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Abstract
Purpose  Exposure to arsenic in drinking water is a cause of lung, bladder, and skin cancer, however the relation between 
arsenic and breast cancer is unclear. Northern Chile had high levels of arsenic in drinking water (up to 900 µg/l) between 
1950 and 1970, facilitating the study of outcomes with long latency. We conducted a breast cancer case–control study in 
Northern Chile (2014–2018) and analyzed 505 incident breast cancer cases and 409 population-based female controls with 
data collected on lifetime exposure to arsenic and potential confounders.
Methods  We identified cases in collaboration with cancer committees, hospitals, and medical facilities in the study area. 
Controls were recruited from the Chile Voter Registry. Logistic regression was used to assess the relationship between arsenic 
exposure and breast cancer adjusting for education and age. We evaluated cumulative, lifetime average and highest single 
year exposure with tertiles and quartiles and population weighted controls based on age and region of residence.
Results  Exposure levels were high in both cases and controls, with median (interquartile range) values of: 52 (15–84) 
and 42 (10–106) μg/L for average lifetime concentration, respectively. Adjusted odds ratios (OR) for tertile of cumulative 
exposure to arsenic concentrations in water (< 1.17, 1.17–5.16, and ≥ 5.17 mg) were 1.00, 0.85 [95% confidence interval 
(CI), 0.60–1.18], and 1.10 (0.79–1.55). Results were similar for lifetime average and single-highest year exposure metrics.
Conclusion  We did not find evidence of increased odds of higher arsenic exposure among incident breast cancer cases com-
pared to female population controls.
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Introduction

Arsenic is a natural element, present in the earth's crust, and, 
in its inorganic form, is extremely toxic [1]. Of all the poten-
tial sources of arsenic, exposure via groundwater represents 
the greatest threat to public health, due to the magnitude of 
the affected populations [2]. Arsenic is an established cause 
of lung, bladder, and skin cancer [2], and has been linked to 
cardiovascular disease [3], diabetes [4], reproductive effects 
[5], and other adverse health outcomes [6, 7]. However, its 
relationship with breast cancer is less clear.

Breast cancer is the most common cancer occurring in 
women [8]. In 2022, over 2.29 million new cases of breast 
cancer were diagnosed worldwide [9] and, in Chile, it is a 
leading cause of death among women > 40 years [9]. Breast 

cancer is complex, and the label encompasses several differ-
ent diseases, based on the cell-type affected. As such, risk 
and protective factors are complicated by type, but there is 
consensus that early menarche (< 12 years), late natural men-
opause (> 55 years), nulliparity, first pregnancy > 30 years, 
alcohol use and body mass index relate to increased risk 
[10]. Given the prevalence of disease worldwide, clarifying 
the role of potential risk factors, particularly modifiable risk 
factors like environmental pollutants, is important.

Since the most recent review of the scientific evidence 
related to the carcinogenic risk of arsenic conducted by 
the International Agency for Research on Cancer (IARC) 
in 2012, new evidence is available from areas with levels 
below [11, 12] and above [13, 14] the 10 μg/L recommended 
by the World Health Organization (WHO). A recent review 
on arsenic exposure and breast cancer risk [15] found mixed 
results. Comparisons between studies is difficult, as exposure 
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measurement varies widely. Thus, differences in results may 
reflect the period of arsenic exposure assessed (chronic ver-
sus acute exposures or past versus current exposures). Fur-
thermore, limited exposure assessment and narrow exposure 
ranges may have also affected the ability of some previous 
studies to identify valid effects.

The North of Chile is an ideal place to study exposure 
to arsenic. Several water systems in this area had very high 
concentrations of naturally occurring arsenic until treatment 
plants were installed in the 1970’s. Most of the population 
obtains drinking water from public water systems for which 
historical information on arsenic concentrations is available. 
As part of a case–control study of lung, bladder, prostate, 
and breast cancer in northern Chile, we examined the asso-
ciation between levels of arsenic in drinking water and inci-
dent breast cancer.

Methods

We recruited incident cases of breast cancer from the Arica 
y Parinacota, Tarapacá, and Antofagasta regions of Northern 
Chile. Recruitment personnel maintained close contact with 
oncology departments in hospitals of the four major cities 
(Arica, Iquique, Antofagasta, and Calama). Study staff were 
in constant contact with pathologists and radiologists and 
received case referrals directly from cancer committees in 
the area. All new cancer cases are reviewed by a regional 
hospital-based cancer committee to decide therapeutic man-
agement for all patients seeking care in the public sector. 
Few people leave the area for medical care since full surgi-
cal, radiotherapy, and oncology services are available in the 
region, and the next closest city with this level of care is 
Santiago, which is between 1,000 and 2,000 km away. Thus, 
the chance of an incident case being diagnosed or treated in 
the study area without being approached for participation 
was low.

We included breast cancer cases who: were first diag-
nosed between October 2014 and May 2018, resided in the 
study area at the time of diagnosis, were at least 18 years of 
age at diagnosis, and had a medical diagnosis of breast can-
cer (clinical radiologic, cytologic or histologic). Histologic 
confirmation was standard practice for all cases of suspected 
cancer in Chile. After contacting the diagnosing physician, a 
study nurse called or visited new cancer cases at their homes 
or hospital rooms to discuss the study. For all cases, nurses 
gathered medical information from physicians, the radiologi-
cal and pathology laboratories, and medical records.

Enrollment of controls occurred independently of 
enrollment of cases. Controls were randomly selected 
from the Chilean Voter Register available for the regions 
of interest. In Chile, voting was required by law until early 

2012, thus all persons who were over the age of 18 before 
January 31, 2012, would have been represented on the 
registry if they were registered to vote in one of the three 
study regions. The last year for which Registry data was 
made available to the study personnel was 2010, which 
included people enrolled up to late 2009. The registry 
includes names, addresses, birth dates, and sex of voters. 
The expected number of cancer cases in the study area by 
sex and 5-year age groups was estimated based on the inci-
dence of lung, bladder, breast, and prostate cancer in the 
study area in the five years prior to study recruitment. Con-
trols were then randomly selected from the Voter Registry 
for the study area frequency matching individuals with the 
expected age- and sex-distribution of the four cancer types. 
To reduce risk of overmatching by the exposure, controls 
were randomly recruited from throughout the same three 
regions in Northern Chile from which the cancer cases 
were ascertained. Eligibility criteria for controls included 
being at least 18 years of age and never having been diag-
nosed with cancer. In the current study, we focus on female 
controls only.

Potential controls were mailed a letter describing the 
study and asking the potential control to phone the study 
coordinator. The letter also explained that if they were 
unable to call, a nurse would visit their home to discuss the 
study. Repeated visits were made at different times of the 
day and week until contact was made, or it was established 
that the person no longer lived at the residence. If a person 
did not want to participate, could not be found (no contact 
after 10 visits), or moved outside the area, another eligible 
person was selected from the registry. Eligible and willing 
controls were scheduled for an interview at a convenient 
time and location.

To calculate participation rates, detailed records were 
kept of contacts made, refusals, and ineligible and missing 
subjects. For subjects who were deceased, next of kin were 
contacted and invited to participate in the study using a 
separate questionnaire covering a more limited range of 
topics that they might reasonably be expected to know. 
For the current analysis, we focused on only those female 
cases and controls that were listed on the voter registry 
and who were living at the same address in 2009 (the last 
year for which registry data was available) as they were 
living at study recruitment, to ensure comparability of the 
samples. Comparisons between cases on and not on the 
voter registry can be found in the Supplementary Mate-
rial (Supplementary Table 1–2). All participants provided 
signed informed consent before answering questionnaires. 
The study was reviewed and approved by the Institutional 
Review Board of the Pontificia Universidad Católica of 
Chile (ID: 15–037) and the Northern Region Ethical Com-
mittee of the Public Health System.
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Exposure assessment

Lifetime arsenic intake was assessed as follows: participants 
were asked to list each town or city they had lived in for at 
least 6 months of their life. We linked reported residences 
to water arsenic measurements obtained from government 
agencies and research studies, as previously described [16]. 
While participants were asked the source of their drinking 
water at each residence, the vast majority reported municipal 
drinking water as their main source, some reported “other 
sources” and only a very small proportion reporting drinking 
bottled water. Thus, an arsenic concentration was assigned 
to each year of life for all participants based on reported 
residence. We successfully matched participant reported 
residences with an arsenic concentration for 97% of resi-
dences. The few residences for which water records were 
not available were in areas not known to have high arsenic 
levels and were assigned a value of 1 μg/L. We calculated 
several exposure metrics, related to exposure concentrations 
and intake. Lifetime cumulative exposure was obtained by 
summing yearly arsenic concentrations (mg). Other metrics 
included average exposure (lifetime cumulative/age at evalu-
ation, μg/L) and highest exposure (μg/L) to arsenic concen-
trations in any single year. Given the long latency period 
of arsenic-related cancers [17–19], we excluded exposures 
from the five years preceding study participation for all 
exposure metrics.

Covariate assessment

All participants responded to a standardized questionnaire 
administered by study staff. In addition to providing all 
residences lived in ≥ 6 months and demographic informa-
tion (e.g., age, education level, occupation), participants 
were asked about common risk factors for various types of 
cancers: smoking and alcohol consumption (current and 
previous habits), age at menarche and menopause, use of 
hormone replacement therapy, children, and breastfeed-
ing habits, among others. Questions regarding body mass 
index included height and typical weight currently and in the 
last 10 years ago. Participants were also asked about medical 
conditions and medications.

Analysis

Continuous variables were described with medians and 
interquartile ranges (IQR) and, for categorical variables, 
with frequencies. Exposure metrics were categorized into 
tertiles. We estimated the odds of being in each exposure 
tertile among incident breast cancer cases versus female 
population controls using logistic regression, considering 
different exposure metrics: lifetime average, cumulative 
exposure, and highest single year exposure to arsenic in 

drinking water, adjusting for potential confounders (age and 
education level).

To help account for differences in participation rates 
(Supplmentary Table 3) or recent residential mobility among 
controls across regions or random errors in control selec-
tion, sample weights for controls were developed using the 
2009 Census and incorporated into odds ratio calculations. 
Sample weights were developed by first calculating the age 
distribution in the regions by 10-year age group. Next, we 
calculated the expected number of controls by multiplying 
the proportion in each region by the total number of con-
trols recruited in that age range. Weights were calculated by 
dividing the expected number of participants by the enrolled 
controls for each age and region. All cases were given a 
weight of 1.0 since recruitment rates among cases was high 
in all regions. A weighted database was then created in R 
using the function “svydesign”  in the library “survey” and 
ORs were then calculated incorporating weights as part 
of the design. We provided results of unweighted logistic 
regression models in supplementary material (Supplemen-
tal Tables 4-. To further explore dose–response trends, we 
replicated the primary analyses using quartiles of exposure. 
Furthermore, we estimated new models including early 
menarche, late menopause, nulliparity, breastfeeding, use 
of oral contraceptives, alcohol use, and overweight/obesity 
status, which are known risk factors for breast cancer [10], 
but are not necessarily true confounders of the relationship 
of arsenic and breast cancer. All analyses were conducted 
using R software [20].

Results

A total of 823 potential breast cancer cases were identified 
through the ascertainment process and 782 were contacted 
to participate in the study. Of these, 699 (85%) agreed to 
participate; 505 (72%) were listed in the Voter Registry and 
at the same address at the time of recruitment since 2009. 
For controls, we attempted to contact a total of 691 possible 
female controls. Of these 560  (81%) agreed to participate; 
409 (73%) were living at the address listed for them in the 
Voter Registry (Fig. 1). Given the sample size and tertile- or 
quartile-based exposure classification, the study had 80% 
power to detect an odds ratio of approximately 1.5 or greater, 
assuming a two-sided alpha of 0.05.

Breast cancer cases and female population controls had 
similar median ages (62 [IQR 53–71] and 62 [51–72] years, 
respectively), level of education (over half completed at least 
high school), prevalence of overweight (around 70%), and 
other risk factors associated with breast cancer (Table 1). 
Cases had higher median levels of lifetime cumulative (3.37 
[IQR 0.81–8.07] and 2.06 [0.66–6.40] mg, respectively), 
lifetime average exposure (52 [15–84] and 42 [10–106] 
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μg/L, respectively), and highest single-year exposure to 
arsenic (150 [60–860] and 70 (40–555] μg/L, respectively) 
(Table 1).

In population-weighted logistic regression models, we 
did not observe higher odds of being in the highest tertile 
category of any of the exposure metrics evaluated among 
incident breast cancer cases compared to population controls 
(Table 2). Adjusted odds ratios (OR) for tertile of cumu-
late exposure (< 1.17, 1.17–5.16, and ≥ 5.17 mg) were 1.00, 
0.85 [95% confidence interval (CI), 0.60–1.18], and 1.10 
(0.79–1.55). ORs for highest single year exposure to arse-
nic concentrations in water (< 60, 60–297, and ≥ 298 μg/L) 
were 1.00, 0.65 (95% CI: 0.45–0.94), and 1.06 (0.76–1.48), 
respectively. ORs were < 1 and increased with tertile of 
exposure for lifetime average, although confidence intervals 
for the highest tertile contained the null value (Table 2).

In models adjusted for additional known risk factors for 
breast cancer, we observed similar results, no differential odds 
of being in the highest tertile category of any of the exposure 
metrics evaluated among incident breast cancer cases com-
pared to population controls (Table 2, Fully Adjusted Models). 

Further, after changing the exposure groups to reflect quartiles, 
rather than tertiles, we observed similar effects. That is, no 
differential odds of exposure to the highest quartile of arsenic 
among cases versus control (Table 3). For cumulative expo-
sure, ORs (< 0.71, 0.71–2.73, 2.74–7.26, and ≥ 7.27 mg) were 
1.00, 0.61 (0.41–0.89), 0.90 (0.61–1.32) and 1.03 (0.70–1.51) 
for the minimally adjusted model and 1.00, 0.77 (0.47–1.27), 
0.89 (0.55–1.42), and 0.97 (0.62–1.53) in the fully adjusted 
model.

Results of unweighted logistic regression models using ter-
tile and quartile of exposure are provided in Supplementary 
Table 4 and 5, respectively. In sum, in the unweighted logis-
tic regression models, ORs were > 1 for all exposure metrics 
evaluated and increased with exposure group, however all 
confidence intervals contained the null value in fully adjusted 
models.

Fig. 1   Participant flow chart for 
breast cancer and population 
female controls from Northern 
Chile, 2014–2018
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Discussion

In our case–control study conducted in the North of Chile, 
an area in which the population was exposed to extremely 
high levels of arsenic prior to 1970 via municipal water 
sources, we did not find evidence that arsenic acts as a risk 
factor for breast cancer. Even at extremely high exposure 
levels (concentrations of > 600 μg/L in a single year), lev-
els not commonly observed in drinking water, we did not 
observe consistent evidence of increased risk of higher expo-
sure among cases of breast cancer.

Northern Chile provides a natural experiment for investi-
gating variations in cancer risk associated with arsenic expo-
sure. Arsenic is found naturally in the few water sources 

available in this arid desert area, which was not filtered out 
of municipal water sources until 1971. Records from as 
early as 1930 show that arsenic measured in the municipal 
water of 3 large northern cities (Antofagasta, Tocopilla, and 
Calama) prior to the 1950’s was: 90, 250, and 150 μg/L, 
respectively [21]. Antofagasta, the largest city in Northern 
Chile, is the most extreme example of the quasi-experimen-
tal nature of the exposure. Beginning in the 1950 s, the popu-
lation began to grow, in part because of the increased mining 
activities. Increased population and the use of water sources 
by the mining operations forced the municipal authorities to 
change the water source to one with even higher levels of 
arsenic (860 μg/L). Thus, between 1958 and 1970, the entire 
population of Antofagasta was exposed to extremely high 
levels of arsenic, which abruptly decreased to 110 in 1971, 
when a treatment plant was installed to filter arsenic from 
drinking water, and further decreased in the decades that 
followed [21]. All cities in the north of Chile currently main-
tain levels of arsenic below recommended levels in munici-
pal sources (10 μg/L), however, some small towns, many 
without water treatment plants, frequently exceed recom-
mended levels [22]. Arsenic is known to cause several types 
of cancers [2] and given the long latency it is important 
to study potential risk exposure not at diagnosis, but rather 
at the triggering point of cell damage. Because municipal 
records of historical arsenic levels are available in Chile, we 
were able to easily create accurate exposure histories after 
obtaining information from residences from all participants.

Although arsenic is a well-established cause of lung, 
bladder, and skin cancer [2], its relationship to breast cancer 
is unclear. Previous studies showed a latency of 40–50 years 
for lung and bladder cancers caused by arsenic, with most 
cancers being diagnosed years after high exposures stopped 
[17, 18]. Most other studies have either found no associa-
tions or increased risk of breast cancer [13, 23, 24]. Differ-
ences in study design, exposure levels, exposure assessment 
in the relevant period, and information on exposure dura-
tion make comparisons difficult. For example, the exposure 
levels in our study are much different from those in other 
areas. In a study conducted in Denmark, the median value 
for the “high” exposure group was 2.1, with a maximum of 
25.3 μg/L [24]. Another study conducted in Mexico reported 
that exposure ranged between < 1 to 303, with between 80 
and 90% of women exposed to levels < 35 μg/L [23]. In 
Northern Chile, arsenic in drinking water was extremely 
high in the period before 1970 (i.e., > 800 ug/L), [16]. Both 
cases and controls in our study had high lifetime average 
exposures (> 42 μg/L) with a large portion having had expo-
sures > 60 ug/L in at least 1 year.

A previous study in Northern Chile found an association 
between arsenic exposures > 800 ug/L and reduced breast 
cancer mortality [14]. Strong evidence was provided that 
the results were biologically plausible and not due to bias or 

Table 1   Descriptive statistics of cases of breast cancer and female 
population controls, Northern Chile, 2014–2018

Values are n (%) unless indicated
1 Median (interquartile range)
2 Among those who reported having natural menopause
3 Considering average weight in the last 10 years

Cases
n = 505

Controls
n = 409

Age1 62 (53–71) 62 (51–72)
Age group
  < 40 2 (< 1) 29 (7)
 40–49.9 76 (15) 61 (15)
 50–59.9 145 (28) 92 (22)
 60–69.9 138 (27) 107 (26)
 70–79.9 93 (18) 82 (20)
  ≥ 80 51 (10) 38 (9)

Highest level of education
  < no/little education 111 (22) 100 (24)
  < high school 145 (28) 102 (25)
 High school 119 (23) 114 (27)
  > High school 128 (25) 92 (22)
 Menarche < 12 years 58 (12) 59 (14)
 Had children 453 (91) 377 (93)
 First child > 30 years 43 (10) 37 (10)
 Ever breastfed 399 (79) 342 (83)
 Age at menopause1,2 48 (44–50) 49 (45–50)
 Menopause > 55 years1,2 7 (2) 13 (5)
 Weekly alcohol1 0 (0–0.2) 0 (0–0.5)
 BMI1 27 (24–31) 27 (24–32)
 Overweight/obesity3 325 (70) 281 (72)
 Hormone replacement 81 (16) 53 (13)

Arsenic exposure1

 Lifetime cumulative, mg 3.37 (0.81–8.07) 2.06 (0.66–6.40)
 Lifetime average, μg/L 52 (15–84) 42 (10–106)
 Highest single year, μg/L 150 (60–860) 70 (40–555)
 Born before 1970 455 (90) 337 (82)
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confounding. There are several major differences between 
this previous study and ours. First, our study investigated 
cancer incidence rather than cancer mortality. While fur-
ther research is needed on this topic, it may be that arsenic 
has different effects at different stages of the cancer pro-
cess. Another important difference is that the mortality 
study assessed effects beginning in the 1950’s and up to 
2010. Reductions in mortality began a few years after the 
high exposures started (around 1958) and began returning 
to baseline levels relatively soon after the high exposures 
stopped (around 1970). In contrast, most of the cases in our 
study were diagnosed many years after the higher exposures 
stopped. Overall, because of these differences, the relevance 
of the previous mortality study to our findings is unknown.

We did not specify the cellular type of breast cancer nor 
did we have genotype information to explore gene-arsenic 
interaction, which has been shown to influence the arsenic-
breast cancer relationship [25]. We also did not evaluate 
arsenic methylation capacity, which may be related to risk 
breast cancer [26], and did not have consistently collected 
information on other important clinical and biological dis-
tinctions (e.g., ductal carcinoma in situ, estrogen and pro-
gesterone receptor status). A case–control study of kidney 
cancer associated with arsenic intake did not identify a clear 
dose–response relationship when grouping all kidney can-
cers together, but did when focusing on renal pelvis and 
ureter cancers separately [27]. Breast cancer is complex and 
is made up of different histological types with differences in 

Table 2   Effect of exposure 
to arsenic in water (tertiles) 
and breast cancer, population 
weighted logistic regression

1 Does not consider 5 years prior to evaluation
2 Adjusted for education and age
3 Adjusted for education, age, early menarche, late menopause, ever had children, ever breastfed, alcohol 
frequency, and BMI

Exposure1 Exposure Level Cases
n = 505

Controls
n = 409

Minimally Adjusted
OR2 (95% CI)

Fully Adjusted
OR3 (95% CI)

Cumulative  < 1.17 155 126 1.00 (Ref) 1.00 (Ref)
exposure 1.17–5.16 165 156 0.85 (0.60–1.18) 0.81 (0.53–1.24)
(mg)  ≥ 5.17 185 127 1.10 (0.79–1.55) 0.95 (0.64–1.40)
Lifetime  < 21 159 112 1.00 (Ref) 1.00 (Ref)
average 21–93 158 168 0.66 (0.47–0.93) 0.84 (0.55–1.28)
(μg/L)  ≥ 93.1 188 129 0.99 (0.71–1.38) 0.85 (0.57–1.25)
Highest single
year (μg/L)

 < 60 124 92 1.00 (Ref) 1.00 (Ref)
60–297 140 158 0.65 (0.45–0.94) 0.76 (0.45–1.19)
 ≥ 298 241 160 1.06 (0.76–1.48) 0.95 (0.64–1.43)

Table 3   Effect of exposure to 
arsenic in water (quartiles) 
and breast cancer, population 
weighted logistic regression

1 Does not consider 5 years prior to evaluation
2 Adjusted for education and age
3 Adjusted for education, age, early menarche, late menopause, ever had children, ever breastfed, alcohol 
frequency, and BMI

Exposure1 Exposure Level Cases
n = 503

Controls
n = 408

Minimally Adjusted
OR2 (95% CI)

Fully Adjusted
OR3 (95% CI)

Cumulative  < 0.71 118 111 1.00 (Ref) 1.00 (Ref)
exposure 0.71–2.73 108 119 0.61 (0.41–0.89) 0.77 (0.47–1.27)
(mg) 2.74–7.26 137 91 0.90 (0.61–1.32) 0.89 (0.55–1.42)

 ≥ 7.27 140 87 1.03 (0.70–1.51) 0.97 (0.62–1.53)
Lifetime  < 13 119 84 1.00 (Ref) 1.00 (Ref)
average (μg/L) 13–47 108 122 0.63 (0.43–0.93) 0.74 (0.46–1.20)

48–114 132 109 0.84 (0.57–1.24) 0.84 (0.52–1.36)
 ≥ 115 146 94 1.05 (0.72–1.53) 0.98 (0.62–1.53)

Highest single  < 40 116 86 1.00 (Ref) 1.00 (Ref)
year (μg/L) 40–109 106 117 0.65 (0.44–0.97) 0.72 (0.44–1.17)

110–635 108 102 0.77 (0.52–1.14) 0.79 (0.48–1.28)
 ≥ 636 175 103 1.19 (0.82–1.72) 1.04 (0.67–1.62)
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prognosis and treatment based on the cell type affected. It is 
likely that in our sample of incident cases of breast cancer 
from Northern Chile there were a mix of different breast 
cancer types. Unfortunately, information on cell type is not 
routinely available and thus, we were unable to conduct a 
more sensitive analysis. Future research should explore the 
possibility of a differential effect of arsenic based on genetic 
differences, methylation capacity, and breast cancer type.

We evaluated the possibility that our results were affected 
by biases or confounding. We collected information on sev-
eral important risk factors for breast cancer, and analyses 
involving different adjustments gave similar results. Another 
potential source of error is selection bias. For control selec-
tion, we relied on the Voter Registry. Because voting was 
required by law for all persons over the age of 18 until early 
2012, the Registry is estimated to include approximately 
90% of all adults in our study area. The last year we had 
registry data was 2009. As such, some people in the Registry 
likely moved out of the area by the time our subject ascer-
tainment began in 2015. Thus, the controls that participated 
in our study were only those people who were listed in the 
Voter Registry and who lived at their current address from 
at least 2009. To help prevent selection bias, we also lim-
ited our breast cancer cases to those cases who were in the 
same Voter Registry and who lived in the same address since 
2009. This restriction of cases to the same source used to 
ascertain controls likely helped limit any bias caused using 
a somewhat older Voter Registry. To account for differences 
observed in the distribution of controls, we created popula-
tion weights by region and age and incorporated weights 
into the analysis [28]. Specifically, our unweighted analysis 
reflected that we had a disproportionate number of controls, 
especially those of advanced age, from lower arsenic areas. 
This likely explains why we observed consistently higher 
ORs that were > 1 in unweighted models. With regards to 
case ascertainment, the research team had over 20 years of 
experience with cancer case ascertainment in the area [18, 
29] and the same procedures were used in high and low arse-
nic areas. Overall, although selection bias cannot be ruled 
out, we do not expect that limitations in finding of cases 
or controls represents any major systematic bias. Exposure 
misclassification is possible, but unlikely. We matched resi-
dence with arsenic concentrations reported from government 
sources for nearly all cities reported. Given the retrospective 
design of our case–control study, measuring arsenic bio-
markers in urine was not applicable. However, prospective 
studies or those examining more acute effects of arsenic may 
be better positioned to characterize dose–response relation-
ships using biomarkers rather than exposure proxies. This 
approach could also be beneficial in cases where partici-
pants, as was true for a portion of our sample, report obtain-
ing drinking water from non-municipal sources. In the preent 

study, the vast majority of participants reported that their 
water was supplied by the local municipality, however, some 
did report that drinking water was obtained elsewhere.'Other 
sources'could have referred to water from a truck or a private 
well, which are rare in the area [14]. It is likely these other 
sources would have contained arsenic levels similar to those 
in municipally supplied drinking water during the periods 
of highest exposure, as arsenic was not being filtered at that 
time [21]. While persons, can be exposed to arsenic via other 
sources besides water, they have been shown to be of little 
importance given the high levels in drinking water pre-1970s 
[21]. Occupational exposure to arsenic in copper smelting is 
not relevant in the current study since this job type is almost 
exclusively limited to men.

In conclusion, we did not observe evidence of increased 
odds of higher exposure to arsenic among incident cases 
of breast cancer compared to female population controls 
even at extremely high levels of exposure among women 
in Northern Chile. We found no evidence for confound-
ing or selection bias, but these issues cannot be ruled out. 
Arsenic is a known carcinogenic agent for lung, bladder 
and skin cancer [2]; our study provides evidence that it 
might not be for breast cancer.
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