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Abstract

Background: Ambient to ultraviolet (UV) radiation has been increasing due to climate change. 

While this may result in adverse health consequences such as an increased incidence of skin 

cancer, UV radiation is also a source of vitamin D, which has been hypothesized to be protective 

for breast cancer risk.
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Methods: Using a spatiotemporal kriging model, we estimated residential UV exposure levels for 

the enrollment addresses (2003–2009) of breast cancer-free women aged 35–74 years participating 

in the Sister Study and living in the contiguous United States (N=48,450). Cox proportional 

hazards models were used to estimate adjusted hazard ratios (HRs) and 95% confidence intervals 

(95% CIs) for the risk associated with UV exposure levels (mW/m2) categorized in quintiles. We 

examined the association for breast cancer overall (invasive and ductal carcinoma in situ) and by 

estrogen receptor (ER) status of the tumor. We considered effect modification by regular (≥ 4 

times/week) vitamin D supplement use.

Results: Over a median of 10.5 years of follow up, 3,510 incident breast cancer diagnoses were 

reported. We found no evidence of an association between living in areas with higher levels of 

UV radiation and overall breast cancer risk (HRQ5 vs. Q1=1.00, 95% CI: 0.90, 1.11). Higher UV 

levels were inversely associated with the risk of ER- breast cancer (HRQ5 vs. Q1=0.73, 95% CI: 

0.55–0.99), but not ER+ (HR Q5 vs. Q1=1.04, 95% CI: 0.92–1.18). For ER- breast cancer, the 

inverse association was only evident in women who did not regularly take vitamin D supplements 

(HRQ5 vs. Q1= 0.52, 95% CI: 0.33–0.81) compared with those who did regularly take vitamin D 

supplements (HRQ5 vs. Q1=1.02, 95% CI: 0.68–1.54; p-for-heterogeneity=0.12).

Conclusions: The findings from this study support a role for UV exposure and vitamin D in the 

etiology of ER- breast cancer.

Graphical Abstract

Gregoire et al. Page 2

Environ Int. Author manuscript; available in PMC 2023 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

ultraviolet radiation; breast cancer; ER- breast cancer; vitamin D; cohort studies; sun exposure

1. Introduction

Climate change has been associated with profound environmental impacts including a 

potential increase in exposure to ultraviolet (UV) radiation (Hiatt and Beyeler, 2020). 

Erosion of the ozone layer has reduced the protection that humans have historically had 

from UV wavelengths (Hiatt and Beyeler, 2020). Potential health effects associated with 

this change are not fully understood. Although it is established that increased exposure to 

UV radiation is associated with a higher risk of both melanoma and non-melanoma skin 

cancers (NMSC), an inverse relationship between UV exposure and breast cancer risk is 

scientifically plausible (D’Orazio et al., 2013; Hiatt and Beyeler, 2020). Breast cancer is the 

most commonly diagnosed cancer among women (excluding NMSC) in the United States 

(U.S.) and worldwide (Siegel et al., 2020). As such, it is critical to identify factors associated 

with breast cancer incidence.
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Recent meta-analyses have reported inverse associations between breast cancer risk and 

time spent in the sun and separately with ambient UV (Hiller et al., 2020; Li and Ma, 

2020). However, few studies have utilized more sophisticated UV exposure assessment. 

In the prospective Nurses’ Health Study II (NHSII), the authors employed a validated 

spatiotemporal UV model to assess residential UV exposure and observed that women who 

lived in areas of higher UV levels at age 30 had a slightly lower risk of developing estrogen 

receptor-negative breast cancer (VoPham et al., 2019).

The association between UV and breast cancer risk is hypothesized to be due to circulating 

vitamin D concentrations. Studies suggest that higher circulating concentrations of 25-

hydroxyvitamin D (25(OH)D), a precursor to the active form of vitamin D, may be 

associated with decreased postmenopausal breast cancer risk (Bauer et al., 2013; O’Brien 

et al., 2017). This is biologically plausible as vitamin D has anticarcinogenic properties 

including anti-proliferation activity and induction of apoptosis (Feldman et al., 2014; Welsh, 

2012; Welsh et al., 2002). Among the U.S. population, exposure to UV radiation is a major 

contributor to vitamin D levels (Holick, 2007) with an estimated 30% increase in vitamin D 

levels in the summer compared to winter months (Kroll et al., 2015). Dietary intake and use 

of supplements also importantly contribute to circulating vitamin D levels (Cashman, 2020; 

Crowe et al., 2011).

In this study, we aimed to evaluate the association between UV exposure and breast cancer 

risk in a large prospective U.S.-wide cohort with consideration of whether risk varies by 

vitamin D supplement use. Additionally, we considered whether associations varied by 

estrogen receptor status of the tumor or menopausal status.

2. Methods

2.1 Study Population.

The Sister Study cohort is a nationwide prospective cohort that aims to evaluate the role of 

the environment and lifestyle factors in breast cancer incidence. The Sister Study has been 

described previously in detail (Sandler et al., 2017). Briefly, women were recruited between 

2003–2009 and were eligible if they were between the ages of 35–74 years, lived in the U.S., 

including Puerto Rico, and if they had at least one sister who had been diagnosed with breast 

cancer, but no history of breast cancer themselves. At the time of enrollment in the study, 

women completed detailed computer-assisted telephone questionnaires on demographics, 

lifestyle factors, environmental exposures, dietary habits, and existing health conditions. 

A detailed residential history covered enrollment address, longest-lived adult address, and 

longest-lived address prior to age 14 years.

Study participants complete annual health updates and detailed questionnaires every 2–3 

years. Follow-up questionnaires inquire about updated menopausal status and specific health 

conditions including any breast cancer diagnoses. Response rates have been close to 90% 

throughout follow-up (National Institute of Environmental Health Sciences, 2020). The 

Sister Study was approved by the institutional review board of the National Institute of 

Health (NIH). Data for this analysis includes follow up through September 23, 2018 (Data 

Release 8.0).
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2.2 Exposure assessment.

Residential UV exposure levels were estimated for individuals based on geocoded addresses 

for their enrollment residence and longest-lived adult residence. UV exposure levels 

were estimated using a validated exposure model, which has been described previously 

(VoPham et al., 2016). Briefly, this model, stratified by 9 U.S. regions, incorporates 

satellite data from the National Aeronautics and Space Administration (NASA) Total Ozone 

Mapping Spectrometer (TOMS) and Ozone Monitoring Instrument (OMI) and considered 

17 predictors associated with UV (including cloud cover, ozone, dew point, elevation, 

and latitude among others) using an area-to-point residual kriging method at a spatial 

resolution of 1 km to predict average July noon-time UV estimates for a specific location. 

Estimates were limited to individuals who lived in the contiguous 48 states at the time of 

enrollment. For the enrollment address (2003–2009), we used UV estimates for 2006, as it 

is the midpoint of the enrollment period. For the longest-lived adult address, we used the 

estimate for the last calendar year lived at that residence unless that year preceded 1980, 

for which data are not available, in which case we used the measurement from 1980 (1% of 

participants).

2.3 Covariate assessment.

Study participants reported their race and ethnicity from a list of provided options and 

answered questions on a range of demographics and lifestyle factors including obtained 

education, parity, regular physical activity, and dietary supplement use. Each participant had 

an enrollment home visit with a trained examiner to measure height and weight, which was 

used to calculate body mass index (BMI) (kg/m2).

2.4 Outcome Assessment.

Incident breast cancer cases (invasive and ductal carcinoma in situ (DCIS)) were identified 

via self-report. If diagnosed with breast cancer, women were asked to provide pathology 

reports and access to medical records to confirm the diagnosis and obtain additional details 

on the tumor. Medical records were available for >80% of cases; we have previously 

reported a high level of agreement between self-reported case information and medical 

records and therefore all cases are included in our analyses. (D’Aloisio et al., 2017) Estrogen 

receptor (ER) status was available for ~80% of cases. In addition to ER status of the tumor, 

we also considered whether observed associations varied by tumor extent (invasive vs. 

DCIS) or by menopausal status (pre vs. post).

Statistical Analysis.

We conducted a descriptive analysis comparing demographic characteristics and covariates 

by quintile of UV exposure estimated for the enrollment address.

2.5 Covariates were identified a priori using a directed acyclic graph (DAG) (Shrier and 

Platt, 2008). A DAG is a diagram designed to map out the relationship between an 

exposure and outcome of interest and the corresponding factors that may affect one or 

both of these entities which can then be used to identify potential confounders of interest 

(Shrier and Platt, 2008). For UV exposures based on adult residences, we adjusted for race/

ethnicity (non-Hispanic White, Black/African-American, other), education (≤ high school 
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diploma, associate’s degree/technical degree/some college, bachelor’s degree or higher), 

parity (nulliparous, 1 birth, 2–3 births, ≥4 births), BMI (continuous), and total hours of 

leisure-time physical activity per week (continuous). We excluded women who had a 

pre-enrollment diagnosis (N=57) and cases who contributed zero person time(N=15), or 

non-cases who did not contribute any person time (N=322) and those with missing covariate 

information (N=491). Exclusion of women missing exposure information for enrollment 

(N=1,549) and longest-lived adult (N=5,106) addresses, resulted in 48,450 (95.2%) and 

44,879 (88.2%) participants, respectively, included in the analyses.

We estimated hazard ratios (HRs) and 95% confidence intervals (95% CIs) for the 

association between UV exposure levels and breast cancer risk using Cox proportional 

hazards models. We primarily considered UV exposure levels at the enrollment address, 

but also evaluated associations with UV exposure at the longest-lived adult address. 

UV exposure levels were examined using quintiles (Q1: 124–155 mW/m2, Q2: 155–168 

mW/m2, Q3: 168–183 mW/m2, Q4: 183–208 mW/m2, Q5: 208–290 mW/m2 for enrollment 

address; Q1: 76.9–158 mW/m2, Q2: 158–170 mW/m2, Q3: 170–185 mW/m2, Q4: 185–

213 mW/m2, Q5: 213–305 mW/m2 for longest-lived adult address) and by evaluating an 

interquartile range (IQR) increase in exposure (42.9 mW/m2 for enrollment address; 43.8 

mW/m2 for longest-lived adult address). Age was the timescale of the Cox models; women 

were followed from their age at enrollment to their age at breast cancer diagnosis, end of 

follow-up or loss to follow-up. For analyses considering associations by ER status of the 

tumor, if ER+ breast cancer was the outcome of interest, women were censored if they 

were diagnosed with ER- breast cancer and vice versa. For analyses considering associations 

by menopausal status, women were additionally censored in premenopausal breast cancer 

models when they became postmenopausal. For postmenopausal breast cancer, women 

entered the Cox model at either their age at enrollment or their age at menopause, whichever 

was later. We tested statistical heterogeneity by ER status and tumor extent with joint Cox 

models, an approach used to compare exposure-disease associations across multiple disease 

subtypes (Xue et al., 2013). Heterogeneity by menopausal status was measured via a Wald 

test of time-varying menopause by UV status interaction terms.

Effect measure modification of the association between UV and breast cancer risk was 

evaluated for potential modifiers by including models with and without interaction terms 

and evaluating likelihood ratio tests. For modifiers, we considered (1) baseline regular 

supplement use (yes/no taking a vitamin D-containing supplement ≥ 4 times/week) to 

determine if the association varied based on baseline vitamin D level; (2) race/ethnicity 

(non-Hispanic White, Black/African-American) to evaluate if there were differences in the 

association based on UV absorption; and, (3) census region of residence (Northeast, South, 

Midwest, West) to assess the presence of any regional differences.

We conducted a sensitivity analysis to evaluate the impact of recent exposure by limiting 

the analysis to cases diagnosed within 5 years of baseline, consistent with prior findings 

for vitamin D in the Sister Study (O’Brien et al., 2017). We also conducted a sensitivity 

analysis with further adjustment for residential criteria air pollution (PM2.5, PM10, and 

NO2), annual household income (<$50,000, $50,000–100,000, ≥$100,000), census region of 
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residence (Northeast, South, Midwest, West), and residence type (Urban, Rural/Small Town, 

Suburban).

3. Results

Our study population was predominantly composed of non-Hispanic White women (84%), 

with at least a bachelor’s degree (51%) and who had at least two children (67%) (Table 1). 

The average age at enrollment was 55 years and participants had a mean BMI of 28 kg/m2. 

UV exposure varied across U.S. (Figure 1), with 0% of women who lived in the Western US 

being in the lowest quintile of exposure and 0% of women who lived in the Northeastern or 

Midwestern U.S. being in the highest quintile of exposure.

We did not observe an association between UV exposure and overall breast cancer risk 

when we considered exposure characterized in quintiles (HRQ5 vs Q1=1.00, 95% CI: 0.90, 

1.11) or an IQR increase (HRIQR = 0.99, 95% CI: 0.95, 1.04) (Table 2). Similarly, we 

saw no association between UV exposure and ER+ breast cancer (HRQ5 vs Q1=1.04, 95% 

CI: 0.92, 1.18; HRIQR=1.00, 95% CI: 0.94, 1.06). However, higher UV exposure was 

inversely associated with risk of ER- breast cancer (HRQ5 vs Q1=0.73, 95% CI: 0.55, 0.99; 

HRIQR = 0.89, 95% CI: 0.78, 1.02). There were similar, but slightly attenuated, patterns 

of association observed between UV exposure estimated for the longest-lived adult address 

and breast cancer risk with a similar inverse association observed for ER- breast cancer 

(HR Q5 vs Q1=0.76, 95% CI: 0.56, 1.03) (Table S1). The longest-lived adult address and the 

enrollment address were the same for 54.4% of individuals.

The association between UV exposure and breast cancer risk did not vary significantly 

by whether the tumor was invasive compared to DCIS (IQR p for heterogeneity=0.10), 

although estimates did appear stronger for DCIS compared to invasive cancer (Table S2). 

Additionally, there was no evidence of an association between UV exposure and overall or 

ER+ breast cancer risk when stratifying by menopausal status (Table S3 & S4). However, 

reduced risk of ER- breast cancer was present only among postmenopausal (HRQ5 vs Q1 = 

0.70, 95% CI: 0.51, 0.97) and not among premenopausal women in our study population 

(HRQ5 vs Q1 = 0.98, 95% CI: 0.44, 2.17), although case numbers were limited (Table S4).

The inverse association we observed between enrollment residential UV exposure and 

ER- breast cancer was only evident among women who reported not regularly taking 

supplements (HR Q5 vs Q1=0.52, 95% CI: 0.33, 0.81; HRIQR=0.77, 95% CI: 0.62, 0.94), 

compared to those women who did report regular supplement use (HR Q5 vs Q1=1.02, 95% 

CI: 0.68, 1.54; HRIQR=1.03, 95% CI: 0.85, 1.24) (IQR p for heterogeneity =0.04) (Table 3). 

Risk of ER+ breast cancer did not vary by supplement use status and remained null (Table 

S5).

There was no evidence of effect measure modification by census region (Table S6). The 

association between UV exposure, when categorized in quintiles or an IQR increase, and 

overall breast cancer risk did not vary by race/ethnicity (IQR p for heterogeneity=0.59) 

(Table S7). Although there was limited statistical power when further limiting to ER- 

cases, the observed inverse association was driven by the non-Hispanic White participants 
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(non-Hispanic White women: HRIQR = 0.87, 95% CI: 0.75, 1.02, Black women/African-

American women HRIQR= 1.15, 95% CI: 0.72, 1.84) (Table S7). When limiting our analysis 

to cases diagnosed within the first five years after baseline, our estimates remained largely 

unchanged (e.g., ER- HR Q5 vs Q1= 0.71, 95% CI: 0.48, 1.05) (Table S8). After further 

adjustment for residential criteria air pollution (PM2.5, PM10, and NO2), annual household 

income (<$50,000, $50,000–100,000, ≥$100,000), census region of residence (Northeast, 

South, Midwest, West), and residence type (Urban, Rural/Small Town, Suburban), our 

estimates remained similar (data not shown).

4. Discussion

In this large prospective U.S. cohort of women, we observed that living in areas of higher 

residential UV was associated with an 11% lower risk of developing ER- breast cancer 

per interquartile range increase in UV. This inverse association was limited to women who 

reported not regularly taking vitamin D-containing supplements. However, UV exposure 

was not associated with risk of overall breast cancer or ER+ breast cancer. These findings 

provide support for a role of vitamin D in the etiology of ER- breast cancer. The reduction 

in risk for ER- breast cancer and the established higher risks associated with melanoma and 

non-melanoma skin cancers suggests that the public health implications of increasing UV 

exposure in the general population are complex.

Our findings that higher UV exposure at the enrollment and the longest-lived adult residence 

was inversely related to ER- breast cancer are similar to those reported in a prior study in 

the Nurses’ Health Study II, which used the same UV exposure model to assign residential 

UV exposure levels (VoPham et al., 2019). VoPham et al., observed a suggestive inverse 

association between modeled residential UV levels at age 30 and ER- breast cancers 

(~10% lower risk for an interquartile range increase in UV), although they did not observe 

associations with residential UV exposure assessed at other ages (VoPham et al., 2019). In 

line with our results in the Sister Study, they also saw no evidence of an association between 

residential UV exposure and overall breast cancer risk (VoPham et al., 2019).

Other epidemiologic studies that have considered the relationship between UV and breast 

cancer have largely employed questionnaire data, crude regional UV data, or latitude of 

residence to assess UV exposure. Ecological studies have tended to support an inverse 

relationship between UV radiation, assessed using regional UV satellite estimates, UV 

ground estimates and ambient sunlight estimates, and breast cancer (Gorham et al., 1990; 

Grant, 2002; Mohr et al., 2008). Our exposure estimates differ from those shown in Grant, 

2002 likely due to differences in the exposure year considered and due to the fact that 

we employed a geostatistical exposure modeling approach with adjustment from the ozone 

monitoring instrument and incorporated predictors of UV (cloud cover, dew point, and 

latitude among others) (Grant, 2002; VoPham et al., 2016). Most, but not all, case-control 

studies have similarly observed inverse relationships between breast cancer risk and proxy 

variables for sun exposure (Anderson et al., 2011; Bidgoli and Azarshab, 2014; Cauchi et 

al., 2016; Engel et al., 2014; Fuhrman et al., 2013; John et al., 2007; Knight et al., 2007). 

However, results from cohort studies examining proxies for UV exposure, such as time spent 

outdoors or sun exposure, have been inconsistent, with some finding no associations and 
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others inverse associations with overall breast cancer risk (Edvardsen et al., 2011; Engel et 

al., 2011; John et al., 1999.; Kuper et al., 2009; Lin et al., 2012; Yang et al., 2011; Zamoiski 

et al., 2016). The few studies that have been able to consider risk stratified by ER status, 

observed a reduced risk for ER+ cancers, in contrast to the null findings for ER+ cancers 

reported here and in the NHSII (Blackmore et al., 2008; Engel et al., 2014; Qin et al., 2020; 

VoPham et al., 2019). However, Qin et al. also observed a reduced risk of ER- cancers 

among Black/African-American women who reported a higher weekly average of daylight 

hours spent outside (Qin et al., 2020). The other two studies, using either daylight hours 

spent outside and sun exposure behavioral practices and time spend outside reported null 

results for an association with ER- cases, but it is important to note that their power may 

have been limited due to small sample size (N=105–223 ER- cases) (Blackmore et al., 2008; 

Engel et al., 2014).

The proposed biologic mechanism underlying the relationship between UV levels and breast 

cancer risk is related to UV-induced levels of circulating vitamin D. Specifically, UV-B 

wavelengths (280–315 nm) convert cutaneous 7-dehydrocholesterol to vitamin D3 (Holick, 

2007). Vitamin D3 is hydroxylated in the liver to form 25(OH)D3, and then converted to 

the active form of 1,25(OH)D3 by an enzyme in the cytochrome P450 family. This can 

occur either directly in the tissues, such as mammary tissue, for local effects, or in the 

kidneys for systemic effects (Feldman et al., 2014). Consistent with a hypothesized biologic 

mechanism of increased vitamin D, we found that the inverse association between residential 

UV exposure and ER- breast cancer was only apparent among women not taking vitamin D 

supplements. Vitamin D supplementation is an important contributor to circulating vitamin 

D levels (Holick, 2007). A study conducted in a French population observed that those 

residing in the lowest latitude, corresponding to higher residential UV levels, had a reduced 

risk of breast cancer if they were also taking a vitamin D supplement or were in the highest 

tertile of dietary vitamin D (Engel et al., 2011).

Two noteworthy randomized control trials from the Women’s Health Initiative (WHI) 

and the VITAL study reported null results for the association between vitamin D 

supplementation and breast cancer risk (Cauley et al., 2013; Manson et al., 2019), 

but a reanalysis of the WHI results that excluded women who reported any outside 

supplementation of calcium or vitamin D, observed a decrease in risk of breast cancer (HR 

= 0.82, 95% CI: 0.60, 0.97) among the women randomized to the calcium and vitamin D 

treatment group compared to the women randomized to the placebo group (Bolland et al., 

2015).

Recent meta-analyses of serum 25(OH)D levels and breast cancer risk supported an inverse 

relationship between vitamin D levels and breast cancer risk (Estébanez et al., 2018; Song 

et al., 2019). However, prospective studies have found conflicting results between vitamin 

D levels and breast cancer risk. A previous study conducted in the Sister Study reported an 

inverse association between serum 25(OH)D concentrations at baseline and risk of breast 

cancer within the first 5 years of follow-up (HR = 0.79, 95% CI: 0.63,0.98), while two 

meta-analyses restricted to prospective studies concluded overall null results (Gandini et 

al., 2011; Kim and Je, 2014; O’Brien et al., 2017). Prospective studies have additionally 

failed to observe a consistent association between breast cancer risk and vitamin D status 
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that differs by ER status (Eliassen et al., 2011; Kühn et al., 2013; McCullough et al., 2009; 

Rejnmark et al., 2009), in contrast to our observed association between UV and ER- breast 

cancer. Laboratory studies have indicated differing pathways through which vitamin D may 

alter tumor growth which could explain in part our observed inverse association with ER- 

breast cancer as opposed to ER+ breast cancer (Davoodi et al., 1995; Yao and Ambrosone, 

2013). However, it is possible that our observed inverse association between residential 

UV and ER- breast cancer may be operating through another biologic mechanism and not 

vitamin D as hypothesized.

The current study builds on a large, prospective and well-characterized U.S.-wide cohort 

of women. The prospective nature of the cohort allowed us to consider UV exposure 

years prior to a breast cancer diagnosis. As our study population resided throughout a 

large geographic area, there was substantial variability in UV to detect associations. The 

extensive covariate information available in the Sister Study allowed us to evaluate potential 

confounding factors and modifiers, including supplement intake.

We used a validated spatiotemporal kriging model used for estimating UV levels at 

residential addresses, which is a substantial improvement over using proxy questionnaire-

based measures that have been used in most of the prior studies. However, this model 

estimates residential UV exposure, which does not capture the personal exposure each 

participant receives. Despite the limitations of geographic-based exposure assessment, 

relying on residential UV exposure as a proxy for vitamin D levels is a useful approach 

as UV is a major source of vitamin D exposure in the population and allows us to estimate 

exposure in our entire population, without having to limit our sample size, due to cost, in 

order to perform biomarker assays (Holick, 2007). We are also able to consider residential 

UV exposure in the past by considering exposure at the longest-lived adult residence, 

which may be more relevant etiologically given the long latency period for breast cancer 

development (Terry et al., 2019). Considering past exposure levels would not be possible 

using a biomarker of vitamin D. We were also able to evaluate UV levels jointly with 

vitamin D-related supplement use, another important source of vitamin D exposure, to more 

accurately define women who were most likely to benefit from exposure to UV radiation 

(Cashman, 2020; Kantor et al., 2016).

Our study was adequately powered to consider associations stratified by ER status of the 

tumor. This is important as there are differences in breast cancer etiology by subtype 

(Gaudet et al., 2018). ER- breast cancer has a worse prognosis than ER+ breast cancer, yet 

risk factors for ER- cancers are less well understood than for the more common ER+ breast 

cancers (American Cancer Society., 2019). For these reasons, identifying a risk factor for 

ER- breast cancer could have a substantial public health impact. Black/African-American 

women are more likely to be diagnosed with ER receptor-negative breast cancer (Carey et 

al., 2006). Additionally, it is well-documented that the amount of UV-B exposure required 

to produce vitamin D increases with increasing melanin present in the skin which affects the 

absorption of UV-B wavelengths, indicating that Black/African-American women require 

greater sun exposure time compared to White women to produce the same amount of 

vitamin D in the same environment (D’Orazio et al., 2013; Webb and Engelsen, 2006). 

This is consistent with research showing that Black/African-American women generally 
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have lower circulating vitamin D levels (Forrest and Stuhldreher, 2011; Ginde et al., 2009). 

Although we had limited statistical power when we jointly stratified by both ER status 

and race/ethnicity, these results do suggest that the inverse association between UV and 

breast cancer is only evident for non-Hispanic White women. This finding is consistent with 

established differences in UV-absorption by skin melanin (D’Orazio et al., 2013; Webb and 

Engelsen, 2006). Future studies in more racially and ethnically diverse cohorts or using 

pooling efforts are necessary to further investigate the association between UV levels and 

breast cancer risk among non-white populations.

In this large prospective U.S. cohort, we observed that women who lived in areas of higher 

exposure to UV during adulthood had a lower risk of ER- breast cancer and that this 

association was most evident among women who did not report taking a regular vitamin 

D-containing supplements. Given that UV exposure increases the risk of melanoma and 

non-melanoma skin cancers, future efforts directed towards elucidating underlying biologic 

mechanisms and the possible impact of vitamin D supplementation on ER- breast cancer 

risk are warranted. In addition, more research is necessary characterize this association in 

non-white populations.
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Highlights:

1. In a prospective cohort, UV exposure was inversely related to ER- breast 

cancer

2. Inverse association strongest for those who did not use vitamin D 

supplementation

3. A validated spatiotemporal kriging model was used to estimate UV

4. No observed association between UV exposure and overall or ER+ breast 

cancer
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Figure 1. 
Estimated erythemal ultraviolet radiation levels from spatiotemporal kriging models using 

data from the NASA Total Ozone Mapping Spectrometer and the Ozone Monitoring 

Instrument, across the contiguous United States (average July noon-time estimates, 

2006) and Sister Study participant residential locations, jiggered for participant privacy 

(represented by individual black dots).
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Table 1.

Baseline population characteristics of the U.S.-wide prospective Sister Study cohort by quintiles of UV 

exposure (2003–2009).

UV exposure level at baseline residence

Overall Quintile1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Age at baseline (mean, sd) 55.6 (9.0) 55.1 (9.0) 55.4 (8.9) 55.3 (8.9) 56 (8.9) 56.3 (9.1)

BMI (mean, SD) 27.8 (6.2) 28 (6.3) 27.7 (6.2) 28.2 (6.3) 27.9 (6.4) 27.3 (6.0)

Physical activity (hours per week) 
(mean, SD) 13.9 (8.0) 13.7 (7.9) 13.8 (7.9) 13.7 (7.9) 13.9 (8.1) 14.1 (8.1)

Race

Non-Hispanic White 41939 (83.9%) 8378 (86.5%) 8654 (89.3%) 8118 (83.8%) 7944 (82.0%) 8215 (84.8%)

Black 4470 (8.9%) 935 (9.6%) 704 (7.3%) 1267 (13.1%) 1054 (10.9%) 416 (4.3%)

other 3590 (7.2%) 378 (3.9%) 331 (3.4%) 305 (3.1%) 692 (7.1%) 1059 (10.9%)

Census Region

Northeast 8384 (16.8%) 3024 (31.2%) 3926 (40.5%) 1304 (13.5%) 23 (0.2%) 0 (0.0%)

Midwest 13494 (27.0%) 6016 (62.1%) 2645 (27.3%) 3281 (33.9%) 1473 (15.2%) 3 (0.0%)

South 16429 (32.9%) 651 (6.7%) 2689 (27.8%) 4352 (44.9%) 6420 (66.3%) 2116 (21.8%)

West 10831 (21.7%) 0 (0.0%) 429 (4.4%) 753 (7.8%) 1774 (18.3%) 7571 (78.1%)

Education Level

≤ High School 7628 (15.3%) 1625 (16.8%) 1442 (14.9%) 1556 (16.1%) 1459 (15.1%) 1252 (12.9%)

Associate’s Degree/Technical 
Degree/Some College 16869 (33.7%) 3041 (31.4%) 3076 (31.7%) 3390 (35.0%) 3448 (35.6%) 3462 (35.7%)

Bachelor’s Degree or Higher 25502 (51.0%) 5025 (51.9%) 5171 (53.4%) 4744 (49.0%) 4783 (49.4%) 4976 (51.4%)

Parity

Nulliparous 9061 (18.1%) 1677 (17.3%) 1839 (19.0%) 1680 (17.3%) 1630 (16.8%) 1969 (20.3%)

1 7234 (14.5%) 1339 (13.8%) 1337 (13.8%) 1428 (14.7%) 1463 (15.1%) 1458 (15.1%)

2–3 28447 (56.9%) 5631 (58.1%) 5513 (56.9%) 5552 (57.3%) 5627 (58.1%) 5225 (53.9%)

≥4 5257 (10.5%) 1044 (10.8%) 1000 (10.3%) 1030 (10.6%) 970 (10.0%) 1038 (10.7%)

Menopausal Status at Baseline

Premenopausal 16763 (33.5%) 3517 (36.3%) 3388 (35.0%) 3328 (34.3%) 2981 (30.8%) 3071 (31.7%)

Postmenopausal 33219 (66.4%) 6172 (63.7%) 6300 (65.0%) 6358 (65.6%) 6702 (69.2%) 6617 (68.3%)
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Table 2.

The association between UV exposure at the baseline address and breast cancer risk overall and by ER status, 

Sister Study (2003–2018).

Overall ER Positive ER Negative
4

N N 
Cases

Age-
Adjusted

Fully 

Adjusted
1

N 
Cases

Age-
Adjusted

Fully 

Adjusted
1

N 
Cases

Age-
Adjusted

Fully 

Adjusted
1

Quintile 

1 
2 9691 713 1.00 (ref) 1.00 (ref) 512 1.00 (ref) 1.00 (ref) 104 1.00 (ref) 1.00 (ref)

Quintile 
2 9689 709 0.99 

(0.89,1.10)
0.99 

(0.89,1.10) 531 1.03 
(0.91,1.16)

1.02 
(0.91,1.16) 81 0.77 

(0.58,1.04)
0.78 

(0.58,1.04)

Quintile 
3 9690 700 0.98 

(0.88,1.09)
0.98 

(0.88,1.09) 510 0.99 
(0.88,1.12)

1.00 
(0.89,1.13) 104 1.00 

(0.76,1.31)
0.99 

(0.76,1.30)

Quintile 
4 9690 685 0.95 

(0.86,1.06)
0.96 

(0.86,1.06) 470 0.91 
(0.80,1.03)

0.92 
(0.81,1.04) 88 0.85 

(0.64,1.12)
0.84 

(0.63,1.12)

Quintile 
5 9690 727 0.99 

(0.89,1.10)
1.00 

(0.90,1.11) 545 1.04 
(0.92,1.17)

1.04 
(0.92,1.18) 77 0.73 

(0.55,0.98)
0.73 

(0.55,0.99)

IQR 
3 48450 3534 0.99 

(0.94,1.04)
0.99 

(0.95,1.04) 256 8 0.99 
(0.94,1.05)

1.00 
(0.94,1.06) 454 0.89 

(0.78,1.02)
0.89 

(0.78,1.02)

1
Adjusted for race (non-Hispanic White, Black, other) education(≤ high school, associate’s degree/technical degree/some college, ≥ bachelor’s 

degree), parity (nulliparous, 1 birth, 2–3 births, ≥ 4 births), BMI, and total hours of physical activity a week

2
Q1: 124–155 mW/m2, Q2: 155–168 mW/m2, Q3: 168–183 mW/m2, Q4: 183–208 mW/m2, Q5: 208–290 mW/m2

3
Interquartile range (IQR) is 42.9 mW/m2 for baseline address

4
p for heterogeneity tests the null hypothesis that there is no difference in association by ER receptor status, IQR: p = 0.14, Quintiles: p =0.12
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Table 3.

The association between UV exposure at baseline address and ER negative breast cancer stratified by regular 

supplement use, Sister Study (2003–2018).

No Regular Supplement Use Regular Supplement Use
4

N N Cases Fully-Adjusted
1 N N Cases Fully-Adjusted

1

Quintile 1 
2 4322 56 1.00 (ref) 5061 45 1.00 (ref)

Quintile 2 4217 30 0.55 (0.35,0.85) 5209 47 1.02 (0.68,1.53)

Quintile 3 4365 51 0.90 (0.61,1.31) 5014 51 1.14 (0.76,1.69)

Quintile 4 4367 45 0.79 (0.53,1.17) 5005 42 0.94 (0.62,1.43)

Quintile 5 4243 29 0.52 (0.33,0.81) 5145 47 1.02 (0.68,1.54)

IQR 
3 21514 211 0.77 (0.62,0.94) 25434 232 1.03 (0.85,1.24)

1
Adjusted for race (non-Hispanic White, Black, other) education(≤ high school, associate’s degree/technical degree/some college, ≥ bachelor’s 

degree), parity (nulliparous, 1 birth, 2–3 births, ≥ 4 births), BMI, and total hours of physical activity a week

2
Q1: 124–155 mW/m2, Q2: 155–168 mW/m2, Q3: 168–183 mW/m2, Q4: 183–208 mW/m2, Q5: 208–290 mW/m2

3
Interquartile range (IQR) is 42.9 mW/m2 for baseline address

4
p for heterogeneity tests the null hypothesis that there is no difference in association by supplement use, IQR: p = 0.04, Quintiles: p =0.12
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