120
Light at night (nW/cm?®/sr)
Premenopausal
1.4

1.2
RR
1.0+
0 20 40 60 80 100 120
Light at night (nW/cm?®/sr)
Postmenopausal
1.2

0O 20 40 60 8 100 120
Light at night (nW/cm?®/sr)

Fig. 4 Dose-response meta-analysis between light at night and
risk of breast cancer among all women [23-25, 40, 43, 44, 52] and
between light at night and risk of breast cancer in premenopausal
[43, 44, 52] and postmenopausal women [23, 43, 44, 52]. Spline curve
(black solid line) with 95% confidence limits (black dashed lines), and
linear trend estimation (long-dashed gray line). RR risk ratio

(ALAN) assessment to estimate ground-based spectrum
of the light emission, and melatonin suppression index
for outdoor blue light spectrum. A Canadian study used
both DNB and DMSP data. Even if DNB has a higher res-
olution and a calibrated radiometer, DMSP was used in
our analysis for comparison with other studies [52].

Most case—control studies, in turn, have assessed
LAN exposure using self-administered questionnaires
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regarding sleep and/or night habits. Exposure assessment
in these studies has included frequency of waking up and
turning on lights during night, sleeping with the TV on
or off, darkness level in the room, residency near strong
artificial LAN sources, wearing a mask while sleeping,
keeping lights on or off while sleeping.

There is some biological plausibility for a LAN breast
cancer association, given the observation that repeated
exposure to artificial light during night hours might
induce DNA damage and oxidative stress, alter melatonin
and estrogen synthesis and metabolism, inflammation
and immune function, and disrupt metabolic function
[18]. More specifically, three mechanisms have been
proposed to explain the link between LAN and some
types of cancers. LAN could inhibit melatonin secre-
tion directly [61], through sleep deprivation (also affect-
ing cell proliferation and cytokines production [62]), and
through chronodisruption [63, 64]. Along these lines,
previous studies referred more generally to night shift
work than to LAN exposure, but night shift work is a far
more complex exposure, including among other changes
in sleep habits, sleep deprivation, eating during the night
[61]. For this reason, we focused our attention more spe-
cifically on exposure to LAN as a factor associated with
higher incidence of breast cancer, rather than night shift
work, though the latter may confound to some extent the
association between LAN and breast cancer risk.

We found a consistent positive association between
LAN and breast cancer risk overall and among several
subgroups, including premenopausal women, those with
BMI<25, and those living in countries experiencing
more than 3000 sunshine hours a year. The risk of devel-
oping breast cancer was almost monotonically associ-
ated with outdoor LAN up to the value of 40 nW/cm?/
st, above which the threshold of the curve flattened. The
association was stronger among premenopausal women,
suggesting that younger women or women with higher
endogenous levels of estrogens may have greater sus-
ceptibility to the effects of LAN. Effect measure modi-
fication by menopausal status could be due to different
underlying biological mechanisms. Previous studies have
reported that the suppressive effect of LAN on mela-
tonin secretion may be stronger among younger people,
tending to decrease with age [62, 65]. In addition, LAN
may impact on the length of the menstrual cycle through
endocrine-disrupting properties, thus leading to higher
breast cancer risk in the premenopausal period [66].

With regard to confounding factors, solar UV-B radia-
tion is thought to be protective for breast cancer devel-
opment. The inverse association between cancer risk and
UV-B radiation was hypothesized for the first time by the
Garland brothers in 1980 [67] who theorized sunlight-
induced increases in vitamin D; may confer protection.
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The final product of the vitamin D; metabolism is the
calcitriol, which has many anti-carcinogenic properties
including inhibiting cellular proliferation [68]. Across the
years, many studies have investigated the potential pro-
tective role of the UV-B radiation against different types
of cancer [69-72]. A remaining question is the relation-
ship between LAN and ultraviolet radiation. We found
a positive association between LAN and breast cancer
risk in countries exposed to higher levels of UV-B radia-
tion (>0.58 W/m?). Conversely, there was no association
between LAN and breast cancer risk in countries with
low UV-B irradiance (<0.58 W/m?).

We considered another confounding factor that also
correlates with UV-B radiation and could influence the
outcome risk: the influence of annual sunshine hours [73,
74]. We found an increased breast cancer risk associated
with LAN in countries where annual sunshine exposure
exceeded 3000 h. A positive association was also found
in countries where sunshine ranged 2000-3000 h/years,
while no appreciable association was observed in coun-
tries where there were fewer sunshine hours. This could
be explained by different habits of people living in differ-
ent countries, which may reflect epigenetics adaptation
[75]. As indicated by a 2014 Italian study, humans’ bio-
logical clocks may have adapted to different environmen-
tal conditions during migrations, consistent with studies
on insects [76], birds [77], and fish [78] living at different
latitudes. These studies analyzed, in particular, the evolu-
tion of circadian genes which may be related to selective
pressure exerted from latitude, temperature, ultraviolet
radiation flux [79]. Consequently, people living in coun-
tries exposed to less than 2000 annual sunshine hours are
less susceptible to higher frequency of light during night
compared to people living in countries exposed to more
annual sunshine hours. An explanation may be the pres-
ence of different alleles of their circadian genes, which
acted to adapt the organism to different living conditions
such as different latitudes. [80]. Finally, we may hypoth-
esize that if people residing in “darkest countries” have
artificial light kept on also during the daytime, they may
not be as strongly influenced by higher levels of LAN
because of different environment-adaptive alleles which
acted to adapt the organism to light regimes diverse from
the natural ones, as has been shown in animals [81]. In
the meantime, another hypothesis that may explain the
stronger association in relation to the annual sunshine
hours is represented by the cumulative effect of longer
daily sunshine hours with LAN exposure. In fact, those
living in “brightest countries” are exposed to higher levels
of light, which may lead to greater melatonin suppression
levels and chronodisruption. Hence, the combination of
daily sunshine hours and LAN may increase breast can-
cer risk.
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Our results are relatively consistent with two previous
meta-analyses [21, 22], with the exception of the sub-
group analysis according to menopausal status, where
our results were similar to those of Lai et al. [21] but
conflicted with those of Wu et al. [22]. However, to our
knowledge this meta-analysis is the first to have assessed
the dose-response between LAN and breast cancer risk,
particularly among premenopausal women. In addition,
owing to three new, recently-published studies we could
include in the present review, we could re-assess the
LAN-breast cancer relation according to ER cancer type,
also performing a dose—response meta-analysis in these
subgroups. Though our findings support a harmful effect
of LAN in both the ER+and ER—breast cancer sub-
types, at high exposure levels i.e., above 30 nW/cm?/sr
the curve flattened in women with ER + disease but still
increased in the ER — subgroup.

Our review has some strengths and limitations. Firstly,
we used a newly developed meta-analytic tool for explor-
ing the full shape of the dose-response, enabling us to
assess the shape of the relation between LAN exposure
and breast cancer risk over a wide range of exposure and
across population subgroups. Our approach also yielded
some indications of the threshold exposure levels that
can increase breast cancer risk. Moreover, we systemati-
cally used the most adjusted model from each included
study, thereby accounting for major confounders of the
association.

Nonetheless, we acknowledge that some summary
estimates are still statistically unstable due to the low
number of studies still characterizing some subgroups.
In addition, we could not rule out that unmeasured con-
founding was still likely in the investigated studies, and
therefore influenced the findings. An example of such
potential identified confounder could be the possibil-
ity that air pollution is heavier in urban areas, where the
highest levels of LAN exposure are also detectable. In
particular, LAN exposure may correlate with higher lev-
els of traffic-related pollutants, including noise, as indi-
cated by its inverse correlation with greenness and green
space diversity [82, 83]. Unfortunately, only one study
included traffic noise in the multivariable model, thus
hampering the evaluation of any independent effects of
this factor and its potential for confounding in LAN-
related studies. Additionally, other confounders may be
those related to the occupational night environment,
especially for studies assessing LAN exposure among
nightshift workers [55]. Another limitation could be the
limited capacity of outdoor LAN to adequately reflect
personal light exposure due to differences in indoor
lightning, use of electronic devices, nighttime activi-
ties, or window treatments, being these only some of the
potential other sources of exposure [83, 84]. Therefore,
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future studies should ideally use validated questionnaires
combined with satellite data to more accurately measure
individual LAN exposure. Finally, funnel plots and trim-
and-fill analysis suggest a negligible probability of small-
study effects in overall and stratified analyses.

Conclusions

Our review suggests a positive association between LAN
exposure and risk of breast cancer, particularly in some
subgroups, especially in premenopausal women, while
few differences substantially emerged according to ER
status, thus ongoing efforts to minimize LAN exposure
might contribute to decrease human burden of diseases
[85-87].
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