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Background: Exposure to outdoor artificial light at night (LAN) disrupts circadian rhythms and is suspected of increasing the risk of breast cancer. To date, this is an understudied aspect of environmental pollution. In this study, we sought to assess the specific role of exposure to outdoor artificial light at night in breast cancer, independently of air pollution-related effects.



Methods: Data from a French population-based case-control study, including 1,185 incident breast cancer cases and 1,282 controls enrolled in 2005–2007, were used. Outdoor LAN exposure data were obtained using radiance-calibrated images from the Defense Meteorological Satellite Program (DMSP) for 1995–2006 by cross-referencing the DMSP images and the geocoded locations of residences in ArcGIS. The odds ratios (ORs) and corresponding 95% confidence intervals (CIs) were obtained using logistic regression adjusting for multiple potential confounders, including air pollution.



Results: The OR for overall breast cancer unadjusted for air pollution per interquartile range increase in LAN exposure was 1.05 (95% CI: 0.92–1.20). The OR decreased to 0.98 (95% CI: 0.81–1.17) after adjustment for ambient NO2 levels. Subgroup analyses showed slightly higher ORs in postmenopausal women (OR per IQR increase: 1.07; 95% CI: 0.85–1.35) and a positive association for HER2-positive breast tumors (OR: 1.55; 95% CI: 1.03–2.31).



Conclusion: Our results do not provide evidence that outdoor LAN exposure is associated with increased risk of breast cancer. However, an association was suggested for the HER2-positive subtype of breast cancer. Further large-scale studies with more precise exposure assessment methods, including blue light and indoor exposure measurements, and considering environmental exposures correlated with LAN exposure such as air pollution, are needed.
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Background

In 2020, 2.3 million new breast cancer cases were observed, making it the most frequently diagnosed cancer and a primary cause of death in women (1). Breast cancer is associated with an extensive range of risk factors, including hereditary and genetic factors, reproductive and hormonal factors (2–5), overweight after menopause, or lifestyle-related and environmental factors (6, 7). Emerging evidence points toward a link between light pollution and breast cancer. Over the past century, extensive development and use of electric light have made exposure to artificial light at night (LAN) ubiquitous in modern societies. The Atlas of night sky brightness shows that more than 80% of the world and more than 99% of the United States and European population live under night-light-polluted skies (8, 9), with a continuous increase in light emissions worldwide at a rate of 2.2% per year (10).

Recent experimental and epidemiologic evidence supports the hypothesis that LAN exposure is a carcinogen for breast cancer. Exposure to artificial LAN decreases or delays the production and secretion of melatonin, a hormone the pineal gland produces in the dark phase of the 24-h cycle. Disruptions in circadian rhythm associated with changes in the sleep-wake and melatonin cycles have been implicated to be carcinogenic, particularly hormone-dependent cancers such as breast cancer, due to their deleterious effects on the functioning of biological pathways such as hormone signaling, cell proliferation, DNA repair or inflammation pathways (11, 12).

The International Agency for Research on Cancer (IARC) categorized “shift work involving circadian disruption” as probably carcinogenic (Group 2A) in 2007 (13). In 2019, the IARC evaluation of “night work” based on additional studies resulted in the same classification, with consistent evidence of an association with breast cancer (14). Exposure to indoor LAN during night shifts has been hypothesized to be responsible for the development of cancer (15) through disruption of circadian rhythms, such as the suppression of the nocturnal secretion of melatonin and its oncostatic effects (11). While the IARC evaluation primarily focused on occupational exposures to LAN associated with night-shift work, the environmental exposure to LAN, subsequent circadian disruption, and its potential carcinogenic effects in the general population are poorly understood.

Ecological studies have shown that the incidence of breast cancer was higher in geographic areas with higher levels of light pollution assessed from nighttime satellite photometry data (16–21). A few case‒control and cohort studies (22–29) using satellite-based imagery to measure exposure to outdoor LAN have examined the association between LAN exposure in the visible range (350–600 nm) and breast cancer risk, with inconclusive results. Some studies reported that breast cancer was increased in women with high exposure to outdoor LAN (22, 23, 25, 26, 28), while others did not (24, 29–31). Of note, breast cancer was positively associated with the Melatonin Supression Index an indicator of blue light exposure (−480 nm) developed by Aubé et al. (32) and used in the MCC-Spain case‒control study (24). Exposure to outdoor LAN is often accompanied by exposure to other environmental factors that have been associated with breast cancer risk, either positively, such as air pollution (33) and noise pollution (34, 35), or negatively, such as exposure to green spaces (36). Only two cohort studies that accounted for potential confounding by aforementioned environmental factors (29, 30) reported no association between LAN exposure and breast cancer. To examine the independent effects of LAN exposure on breast cancer incidence, it seems necessary to account for factors that correlate with outdoor LAN, notably air pollution. Altogether, the potential health effects of outdoor LAN exposure deserve to be explored thoroughly due to its potentially important public health impact. Here, using data from the CECILE study, we aimed to examine the association between outdoor LAN exposure and breast cancer risk after adjusting for potential confounders such as air pollution. We also aimed to assess possible modifications of this association.



Methods

This CECILE study, conducted in two French departments, Côte d'Or in the eastern part and Ille-et-Vilaine in the western part of the country, is a population-based case‒control study. All women aged 25–75 years residing in two departments with in situ or invasive breast tumors newly diagnosed during the study period (April 2005–March 2007) were eligible for inclusion. The cases were identified from the medical wards of the main cancer hospitals (Centre Eugène Marquis in Ille-et-Vilaine and Centre Georges-François Leclerc in Côte d'Or) and smaller public and private hospitals treating breast cancer patients in the two departments. Of the 1,556 eligible cases identified, 163 declined to participate, 151 could not be contacted, 7 died, and 2 had incomplete occupational history, resulting in 1,233 (79.3%) cases for inclusion in the study. The controls consisted of women from the general population residing in the same two departments when cases were diagnosed, without a previous history of breast cancer and frequency-matched by 10-year age group and department. The controls were recruited from random samples of private homes listed in the telephone directory. Women were first contacted by phone and invited to participate in the study within predefined quotas of socioeconomic status (SES) categories to reflect the distribution by SES in the general population of women in each department. Among the 1,731 eligible controls identified, 260 declined to participate, 154 could not be contacted for in-person interviews, and 2 had incomplete occupational history, resulting in 1,315 (76%) controls for inclusion in the study.

The local ethical committee approved the study protocol, and all subjects signed informed consent before enrolling in the study.

Women were interviewed in 60–90-min face-to-face interviews using standardized questionnaires. Information was obtained on sociodemographic characteristics, hormonal and reproductive factors [age at menarche and menopause, oral contraceptive use, menopausal hormonal therapy use (MHT), history of gynecological diseases, and outcomes of each pregnancy, breastfeeding], anthropometric factors (weight, height), personal medical history, family history of cancer, lifestyle-related factors (alcohol consumption, smoking, physical activities, dietary habits), and occupational and residential history. Only data obtained before or at the reference date (i.e., date of diagnosis for cases and date of consent for controls) were considered in the analysis.

Breast cancer cases were subclassified into 3 subtypes based on the information available from the pathology report: (i) hormone-receptor positive [i.e., estrogen receptor positive or progesterone receptor positive and human epidermal growth factor receptor 2 negative (ER-positive or PR-positive and HER2-negative), equivalent to the luminal A molecular subtype]; (ii) HER2-positive regardless of ER and PR status, equivalent to the luminal B and HER2-negative enriched molecular subtypes; and (iii) triple-negative tumors (ER-negative, PR-negative and HER2-negative). Tumors with more than 10% positive hormonal receptor cells were characterized as receptor-positive.

Outdoor exposure to LAN was assessed at each address occupied by women during the 10 years before the reference date (i.e., 1995–2007) by using the satellite images of the Operational Linescan System (OLS) available in the Defense Meteorological Satellite Program (DMSP) of the National Oceanic and Atmospheric US Administration (NOAA) (37). All the residential addresses occupied by women for 10 years before inclusion were geocoded. In this study, we used the Radiance Calibrated Nighttime Lights Products, high-dynamic range images with a spatial resolution of a 30-arc second grid −650 × 650 m) (38). The illuminance was measured in nanowatts per square centimeter per steradian (nW/cm2/sr). The radiance-calibrated images were available for the years 1996 (March 16, 1996–February 12, 1997), 1999 (January 19–December 11, 1999), 2000 (January 3–December 29, 2000), 2003 (December 30, 2002–November 27, 2003), 2004 (January 18–December 16, 2004) and 2006 (November 28, 2005–December 24, 2006). To estimate annual exposure over the 10 years before the reference date, the 1996 DMSP images were applied to 1995 and 1997, the 1999 images were applied to 1998, and the 2006 images were applied to 2005 and 2007. These images were projected in geographic information system software (GIS)—ArcGisPro 3.0 and cross-referenced with the geocoded locations of each address, which provided the luminosity value at each location. Then, the cumulative exposure to outdoor LAN over the 10 years was calculated as an average of annual exposures weighted on the length of stay at each address.

We considered the following covariates: age at reference, department of residence at reference, age at first full-term pregnancy, parity, menopausal status, oral contraceptive use, MHT use, family history of breast cancer in first-degree relatives, alcohol consumption, smoking, body mass index (BMI), night shift work, educational level as a proxy for SES, urbanization of the residential area at reference, and average annual exposure to air pollutants: nitrogen dioxide (NO2) and particulate matter (PM2.5 and PM10).

Unconditional logistic regression was used to calculate the estimates for the association between breast cancer and exposure to outdoor LAN, expressed as the mean annual exposure over the last 10 years in nW/cm2/sr. Odds ratios (ORs) and the corresponding 95% confidence intervals (CIs) were calculated for the 2nd and 3rd tertiles of outdoor LAN (T2 and T3) with reference to the lowest tertile (T1) and for one interquartile range (IQR = 159.9 nW/cm2/sr) increase in outdoor LAN exposure, all based on exposure distribution among controls. Adjustment sets of the association were identified from a directed acyclic graph (DAG) (see Supplementary Figure S1 in Supplemental Material) (30, 39). Model 1 was adjusted for the matching variables (age at recruitment as a continuous variable and department of residence at recruitment), as well as for urbanization of the area of residence at recruitment (main city center, suburbs, isolated cities, and rural areas, according to the INSEE classification) (32). Furthermore, Model 2 was adjusted for other potential confounders identified in the minimal adjustment set, including education (no school/primary education, basic secondary school, secondary school, university degree), age at first full-term pregnancy (<21 years, 22–24 years, 25–27 years, ≥28 years), parity (nulliparous, 1, 2 and ≥3), menopausal status and MHT use (premenopausal, postmenopausal with MHT use, postmenopausal without MHT use), history of breast cancer among 1st-degree relatives (yes, no), BMI (<18.5; 18.5–25; 25–30; ≥30 kg/m2, defined according to WHO classification), alcohol consumption (measured by the number of glasses per week: 0–3, 4–7, and ≥7 glasses per week), tobacco smoking (never, former and current smokers) and night shift work (never, ever: defined as having worked for at least 3 h between midnight and 5 a.m. in at least one job of minimum 6 months throughout the career). In Model 3, we further adjusted for air pollution using exposure to NO2, PM2.5, and PM10 (continuous variables µg/m3, measured as average annual exposure to each pollutant for 10 years before inclusion in the study, exposure assessment methods explained elsewhere) (40). In Model 3, we also assessed for possible collinearity between exposure to outdoor LAN and air pollution using the variance inflation factor (VIF), such that a VIF >5 indicated collinearity (41).

In further analyses, we assessed the modification of the association between outdoor LAN exposure and breast cancer by using an interaction term between LANs and effect modifiers such as department, menopausal status, night shift work, urbanization, education, and BMI. We also assessed the association of LAN exposure with different tumor subtypes.



Results

Exposure to outdoor LAN initially ranged from 0 to 1,128.61 nW/cm2/sr with a negatively skewed distribution. The values of LAN beyond “upper quartile (Q3) + 1.5*IQR” were flagged as outliers (42, 43) and excluded from the final analysis, as they highly distort the distribution. Out of 2,549 women, 56 had missing geocoded addresses and missing values for LAN, while 26 cases and 10 controls had outlying values for LAN, leaving 2,467 women for the main analysis.

Descriptive characteristics of the study participants by case and control status are shown in Table 1. The distribution by age and department, the matching variables, was similar in cases and controls. In our data, cases lived more often than controls in urban areas. Compared to controls, cases were more educated, had an earlier age at menarche, lower parity, later age at 1st full-term pregnancy, and more frequently had a family history of breast cancer. Premenopausal cases were, on average, thinner than controls, whereas BMI did not differ significantly among postmenopausal women. In these women, cases were more frequently current users of MHT than controls. No difference was observed between the two groups in oral contraceptive use, alcohol consumption, smoking status, or night shift work. The mean annual exposure to NO2, PM2.5, and PM10 was slightly higher in cases than in controls.


TABLE 1 Descriptive characteristics of study participants (n = 2,467).
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Table 2 shows the distribution of the exposure among cases and controls. Exposure to outdoor LAN was found to be significantly higher among the controls who resided in central cities (median, IQR: 232.4, 72.2–358.0 nW/cm2/sr) and suburbs (median, IQR: 110.7, 63.3–203.6 nW/cm2/sr) (p < 10−4) (Supplementary Figure S2 in Supplemental Material). Levels of exposure were relatively higher among women with university degrees and with higher exposure to NO2 and PM2.5 (p < 10−4). There was no significant difference in the exposure level by night shift work (p > 0.05).


TABLE 2 Distribution of outdoor LAN exposure (nW/cm2/sr) by strata of selected covariates.
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The odds ratios for breast cancer associated with outdoor LAN exposure are shown in Table 3. In Model 1, with basic adjustment for age, department, and urbanization, the odds ratios in T2 and T3 compared to T1 were 1.11 (95% CI: 0.86–1.41) and 1.25 (95% CI: 0.95–1.63), respectively. The OR for a one interquartile range (IQR) increase in LAN exposure was 1.09 (95% CI: 0.96–1.24). Further adjustment for reproductive and lifestyle-related factors in Model 2 reduced the ORs at T2 and T3 and per IQR increase in LAN. Additional adjustment for NO2 used as a marker of air pollution resulted in further reduction of the ORs in T2 (1.05; 95% CI: 0.81–1.37) and T3 (1.10; 95% CI: 0.78–1.56) and for one IQR increase in LAN to 0.98 (95% CI: 0.81–1.52). Alternative adjustment for PM2.5 or PM10 in Model 3 also reduced the ORs, although only a minor reduction was observed for PM10.


TABLE 3 Association of outdoor LAN and risk of breast cancer after adjusting for different covariates.
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In Table 4, we explored the effect modification by department, urbanization, education, menopausal status, night shift work, and BMI, also comparing the effect before and after adjusting for exposure to NO2. These factors had no statistically significant effect modification (p-values for interaction >0.05). Further adjustment for air pollution (NO2) decreased the ORs in most of the strata.


TABLE 4 Effect modification of the association of outdoor LAN and breast cancer risk by variables of interest.
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When looking at breast cancer subtypes (Table 5), a positive association with LAN exposure was observed for HER2-positive breast cancer that persisted after adjustment for either air pollutant NO2, PM10 or PM2.5 (e.g., OR adjusted for NO2 1.55; 95% CI: 1.03–2.31). This association was driven by HER2-positive breast cancers in postmenopausal women (e.g., OR adjusted for NO2 2.15; 95% CI: 1.27–3.63), but was not observed in premenopausal women.


TABLE 5 Stratification by hormone receptor status and menopausal status.
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Discussion

In this study, we did not find conclusive evidence of an association between exposure to outdoor LAN and breast cancer risk. The odds ratios for the association between LAN exposure and breast cancer were further reduced towards unity after adjustment for air pollution, an environmental exposure that is correlated with outdoor LAN. Stratification by menopausal status, urbanization, education, night shift work, or BMI showed no association between outdoor LAN exposure and breast cancer in any subgroup. Analyses by breast cancer subtype found no association with hormone receptor-positive and HER2-negative tumors (ER-positive or PR-positive/HER2-negative), but an association with HER2-positive tumors was indicated based on a small number of cases.

Previously conducted case‒control (23, 24, 31) or cohort studies (22, 25, 26, 28–30) have examined breast cancer risk as a function of environmental exposure to LAN assessed at the study subjects' home addresses, with inconsistent results. These studies measured exposure across the full spectrum of visible light from DMSP-OLS data, except the Spanish MCC-Spain Study (24) which assessed light intensity from nighttime photographs taken by astronauts aboard the International Space Station (ISS). Five studies reported that women with the highest exposure to LAN had a minor but significantly augmented risk of breast cancer compared to the group with the lowest exposure (22, 23, 25, 26, 28), while four other studies showed no increase in risk related to LAN exposure assessed in the full range of visible light (24, 29–31).

One of the main issues that emerges from these discordant results is the consideration of potential confounders, particularly environmental exposures. The two cohort studies that reported no association with breast cancer risk (29, 30) were also the only studies to consider other environmental exposures which correlate with outdoor LAN such as air pollution, green spaces and noise. These environmental covariates have also been suspected as breast cancer risk factors (33–36), and may therefore confound the association of breast cancer with outdoor LAN. The Nurses Cohort Study in Denmark reported a decreased hazard ratio after adjustment for air pollution and road traffic noise (30); the US Sister Study cohort showed no association between LAN and breast cancer after adjustment for air pollution (NO2, PM2.5), noise pollution, and proximity to green spaces (29). Our study also found that adjusting for NO2 exposure, a proxy for road-traffic-related air pollution associated with breast cancer risk by a previous study (33), further reduced the ORs associated with outdoor LAN exposure. This finding is consistent with the two recent cohorts and suggests that the confounding by NO2 or other environmental exposures that correlates with outdoor LAN may be responsible for the non-null associations between outdoor LAN and breast cancer observed in previous studies that did not consider these environmental covariates (23, 25, 26, 28). Therefore, environmental exposures in urban settings that are likely to correlate with outdoor LAN, need to be considered carefully to identify a possible independent effect of outdoor LAN on breast cancer risk. It is also essential to exercise caution while considering highly correlated factors such as outdoor LAN and air pollution. In our study, air pollution was correlated with outdoor LAN, which increased the risk of variation inflation and bias in our statistical models. To address this issue, we assessed multicollinearity using VIF and found no evidence of collinearity between air pollution and exposure to outdoor LAN in full models. Future studies on large datasets should attempt to disentangle and investigate the independent effects of outdoor LAN and air pollution exposures on breast cancer risk and their potential interactions.

Assessment of outdoor LAN exposure through the DMSP data has several limitations, including low resolution, saturation effects in urban areas, and no information on spectral components of the light. Compared with the DMSP images, the ISS images used by Garcia-Saenz et al. (24) allowed a more elaborate evaluation of exposure to outdoor LAN. In addition to a higher resolution (i.e., 30 m in urban areas) compared to −650 m for the calibrated DMSP data in the present study, ISS images provide information on three spectral bands of visible light (red, green, blue). Although Garcia-Saenz et al. (24) reported no association of breast cancer with outdoor visual LAN used as an indicator of total luminance, they found a positive association of breast cancer with the Melatonin Suppression Index (MSI), a proxy measure of exposure to the blue light spectrum (32). This finding is in accordance with the observation that blue light is the most efficient spectral component of light to suppress nocturnal melatonin production (44) which in turn, could be linked with an elevated risk of breast cancer (45). In our study, we could not use ISS images to assess exposure to blue light because of their unavailability during the study period, i.e., 2005–2007. Further studies using ISS images could be of great interest to further examine the association of breast cancer with blue light.

Our study did not explore the effect of indoor exposure or the use of electronic devices, even though exposure from electronic devices, indoor lighting, and sleep settings plays an important role. Some case‒control studies (16, 27, 46–48) assessed exposure to indoor LAN using interviews on sleep habits (such as using lights, curtains/blinds/shutters or electronic devices, or visibility at night) but provided conflicting results. Only a few studies have measured both indoor and outdoor LAN (24, 25, 29, 49). Garcia-Saenz et al. mutually adjusted for indoor and outdoor exposure along with other confounders (24) and reported a significant association between breast cancer and outdoor LAN for the blue light spectrum of light. Conversely, Sweeney et al. (29) reported no association with outdoor LAN exposure, even among those who reported indoor LAN exposure from outdoor sources. Further studies could benefit from precise measurements of outdoor and indoor exposure using sensor-based measurements of indoor LAN and considering the sleep habits of using curtains/blinders/sleep masks which can cancel out outdoor exposure or the use of electronic devices at night. Such precise measurements could help to estimate the intensity and amount of outdoor LAN that penetrates the sleeping area and assess the risk attributable to each type of exposure.

Similar to our findings, some studies provided no evidence for effect modification by menopausal status (24, 30, 31), while some contradictorily suggested a higher risk for premenopausal women (25, 26).

Although many studies have proven that night shift work is associated with increased breast cancer risk (48, 50–52), our study showed an insignificant association with night-shift workers, based on small numbers of night-shift workers, thus the need to interpret the results cautiously. Nevertheless, this result is comparable to the results from the Danish Nurses Cohort with a larger sample size (n = 27,713) (30).

A higher OR for association of HER2-positive breast tumors compared to other subtypes in our study is a new finding. Unlike our study, the MCC Spain study (24), reported no association between LAN exposure (assessed using MSI) and HER2-positive tumors, and a positive association with HER2-negative tumors. While the possible mechanisms behind a differential association by HER2 subtype are not known, these contradictory results warrant further investigation. On the other hand, a few studies have examined the association of LAN exposure according to the hormone receptor positive (ER/PR-positive) or hormone receptor negative (ER/PR-negative) tumors and provided conflicting results for these subtypes (22, 25, 26, 28, 30).

One strength of this study is the outdoor LAN assessment for 10 years before recruitment, taking into account the residential history and corresponding changes in the level of exposure. Only a few studies have taken the residential history (23–26, 30) while others have considered a single assessment of exposure (25) or assessment at a single address (24).

We also used a large dataset providing adequate information on multiple potential risk factors for breast cancer and adjusted for many possible confounders for this association of breast cancer and LAN exposure. As mentioned earlier, the DMSP images used in our study have several limitations, including low resolution and no differentiation between the spectral components of the light. LAN assessment derived from DMSP data has also been criticized for the problem of saturation and inability to capture individual-level exposure, which leads to a risk of collinearity with other urban factors such as air pollution (53, 54), traffic-related noise (34, 35) or green spaces (36). We used the radiance-calibrated DMSP images, which improved the resolution and provided sufficient variation of the luminosity values in urban areas, thus reducing the problems associated with luminosity saturation (38). We attempted to account for confounding by air pollutants such as NO2, PM2.5, and PM10 but not for other environmental factors, such as exposure to green spaces, which possibly correlates negatively with outdoor LAN exposure or traffic-related noise which needs to be considered in future studies on outdoor LAN exposure.

Despite careful design and execution, some errors due to selection and recall biases inherent to the study design could not be ruled out. Selection bias was minimized by integrating in the models, the degree of urbanization at recruitment, accounitng at least partially, for the probability of selection of cases from urban areas than rural areas. Residual confounding arising from unassessed variables such as indoor exposure and residential greenness remains.



Conclusion

Overall, this population-based case‒control study found no association between exposure to outdoor LAN and breast cancer risk. A positive association was found for HER2-positive type cancer when exposed to the highest level of outdoor LAN. There was no significant effect modification by menopausal status, night shift work, BMI, or urbanization. Further large-scale studies using more precise exposure assessments in indoor and outdoor settings and accounting for other environmental exposures, such as noise pollution and green spaces, are warranted to closely examine this association.
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