
PU39CH07_Hiatt ARI 10 February 2018 9:7

Annual Review of Public Health

Environmental Determinants
of Breast Cancer
Robert A. Hiatt1 and Julia Green Brody2

1Department of Epidemiology and Biostatistics and Helen Diller Family Comprehensive
Cancer Center, University of California, San Francisco, California 94158, USA;
email: robert.hiatt@ucsf.edu
2Silent Spring Institute, Newton, Massachusetts 02460, USA; email: brody@silentspring.org

Annu. Rev. Public Health 2018. 39:113–33

First published as a Review in Advance on
January 12, 2018

The Annual Review of Public Health is online at
publhealth.annualreviews.org

https://doi.org/10.1146/annurev-publhealth-
040617-014101

Copyright c© 2018 Robert A. Hiatt & Julia Green
Brody. This work is licensed under a Creative
Commons Attribution 4.0 International License,
which permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited. See credit lines of
images or other third-party material in this article
for license information

Keywords

epidemiology, toxicology, chemical toxicants, social determinants,
endocrine, disrupting chemicals

Abstract

In the United States, breast cancer is the most common invasive malignancy
and the second most common cause of death from cancer in women. Re-
productive factors, estrogen, and progesterone have major causal roles, but
concerns about other potential causes in the external environment continue
to drive research inquiries and stimulate calls for action at the policy level.
The environment is defined as anything that is not genetic and includes so-
cial, built, and chemical toxicant aspects. This review covers the scope of
known and suspected environmental factors that have been associated with
breast cancer and illustrates how epidemiology, toxicology, and mechanistic
studies work together to create the full picture of environmental effects on
this malignancy. Newer approaches to risk-related evaluations may allow this
field to move forward and more clearly delineate actionable environmental
causes of this most common of cancers in women.
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INTRODUCTION

The etiology of breast cancer is complex. There is not one cause of breast cancer but many
(53). There is not one type of breast cancer but several (69). Breast cancer has a great impact
on population health as the most common invasive malignancy and the second most common
cause of death from cancer in women. Additionally, it strikes women while they are in their most
productive years, and because of myriad influences on the quality of life and impact on families,
breast cancer has a huge impact on women’s overall health and deserves the scientific attention it
gets.

Since the early 1990s, there has been a downward trend in mortality; in the period 2010–2014,
this trend decreased annually at an average of 1.6%, whereas in the same period incidence increased
slightly at an average of 0.3% per year (65). Incidence has increased in all race/ethnic groups except
whites, which could be due to increased screening or to real increases in new cancers; thus, the
meaning of this increase could be either positive or negative.

Sorting out the multiple factors responsible for causation of breast cancer has occupied scientists
for decades. The well-known almost fivefold difference in breast cancer incidence across countries
internationally is unlikely to be due to genetic predisposition and points to environmental factors
or living conditions in high-income countries (40, 90). The observation that immigrants from
low-incidence countries experience the higher incidence rates of countries to which they migrate
illustrates that whichever environmental factors are in play can act to increase rates in genetically
similar people in two generations (162). Within the United States, rates vary substantially (133),
and certain communities and areas of the country with the highest incidence rates have seen
elevated public concern and advocacy generated to better understand the problem and act to
reduce excess risk (14, 42, 52, 89). Reproductive factors clearly play a major role related to exposure
to cyclic estrogen and progesterone (67), but concerns about other causal factors, especially from
external environmental sources such as chemical toxicants, continue to drive research inquiries
and stimulate calls for action at the policy level (116).

SOURCES OF EVIDENCE

Methodologically, it can be difficult to establish a causal relationship between environmental
chemical exposures and breast cancer. Most studies in adult women rely on the recall of self-
reported exposures earlier in life or on levels of putative chemicals in biospecimens often collected
after the time of diagnosis. However, people often do not even know they were exposed to particular
chemicals. Recalled product use or geographic location may not be sufficiently detailed or accurate.
When assays of chemicals are performed after diagnosis, residues may not represent exposure at
the relevant time in life, thus impeding the ability to establish causality.

The recognition that human epidemiologic studies in the real world have these limitations has
led to the realization that evidence from many sources is needed. The assessment of cumulative
risk requires different tools and more types of evidence in order to make good and defensible
decisions for environmental health interventions and policies. Many scientific disciplines are en-
gaged in solving this challenge, including genetics, molecular biology, toxicology, endocrinology,
epidemiology, and others (81).

This review describes the scope of what is known about the environment and breast cancer.
For additional detail, we refer the reader to two major reviews of environmental effects on breast
cancer: one from the Institute of Medicine (now the National Academy of Medicine) in 2012 (64)
and the other from the Interagency Breast Cancer and Environmental Research Coordinating
Committee in 2013 (63). A recent report on the recommendations of an expert panel on the
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effects of endocrine-disrupting chemical (EDC) adds an additional perspective (135) as does a
recent update of a comprehensive review of environmental chemicals and breast cancer (116).

DEFINITION OF ENVIRONMENT

A broad definition of environment includes anything that is not genetic (64). The environment can
in turn be divided into the sociocultural environment, the built environment, and the toxicological
or chemical environment. Various attempts have been made to determine how much of breast
cancer incidence can be explained from known or highly suspected risk factors such as ages of
menarche, menopause, and first full-term pregnancy (82) or from occupational exposures (111).
However, the determination of population attributable risk (PAR), which is the percentage of
excess cases that can be associated with an exposure of interest, is difficult to determine for known
risk factors and breast cancer (64).

Social Environment

Breast cancer risk is elevated among women of higher socioeconomic status (SES) perhaps owing
largely to reproductive patterns (80, 115). Areal measures of SES have also been associated with
increased risk. Neighborhood SES based on social and built environment characteristics has been
associated with a twofold greater risk for women living in the highest quintile of neighborhood
SES risk versus the lowest for all major race/ethnic groups (27).

Factors related to the early-life socioeconomic environment are difficult to study because of
the lack of longitudinal data across the life course and meaningful biomarkers of intermediate
outcomes. To date, studies of early-life SES and adult breast cancer incidence and mortality have
been inconsistent (31, 96, 110, 132, 137). Other effects of the social environment might be manifest
through family structures. It has been intriguing to note that in families where the biologic father
is absent for whatever reason, some studies show that girls go through puberty earlier (32), thus
potentially increasing their risk of breast cancer.

Built Environment

The built environment is that which can be attributed to people’s purposeful activities to construct
and influence the physical world. Where people live, work, and play may act in positive ways to
provide fresh food outlets or open space for recreation, walking paths, and other elements that
may stimulate physical activity. Likewise, the built environment can act in negative ways, such as
when toxic dumps are located next to where people live, when corner stores provide easy access to
alcohol and tobacco products, and when the lack of sidewalks and other features inhibit walking
and other forms of physical activity.

The social and built environment attributes of neighborhoods seem to play a role in breast
cancer risk, and considering these influences across diverse populations may be key to under-
standing related racial/ethnic inequities in breast cancer risk (28). There is also evidence that
multiethnic neighborhoods with composite characteristics associated with lower SES based on
education, housing, employment, income, and the built environment (e.g., recreational facilities,
unhealthy retail and restaurant options) are more obesogenic and associated with breast cancer
risk (27). Physical activity, which has generally been associated with contact with green spaces
where people live (140), has been inversely associated with breast cancer incidence (41, 155). The
food and retail environment of a neighborhood may be related to total energy intake in young
girls (76) and negatively influence their development.
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Toxicologic and Chemical Environment

In recent decades, the evidence from toxicologic and mechanistic studies relevant to breast can-
cer etiology has substantially increased (118, 119). Studies have attempted to assess associations
between exposures to environmental chemicals and either breast cancer or some intermediate
outcome relevant to breast cancer (e.g., age at menarche). A thorough review of epidemiological
studies of environmental pollutants and breast cancer was published by Brody et al. (12).

SPECIFIC ENVIRONMENTAL EXPOSURES

We have grouped environmental exposures into lifestyle factors or exposures influenced by human
choices and behaviors, endocrine disrupting chemicals, primarily in personal products, and indus-
trial and agricultural chemicals. The first group of behavioral factors are influenced not only by
personal choices, but also by societal and environmental circumstances beyond individual control.

Exogenous Hormones

Hormone replacement and oral contraceptives. Breast cancer is a hormonally dependent
malignancy, and the relationship of oral contraceptives and hormone replacement therapy to
breast cancer has thus been of great interest to researchers over the years. Oral contraceptives
are used for birth control and other medical reasons by about 16% of females aged 15–44 years
(30). Evidence indicates that they are carcinogenic for current users, but the risk dissipates after
4 years when stopped (56). Because most use of oral contraceptives is among young women in
their reproductive years when the risk of breast cancer is low, the risk of breast cancer from oral
contraceptives at the population level is low.

Use of combined estrogen–progestin hormone therapy (HT) at menopause was a common
practice until the results of the Women’s Health Initiative showed an increased risk of breast
cancer that was not offset by other health benefits (e.g., to cardiovascular disease) in these women
(4). The prevalence of HT use subsequently dropped markedly in the United States, and declines in
breast cancer rates soon followed (35). As with oral contraceptives, risk is associated with current
use and diminishes within several years when stopped (7). Recommendations for HT use for
menopausal symptoms are now made much more cautiously.

Diethylstilbestrol. Diethylstilbestrol (DES) exposure was first introduced in 1938 to prevent
miscarriages and was in use until 1971. This estrogenic compound was taken off the market when it
was discovered that daughters of women who took it during pregnancy developed adenocarcinomas
of the vagina (49). Subsequently, as the women who took DES have aged, multiple reproductive
abnormalities have emerged, including increased breast cancer rates (105, 138). Breast cancer
rates have been elevated, especially for cancers occurring in individuals ≥50 years of age [relative
risk (RR) 3.0, 95% confidence interval (CI), 1.01–8.98] (105). We have learned that in utero
exposures can have important and devastating effects on adult health many years later and that the
period of organogenesis during fetal life is one of several periods of life (windows of susceptibility)
when humans are sensitive to the effects of carcinogens, in this case synthetic estrogens.

Obesity

Obesity has multiple determinants among which are factors associated with the built environment
(26, 28, 140). Obesity as measured by body mass index (BMI) has long been known to be associated
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with an elevated risk of postmenopausal breast cancer, a decreased risk of premenopausal breast
cancer, and an earlier age at menarche (154). However, BMI may not be the critical measure of
body fatness; rather, abdominal fat, which is thought to be more biologically important in terms of
insulin resistance and cancer risk, may be more critical. The paradoxical relationship of obesity in
pre- versus postmenopausal women may be due to the differential frequency of estrogen receptor
positive/progestin receptor positive (ER+/PR+) tumors in these two age groups (160). ER+/PR+
tumors are more common postmenopausally and more sensitive to estrogen, which is produced by
fat tissue at that stage of life. ER−/PR− tumors are more common premenopausally and may have
a different relationship with traditional risk factors because these tumor types represent different
aspects of the disease. Fat tissue may also act as a storage medium for EDCs (see below) that
are lipophilic and reside in the body for long periods of time (147) and may themselves act as
obesogens (8). More work needs to be done to sort out the reasons for the life course variability
in the relationship between obesity and breast cancer.

Physical Activity

Physical activity is another external environmental factor that is modifiable in favor of breast
cancer prevention. Most epidemiologic studies have found a protective effect of physical activity,
no matter the type, but it is probably only for postmenopausal breast cancer. The evidence for
a protective relationship between physical activity and premenopausal breast cancer risk is less
consistent (154). The mechanism probably works through reducing the level of body fatness but
may also work through reducing estrogen levels (154). A more complete understanding of the
interactions among environmental pollutants, physical activity, diet, and breast cancer would offer
more opportunities for prevention (13).

Dietary Factors

Several decades ago, much research was done to evaluate dietary fat and other major nutrients
as causal features for breast cancer because such a theory was so consistent with the fivefold in-
ternational variation in breast cancer rates. However, that line of research failed to demonstrate
a clear relationship with breast cancer (144). Rather high energy intake and low physical activity
leading to prepubertal obesity and associated weight gain in midlife may explain the large inter-
national differences in breast cancer incidence associated with fat intake. Some evidence suggests
that monounsaturated fats (e.g., olive oil) may actually reduce the risk of breast cancer (144).

Alcohol. Alcohol consumption as a causal factor in breast cancer has been well documented from
more than 100 studies using both case-control and cohort designs and from multiple countries
around the world (64). Overall, the magnitude of the relative risk is about 1.5 for the consumption
of 45 g of alcohol per day (26), which is equivalent to about 3 alcoholic drinks per day and holds
for any type of alcohol (wine, beer, or spirits) (154). Data are inconsistent on whether there is
a particular time of life when alcohol consumption puts women at higher risk compared with
other times of life. However, it does appear that alcohol consumption has more of an effect on
ER+/PR+ tumors and not for ER−/PR− malignancies (134). Animal studies have confirmed
this finding; rodents exposed to alcohol have increased tumorigenesis in most studies (104). The
mode of action is unclear and alcohol could act through the formation of genotoxins such as
acetaldehyde or through the alteration of hormones, hormone receptors, or other mechanisms
(64, 104).

www.annualreviews.org • Environmental Determinants of Breast Cancer 117



PU39CH07_Hiatt ARI 10 February 2018 9:7

Phytoestrogens. Epidemiologic studies on the effects of phytoestrogens on breast cancer have
been mixed but tend toward being protective if consumed in sufficiently high doses (107). Soy
intake is substantially higher among some Asian populations than among those in North America,
and because dose is a critical factor, discussion of epidemiologic results for phytoestrogens needs
to take into account the population studied. Several well-conducted studies, mostly using case-
control designs in Asia where intake of soy products is high, have tended to show a protective effect
(156). A meta-analysis of eight studies in Asian countries showed a significant trend whereby risk
decreased with increasing soy intake. In contrast, 11 studies in Western countries showed no
protective effect.

Well-conducted epidemiologic studies of adolescent soy intake are fairly consistent in showing
a graded protective effect with dose (71, 75, 125, 158). Finally, in young girls, in a cross-sectional
study of 192 healthy 9-year-olds in New York, lower urinary phytoestrogen levels were associated
with earlier breast development (148).

Vitamin D. In recent years, there has been much interest in the role of vitamin D in breast
cancer incidence as well as survival and mortality. Vitamin D can be measured by sun exposure
estimates, dietary intake, and circulating serum 25(OH)D. Although current evidence is lacking
on the possible protective effects of vitamin D in early development (126), there is no evidence
of any protective effect of vitamin D supplementation on breast cancer etiology. In the Women’s
Health Initiative trial in 36,282 women, 25 (OH)D (400 IU D3 per day) given with supplemental
calcium showed no effect on lowering breast cancer incidence (21).

Tobacco

Tobacco smoke contains more than 20 components that are known carcinogens (59), and these
substances can be found in the breast fluid and tissue of women who smoke (92, 139). Recent
reviews of existing epidemiologic literature by the International Agency for Research on Cancer
(IARC) and a Canadian review group support a causal relationship between active smoking and
breast cancer, especially in women who initiated smoking before their first full-term pregnancy
and among women who have a genetic trait, NAT2 slow acetylators, that slows the metabolism
and detoxification of tobacco carcinogens (66, 122).

Exposure to secondhand or environmental tobacco smoke (ETS) has also been associated with
increased risk of breast cancer in never smokers, although the conclusions about causality vary by
different agencies. The IARC has found the evidence to be inconclusive, whereas the California
Environmental Protection Agency and the Canadian review judged the evidence to be consistent
with causality in younger, premenopausal women (66, 91). Evidence from the California Teacher’s
Study supports an increased risk in postmenopausal women as well (113).

ETS has been assessed in girls and associated with early menarche (114, 145). However, mech-
anisms by which ETS might contribute to earlier menarche remain to be elucidated, especially
by examining possible gene–environment interactions such as those with N-acetyltransferase 2
(NAT2) slow acetylator and glutathione S-transferase Theta 1 (GSTMI) null genotypes, which
may be associated with breast cancer in adults (1, 136).

Radiation

Ionizing radiation is an environmental exposure for which there is clear and very strong evidence
of carcinogenicity for breast cancer. Evidence from survivors of the atomic bomb explosions in
Japan has documented the sensitivity of these individuals to radiation of the developing breast
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(20). The most important source of exposure from ionizing radiation is now from diagnostic
medical imaging, including radiographs, fluoroscopy, and computed tomography (64). Efforts to
standardize and regulate the application of medical diagnostic radiation should result in substantial
reductions in the risk associated with this environmental exposure (127).

Light at Night

Exposure to light at night, which often is the same as shift work, has been repeatedly associated with
increased breast cancer rates (70), and the IARC has classified shift work as probably carcinogenic
for breast cancer (61). The mechanism is unclear but could work through the suppression of
melatonin, which normally rises during the darkness of night and is antiestrogenic (47). These
findings are of concern because many nighttime shift workers are women in the health care and
service industries (61). Work on the mechanism of this relationship is continuing.

Metals

Metals are ubiquitous in the environment both from natural sources and from industry, transporta-
tion, and fossil fuel combustion in general. Some metals, including arsenic, beryllium, cadmium,
chromium, nickel, and related compounds, have been judged carcinogenic in humans by the
IARC (131). The best-demonstrated evidence for carcinogenicity in humans is for lung cancer.
Epidemiologic evidence for an increase in breast cancer risk is limited, perhaps because most of
the occupational studies of heavy metals have been done in men. Both lead and cadmium have
estrogenic properties (24) and have been associated with breast cancer in human epidemiologic
studies (19, 87). Lead exposure has been associated with later pubertal onset or menarche in several
studies (34, 123, 157).

Endocrine Disrupting Chemicals—Personal Products

The evidence that endogenous hormones influence breast cancer risk raises parallel questions
about the effects of synthetic chemicals that mimic or disrupt hormones, particularly estrogen sig-
naling. Many chemicals currently in widespread use in consumer products have estrogenic activity
in rodent models and in vitro. Many of these compounds are rapidly metabolized, complicating
exposure assessment for epidemiological studies (116).

Bisphenol A. The widely used industrial monomer bisphenol A (BPA) is a weakly estrogenic
chemical that is polymerized in the manufacture of polycarbonate plastic and epoxy resins. Human
exposure occurs when BPA is leached from plastic-lined food and beverage cans and many other
common sources in modern life (15, 101). Estrogenic effects of BPA (86, 117) and effects on
weight gain, puberty, male and female reproductive tract abnormalities, and the mammary gland
in animal models have been documented (83).

In humans, urine BPA levels in parts per billion (ng/ml) have been documented in many
studies; one large study revealed that 95% of urinary samples tested contained BPA levels in parts
per billion (ng/ml) (16) as did 94% of samples tested in a study of prepubertal 6–7-year-old girls
in the Breast Cancer and the Environment Research Program (BCERP) across the United States
(152). However, researchers are uncertain about the level and risk of exposure to BPA in humans.
In one of the few epidemiologic prospective studies of the health effects of BPA in 1,151 girls
between 6 and 8 years old, after two years of follow-up, the data showed no statistically significant
effect on pubertal onset (151).
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Parabens. Parabens are antimicrobial preservatives found in personal care products, including
underarm cosmetics, which can act like weak estrogens to bind to the estrogen receptor. Data in
humans have documented parabens in urine in almost all (>96%) of a demographically diverse
sample of adults (161), and parabens have been documented in breast cancer specimens. Although
the levels were previously thought to be lower than that required to produce estrogenic effects
(106), they can stimulate breast cancer cell proliferation in vitro at concentrations 100 times
lower when in the presence of the growth factor heregulin (106). A recent study measured urine
parabens levels in a diverse sample of 1,151 6–8-year-old girls as a possible determinant of pubertal
onset two years later and found no relationship. Paraben levels, which often occur together with
benzophenome-3 (BP-3), a phenol found in sunscreens, were, however, significantly higher in the
summer and among white girls (151).

Phthalates. Personal care products and cosmetics may include phthalates and organic solvents
as well as parabens (150). Butyl benzyl phthalate (BBP) is an estrogenic compound and a partial
agonist for the estrogen receptor (2). BBP is widely used in food wraps and other plastics as
well as in cosmetic formulations. A recent case-control study in northern Mexico compared 233
breast cancer cases to 221 age-matched controls on urinary levels of phthalates obtained (in the
cases) prior to treatment. Cases had significantly higher levels of monoethyl phthalate (MEP), but
controls had higher levels of other phthalates (78). This finding is provocative because there are no
other known epidemiologic studies (54) attempting to relate phthalate exposure to breast cancer.
Studies of pubertal timing in 30 Taiwanese girls with premature thelarche (breast development)
were compared with 26 girls with central precocious puberty and 33 normal controls; the girls with
premature thelarche were found to have higher levels of monomethyl phthalate (MMP) than the
control group ( p = 0.005) (22). Another much larger study, again from the BCERP, has assessed
a panel of nine phthalate metabolites. In 1,149 girls analyzed, investigators noted a nonstatistically
significant relationship to pubertal onset as measured by either breast or pubic hair development
with two years of follow-up associated with low-molecular-weight phthalates and a weakly inverse
association relationship for high-molecular-weight phthalates and pubic hair development ( p =
0.04 for trend in quintiles) (151). Low-molecular-weight phthalates were associated with girls’
gain in BMI and waist circumference in this study (33). Overall, evidence seems to suggest that
phthalate exposure may be associated with breast cancer and breast cancer risk factors early in
development, although the direction of the relationship for different phthalates is inconsistent.

Polybrominated diphenyl ethers. A study of brominated flame retardants [polybrominated
biphenyls (PBBs)] among accidentally exposed farmworkers in Michigan revealed an association
with earlier pubic hair development but not earlier breast development in the daughters of exposed
mothers (9). Epidemiologic studies in adults have not shown any relationship to breast cancer (57).
However, serum levels in the BCERP study of polybrominated diphenyl ethers (PBDEs) were
detected in 70% of girls from California and Ohio. Levels were higher for girls from California
(146), probably owing to California’s fire regulations and safety codes (163). Flame retardants with
PBDE have been phased out of production but are widely persistent in the environment (36).

Perfluoroalkyl substances. Perfluoroalkyl substances (PFASs) are a family of per- and polyfluo-
rinated chemicals that have also found their way into the environment and have EDC properties.
Two of the most widely studied are perfluoroactanoic acid (PFOA) and perfluorooctane sulfate
(PFOS) (74). PFOA is a synthetic compound introduced halfway through the last century for
use in many industrial and consumer products, including Teflon and Gore-Tex (129). Detectable
levels can be found in the serum of most persons tested in the United States (17). In animal
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systems, PFOA has been associated with tumor development (119), probably owing to effects
on the immune and endocrine systems rather than genotoxicity (129). Epidemiologic studies are
very limited, to date, for cancer-relevant outcomes in general and especially for breast cancer
(102, 129). The Danish National Birth Cohort found significantly elevated odds of breast cancer
among the women in the highest compared with the lowest quintile of perfluorooctanesulfon-
amide (PFOSA), which breaks down in the body to PFOS, and further follow-up in this study will
be informative (10). Other recent studies have been methodologically limited and have found no
consistent relationships (102).

Industrial and Agricultural Chemicals

Women are exposed to a range of industrial and agricultural chemicals and their byproducts at
work and in community settings. In addition to EDCs, these exposures include chemicals that
increase mammary gland tumors in rodent assays (118).

Benzene. Benzene is an industrial chemical that has been classified as a human carcinogen,
primarily on the basis of occupational studies in men and hematopoietic cancers (58). A number of
epidemiologic studies support its role as a carcinogen in women as well (29, 108), and animal studies
in rodents exposed to benzene orally or by inhalation show an increase in mammary tumors (84),
perhaps via genotoxic mechanisms (5). Benzene is now regulated as a carcinogen for its causal
relationship to hematopoietic cancers, so its use for nonindustrial purposes has been limited.
However, it is a combustion product of natural gas and gasoline and remains in the environment
at lower levels. Exposure should be minimized to protect against breast cancer (64).

Ethylene oxide. Ethylene oxide is another industrial chemical that is used primarily for medical
equipment sterilization procedures, so women working in hospital settings are at risk of exposure.
On the basis of animal, mechanistic, and limited epidemiologic data, the IARC classified ethylene
oxide as a carcinogen (60). The strongest epidemiologic study so far in a large occupational
cohort found a significantly increased risk of breast cancer of 1.74 (95% CI 1.16–2.65), which
remained high after adjustment for parity and family history of breast cancer (130). Together,
these epidemiologic data along with the animal and mechanistic studies support the likelihood
that ethylene oxide can work as a carcinogen in adults (64).

1,3-Butadiene. 1,3-butadiene is a gas also found in petroleum products and cigarette smoke
and, like benzene, is classified as a carcinogen on the basis of occupational studies linking it to
hematopoietic cancers (6). Although there are no studies of its effects on breast cancer in women,
studies in rodents, again like those for benzene, show higher rates of mammary tumors and
evidence of genotoxic damage (60). It is unlikely that any studies of 1,3-butadiene in women will
be mounted because the use of and exposure to this chemical are already limited. It would also be
difficult to find enough exposed women to achieve any meaningful epidemiologic data (64).

Polychlorinated biphenyls. Polychlorinated biphenyls (PCBs) are a family of 209 organochlo-
rine congeners that were used as industrial coolants, insulators, and lubricants as well as for many
other applications until the United States banned their use in 1979. Decreasing human body
burden concentrations have been documented over the past 20 years. PCBs have been inconsis-
tently related to breast cancer in epidemiologic studies, including agricultural exposures in cohort
studies (37). Evidence from at least four studies demonstrates a gene–environment interaction
with CYP1A1 such that high levels of PCB exposure and expression of CYP1A1 confer a higher
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risk of breast cancer (12, 24, 73, 95). Because individual congeners have different, and sometimes
opposing, biological effects, epidemiologic studies face challenges in defining meaningful con-
gener groupings for analysis (149). In a study that measured serum PCB levels in early postpartum
women in 1959 to 1967 (a period of peak PCB use), women with a higher proportion of PCB 203
in relation to the sum of PCBs 167 and 187 were more likely to be diagnosed with breast cancer
by age 50 (24).

Pesticides

Epidemiologic studies of organochlorines and breast cancer have included both DDT and PCBs,
but most have focused on exposure to the pesticide p,p′-DDT and its metabolite p,p′-DDE.
Various study designs have compared adult women with breast cancer to women without. Despite
the large number of studies in this area following the initial positive results in case-control studies
(38, 153), the results are mostly negative and do not support the hypothesis that residues of
organochlorines in adults are associated with increased breast cancer risk (18, 79).

Then, in 2007 Cohn and colleagues reported a study using stored sera collected from women
in the Child Health and Development Studies at the time of childbirth (average age 26 years),
129 of whom went on to develop breast cancer before 50 years of age (i.e., premenopausal) (25).
Compared with 129 women from the same cohort who did not develop breast cancer, those who
were in the highest tertile of p,p′-DDT exposure were 2.8 times (95% CI 1.2–6.7) as likely to
develop breast cancer as were those in the lowest tertile. The strongest relationship was seen in
women who were <14 years in 1945 [odds ratio (OR) = 5.4, 95% CI 1.7–17.1]. This study,
which cannot be replicated because of the unusual nature of the data set, supports the concept
that the timing of exposure (i.e., early development window) may be critical to the contribution of
EDCs to carcinogenesis (23). Supportive evidence comes from the Sister Study, which found that
young girls up to age 18 years who were exposed to fogger truck or plane spraying of DDT were
at a nonsignificant increased risk of breast cancer [hazard ratio (HR) = 1.3, 95% CI: 0.92–1.7]
for premenopausal breast cancer (100). Similarly, the Long Island Breast Cancer Study Project
reported increased odds of ER+/PR+ breast cancer among women who reported chasing after a
fogger truck in their youth (143).

Organochlorines as a class are lipophilic and resistant to degradation. They were banned
from use in the 1970s and 1980s because of toxicities. Nevertheless, organochlorines are still
ubiquitous in the environment and can be measured in biospecimens from virtually all US adults
and children. Traditional epidemiologic observational studies in adulthood of the association
between organochlorines and breast cancer have been inconsistent, however (120, 159). Some
cohort studies have found associations with one organochlorine, for example dieldrin, but not
others (55). Even in studies of large populations who were logically at very high risk of exposure
during adulthood, such as farmer’s wives in the Agricultural Health Study, no clear relationships
between overall pesticide exposure and breast cancer were established. Associations with earlier
menarche have been positive in several (45, 103, 141) but not all studies (34).

Air Pollution and Polycyclic Aromatic Hydrocarbons

Air pollution is a designated human carcinogen on the basis of mechanistic, animal, and epidemi-
ologic evidence (62). Individual constituents of air pollution include genotoxins and estrogenic
and antiestrogenic compounds. The most studied of these are polycyclic aromatic hydrocarbons
(PAHs), which have been linked to breast cancer in animal models and epidemiologic studies
(116). PAHs are a large class of chemicals formed by the incomplete combustion of coal, oil, and
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gas, as well as grilled meats, tobacco smoke, and other substances to which humans are exposed in
ambient air and diet. These substances are genotoxic and known to be potential breast carcinogens
(94), perhaps by damaging DNA through oxidative stress. Some PAHs are also weakly estrogenic,
thus presenting another mechanism by which they may influence breast cancer etiology (121). Be-
cause air pollution can vary by neighborhood environments, there may be an interaction between
PAH exposure and the social environment, with more disadvantaged neighborhoods at greatest
risk (93).

Air pollution, assessed by modeling exposures at residential locations, has become an active
area of breast cancer research. The largest study, the ESCAPE Project in 15 European cohorts
of postmenopausal women, found significantly higher breast cancer risk associated with nitrogen
oxides (NOx), a marker for traffic pollution, and nickel, a marker for heavy oil combustion and
industry (3). The study found suggestive associations for NO2, and the US Sister Study found
significantly higher risk of ER+/PR+ tumors with NO2 exposure (112). The California Teachers
Study found associations between ER+/PR+ tumors and some mammary gland carcinogens (44)
and between ER−/PR− tumors and ambient benzene (44), cadmium, and arsenic (77). The Nurses’
Health Study II did not find these associations (48), but the cohort was younger than that of the
California Teachers Study. Additional studies with suggestive and null findings were reviewed by
in Rodgers et al. (116). Lack of consistent findings may be due to differences in follow-up periods,
measurement error from modeled exposure limited to residences, lack of exposure data from early
life, and lack of differentiation of pre- and postmenopausal disease and tumor types (116).

Studies in occupational settings, residential studies with earlier life data, and measurements
of PAHs add evidence of associations between breast cancer and air pollutants. In western New
York, exposure to both benzene and PAHs was assessed from occupational histories that aimed
to determine the probability and intensity of exposures in different job classifications. Data from
the histories revealed a 2.3-fold elevated risk of ER+ (but not ER−) breast cancer cases compared
with women matched by age and county of residence (109). In another study from western New
York, women with higher estimated exposure to total suspended particulates (TSP) at their birth
residence had higher breast cancer risk later on; TSP levels were associated with a 2.4-fold elevated
risk that was on the borderline of significance (11). A more recent study from the same group
studied exposure to traffic emissions among women with breast cancer; residence served as an
indirect measure of exposure. The study determined exposures at various points in the life course,
including the age of menarche. In this study, elevated risk, again slightly over twofold, was observed
for exposures at the time of menarche and age at first birth for women with postmenopausal breast
cancer (99). A study from the longitudinal BCERP found an association of andrenarche with
living in proximity (within 150 m downwind) of traffic-related air pollution (88). A recent nested
case-control study with 80 cases and 156 controls found that women with detectable PAH levels
had a twofold increase in breast cancer risk compared with women without detectable levels, and
there was a dose–response relationship with women with higher levels of PAH exposure having
more than a fourfold increase in risk (124). A study of women workers in Canada (72) found
that elevated risk of breast cancer was associated with longer employment in jobs associated with
vehicle exhaust, especially if exposure began when they were younger than 36 years.

The Long Island Breast Cancer Study has observed higher breast cancer risk associated with
PAH–DNA adducts and explored interactions with more than a dozen gene variants (116). Higher
breast cancer risk has been observed particularly for higher levels of adducts in women with variants
related to poor cell repair (116). Although the studies from western New York have been rather
consistent in their levels of risk estimates and the studies from the Long Island Breast Cancer
Study have linked PAH–DNA adducts to breast cancer, the role of PAHs in breast cancer etiology
in humans is still being actively pursued (43).
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Dioxin

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is also an organochlorine, but one that is a product
of combustion, metal processing, and chemical manufacturing. It is one of the most toxic substances
known and, like DDT and PCBs, is persistent in the environment. Effects on human health have
included concerns for cancer and more general reproductive and endocrine effects (68). Easily
identifiable exposures to this compound have largely taken place in occupational settings and
accidents, so large-scale epidemiologic studies have not been feasible to organize. Rather, most
human data on the impact of TCDD comes from occupational health cohorts in which doses are
higher than in the general environment and the number of women is proportionally small (85).
The EPA considers TCDD “carcinogenic to humans” for all cancers together and for lung cancer,
there being little data specific to breast cancer.

Evidence of another sort comes from the Seveso Accident in Italy in 1976, during which a
large population surrounding a chemical plant was exposed to TCDD. Twenty-year follow-up of
cancer incidence in 111,874 women with graded exposures to dioxin has resulted in no elevations
overall; however, after 15 years of follow-up, 5 cases occurred, which is significantly more than
expected (RR 2.57: 95% CI 1.07–6.20) (108). After 32 years of follow-up, 33 breast cancer cases had
occurred, and the risk was increased for women with higher blood levels of TCDD with 0–10 years
and 11–20 years but not 21–32 years of follow-up; this finding suggested a possible window effect
(142). Longer follow-up may reveal more cases and clearer relationships to the exposure.

SYNTHESIS

As we indicated at the beginning of this review, breast cancer is complex. The multitude of
environmental factors to consider let alone the ever-expanding understanding of genetic variants,
gene–environment interactions, and tumor characteristics makes it difficult to grasp the full picture
of how the external environment plays a causal role in breast cancer incidence and mortality. Even
attempts to model the complex factors involved in breast cancer etiology have to, by necessity,
leave out the full scope of factors known or suspected to be involved in the origins of this cancer
(53). In addition, for epidemiologic studies, there are multiple methodologic challenges to the
investigation of environmental factors and breast cancer (51). Exposures of interest likely occur
early in life, even in utero, and are thus difficult to recall in adult life. Longitudinal studies, which
would be ideal theoretically, have to be continued for multiple decades to observe breast cancer
outcomes from these early exposures. Case-control studies, which can be conducted in less time,
suffer from recall bias when exposures are self-reported. In any epidemiologic study, the exposures
at different points along the life course may be difficult to assess because of participant mobility
across varying geographies and occupations. Biomarker measurements are helpful if available but
not if the chemical is not persistent in human tissues (51).

We have reviewed many, but not all, of the nongenetic factors and agents thought to be
important nongenetic causes in breast cancer. For the most part, this and other reviews (63, 64, 135)
have presented environmental factors independently (e.g., phthalates, benzene). However, in the
real world, these factors interact and are dynamic over time. Chemical toxicants frequently present
in mixtures, as is the case, for example, with cosmetics and endocrine disruptors. Furthermore,
although we have incorporated evidence about the timing of exposures in some cases, a more
systematic approach is needed to understand exposures throughout the life course and the concept
of “windows of susceptibility” (39, 46). The breast is the only organ that develops and matures
after birth, and the dynamic states of proliferation and involution that accompany pubertal onset,
pregnancies, and menopause all offer opportunities to better understand just when during the life
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course a particular environmental factor is likely to have a critical effect. Additional complexity
also faces science when one considers the more than 85,000 industrial chemicals and other factors
in the environment that have yet to be studied. New approaches will be needed to efficiently
evaluate existing and as yet unknown factors that may cause cancer. We can learn from the science
that has gotten us this far, but the field needs new methods of inquiry for the twenty-first century.

The National Academy of Science has issued a report called Using 21st Century Science to Improve
Risk-Related Evaluations (97). The report builds on previous reports (98) to tackle the onslaught of
new data being generated from government, industry, and academia, with the goal of “inform[ing]
risk assessment and support[ing] decision-making to improve public health and environment”
(97, p. 1). The Academy’s approach was to assess scientific and technological advances in the four
elements of risk assessment: hazard identification, dose–response assessment, exposure assessment,
and risk characterization and to add into this mix their evaluation of the increasingly critical role
of epidemiology. This challenge clearly requires a transdisciplinary approach to science, involving
toxicologists, exposure scientists, epidemiologists, and other scientists from the basic and social
sciences (50). Together, observational epidemiologic studies, natural experiments, and novel study
designs, along with toxicological and mechanistic studies, are creating a fuller picture of the role
of the environment in breast cancer.

In addition, several approaches to assessing cumulative environmental impacts have been re-
cently reviewed and will likely be helpful in advancing the science that pursues the environmental
causes of breast cancer. These include health risk assessments, ecologic risk assessment, health
impact assessment, biomonitoring, assessments of the burden of disease, and mapping of cumula-
tive impacts (128). Health risk assessments rely not just on epidemiologic studies in humans, but
also on controlled exposure studies in humans (97), toxicologic studies in animals, and mechanistic
studies (98). Ecologic risk assessment and health impact assessments take into account qualitative
data on context to develop a broader picture of environmental impact.

In conclusion, this review has documented many of the factors in the environment that have
associations with breast cancer and could be causal. These factors may have direct effects, or they
may act indirectly through mediators such as obesity or earlier puberty. We are clearly in an era
when complex interactions, upstream causal factors, and multiple pathways of causation must be
considered. We can no longer be comfortable with an etiologic model for cancer that simply ap-
portions causal factors (e.g., diet, tobacco, the environment) to a certain percentage slice of the pie.

The application of these studies is primarily in the realm of public policy because individual
interventions to avoid known hazards may not be effective and put too much of the burden for
action on the individual. The option of testing the risks associated with chemicals and other
toxics through experimental trials is unethical. The challenge for science is to use observational
epidemiology, exposure science, toxicology, and mechanistic studies to produce the best evidence
possible for making wise decisions.
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