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Summary

Abstract: Breast cancer accounts for substantial morbidity among
women in the United States, with an estimated 230,480 new cases of
invasive disease in 2011. Susan G. Komen for the Cure® and its Scientific
Advisory Board commissioned a study by the Institute of Medicine (IOM)
to assess the current evidence on the contribution of environmental exposures, alone or in combination with genetic factors, to the risk of developing
breast cancer; review the challenges in investigating potential environmental
contributions; explore evidence-based actions that women might take to
reduce the risk of breast cancer; and recommend research directions.
“Environment” was broadly defined to encompass all factors that are
not directly inherited through DNA, and a qualitative review examined
current evidence on selected factors that illustrate various environmental
agents and conditions that may be more amenable to modification. For
some of these factors, epidemiologic studies consistently support associations with increased risk for breast cancer (e.g., ionizing radiation, combination hormone therapy, greater postmenopausal weight) or reduced risk
(e.g., more physical activity). For many other factors, however, the epidemiologic evidence is more limited, contradictory, or absent. Evidence from
animal or mechanistic studies sometimes adds support to the epidemiologic
evidence or suggests biologic plausibility when human evidence is lacking
for a particular factor.
Knowledge about the complexity of breast cancer and its relation to
environmental exposures continues to grow, but researchers face many
challenges. To move toward greater opportunities for prevention, more
needs to be learned about the biologic significance of the life stages at which
1
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environmental risk factors are encountered; optimal approaches to assessing exposures, designing and analyzing epidemiologic studies, and integrating analysis of genetic and environmental influences; the possible combined
effects of a multitude of low-level chemical exposures; and interpretation
of findings from studies in animals and in vitro systems.
Although many questions remain regarding the contributions of environmental factors to breast cancer risk, evidence suggests that women
may have some opportunities to reduce their risk of breast cancer through
personal actions: avoiding unnecessary medical radiation throughout life,
avoiding use of some forms of postmenopausal hormone therapy, avoiding
smoking, limiting alcohol consumption, increasing physical activity, and,
for postmenopausal breast cancer, minimizing weight gain. The potential
risk reductions for any individual woman will vary and may be modest,
but the impact of these actions could be important at a population level. In
many cases, however, lack of robust data on environmental agents’ effects
on human breast cancer risk, especially during different life stages, and
some sense of the trade-offs involved, are major challenges for identifying
evidence-based actions that could be taken at the individual or societal level
to reduce breast cancer risk.
Recommendations for research include applying a life course perspective and a transdisciplinary approach to studies of breast cancer, developing
new and better tools for epidemiologic research and carcinogenicity testing
of chemicals and other substances, developing effective preventive interventions, developing better approaches to modeling breast cancer risks, and
improving communication about breast cancer risks to health care providers, policy makers, and the public.

B

reast cancer has long been the most common invasive noncutaneous
cancer among women in the United States, accounting for an estimated 230,480 new cases in 2011.1 After lung cancer, it is the second most common cause of women’s cancer mortality, with about 39,520
deaths expected in 2011. In 2011, there were also approximately 2,140
new cases of breast cancer and 450 breast cancer deaths among men in the
United States.
Knowledge about the complexity of breast cancer continues to grow:
the characterization of multiple tumor subtypes; the likelihood that critical
events in the origins of breast cancer can occur very early in life; the variety
of pathways through which breast cancer risks may be shaped; the likely
contribution to breast cancer of some fundamental biological processes;
1 Approximately

in 2011.

57,650 noninvasive (in situ) breast tumors will also have been diagnosed

3

SUMMARY

and the potential significance of the timing and combinations of environmental exposures in determining their effect on risks for different types of
breast cancer. This growing knowledge is helping to stimulate a transition
in breast cancer research, with new ideas influencing the design and analysis
of epidemiologic studies, experimental studies in animals, and mechanistic
studies of breast cancer biology. As this work elucidates how endogenous
and exogenous factors may influence the development of breast cancer, new
opportunities for prevention may emerge.2
Susan G. Komen for the Cure and its Scientific Advisory Board
requested that the Institute of Medicine (IOM) review the current evidence
on environmental risk factors for breast cancer, consider gene–environment
interactions in breast cancer, explore evidence-based actions that might
reduce the risk of breast cancer, and recommend research in these areas.
The Statement of Task for the study appears in Box S-1.
The committee interpreted “environment” broadly, to encompass all
factors that are not directly inherited through DNA. As a result, this definition includes elements that range from the cellular to the societal: the physiologic and developmental course of an individual, by-products of innate
metabolic processes that can be modulated by external stressors, diet and
other ingested substances, physical activity, microbial agents, physical and
chemical agents encountered in any setting, medical treatments and interventions, social factors, and cultural practices. With the potentially vast
scope of the study task, the committee focused on areas that it considered
to be the most significant and the most pertinent to its charge. In particular,
the study focused primarily on breast cancer in women and on the initial
occurrence of a tumor, not recurrence. The committee took into account the
changes in the breast over a woman’s life and the potential for the timing of
exposures to influence risks they may pose for breast cancer. The committee
did not address practices in the diagnosis and treatment of breast cancer or
policies or practices for breast cancer screening.
REVIEWING EVIDENCE ON CERTAIN
ENVIRONMENTAL FACTORS
The committee explored the available evidence concerning breast cancer risks associated with a necessarily limited selection of specific factors
that illustrate a variety of environmental agents and conditions (see Box S-2
and Chapter 3). The committee drew on evidence reviews by authoritative
bodies, especially the International Agency for Research on Cancer (IARC)
and the World Cancer Research Fund (WCRF) International, supplemented
2 The

term “breast cancer” is used in this report to refer to disease in humans, and “mammary
cancer” or “mammary tumor” to refer to disease in animals.
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BOX S-1
Study Charge
In response to a request from Susan G. Komen for the Cure®, the
Institute of Medicine will assemble a committee to:
1.		Review the evidentiary standards for identifying and measuring
cancer risk factors;
2.	Review and assess the strength of the science base regarding
the relationship between breast cancer and the environment;
3.	Consider the potential interaction between genetic and environmental risk factors;
4.	Consider potential evidence-based actions that women could
take to reduce their risk of breast cancer;
5.	Review the methodological challenges involved in conducting
research on breast cancer and the environment; and
6. Develop recommendations for future research in this area.
In addition to reviewing the published literature, the committee will
seek input from stakeholders, in part by organizing and conducting a
public workshop to examine issues related to the current status of evidentiary standards and the science base, research methods, and promising
areas of research. The workshop will focus on the challenges involved
in the design, conduct, and interpretation of research on breast cancer
and the environment. The committee will generate a technical report with
conclusions and recommendations, as well as a summary report for the
lay public.

by reviews and original research reports in the peer-reviewed literature.
The committee qualitatively reviewed relevant literature, without a formal
systematic review or quantitative analysis (e.g., meta-analysis) or the intensive weighing of evidence undertaken by IARC or WCRF. Several familiar
topics, such as diet and most dietary components, received less attention
because of ongoing systematic review by other groups. Providing a review
of a complete set of environmental agents and conditions was not feasible.
Of the large number of environmental factors with potential but uncertain
impact on breast cancer, the committee reviewed only a selected number
that illustrated particular types of challenges in assessment.
The aim was to characterize the available evidence on whether the
selected environmental factors are associated with breast cancer, and to
identify areas of substantial uncertainty. Evidence from epidemiologic studies carried the greatest weight in identifying risk factors. Evidence from
experimental studies in animals or in vitro systems, especially in the absence
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BOX S-2
Environmental Factors Included in the
Committee’s Evidence Reviewa
Exogenous hormones
• Hormone therapy: androgens,
estrogens, combined
estrogen–progestin
• Oral contraceptives
Body fatness and abdominal fat
Adult weight gain
Physical activity
Dietary factors
• Alcohol consumption
• Dietary supplements and
vitamins
• Zeranol and zearalenone
Tobacco smoke
• Active smoking
• Passive smoking
Radiation
• Ionizing (including X-rays
and gamma rays)
• Non-ionizing (extremely low
frequency electric and
magnetic fields [ELF-EMF])
			
Shift work

Consumer products and constituents
• Alkylphenols
• Bisphenol A (BPA)
• Nail products
• Hair dyes
• Parabens
• Perfluorinated compounds
(PFOA, PFOS)
• Phthalates
• Polybrominated diphenyl ethers
(PBDEs; flame retardants)
Industrial chemicals
• Benzene
• 1,3-Butadiene
• PCBs
• Ethylene oxide
• Vinyl chloride
Pesticides
• DDT/DDE
• Dieldrin and aldrin
• Atrazine and S-chloro triazine
herbicides (atrazine)
Polycyclic aromatic hydrocarbons
(PAHs)
Dioxins

Metals
• Aluminum
• Arsenic
• Cadmium
• Iron
• Lead
• Mercury

aThe

committee reviewed a selected set of factors for illustration; the chemicals
were not chosen to be representative of any class. Some epidemiologic, mechanistic,
or animal data relevant to mammary tumorigenesis or breast cancer are available
for numerous other chemicals.
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of human data, was the basis for noting that some factors may present a
hazard, and thus potentially contribute to breast cancer risk, alone or in
combination with other factors, depending on the nature of an exposure
(e.g., amount, timing). A hazard has the potential to cause an adverse
effect under certain conditions of exposure; a risk is the probability that
the adverse effect will occur in a person or a population as a result of an
exposure to a hazard.
Among the environmental factors reviewed, those most clearly associated with increased breast cancer risk in epidemiologic studies are use of
combination hormone therapy products, current use of oral contraceptives, exposure to ionizing radiation, overweight and obesity among postmenopausal women, and alcohol consumption. Greater physical activity is
associated with decreased risk. Some major reviews have concluded that
the evidence on active smoking is consistent with a causal association with
breast cancer, and other large-scale reviews describe the evidence as limited.
For several other factors reviewed by the committee, the available epidemiologic evidence is less strong but suggests a possible association with
increased risk: passive smoking, shift work involving night work, benzene,
1,3-butadiene, and ethylene oxide. For some of the reviewed factors (e.g.,
bisphenol A or BPA), animal or mechanistic data suggest biological plausibility as a hazard. A few factors, such as non-ionizing radiation and personal use of hair dyes, have not been associated with breast cancer risk in
multiple, well-designed human studies. For several other factors, evidence
was too limited or inconsistent to reach a conclusion (e.g., nail products,
phthalates). In all cases, these conclusions are based on assessments of the
currently available evidence; it is always possible for new evidence to point
to different conclusions.
As the committee considered the current state of knowledge, it sees a
need for research on the etiology of breast cancer to do more to incorporate new understanding of breast development over the life course, recent
advances in elucidating the molecular biology of tumorigenesis, and the
challenges of assessing the potential impact of a multitude of low-level
chemical exposures. A more integrative approach to breast cancer research
may accelerate progress in understanding the role that environmental factors may have in breast cancer.
CHALLENGES IN STUDYING BREAST
CANCER AND THE ENVIRONMENT
Trying to determine which environmental exposures may influence
rates of breast cancer poses substantial challenges. The biology of breast
development and the origins and progression of breast cancer are not fully
understood, and much research in the past lacked tools to differentiate
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among types of breast cancer. Also, a focus primarily on exposures during
adulthood, as in past research, may miss critical windows during early life in
which some environmental exposures may influence risk for breast cancer
later in life.
Tracing multiple and potentially interacting causes of breast cancer will
be difficult. Some risk factors may have very weak effects or effects in only
a small portion of the population, making their contribution to risk hard to
detect. People are exposed to a complex and changing mix of environmental
agents over the course of a lifetime; discerning the effects of an individual
agent, or knowing whether the components of the mixture may interact
to influence the development of disease, is not straightforward. Moreover,
many of these agents have never been studied in ways that could indicate
whether they might be relevant to breast cancer. Several challenges appear
especially formidable.
Assessing Human Exposure
It can be difficult to identify and measure exposures because few tools
and opportunities are available for doing so directly, especially if relevant
exposures occurred well in the past or the timing of such exposures is
unclear. Many studies must base estimates of exposure on error-prone
indicators such as self-reports of past product use or proxies for exposure,
such as holding a particular type of job or living in a particular location at a
particular time. Even when it is possible to detect evidence of exposure from
biological samples (e.g., blood or urine), single measurements are rarely sufficient to establish the duration and levels of past exposure, and few studies
have the benefit of multiple samples from the same study participant for
comparisons over time. Determining the number of samples needed and
interpreting comparisons among them requires a good understanding of the
biological processes that influence variation in the production and retention
of these biomarkers of exposure.
Conducting Epidemiologic Studies
Experimental studies in humans (i.e., controlled clinical trials), in which
host factors and exposures can be carefully controlled, would provide the
strongest evidence of causal associations, but they are rarely an option in
studying causes of breast cancer because study participants should not be
exposed to substances suspected of causing harm. As a result, researchers
must generally rely on observational studies that depend on either collecting
retrospective information about critical exposures and life events or conducting large prospective studies of extended duration. A few large cohorts
of adult women have provided a valuable base for investigating breast
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cancer risk factors. But because it is likely that breast cancer diagnosed in
older adult women is influenced by exposures at various stages of life, ideal
prospective investigations would follow a study population throughout life.
Such studies are very costly and logistically difficult to implement. Reliable
predictors of increased risk for breast cancer that could be assessed at much
younger ages (e.g., during adolescence) would greatly aid investigation of
the influence of early-life exposures, but current understanding is limited
to risk factors such as age at menarche and at first full-term pregnancy. An
additional complication is that for some environmental pollutants, lowlevel exposures are so widespread and co-occur with low levels of numerous other possible contributors that it is difficult to identify an unexposed
comparison group or adequately control for other exposures.
Identifying Genetic Influences
Only a few genetic markers of substantially increased risk are well
established (e.g., BRCA1 and BRCA2 mutations), and these are rare in the
general population. Studies suggest that other, more common mutations
and polymorphisms may also be associated with breast cancer, but have a
much smaller influence on risk. The multitude of potential associations and
the relatively small differences in risk mean that studies must be very large
to detect statistically significant effects, and efforts to replicate findings are
often not successful because false positive rates are high in small studies.
Gene–environment interactions for breast cancer risk have been shown in
several epidemiologic studies for high alcohol intake combined with polymorphisms in enzymes involved in alcohol metabolism. For most chemicals,
however, exposures are generally low, and efforts to study interactions
between genetics and environmental factors are also hampered by lack of
data on environmental exposures of interest in most datasets currently used
for genomic studies.
Interpreting Findings from Studies in Animals and In Vitro Systems
Experimental studies in whole animals and in vitro systems are an
essential component of research on breast cancer and of regulatory risk
assessment to limit exposure to carcinogens, but the results remain approximations of human experience. In vitro systems are used to explore mechanisms by which environmental agents alter cellular and tissue behavior and
to identify chemicals that cause genetic damage (genotoxic substances) in
regulatory safety testing. Such systems currently do not fully account for
the multiplicity of biological processes (e.g., pharmacokinetics, cell interactions) that occur in response to an exposure in a whole organism, and the
degree to which they detect nongenotoxic carcinogens is uncertain. Even
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studies in human cell lines, though they may provide useful mechanistic
insights, are ill equipped to capture the full complexity of intact humans. In
testing with whole animals (i.e., in vivo animal models), the small numbers
of test animals make it statistically impossible to detect small increases in
risk. It may also be difficult to interpret results from studies that use doses
or routes of exposure that do not correspond to typical human exposures.
Adding to the complexity of interpreting in vivo animal studies are differences in responses among the commonly used rat and mouse strains and
assessing the significance of underlying differences in anatomy and physiology between humans and rodents.
EMPHASIZING THE LIFE COURSE IN STUDYING RISK
FACTORS AND BREAST CANCER MECHANISMS
As in most types of adult cancer, breast cancer is thought to develop
as a result of accumulated damage induced by both internal and external
triggers resulting in initial carcinogenic events. The affected cells and tissues then progress through multiple stages, with accompanying alterations
in surrounding tissue likely playing a role in permitting or potentiating the
cancer process. These events contributing to subsequent cancers may occur
spontaneously as a by-product of errors in normal processes, such as DNA
replication, or through effects of environmental exposures, such as damage
from exposure to sunlight or tobacco carcinogens; or they can be sustained
and furthered by physiologic conditions, such as obesity.
The breast undergoes substantial changes from the time it begins developing in the fetus through old age, especially in response to hormonal
changes during puberty, pregnancy, lactation, and menopause. The timing of a variety of environmental exposures may be important in directly
increasing or reducing breast cancer risks or in acting indirectly by influencing the developmental events. There may be critical windows of susceptibility (e.g., periods of rapid cell proliferation or maturation) when specific
mechanisms that increase the likelihood of a breast cancer developing may
be more likely to come into play.
Research is continuing on many fronts to increase understanding of the
mechanisms that contribute to breast cancer and the ways they relate to or
may be modulated by exposure to environmental factors. Some exposures
act principally at early stages of carcinogenesis (activating oncogenes or
inactivating tumor suppressor genes within affected cells) whereas others
act later (stimulating cell division and proliferation), so that mutations
are less likely to be repaired and more likely to have detrimental consequences. Others may act to alter susceptibility to exposures later in life.
Estrogen produced in the body is critical to normal breast development,
but it also appears to play a major role in breast carcinogenesis. It may
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do this by promoting proliferation of cells (mitogenesis) and possibly via
mutagenic activity of its metabolites. Some environmental factors can have
estrogenic properties, but the implications for breast cancer are not entirely
clear. Environmental exposures might cause damage (mutations) to DNA;
they may also act through epigenetic reprogramming, which alters gene
expression without altering DNA. Factors that modify the functioning of
the immune system may also contribute to carcinogenic processes. Also
important may be disruption of the stromal component of the breast that
normally functions to maintain the structural and functional integrity of the
breast tissues through regulatory and homeostatic mechanisms.
OPPORTUNITIES FOR EVIDENCE-BASED ACTION
TO REDUCE RISK OF BREAST CANCER
On average, girls born in the United States today have approximately a
12 percent risk of developing invasive breast cancer that will be diagnosed
at some point in their lifetime. Among 50-year-olds, 2.4 percent of white
women (or 24 out of 1,000) are likely to be diagnosed with invasive breast
cancer over the next 10 years, compared with 2.2 percent of black women,
2.0 percent of Asian women, and 1.7 percent of Hispanic women. Within
average values such as these, groups of women have characteristics that give
them a higher or lower 10-year risk, and of course, larger risks if followed
through the remainder of their lives.
Research findings that certain factors are associated with increased or
decreased risk of breast cancer are typically reported in terms of measures
that compare the risk in exposed and unexposed populations (i.e., relative risks, odds ratios, hazard ratios, or risk differences). In general, the
environmental factors reviewed by the committee were associated with
less than a doubling of risk. These findings become more meaningful when
they are linked back to the actual rates of illness. Thus, a doubling of risk
might mean that the 10-year risk of breast cancer is 5 percent for a group
of women who have a risk factor rather than 2.5 percent for those who
do not.
Finding ways to reduce risk and avert cases of breast cancer is a high
priority, but at present, the evidence-based options are limited (see Chapter 6). Many of the well-known risk factors for breast cancer—older age,
being female, and older age at menopause—appear to offer little or no
opportunity to intervene. For a limited set of other risk factors, women
have a greater opportunity to act in ways that may have the potential to
reduce risk for breast cancer while carrying limited risks of increasing other
adverse health outcomes (Table S-1). Some of these actions may have health
benefits beyond any contribution they may make to reducing risk of breast
cancer.
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The potentially risk-reducing—but not necessarily easily accomplished—
actions identified by the committee include eliminating exposure to unnecessary medical radiation throughout life; avoiding use of combination
estrogen–progestin menopausal hormone therapy, unless it is considered
medically appropriate and the benefits are expected to outweigh the risks;
avoiding active and passive smoking; limiting alcohol consumption; increasing physical activity; and minimizing overweight and weight gain to reduce
risk of postmenopausal breast cancer.
Chemoprevention using tamoxifen or raloxifene may be an appropriate choice for some women at high risk of breast cancer, but use of these
medications also raises the risk of serious adverse events such as stroke and
endometrial cancer. Women who qualify for use of chemoprevention should
receive appropriate counseling on its benefits and risks to be able to make
an informed choice.
For some of the chemicals reviewed by the committee, it may be prudent to avoid or minimize exposure because the available evidence suggests
biological plausibility for exposure to be associated with an increased risk
of breast cancer, or there is suggestive evidence from epidemiology, or both.
The evidence is clearest for benzene, 1,3-butadiene, and ethylene oxide
because there is suggestive evidence from both epidemiologic and nonhuman data. Occupational exposures to these chemicals can occur in industrial
settings, and the general public is exposed through transportation-related
air pollution, industrial emissions, and tobacco smoke. For cosmetics and
dietary supplements, the Food and Drug Administration (FDA) can remove
from the market products found to be hazardous or adulterated, but it
generally lacks authority to test the safety of these products before they are
sold. The committee urges efforts to better inform consumers and health
professionals about the limits of FDA’s role, to encourage manufacturers
to identify hormonally active ingredients in cosmetics and dietary supplements, and to ensure that FDA has effective tools to identify contaminants
or ingredients that are potential contributors to increased risk of breast
cancer. Similarly for chemicals in consumer products, interested organizations can help inform the public about the current provisions for testing
chemicals and encourage manufacturers to improve testing and make existing information on their products more readily available.
The limited set of opportunities for individual action noted by the committee reflects the scientific community’s still incomplete understanding of
which exposures might best be avoided and when, of the actions following
exposure that might have a long-term benefit in reducing risk for breast
cancer, and, in some cases, of the potential for unintended consequences of
interventions. Few intervention studies have investigated whether factors
associated with increased postmenopausal risk, such as overweight or alcohol consumption, should be avoided completely, or whether reducing or
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TABLE S-1 Summary of Committee Assessment of Opportunities for
Actions by Women That May Reduce Risk of Breast Cancer
Modification of Exposure
Opportunity for Action

Personal Action
Possible

Requires Action
by Others

Avoid inappropriate medical radiation exposurec

Yes

Yes

Avoid combination menopausal hormone therapy,
unless medically appropriated

Yes

Confer with
physician

Avoid or end active smoking

Yes

Others can
facilitate

Avoid passive smoking

Varies

Yes

Limit or eliminate alcohol consumption

Yes

Others can
facilitate

Maintain or increase physical activity

Yes

Others can
facilitate

Maintain healthy weight or reduce overweight or
obesity to reduce postmenopausal risk

Yes

Others can
facilitate

Limit or eliminate workplace, consumer, and
environmental exposure to chemicals that are
plausible contributors to breast cancer risk while
considering risks of substitutese

Varies by
chemical

Varies

If at high risk for breast cancer, consider use of
chemoprevention

Yes

Confer with
physician

aActions to address risk factors can take various forms, some of which may be more effective than others, and some of which may have to be taken at a specific time in life to be
effective. For example, increasing physical activity might be based on the amount of time spent
in any one exercise opportunity, on increasing specific types of exercise, or on increasing the
frequency of exercise, or perhaps some combination of any of these. Studies have not been
done that provide evidence that a specific form of physical activity is optimal for reducing
breast cancer risk.
bThe committee’s comments on other benefits or risks highlight major considerations, but
they are not intended to be exhaustive.
cWhile recognizing the risks of ionizing radiation exposure, particularly for certain higher
dose methods (e.g., computed tomography [CT] scans), it is not the committee’s intent to
dissuade women from routine mammography screening, which aids in detecting early-stage
tumors.
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Action
Target Population
Defined

Effective Form and
Timing Establisheda

Other Prominent Known Risks or Benefits from
Taking Actionb

All ages

Yes, especially at
younger ages

May result in loss of clinically useful
information in some instances
Likely to decrease risk for other cancers

Postmenopausal
women

Yes

May experience moderate to severe menopausal
symptoms without hormone therapy

All ages,
especially before
first pregnancy

Yes (form)
No (timing)

Likely to reduce risk for other cancers, heart
disease, stroke

All ages

Yes

Likely to reduce risk for other cancers, heart
disease

All women

Yes (form)
No (timing)

May increase risk for cardiovascular disease
No known benefit of high alcohol consumption

All ages

No

Likely to reduce risk for cardiovascular disease,
diabetes
May increase risk for injury

Unclear

No

Likely to reduce risk for cardiovascular disease,
diabetes, other cancers

Varies

No

May reduce risk for other forms of cancer or
other health problems
May result in replacement with products that
have health or other risks not yet identified

High-risk women

Yes

Depending on the agent, increased risk
of endometrial cancer, stroke, deep-vein
thrombosis, among others

dCombination hormone therapy with estrogen and progestin increases the risk of breast
cancer, and the associated risk is reduced upon stopping therapy. Oral contraceptives are
also associated with an increased risk of breast cancer while they are being used. This risk
is superimposed on a low background risk for younger women, who are most likely to use
oral contraceptives. Use of oral contraceptives is associated with long-term risk reduction for
ovarian and endometrial cancer.
ePlausibility may be indicated by epidemiologic evidence, animal bioassays, or mechanistic
studies.
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eliminating the exposure later in adulthood will reduce the risk that might
have accrued from exposure at younger ages. It is also difficult to judge
what any individual woman’s change in risk might be. Moreover, much of
the evidence on breast cancer risk factors has come from studies of postmenopausal breast cancer in white women, and it has pointed to a greater
potential to reduce risk for estrogen receptor–positive (ER+) cancers than
other types. A much better basis is needed for guidance for risk reduction
for younger women and women of other races and ethnicities. Nevertheless,
many of the suggested actions are likely to not only reduce breast cancer
risk, but also reduce risks for other major health conditions.
DIRECTIONS FOR FUTURE RESEARCH
The research needed to better understand the relation between breast
cancer risks and environmental factors ranges from further examination of
elements of the biology of breast development and carcinogenesis to tests of
potential interventions to reduce risk. Important components of the work
recommended here are support for the research necessary to develop better
tools for assessing the carcinogenicity of chemicals and pharmaceuticals as
well as tools needed to strengthen epidemiologic research. The importance
of a life course perspective runs throughout the recommendations.
Applying a Life Course Perspective to Studies of Breast Cancer
Progress has been made in understanding the biology of breast development and many aspects of breast cancer, but important gaps remain in
understanding its causes and the extent of environmental influences on its
development. Future research should increasingly focus on the influence of
exposure to a variety of environmental factors during potential windows
of susceptibility over the full life course, from the prenatal experience
throughout adult life.
Recommendation 1: Breast cancer researchers and research funders
should pursue integrated and transdisciplinary studies that provide
evidence on etiologic factors and the determinants of breast cancer
across the life course, with the goal of developing innovative prevention
strategies that can be applied at various times in life.
These studies should seek to integrate animal models that capture
the whole life course and human epidemiologic cohort studies that
follow individuals over long periods of time and allow for investigation of windows of susceptibility. Long-term follow-up of cohorts is
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critical because new, unexpected evidence frequently arises with longer
follow-up.
Topics warranting attention include (but are not limited to) the biology of breast development; the mechanisms of carcinogenesis early
in life, including the role of the tissue microenvironment in tumor
suppression and development, and differences that may be related
to tumor type; differences in effects of exposures by tumor type; the
potential contribution of timing of exposure to variation in risk; and
analytical tools for investigating the potential for interactions among
exposures and the impact of mixtures of environmental agents on
biological processes.
Other work to aid investigation of environmental influences on breast
cancer risk includes
•
•
•
•
•

identifying cellular, biochemical, or molecular biomarkers of early
events leading to breast cancer and validating their predictive value
for future risk for breast cancer;
determining whether intermediate endpoints (e.g., indicators of
breast development, peak height growth velocity) are valid and
predictive biomarkers of differences in risk for breast cancer;
investigating the role that environmental factors may have in the
origins of the different types of breast cancer to better understand
disparities in incidence among racial and ethnic groups;
exploring the value of linking information across cohort studies
focused on different stages of life as a way to overcome the challenges of mounting single long-term follow-up studies; and
ensuring that cohorts established primarily to study genetic determinants of cancer and other diseases improve the capacity of these
cohorts to capture information about environmental exposures
over the life course.
Targeting Specific Concerns

From its examination of evidence on a selection of environmental factors, the committee sees particular benefit in further research to clarify the
mechanisms underlying breast cancer.
Recommendation 2: Breast cancer researchers and research funders
should pursue research to increase knowledge of mechanisms of action
of environmental factors for which there is provocative, but as yet
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inconclusive, mechanistic, animal, life course, or human health evidence of a possible association with breast cancer risk.
High-priority topics include the following:
•
•

•

•
•

Shift work: The biological processes and pathways through which
shift work and circadian rhythm disruption relate to breast cancer;
more detailed and standardized approaches to exposure assessment.
Endocrine activity: Interactions between chemicals, such as BPA,
polybrominated diphenyl ethers (PBDEs), zearalenone, and certain
dioxins and dioxin-like compounds, and timing of exposure, diet,
and other factors that may influence the relationship of these types
of compounds to breast cancer risk.
Genotoxicity: The degree to which mutagenic chemicals, such as
polycyclic aromatic hydrocarbons (PAHs), benzene, and ethylene
oxide, acting alone or in combination with other exposures at specific life stages, contribute to breast cancer risk at current levels of
exposure.
Epigenetic activity: Fundamental research on the role of epigenetic
modifications in breast cancer risk, and the potential importance of
epigenetic modifications by environmental chemicals such as BPA.
Gene–environment interactions: Continued research to identify
genes relevant to breast cancer that modify risk from discrete environmental exposures.
Epidemiologic Research

Studies of Occupational Cohorts and Other Highly Exposed Populations
Many known human carcinogens were first identified through studies
in occupational settings where workers had chemical and physical exposures that were higher than those of the general population. With many
more women in the workforce, occupational studies may now be a means
to identify some exposures that increase risk for breast cancer. Other
identifiable groups of women with long-term or event-related high-dose
exposures may also be promising study populations.
Recommendation 3: Breast cancer researchers and research funders
should pursue studies of populations with higher exposures, such as
occupational cohorts, persons with event-related high exposures, or
patient groups given high-dose or long-term medical treatments. These
studies should include collection of information on the prevalence of
known breast cancer risk factors among the study population. Sup-
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port for these studies should include resources for the development of
improved exposure assessment methods to quantify chemical and other
environmental exposures potentially associated with the development
of breast cancer.
New Exposure Assessment Tools
A life course perspective on breast cancer suggests that critical periods of vulnerability may exist during in utero development, in childhood,
adolescence, and early adulthood, and at older ages. Exposure assessment
becomes particularly challenging over such extended intervals.
Recommendation 4: Breast cancer and exposure assessment researchers
and research funders should pursue research to improve methodologies
for measuring, across the life course, personal exposure to and biologically effective doses of environmental factors that may alter risk for or
susceptibility to breast cancer.
Such research should encompass
•
•
•

•
•
•
•
•
•

improving measurements in the environment and assessing variation over time and space;
determining routes of exposures and how they vary over time and
over the life course;
evaluating how products are used and the extent to which actual
usage deviates from label instructions (e.g., home pesticide applications) as a critical component of exposure assessment, focusing on the
impact on personal exposures;
incorporating use of advanced environmental dispersion modeling techniques with accurate emissions and air monitoring data to
characterize specific population exposures;
measuring compounds and their metabolites in biospecimens,
including specimens obtained by noninvasive means;
understanding pharmacodynamics and pharmacokinetics and how
they vary by life stage, body weight, nutrition, comorbidity, or
other factors;
developing other biomarkers of exposure through early biologic
effects (DNA adducts, methylation, tissue changes, gene expression, etc.);
using existing and yet-to-be-established human exposure biomonitoring programs (e.g., breast milk repositories) by geographic areas;
and
validating exposure questionnaires through various strategies.
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Research to Advance Preventive Actions
Minimizing Exposure to Ionizing Radiation
Some of the strongest evidence reviewed by the committee supports a
causal association between breast cancer and exposure to ionizing radiation. However, population exposures to ionizing radiation in medical imaging are increasing. Standards exist to ensure that mammography minimizes
radiation exposures, but more needs to be learned to determine how to
minimize exposures from other medical procedures.
Recommendation 5: The National Institutes of Health, the Food and
Drug Administration, and the Agency for Healthcare Research and
Quality should support comparative effectiveness research to assess
the relative benefits and harms of imaging procedures and diagnostic/
follow-up algorithms in common practice. This research effort should
also assess the most effective ways to fill knowledge gaps among
patients, health care providers, hospitals and medical practices, industry, and regulatory authorities regarding practices to minimize exposure
to ionizing radiation incurred through medical diagnostic procedures.
Developing and Validating Interventions to Prevent Breast Cancer
Some breast cancer risk factors appear to be modifiable, but it is important to determine what modifications can be most effective in reducing risk
and when during the life course these changes need to occur. For example,
overweight and obesity are recognized as increasing risk for postmenopausal breast cancer, but the contribution of weight loss to reducing risk
is much less clear.
Recommendation 6: Breast cancer researchers and research funders
should pursue prevention research in humans and animal models to
develop strategies to alter modifiable risk factors, and to test the effectiveness of these strategies in reducing breast cancer risk, including
timing considerations and population subgroups likely to benefit most.
Particular aspects of prevention that require attention include
•
•
•

when weight loss is most likely to be beneficial in reducing risk for
postmenopausal breast cancer;
effective strategies for achieving and maintaining weight loss in
different risk groups;
effective and sustainable methods to prevent obesity;
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•

•
•

the feasibility of interventions in early life and development that
may influence breast cancer risk in adult life, such as preventing childhood obesity, increasing physical activity, and minimizing
exposures to potentially harmful environmental carcinogens;
approaches to prevention that respond to the differing breast cancer experience of various racial and ethnic groups; and
dissemination and adoption of effective prevention strategies.

Chemoprevention—Medications to Reduce Breast Cancer Risk
Tamoxifen and raloxifene have been shown to substantially reduce
risk of ER+ breast cancer in women who have not been diagnosed with
the disease, and they are approved by the FDA for this use by women at
increased risk of breast cancer. Other medications (e.g., aromatase inhibitors, bisphosphonates, metformin) are being studied to assess their effectiveness for reducing the risk of either ER+ or estrogen receptor–negative
(ER–) breast cancer.
However, tamoxifen and raloxifene increase the risk of other potentially serious events (e.g., endometrial cancer [tamoxifen], stroke) and are
not widely used. Additional research is needed to identify other drugs that
can reduce risk of all forms of breast cancer with minimal risk of other
adverse health effects.
Recommendation 7: Breast cancer researchers and research funders
should pursue continued research into new breast cancer chemoprevention agents that have minimal risk for other adverse health effects. This
work should include efforts to identify chemopreventive approaches for
hormone receptor negative breast cancer.
Adequately sized primary prevention studies will be needed to allow
for estimation of both benefits and risks. Research plans should also
include long-term follow-up to identify any changes in risk patterns for
types of breast cancer or other effects that only become evident beyond
the time frame of current analyses.
Testing to Identify Potential Breast Carcinogens
In Vivo Testing for Carcinogenicity
Current whole-animal (rodent) protocols for carcinogenicity testing
may not be ideally suited to screening for possible human breast carcinogens because they typically do not address changing sensitivity during
the life course, such as during in utero and early postnatal periods, to
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carcinogens or to exposures that may alter susceptibility to later carcinogenic exposures. Because of study power constraints, these tests are not
usually structured to assess the low-dose exposures to mixtures that are
characteristic of human experience, and interpretation of findings (positive
or negative) may be complicated by the test animal strains’ characteristic
susceptibility (or lack of susceptibility) to mammary tumors.
Recommendation 8: The research and testing communities should pursue a concerted and collaborative effort across a range of relevant
disciplines to determine optimal whole-animal bioassay protocols for
detection and evaluation of chemicals that potentially increase the risk
of human breast cancer.
The development of these protocols should include consideration of
the appropriateness of the rodent species and strains used for testing;
the utility of genetically engineered mouse models to address specific
mechanisms; the frequency, magnitude, and route of dosing that may
be most relevant for predicting human risk; potential differences in
sensitivity in different life stages; and standard practices for conducting
studies and reporting results.
New Approaches to Toxicity Testing
New toxicity testing approaches are being developed to more rapidly
and accurately screen chemicals and minimize in vivo testing. Because
breast cancer is a major contributor to women’s morbidity, these tests
should be relevant to the basic mechanisms of breast cancer—for example,
mutagenesis, estrogen receptor signaling, epigenetic programming, modulation of immune functioning, and alterations at the whole-organ level—and
to human exposures (low doses and mixtures).
Recommendation 9:
a.	
The research and testing communities should ensure that new
testing approaches developed to serve as alternatives to long-term
rodent carcinogenicity studies include components that are relevant
for breast cancer. The tests should be able to account for changes
in susceptibility through the life course and mechanisms characteristic of hormonally active agents. The test development should
also include exploring the predictive value of in vitro and in vivo
experimental testing for site-specific cancer risks for humans.
b.	A research initiative should assess the persistence and consequences
for mammary carcinogenicity of abnormal mammary gland development and related intermediate outcomes observed in some
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toxicological testing. As useful predictors of increased mammary
cancer risk become available, intermediate outcomes may aid in
identifying chemicals that may pose increased risk of human breast
cancer when exposures occur early in life.
c.	Research should be conducted to improve understanding of the
potential cumulative effects of multiple, small environmental exposures on risk for breast cancer and the interaction of these exposures
with other factors that influence risk for breast cancer.
New Approaches to Testing Hormonally Active Candidate Pharmaceuticals
Given the evidence for hormonal influences on the development of
breast cancer, the committee is concerned that testing required to gain
marketing approval for various hormonally active pharmaceuticals, including oral contraceptives and menopausal hormone therapies, does not adequately address the potential for increased risk for breast cancer.
Recommendation 10: The pharmaceutical industry and other sponsors
of research on new hormonally active pharmaceutical products should
support the development and validation of better preclinical screening
tests that can be used before such products are brought to market to
help evaluate their potential for increasing the risk of breast cancer.
A suite of in vitro and in vivo tests will likely be needed to address
the different mechanisms of action that may be relevant over the life
course. If such tests can be developed and validated, FDA should
require submission of the results as part of the process for approving the introduction of new hormonal preparations for prescription
or over-the-counter use. These tests may also prove useful in testing
environmental chemicals.
Postmarketing Studies of Hormonally Active Drugs
With the demonstration that use of certain hormonally active prescription drugs is associated with an increased risk of breast cancer and other
adverse health effects, it is important to investigate whether use of other
hormonally active drugs is also associated with increased risk.
Recommendation 11: FDA should use its authority under the Food and
Drug Administration Amendments Act of 2007 to engage the pharmaceutical industry and scientific community in postmarketing studies or
clinical trials for hormonally active prescription drugs for which the
potential impact on breast cancer risk has not been well characterized.
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The studies should be adequately powered to quantitatively explore the
possible contribution of the products to breast cancer risk. Products
that represent a substantial change in pharmacologic composition or
dosage schedule from products currently on the market should be a
particular focus of attention.
Understanding Breast Cancer Risks
Researchers, health care providers, and the public all have an incomplete picture of the components of breast cancer risk. Further work is
needed to clarify the contribution of recognized risk factors to differences
and changes in the incidence of breast cancer and to determine the most
effective ways to convey information about breast cancer risk.
Risk Modeling
Systematic modeling approaches are needed to refine estimates of the
proportion of breast cancer in the United States and other countries that
can be attributed to established risk factors (individually and in combination), especially those that can be modified. Additionally, better data are
needed on the prevalence of these risk factors. Improved estimates of risk
associated with established factors should help in determining the scale of
residual risk, which may be associated with other environmental exposures.
A collaborative approach, such as that used by the Cancer Intervention
and Surveillance Modeling Network (CISNET) consortium, may be a costeffective way to pursue this work.
Recommendation 12: Breast cancer researchers and research funders
should pursue efforts to (1) develop statistical methodology for the
estimation of risk of breast cancer for given sets of risk factors and that
takes the life course perspective into account, (2) determine the proportion of the total temporal and geographic differences in breast cancer
rates that can be plausibly attributed to established risk factors, and (3)
develop modeling tools that allow for calculation of breast cancer risk,
in both absolute and relative terms, with the goal of assessing potential
risk reduction strategies at both personal and public health levels.
Communicating About Breast Cancer Risks
Accurate and effective communication of breast cancer risks is challenging, and developing better approaches should be a research target.
Uncertainty is inherent in risk prediction, but it is important to inform a
broad range of stakeholders and constituencies on both those exposures
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that are associated with increased risk and those that have no evident association with breast cancer.
Recommendation 13: Breast cancer researchers and research funders
should pursue research to identify the most effective ways of communicating accurate breast cancer risk information and statistics to the
general public, health care professionals, and policy makers.
This work should include identifying ways to improve translation of
research results into messages that can effectively convey the implications for women in different risk categories, women from diverse
racial and ethnic groups, health care providers, and public health decision makers. It also should include ways to convey information about
chemicals for which there is suggestive evidence of risk from experimental studies.
CONCLUDING OBSERVATIONS
Breast cancer is a leading cause of cancer morbidity among women
in the United States and many other countries. Major advances have been
made in understanding its biology and diversity, but more needs to be
learned about the causes of breast cancer and how to prevent it. Familiar
advice about healthful lifestyles appears relevant, but it remains difficult to
discern what contribution a diverse array of other environmental factors
may be making. Important targets for research are the biologic significance
of life stages at which environmental risk factors are encountered, what
steps may counter their effects, when preventive actions can be most effective, and whether opportunities for prevention can be found for the variety
of forms of breast cancer.

1
Introduction

T

he prospect of developing breast cancer is a source of anxiety for
many women. Breast cancer remains the most common invasive cancer among women (aside from nonmelanoma skin cancers), accounting in 2011 for an estimated 230,480 new cases among women in the
United States and another 2,140 new cases among men (ACS, 2011). After
lung cancer, it is the second most common cause of mortality from cancer
for women, with about 39,520 deaths expected in the United States in
2011. Another 450 breast cancer deaths are expected among men in 2011
(ACS, 2011). Since the mid-1970s, when the National Cancer Institute
(NCI) began compiling continuous cancer statistics, the annual incidence of
invasive breast cancer rose from 105 cases per 100,000 women to 142 per
100,000 women in 1999 (NCI, 2011). Since then, however, the incidence
has declined. In 2008, the incidence of breast cancer was 129 cases per
100,000 women.
Further reduction of the incidence of breast cancer is a high priority,
but finding ways to achieve this is a challenge. As in most types of adult
cancer, breast cancer is thought to develop as a result of accumulated damage induced by both internal and external triggers resulting in initial carcinogenic events. The affected cells and tissues then progress through multiple
stages, with accompanying alterations in the surrounding tissue likely playing a role in whether the damage leads to a cancer. These events contributing to subsequent cancers may occur spontaneously as a by-product
of errors in normal processes, such as DNA replication, or potentially
through effects of environmental exposures. The early procarcinogenic
events from endogenous and exogenous processes may be sustained and
25
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furthered by physiologic conditions such as obesity. It is likely that many
such procarcinogenic events may never be entirely preventable because,
although potentially modifiable, they are consequences of basic biologic
processes, such as oxidative damage to DNA from endogenous metabolism, or stimulation of cell growth through normal hormonal processes.1
Although such biological “background” mutagenesis is unavoidable, highly
efficient protective pathways, such as DNA repair and immune surveillance,
are effective at reducing the impacts of procarcinongenic events (Loeb and
Nishimura, 2010; Bissell and Hines, 2011).
Although more needs to be learned about both the mechanisms by
which breast cancers arise and the array of factors that influence risk for
them, much has been established. Among the factors generally accepted as
increasing women’s risk are older age, having a first child at an older age
or never having a child, exposure to ionizing radiation, and use of certain
forms of postmenopausal hormone therapy (HT). Inherited mutations in
the BRCA1 and BRCA2 genes also markedly increase risk for breast cancer (and other cancers as well), but these mutations are rare in the general
population and account for only 5 to 10 percent of cases (ACS, 2011).
Even though aging, genetics, and patterns of childbearing account for
some of the risk for breast cancer, they are not promising targets for preventive measures. More helpful would be identifying modifiable risk factors.
For example, the publication of findings from the Women’s Health Initiative
(Writing Group for the Women’s Health Initiative Investigators, 2002) confirming earlier indications that estrogen–progestin HT was contributing to
an increase in the risk of postmenopausal breast cancer was followed by a
rapid reduction in use of HT and in the incidence of invasive breast cancer.
As reflected in NCI data, the incidence in 2002 was 136 cases per 100,000
women, compared with 127 in 2003 (NCI, 2011). A portion of the decline
in breast cancer incidence since 1999 is attributed to this reduced use of HT
(e.g., Ravdin et al., 2007; Farhat et al., 2010). But there are long-standing
and still unresolved concerns that aspects of diet, ambient chemicals, or
other potentially modifiable environmental exposures may be contributing
to high rates of breast cancer.
At present, a large but incomplete body of evidence is available on the
relationship between breast cancer and the wide variety of external factors
that can be said to comprise the environment. Information on interactions
between genetic susceptibility and environmental factors is particularly
sparse. In contrast, knowledge of the complexity of breast cancer is growing, with the characterization of multiple tumor subtypes; the possibility
1 Loeb and Nishimura (2010, p. 4270) note that each normal cell in a person’s body may be
exposed to as many as 50,000 DNA-damaging events each day, and that oxygen free radicals
are a major source of DNA damage.
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that critical events in the origins of breast cancer can occur very early in
life; the variety of pathways through which breast cancer risks may be
shaped; and the potential significance of both the timing of exposures and
the way combinations of factors determine the effect on risks for different
types of breast cancer. This growing knowledge has stimulated a transition
in breast cancer research. The new perspectives on breast cancer highlight
the limitations of the current understanding of the disease, and innovative
ideas are beginning to influence the design and analysis of epidemiologic
studies, experimental studies in animals, and mechanistic studies of breast
cancer biology, all directed toward elucidating how external factors may
influence the etiology of breast cancer.
This report presents the results of a study commissioned to review the
current evidence on environmental risk factors for breast cancer, consider
gene–environment interactions in breast cancer, explore evidence-based
actions that might reduce the risk of breast cancer, and recommend research
in these areas.
STUDY CHARGE AND COMMITTEE ACTIVITIES
This study resulted from a request to the Institute of Medicine (IOM)
by Susan G. Komen for the Cure and its Scientific Advisory Board. Komen
for the Cure funds research on prevention, diagnosis, and treatment of
breast cancer, and also provides educational information and support services for the public and health care providers. The Statement of Task for
the IOM study appears in Box 1-1.
The members of the study committee were selected to contribute
expertise in epidemiology, toxicology, risk assessment, biostatistics, molecular carcinogenesis, gene–environment interactions, communication of
health messages, environmental health science, exposure assessment, and
health care. The committee includes a member from the patient advocacy
community.
The committee met in person five times from April 2010 through
February 2011 and conducted additional deliberations by conference call.
During these meetings and calls, the committee reviewed and discussed the
existing research literature on the topics central to its charge and developed
and revised this report. At three of its meetings, the committee held public
sessions during which it heard presentations by researchers, representatives
of advocacy organizations, and members of the public.
The committee also commissioned work on two topics. One project
was a review of data available to assess temporal changes in the potential
for exposure to a selected set of chemicals and other environmental agents.
The agents included in this paper have been discussed in the research literature and the popular press as possible contributors to increased risk for
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BOX 1-1
Study Charge
In response to a request from Susan G. Komen for the Cure®, the
Institute of Medicine will assemble a committee to:
1.		Review the evidentiary standards for identifying and measuring
cancer risk factors;
2.	Review and assess the strength of the science base regarding
the relationship between breast cancer and the environment;
3.	Consider the potential interaction between genetic and environmental risk factors;
4.	Consider potential evidence-based actions that women could
take to reduce their risk of breast cancer;
5.	Review the methodological challenges involved in conducting
research on breast cancer and the environment; and
6. Develop recommendations for future research in this area.
In addition to reviewing the published literature, the committee will
seek input from stakeholders, in part by organizing and conducting a
public workshop to examine issues related to the current status of evidentiary standards and the science base, research methods, and promising
areas of research. The workshop will focus on the challenges involved
in the design, conduct, and interpretation of research on breast cancer
and the environment. The committee will generate a technical report with
conclusions and recommendations, as well as a summary report for the
lay public.

breast cancer. This work served as an information resource for the committee and helped to identify some data presented in Chapter 4. The other
project resulted in a paper examining temporal changes in the United States
in exposure to ionizing radiation, with a particular focus on exposure from
medical imaging (see Appendix F, available electronically at http://www.nap.
edu/catalog.php?record_id=13263).
APPROACH TO THE STUDY
The committee began its work with recognition of the potentially vast
scope of the study task and the need to develop a perspective and approach
that could lead to a useful and timely report. The committee sought to focus
its attention in areas that it considered to be the most significant and the
most pertinent to the charge placed before it.
For purposes of this report, the committee interpreted “environment”
broadly, to encompass all factors that are not directly inherited through
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DNA. As a result, this definition includes elements that range from the
cellular to the societal: the physiologic and developmental course of an
individual, diet and other ingested substances, physical activity, microbial
agents, physical and chemical agents encountered at home or at work,
medical treatments and interventions, social factors, and cultural practices.
This perspective was a foundation for the committee’s work; application of
it in its broadest sense is something that the committee hopes will expand
the scope of future research. For some readers, this interpretation will differ
from their association of the phrase “environmental risk factors” primarily with pollutants and other products of industrial processes (Baralt and
McCormick, 2010). Furthermore, throughout the report the term “breast
cancer” is used to refer to disease in humans and “mammary cancer” or
“mammary tumor” to refer to disease in animals.
The committee explored the available evidence concerning breast cancer risks associated with a varied but limited collection of specific substances and factors (Chapter 3), and it also reviewed the many challenges
that researchers have had to contend with in studying breast cancer, including those pertaining to gene–environment interactions (Chapter 4). But in
its examination of the relation between breast cancer and the environment,
the committee chose to highlight an approach that emphasizes the biologic
mechanisms through which environmental factors may be operating and the
importance of the changing picture over the life course (Chapter 5). This
perspective played a major role in shaping the committee’s conclusions and
recommendations.
A Life Course Perspective
Breast cancer is primarily (but far from exclusively) a disease of adult
women who are approaching or have reached menopause. In 2009, approximately 90 percent of new cases in U.S. women were diagnosed at age 45 or
older (ACS, 2009). But the breast undergoes substantial changes from the
time it begins developing in the fetus through old age, especially in response
to hormonal changes during puberty, pregnancy, lactation, and menopause.
With the timing of these developmental events related to risk for some types
of breast cancer, there has been growing interest in exploring whether the
timing of a variety of environmental exposures also is important in understanding what influences breast cancer risks. In Chapter 5, the committee
has sought to link its examination of the mechanisms of carcinogenesis with
a life course perspective on when and how those pathologic pathways may
be particularly relevant in relation to when and how environmental exposures occur. Attention was paid to growing evidence for critical windows
of susceptibility (e.g., periods with rapid cell proliferation or maturation)
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when specific mechanisms that increase the likelihood of a breast cancer
developing may be more likely to be activated.
Identifying Environmental Risks for Breast Cancer
Trying to determine which environmental exposures may be influencing rates of breast cancer poses substantial challenges, many of which are
discussed in Chapter 4. Cancer is a complex disease, and its “causes” are
generally harder to trace than the bacteria and viruses that cause infectious
diseases. People who are never exposed to the measles virus will never get
measles. But the impact of removing a particular environmental exposure
associated with breast cancer is less clear because many other factors can
still contribute to the development of breast cancer. The role of underlying
susceptibility from inherited genes appears to involve both rare variants
and common ones, but it is still not well characterized. Moreover, people
are exposed to a complex and changing mix of environmental agents over
the course of a lifetime, so discerning the effects of an individual agent, or
knowing which components of the mixture may influence the development
of disease or how the mixture’s components may interact with each other
or with genes, is not straightforward.
Observational epidemiologic studies are a critical tool for learning
about elevated risks, but they can be difficult to do well. They typically are
the basis for demonstrating correlations between risk factors and outcomes,
but establishing a causal inference is much more difficult. The challenges
in establishing causality in such studies include difficulties with exposure
measurement and accounting for undetected or poorly measured differences
that may exist between the groups designated as exposed and unexposed.
Furthermore, the timing and duration of observational studies may affect
whether sufficient time has elapsed to detect differences in the incidence of
a cancer that may not appear until many years after an exposure. Randomized controlled trials, which assign participants to a specific exposure or
a comparison condition, are easier to interpret. However, for ethical and
methodological reasons, such studies are rarely possible, especially when
the goal is to determine whether the exposure is associated with an adverse
event.
Experimental studies in animal models and in vitro systems offer an
important opportunity to study the effects of well-defined exposures and to
explore mechanisms of carcinogenicity in ways that are not possible in epidemiologic studies. They can signal potential hazards to human health that
cannot be identified in other ways, but their results have to be interpreted
with an understanding of differences across species and the comparability
of an experimental exposure to the conditions encountered in the human
population.
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Reviewing Evidence on Specific Risk Factors
The literature on risk factors for cancer in general and breast cancer
in particular is large and varied. In the United States, the Environmental
Protection Agency (EPA) and the National Toxicology Program (NTP) in
the National Institute of Environmental Health Sciences have programs
to review the evidence on the carcinogenicity of various substances.2 The
International Agency for Research on Cancer (IARC), which is part of the
World Health Organization, is a focal point for major international collaboration in such reviews.3 In addition, a collaborative project between the
World Cancer Research Fund International and the American Institute for
Cancer Research has an ongoing program to review evidence on diet, physical activity, and cancer (WCRF/AICR, 2007).4 All of these review programs
consider evidence concerning breast cancer (or mammary cancers in animal
studies) when it is available, but it is not their focus. Reviews specifically
concerning breast cancer have also been conducted. These reviews include
one conducted by the California Breast Cancer Research Program (2007)
and a review sponsored by Komen for the Cure and conducted by the Silent
Spring Institute (e.g., Brody et al., 2007; Rudel et al., 2007).
Assembling a comprehensive review of evidence on the relation between
a complete set of environmental factors and breast cancer was not feasible
for this study. Instead, the committee chose to focus on a limited selection
of various types of environmental factors and potential routes of exposure.
These factors are discussed in Chapter 3. The committee’s aim was to
characterize the available evidence and identify where substantial areas of
uncertainty exist.
Observations About Risk
One component of the committee’s task was to comment on actions
that can be taken to reduce the risk of breast cancer. Opportunities for
action are discussed in Chapter 6, but it is important to emphasize from the
outset the challenge of interpreting evidence regarding risk and risk reduction. The widely quoted estimate that women in the United States have a
1-in-8 chance of being diagnosed with breast cancer during their lifetimes
2Information

on the EPA and NTP review programs is available at http://www.epa.gov/
ebtpages/pollcarcinogens.html and http://ntp.niehs.nih.gov/?objectid=7 2016262-BDB7-CEBAFA60E922B18C2540.
3 Information on IARC reviews is available at http://www.iarc.fr/ and http://monographs.
iarc.fr/index.php.
4 Information on the review by the World Cancer Research Fund International and the
American Institute for Cancer Research is available at http://www.wcrf.org/cancer_research/
expert_report/index.php.
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can be restated as approximately a 12 percent lifetime risk of developing
invasive breast cancer (NCI, 2010). The risk can also be presented for
shorter, more comprehensible intervals. For example, among white women
who are 50 years old, 2.4 percent are likely to be diagnosed with invasive
breast cancer over the next 10 years (NCI, 2010). This 10-year risk is 2.2
percent for 50-year-old black women, 2.0 percent for Asian women, and
1.7 percent for Hispanic women. For 70-year-olds, the 10-year risks are 3.9
percent for white women, 3.2 percent for black women, and 2.4 percent for
both Asian and Hispanic women. Estimates for longer follow-up periods
(e.g., 20 or 30 years) will only increase those risks. Within average values
such as these, there are always groups of women whose particular characteristics give them a higher or lower 10-year risk.
These estimates of risk are a critical reference point for understanding
the implications of findings from epidemiologic studies on factors associated with increased or decreased risk of breast cancer. These findings are
typically reported in terms of relative risk, which reflects a comparison
between the risk in a population exposed to a particular factor and that
in a similar population that is not exposed. Thus, a relative risk of 2.0 (a
doubling of risk) might mean that for women with that risk factor, the
10-year risk of breast cancer is 5 percent rather than 2.5 percent. Similarly,
a relative risk of 0.5 for a protective factor means that women with that
characteristic may have a 10-year risk of 1.3 percent rather than 2.5 percent. These examples are offered to illustrate the scale of the change in risk
implied by typical epidemiologic findings; they are not a formal analysis.
From a public health perspective, another important piece of information is the prevalence of the risk factor in the population. Finding that an
environmental factor is associated with a large relative risk may still mean
that it accounts for few cases of disease if the disease or the exposure is
rare in that population. Alternatively, an environmental exposure that is
associated with only a small increase in risk may be contributing to a large
number of cases if the exposure is very common in the population. However, if the exposure is so common that there is little variability across the
population (virtually everyone is exposed), it can be extremely difficult to
identify the contribution from that exposure.
Virtually all of the epidemiologic evidence regarding breast cancer
risk is drawn from population-level analyses. As a result, the conclusions
reached on the basis of that evidence apply to an exposed population. With
current knowledge, it is not possible to apply those conclusions to predict
which individuals within that population are most likely to develop breast
cancer. Nevertheless, an understanding of population-based estimates of
risk can help people make personal choices that may lead to better health
outcomes.
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TOPICS BEYOND THE SCOPE OF THE STUDY
Several topics were defined as falling beyond the scope of the study.
With the focus on environmental risk factors for breast cancer, the committee chose to devote little attention to the established associations between
increased risk for breast cancer and reproductive events such as younger
age at menarche, older age at first birth, lack of lactation, and older age at
menopause. The committee also chose not to evaluate the established associations between breast cancer risk and higher birth weight and attained
stature. Although some of them might fall under the committee’s very broad
definition of environmental factors, they were not the focus of its review.
Background is provided on many of these other factors in Chapter 2, and
the possibility that some environmental exposures may have an indirect
influence on risk for breast cancer because they may affect the timing of
these reproductive events is discussed in Chapter 5.
The committee also agreed that the nature and effectiveness of breast
cancer screening, diagnosis, and treatment were generally beyond the scope
of the study. It noted but did not analyze the impact of increased mammography and changes in screening practices since the 1970s on the observed
incidence of breast cancer. The paper commissioned by the committee on
medical sources of exposure to ionizing radiation took into account the
contribution of mammography. The committee did not examine the appropriateness of screening recommendations or practices.
The committee decided as well that its charge called for a focus on
risk for the initial occurrence of breast cancer and not on recurrence or
factors that might be associated with the risk of recurrence. Although environmental exposures may well influence the risk of recurrence, that risk is
also influenced by characteristics of tumors at the time of diagnosis and
subsequent treatment and follow-up practices. Consideration of clinical
practice in the treatment of women (and men) with diagnosed breast cancers is substantially different from the study’s primary focus on prevention
of breast cancer through improved understanding of and response to environmental risks. Similarly, the committee concluded that its charge called
for a focus on the incidence of breast cancer and not mortality. Influences
on breast cancer mortality patterns include factors that affect diagnosis and
treatment that are separate from the effects of environmental exposures on
the incidence of the disease.
The committee did not explicitly assess environmental risk factors for
male breast cancer, beyond the general assumption that some of the risk
factors identified through studies in women may also be relevant to the
development of breast cancer in men.
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THE COMMITTEE’S REPORT
This report reviews the current evidence on the biology of breast c ancer,
examines the challenges of studying environmental risk factors, and presents the committee’s findings and research recommendations from its review
of evidence on environmental risk factors. Specifically, Chapter 2 provides
important background for evaluating factors influencing breast cancer risk
with a brief review of the biology of breast cancer and trends in incidence
in the United States, along with discussion of the kinds of studies used to
investigate breast cancer and environmental exposures. Chapter 3 presents
the committee’s review of evidence on selected environmental risk factors.
Chapter 4 discusses the variety of challenges that complicate the study of
environmental risk factors for breast cancer, as well as gene–environment
interactions. Chapter 5 examines mechanisms of carcinogenesis and links
them to a life course perspective on breast development and the potential
for environmental factors to influence risk for breast cancer. In Chapter 6, the committee examines opportunities for evidence-based action to
reduce risks for breast cancer and also considers the challenges of avoiding the unintentional introduction of new risks. Chapter 7 concludes the
report with the committee’s recommendations for future research efforts.
Included as appendixes are agendas for the committee’s public sessions
(Appendix A), biographical sketches of committee members (Appendix B),
a summary of weight-of-evidence categories used by major organizations
that evaluate cancer risks (Appendix C), a table summarizing reports of
population attributable risks for breast cancer (Appendix D), a glossary
(Appendix E), and the paper commissioned on exposure to ionizing radiation (Appendix F).
REFERENCES
ACS (American Cancer Society). 2009. Breast cancer facts and figures 2009–2010. Atlanta,
GA: ACS. http://www.cancer.org/Research/CancerFactsFigures/BreastCancerFactsFigures/
index (accessed November 17, 2010).
ACS. 2011. Breast Cancer facts and figures 2011–2012. Atlanta, GA: ACS. http://www.cancer.
org/acs/groups/content/@epidemiologysurveilance/documents/document/acspc-030975.
pdf (accessed November 15, 2011).
Baralt, L. B., and S. McCormick. 2010. A review of advocate–scientist collaboration in federally funded environmental breast cancer research centers. Environ Health Perspect
118(12):1668–1675.
Bissell, M. J., and W. C. Hines. 2011. Why don’t we get more cancer? A proposed role of the
microenvironment in restraining cancer progression. Nat Med 17(3):320–329.
Brody, J. G., K. B. Moysich, O. Humblet, K. R. Attfield, G. P. Beehler, and R. A. Rudel.
2007. Environmental pollutants and breast cancer: Epidemiologic studies. Cancer 109(12
Suppl):2667–2711.

INTRODUCTION

35

California Breast Cancer Research Program. 2007. Identifying gaps in breast cancer research:
Addressing disparities and the roles of the physical and social environment. http://cbcrp.
org/sri/reports/ identifyingGaps/index.php (accessed October 25, 2011).
Farhat, G. N., R. Walker, D. S. Buist, T. Onega, and K. Kerlikowske. 2010. Changes in invasive breast cancer and ductal carcinoma in situ rates in relation to the decline in hormone
therapy use. J Clin Oncol 28(35):5140–5146.
Loeb, L. A., and S. Nishimura. 2010. Princess Takamatsu Symposium on DNA repair and
human cancers. Cancer Res 70(11):4269–4273.
NCI (National Cancer Institute). 2010. SEER cancer statistics review, 1975–2007. Edited
by S. F. Altekruse, C. L. Kosary, M. Krapcho, N. Neyman, R. Aminou, W. Waldron, J.
Ruhl, N. Howlader, Z. Tatalovich, H. Cho, A. Mariotto, M. P. Eisner, D. R. Lewis, K.
Cronin, H. S. Chen, E. J. Feuer, D. G. Stinchcomb, and B. K. Edwards. Bethesda, MD:
NCI. http://seer.cancer.gov/csr/1975_2007/ (accessed January 6, 2011).
NCI. 2011. SEER cancer statistics review, 1975–2008. Edited by N. Howlader, A. M. Noone,
M. Krapcho, N. Neyman, R. Aminou, W. Waldron, S. F. Altekruse, C. L. Kosary, J.
Ruhl, Z. Tatalovich, H. Cho, A. Mariotto, M. P. Eisner, D. R. Lewis, H. S. Chen, E. J.
Feuer, K. A. Cronin, and B. K. Edwards. Bethesda, MD: NCI. (Based on November
2010 SEER data submission, posted to the SEER website, 2011.) http://seer.cancer.gov/
csr/1975_2008/ (accessed June 1, 2011).
Ravdin, P. M., K. A. Cronin, N. Howlader, C. D. Berg, R. T. Chlebowski, E. J. Feuer, B. K.
Edwards, and D. A. Berry. 2007. The decrease in breast-cancer incidence in 2003 in the
United States. N Engl J Med 356(16):1670–1674.
Rudel, R. A., K. R. Attfield, J. N. Schifano, and J. G. Brody. 2007. Chemicals causing mammary gland tumors in animals signal new directions for epidemiology, chemicals testing,
and risk assessment for breast cancer prevention. Cancer 109(12 Suppl):2635–2666.
WCRF/AICR (World Cancer Research Fund/American Institute for Cancer Research). 2007.
Food, nutrition, physical activity, and the prevention of cancer: A global perspective.
Washington, DC: AICR.
Writing Group for the Women’s Health Initiative Investigators. 2002. Risks and benefits of
estrogen plus progestin in healthy postmenopausal women: Principal results from the
Women’s Health Initiative randomized controlled trial. JAMA 288(3):321–333.

2
Background, Definitions, Concepts

T

he committee’s examination of breast cancer and the environment
required considerations at the intersection of diverse fields, including
the biology and epidemiology of breast cancer, the identification of
carcinogens and cancer-promoting agents, exposure assessment, toxicity
and carcinogenicity testing, and the design and interpretation of research
studies. This chapter provides some brief, fundamental background on
these topics as a basis for the discussions in subsequent chapters.
AN INTRODUCTION TO BREAST CANCER
The breast begins forming during the prenatal period and undergoes
substantial changes during adolescence and adulthood. Breast cancer arises
when abnormal cellular growth occurs in certain structures and types of
cells within the breast.
Although breast cancer is often spoken of as if it were a single disease,
evolving techniques of analysis of the molecular characteristics of tumors
are pointing to a variety of types of potentially differing origins. Gaining
a better understanding of the nature of the heterogeneity of breast cancer
will be critical in helping researchers improve the design and interpretation of studies of possible risk factors, and it may influence approaches to
prevention.
Described here are the basics of the anatomy of the breast and breast
development, types of breast cancer, and levels and trends in the incidence
of the disease, focusing primarily on experience in the United States. The
mechanisms that appear to result in female breast cancers and the pathways
37
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BOX 2-1
Breast Cancer in Men
Approximately 1 percent of breast cancer cases occur in men, and
less than 1 percent of men’s cancer diagnoses are for breast cancer (ACS,
2011b). Because it is rare, breast cancer in men has been difficult to study.
Based on what is known, however, it is considered to resemble breast
cancer in postmenopausal women (Korde et al., 2010).
As in women, men’s breasts respond to changes in sex hormone
concentrations (both estrogens and androgens), but under normal circumstances they do not undergo the differentiation and lobular development that women’s breasts experience with puberty, pregnancy, and
lactation (Johansen Taber et al., 2010). Either an excess of estrogens or
deficit of androgens appears to increase risk of breast cancer in men
(Korde et al., 2010). Beginning after age 20, rates rise steadily with age.
Approximately 92 percent of male breast cancers are estrogen receptor
positive, compared with approximately 78 percent of breast cancers in
women (Anderson et al., 2010). As is the case for women, inherited mutations in BRCA1 and especially BRCA2, as well as other mutations, are
associated with an increased risk of male breast cancer, but the majority
of cases are not associated with a family history of the disease (Korde
et al., 2010).

along which they operate are one of the main topics in Chapter 5. A brief
description of breast cancer in men is provided in Box 2-1.
The Breast, Breast Development, and Breast Cancer
The development of the human female breast begins during gestation
but is not complete at the time of birth. Further development and differentiation of breast tissue occurs over time and especially in response to fluctuating estrogen and other hormonal signals beginning in puberty, continuing
through the reproductive years, during pregnancy and lactation, and at
menopause. Monthly ovulatory cycles are accompanied by cyclical changes
in the form and behavior of cells and structures in the breast, including
progressive differentiation. Pregnancy and lactation trigger maximal differentiation of the breast. When pregnancy and lactation end, as well as at
menopause, breast tissue regresses to a less differentiated state.
Within the breast are adipose and connective tissues that surround
multiple collections of lobules in which milk is produced during lactation.
Milk moves to the nipple through ductal structures. The ducts are lined by
luminal epithelial cells and have an outer layer of myoepithelial cells. Popu-
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lations of stem cells that can give rise to either luminal or myoepithelial cells
are also found in the ductal tissue. The ducts are anchored to a basement
membrane, which contributes to both the structure and the function of the
ductal tissue. Connective tissue within and between the lobules, known as
the stroma, further contributes to the structure of the breast and plays an
important role in regulating both normal and abnormal breast cell growth
and function (Arendt et al., 2010). Cell types within the stroma include
(but are not limited to) fibroblasts, adipocytes, macrophages, and lymphocytes (Johnson, 2010). These cells and structures in the breast generate
and respond to a diverse mix of hormones, especially estrogen, and other
regulatory factors.
Certain disruptions in the complex processes that govern the structure
and function of breast tissue may set the stage for breast cancer. Some
carcinogenic events occur spontaneously in the course of normal biological
processes and others are triggered by external factors. Although the body
has efficient protective responses, such as DNA repair and immune surveillance, that can reduce the effect of such events, these protective responses
are not always successful. The interval between the earliest “event” and the
detection of a cancer may span several decades.
Specific mechanisms that may play a role in breast cancer are noted here
but discussed further in Chapter 5. The contribution of genetic mutations
to cancer is well known. They may be inherited (e.g., germline mutations in
the BRCA1 or BRCA2 genes, which normally have a role in DNA repair)
or develop in some cells during a person’s lifetime (somatic mutations) as
a result of reactive by-products of normal biological processes, or from the
effects of external exposures. Other mechanisms include epigenetic changes
that can alter gene expression without changes to DNA, promotion of cell
growth by estrogen and other hormones or cell-signaling proteins, and evasion of the immune system.
Types of Breast Cancer
Most commonly, breast cancers develop in the ducts, but cancers also
develop in the lobules or take other forms. Several systems are used to
characterize breast cancers, with the systems developed primarily to provide
information on prognosis and treatment decisions. For example, breast
tumors may be classified by tumor size, extent of spread beyond the tumor
site (localized, regional, distant), the anatomical characteristics of the tumor
cells (e.g., ductal or lobular histology), and the molecular features of the
tumor cells, such as presence or absence of estrogen and progesterone receptors and human epidermal growth factor receptor 2 (HER2/neu).
The age at which a woman is diagnosed with breast cancer is associated
with tumor characteristics, such as the likelihood that the breast cancer
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is estrogen receptor positive or negative (ER+ or ER–). In addition, age
or menopausal status also guides treatment decisions. For example, aromatase inhibitors are part of treatment for postmenopausal women who
have ER+ breast cancers, but tamoxifen is used among premenopausal
women. Except for reference to menopausal status, breast cancers in men
are characterized in similar ways. Differences in patterns of such features
as tumor histology, grade, and receptor status may distinguish between a
more aggressive form of breast cancer with a generally earlier onset and a
more common and less aggressive form that tends to occur at older ages
(see Anderson et al., 2006b, 2007; Kravchenko et al., 2011).
Another major distinction is between invasive and noninvasive (or in
situ) tumors. As the terms suggest, invasive tumors spread beyond the site
at which they arise, while in situ tumors remain within the tissue where they
originate, such as the epithelial cells lining the breast ducts. About 20 percent of reported tumors are noninvasive (ACS, 2011a). Ductal carcinoma in
situ (DCIS) is the most common form of abnormal but noninvasive growth
in the breast. Although DCIS can, in some cases, progress to an invasive
cancer, the natural history of these tumors is poorly understood, and it is
not yet possible to identify which ones are likely to progress (Allred, 2010).
As a result, most women with in situ tumors receive treatment that is similar to the treatment for early-stage invasive tumors.
Estrogen and Progesterone Receptor Status
The molecular and genetic characteristics of breast tumors are used to
guide treatment and assess prognosis. A feature for which breast tumors are
now commonly evaluated is whether the cells express estrogen or progesterone receptors. Tumors that express these receptors are designated ER+ or
PR+, and those that do not as ER– or PR–. In the United States, approximately 75 percent of invasive tumors for which receptor status is reported
are ER+ and 65 percent are PR+ (Ries and Eisner, 2007; Kravchenko et al.,
2011). ER+ and PR+ tumors have a generally better prognosis than tumors
that do not express these receptors. These receptor characteristics are correlated with other tumor markers related to regulation of cell growth and
proliferation and appear to reflect important differences in tumor origin
(Phipps et al., 2010). Researchers are also finding that they are associated
with differences in response to risk factors (e.g., Althuis et al., 2004; Yang
et al., 2011).
Triple Negative Breast Cancer
Tumors lacking not only ER and PR expression but also HER2 are
called triple negative breast cancers (TNBCs), and they are considered
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closely related to basal-like breast cancers (Carey et al., 2006; Foulkes et al.,
2010). Triple negative breast tumors are typically aggressive and are more
likely to be diagnosed in women who are younger (below age 50) and are
African American. These cancers in African American women tend to be
more advanced and of higher grade at the time of diagnosis than tumors
in other racial groups (Carey et al., 2006; Stead et al., 2009; Trivers et
al., 2009). Triple negative tumors have been associated with BRCA1 and
BRCA2 mutations (Armes et al., 1999; Foulkes et al., 2003; Turner et al.,
2007; Atchley et al., 2008). Additionally, a large proportion of TNBCs
have altered p53 levels (Carey et al., 2006; Kreike et al., 2007; Rakha et
al., 2007).
Genetic Susceptibility to Breast Cancer
Genetic mutations may contribute to breast cancer by altering various
critical processes such as those related to DNA repair, hormone synthesis,
and metabolism of carcinogens. Two types of genetic mutations are possible. Germline mutations are genetic variants that are passed from parents
to offspring and are present in all cells. Genetic changes can also occur in
specific cells during a person’s lifetime; these changes, which can persist as
cells divide, are called somatic mutations. They can arise by chance, as a
by-product of normal processes such as cellular respiration or DNA replication, or from external exposures. Such mutations may lead to that cell
becoming a cancer cell.
Inherited genetic variation is found across the population. Many of
these variations, called polymorphisms, may have little or no impact on
the function of a gene, but some of them are associated with increased
susceptibility to disease. Common genetic variants are found in 1 percent
or more of the population.
Every breast cancer contains somatic genetic changes, but only a few
inherited mutations are known to convey a high risk of breast cancer in
the carrier. The strongest evidence of inherited genetic susceptibility is for
germline mutations in the BRCA1 and BRCA2 genes. Research suggests
that a larger number of lower-risk germline variants also exist.
Hereditary Syndromes
A family history of breast cancer is an established breast cancer risk
factor. This risk factor represents both inherited genetic risks as well as
environmental factors that may cluster in families. Overall an inherited
susceptibility to breast cancer contributes to about 10 percent of breast
cancer cases, and in about 5 percent of breast cancer cases this inherited
susceptibility is attributed to mutation in the BRCA1 or BRCA2 genes.
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Mutations in these two genes are associated with increased susceptibility
not only for breast cancer, but also for other cancers such as ovarian cancer.
BRCA1/2 mutations are high-penetrance mutations, meaning that
women with these mutations have a very high lifetime risk of developing
breast cancer. This risk is estimated to be at least 40 percent and possibly as
high as 85 percent (Oldenburg et al., 2007). However, these mutations are
rare, with substantially less than 1 percent of women in most populations
carrying them (Narod and Offit, 2005). In addition to increasing the risk
of breast cancer for women, they also increase risk for male breast cancer.
Families in which such mutations may be present may have multiple cases
of breast cancer, occurring at younger ages and in multiple generations, and
a family history of ovarian cancer (Narod and Offit, 2005). Other sources
of increased familial genetic risk include the Li-Fraumeni syndrome1 from
germline mutations in the p53 gene (Malkin et al., 1990) and Cowden
disease2 from germline mutations in the PTEN gene (Liaw et al., 1997).
Genetic testing is available to identify BRCA1 and BRCA2 mutations.
Identification of a familial mutation that carries an increased risk of breast
cancer allows women, and men, who carry such a mutation to seek closer
monitoring of their health and to consider primary and secondary preventive
measures, such as increased screening, bilateral prophylactic mastectomy
and, for women, bilateral salpingo-oophorectomy (Walsh et al., 2006). Use
of medications that can reduce the risk of breast cancer (i.e., tamoxifen and
raloxifene) may also be appropriate for some women (USPSTF, 2002).
Breast Cancers in Women Without a Strong Family History
Most women diagnosed with breast cancer do not have a strong family history of the disease and do not carry mutations in highly penetrant
cancer-susceptibility genes. They may, however, have other more common
genetic variants that affect gene function and that may be responsible for a
proportion of the breast cancer cases that develop. These genetic variants
are called low-penetrance variants because they are associated with only a
small degree of risk for breast cancer. Yet because they are common, they
may contribute to the burden of disease. In addition, these variants may
interact with environmental exposures such that risk is only expressed in
the presence of the environment exposure (gene–environment interaction).
Two approaches have been used to identify low-penetrance genetic
variants: a candidate gene approach and genome-wide association studies.
1 Li-Fraumeni

syndrome is characterized by a predisposition to sarcomas, lung cancer, brain
cancer, leukemia, lymphoma, adrenal-cortical carcinoma, and breast cancer.
2 Cowden disease is a syndrome involving mucocutaneous and gastrointestinal lesions and
breast cancer.
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Studies initially relied on the candidate gene approach, in which poly
morphic variants of genes that plausibly influence breast cancer risk are
assessed in epidemiologic studies (i.e., case–control or cohort studies) for
their association with breast cancer. For example, the Breast and Prostate
Cancer Cohort Consortium has conducted extensive analyses of genetic
variation in large numbers of specific genes in biological pathways thought
to be most relevant to breast cancer, such as the steroid hormone metabolism and insulin-like growth factor pathways (Canzian et al., 2010; Gu et
al., 2010). These studies did not find an association with breast cancer risk.
In general, the candidate gene approach has had limited success in consistently identifying specific variants associated with breast cancer.
Genome-wide association studies (GWAS) allow for a comprehensive and unbiased search for modest associations across the genome. The
approach in these studies is to identify a relatively limited set of readily
recognized single nucleotide polymorphisms (SNPs) that are highly correlated with a larger block of genetic variants and to use the limited set
of “tagSNPs” in the analysis (Manolio, 2010). These studies require very
large sample sizes (thousands or tens of thousands of cases and controls)
because these variants tend to be associated with a small degree of risk.
Because these studies make use of large numbers of statistical tests, they
require extreme levels of statistical significance to identify true positive
results (Hunter et al., 2008).
Results from several GWAS of breast cancer in women of European
ancestry have been published (Easton et al., 2007; Hunter et al., 2007;
Stacey et al., 2007; Turnbull et al., 2010), and one of women of Asian
ancestry (Zheng et al., 2009). Out of the many variants studied, approximately 20 risk variants have been robustly associated with breast cancer
risk, all having only modest influence on risk (relative risks in the range
of 1.05–1.3 per allele). Stronger associations with common variants are
unlikely to exist, but they may be possible for rarer variants (e.g., those
with minor allele frequencies of <5 percent) that have not been tested with
the technologies available to date. Even so, statistical modeling suggests
that low-penetrance gene variants may do at least as well in predicting risk
as using traditional risk factors such as age at first birth, family history of
breast cancer, and history of breast biopsy(ies) (Wacholder et al., 2010).
This is a rapidly evolving area of research.
BREAST CANCER INCIDENCE IN THE UNITED STATES
As noted in Chapter 1, an estimated 230,480 new cases of invasive
breast cancer were diagnosed among women in the United States in 2011
and another 2,140 new cases among men (ACS, 2011a). In addition,
approximately 57,650 in situ cases were diagnosed in women, of which

44

BREAST CANCER AND THE ENVIRONMENT

BOX 2-2
Data on Breast Cancer
For data on patterns and trends in incidence and mortality for all
forms of cancer in the United States, researchers generally rely on data
from the National Cancer Institute’s Surveillance, Epidemiology, and End
Results (SEER) Program. In 1973, SEER began systematic collection of
data from cancer registries in sites selected to characterize the diversity of the U.S. population. The number of participating registries has
increased, and as of 2005 covered approximately a quarter of the U.S.
population (NCI, 2005). The SEER Program establishes standards for
completeness and quality of the data provided to it, and it works with
participating registries to achieve those standards. As practices change,
new data elements may be collected. For breast cancer, for example,
data on estrogen and progesterone receptor status of tumors were
added in 1990 (Ries and Eisner, 2007). Annual reports present data and
analysis on cancer incidence, mortality, survival, and trends since 1975.
Datasets can also be made available to qualified researchers for independent analyses.
States also have cancer registries, but some of these registries are
less than 20 years old (CDC, 2010). Through the National Program of
Cancer Registries (NPCR), which was established by federal legislation in
1992 and is administered by the Centers for Disease Control and Prevention, states receive assistance to improve the quality and completeness
of their cancer registries. The NPCR now produces an annual report that
combines data from state registries with data from the SEER program.

about 85 percent were DCIS (ACS, 2011a). Sources of surveillance data on
breast cancer are described in Box 2-2.
Age Patterns and Changes Over Time
Breast cancer can occur in women and men of any age, but it is predominantly a disease of middle and older ages. Rates of invasive cancer increase
rapidly after age 35 and currently peak at approximately 432 cases per
100,000 women in the age group 75–79 years (NCI, 2011) (see Figure 2-1).
Rates of in situ disease rise more slowly and increase as women reach ages
at which mammographic screening becomes common. The peak rate is 99
cases per 100,000 women at ages 65–69 (NCI, 2011). Among men, cases of
invasive breast cancer are found at young ages, but incidence peaks at ages 85
and older at a rate of approximately 10 cases per 100,000 men (NCI, 2011).
The incidence of breast cancer has increased since at least the mid1970s but has dropped from its peak in 1999. Figure 2-2 shows the rates
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FIGURE 2-1 Age-specific incidence rates for invasive and in situ breast cancer
Figure 2-1 Age rates Invasive-InSitu.eps
among women in the United States, 2004–2008.
SOURCE: NCI (2011).

over time for both older (age 50 and older) and younger women (ages
20–49) and for invasive and in situ cases. Among older women, rates of
invasive cancer rose during the 1980s and showed a slower increase during the 1990s. During the 1980s, use of menopausal hormone therapy had
increased (Hersh et al., 2004; Glass et al., 2007). The 1980s and 1990s
were also a period when use of screening mammography increased (Breen
et al., 2001; Anderson et al., 2006a; Glass et al., 2007). In 1987, roughly
23 to 32 percent of women were screened, depending on their age, and by
1997, screening rates were as high as 74 percent among women ages 50–64
(Breen et al., 2001). Increased screening allowed for the earlier detection of
tumors and for the detection of tumors that might never have progressed.
When more tumors are detected at earlier stages, it will appear as if incidence rates are rising even if they are not, or are rising more rapidly than
they actually are.
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FIGURE 2-2 Age-adjusted incidence of invasive and in situ breast cancer in women,
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United States, 1975–2008.
SOURCE: NCI (2011).

A decline in breast cancer incidence occurred between 1999 and 2003
(Figure 2-2), principally in ER+ tumors in women ages 50–69 (Jemal et
al., 2007). The decline is widely attributed to reductions in the use of hormone therapy (HT) (Clarke et al., 2006; Ravdin et al., 2007; Robbins and
Clarke, 2007). In 1998, the Heart and Estrogen/Progestin Replacement
Study (HERS) reported that use of combined estrogen–progestin HT failed
to show an anticipated protective effect against coronary heart disease and
was associated with an increase in risk for blood clots (Hulley et al., 1998).
The subsequent publication of findings from the Women’s Health Initiative
confirmed the lack of benefit for heart disease and also showed an increased
risk for breast cancer with use of combined estrogen–progestin therapy
(Writing Group for the Women’s Health Initiative Investigators, 2002).
Reports from these studies were a major factor in the decline in use of HT.
As reflected in Figure 2-2, a recent analysis found that for 2003–2007
incidence rates of invasive cancer did not significantly change, although
use of HT continued to decline (DeSantis et al., 2011). Use of screening
mammography in 2008 remained similar to rates seen in 1997 (Breen et
al., 2011). Rates of in situ cancer among older women also rose somewhat
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in the 1980s and into the 1990s, but they have remained relatively stable
since the late 1990s.
Although the perception is widespread that breast cancer is becoming
more common among young women, the best data available indicate that
invasive breast cancer incidence rates have been almost unchanged since
1975 in women ages 20–49 (Figure 2-2). What has changed is the rate of in
situ breast cancer, which has been rising since the introduction of mammography screening in the 1980s (Breen et al., 2001; Kerlikowske, 2010). The
perception that breast cancer is increasing in younger women may come
from several factors. First, any cancer diagnosis in a young woman in her
prime working and reproductive years is notable, emotionally laden, and
an event that will gain attention in many settings. An analysis of vignettes
about breast cancer in popular magazines found that nearly half the stories were about women who were diagnosed before age 40 (Burke et al.,
2001), a group that accounts for approximately 5 percent of cases (ACS,
2011a). Second, diagnosis of cases of “carcinoma in situ,” especially DCIS,
has increased, but its relation to invasive cancer can be unclear to women,
at least in part because of the terminology and because of the aggressive
treatment that may be recommended (De Morgan et al., 2002; Partridge et
al., 2008; Liu et al., 2010). As noted, even within the research and medical communities, the natural history of DCIS is poorly understood, so the
proportion of DCIS cases that would become invasive if untreated is unclear
(Allred, 2010).
Race and Ethnicity
Differences can be seen in the age patterns and trends in breast cancer
among the country’s racial and ethnic groups. For 2004–2008, the overall
incidence of breast cancer was 136 cases per 100,000 among non-Hispanic
white women, 120 per 100,000 among African American women, 94 per
100,000 among Asian and Pacific Islander women, and 78 per 100,000
among Hispanic women (who can be of any race) (NCI, 2011).3
For African American women, the lower incidence rates compared
with white women are most evident at older ages (Figure 2-3). However,
incidence rates are higher among African American women under age 45.
At ages 30–34, for example, African American women have an incidence of
breast cancer of 31.8 cases per 100,000, compared with a rate of 25.8 for
3 Throughout the report, incidence rates such as these are age-adjusted using the U.S.
standard population for 2000. Age adjustment applies each group’s incidence rates at specific
ages to a single common population, the U.S. population for 2000 in this case. This process
ensures that comparisons of rates are not affected by differences among the groups the age
distribution of their populations.
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white women in that age group (NCI, 2011). At ages 40–44 the differences
are smaller; the incidence rates are 123.6 for African American women and
122.4 for white women.
Despite ongoing efforts to improve detection and treatment of breast
cancer for all women, African American women continue to experience
greater mortality from breast cancer compared to women from other ethnic
and racial groups. Surveillance, Epidemiology, and End Results (SEER) data
from the National Cancer Institute show that the 5-year survival rate for
women diagnosed with breast cancer during the period 2001–2007 was
77 percent among African American women and 91 percent among white
women (NCI, 2011). These differences in breast cancer survival have been
attributed in part to a higher proportion of African American women being
diagnosed with advanced-stage disease; only 51 percent of breast cancers
among African American women are localized at diagnosis compared with
61 percent of cancers among white women (NCI, 2011). Among women
diagnosed with localized cancer, the 5-year survival rate for 2001–2007 was
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93 percent for African American women and 99 percent for white women
(NCI, 2011), reflecting a smaller but persistent difference in outcomes.
Other factors contributing to poorer survival rates for African American
women may include less access to early detection and treatment services as
well as differences in tumor characteristics.
Among Hispanic women, the incidence of breast cancer is consistently
lower than for non-Hispanic white women or African American women,
with greater differences at older ages (NCI, 2006; Hines et al., 2010; Liu et
al., 2011). Data from California show that the incidence of breast cancer
for the period 1988–2004 was lower among the foreign-born Hispanic
women: 68.2 per 100,000 for the foreign-born, 93.8 per 100,000 for U.S.born Hispanic women, and 125.7 per 100,000 for non-Hispanic white
women (Keegan et al., 2010). Approximately 40 percent of the Hispanic
population living in the United States in 2007 was born in other countries
(Grieco, 2010).
Analysis of the breast cancer experience of Hispanic women is still
limited and based primarily on populations in specific areas of the United
States, such as California (e.g., Keegan et al., 2010; Liu et al., 2011) or
the Southwest (e.g., Hines et al., 2010). Additional research will be needed
to assess whether the observations in these areas are representative of the
experience of Hispanic women who live in other parts of the country and
whose countries of origin and history of residence in the United States may
differ from those of the women in the available studies.
The incidence of breast cancer has also traditionally been lower in
Asian women, compared to white and black women, as reflected in both
international and U.S. surveillance data (Stanford et al., 1995; Parkin et
al., 1997, 2005; Jemal et al., 2005; Joslyn et al., 2005; Miller et al., 2008).
Incidence rates commonly transition to higher levels as Asian women who
migrate to the United States and their descendents experience greater acculturation. This pattern of increasing incidence among immigrants is often
cited as evidence for the influence of social and environmental factors in
disease risk because genetic factors are unlikely to be able to account for
differences from the rates in their countries of origin (Buell, 1973; Thomas
and Karagas, 1987; Ziegler et al., 1993; Kolonel and Wilkens, 2006).
Evaluating breast cancer incidence in the Asian and Pacific Islander
population4 is challenging because it is highly heterogeneous, with more
than 60 distinct ethnicities. There is increasing evidence that the aggregate
data on breast cancer incidence for these women tend to obscure large
differences, including striking elevations in incidence for some subgroups
(Deapen et al., 2002; Keegan et al., 2007; McCracken et al., 2007; Miller
4 The

Asian and Pacific Islander populations are combined as a standard reporting category
for race and ethnicity for many federal data collection activities.
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et al., 2008). Moreover, two studies that used different methods for assessing nativity suggest that young U.S.-born women from some Asian groups,
especially women of Japanese and Filipina ancestry, are actually experiencing a higher risk for breast cancer than their white or African American
contemporaries (Gomez et al., 2010; Reynolds et al., 2011).
Although Asian and Pacific Islanders, as a group, are less likely to
receive an initial diagnosis of late-stage breast cancer than non-Hispanic
white women (Hedeen et al., 1999; Morris and Kwong, 2004), foreign-born
Asian women and some ethnic groups, including Hawaiians and South
Asian Indians, are diagnosed with significantly more late-stage tumors
than non-Hispanic white women (Li et al., 2003). Likewise, data from the
2001 California Health Interview Survey suggest that Asian women and
Pacific Islander women have lower rates of mammography screening (67.2
percent and 63.4 percent, respectively) than non-Hispanic white women
(78.1 percent) (Ponce et al., 2003a). The differences are further accentuated
when disaggregated by ethnicity (53.1 percent among Korean women, 56.6
percent among Cambodian women) (Ponce et al., 2003b).
Racial and ethnic differences are also seen in terms of tumor types. The
likelihood of having triple negative breast cancer, which is more difficult
to treat, is significantly higher in African American women compared to
women from other racial and ethnic groups (Bauer et al., 2007; Kwan et
al., 2009; Stead et al., 2009). An analysis of SEER data for California found
that African American women had a 1.98 percent lifetime risk of developing triple negative breast cancer, whereas Hispanic women had a 1.04 percent lifetime risk and white women had a 1.25 percent risk (Kurian et al.,
2010). A high prevalence of triple negative tumors has also been reported
in breast cancer cases from Nigeria and Senegal; of 507 cases, 27 percent
were triple negative (Huo et al., 2009).
Reproductive Risk Factors
Several factors that are generally considered associated with increased
risk for breast cancer include having a family history of the disease, particular reproductive characteristics (e.g., earlier age at menarche, later age
at menopause, later age at first live birth), and certain forms of benign
breast disease, as determined by breast biopsies (ACS, 2011a). Greater
mammographic density, which reflects a higher proportion of connective
and epithelial tissue in the breast, is a physiologic characteristic that is
consistently associated with increased risk of breast cancer (Boyd et al.,
2010). Studies in twins indicate that it is a heritable trait (e.g., Boyd et al.,
2002; Ursin et al., 2009).
Differences in breast cancer incidence among population groups may
reflect, in part, differences among them in the patterns of these types of risk
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factors. For example, data from the Third National Health and Nutrition
Examination Survey (NHANES III) show that the median age at menarche
for non-Hispanic black girls is 12.06 years compared to 12.25 years for
Mexican American girls, and 12.55 years for non-Hispanic white girls
(Chumlea et al., 2003).
In a review of epidemiologic studies, Bernstein and colleagues (2003)
also found differences between African American and white women in
reproductive risk factor profiles. For example, African American women
have a higher birth rate than white women until age 30. This is important
because while there may be a short-term increase in breast cancer risk
immediately following pregnancy, earlier childbearing and higher numbers
of births appear to be associated with a long-term reduction in risk. Lactation has been associated with a reduced risk of developing breast cancer; it
induces additional differentiation in the breast and delays the re-initiation
of ovulation. Studies included in the review conducted by Bernstein et al.
(2003) found that, compared to African American women, white women
are about twice as likely to breastfeed, and their cumulative time spent
breastfeeding is longer.
Differences in breast cancer incidence and reproductive risk factor
profiles have also been reported for Hispanic and non-Hispanic white
women (e.g., Hines et al., 2010). Both premenopausal and postmenopausal
Hispanic women had a higher prevalence of factors that have been associated with decreased breast cancer risk, including younger age at first birth
and greater parity. But they were also more likely to have a younger age at
menarche and to breastfeed less, characteristics associated with greater risk.
However, some of the associations between reproductive factors and
breast cancer risk may be stronger for white non-Hispanic women than for
women of other races and ethnicities. Hines and colleagues (2010) found
that among premenopausal Hispanic women, only late age at first birth had
a statistically significant association with increased risk of breast cancer.
Reproductive factors were not associated with breast cancer risk among
postmenopausal Hispanic women.
The contribution of differences in patterns of reproductive factors may
also be influenced by racial and ethnic differences in risk for particular subtypes of breast cancer. Some reproductive factors appear to be more closely
associated with ER+/PR+ tumors (Althuis et al., 2004; Ma et al., 2006) or
lobular (versus ductal) tumors (Kotsopoulos et al., 2010; Newcomb et al.,
2011). The risk for ER–/PR– and triple negative breast cancers is greater
for African American women than for non-Hispanic white women, and
reproductive factors have a more limited influence on risk for these forms
of breast cancer.
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A BROAD PERSPECTIVE ON THE ENVIRONMENT
As noted in Chapter 1, the committee adopted a broad interpretation of the environment that encompasses all factors that are not directly
inherited through DNA. This definition allows for the consideration of a
broad range of factors that may be encountered at any time in life and in
any setting: the physiologic and developmental course of an individual, diet
and other ingested substances, physical activity, microbial agents, physical
and chemical agents encountered at home or work, medical treatments and
interventions, social factors, and cultural practices. Figure 2-4 illustrates the
multiple levels of biologic and social organization through which potential environmental exposures can influence breast cancer, and Figure 2-5
illustrates one approach to integrating this socio-ecologic perspective into
investigation of potential contributions to breast cancer over the life course.
Many of these environmental influences overlap. For example, the
physical environment encompasses medical interventions, dietary exposures
to nutrients, energy and toxicants, ionizing radiation, and chemicals from
industrial and agricultural processes and from consumer products. These
in turn are influenced by the social environment, because cultural and economic factors influence diet at various stages of life, reproductive choices,
energy balance, adult weight gain, body fatness, voluntary and involuntary
physical activity, medical care, exposure to tobacco smoke and alcohol, and

Society
Physical Environment
Psychological
Individual/Behaviors
Cells/Tissue
Metabolism
Gene
FIGURE 2-4 Multiple levels on which environmental exposures may act to influence breast cancer.
SOURCE: Personal communication, R. A. Hiatt, University of California, San
Francisco, September 16, 2010.
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FIGURE 2-5 A schematic illustration of the potential for environmental exposures
at various levels and times over the life course to influence the initiation and progression of breast cancer.
SOURCE: Personal communication, R. A. Hiatt, University of California, San
Francisco, September 16, 2010.

occupational exposures, including shift work. Exposures at the tissue level
are further influenced by metabolic and physiologic processes that modify
the body’s internal environment.
A full appreciation of environmental influences on breast cancer calls
for an analysis at multiple levels (Anderson and May, 1995), from genetic
and cellular mechanisms to the influence of societal factors. Applying this
perspective to research requires a transdisciplinary approach. A previous
Institute of Medicine committee advanced this socio-ecologic model as a
way to understand the relationship of health and disease to complex societal influences (IOM, 2000; Smedley and Syme, 2001). Social determinants
then encompass various factors: social and economic conditions such as
poverty; the conditions of work, and access to health care delivery; the
chemical toxicants and pollutants associated with industrial development;
and the positive aspects of human settlements that make active living and
healthy eating possible (Hiatt and Breen, 2008). The socio-ecologic model
also incorporates and augments discoveries in cancer biology and toxicology, in addition to those from the behavioral and social sciences.
Within this framework, the committee’s predominant focus was on
exposure to physical and chemical toxicants, and on individual behavior
related to diet and physical activity. When possible, the committee examined evidence regarding the implications of the timing of those exposures
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across the life course. Although the committee recognizes that the nature of
households, families, workplaces, communities, and societies in which people live play a major role in determining these exposures (Hiatt and Breen,
2008), the focus of this report was on the more proximate environmental
exposures that may increase the risk of breast cancer. As understanding of
the epidemiology, toxicology, and mechanisms of breast cancer continues
to improve, efforts to develop effective interventions to mitigate risk may
be aided by approaches that include modification of the social determinants
of exposure to various risk factors.
INVESTIGATING WHETHER ENVIRONMENTAL
FACTORS ARE RELATED TO BREAST CANCER
Efforts to determine whether exposure to an aspect of the environment
is related to the development of breast cancer depend on many types of
research, including laboratory analyses of the response of cells or tissues
(in vitro testing), experimental studies of effects in laboratory animals (in
vivo testing), and epidemiologic studies of human subjects. U.S. regulatory
agencies, including the Environmental Protection Agency (EPA) and the
Food and Drug Administration (FDA), require a variety of in vitro and
animal tests for cancer and other endpoints for licensing or registering
pesticides, food additives, and pharmaceuticals (NRC, 2006). In laboratory
studies, exposures are determined by the researcher, but in studies of human
subjects, exposure assessment becomes a crucial part of the investigation.
Reviewed briefly here are basic features of this range of studies and of
exposure assessment. Chapter 4 provides discussion of the challenges in
using these various research tools to study breast cancer and draw valid
conclusions about environmental risk factors.
In Vitro Testing
In vitro testing makes use of artificial environments to study tissues,
cells, and cellular components. In the context of breast cancer, this type
of testing allows for detailed examination of behavior of specific parts
of larger, more complex organisms. Increasingly, in vitro testing allows
for rapid analysis of a large number of variables, such as changes in gene
expression. Although in vitro testing does not capture the critical interactions of the multiple systems in an intact organism, it provides a means to
explore biological processes that are otherwise difficult to isolate.
In vitro tests for genotoxicity are an integral part of screening chemicals
for their potential to cause DNA damage and thereby contribute to tumor
formation. Various assays are used to assess gene mutations (e.g., Ames test,
mouse lymphoma TK+/– assay) and structural or numerical aberrations in
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chromosomes (e.g., Chinese hamster ovary cells or mouse lymphoma TK+/–
assay). Chemicals that show potential for genotoxicity are often avoided in
product development programs for pesticides and pharmaceuticals.
Advances in molecular genetics, proteomics, and immunohistochemistry are fine-tuning investigations of mechanisms of action and treatment for
breast cancer through studies of gene amplification, hormone receptor binding, biomolecular analysis of cells derived from tissue microdissection, and
genome and transcriptional analysis (Thayer and Foster, 2007; Pasqualini,
2009). For example, such tools have led to the development of selective
estrogen receptor modulators (SERMs; e.g., tamoxifen and raloxifene)
and down-regulators (SERDs) that have provided both new therapeutic
approaches to treating breast cancer and pharmacologic approaches to the
prevention of breast cancer in some women (McDonell and Wardell, 2010).
Next-generation SERMs and SERDs are now in clinical trials. Such tools
will also allow a deeper understanding of the cell signaling events that are
disrupted in the process of breast carcinogenesis, providing a rational basis
from which to identify potential environmental influences on breast cancer
risk. For example, they can aid in studying the potential role of melatonin
and circadian disruption as a modulator of breast cancer risk (Blask et al.,
2011). High-throughput microarray methods are used to examine various
global gene expression changes related to high tumor aggressiveness, potentially leading to a new breast cancer molecular taxonomy and multigene
signatures that might predict outcome and response to systemic therapies
(Colombo et al., 2011).
Cell cultures from normal breast tissue and from breast tumors are
being used to screen for the potential for chemicals to promote the growth
of breast cancer cells or to evaluate the effectiveness of various therapeutic
agents. Immortalized human breast cell lines (e.g., MCF-10F) have been
established to study various aspects of tumorigenicity (e.g., Russo et al.,
2002), and immortalized breast cancer cell lines (e.g., MCF-7) to study
tumor progress and response to therapeutic agents (Wistuba et al., 1998;
Fillmore and Kuperwasser, 2008). In vitro tests of the potential for chemicals to interact with estrogen, androgen, and thyroid hormonal systems
may eventually be applied to most pesticides to generate other mechanistic
information related to carcinogenicity. At present, while much has been
learned about the potential for hormonal activity for some chemicals, data
are limited on many others. In 2009, EPA required that about two dozen
pesticides be screened for these effects (EPA, 2009).
Whole Animal (In Vivo) Studies of Carcinogenicity
Rodents have long been used to study mammary tumorigenesis. Specific
rat and mouse strains have been selected for routine screening of chemi-
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cals and pharmaceuticals for carcinogenic effects. This testing is generally
intended to detect any indication of carcinogenicity at any site in the body;
it is not designed to identify likely sites for specific human cancers, such
as breast cancer. EPA’s (2005) Guidelines for Carcinogen Risk Assessment
notes, however, that certain modes of action (e.g., disruption of thyroid
function) will have consequences for particular tissues and that this provides a basis for anticipation of site concordance between rodents and
humans in certain cases. Rodent models are also widely used by research
scientists to investigate mammary carcinogenesis and the effects of timing
and combinations of exposure to environmental factors. Challenges in using
these models are discussed in Chapter 4.
Scope of Carcinogenicity Testing
Carcinogenicity testing in two species, typically rodents, is part of the
standard battery of tests required for most pharmaceuticals, pesticides, and
some food additives. Registration or licensing for marketing for products
that require such approval involves establishing to the satisfaction of the
appropriate government agency that the compound can be safely used
under the registered use scenarios or, in the case of a pharmaceutical, that
it has an adequate “risk–benefit” ratio.
Premarket testing of chemicals used in consumer products and in industry is rarely undertaken because the federal government has limited authority to require it under the Toxic Substances Control Act, which was enacted
in 1976 (GAO, 2009). Only about 15 percent of the notices submitted to
EPA for manufacturing or importing new industrial chemicals have any
specific health or safety data (GAO, 2009). Instead, considerable reliance
is placed on evaluating, qualitatively or through modeling, the similarities
in structure to compounds that are carcinogenic or mutagenic (GAO, 2005;
NRC, 2006). Each year, the National Toxicology Program (NTP) of the
National Institute of Environmental Health Sciences conducts carcinogenicity screening for a few chemicals that would otherwise go untested. These
chemicals are selected based on concern about their potential toxicity or the
extent of human exposure. In 2007, the European Union began transferring
responsibility for safety testing to manufacturers under the REACH program (Registration, Evaluation, Authorisation and Restriction of Chemical
Substances) (European Chemicals Agency, 2007).
Carcinogenicity testing is also generally not required before new cosmetics and dietary supplements are marketed (FDA, 2005, 2009). Manufacturers are responsible for identifying ingredients and declaring that they are
safe for the intended use. The FDA does have the authority to remove products from the market if they are found to be adulterated or misbranded.
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NTP Carcinogenicity Study Protocols
Whole-animal studies are conducted as part of many types of academic
and industry research on breast cancer and carcinogenicity. These studies
can vary widely in design, depending on their purpose. For formal carcinogenicity reviews by EPA or the International Agency for Research on
Cancer (IARC), the NTP study designs for whole-animal bioassays typically
represent a recognized standard for carcinogenicity testing.
Under NTP (2006) protocols, carcinogenicity testing is usually based
on a 2-year chronic dosing program. Testing uses three or more exposurelevel groups and one unexposed control group, with separate test groups for
male and female animals. Each group typically has 50 animals. The highest
dose used in the assays is usually the maximally tolerated dose, with the
aim of maximizing the ability to detect effects in small numbers of animals
and minimizing the loss of animals from acutely toxic effects of the test
substance. Dosing usually begins when the animals are 5 to 6 weeks of age.
Under revised NTP (2010) study designs, rats (but not mice) may receive in
utero and lactational exposure to the test substance, which will allow the
testing procedures to identify adverse effects associated with exposures at
the very earliest times of life.
The NTP currently uses Harlan Sprague Dawley rats, and one strain of
mice, the B6C3F1 hybrid. Previously, other rat strains have been used (typically F344/N, although some chemicals were tested in Sprague Dawley and
Osborne Mendel strains). Tests of similar design are required for pesticide
registration (EPA, 1998) and pharmaceutical testing (FDA, 1997), although
the animal strains used typically differ, and in utero testing is rarely performed (EPA, 2002).
At the end of the 2-year test period, the surviving animals are killed and
necropsied. Any animals that die during the study period are also necropsied. To date, the NTP (2011) has tested more than 500 chemicals. Overall
evaluation of the test results for carcinogenic hazard includes consideration
of both malignant and benign tumors found anywhere in the animals.
Assessing the Process of Carcinogenesis and Susceptibility to
Environmental Exposures
In addition to the use of experimental animals for standardized carcinogen bioassays, several animal models of chemically induced breast cancer
have been used to evaluate (1) the cellular and molecular development and
progression of breast cancer, and (2) the ability of environmental and developmental factors to modify breast carcinogenesis. The two most common
models use induction of mammary tumors in rodents by the administration of N-methyl-N-nitrosourea (MNU) or 7,12-dimethylbenz[a]anthracene
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(DMBA) (Russo and Russo, 1996; Thompson and Singh, 2000; Medina,
2010). In rats, these carcinogen-induced tumors arise from terminal end
buds, which are similar in structure to the terminal ductal lobular unit
in the human breast. Similar to human breast cancers, these chemically
induced mammary carcinomas have altered expression of proteins that
regulate cell growth and differentiation (e.g., HER2), and most rat mammary tumors express estrogen and progesterone receptors. For example,
rat mammary tumors induced by MNU appear to be similar to low- to
intermediate-grade human breast cancers that are ER+ and noninvasive
(Chan et al., 2005).
Although these rodent models differ in important ways from human
breast cancer (e.g., specific gene mutations, metastatic potential), they have
been used extensively to explore mechanisms of mammary carcinogenesis
and ways environmental factors influence that process. For example, studies have used DMBA-induction of mammary tumors in rats to demonstrate
that obesity enhances tumor incidence and shortens the time to tumor
development (e.g., Hakkak et al., 2005). These models make it possible
to explore the impact of exposure to environmental agents at different
times in life. For example, as discussed in Chapter 3, dioxins do not induce
mammary tumors in rats in the 2-year chronic bioassay, but rats with prenatal exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) have shown
altered mammary gland differentiation and an increased susceptibility to
DMBA-induced mammary tumors (Jenkins et al., 2007). However, prenatal
exposure of mice to TCDD delayed DMBA-induced tumor formation by 4
weeks relative to controls, and resulted in lower tumor incidence throughout the 27-week time course (Wang et al., 2011). The authors suggested
that activation of the aryl hydrocarbon receptor (AhR) by TCDD slows
the promotion of preneoplastic lesions to overt mammary tumors in mice.
Interpreting such differences in response between rats and mice is among
the challenges discussed in Chapter 4.
Another example of the use of whole animal models of carcinogeninduced mammary tumors in evaluating environmental risk factors for
breast cancer was provided by La Merrill et al. (2009). Because some
forms of breast cancer are associated with greater adiposity, these authors
used three mouse models of breast cancer to examine the effect of prenatal
TCDD exposure and high- or low-fat diet on physical characteristics associated with metabolic syndrome. The models were the DMBA mouse model
and two different transgenic models of ER– breast cancer. Each model
showed a different response (e.g., increase in body fat with or without
changes in fasting glucose), but the TCDD exposure was associated with
effects (reduced triglycerides) in only one of the models and only in the
animals on the high-fat diet. The variation in response in models such as
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these may help in exploring the variability in human susceptibility to factors
that increase risk of breast cancer.
Epidemiologic Studies5
Case–control studies compare exposures to the factor of interest (an
“exposure”) among individuals who have a disease of interest (cases) and
individuals who do not have the disease (controls). The controls should
come from a population that is judged comparable to the one from which
the cases were identified (e.g., people with similar characteristics from the
same community or the same hospital). Because of their more efficient
study design, case–control studies are often done when a disease is rare or
to explore a suspected association within a shorter period than a cohort
approach would require. They are usually retrospective, looking back at
exposure histories among the cases and controls. But assessing the timing
of the exposures can be challenging. Among cases, it can difficult to be
certain that the exposure preceded the disease. Studies with retrospective
data collection that involves patient interviews can be subject to recall
bias.6 For example, cases, who have been diagnosed with cancer and who
are likely to have thought carefully about why they have it, may be more
likely to recall an exposure than controls, who do not have the disease and
therefore may not have thought quite as carefully about whether they may
have been exposed.
Cohort studies compare the occurrence of health outcomes among
groups with different levels of exposure to a factor of interest. These studies
may be prospective, beginning before individuals have been diagnosed with
a disease and following them for a given period of time, or retrospective,
using records or interviews to collect information about past exposures and
health outcomes. For example, cohorts of smokers and nonsmokers could be
followed to assess the incidence of lung cancer in each group. A prospective
study ensures that exposure precedes diagnosis but exposure levels are not
controlled by the investigator. Collection of information on exposures that
vary over time is difficult and often not carried out with sufficient detail.
Cohort studies avoid the problem of recall bias, but they can be subject to
other forms of bias. The time frame for prospective cohort studies may be
several years or as long as decades, depending on the hypothesized nature
of the relation between the exposure(s) and the disease being s tudied. With
breast cancer, for example, the disease may become evident only many years
after an exposure of interest, so cohorts must be followed long enough to
5 Additional information about study design and analysis is available from sources such as
Rothman (2002) and Szklo and Nieto (2004).
6 Forms of bias in epidemiologic studies are discussed in Chapter 4.
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allow for this interval. If childhood or prenatal exposures play a role, then
it could require five or more decades of follow-up. Extended follow-up of
a study population can be expensive and administratively challenging. A
listing of approximately 50 cohorts in the United States and other countries
that have investigated breast cancer risks has been compiled by the Silent
Spring Institute (2011). The listing illustrates the variation in characteristics
and size of these study populations.
Controlled trials, also referred to as clinical trials, are experiments in
which the investigator makes the decision as to who is assigned to receive
the treatment (exposure) versus being in the comparison group. If the
assignment is made at random and the sample size is adequate to ensure
that confounding was minimized by the random assignment, then the result
of the experiment can have a causal interpretation. For example, to determine if a medication that lowers serum cholesterol prevents heart attacks,
it is possible to treat one group of individuals with a cholesterol-lowering
medication and compare their cholesterol levels and incidence of heart
attacks to those of a control group that did not receive the intervention. If
the study is sufficiently large (in this case, takes place over a long enough
time period for the number of events in the comparison group to be sufficient) and the assignment to treatment is random, then any reduction in
incidence of heart attacks among the treated group, relative to the controls,
can be interpreted to be a causal one. The comparison of measurements of
cholesterol can also be used in drawing conclusions about the mechanism
of action of the medications, although other mechanisms would also need
to be taken into account. Studies that are investigating preventive care may
be referred to as intervention trials. If an exposure is potentially harmful,
controlled trials can examine ways to minimize or eliminate the exposure,
but studies that deliberately expose participants to something expected to
be harmful are not done. An optimal design of a clinical trial includes not
only random assignment of study participants to the treatment or comparison group but also blinding of study participants and researchers to
those assignments. Such blinding will minimize bias in the assessment of
the outcomes.
Exposure Assessment
Studying the potential effects of environmental factors on risk for
breast cancer requires some basis for distinguishing the women who have
been exposed to the factor from those who have not. Exposure assessment
is the process of establishing that an exposure has occurred and determining
critical features of the exposure, including who is exposed and the magnitude, route, and timing of exposure. Errors in classifying who is more and
who is less exposed (exposure misclassification) can limit the ability of a
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study to determine whether the environmental factor is associated with an
increase or decrease in risk for breast cancer.
The approach to exposure assessment may depend on the type of
study, the nature of the environmental factor of interest, the way exposure
occurs, and the tools available to measure the exposure. In clinical trials
or intervention trials, the population to be exposed and the exposure are
determined in advance by the researchers. Even so, study participants may
deviate from their prescribed exposures. In cohort and case–control studies,
exposure status can sometimes be objectively determined (e.g., by measuring weight), but it often depends on reports by study participants of past
or present experience (e.g., exposure to tobacco smoke in childhood or use
of specific products in the home). Researchers may also use indirect means
to estimate exposures, such as residence in a particular locality or distance
from a particular source of concern (e.g., an air pollution source). Exposure to some chemicals can be established with tests of biologic specimens
(e.g., blood, urine), but many exposures are not detectable in this manner
and collection of specimens may not be possible. Because the first steps in
breast cancer may begin decades before the diagnosis, relevant exposures
may occur several decades before a cancer is detected.
Historically, studies in occupational settings have been an important
means for identifying chemical carcinogens. The types and amounts of
chemicals used may be documented, and exposure levels may be higher
than in other settings. Studies in an occupational setting may be able to
draw on records of job histories, understanding of production processes
and chemicals used, or data from personal or area sampling. Exposure of
certain workers to some chemicals may be thousands of times greater (or
more) than that experienced by the general public, while other workers with
different job tasks might experience a wide range of exposures. These pronounced variations in exposure allow for firmer conclusions as to whether
exposure is associated with risk of disease. When exposure levels are low,
contrasts between the exposed and unexposed are smaller, and associations
with differences in disease risk may be more difficult to detect. However,
the relatively small number of women in industries with heavy exposures,
except during World War II, has limited the opportunity to study risks for
breast cancer in those settings.
A potentially hazardous environmental factor can only pose a risk
when it can enter the body and interact with tissues where it can do harm.
Thus, an understanding of the possible points of entry of a given substance
into the body, called “routes of exposure,” is fundamental to evaluating
its potential effects. These routes of exposure are inhalation, ingestion, or
contact with the skin (dermal exposure). In occupational settings, inhalation is frequently the primary route of exposure, with dermal contact as
a secondary route. In the general population, ingestion and dermal expo-
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sure play a large role, but inhalation is highly relevant for tobacco smoke
and other air pollutants. Sometimes potential routes of exposure can be
overlooked. For example, when taking showers, people experience dermal
exposure to chemicals in the water supply, but showers also present an
opportunity to inhale (typically low levels of) any water contaminants that
readily volatilize.
The potential effect of an environmental exposure is usually strongly
influenced by the magnitude of that exposure—the dose. A higher dose of
a hazardous exposure is generally more likely to be associated with adverse
health effects than a lower dose is. Factors that influence dose include the
duration and frequency of exposure and the biologic processes that govern the absorption, distribution, metabolism, excretion, and storage of a
substance in the body. The results of these toxicokinetic processes differ
depending on the substance introduced into the body. Some ingested chemicals, for example, are poorly absorbed and rapidly excreted, while others
may be readily absorbed, transformed by metabolism into new substances,
and possibly stored in body tissues such as fat. The route of exposure may
influence how the body responds to a substance. Also, differences among
individuals in their genetics or exposure to other risk factors can result in
differing responses to equal doses of a substance.
SOME MEASURES OF DISEASE RISK
Estimates of disease risk associated with a factor of interest—such as a
personal characteristic (e.g., age), an environmental exposure (e.g., alcohol
consumption or radiation exposure), or a medical treatment (e.g., a prescribed medication)—can be measured in multiple ways, including absolute
risk, relative risk, hazard ratios, odds ratios, attributable risk, population
attributable risk, and number needed to treat (NNT) or number needed to
harm (NNH). The measure that is used depends on the study design, the
available data, and in some cases the purpose for which the information
is presented.7
In case–control studies, the prevalence of the factor of interest among
cases and controls is compared using an odds ratio: the odds that a case
is exposed compared to the odds that a control is exposed. Odds ratios of
1.0 mean that cases and controls were equally likely to have been exposed,
and therefore the exposure is not associated with the disease and it is not
a risk factor. An odds ratio that is statistically significantly less than 1.0
means that cases were less likely to have been exposed than controls. An
odds ratio that is statistically significantly greater than 1.0 indicates that the
7 Additional

methodologic information is available from sources such as Rothman (2002)
and Jewell (2004).
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exposure is more likely to be reported among the case group than among
the control group, indicating that the exposure is statistically associated
with the disease, and thus is a potential risk factor for the disease.
Cohort studies typically use the measure of relative risk or the hazard
ratio. Relative risk is a ratio of the absolute risk (incidence) of disease in an
exposed group (or groups with different levels of exposure) to the absolute
risk (incidence) of disease in an unexposed group (or some other designated
comparison group). A hazard ratio incorporates information on the pace at
which events (e.g., cases of breast cancer) occur over the course of a study.
Clinical trials also use relative risk and hazard ratios. The relative risk is
interpreted in much the same way as the odds ratio. A relative risk of 1.0
means the exposure is not associated with development of disease; a ratio
that is statistically significantly less than 1.0 means that those who were
exposed were less likely to develop the disease than those who were not
(indicating that the exposure is protective); and a ratio that is statistically
significantly greater than 1.0 means that the exposure is associated with the
disease, indicating that it is potentially a risk factor for the disease.
Relative risk estimates and odds ratios represent an estimate of the
strength of the association of a risk factor with breast cancer, but by
themselves they do not provide insight into the underlying incidence of
the disease and the absolute impact of a given factor. A relative risk of
2.0 means that a factor is associated with a doubling of the incidence of
the health outcome in the exposed group compared to the unexposed. But
this can mean an increase to 2 cases per 100,000 people or 200 cases per
100,000 people, depending on whether the underlying incidence is 1 case
per 100,000 people or 100 cases per 100,000 people. Measures such as
NNT and NNH are other ways of relating estimates of risk to absolute
numbers. NNT is the number of people who would have to receive a treatment during a given time period for one person to benefit.
Other measures that are used to assess the impact of a risk factor
include attributable risk (AR) and population attributable risk (PAR). The
AR is defined as the percentage of cases that occur in the exposed group
that are in excess of the cases in the comparison group. The PAR is a
population-based measure of the percentage of excess cases associated with
the exposure of interest that also takes into account the distribution of the
risk factor within the population. If a risk factor is rare, it may contribute
only a small proportion of a population’s disease risk, even if the incidence
of the disease is much higher among those who are exposed (which would
produce a high relative risk). To adequately estimate the PAR requires highquality studies in which confounding and overlapping contributions from
multiple factors are analyzed appropriately. There are numerous pitfalls in
interpreting the PAR (discussed in Chapter 4) (Rockhill et al., 1998). Ideally, the PAR provides information on the percentage of disease that can
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be eliminated by avoiding the exposure, but the variation in estimates of
PAR underscores how difficult it is to separate the effects from multiple
risk factors. Because of this problem, and because PARs for individual factors cannot simply be added together, PARs are sometimes calculated for a
group of factors rather than single factors. Appendix D shows, for instance,
a range of estimated PAR values (see e.g., physical activity or hormone
therapy). These ranges may reflect variation in the contribution of a given
factor across different populations, or variation in the degree to which the
different studies adequately controlled confounding, or a combination of
the two.
SUMMARY
Overall, breast cancer becomes increasingly common as women grow
older, but the patterns of the disease vary among women in different racial
and ethnic groups. These differences are likely to reflect the influence of a
mix of genetic and environmental factors. Although the scope of environmental influences can be understood to encompass cultural and societal
factors, most of the human, animal, and mechanistic research to date has
focused more narrowly on individual exposures and the related biological processes. In the following chapter, the committee examines evidence
regarding a set of environmental factors that illustrate varied types of exposures that may occur and the range of evidence available to assess whether
exposure is associated with increased risk of breast cancer.
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3
What We Have Learned from
Current Approaches to Studying
Environmental Risk Factors

A

s one of its tasks, the committee was asked to review and assess
the strength of the science base regarding the relationship between
breast cancer and the environment. This body of evidence has
evolved over many years through diverse fields of inquiry, including epidemiologic investigations, experimental studies in laboratory animals, and
in vitro laboratory research on questions at the molecular, genetic, cellular,
and tissue levels. Indeed, since the rise in breast cancer diagnoses that
became particularly steep around 30 years ago, tremendous efforts have
been made to identify the causes.
In this chapter the committee reviews approaches to assessing evidence
concerning risk for breast cancer, summarizes the existing evidence on a
selection of factors, and offers its assessment of the implications of the
evidence. For many of the environmental risk factors, the results of the
committee’s review are far from conclusive. Reasons for the continuing gaps
in knowledge are numerous. Chapter 4 discusses some of the challenges to
studying causes of breast cancer and why the existing evidence permits few
definitive conclusions. In some cases, recent advances using more sensitive
tools to examine the pathobiology of breast cancer can be expected to
provide new models for research in humans, animals, and in vitro systems.
Although the results of newer approaches to research on risk factors
for breast cancer are promising, the extant literature is primarily grounded
in older technologies and approaches. In light of this transitional state of
the science, the committee nevertheless faced the question, what has been
possible to discern from the work done so far? Here the committee outlines
the scope of its review, describes evidentiary standards that have been used
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by leading authoritative bodies, and reviews the evidence on a selected set
of risk factors.
SCOPE OF THE REVIEW
As discussed in Chapters 1 and 2, the committee adopted a broad
definition of “environment” that includes all factors not directly inherited
through DNA. In selecting environmental factors for examination, the
committee took into account several considerations, including variety in
the types of potential risk factors and routes of exposure, availability of
evidence for review, and indications of public concern. From the enormous list of candidates, the committee selected a limited set of factors in
order to illustrate a variety of environmental exposures, and to emphasize
the need for new approaches to investigate and increase the knowledge
base of potential environmental risks for breast cancer. With an evolving
understanding of the mechanisms for cancer development and concern
about whether the right questions have yet been asked or asked using
appropriate study designs, the committee saw limited value in a full review
of evidence for an extensive list of environmental factors that is available
from a number of other sources (e.g., International Agency for Research
in Cancer [IARC], the World Cancer Research Fund/American Institute for
Cancer Research [WCRF/AICR], the U.S. Environmental Protection Agency
[EPA], and the National Toxicology Program [NTP]), nor was it feasible for
the present study. Of the large number of environmental factors with potential but uncertain impact on breast cancer, the committee reviewed only a
selected number that illustrated particular types of challenges in assessment. For example, the committee evaluated factors for which extensive
epidemiologic evidence and systematic reviews were available (e.g., alcohol
consumption), and it also reviewed chemicals for which studies evaluating
breast cancer in humans were very limited (e.g., bisphenol A).
Little attention was given to several very familiar topics, such as dietary
fat and micronutrients, that are receiving ongoing systematic review by
other organizations. The committee also chose not to include established
reproductive risk factors, such as age at menarche or first full-term pregnancy, and anthropometric features such as birthweight or attained height
in its review of environmental factors. These risk factors have also received
considerable attention elsewhere. In Chapter 7 the committee has included
recommendations for additional research to confirm the appropriateness
of using alterations in such reproductive and anthropometric intermediate
endpoints as valid and reliable markers of alterations in risk for breast
cancer.
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Process for the Evidence Review
Given the scope and time line of the committee’s study, it was not
feasible to carry out formal, systematic reviews of the scale or depth of
those carried out by the WCRF/AICR, IARC, or the Cochrane Collaboration. Such reviews entail examination of the results of exhaustive literature
searches and extensive documentation.1 The committee found that given the
changing science and the apparent gaps in the evidence base, it could most
fruitfully apply its efforts in reviewing and speaking to a larger picture in
the science of breast cancer and the environment.
The committee’s process for its review of the evidence was as follows:
The committee turned first to the conclusions available from the extensive
reviews by authoritative groups (WCRF/AICR, 2007, 2008, 2010; EPA,
2011b; IARC, 2011; NTP, 2011a). Where the results of a systematic review
were available for particular risk factors, the committee preferentially drew
on these resources. These sources were supplemented by review of additional literature identified by committee members and staff and in targeted
searches by an Institute of Medicine (IOM) research librarian. The targeted
searches on the committee’s selected risk factors discussed in this chapter
used the PubMed and Embase databases in searches of the peer-reviewed,
English-language literature published between January 2000 and October
2010, expecting that literature available before 2000 had been extensively
reviewed by other authoritative reviews or subsequent publications. The
searches were designed to identify literature on breast cancer in humans,
mammary neoplasms in animals, and related in vitro and mechanistic studies. The process was supplemented by testimony from advocates, expert
scientists, and members of the public.
Committee members examined these resources to evaluate the strength
of the science base regarding the association of a given risk factor with
breast cancer.
Hierarchy of Studies
Widely used standards of evidence for identifying and evaluating
hazards or risks from potential carcinogens share several features. They
1 For example, the WCRF/AICR review released in 2007, Food, Nutrition, Physical Activity,
and the Prevention of Cancer: A Global Perspective, took place over 6 years (WCRF/AICR,
2007, Appendix A, p. 396). It required the work of an expert task force to develop the systematic review methodology, and methods testing at two centers. Next, research teams at nine
institutions in Europe and North America carried out systematic literature reviews. Finally,
a panel of experts worked to assess the evidence and agree on recommendations. Since then,
the Continuous Update Project has been following scientific developments in this field. Its
updates capture new evidence since the last systematic literature review to permit review and
meta-analysis (WCRF/AICR, 2010).
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typically rely only on published and peer-reviewed literature, and they
ultimately reach conclusions about factors/agents based on the relevant
studies, the strength of the results, and the coherence and plausibility of the
evidence base. By virtue of their design, certain study types are given greater
weight based on their relevance and freedom from bias.
Randomized controlled trials have an experimental design and, when
well conducted, are considered the strongest form of epidemiologic study
for directly determining causal associations between interventions or exposures and health outcomes. As discussed further in Chapter 4, randomization for many environmental exposures would be unethical or not feasible.
In research on suspected environmental hazards, which is the focus of the
committee’s work, most epidemiologic studies are observational rather than
experimental. Observational studies evaluate the exposures to the factor of
interest as they take place in the real world, not based on intervention by
any scientist. Thus, the determination of who is and who is not exposed
may be related to marketing practices; changes in formulations, regulations,
and laws (e.g., for emissions into air, water, or soil, or for chemicals to be
used in manufacture of consumer products) at the federal, state, or local
level; disposal practices; and personal choices about consumer product use,
or behaviors (eating pesticide-free produce or not; leaving windows open
to ventilate home). Observational studies can be informative when the
comparison populations are appropriately defined and sufficient attention is
given to exposure assessment and to confounding.2 Other characteristics of
observational studies that influence their validity are discussed in Chapter 4.
In addition to experimental (when available) and observational epidemiologic studies in humans, the committee drew on information from
experimental studies in animals and studies carried out in vitro (in cells or
tissues, rather than a whole organism) to inform its assessment of risk factors for breast cancer. As discussed in Chapter 4, these studies are powerful
tools for exploring possible health effects, mechanisms of action, and the
biologic plausibility of a factor’s association with a change in risk for breast
cancer. The literature review included reports from experimental studies
in animals conducted for regulatory purposes as well as from studies by
researchers.
Categories of Evidence
Several organizations have developed methods and criteria to classify
the strength of evidence for the carcinogenicity of an exposure or to convey the strength of an association between a risk factor and a particular
2Confounding

can occur when an exposure variable and the disease outcome are both related
to one or more other variables not being studied. It is discussed further in Chapter 4.
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health effect. The criteria aim to be explicit about the weight, or relative
importance, given to studies in humans and in animals or other experimental systems. For example, IARC, EPA, NTP, and the WCRF/AICR each
have a set of categories and approaches to applying them that reflect their
work to classify potential carcinogens or risk factors. These classification
schemes are developed under different mandates and missions with regard
to their role in informing decision making. Designations by IARC, NTP,
and WCRF/AICR are qualitative and do not attempt to quantify risk in
relation to dose, whereas EPA carries out more quantitative evaluations.
Various IOM committees have also developed qualitative systems of classification of evidence for their work in evaluating associations between
exposures and outcomes (e.g., IOM, 1991, 2001, 2010, 2011).
The IARC, EPA, and NTP classification systems focus on identifying
substances that may pose a cancer hazard; that is, whether a given substance is “capable of causing cancer under some circumstances” (IARC,
2006b). These systems work first by separately evaluating and rating the
three types of evidence—human, animal, and other relevant data, such as
from cell cultures—in categories such as “sufficient evidence in animals”
or “limited evidence in humans.” Second, the three evidence streams are
integrated to reach an overall conclusion about the potential for a substance
to be a carcinogen. Terms like “known” or “possible” carcinogen are used
for the overall evidence categories. The IOM, WCRF, and Cochrane reviews
primarily focus on the human evidence of risk (i.e., that an exposure is associated with an adverse human health outcome) and do not go through the
formal exercise of rating the animal or other relevant evidence to reach conclusions about possible human carcinogenicity. The various IOM categories
are applied to evidence for any relevant health outcome, not just cancers.
Strong and consistent positive epidemiologic evidence in rigorously
conducted studies is prima facie evidence that the substance is a risk factor: People exposed to the agent were affected in sufficient numbers or the
associated risk was sufficiently strong that it was possible to detect the
breast cancer effect through epidemiologic study. There is a range of views
within the scientific community as to whether strong nonhuman evidence
of hazard should be a basis for concluding that a human risk exists. Formal translation of a hazard conclusion into a risk conclusion could involve
quantitative evaluations of a number of factors, including the extent of the
population that is exposed to the factor in question; the magnitude of
exposure for specific segments of the population; and the extent to which
the exposure to the substance accumulates with other exposures to pose
risk to the population. But experimental evidence in nonhuman species or
in vitro systems can indicate that the substance is a possible, biologically
plausible risk factor, given sufficient dose at a relevant time. At present, in
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the absence of adequate human data, nonhuman evidence of hazard is used
as the basis for regulatory decision making.
A critical difference among the categories and approaches used by
IARC, EPA, NTP, IOM, and WCRF/AICR is the role that data from experimental studies in animals and studies employing in vitro systems using
human or other cell lines play in determining the category for a substance.
Full descriptions of the classifications used by IARC, EPA, NTP, IOM
studies of Gulf War exposures, and WCRF are provided in Appendix C.
For each organization, strong and convincing evidence from human epidemiologic studies is a basis for concluding that a substance or risk factor is
causally associated with human cancer. WCRF includes in its criteria for
“convincing causal relationship” that there be strong experimental evidence
from human or animal studies that typical human exposure can lead to relevant cancer outcomes.3 In rare circumstances (“exceptionally”) under the
EPA, NTP, and IARC schemes, very strong animal and mechanistic evidence
(EPA and IARC) or strong human mechanistic evidence (NTP) can lead to
a conclusion that a substance causes human cancer when definitive epidemiologic evidence is absent. Also in those schemes, strong experimental evidence alone can lead to a finding that a substance is probably or possibly a
human carcinogen. In one case (EPA), suggestive animal evidence is treated
as suggestive evidence of carcinogenic potential. In contrast, the approach
used in several IOM studies focuses on evaluating the strength of human
data, using animal and in vitro studies only as supplemental evidence for
considering the biologic plausibility of observed epidemiologic associations
in making determinations about causality.
The classifications used by this committee take elements from systems
used by IOM, IARC, and EPA. The committee chose to use terms that more
explicitly identify the relative strengths of the epidemiologic data for pointing out known and probable risk factors being evaluated, along the lines
of approaches used by IOM committees. Factors for which epidemiologic
evidence shows a consistently positive association with breast cancer that
is not explained by bias or confounding and that falls outside the realm
of chance are considered as “risk factors” for breast cancer. Thus, because
epidemiologic studies by their very nature include consideration of human
exposures, they are able to observe “risk,” not just “hazard.” In contrast,
mechanistic and animal studies address “hazard” (the potential to cause an
effect), but are not observations of human “risk factors.” As noted above,
other steps are needed to make judgments about whether substances identi3 Experimental

evidence must fall into the WCRF/AICR (2007) Class I category, either in
vivo data from studies using human volunteers, genetically modified animal models related
to human cancer (e.g., gene knockout or transgenic mouse models), or rodent cancer models
designed to investigate modifiers of the cancer process.
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fied experimentally in animals or in vitro as cancer hazards should be considered risk factors. However, analogous to IARC and EPA, the committee
indicated in certain instances that it is possible or biologically plausible
that certain substances are risk factors for breast cancer. The committee’s
criteria thus reflect the important differences between studies that observe
risk factors in human populations and those that evaluate hazard potential.
The committee chose these criteria in part because of its mandate to
consider potential evidence-based actions that women could take to reduce
their risk of breast cancer. It was conscious of a wish to note “risk factors”
and distinguish them from hazards, as described above.
After careful consideration, the committee chose to convey its assessments of the literature using broad groupings that reflect very generally the
state of the evidence available. For example, for a factor for which compelling evidence from studies in humans, often distilled by others’ systematic
reviews, shows it to be an established risk factor for breast cancer, the committee used the designation assigned by the systematic reviews. Similarly,
the committee noted as “probable” breast cancer risk factors those with
strong but not definitive evidence from epidemiologic studies, sometimes
with supporting evidence from animal or in vitro models.
Factors that did not fall into these categories were reviewed and discussed in terms of the need for additional questions to be answered, and
some were flagged as possible, biologically plausible risk factors based on
the hazard indicated in animal or in vitro studies or other relevant data.
“Biologically plausible” meant consistent positive results for mammary
tumors in animal bioassays or multiple, consistent in vitro studies demonstrating that a substance can modify a pathway or processes involved in
breast carcinogenesis (e.g., modification of hormonal signaling pathways,
mutagenesis of oncogenes or tumor suppressor genes, inhibition of apoptosis of precancerous breast cells, etc.). In some instances, concerns about
the potential later effects of exposures that may occur at specific (earlier
or later) times of life are underscored. For other factors, addressing the
remaining uncertainty was considered not to be a high priority, given the
limited population exposures to the substance.
In addition to reviewing the extent and strength of evidence indicating an association between a particular risk factor and breast cancer (and
its direction: i.e., whether it is associated with an increase or a decrease in
risk), the committee also reported on additional dimensions, when information was available. For example, quantitative estimates of the size of the
effect in terms of relative risk or absolute risk, and accompanying measures of uncertainty in the form of confidence limits, are presented when
available. The committee also noted information relevant to consideration
of whether the timing of exposure influenced risk, such as the effects or
associations pertaining to in utero or early-life exposures as compared with
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adult exposures. Similarly, the review notes whether the exposure showed
a relationship to a particular tumor type based on hormone receptor status
or other molecular markers.
DISCUSSION OF SPECIFIC ENVIRONMENTAL FACTORS
In the remainder of the chapter the committee presents summaries
describing the strength of the evidence regarding the association of its selection of environmental factors with breast cancer. These factors are listed
in Box 3-1 and grouped by their initial characteristic uses (e.g., industrial
chemicals), route of exposure (e.g., ingestion of diet-related substances),
or other features. Some of the substances reviewed by the committee are
mixtures or classes of chemicals (e.g., tobacco smoke, polychlorinated
biphenyls [PCBs]) and others are single chemicals (e.g., ethylene oxide). In
either case, the committee typically focused on the literature on that specific
mixture, class, or single chemical. It generally did not attempt to evaluate
the evidence on interactions among risk factors but recognized that this is
an important area to address in advancing knowledge in the field.
These groupings and labels are not definitive; different groupings or
group labels may be used when these factors are discussed by others. Also,
many additional factors that were not reviewed by the committee could be
included in several of these groups; the committee’s assessments concern
only the specific factors listed.
The committee frequently uses relative risks (RRs) or similar measures
in reporting evidence regarding the size of the association or effect for a
given risk factor. A relative risk is an estimate of comparative risk derived
from a defined population exposed to the factors, compared to an unexposed group. These measures of association do not convey the absolute
risk that may be experienced by any one individual or group of individuals
exposed to the factors. Chapters 2 and 6 describe these measures of risk
further.
Exogenous Hormones
As described in Chapter 2, the breast is a hormonally responsive organ,
and the majority of breast cancer that occurs responds to hormonal therapy.
Thus it is no surprise that hormonal risk factors have been a major focus
of breast cancer research. Prospective cohort studies have clearly shown an
association between endogenous estrogen levels and development of breast
cancer (Key et al., 2002). Because many of the established risk factors,
such as age at menarche and age at first birth, are related to changes in the
endogenous hormonal milieu, it was plausible to anticipate that exogenous
factors that influence endogenous hormone levels may have an impact on

WHAT WE HAVE LEARNED FROM CURRENT APPROACHES

BOX 3-1
Environmental Factors Included in the
Committee’s Evidence Reviewa
Exogenous hormones
• Hormone therapy: androgens,
estrogens, combined
estrogen–progestin
• Oral contraceptives
Body fatness and abdominal fat
Adult weight gain
Physical activity
Dietary factors
• Alcohol consumption
• Dietary supplements and
vitamins
• Zeranol and zearalenone
Tobacco smoke
• Active smoking
• Passive smoking
Radiation
• Ionizing (including X-rays
and gamma rays)
• Non-ionizing (extremely low
frequency electric and
magnetic fields [ELF-EMF])
			
Shift work

Consumer products and constituents
• Alkylphenols
• Bisphenol A (BPA)
• Nail products
• Hair dyes
• Parabens
• Perfluorinated compounds
(PFOA, PFOS)
• Phthalates
• Polybrominated diphenyl ethers
(PBDEs; flame retardants)
Industrial chemicals
• Benzene
• 1,3-Butadiene
• PCBs
• Ethylene oxide
• Vinyl chloride
Pesticides
• DDT/DDE
• Dieldrin and aldrin
• Atrazine and S-chloro triazine
herbicides (atrazine)
Polycyclic aromatic hydrocarbons
(PAHs)
Dioxins

Metals
• Aluminum
• Arsenic
• Cadmium
• Iron
• Lead
• Mercury

aThe

committee reviewed a selected set of factors for illustration; the chemicals
were not chosen to be representative of any class. Some epidemiologic, mechanistic,
or animal data relevant to mammary tumorigenesis or breast cancer are available
for numerous other chemicals.
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breast cancer incidence. Although much of the focus has been on influences
specifically of estrogen, prospective studies have also shown an association
with androgen concentrations and the risk of breast cancer (Helzlsouer
et al., 1992; Key et al., 2002; Tworoger et al., 2006). Many factors are
thought to affect breast cancer by influencing endogenous hormone levels.
Exogenous hormone use is an obvious factor to consider in relation to
breast cancer.
Exogenous hormone use by women is fairly common. The oral contraceptive pill was the leading method of contraception in the United States
in 2006–2008, used by 10.7 million women (Mosher and Jones, 2010).
Use of hormone therapy (HT) for relief of menopausal symptoms has also
been widespread, but it has changed as findings have emerged about health
risks associated with these products (Haas et al., 2004; Hersh et al., 2004).
In a 1995 telephone survey of U.S. households (Keating et al., 1999), current use of menopausal hormone therapy was reported by 37.6 percent of
women participating. National Health Interview Survey data from 2008
(DeSantis et al., 2011) report rates of combination HT use for women ages
50 and older of 0.9 to 2.8 percent, depending on race and ethnicity, and of
estrogen-only HT from 2.1 to 5.9 percent, depending on race and ethnicity.
Evaluating the hormonal effects of exogenous hormone sources, such as
oral contraceptives and hormone therapy, is challenging because of the use
of a variety of single or combined hormone preparations and a multitude of
dosages and delivery schedules. Additionally, hormones have differential
effects on hormonally responsive tissue such as the ovaries, endometrium,
and breast. Oral contraceptives are mostly combined hormonal preparations of estrogen and progestins and have been classified by IARC (2007)
as Group I carcinogens; however, the effects are not consistent across all
cancer types. Oral contraceptives modestly increase the risk of breast cancer
among current users, as indicated by the Nurses’ Health Study II (multi
variate RR = 1.33, 95% CI, 1.03–1.73) (Hunter et al., 2010), but this risk
dissipates 4 years following cessation. On the other hand, oral contraceptives are associated with a long-term reduced risk of endometrial and ovarian cancers. The overall evaluation by IARC reflects this mixed risk profile:
“Combined oral estrogen–progestogen contraceptives are carcinogenic to
humans (Group 1). There is also convincing evidence in humans that these
agents confer a protective effect against cancer of the endometrium and
ovary” (IARC, 2007, p. 175).
IARC has also classified combined estrogen and progestin postmenopausal HT as “carcinogenic to humans” (Group 1). Data from randomized
controlled clinical trials (19 trials involving 41,904 women) have shown
that combined long-term menopausal hormone therapy with estrogen and
progestins is associated with a significantly increased risk of breast cancer
(Farquhar et al., 2009). The largest controlled clinical trial of combined
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postmenopausal HT with estrogen and progestin was the Women’s Health
Initiative (WHI), a 5-year randomized trial that was stopped early due to
lack of a global health benefit with hormone therapy (Writing Group for
the Women’s Health Initiative Investigators, 2002). After a mean of 5 years,
the RR of invasive breast cancer among the combined HT group compared
with the placebo was 1.26 (95% CI, 1.02–1.56). This risk translates into
an absolute excess of 8 cases of invasive breast cancer per 10,000 personyears attributed to estrogen and progestin (Writing Group for the Women’s
Health Initiative Investigators, 2002). After stopping combined hormone
therapy, the excess risk declined (Chlebowski et al., 2009) in a manner
similar to that observed after stopping combined oral contraceptive therapy.
A rapid decline in breast cancer rates has been observed in the United
States and several other countries following release of the WHI trial results
(DeSantis et al., 2011; NCI, 2011) concomitant with declines in prevalence
of combination HT use or prescriptions.
The effects of estrogen-only postmenopausal hormone therapy on
breast cancer risk are not as clear as those of combined estrogen–progestin
therapy. While estrogen-only therapy has been associated with a modestly
increased risk of breast cancer in prospective cohort studies (Beral et al.,
2011), this observation was not supported in the large randomized controlled clinical trial of estrogen-only therapy among women who had a
hysterectomy (Anderson et al., 2004; LaCroix et al., 2011). The inconsistency in the findings between the observational study and the randomized
controlled trial may imply some heterogeneity across subgroups in the
population. Or, it may be partially due to misclassification of women in
the observational study as taking only estrogen when they may have taken
combined estrogen–progestin therapy at some point in their treatment. In
addition, the timing of therapy with respect to onset of menopause may
influence the magnitude of risk.
In the Million Women Study, women initiating estrogen-only HT more
than 5 years after menopause had little or no increase in risk of breast
cancer, while those initiating therapy before or within 5 years of onset of
menopause had an excess risk of breast cancer compared to never users
of hormones (Beral et al., 2011). In the WHI estrogen-only trial, women
taking estrogen-only hormone therapy had a decreased risk of breast cancer
that was not statistically significant. The magnitude of risk, after a mean
follow-up of 7 years, was an RR of 0.77 (95% CI, 0.59–1.01), which
would translate to a reduction of 26–33 breast cancers per 10,000 personyears (Anderson et al., 2004). In subsequent follow-up the decreased risk
of breast cancer persisted and, when considering the intervention and
follow-up periods, was statistically significant (LaCroix et al., 2011). It is
important to note that women in the estrogen-only arm of the WHI did not
have a uterus and therefore were not at risk for endometrial cancer, which
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has been clearly established as an increased risk with use of unopposed
exogenous estrogen.
Androgenic hormones such as dehydroepiandrosterone (DHEA) are
available as supplements that are claimed to enhance muscle performance
or provide other health benefits, but they have not been studied in randomized clinical trials in relation to breast cancer. The evidence on the relation
between higher endogenous concentrations of DHEA and its sulfated form,
DHEAS, and breast cancer risk has been inconsistent in observational
studies. Kaaks et al. (2005) observed increased risk of breast cancer with
increasing serum measures of testosterone, androstenedione, and DHEAS
in premenopausal women, and Tworoger et al. (2006) reported a positive
association between endogenous DHEAS and estrogen receptor–positive/
progesterone receptor–positive (ER+/PR+) breast cancer in predominantly
premenopausal women. Key et al. (2002) observed increasing breast cancer risk with endogenous levels of all sex hormones examined, including
DHEAS in postmenopausal women. Another prospective study showed
varying results for DHEA and DHEAS and by menopausal status (Gordon
et al., 1990; Helzlsouer et al., 1992). Whether exogenous androgen supplements increase risk of breast cancer is uncertain, but based on studies of
endogenous levels, this may depend on timing of supplement use with
respect to menopause.
In summary, strong evidence has established that use of certain exogenous hormones affects breast cancer risk, and in particular that use of
combined estrogen and progestin menopausal HT increases breast cancer
risk. These hormones can have different effects on different tissues, and
their effects may also differ depending on the timing of exposure. Additional discussion of the implications of risk associated with HT use appears
in Chapter 6.
Body Fatness and Abdominal Fat
A relationship between body weight or body weight adjusted for height
(as in the body mass index, or BMI) and breast cancer risk contingent on
menopausal status has been observed for decades. Based on the 2007–2008
National Health and Nutrition Examination Survey (NHANES), the combined age-adjusted prevalence of overweight and obesity4 in U.S. adults was
68 percent (Flegal et al., 2010), and an estimated 32 percent of children
4 Body mass index (BMI) is an approximate measure of body fat based on height (in meters)
and weight (in kilograms). BMI is defined as the individual’s body weight divided by the square
of his or her height. BMI categories are underweight, ≤ 18.5; normal weight, 18.5–24.9; overweight, 25–29.9; and obese, ≥ 30. BMI has shortcomings as a proxy for body fat (RomeroCorral et al., 2008), but is widely used.
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and adolescents ages 2–19 were overweight or obese5 (Ogden et al., 2010).
Among subpopulations of adult women (age >20), data from the 2007–
2008 NHANES showed that the prevalence of obesity ranged from 47 to
52 percent among non-Hispanic black women, 31 to 36 percent among
non-Hispanic white women, and 38 to 47 percent among Hispanic women
(Flegal et al., 2010). For women ages 60 and older, about 50 percent of
non-Hispanic black women were obese compared to 31 percent of whites
and 47 percent of Hispanic women (Flegal et al., 2010).
Numerous studies have evaluated the risk for breast cancer associated with greater body fatness. A systematic literature review carried out
on behalf of WCRF/AICR included 43 cohort studies, 156 case–control
studies, and 2 ecological studies examining a relationship between body
fatness6 (as measured by BMI) and breast cancer (WCRF/AICR, 2007).
Although data from these studies were inconsistent when grouped for
all ages, consistent effects were observed when examined by menopausal
status. A meta-analysis found that the premenopausal cohort data indicated a lower risk with greater body fatness, while the postmenopausal
cohort data showed greater risk with increasingly greater body fatness. An
updated meta-analysis of cohort studies, carried out as part of the continuous update, showed for premenopausal women a 7 percent decrease in risk
for breast cancer per 5 kg/m2 increase in BMI, and for postmenopausal
women a 13 percent increase in risk per 5 kg/m2 increase in BMI (WCRF/
AICR, 2010).
In summary, the WCRF/AICR (2007) systematic review found clear
and consistent evidence indicating that body fatness protects against premenopausal breast cancer, classifying it as a probable protective factor for
cancer, despite limited understanding of the mechanisms involved. With an
abundance of consistent epidemiologic evidence as well as an understanding of the mechanisms involved, WCRF/AICR classified the evidence on
greater body fatness and increased risk of postmenopausal breast cancer as
convincing for a causal association.
These findings require further clarification with regard to body weight
or BMI at earlier life stages. Although body fatness is associated with a
reduced breast cancer risk in premenopausal women, greater body fatness
in prepubertal girls is associated with an earlier age of menarche (Kaplowitz
et al., 2001; Lee et al., 2007; Biro et al., 2010), which in turn is a generally
5 In children and adolescents ages 2–19, overweight is defined as being at or above the 85th
percentile of BMI for age, and obesity as at or above the 95th percentile of BMI for age, based
on the 2000 Centers for Disease Control and Prevention sex-specific, BMI-for-age growth
charts derived from nationally representative U.S. samples (Kuczmarski et al., 2002).
6 This review used the term “body fatness” because of the finding that “the relationship
between body fatness and cancer is continuous across the range of BMI” (WCRF/AICR, 2007,
p. 214) rather than respecting specific cutpoints.
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recognized risk factor for breast cancer, particularly for ER+/PR+ cancers
(Ma et al., 2006). But earlier menarche may have less association with
risk for breast cancer among Hispanic women than among non-Hispanic
white women (Hines et al., 2010). Furthermore, the associations between
prepubertal obesity and early menarche may not result in an increased risk
of breast cancer in adulthood. Data from the Nurses’ Health Study showed
that the women with the greatest body fatness during childhood had a
reduced risk of breast cancer compared with the women with the least body
fatness (odds ratio [OR] = 0.67, 95% CI, 0.52–0.86) (Harris et al., 2011).7
Similarly, women exposed between ages 2 and 9 to severe caloric deprivation during the 1944–1945 Dutch famine showed indications of increased
risk for breast cancer, despite delayed menarche and earlier menopause (van
Noord, 2004).
Fat distributed intra-abdominally is more metabolically active than
other body fat, and measures of abdominal fat predict “the risk of chronic
diseases, such as metabolic disorders and cardiovascular disease, better than
overall indicators of body fatness” (WCRF/AICR, 2007, p. 212). Waist
circumference or waist-to-hip ratios are sometimes used as indicators of
how fat is distributed. The systematic review by WCRF found eight cohort
studies and three case–control studies examining waist circumference and
postmenopausal breast cancer risk, and eight cohort studies and eight case–
control studies looking at waist-to-hip ratio as a measure of abdominal fat.
Nearly all of the studies (all of the waist circumference studies and most
of the waist-to-hip ratio studies) showed increased risk of postmenopausal
breast cancer with more abdominal fatness. The mechanisms of this relationship are thought to be based on increased levels of circulating estrogens
and decreased insulin sensitivity in association with greater abdominal fatness independently of overall body fatness. Adipose tissue is the main site
of estrogen synthesis in men and postmenopausal women (WCRF/AICR,
2007, p. 39), and increased adipose tissue can thus contribute increased circulating estrogens. Based on its systematic review of the literature, WCRF
classified abdominal fatness as a probable cause of postmenopausal breast
cancer.
Body fatness and abdominal fatness could influence cancer risk through
several mechanisms (see additional discussion in Chapter 5). These include
changes in circulating hormones such as estrogens, insulin, and insulin-like
growth factors; decreases in insulin sensitivity; and increases in inflammatory responses. The mechanism through which body fatness might decrease
breast cancer risk in premenopausal women is not well established, but
potential clues might lie in the different tumor markers observed in pre- and
7 Body

fatness in childhood was assessed using line drawings of nine figures illustrating a
scale of increasing fatness (Harris et al., 2011).
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postmenopausal breast cancer. A meta-analysis of 9 cohort and 22 case–
control studies assessed the association between body weight and ER and
PR status (Suzuki et al., 2009). No associations were observed for estrogen
receptor–negative/progesterone receptor–negative (ER–/PR–) or ER+/PR–
tumors.8 The risk for ER+/PR+ tumors was 20 percent lower among premenopausal women and 82 percent higher among postmenopausal women
in comparisons between the highest category of body weight and the reference group. The authors concluded that “the relation between body weight
and breast cancer risk is critically dependent on the tumor’s ER/PR status
and the woman’s menopausal status” (Suzuki et al., 2009, p. 698). A case
series reported by Stark et al. (2009) found that excess body weight significantly decreased the diagnostic risk of triple-negative (ER–/PR–, HER2–)
and ER–/PR–, HER+ disease relative to ER+ and/or PR+/HER2– subtypes.
This association was not observed in African American participants.
An analysis of pooled tumor marker and epidemiologic risk factor
data from 34 studies of the Breast Cancer Consortium (Yang et al., 2011)
found increased BMI not to be associated with the risk of core basal phenotype (ER–/PR–/HER2–/[CK5 or CK5/6]+ or EGFR+). The analysis found
obesity in women younger than age 50 to be a more frequent finding in
ER–/PR– than in ER+/PR+ tumors, and obesity in women over age 50 was
less frequent in PR– than in PR+ findings. These results support the hypothesis that different subtypes of breast cancer may have different etiologies.
Data are inconsistent on whether these associations, derived mostly
from white populations, are also seen in African American populations.
Palmer et al. (2007) found a reduced risk of breast cancer in African
American women with BMIs of 25 or more at age 18 relative to those
with BMIs of less than 20 for both pre- and postmenopausal breast cancer, and a lack of association of obesity with receptor-negative tumors. A
recent case–control study using data from the Women’s Contraceptive and
Reproductive Experiences Study found a high recent BMI to be associated
with an increased risk of ER+/PR+ tumors among postmenopausal African
American women (Berstad et al., 2010). BMI did not have a statistically significant association with breast cancer risk among postmenopausal African
American women with ER–/PR– tumors in this study. However, Trivers et
al. (2009) found a positive association between obesity and triple-negative
disease (ER–/PR–/HER2–). ER–/PR– tumors were associated with black
race, young age at first birth, having a recent birth, and being overweight.
In conclusion, data are still needed to shed light on the differences in
the apparent effects of body fatness with regard to pre- and postmenopausal
breast cancer, but it is likely that these differences can be explained by the
differences in the likelihood of different tumor types at different life stages,
8 Tumor

markers such as ER, PR, and HER2 are described in Chapter 2.
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and that obesity is primarily a risk factor for ER+/PR+ breast cancers. An
additional focus on tumor types and ethnicities in ongoing research on body
fatness as a risk factor for breast cancer may better refine understanding
of these associations and help target preventive action. Many other aspects
also remain to be understood. The conundrum remains how to reconcile
the decreased risk associated with greater body fatness in premenopausal
women and the increased risk for breast cancer associated with earlier
menarche, which itself appears to be associated with greater body fatness
in young girls.
Adult Weight Gain
WCRF included 7 cohort studies and 17 case–control studies of adult
weight gain and postmenopausal breast cancer in their review. They classified adult weight gain as a probable cause of postmenopausal breast cancer
(WCRF/AICR, 2007). Evidence added via the continuous update (WCRF/
AICR, 2010) also provided plentiful, consistent epidemiologic evidence for
this relationship, with a dose–response relationship apparent. Again, this
relationship may be different for nonwhite populations. Palmer et al. (2007)
did not find an association between adult weight gain and postmenopausal
breast cancer risk in data from the Black Women’s Health study.
Preventing weight gain may be particularly important because it is not
yet clear whether overweight and obese women can reduce their risk of
postmenopausal breast cancer by losing weight. The Iowa Women’s Health
Study (Harvie et al., 2005) and the Nurses’ Health Study (NHS) (Eliassen
et al., 2006) observed reduced risk for women who lost weight compared
with those who maintained a stable weight. However, other studies (Ahn
et al., 2007; Teras et al., 2011) did not find reduced risk among women
who lost weight. Additional research is needed to help focus prevention
strategies.
Physical Activity
Physical activity has been defined as “bodily movement that is produced by the contraction of skeletal muscle that substantially increases
energy expenditure” (HHS, 1996; IARC, 2002b, p. 6). It can be performed
in various ways—as a part of one’s occupational duties; as a component of
housework; through gardening, sports, or other recreational activities; or
transport, such as the commute to and from a destination (IARC, 2002b;
WCRF/AICR, 2007). Because of the wide range of types of physical activities, it is difficult to measure exposure consistently. Approaches include
calorimetry, physiological markers, monitors (e.g., pedometers or heart
rate monitors), behavioral observation, or surveys involving subject recall
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(IARC, 2002b). Other challenges in studies of physical activity include differences in study design, confounding due to other variables that may influence engagement in physical activity, and a tendency for exaggerated recall
of vigorous recreational activity compared to other total daily activity.
Despite these difficulties, the relationship between physical activity
and breast cancer has been extensively studied. Systematic reviews have
been carried out by IARC (2002b) and WCRF/AICR (2007, 2010). Of the
33 separate studies reviewed by IARC, 22 (8 of 14 cohort studies, 14 of
19 case–control studies) found reduced risk for the most physically active
participants compared with the least active. The average observed relative decrease in risk was about 20 to 40 percent between the most active
and the most sedentary, with some studies observing up to 70 percent risk
reductions. Most of the studies that examined a dose–response relationship
found evidence of a linear trend whereby risk of breast cancer decreased
with increasing duration of activity, regardless of type of activity (recreational or occupational), menopausal status, time period in life, or level of
intensity of activity.
In its more recent review, WCRF/AICR (2007) considered pre- and
postmenopausal breast cancer separately. From its review of studies of
physical activity (studies of total physical activity as well as occupational
and recreational activity) in premenopausal women, the panel found ample
evidence to review, but inconsistent results. For premenopausal breast cancer, WCRF/AICR found limited evidence supporting protection from physical activity. For postmenopausal breast cancer, the review found stronger
evidence of a protective effect, noting
ample evidence from prospective studies showing lower risk of postmenopausal breast cancer with higher levels of physical activity, with a
dose response relationship, although there was some heterogeneity. There
was little evidence on frequency, duration, or intensity of activity. There
is robust evidence for mechanisms operating in humans. (WCRF/AICR,
2007, p. 205)

They concluded that physical activity is a probable preventative factor
against postmenopausal breast cancer.
Because of the abundance of human studies addressing physical activity and breast cancer incidence, systematic reviews have not relied heavily
on experimental animal models to address a reduction of carcinogenicity
after physical activity. However, many mechanisms have been proposed for
physical activity’s protective effect against breast cancer and other cancers
as well. Physical activity is closely tied to body fatness and weight gain, and
it has a beneficial effect on an individual’s fat distribution. Physical activity
is also thought to affect endogenous steroid hormone metabolism, reduce
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circulating estrogen and androgen levels, and strengthen the immune system
(WCRF/AICR, 2007).
Although the level of risk reduction for breast cancer that is achieved
by performing physical activity varies widely among studies, the body of
research on cancer as well as the broader literature on health, particularly
on cardiovascular outcomes, suggests that being active can be of great
benefit to pre- and postmenopausal women (IARC, 2002b; Thompson and
Lim, 2003; Warburton et al., 2006; WCRF/AICR, 2007).
Dietary Factors
Alcohol Consumption
Consumption of alcoholic beverages is widespread in the United States.
In the 2008 National Health Interview Survey, 58 percent of women over
18 identified themselves as current drinkers,9 and 15 percent as former
drinkers (NIAAA, 2009). As stated by IARC (2010a), household income,
education, and employment status are associated with current drinking
status and more frequent drinking, but these factors have an inverse relationship with heavier drinking measures such as weekly heavy drinking
(Midanik and Clark, 1994; Greenfield et al., 2000).
The association of alcohol consumption with breast cancer risk has
been well studied. More than 100 epidemiologic studies have been conducted in all regions of the world, using both cohort and case–control
epidemiologic designs. Recent systematic reviews of the scientific evidence
have found a consistent association between greater self-reported consumption of alcohol and an increased risk for breast cancer (WCRF/AICR, 2007,
2008, 2010; IARC, 2010a). IARC (2010a) classified alcohol consumption
as “carcinogenic to humans” (Group 1), based on evidence regarding cancer at several sites including the female breast, and WCRF/AICR classified
the evidence that consumption of alcoholic drinks increases breast cancer
risk for both pre- and postmenopausal women as “convincing” (WCRF/
AICR, 2007, p. 157, 2008, 2010). Alcoholic beverages of all types (e.g.,
beer, liquor, wine) confer similar levels of risk after accounting for their
differences in ethanol content.
The Collaborative Group on Hormonal Factors in Breast Cancer (2002)
carried out a pooled analysis of 53 studies that included a total of 58,515
women with breast cancer. It found a linear increase in risk with increasing
9 41.7

percent of women reported as abstaining from drinking, 45.1 percent reported as light
drinkers (on average, three or fewer drinks per week in the past year), 8.3 percent as moderate
drinkers (on average, more than three but no more than seven drinks per week), and 5 percent
as heavier drinkers (on average, more than one drink per day in the past year) (NIAAA, 2009).
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consumption of alcoholic beverages. Results suggested an RR of about 1.5
(95% CI, 1.3–1.6) associated with consuming 45 g or more alcohol per day
(one U.S. drink includes approximately 14 g of ethanol [CDC, 2011a], so
45 g is more than three typical drinks). Even self-reported alcohol intake
of about 18 g per day is associated with some increase in risk (RR = 1.13,
95% CI, 1.07–1.20), with increasing risk of 7 percent corresponding to
each increase of 10 g per day (Collaborative Group on Hormonal Factors in
Breast Cancer, 2002; cited by IARC, 2010a). These results were consistent
with an earlier meta-analysis of data from 38 epidemiologic studies that
reported an 11 percent increase in risk of breast cancer for daily consumption of 13 g compared to nondrinkers (Longnecker, 1994). Most recently,
the WCRF review (2007, p. 168) also found “ample, generally consistent
evidence from case–control and cohort studies” and noted that a dose–
response relationship is apparent, with no threshold identified. According
to IARC (2010a, p. 1277), “the effects of duration or cessation of consumption of alcoholic beverages on the risk for breast cancer are uncertain.”
Studies measuring levels of alcohol consumption, like all observational
epidemiologic studies, rely on subject recall and reporting. Because selfreports of current or past consumption of alcohol are generally believed to
underestimate consumption, the relationships observed in multiple studies
are noteworthy for the consistency of the positive association. Self-reported
alcohol consumption has been evaluated against reports from the remote
past and been found to be “reasonably reliable” for ranking subjects consistently by repeated measures (Longnecker et al., 1992). Such reliability, however, does not preclude differential reporting by cases versus controls. The
main evidence against recall bias is the positive relationship of self-reported
alcohol consumption with breast cancer in many large cohort studies where
recall bias would not be a factor. These cohort studies go as far back as
1984 (Hiatt and Bawol, 1984) and have been confirmed repeatedly since
then. For instance, a pooled analysis of six cohort studies with 322,647
women and 4,335 incident invasive breast cancers found that consumption
of each additional 10 g of alcohol was associated with a 9 percent relative
increase in risk (95% CI, 1.04–1.13) (Smith-Warner et al., 1998). Thus,
the findings are probably not due to differential misclassification. If instead
there is a tendency among all participants to underreport high levels of alcohol consumption, estimates of risk at lower levels of alcohol consumption
may be overstated, and a threshold would be difficult to detect or identify.
Estimates of risk at higher levels, which represent a relatively small proportion of women, may also be overestimated by underreporting of dose, but
are more likely to represent increased breast cancer risks for this group.
The effects of alcohol consumption at various times in life have been
examined by multiple case–control and cohort studies. Several earlier case–
control studies suggested that risk might be elevated for women who were
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first exposed to alcohol as young adults ages 18–35 (Harvey et al., 1987;
van’t Veer et al., 1989; Young, 1989), but these were generally small studies and did not distinguish between early first exposure and exposure only
at earlier ages. Other earlier studies (Hiatt et al., 1988; La Vecchia et al.,
1989; Nasca et al., 1990) did not support higher risk associated with earlier
exposures.
More recent studies (four cohort and four case–control studies), all
of substantial size and conducted in a variety of populations worldwide
(Freudenheim et al., 1995; Holmberg et al., 1995; Garland et al., 1999;
Lenz et al., 2002; Horn-Ross et al., 2004; Tjonneland et al., 2004; Lin et
al., 2005; Terry et al., 2006b), have examined exposure to alcohol at various times along the life course. All except one, in a population in Western
New York with low overall alcohol consumption (Freudenheim et al.,
1995), confirmed the modest relationship between alcohol consumption
and increased risk of postmenopausal breast cancer (an RR of about 1.3,
or a 30 percent increase with 1–2 drinks per day). Likewise, all except one
found no evidence that alcohol consumption early in life was associated
with an increased risk (Holmberg et al., 1995; Lenz et al., 2002; Horn-Ross
et al., 2004; Tjonneland et al., 2004; Lin et al., 2005; Terry et al., 2006b).
The exception was the NHS, which found that women who reported higher
levels of alcohol consumption when they were ages 23–30 had a nonsignificant positive association with premenopausal breast cancer risk (Garland et
al., 1999). In the other recent studies, it appears, if anything, that current
alcohol consumption at older ages is more highly associated with breast
cancer than consumption at younger ages (Holmberg et al., 1995; HornRoss et al., 2004; Tjonneland et al., 2004).
However, all of these were studies of adult women, and they relied
on self-reported recall of alcohol consumption in adolescence and young
adulthood. In contrast, a prospective study of the daughters of nurses who
were asked to report their alcohol consumption confidentially at ages 16–23
years found an increased risk of benign breast disease (BBD) in surveys
conducted 2 and 4 years later (OR = 1.5 per drink/day, 95% CI, 1.19–1.90)
(Berkey et al., 2010). These results suggest that alcohol consumption early
in life may increase breast cancer incidence in adulthood, given that BBD
is an established risk factor for breast cancer.
As reported by IARC (2010a), risk related to alcohol consumption does
not vary substantially by menopausal status, childbearing patterns, use of
hormones, or family history of breast cancer. While this appears to be true
for the evidence from most case–control studies, suggestive evidence from
at least three large cohort studies indicates there may be a significant interaction between alcohol consumption and use of HT (Gapstur et al., 1992;
Chen et al., 2002; Horn-Ross et al., 2004). Among 41,873 postmenopausal
women in the Iowa Women’s Health Study, there was an 80 to 90 percent
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higher risk of breast cancer for moderate (5–14.9 g/day) alcohol consumption (RR = 1.88, 95% CI, 1.3–2.72) and heavy (15 g/day or more) alcohol
consumption (RR = 1.83, 95% CI, 1.18–2.85), but no association for alcohol consumption and breast cancer among women who never used estrogen
(Gapstur et al., 1992). Similarly, in a follow-up of 44,187 postmenopausal
women in the NHS, alcohol consumption was significantly associated with
breast cancer risk in women taking postmenopausal hormones, but not
in women who previously or never used HT (Chen et al., 2002). In the
California Teachers Study (CTS), women whose alcohol consumption was
an average of 20 g/day or more and who used estrogen plus progestin HT
had more than twice the risk of developing breast cancer (RR = 2.24, 95%
CI, 1.59–3.14), while never users of HT had no elevated breast cancer risk
associated with alcohol consumption (RR = 0.94, 95% CI, 0.54–1.65)
(Horn-Ross et al., 2004).
WCRF/AICR (2008, p. 83) reported findings from the Swedish Mammography Cohort that alcohol intake was associated with increased risk
for ER+/PR+ tumors, but not for ER–/PR– or ER+/PR– tumors (Suzuki
et al., 2005). The Iowa Women’s Health Study found alcohol intake to
be most strongly associated with ER–/PR– tumors (Gapstur et al., 1995).
A dose–response meta-analysis by Suzuki et al. (2008) indicated a statistically significant increased risk for all ER+, all ER–, ER+/PR+, and
ER+/PR– tumors, but not for ER–/PR– tumors. This analysis indicated a
27 percent higher risk (95% CI, 1.17–1.38) of developing ER+ tumors and
14 percent higher risk (95% CI, 1.03–1.26) of developing ER– tumors in
the highest versus lowest alcohol consumption group (Suzuki et al., 2008,
as summarized by AHRQ, 2010). Barnes et al. (2010) noted an inverse
relationship between alcohol consumption and ER–/PR– tumors.
Studies in laboratory animals provide additional evidence of the effect
of alcohol exposure on mammary tumor formation. The Agency for Healthcare Research and Quality, or AHRQ (2010), reviewed nine experimental
animal studies evaluating mammary tumorigenesis caused or enhanced by
alcohol. Of these studies, six (four of which administered a cocarcinogen)
reported increased tumorigenesis, and three studies (one of which administered a cocarcinogen) did not support a link between ethanol and increased
mammary cancer risk.
Alcohol may increase breast cancer incidence through numerous possible mechanisms. Studies in humans indicate that alcohol may affect
breast cancer risk through formation of genotoxic metabolites (particularly a cetaldehyde), as well as by inducing changes in levels of hormones
such as estrogens, prolactin, or dehydroepiandrosterone (Seitz and Maurer,
2007; AHRQ, 2010). Mechanistic studies in animals have investigated the
effects of alcohol on alteration in levels of hormones or hormone receptors, biotransformation and accumulation of genotoxic metabolites such
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as a cetaldehyde, DNA adduct formation, suppression of cellular immunity,
increase in terminal-end bud density and decrease in alveolar bud structures,
enhanced tumor progression, and effect on DNA synthesis (AHRQ, 2010).
In vitro studies reviewed by AHRQ (2010) further suggested increased
cyclic adenosine monophosphate, change in potassium channels, and modulation of gene expression. In summary, alcohol may contribute to breast
cancer risk through multiple mechanisms, although the relative importance
of these mechanisms is unclear (AHRQ, 2010).
Regarding timing of exposure, Hilakivi-Clarke et al. (2004, reviewed
by AHRQ, 2010) reported that in utero exposure to alcohol resulted in
increases in mammary tumor incidence and multiplicity when animals were
later exposed to the laboratory carcinogen 7,12-dimethylbenz[a]anthracene
(DMBA). In a study by Polanco et al. (2010), 6.7 percent alcohol in diet
was administered to pregnant rats on days 11–21 of gestation, and offspring received an intraperitoneal injection of N-nitroso-N-methylurea
(MNU) at day 50. Compared with controls that did not receive alcohol
exposure in utero, the alcohol-exposed offspring had greater numbers
of tumors, decreased latency, more malignant tumors, more ER-alpha
negative tumors (50 percent compared to approximately 15 percent in
controls), and increased estradiol levels.
Some evidence shows gene–environment interactions in the risk for
breast cancer from alcohol consumption. Polymorphisms in genes that control key enzymes involved in metabolism of alcohol (alcohol dehydrogenase
[ADH], aldehyde dehydrogenase [ALDH], cytochrome P-450 [CYP2E1],
xanthine oxidoreductase [XOR]) may result in increased levels of reactive
intermediates and thereby result in altered risk for breast cancer in certain
populations (AHRQ, 2010). ADH and CYP2E1 catalyze the conversion
of alcohol to aldehyde, whereas ALDH and XOR catalyze the conversion
of acetaldehyde to acetate, which is further metabolized (AHRQ, 2010).
Polymorphisms that result in the forms of these enzymes that increase the
rate of conversion of alcohol to acetaldehyde or decrease the metabolism of
aldehyde result in higher levels of acetaldehyde, a cytotoxic and genotoxic
metabolite that has been implicated in oral, colon, breast, and other cancers
from alcohol exposure (AHRQ, 2010).
One variant of the ALDH2 gene that results in a nearly inactive form
of ALDH is found only in Asian populations (Seitz and Stickel, 2010).
Approximately 10 percent of the Japanese population are reported to be
homozygous for the inactive form of ALDH, and about 40 percent of
Asians are reported to be heterozygous, resulting in greatly reduced (10
percent of normal) ALDH activity (Seitz and Stickel, 2010). However,
both Caucasian and Asian populations have a polymorphism in ADH that
results in variants with faster conversion of alcohol to acetaldehyde (Seitz
and Stickel, 2010). The enzyme encoded by the ADH1C*1 allele not only
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catalyzes a higher rate of alcohol conversion to acetaldehyde, but also
affects the metabolism of estrogen and other steroid hormones (Seitz and
Maurer, 2007).
Several studies have reported increased risk for women with more
active variants of ADH, primarily in women who consumed high amounts
of alcohol. Seitz and Stickel (2010) report that high alcohol intake (60
g/day) and the ADH1C*1 allele in Caucasians (n = 400) were associated
with increased risk of breast cancer as well as cancer of the digestive tract,
liver, and colon, although the studies cited do not mention breast cancer.
In other studies, increased cancer risks were reported primarily for moderate to heavy drinkers, for those who are homozygous for this allele, and
for premenopausal women. Terry et al. (2006a) reported increased breast
cancer risk in premenopausal women with a lifetime alcohol intake rate of
15–30 g/day who were homozygous for the more active ADH1C*1 allele
(ADH1C*1,1) compared to nondrinkers with intermediate or slow ADH1C
genotypes (OR = 2.9, 95% CI, 1.2–7.1). At the same alcohol intake rate,
risks were not significantly elevated for postmenopausal women with the
ADH1C*1,1 genotype or for women who were intermediate (ADH1C*1,2)
or slow metabolizers (ADH1C*2,2). Similarly, Freudenheim et al. (1999)
reported the highest increase in breast cancer risk (OR = 3.6, 95% CI,
1.5–8.8) for premenopausal women with the ADH1C*1,1 genotype who
consumed more than the median number of drinks per month (>6.5/month
averaged over the past 20 years) compared to those who consumed less
alcohol and did not have this genotype. Coutelle et al. (2004) did not
specifically examine pre- versus postmenopausal women, but reported
that frequency of the ADH1C*1 allele was greater in breast cancer cases
than in controls who were heavy drinkers but who did not have cancer
(62% compared to 41.9%). This study also reported that women with
the ADH1C*1,1 genotype had a greater risk of breast cancer than those
with ADH1C*1,2 or ADH1C*2,2 genotypes (OR = 1.8, 95% CI, 1.4 –2.3).
In addition, women with the ADH1C*1,1 genotype who consumed more
than 20 g/day of alcohol had a greater risk of breast cancer than those with
this genotype who consumed <20 g/day (OR = 1.4, 95% CI, 1.0–3.35).
Studies that have not found increased risks for more active ADH variants appear to be those involving lower alcohol intake, small sample size,
or postmenopausal women. Benzon Larsen et al. (2010) reported that
among 809 postmenopausal breast cancer cases and 809 controls within the
prospective Diet, Cancer, and Health Study, women with ADH polymorphisms with faster conversion of alcohol to aldehyde did not have higher
breast cancer risks; in fact, variants for slow metabolizers were associated
with slightly higher risks (14% per 10 g of alcohol intake/day). A study as
a part of the NHS (Hines et al., 2000) did not find an effect of alcohol on
breast cancer risk or interaction with ADH1C polymorphism for pre- or
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postmenopausal women. However, this study had relatively small sample
sizes, particularly for premenopausal women (88 cases versus 94 controls),
for an analysis that considered alcohol intake (none, ≤10 g/day, >10 g/day)
and ADH polymorphism groups (slow, fast, intermediate). Visvanathan et
al. (2007) likewise stated that the lack of increase in breast cancer risk for
more active variants of ADH may be attributed to low alcohol consumption
in their study population (median of 13 g/wk).
Polymorphisms in ADH are also thought to affect breast cancer risk
through the involvement of ADH in metabolism of estrogens as well as by
acetaldehyde formation (Seitz and Maurer, 2007). The effect of ADH on
estrogen and acetaldehyde production may be combined as indicated by
evidence of particularly high blood acetaldehyde levels for women consuming alcohol during the period of the menstrual cycle when estradiol levels
peaked (Seitz and Maurer, 2007).
By contrast, Kawase et al. (2009) did not find an increased risk of
breast cancer in Japanese women (456 breast cancer cases versus 912
age- and menopausal status-matched controls) for alcohol drinking and
polymorphisms in ADHI1B or ALDH2. Kawase et al. hypothesized that
Japanese women may not drink enough alcohol or other factors may cause
different outcomes among populations. Studies in Japanese populations
have, however, found that the inactive form of ALDH2 is associated with
increased risks of other cancers such as oropharyngolaryngeal and esophageal cancers. Evidence reviewed by AHRQ (2010) indicates that breast tissue contains ADH, CYP2E1, and XOR rather than ALDH2 for metabolism
of acetaldehyde, indicating that acetaldehyde is metabolized in breast tissue
by XOR rather than enzymes associated with ALDH2.
Other gene–environmental interactions for alcohol and breast cancer
have been reported. High alcohol intake and a homozygous variant of
enzymes related to the one-carbon metabolism enzyme methylenetetrahydrofolate reductase have been associated with increased risk in postmenopausal but not premenopausal women (Platek et al., 2009). A study has also
found an association with increased risk of breast cancer for women with
a specific polymorphism in the mitochondria genome and who consumed
alcohol compared with those who did not drink (Pezzotti et al., 2009).
A further issue pertains to confounding from other ingredients and
contaminants in alcoholic beverages, which may have associations with
cancer risk (Seitz and Simanowski, 1988; HHS, 2000; Baan et al., 2007;
Monteiro et al., 2008).
In conclusion, evidence from human, animal, and in vitro studies supports a modest but causal relationship between alcohol consumption and
breast cancer for both premenopausal and postmenopausal women. The
reduction of alcohol consumption is an action women can take to reduce
their breast cancer risk, even though the overall risk is rather small for
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lighter drinkers. Also entering into the choices women must make is the
well-documented protective effect of low-level alcohol consumption (<3
drinks/day) on coronary artery disease, a more common cause of death in
postmenopausal women (Klatsky, 2010). There is no clear threshold for the
onset of increased risk of breast cancer. The choice of whether to consume
alcohol, or how much, must remain an individual one.
Vitamins and Dietary Supplements
In the Dietary Supplement Health and Education Act of 1994, Congress defined dietary supplements as products, other than tobacco, that (1)
supplement the diet; (2) contain one or more dietary ingredients “(including vitamins; minerals; herbs or other botanicals; amino acids; and other
substances) or their constituents”; (3) are intended to be taken orally in pill,
capsule, or liquid form; and (4) are clearly labeled as dietary supplements
on the front panel of their packaging (NIH, 2011). Dietary supplements
can come in many forms—as combinations of ingredients such as botanicals
or herbs, as multivitamin supplements, or as supplements containing individual vitamins or ingredients. The committee focused primarily on studies
of multivitamin and single-substance supplements. However, terms such
as “multivitamin” have “no standard scientific, regulatory or marketplace
definitions” (Yetley, 2007, p. 269S). Formulations of combination vitamin
and mineral supplements therefore vary in content, which presents challenges in conducting and comparing studies.
Unlike many factors, the evidence on dietary supplements includes
results from experimental studies in humans. In large-scale, randomized,
double-blind, placebo-controlled trials, neither antioxidant supplementation (Hercberg et al., 2004) nor supplements of folic acid plus vitamins B6
and B12 (Zhang et al., 2008) showed an association with differences in risk
for breast cancer.10 However, mandatory folate fortification in the United
States since 1998 (NIH, 2011) may have made it difficult to detect an effect
associated with the additional supplementation in the study. Large-scale
observational studies of multivitamin use have been inconsistent. The Swedish Mammography Cohort with 974 incident cases of breast cancer among
35,329 women, ages 49–83 over a mean 9.5-year follow-up, found an RR
of 1.19 (95% CI, 1.04–1.37) among those reporting use of multivitamins
(Larsson et al., 2010). Women reporting “ever” use of multivitamins in the
Prostate, Lung, Colorectal, and Ovarian Cancer Trial (Stolzenberg-Solomon
10 Hercberg

et al. (2004) followed 7,876 women ages 35–60 from the general population for
a median of 7.5 years for cancer incidence and mortality, and Zhang et al. (2008) followed
5,442 women ages 42 and older with preexisting cardiovascular disease or three or more
coronary risk factors for 7.3 years for cancer incidence.
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et al., 2006) had an RR for postmenopausal breast cancer of 1.18 (95% CI,
0.95–1.48); this study reported a statistically significant increase in breast
cancer risk with folate supplementation (RR = 1.19, 95% CI, 1.01–1.41).
Other studies, mostly in premenopausal women, found no statistically significant association of multivitamin use with breast cancer risk (Feigelson
et al., 2003; Ishitani et al., 2008; Maruti et al., 2009; Neuhouser et al.,
2009). Studies of use of individual supplements, such as vitamins C, D, E,
and A, have also shown conflicting results or no differences in risk with
supplement intake (Verhoeven et al., 1997; Nissen et al., 2003; StolzenbergSolomon et al., 2006; Robien et al., 2007). In its systematic review, the
WCRF/AICR included vitamins A, B6, B12, C, D, and E and riboflavin,
folate, calcium, iron, selenium, carotenoids, and isoflavones in its evidence
category of “limited–no conclusion” for both premenopausal and postmenopausal breast cancer (WCRF/AICR, 2007).
Nondietary phytoestrogen-containing supplements are widely used by
women for the treatment of menopausal symptoms. A meta-analysis of 92
randomized controlled trials that studied women undergoing treatment of
menopausal symptoms with phytoestrogen-containing supplements showed
no statistically significant increase in breast cancer risk in any of the individual studies or in the meta-analysis of all 92 studies (Tempfer et al., 2009).
However, the median duration of the studies included in the meta-analysis
was only 6.2 months and breast cancer was not a primary endpoint, so even
substantial effects of long-term use of phytoestrogen supplements cannot
be ruled out. Although there was no statistically significant risk for breast
cancer with increasing duration of supplement use, the duration of use in
most studies was far too short to make a confident statement about risk. In
addition, the exact composition of the phytoestrogens studied varied among
supplements and was poorly characterized.
Multiple factors make dietary supplementation a challenging focus of
study. In general, multivitamin and mineral supplements are used by women
who practice healthier lifestyles and are therefore more likely to have
regular breast cancer screening. This clustering of characteristics makes
observational studies of the relationship between use of these supplements
and health outcomes difficult to interpret. Healthier lifestyles might result
in downward bias (fewer cancers, decreased likelihood of observing an
association), while regular screening might result in upward bias (more
cancers diagnosed). Furthermore, dietary supplement use was often assessed
through self-administered questionnaires, which can introduce errors resulting from poor recall. In addition, not all studies collected specific information about brand names and product names of the supplements. The
specific ingredients and the amount of each ingredient in a supplement vary
widely, and if researchers combine a wide range of types of supplements,
the analysis may not be meaningful. These and other limitations pose seri-
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ous challenges for the conduct of studies on the effects of multivitamins, or
their initiation and duration of use at various life stages.
In vitro studies aimed at evaluating the relationship between dietary
supplement products or ingredients and breast cancer risk are nearly all
carried out using established breast cancer cell lines or in cellular assay
systems with immortalized cells treated with chemical carcinogens or ionizing radiation, in addition to the vitamin or supplement of interest. The
relevance of these studies to human carcinogenesis is difficult to interpret.
Because of the widespread use of dietary supplements, and the variety
of substances involved, it is important that continued attention be paid to
the potential risks or benefits they may pose for breast cancer. However,
as noted above, refined research approaches will be needed because of the
multiplicity of challenges to this type of research.
Zeranol and Zearalenone
Zearalenone is a mycotoxin product from fungi of the genus Fusarium.
It is a common contaminant of grains and thus is present in the diet, albeit
at low levels. A synthetic form of a reduction product of zearalenone, called
zeranol (Ralgro), is one of six growth promoters approved by the Food and
Drug Administration (FDA) and is widely used in feedlot beef production in
the United States and many other countries. Both zeranol and z earalenone
are relatively potent nonsteroidal estrogens (Peters, 1972), with the estrogenic activity of zeranol substantially greater than that of zearalenone
(Mirocha et al., 1979; Shier et al., 2001).
The primary route of exposure is oral, via diet. Zearalenone does
not degrade during the cooking and processing of foods (European Commission, 2000). Low-level exposure from contamination of cereal grains
occurs, and mean daily U.S. exposures have been estimated as 0.03 µg/kg/
day (Zinedine et al., 2007). Outbreaks of Fusarium contamination of corn
and other commodities can occasionally lead to very high levels in foods
(Zinedine et al., 2007). In the United States, the largest potential source
of exposure is likely to be through residues of zeranol in meat from sheep
and cattle implanted with Ralgro pellets, a process that is monitored by
the FDA. Although use of zeranol is permitted in the United States, the
European Union prohibits the use of hormones or the import of hormonetreated beef products from the United States or Canada where zeranol is
used as a growth promoter (European Commission, 2007).
No epidemiologic studies are known to have addressed whether exposures to zearalenone or zeranol could contribute to breast cancer (or any
cancer) risk.
Studies in animals include a 2-year bioassay of zearalenone by the NTP
(1982b). The final evaluation concluded that zearalenone was carcinogenic
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in a specific strain of mice, but not in the rat strain tested. There was no
report of increased mammary tumors in either rats or mice, although in
mice “estrogen-related, dose-dependent effects were seen in several tissues
(fibrosis in the uterus, cystic ducts in mammary glands)” (European Commission, 2000, p. 5). The European Commission (2000) concluded the
tumors observed in the NTP bioassay (liver and pituitary) were related to
the estrogenic effects of the compound. The IARC (1993) evaluation of
zearalenone drew on the NTP bioassay data and concluded that “there is
limited evidence in experimental animals for the carcinogenicity of zearalenone,” with an overall characterization as “not classifiable as to its carcinogenicity to humans” (Group 3).
Sheep and pigs appear to be more sensitive than rodents to the estrogenic effects of zearalenone (European Commission, 2000). Large differences among species in sensitivity to the estrogenicity of zearalenone are
thought to result from differences in metabolic capacity and presence of
various estrogenic metabolites of zearalenone (Ueno et al., 1983; Pompa et
al., 1988; Malekinejad et al., 2006). How human sensitivity compares with
the pig, sheep, or rodent requires further study.
Mechanistic research shows that zeranol binds to the ligand-binding
domain of human estrogen receptor alpha and beta in a manner similar to
estradiol-17β (E2) (Takemura et al., 2007). Zeranol has also been demonstrated to stimulate the growth of human MCF-7 breast cancer cell lines
in vitro (Makela et al., 1994; Zava et al., 1997), and to enlarge existing
mammary tumors in mice (Schoental, 1974), reflecting its estrogen receptoragonist properties.
Because zearalenone and zeranol are rather potent (nonsteroidal)
xenoestrogens, timing of exposure may be important. A few recent studies
have explored early-life exposures to low levels of zearalenone and biological effects. For example, fetal and neonatal exposure of rats to levels
near those of human exposure (0.2 µg/kg in utero and first 5 days of life)
was observed to affect terminal end bud length (Belli et al., 2010), and
uterine hyperplasia was induced in young pigs fed relatively low levels
(20 µg/kg) of zearalenone for 48 days (Gajecka et al., 2011). While these
and other recent studies are intriguing, they are too few to reach any firm
conclusions regarding the potential impact of low-level exposure to these
compounds early in life on breast cancer risk in humans, or at other specific
life stages. Interestingly, prepubertal exposure of rats to a low dose (20 µg,
or about 1 mg/kg) of zearalenone was shown to significantly reduce the
incidence of mammary adenocarcinomas induced by treatment with MNU
or DMBA, possibly by increasing differentiation of the mammary epithelial
tree (Hilakivi-Clarke et al., 1999; Nikaido et al., 2003).
Due to a paucity of epidemiologic studies and of animal bioassays and
mechanistic studies that address mammary tumor endpoints and explore
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the impact of timing of exposure, at this point, although it is biologically
plausible, no conclusion can be reached on the role of zearalenone or zeranol in the etiology of breast cancer. It remains an area for further study.
Tobacco Smoke
That tobacco smoke may be implicated as a possible risk factor in
breast cancer etiology is not surprising; smoking has wide-ranging impacts
on general health and is established as a carcinogen and causal agent in
many forms of cancer (IARC, 2004). Tobacco smoke is a complex mixture
that includes many toxic substances, more than 50 of which are known,
probable, or possible human carcinogens (e.g., polonium-210, benzene,
several metals, and vinyl chloride) (IARC, 2004; NTP, 2011a). Exposure to
tobacco smoke occurs through active smoking, with smoke directly inhaled
by the smoker, and through what is termed passive smoking or secondhand
smoke exposures.11 Many of the same compounds are present in both
directly inhaled and secondhand smoke, but their amounts and proportions
differ (IARC, 2004), which results in differing toxicities.
Before 1993, more than 50 epidemiologic studies examined the relationship between breast cancer and exposure to tobacco smoke. Although
the quality of studies was highly variable, the better conducted studies did
not suggest a causal relationship (Palmer and Rosenberg, 1993). An IARC
review published in 2004 included studies conducted before 2002, and it
relied heavily on a pooled analysis of 53 case–control and cohort studies
by the Collaborative Group on Hormonal Factors in Breast Cancer Study
(2002) that contended that apparent associations with smoking were confounded by alcohol consumption. The IARC (2004) conclusions were that
neither active nor passive smoking was associated with increased risk of
breast cancer.
Since 2004, two scientific consensus reviews concluded, based on highquality studies, that the available evidence supports causal associations
between breast cancer and active smoking or premenopausal breast cancer
and exposure to secondhand smoke, or both (CalEPA, 2005; Collishaw et
al., 2009). A 2006 U.S. Surgeon General’s report concluded that the evidence on passive smoking was suggestive but not conclusive for a causal
relationship with increased risk of breast cancer (HHS, 2006). The most
recent IARC review characterized the evidence on active smoking as limited
and the evidence on passive smoking as inconclusive (Secretan et al., 2009).

11 Throughout the report the phrases “passive smoking” and “secondhand smoke” are used
interchangeably to refer to exposure to smoke emitted by the burning end of a cigarette, cigar,
or pipe or smoke exhaled by a smoker.
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Active Smoking
The epidemiologic literature on active smoking is often characterized
as mixed, with some studies finding statistically significant associations
between smoking and breast cancer while others do not. Many earlier studies were limited by the use of crude measures of exposure, small sample
sizes, and lack of control for key covariates. Moreover, some of these studies of risks to smokers included women with passive smoke exposure in
their “unexposed” referent groups, potentially reducing statistical power
to distinguish the impact of active smoking. Over time, assessments of
exposure to tobacco smoke have been refined in many studies.
Age at smoking initiation may play an important role in the tobacco
smoke–breast cancer association, and tobacco smoke may be one of the
carcinogens that is more potent at certain stages of life. As noted in Chapter
2, the breast does not fully mature until after a first full-term pregnancy.
A meta-analysis examined the effect of smoking before a first pregnancy
in 23 studies published from 1988 through 2009 (DeRoo et al., 2011).
The summary risk ratio was 1.10 (95% CI, 1.07–1.14), indicating a weak
association with increased risk for early initiation of smoking. For women
who smoked only after a first pregnancy, the summary risk ratio was 1.07,
but it was not a statistically significant increase in risk (95% CI, 0.99–1.15)
(DeRoo et al., 2011).
A subsequent report from the NHS found a statistically significant
increase in risk associated with greater smoking intensity (i.e., pack-years
of smoking) from menarche to a first birth (p for trend <.001) (Xue et al.,
2011). At 1–5 pack-years of smoking before a first birth, the hazard ratio
(HR) is 1.11 (95% CI, 1.04–1.20); for 16 or more pack-years, the HR is
1.25 (95% CI, 1.11–1.40). No increase in risk was evident for pack-years
smoked from after a first pregnancy to menopause. For 31 or more packyears, the HR was 1.05 (95% CI, 0.92–1.19). However, pack-years of
smoking after menopause may be associated with a slight reduction in risk
(p for trend = .02) (Xue et al., 2011). For 16 or more pack-years of postmenopausal smoking, the HR was 0.88 (95% CI, 0.79–0.99).
Recent reports from the Women’s Health Initiative that were not
included in the meta-analysis by DeRoo et al. (2011) have also examined
the effects of smoking on postmenopausal breast cancer risks. Using data
from the observational arm of the Women’s Health Initiative, Luo et al.
(2011b) found a higher risk with younger age at initiation of smoking.
For women who started smoking between ages 15 and 19, the HR was
1.21 (95% CI, 1.01–1.44); whereas for those who initiated smoking after
age 30, the HR was 1.00 (95% CI, 0.76–1.32). Similarly, initiation of
smoking before first full-term pregnancy was associated with a statistically
significant increase in risk (HR = 1.28, 95% CI, 1.06–1.55); the risk with
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initiation after a first pregnancy was elevated but not statistically significant (HR = 1.17, 95% CI, 0.90–1.52). These results suggest that failure to
stratify by age at initiation of smoking, or during critical windows of time,
may obscure evidence of an association between smoking and breast cancer.
An additional analysis of data from the observational portion of the
Women’s Health Initiative found that postmenopausal obesity may modify the association between smoking and breast cancer risk (Luo et al.,
2011a). For women who were obese based on BMI at entry into the study
(BMI ≥ 30), smoking did not increase breast cancer risk on the basis of age
at initiation of smoking (< age 20: HR = 1.00, 95% CI, 0.85–1.18; p for
trend = .73), pack-years of smoking (≥ 50 pack-years: HR = 1.15, 95% CI,
0.89–1.48; p for trend = .84), or other measures. By comparison, women
who were not obese (BMI <30) had an increased risk with both earlier
initiation of smoking (e.g., < age 20: HR = 1.19, 95% CI, 1.08–1.31) and
pack-years (e.g., ≥ 50 pack-years: HR = 1.20, 95% CI, 1.00–1.43), supported by statistically significant trends.
Other recent reports have considered smoking in relation to ethnicity or
particular types of breast cancer. Brown et al. (2010) concluded that their
data did not show a consistent association between smoking and significant
increases in breast cancer risk among U.S.- or foreign-born Asian women.
For example, the results for current smokers showed an OR of 0.9 (95%
CI, 0.6–1.3) while ex-smokers had an OR of 1.6 (95% CI, 1.1–2.2). The
small number of women who started smoking before age 16 (11 cases,
9 controls) had an OR of 2.92 (95% CI, 1.1–7.9) whereas women who
began smoking at ages 16–18 had an elevated but not statistically significant risk (OR = 1.18, 95% CI, 0.7–1.9) compared with women who had
never smoked.
A study that examined risk for triple negative breast cancer found no
statistically significant increase in risk over nonsmokers based on smoking
status, age at initiation, or duration of smoking (Kabat et al., 2011). By
comparison, women with estrogen receptor–positive (ER+) cancers were
at significantly increased risk with earlier initiation (< age 20: HR = 1.16,
95% CI, 1.05–1.28) and longer duration of smoking (≥ 30 years: HR =
1.14, 95% CI, 1.01–1.28). In a study focused on DCIS, smoking was not
associated with an increased risk based on smoking status, age at initiation,
or duration of smoking (Kabat et al., 2010).
A growing body of epidemiologic research is investigating genetic susceptibilities to effects from active smoking. One area of study is risk differences according to women’s N-acetyltransferase 2 (NAT2) gene alleles.
NAT2 codes for enzymes responsible for metabolism of chemicals not normally present in the body, including the detoxification of aromatic amines,
which are present in tobacco smoke (Ambrosone at al., 2008). Genetic
variations in NAT2 result in what are broadly described as slow or fast
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acetylator types. Although the specific alleles used to determine acetylator
status may vary among studies, meta-analyses found a fairly consistent
positive association (overall relative risk of 1.4–1.5) between active smoking and breast cancer risk for women, perhaps especially postmenopausal
women, who have been long-term heavy smokers and have a slow acetylator form of NAT2 (Terry and Goodman, 2006; Ambrosone et al., 2008;
Zhang et al., 2010). However, a recent Canadian study not included in
these meta-analyses found that heavy smoking (>20 pack-years) was associated with a statistically significant increase in risk among fast acetylators
(OR = 1.93, 95% CI, 1.01–3.69) but not slow acetylators (OR = 1.27, 95%
CI, 0.75–2.15) (Conlon et al., 2010).
An analysis that compared data on Hispanic and non-Hispanic white
women found that Hispanic women were less likely to have slow-acetylator
forms of NAT2 and had no change in breast cancer risk based on smoking and NAT2 status (Baumgartner et al., 2009). Among the non-Hispanic
white women who were categorized as very slow acetylators (i.e., carrying
two from among the NAT2*5A, *5B, and *5C alleles), ever, former, or
current smokers were at statistically significant increased risk over never
smokers, with odds ratios of more than 2.0 (Baumgartner et al., 2009).
Risks for those characterized as slow acetylators (but not “very slow”) were
generally elevated but not statistically significantly so.
Thus the evidence generally appears to indicate a gene–environment
interaction involving women genetically predisposed to inefficient detoxification of carcinogenic exposures in tobacco smoke, although this is an
evolving area of research.
Passive Smoking
Ideally, studies of the effects of secondhand smoke compare the breast
cancer experience of exposed women to that of women who have never
been exposed. Early studies of the relationship between breast cancer and
secondhand smoke exposure are likely to have underestimated exposure by
relying only on measures such as spousal smoking status. This approach
neglects exposures in the workplace or public settings, which may equal
or exceed exposure in the home (Reynolds et al., 2009), and exposure in
childhood and adolescence, which may be a particularly vulnerable period,
based on evidence for active smoking. To the extent that exposure to secondhand smoke alters breast cancer risk, underestimation of exposure by
neglecting exposure sources such as these contributes to a bias toward no
association.
A 2005 review by the California Environmental Protection Agency
of various health hazards associated with exposure to secondhand smoke
included a meta-analysis of 19 epidemiologic studies of breast cancer

WHAT WE HAVE LEARNED FROM CURRENT APPROACHES

105

(CalEPA, 2005). The conclusion of the review group was that the epidemiologic and toxicologic evidence was consistent with a causal association
between exposure to secondhand smoke and breast cancer in “younger,
primarily premenopausal women,” but that the evidence for older or postmenopausal women was inconclusive (CalEPA, 2005, p. ES-8). The metaanalysis produced an overall estimate for exposed women of RR = 1.25
(95% CI, 1.08–1.44) (CalEPA, 2005; also reported in Miller et al., 2007).
When the analysis was restricted to five studies with more comprehensive
exposure assessment, the overall estimate was RR = 1.91 (95% CI, 1.53–
2.39). An analysis of the 14 studies that had data on younger, primarily
premenopausal women produced an overall estimate of RR = 1.68 (95%
CI, 1.31–2.15); the estimate for the five studies with more comprehensive
exposure assessment was RR = 2.20 (95%CI, 1.69–2.87) (CalEPA, 2005;
Miller et al., 2007).
In 2006, the U.S. Surgeon General’s report The Health Consequences
of Involuntary Exposure to Tobacco Smoke, which included consideration
of many of the same studies as the California review, concluded, “The evidence is suggestive but not sufficient to infer a causal relationship between
secondhand smoke and breast cancer” (HHS, 2006, p. 13). The conclusion
was based on a review of the findings from seven prospective cohort studies, 14 case–control studies, and a meta-analysis of all of these studies. The
meta-analysis found that women who had ever been exposed to secondhand
smoke (10 studies) were at increased risk of breast cancer (RR = 1.40, 95%
CI, 1.12–1.76). With stratification by menopausal status, the increase in
risk was statistically significant for premenopausal women (6 studies; RR
= 1.85, 95% CI, 1.19–2.87) but not for postmenopausal women (5 studies; RR = 1.04, 95% CI, 0.84–1.30). This report noted that its conclusion
reflected, in part, an assessment that the biological plausibility of the association was weak (HHS, 2006).
A 2009 Canadian review considered the assessments in both the California report and the Surgeon General’s report, as well as three later
studies that had not been included in the analyses for those previous
reports (Collishaw et al., 2009; also summarized in Johnson et al., 2011).
The Canadian review group noted the similarity of the results for the
meta-analyses in the California and Surgeon General’s reports and found
an association between increased risk for breast cancer and exposure to
secondhand smoke biologically plausible. The conclusion was that “the
association between [second hand smoke] and breast cancer in younger,
primarily premenopausal women who have never smoked is consistent
with causality” but that the evidence was insufficient to reach conclusions
regarding postmenopausal breast cancer and secondhand smoke (Collishaw
et al., 2009, p. 3).
The results from two large cohort studies published after the expert
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reviews from California, the Surgeon General, and Canada have suggested
a small but statistically significant increased risk for breast cancer among
postmenopausal women with higher levels of secondhand smoke exposure
(Reynolds et al., 2009; Luo et al., 2011b). A prospective study of 57,523
women enrolled in the California Teachers Study who were lifetime nonsmokers found indications that postmenopausal women reporting high
levels of secondhand smoke exposure may be at higher risk of developing
breast cancer (Reynolds et al., 2009). Similar results were recently reported
for secondhand smoke exposures in a cohort of 41,022 postmenopausal
women enrolled in the WHI Observational Study who never smoked (Luo
et al., 2011b). For those with the highest secondhand smoke exposures
(>10 years in childhood, >20 years at home in adulthood, and >10 years at
work in adulthood), the OR for postmenopausal invasive breast cancer was
1.32 (95% CI, 1.04–1.67) as compared with those who never smoked and
never experienced secondhand smoke exposures (Luo et al., 2011b). Since
1982, the NHS has followed 36,017 women who never smoked. Follow-up
to 2006 has not shown a significant association between breast cancer risk
and passive smoking in childhood or adulthood (Xue et al., 2011).
Although epidemiologic studies have suggested that early age of initiation of active smoking and smoking before a first full-term pregnancy are
associated with higher breast cancer risk, there is little evidence for risk
from exposure to secondhand smoke only in childhood (e.g., HHS, 2006;
Chuang et al., 2011; Luo et al., 2011b).
Animal and In Vitro Studies
At least 20 components of tobacco smoke have been classified by IARC
as known or suspected human carcinogens and have induced mammary
tumors in rodents (Collishaw et al., 2009). Tobacco smoke is also known
to contain carcinogens that distribute to breast tissue. Several metabolites of
these compounds have been shown to cause DNA damage, reflected by the
presence of DNA adducts, in the breast tissue of current smokers, former
smokers, and those passively exposed to tobacco smoke (Morabia, 2002).
One of the few animal studies that have tested the effect of exposure to
tobacco smoke rather than its components explored the effects of exposure
in virgin and pregnant Sprague Dawley rats subsequently treated with the
carcinogen MNU (Steinetz et al., 2006). Groups of 50-day-old animals
(25 animals each) were exposed to either filtered air or cigarette smoke
(described as equivalent to smoking 2.7 packs per day). At 100 days, the
animals were given doses of the carcinogen MNU. Smaller groups of control animals (10 animals each) had the same exposures to air or smoke but
received no MNU. Among those exposed to MNU, tumor development
was earliest and greatest in the virgin rats exposed to cigarette smoke and
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latest and least in the pregnant rats exposed to air. Pregnancy was protective against the effects of MNU, but exposure to cigarette smoke resulted
in increased tumor development. However, rats exposed to cigarette smoke
without subsequent MNU exposure did not develop mammary tumors.
Conclusions
Recent scientific consensus reviews have been able to draw on newer
studies with better assessments of tobacco smoke exposure than in the
past. A 2009 IARC review declared that limited evidence exists to support
a causal association between active smoking and breast cancer (Secretan et
al., 2009), which constitutes a change from the organization’s 2004 conclusion that the evidence on tobacco smoke suggested a lack of breast carcinogenicity (IARC, 2004). Others have concluded that the current evidence
is consistent with a causal association between active smoking and breast
cancer (Collishaw et al., 2009). Some studies implicate active smoking as a
risk factor for breast cancer in two subgroups: women who initiated smoking at an early age or before their first full-term pregnancy, and women with
genetic characteristics that result in slow metabolism and detoxification of
components of tobacco smoke (NAT2 slow acetylators).
For exposure to secondhand smoke, IARC found the evidence inconclusive (Secretan et al., 2009), while others have found the evidence to be
suggestive of an association (HHS, 2006) or even consistent with a causal
association with breast cancer in younger, premenopausal women (CalEPA,
2005; Collishaw et al., 2009). Within the committee there were differing
interpretations of the existing data. Some were persuaded that the available
evidence supports a causal association between exposure to secondhand
smoke and risk for breast cancer, while others view the data as indicating
a possible but not conclusive relationship. For most other smoking-related
diseases, the relative risks are much stronger for active smoking than passive smoking. Thus findings of equivalent or stronger relative risks for
breast cancer with passive smoking than with active smoking are difficult
to explain mechanistically.
Because smoking is known to increase the risk of many types of cancer
and has numerous negative health effects, substantial efforts to minimize
exposure through public health interventions already exist. Although the
overall magnitude of the reported effect of exposure to active or passive
smoking on risk for breast cancer is not large, some susceptible subgroups
appear to have a relative risk that is elevated over that of never smokers.
Evidence of an increased risk for breast cancer reinforces the importance
of smoking prevention and cessation programs and policies supporting
smoke-free environments.
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Radiation
The term “radiation” encompasses a broad spectrum of energies and
can be divided into ionizing and non-ionizing radiation. Ionizing radiation
has the ability to remove electrons from an atom, creating ions. Non-
ionizing radiation, on the other hand, is lower in frequency and has insufficient energy to eject electrons from the atom.
Ionizing Radiation
There are two main types of ionizing radiation: photons, including
X-rays and γ (gamma)-rays, and particulate radiation, including α (alpha)
and β (beta) particles. Alpha and beta particles deliver their energy over
shorter distances than photons and tend to pose most carcinogenic risk at
very short distances once they enter the body. X-ray and γ-ray exposure
are well documented as carcinogens, with sufficient evidence substantiating their role as risk factors for breast cancer. This evidence includes the
experience of increased risk for breast cancer among younger members of
the population of atomic bomb survivors (IARC, 2000).
In the general population, the most prominent source of exposure to
ionizing radiation is from medical diagnostic procedures. X-rays are an
important component of diagnostic imaging and are used in procedures
ranging from radiographs to fluoroscopy to computed tomography (CT)
scans. γ-rays are often delivered in nuclear medical examinations that
may use radioactive tracers. X-rays and γ-rays are breast carcinogens in
premenopausal women (IARC, 2000). Furthermore, risk of breast cancer
is significantly increased following treatment to the chest in pediatric or
young adult cancer patients (Henderson et al., 2010). Although it is widely
accepted that carcinogenic sensitivity is highest when ionizing radiation
exposure occurs in childhood (Carmichael et al., 2003), risk persists even
for women of postmenopausal age (Berrington de Gonzalez et al., 2009).
Chapter 5 further discusses some of the findings regarding effects from
medical treatments at different life stages. Sufficient literature exists on
early-life exposure to ionizing radiation (specifically including breast cancer), but exposure in later years may be an area for further research.
Animal data also support the evidence for ionizing radiation–induced
breast cancer, with evidence of mammary adenocarcinomas observed in
Sprague Dawley rats (IARC, 2000). In vitro data have helped to elucidate
the carcinogenic mechanisms behind ionizing radiation. Radiation-induced
breast cancer is a complex phenomenon, most likely influenced by the accumulation of genetic and epigenetic alterations (Carmichael et al., 2003).
Rather than acting as a single carcinogenetic event, exposure to ionizing
radiation is thought to give rise to cancer through the combined effects of
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induced genetic instability, cellular transformation, and chromosomal damage (IARC, 2000).
Important contributions to breast cancer risk from exposure to ionizing
radiation are examined in detail in Appendix F of this document. As an
established risk factor for breast cancer, exposures need to be minimized.
The committee discusses opportunities for action to reduce risk from ionizing radiation in Chapter 6 and research needs in Chapter 7.
Non-Ionizing Radiation (ELF-EMF)
Non-ionizing radiation can be found as microwave (microwave appliances and telecommunications), infrared (heat lamps), or radiofrequency
(radio) radiation. Lower still on the energy or frequency scale is radiation
from extremely low frequency electromagnetic fields, ELF-EMF, which
arises from electrical current and is of very low energy (energy is proportional to frequency). Non-ionizing radiation may interact with biological
systems, and it is therefore of interest to environmental scientists and biologists. Most of the epidemiologic studies on the possible relationship of nonionizing radiation to breast cancer have examined ELF-EMF.
Non-ionizing radiation is particularly challenging to study. ELF-EMF
exposure is “ubiquitous and unmemorable,” with all individuals who live
near or use electricity exposed to it in some form. Because one cannot see
or feel its presence, it is virtually impossible for an individual to record or
quantify the frequency of exposure (IARC, 2002a). It is often difficult to
distinguish high exposures from low exposures when they differ by only an
order of magnitude (Kheifets et al., 1995; IARC, 2002a). Various researchers have postulated different metrics of exposure as being most relevant,
such as average, peak, or rate of oscillation. The relatively small range of
ELF-EMF exposures and the choice of different exposure metrics can affect
the statistical power of epidemiologic studies.
Meta-analyses that have synthesized the findings from studies of breast
cancer are consistent in showing no association, and they exclude the possibility of all but very small associations between ELF-EMF and breast
cancer. A 2010 meta-analysis of 15 case–control studies from 2000 to 2009,
involving 24,338 cases and 60,628 controls, found no significant association between breast cancer risk in relation to ELF-EMF exposure, even
when stratifying by menopausal status or the source of exposure (Chen et
al., 2010). This conclusion is consistent with a previous meta-analysis that
looked at studies from 1996 to 2000 (Erren, 2001).
Studies have also assessed risk associated with specific modes of exposure. For example, case–control studies (Davis et al., 2002; London et al.,
2003; Schoenfeld et al., 2003) found no association between ELF-EMF
exposure from household exposures and appliances and breast cancer.
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Although electric blankets were once raised as a source of concern as a
potential risk factor for breast cancer, studies found no apparent associations between electric blanket use and breast cancer (Vena et al., 1991,
1994; Laden et al., 2000; Zheng et al., 2000; McElroy et al., 2001; Kabat
et al., 2003). Furthermore, none of these studies found associations based
on menopausal status, parity, estrogen receptor status, or hours of use.
Early studies looking at occupational exposures to magnetic fields have
shown little or no overall effect of ELF-EMF exposure on breast cancer,
although some studies have linked exposure with a slight increase in risk
for ER+ breast cancer (Van Wijngaarden et al., 2001; Kliukiene et al., 2003;
Labreche et al., 2003). These findings, some researchers argue, are primarily
the result of faulty study design; many of these studies were small and had
little information on potential confounding factors (Forssen et al., 2005).
Occupational ELF-EMF exposure has been raised as a potential risk
factor among men with breast cancer. Some studies in the early 1990s found
an association between ELF-EMF fields and breast cancer in men (Demers
et al., 1991; Matanoski et al., 1991; Loomis, 1992; Guenel et al., 1993;
Floderus et al., 1994), while others (Rosenbaum et al., 1994; Theriault et
al., 1994; Cantor et al., 1995; Stenlund and Floderus, 1997; Forssen et al.,
2000) found no correlation. Studies of non-ionizing radiation and male
breast cancer have generally been restricted to small cohorts and are largely
inconclusive. Occupational exposure to ELF-EMF as a risk factor for male
breast cancer is a potential area for future research; men are often exposed
to occupational ELF-EMF in higher doses than women, and do not have
confounding factors such as hormonal cycles or pregnancies.
Animal studies have examined the effects of the various forms of nonionizing radiation. Results have been largely inconclusive; difficulty in
interpreting the data is compounded by the fact that results may vary from
strain to strain, based on diet, housing conditions, lighting, or laboratory
(Anderson et al., 2000b; Fedrowitz et al., 2004). A proposed mechanism
for non-ionizing radiation-induced carcinogenicity involves the hormone
melatonin. Melatonin, produced by the pineal gland, is thought to inhibit
estrogen-mediated cell proliferation. ELF-EMF exposure is hypothesized to
suppress melatonin and thereby inhibit its protective effects.
Although IARC (2002a) has classified ELF-EMF as possibly carcinogenic to humans (Group 2B), few studies have assessed whether ELF-EMF
has differential effects at various life stages, and the committee is not aware
of studies that have examined the effect of timing of exposure through the
life course on breast cancer risks. This is a potential area for future research.
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Shift Work
According to IARC (2010b), the average prevalence of shift work
involving night work in the United States is 14.8 percent (16.7% in men and
12.4% in women). It is most common among those in health care, transportation, communication, leisure and hospitality, and the service, mining, and
industrial manufacturing sectors. It is more common in younger workers,
decreasing to a prevalence of about 10 percent after age 55 (IARC, 2010b).
It has been proposed that shift work is a risk factor in breast cancer
etiology. This phenomenon has been studied through epidemiologic, animal
and in vitro studies, and was reviewed extensively by IARC in 2010. In
the past decade, eight major epidemiologic studies have examined the relation between shift work and risk for breast cancer among female workers,
although these studies had vastly differing definitions of shift work (IARC,
2010b). Among the two prospective cohort studies (Schernhammer et al.,
2001; Schernhammer and Hankinson, 2005), one nationwide census-based
cohort study (Schwartzbaum et al., 2007), three nested case–control studies
(Tynes et al., 1996; Hansen, 2001; Lie et al., 2006), and two case–control
studies (Davis et al., 2001; O’Leary et al., 2006), the majority studied postmenopausal women (IARC, 2010b). A notable limitation of the data from
these studies is the lack of racial diversity, with only one study including a
small subset of Latina and African American women (O’Leary et al., 2006).
Despite differences in study methodologies, meta-analyses and systematic
reviews of the literature consistently note an increase in relative risk of
breast cancer associated with shift work (Megdal et al., 2005; Hansen,
2006; Kolstad, 2008; IARC, 2010b). Megdal et al. (2005) reported an
aggregate RR estimate based on 13 combined studies of 1.48 (95% CI,
1.36–1.61).
Animal and in vitro studies on shift work–induced breast cancer are
more difficult to design and conduct. Because “shift work” itself cannot be
imposed on animals, experimental studies have used models of alteration
of light and dark environments, which affect circadian pacemaker function.
The exposure to light during the night, and the altered sleep cycle that
ensues, has been proposed as the mechanism for shift work–induced breast
cancer (Straif et al., 2007).
Numerous animal studies have evaluated the effect of varying light
cycles on mammary tumorigenesis in animal models. In CBA mice, continuous light exposure increased the incidence of different spontaneous
tumors from a variety of tissues in females, and also reduced overall life
span (Anisimov et al., 2004). However, the numbers for mammary adenocarcinomas were very small—one spontaneous adenocarcinoma in light/
dark exposed mice, and two adenocarcinomas in the light/light exposed
group, with 50 animals in each group (Anisimov et al., 2004). Anderson et

112

BREAST CANCER AND THE ENVIRONMENT

al. (2000a) demonstrated in rats that constant light exposure followed by
exposure to a chemical carcinogen such as DMBA results in an increased
incidence of mammary tumors when compared to an alternating light/dark
cycle. Cos et al. (2006) examined the effects of constant light or different patterns of “light at night” on established DMBA-induced mammary
carcinomas in female Sprague Dawley rats. They found that female rats
exposed to light at night, especially those under a constant dim light during
the darkness phase, showed (1) significantly higher rates of tumor growth
as well as lower survival than controls (typical 12-hour light–dark cycle),
(2) elevated serum estradiol concentration, and (3) decreased nocturnal
excretion of 6-sulfatoxymelatonin, but no differences between nocturnal
and diurnal levels. They concluded from this that circadian and endocrine
disruption induced by light pollution could induce the growth of mammary tumors. The role of stress induced from the constant light exposure
cannot be ruled out. It could be a fundamental part of the mechanism of
action, and stress would also be relevant to humans with constant disruption of light at night/circadian rhythm. Other studies have shown that light
exposure at night increases the growth of different kinds of transplantable
tumors in rats (Dauchy et al., 1997, 1999; Blask et al., 2002).
Melatonin is hypothesized to play an important role in shift work–
induced breast cancer; this hormone transmits informational cues of environmental light and darkness from the eye to the hypothalamus, to all
tissues of the body, helping to set an organism’s biological clock. Importantly, “melatonin has anti-proliferative effects on human cancer cells
cultured in vitro” (IARC, 2010b, p. 663). According to the melatonin
hypothesis, light exposure at night results in a reduction in the circulating
levels of melatonin, which removes its check on estrogen, allowing for rising levels of estrogen to promote cell proliferation and increase the risk for
malignant transformation (Graham et al., 2001). As an antiestrogen, melatonin down-regulates ERα transcription and alters its functional activity
(Molis et al., 1994; Rato et al., 1999; del Río et al., 2004; Cini et al., 2005).
Despite numerous in vitro studies on the oncostatic effects of melatonin,
there is insufficient evidence regarding the use of melatonin supplements
to determine their impact on risk of breast cancer, making this a potential
subject area for future studies.
IARC (2010b, p. 764) concluded that “shift work that involves circadian disruption is probably carcinogenic to humans.” To understand the
role of “light at night” in breast cancer etiology, further studies are needed
on its influence on women who do not perform shift work, but who are
exposed to light at night in their homes.
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Metals
Metals are ubiquitous in the environment and human exposures derive
from natural background sources in food, water, and air as well as from
extraction, manufacture, and uses in multiple tools, products, medical
devices, and building materials. Exposures to metals in the workplace and
to the general population were reduced in the latter part of the 20th century
with occupational health and safety standards and reductions in environmental emissions and levels. The most notable results of these restrictions
include the dramatic declines in blood lead levels since the early 1970s with
the ban on lead in gasoline and a reduction in lead use in other consumer
products such as paint. The revised drinking water standard for arsenic in
2001 reduced a main source of arsenic exposure from natural occurrence
in some parts of the United States. Primary sources of cadmium exposure
include cigarette smoke and shellfish consumption. Recent reductions have
been made in allowable levels of cadmium and lead in consumer products.
A systematic review of evidence by IARC (Straif et al., 2009) has classified several different metals (arsenic and inorganic arsenic compounds,
beryllium, cadmium, chromium, nickel, and their related compounds) as
“carcinogenic to humans” (Group 1). These classifications are based on
sufficient evidence from human studies that these metals cause tumors in
the lung and some other sites, and not on findings regarding breast cancer.
Despite the considerable evidence linking certain metals (e.g., nickel,
hexavalent chromium, cadmium, and arsenic) to lung cancer from inhalation and arsenic to internal cancers (primarily bladder, lung, and liver)
and skin cancer by ingestion, no clear epidemiologic data have indicated
metal exposures to be a risk factor for breast cancer (ATSDR, 2005, 2007,
2008a,b; NTP, 2011a). Much of the evidence for metals and lung cancer
in humans arises from studies of worker populations, which have historically included few women. Other than for lung cancer, however, worker
studies have shown little evidence for other cancers from metals exposure,
indicating insufficient systemic exposure to produce tumors at distant sites.
Exposures through routes other than inhalation likewise provide little evidence of breast cancer. With the exception of arsenic, general population
exposures to metals through consumer products, medicinal applications,
implanted medical devices (McGregor et al., 2000), and elevated levels in
drinking water or food have been associated with health effects other than
cancer risks, although relatively few studies examining cancer risks have
been published for nonoccupational populations (ATSDR, 2005, 2007,
2008a,b; NTP, 2011a).
Arsenic has the most epidemiologic data for evaluating breast cancer
risk. A number of large population studies on cancer rates from exposure
to elevated arsenic levels in drinking water are available, although most
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focus on target sites that have consistently shown increased cancer rates
(e.g., lung, bladder, skin) and only a few report risks for breast cancer
(summarized by ATSDR, 2007). Tsai et al. (1999) reported no increase in
breast cancer mortality rates for women exposed to high levels of arsenic
in well water in Southwest Taiwan, based on 8,874 breast cancer deaths
and over 1.4 million person-years of exposure (SMR compared to local
reference = 1.01, 95% CI, 0.74–1.34; SMR compared to national reference
= 0.67, 95% CI, 0.48–0.89). Likewise, for a region in northern Chile with
over 400,000 people exposed to high arsenic levels in drinking water and
in air, breast cancer was used as a control cancer because it has not shown
increased risks from arsenic in other studies (Rivara et al., 1997). Compared to a control region with 1.7 million people, breast cancer mortality
risks were lower, although not significantly, for the arsenic-exposed region
(RR = 0.7, 95% CI, 0.39–1.08) (Rivara et al., 1997).
Studies have reported correlations between levels of various metals
(either increased or decreased) in tissues or specimens (e.g., hair, blood,
urine) from breast cancer patients or in tumor cells, but most of these studies have small sample sizes and little control for confounding factors. A
somewhat larger case–control study of urinary cadmium levels in 246 breast
cancer cases in a population in Wisconsin found a two-fold higher risk of
breast cancer for women in the highest urinary cadmium quartile compared with those in the lowest fourth (OR = 2.29, 95% CI, 1.3–4.2) after
adjustment for several other risk factors (e.g., age, family history of breast
cancer, postmenopausal hormone use) (McElroy et al., 2006). Adjustment
for smoking (never, former, current) had no effect on the results, although
quantifying smoking duration and intensity and hence cadmium exposure
from smoking (e.g., pack-years) may have been better able to distinguish
an effect. In this study and others that measure levels of metals at the time
of the study, it is not possible to distinguish whether metals have a role in
the causal pathway for breast cancer or if breast cancer patients or tumor
cells have abnormal metal absorption, distribution, metabolism, or excretion. Little evidence associates cadmium exposure with excess cancers of
the breast for populations that have much higher cadmium exposures from
environmental contamination such as those in Japan, England, or Belgium,
although ATSDR (2008a) notes that the statistical power of these studies
to detect cancers was not high. These populations have been well studied
for kidney and other noncancer effects. A recent IARC review concluded
that there was limited evidence from epidemiologic sources for kidney and
prostate cancer (Straif et al., 2009).
A few studies in humans have examined associations between levels of
urinary cadmium, blood lead, and hormone levels or hormonal effects at
different life stages. Urinary cadmium was associated with elevated levels
of testosterone, but not estrone, in postmenopausal women (Nagata et
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al., 2005). Higher blood lead levels, alone or in combination with urinary
cadmium levels, were reported to be related to markers of delay of menarche in prepubertal girls. Interestingly, the association was considerably
stronger in girls with elevated urinary cadmium in addition to high blood
lead (Gollenberg et al., 2010). A delay in age of menarche runs counter to
an elevation in risk because early (not late) age of menarche is a risk factor
for breast cancer.
Overall, animal studies examining the carcinogenicity of metals such
as arsenic, hexavalent chromium, nickel, cadmium, or cobalt have not
reported increases in mammary tumors (ATSDR, 2005, 2007, 2008a,b;
NTP, 2011a). One animal study found that cadmium administered by injection to pregnant rats mimicked the effects of estrogen in the uterus and
mammary glands of the offspring, supporting the hypothesis that cadmium
exposure is a potential risk factor for breast cancer (Johnson et al., 2003).
The type and magnitude of dosing, however, was not comparable to what
would likely occur in humans through environmental exposure. Johnson et
al. (2003) compared intraperitoneal injection of up to 5 µg/kg of cadmium
on gestation days 12 and 17 to the World Health Organization provisional
tolerable intake from the diet of 7 µg/kg/week. However, the systemic dose
from dietary intake is reduced by gastrointestinal bioavailability, and the
amount absorbed from the diet over 7 days is spread out over much smaller
incremental doses than the high acute dose that would result from injection.12 Lower dosing may also result in less fetal exposure because of more
efficient maternal sequestering.
High levels of arsenic, cadmium, and the transition metals such as iron,
nickel, chromium, copper, and lead have been associated with free radical
generation and oxidative stress, particularly in studies carried out in vitro
(Davidson et al., 2007). Prolonged or repeated oxidative stress is a wellknown mechanism of carcinogenicity in general. In vitro studies indicate
that many metals such as cadmium, arsenic, aluminum, and a number of
divalent metals can interact with the estrogen receptor, thereby potentially
affecting breast cancer risk; however, with the possible exception of cadmium, little research has investigated this issue. For cadmium, the findings
are not entirely consistent on whether estrogen receptor binding results in
the expected downstream effects such as expression of genes involved in
cell signaling and proliferation critical to breast cancer cell growth. Studies
observing such effects have indicated the relative potency of cadmium to be
100 to 1,000 times less than that of estradiol; other studies reported little
12 Adjusting

for body weight scaling by a factor of 3/4 (Rhomberg and Lewandowski, 2004)
results in the 5 µg/kg dose to a 0.250 kg rat over 5 days being 4 times lower than the 7 µg/kg
dose to a 70 kg human over 7 days. However, the dose to the rat is injected at one time and
the dose to the human would be spread out over 7 days.
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estrogenic effect in vitro over a wide range of concentrations (Silva et al.,
2006, and studies reviewed therein). Cadmium has also been reported to
transform normal cultured breast epithelial cells in vitro through an estrogen-independent mechanism into cells with characteristics of malignant
breast tumor cells (Benbrahim-Tallaa et al., 2009). Concentrations used,
however, exceeded those reported to be cytotoxic in other studies (Choe et
al., 2003; Silva et al., 2006). Other possible mechanisms suggested include
indirect effects such as interactions with other essential enzyme pathways
or by depletion of essential metals (e.g., those protective of oxidative stress)
or nutrients (e.g., antioxidants).
All told, the evidence available for metals as risk factors for breast
cancer indicates biologic plausibility for increased risk of breast cancer in
association with exposure to certain metals, particularly cadmium and possibly arsenic, but metals are unlikely to be a major risk factor at environmentally relevant doses. Much of the evidence is from in vitro studies using
concentrations of metals that are considerably higher than would occur in
humans from environmental exposures.
Consumer Products and Constituents
Alkylphenols
Alkylphenols are a group of chemical intermediates as well as degradation products of alkylphenol ethoxylates. Alkylphenol ethoxylates, and
particularly nonylphenol ethoxylate, are widely used non-ionic surfactants
added for foam control, wetting, and antifog/antistatic, and as stabilizers
in a variety of household, industrial/commercial, and agricultural products such as adhesives, sealants, detergents/cleaners, and pesticides (Lani,
2010). Nonoxynol-9 is an alkylphenol used as a spermicide in contraceptives. Alkylphenols are also plastic or resin additives. The U.S. Department of Health and Human Services Household Products Database lists
nonylphenyl polyethoxylate in paints, certain cleaners, and hair color products (HHS, 2010b), and nonylphenol in hardeners and epoxy for household
maintenance products (HHS, 2010a).
As a result of widespread use and degradation of alkylphenol
ethoxylates, alkylphenols have been detected in municipal and industrial
discharges and in receiving water bodies and sediment (Fenet et al., 2003;
Gross et al., 2004). NHANES reported urinary levels of 4-tert-octylphenol
in survey years 2003–2004 at approximately 0.3 to 0.4 μg/L at the 50th
percentile and 1.3 to 2.5 μg/L at the 95th percentile, depending on age
or ethnic grouping (CDC, 2009a). Urinary levels of orthophenylphenol
measured in the 1999–2000 survey were similar to those of octylphenol in
2003–2004, but had decreased to undetectable levels at the 50th and 75th
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percentiles in 2001–2002 (no data for 2003–2004). No data were reported
for nonylphenol.
Alkylphenols, particularly larger compounds such as octylphenol and
nonylphenol, are more lipophilic and persistent in the environment than
their parent compounds (Lani, 2010). In vitro studies in breast cancer cell
lines also indicate a trend for increasing estrogenic effects with larger alkyl
groups such as for octyl- and nonylphenol (Terasaka et al., 2006; Sun et
al., 2008). Among the alkylphenol compounds, 4-nonylphenol accounts for
80 percent of the alkylphenol in the environment (Oh et al., 2008) and is
the most studied alkylphenol for its potential endocrine disrupting effects.
The amount of research on this compound, however, is considerably less
than for the related compound, bisphenol A. Alkylphenols have not been
evaluated for carcinogenicity by regulatory agencies in the United States
(e.g., NTP, EPA) or international groups (e.g., IARC). NTP has immunotoxicology, behavioral toxicology, and multigenerational reproductive
studies under way (HHS, 2010b). In addition to estrogenic effects demonstrated in vitro, a few studies in laboratory animals indicate the potential of
nonylphenol to alter mammary gland development and increase mammary
tumor formation.
Nonylphenol administered by oral gavage at 100 mg/kg (but not at
10 mg/kg) on gestational days 15–19 in rats resulted in advanced lobular
development of the mammary glands of the offspring on postnatal day 22
(Moon et al., 2007). Transgenic mice consuming nonylphenol in honey
for 32 weeks, beginning at 5–6 weeks of age, showed increased mammary
tumor rates at a dose of 45 mg/kg/day, but not at a dose of 30 mg/kg/day
(Acevedo et al., 2005). By comparison, an equivalently estrogenic dose of
estradiol-17b (E2) of 0.01 mg/kg/day (based on higher estrogen receptor
binding affinity of E2 relative to nonylphenol) did not increase mammary
cancer risk. Acevedo et al. (2005) thus concluded that nonylphenol may be a
more potent mammary gland carcinogen than predicted by its relative binding affinity to E2. Given widespread exposure and hazards identified from
in vitro and animal studies at relatively high doses, alkylphenols are candidates for further investigation. Similar to many other relatively unstudied
chemicals with endocrine activity, more research is needed to define what
risks are posed to the population exposed at low levels in the environment.
Bisphenol A
Bisphenol A, or BPA, is a plasticizer and one of the highest volume
chemicals produced worldwide (Vandenberg et al., 2007). It is used in the
production of products such as polycarbonate plastics, epoxy resins that
line metal cans, dental appliances and composite fillings, and also as a
component in thermal paper used for certain receipts. BPA is characterized
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by widespread use and frequent exposure in developed countries. Human
exposure is most likely through the oral route, although transdermal exposure (bathing in contaminated water, handling cash register receipts)
(Biedermann et al., 2010), and inhalation are also possible (Stahlhut et al.,
2009). Concern has arisen about BPA’s leaching from medical products or
consumer products such as cans, plastic food wrap, paper towels, paper
receipts, and especially from polycarbonate baby bottles. Although studies
on BPA are numerous, they are difficult to interpret, and they illustrate the
complexities of breast cancer risk research.
BPA has not been evaluated for carcinogenicity by IARC, WCRF/
AICR, or EPA (2011a), although EPA (2010b) has summarized the existing
literature as part of an Action Plan to be implemented. Several panels have
reviewed toxicological findings about BPA (EFSA, 2006, 2008; vom Saal et
al., 2007; FDA, 2008; NTP, 2008; JECFA, 2010). Some of NTP’s findings
are noted below.
Human studies on BPA have focused primarily on exposure, and exposure is ubiquitous. NHANES data showed that 90 to 95 percent of the U.S.
population has detectable levels in urine (Calafat et al., 2008). BPA has
been found in virtually all human tissues and in follicular fluid, maternal
serum, fetal serum, umbilical cord blood, amniotic fluid, and the placenta
(Vandenberg et al., 2007, 2010). Furthermore, the short half-life of BPA
means that any detectable exposure was recent, implying that BPA exposure
is also continuous. Indeed, the cessation of consumption of packaged food
for 3 days resulted in a 66 percent reduction of urinary BPA, which returned
to pre-intervention levels once consumption resumed (Rudel et al., 2011). A
study of the pharmacokinetics of BPA in adult volunteers with a controlled
high dietary exposure13 suggests that serum concentrations are roughly 42
times lower than urinary levels and below the limit of detection of 1.3 nM
(Teeguarden et al., 2011).
Epidemiologic studies on the potential health effects of BPA exposure
are limited in both quantity and quality for various reasons. Because of
its short half-life, current measurements may not be a sound basis for
estimating past exposures. In addition, exposure studies may be unable
to distinguish the potential effects of BPA from those of the myriad of
other estrogenic compounds that are present in most people examined
(Vandenberg et al., 2007). Concern for early-life exposure and develop
mental effects also further complicates studies; the exposure, pharmaco
kinetics, and metabolism of BPA in adults cannot always be extrapolated
to make predictions for the fetus, infant, or child.
13 The estimated average consumption of BPA was 0.27 μg/kg body weight (range, 0.03–
0.86), 21 percent greater than the 95th percentile of aggregate exposure in the adult U.S.
population (Teeguarden et al., 2011).
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Various studies have been conducted to assess the potential for BPA
to induce cancer in rodents, including one set of NTP studies as well as
studies that are not cancer bioassays, but that evaluate the structure and
function of the mammary gland in pubertal or young adult animals following early-life exposure. The in vivo data have been difficult to interpret.
Two-year dietary cancer bioassays were conducted by NTP in 1982 using
the standard protocol at that time. Rats and mice of both sexes beginning
at 5 weeks of age were exposed for 104 weeks to high levels of BPA in feed.
BPA was not shown to induce neoplastic or non-neoplastic lesions in the
mammary glands of female rats or mice (NTP, 1982a), although suggestive
carcinogenicity observations were reported for other sites (hematopoietic
and testicular cancers). The NTP (1982a, p. vii) concluded, “Under the
conditions of this bioassay, there was no convincing evidence that bisphenol
A was carcinogenic for F344 rats or B6C3F1 mice of either sex.”
The study has received criticism by Keri et al. (2007) for many reasons
common to studying estrogenic compounds using standard cancer bioassay
protocols (see Chapter 4). Prenatal exposure was not included, as also
noted recently by NTP (2008). Also, the high dosing can be problematic
when assessing endocrine disrupting compounds such as BPA, where dose
response often defies conventional toxicological relationships; in some cases,
low doses may have important physiological effects, while in others, high
doses may be inhibitory (Watson et al., 2007; Kochukov et al., 2009). It also
can be difficult to completely eliminate exposure to endocrine disrupting or
estrogenic compounds in the control group; cages are often made of BPA
polymers, and phytoestrogen-free diets must be followed (Keri et al., 2007).
Animal studies have suggested that perinatal subcutaneous exposure
(via osmotic minipumps) to low doses of BPA can cause a variety of tissue
changes in the peripubertal mammary gland that may signal an increased
susceptibility to tumors in later life (Muñoz-de-Toro et al., 2005; Durando
et al., 2007; Vandenberg et al., 2007). Furthermore, low-level exposure
subcutaneously administered to pregnant rats has led to preneoplastic
lesions—ductal hyperplasia and carcinoma in situ—in their offspring in
adulthood (Durando et al., 2007; Murray et al., 2007). However, no data
currently exist to determine whether lesions of the severity and extent
seen in these studies contribute to the occurrence of invasive carcinoma
(NTP, 2008). Because most of the existing data are based on subcutaneous
exposure rather than oral dosing, it is difficult to determine whether the
pharmacokinetics in animals are informative for human oral or dermal
exposure. However, oral exposure of pregnant rats to BPA at a dose of 250
μg/kg body weight has also been studied and observed to similarly affect
mammary gland development of offspring in the peripubertal period; exposure at a lower dose (25 μg/kg) showed effects on relevant gene expression
(Moral et al., 2008).
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NTP (2008) found “minimal concern” for BPA’s effects on the mammary gland for females at the fetal, infant, and child stages at current levels
of human exposure. In doing so, it noted that “[t]hese studies in laboratory
animals provide only limited evidence for adverse effects on development
and more research is needed to better understand their implications for
human health. However, because these effects in animals occur at bisphenol
A exposure levels similar to those experienced by humans, the possibility
that bisphenol A may alter human development cannot be dismissed” (NTP,
2008, p. 7).
Currently, the in vivo data are insufficient to determine BPA’s effects in
adult organisms.
Because of the lack of epidemiologic evidence on BPA and breast
cancer risk and limitations of in vivo study designs, current BPA data
primarily come from in vitro models. Although such data often do not
speak specifically to breast cancer endpoints, they have shed some light
on BPA’s mechanisms of action. BPA is a well-established xenoestrogen
and endocrine disruptor, and it has been shown to mimic, enhance, or
inhibit endogenous estrogen activity (Wetherill et al., 2007). BPA selectively
binds to both estrogen receptors (ERa and -b), with a higher affinity for
ERβ (Kuiper et al., 1997; Routledge et al., 2000; Matthews et al., 2001).
Although endocrine disruption is an indirect mechanism for cancer, it has
been hypothesized that it is important because of the morphogenic nature
of hormones; exposure to even low doses of hormonally active chemicals,
especially during development, can alter cellular or tissue organization over
time, creating an environment susceptible to diseases such as cancer (Soto
and Sonnenschein, 2010). Evidence implicating BPA as genotoxic is conflicting and difficult to interpret. A number of in vitro assays have shown no
mutagenic activity (Tennant et al., 1987; Schweikl et al., 1998; Schrader et
al., 2002; Keri et al., 2007), but others have shown genotoxic activity correlated with morphological transformation or aneuploidy (Galloway et al.,
1998; Hilliard et al., 1998), DNA adduct formation (Tsutsui et al., 1998),
or double-stranded breaks (Iso et al., 2006).
Another emerging facet of BPA mechanistic research involves susceptibility at various life stages. It has been proposed that BPA can epigenetically alter or suppress gene expression through endocrine receptor mediated
pathways, with effects accumulating over time to increase risk of neoplasia
(Doherty et al., 2010; Weng et al., 2010).
In sum, the role of BPA in human breast cancer is not known. Current
researchers have not reached a consensus on the effects of BPA in breast
cancer etiology, but the effects of BPA extend to other systems, with potentially harmful effects to the fetal, infant, or child brain and behavior (NTP,
2008). The results of a large body of research have shown that BPA has
estrogenic effects and effects on the androgen receptor, the thyroid gland,
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male and female reproductive systems, and immunity. It has also been associated with abnormal liver enzyme concentrations and self-reported cardiovascular disease and diabetes (Lang et al., 2008). Active research efforts are
continuing to further clarify its health effects (NIEHS, 2009; FDA, 2010).
Because of the complex nature of BPA’s action and mechanisms of activity
that overlap with those of other xenobiotics, further research should take
a mechanistic and systems biology approach to address additive or other
cumulative actions of estrogenic compounds and their roles in overall
health.
Nail Products
Potential health risks from exposures to chemicals of concern in consumer nail products have attracted public attention. Nail products contain
a number of chemicals that are known or suspected carcinogens, as well as
agents implicated for risk of breast cancer by virtue of their endocrine disrupting properties. Nail product constituents may include toluene, benzoyl
peroxide, formaldehyde, and phthalates (California Department of Health
Services, 1999; EPA, 2004).
Relatively little human health research has been done in this area. An
early occupational mortality study in California indicated that cosmetologists, including manicurists, had significantly elevated risks for breast cancer mortality (Singleton and Beaumont, 1989), although a U.S. mortality
study covering a decade later failed to find such an association (Robinson
and Walker, 1999). In terms of incidence, a 1984 study linking licensed cosmetologists to the Connecticut cancer registry noted that women licensed
between 1925 and 1934, before the dramatic increase in the nail salon
sector, experienced a significant excess of breast cancer compared to the
general population in Connecticut (Teta et al., 1984).
The nail salon industry in the United States, now dominated by female
Asian immigrant workers, has expanded rapidly over the past two decades
(Quach et al., 2008). Although few studies have explicitly addressed cancer
risks from use of nail products, a recent California study of nail salon workers suggested that, despite lack of evidence of an excess of breast cancer in
the nail salon workforce, the industry is young and further follow-up of
workers is needed (Quach et al., 2010). Notably, evidence shows that nail
salon workers are exposed to several chemicals of concern, including toluene, methyl methacrylate, and total volatile organic compounds at levels
higher than recommended guidelines (Quach et al., 2011).
Animal studies have been carried out on many of the individual chemical components of nail products, some of which are established as known
or reasonably anticipated to be human carcinogens (e.g., formaldehyde
[IARC, 2006a; NTP, 2011a], styrene [NTP, 2011a]). Some of these chemi-
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cals (e.g., toluene, dibutyl phthalate) are also being tested for endocrine
disrupting properties based on widespread exposure to them (EPA, 2009b).
The committee is not aware of animal data evaluating the effects of mixtures similar to those in nail care products.
Nail care products represent a range of easily obtainable and widely
used over-the-counter commodities for which there is sparse information
on formulations, chemical exposures, and health risks. Women in the nail
salon workforce may be the most highly exposed, but widespread lower
level exposure of consumers suggests that this is an area for further inquiry.
Hair Dyes for Personal Use
Hair dyes can be classified as oxidative or non-oxidative. Oxidative
hair dyes are permanent dyes and make up the majority (about 80 percent
or higher) of the hair dyes that are sold (Baan et al., 2008; IARC, 2010c).
They are complex chemical mixtures: several ingredients (particularly
para- and ortho-aminophenols, phenylenediamines, meta-aminophenols,
and metadiaminobenzenes) are mixed in the presence of hydrogen peroxide to produce the color through a chemical reaction within the hair
shaft. The darker the hair dye color, the higher the concentration of chemical ingredients. Non-oxidative hair dyes are semipermanent or temporary
dyes, and they may also be called direct dyes. With non-oxidative coloring
products, there is no chemical reaction to produce the hair color, and the
color will wash out with repeated shampooing. They use high–molecular
weight compounds that may contain multiple different dyes to obtain the
specific color. Because of the chemical process involved with oxidative dye
products and the potential to produce reactive species during the process, it
has been previously hypothesized that permanent hair dyes would be more
likely than non-oxidative dye products to be associated with cancer (Bolt
and Golka, 2007).
Oxidative hair dyes were introduced at the end of the 19th century, and
their formulations have changed over time (IARC, 2010c). The use of some
chemical ingredients in permanent hair dyes was discontinued in the 1970s.
Thus, the association of cancer outcomes with product use before and after
1980 has been examined in some studies. Occupational exposures to hair
dyes by hairdressers and barbers have also been examined (IARC, 2010c).
A meta-analysis by Takkouche et al. (2005) included 12 case–control
studies (involving 5,019 cases and 8,486 controls) and 2 cohort studies
on personal use of hair dyes. All but two case–control studies examined
the association of breast cancer with permanent hair dyes, and all of the
case–control studies explored an association of breast cancer risk with any
type of hair dye use. Intensive exposure, defined as more than 200 lifetime
exposures to hair dye, was examined in the 2 cohort studies and 7 of
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the 12 case–control studies. Among all studies, no statistically significant
association was seen between risk of breast cancer and any hair dye use
(RR = 1.06, 95% CI, 0.95–1.18 ) or, from 9 studies, for intensive use (RR =
0.99, 95% CI, 0.89–1.11) (Takkouche et al., 2005). Additionally, a study
reporting detailed information on type of hair dye use and color reported
no statistically significant association for use of either dark color products
or light color products, or age at first use, duration of use, number of applications, or years since first use (Zheng et al., 2002).
An IARC (2010c) review examined hair dyes as occupational and
personal exposures. For cancer in general, there was inadequate evidence
in humans for the carcinogenicity of personal use of hair dyes; the overall
evaluation was that personal use of hair dyes was not classifiable as to its
carcinogenicity. For breast cancer, no association was seen for occupational
exposures, and the epidemiologic evidence on breast cancer and personal
use of hair dyes was considered “inadequate” to reach a conclusion on
carcinogenicity (IARC, 2010c, p. 644).
IARC (2010c) categorized the animal evidence regarding carcinogenicity in general as “limited,” but noted some studies in rats showed benign
lesions of the mammary glands after exposure to oxidative hair dye formulations or components. The majority of rodent studies have exposed
adult animals by skin painting: shaving a patch of fur, followed by a direct
application of the hair dye. The studies are difficult to interpret because of
the variety of product formulations and strengths that may be in use. Most
of the animal studies reviewed in the most recent IARC review were conducted in the 1970s and 1980s, and product formulations change over time.
Epidemiologic evidence from case–control and cohort studies does not
suggest an association between hair dye use and breast cancer. Limitations
of some of the studies include lack of specificity for type of hair dyes used
(oxidative versus non-oxidative) and details on color, type, or duration of
use. In addition, formulations have changed over time, and they differ based
on the region of the world in which they are produced and sold. Strengths
of the epidemiologic evidence include studies conducted in a variety of populations, including those with exposure to dark hair colors, examinations
by intensity of exposure, and consistent findings of no association among
those studies with detailed exposure information. Based on the available
human evidence, personal use of hair dyes is unlikely to be an important
risk factor for breast cancer.
Parabens
Parabens are a class of synthetic chemicals called para-hydroxybenzoates.
They are the most widely used preservatives in cosmetic products, and they
are also used in a wide variety of foods and drugs. They can be found in
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some underarm deodorants and antiperspirants, but most major brands do
not currently contain them (NCI, 2008, citing FDA). They meet several criteria of an “ideal preservative”: a broad spectrum of antimicrobial activity,
especially against yeasts and molds; virtual lack of color and taste; stability
over a wide pH range; and extremely low acute and chronic toxicity (Soni
et al., 2005). They have, however, been found to be weakly estrogenic
(Golden et al., 2005) and concerns have been raised about their effects
in combination with other potentially estrogenic compounds (Darbre and
Harvey, 2008).
Few epidemiologic studies are of relevance to paraben exposure and
breast cancer. A population-based case–control study with response rates
of 75 to 78 percent showed no evidence of an association between breast
cancer and the use of underarm deodorant or antiperspirant, with or without underarm shaving (Mirick et al., 2002). However, because parabens
also have other uses—in other personal care products, as antimicrobials
to food products up to concentrations of 0.1 percent, and as preservatives
in drugs—the extent to which women using antiperspirants or deodorants
were more exposed than the study controls is unclear. The only other study
specifically addressing cancer endpoints is a case-only survey with a very
low response rate (32.5%) that reported that frequency and earlier onset
of antiperspirant or deodorant use were associated with an earlier age of
breast cancer diagnosis (McGrath, 2003). With no control subjects and
lack of age adjustment, the study design does not permit reliable assessment of breast cancer risk associated with underarm deodorant use. For
example, a possible interpretation of the survey of cases is that younger
women use more antiperspirant than older women. As shown by this same
study, underarm antiperspirant use in women increased dramatically from
the 1960s up to 2000. As a result, younger women are more likely to use
deodorant at an earlier age and more frequently than older women. Breast
cancer rates also increased during this period, but are not necessarily
related. A cohort study of girls ages 6–8 at entry showed no association
between urinary concentrations of benzophenone-3 (a sunscreen) or parabens and signs of early puberty (Wolff et al., 2010). The 1 year of follow-up
of this young population is too short to have breast cancer endpoints. The
National Cancer Institute (NCI, 2008, p. 1) states, “there is no conclusive
research linking the use of underarm antiperspirants or deodorants and the
subsequent development of breast cancer.”
In an extensive review of the clinical, experimental animal, and in
vitro mechanistic studies of parabens, Golden and colleagues (2005) concluded that in the aggregate, the evidence is extremely weak that parabens,
acting through endocrine or estrogenic or endocrine disruption mechanisms, have adverse effects on human health, including breast cancer. The
review notes that parabens are 1 thousand to 1 million times less potent
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than 17β-estradiol and the likelihood of exposure to concentrations that
could exert hormonal effects is remote. They conclude that it is “biologically implausible” that exposure to parabens (in utero, or by transdermal,
oral, or any other route) increases the risk of any estrogen-mediated endpoint in humans. However, the authors did not make comparisons taking
into account pharmacokinetics, persistence, and other aspects of exposure
related to the amount of active compound available for interaction with
the receptor.
A researcher from the Procter and Gamble Company proposed a new
method to refine estimates of exposure to parabens through topically
applied cosmetics and food (Cowan-Ellsberry and Robison, 2009). Use of
conservative estimates of parabens concentrations in products, application
or ingestion frequency, dwell time of topical substances, absorption, and
clearance/metabolism led to an aggregate exposure estimate of 1.3 mg/kg/
day, and cruder estimates of up to 4.1 mg/kg/day; these levels are below
the acceptable daily intake (ADI) for parabens of 10 mg/kg/day (Soni et
al., 2005). Regarding estrogenicity, the more branched and longer chained
the paraben, the greater the estrogen binding activity (FAO/WHO, 2005;
Integrated Laboratory Systems, 2005).
The Cosmetic Ingredient Review, a group established by the cosmetic
industry in collaboration with the FDA, has concluded, based on an
expert panel review of the epidemiologic evidence in combination with
animal toxicology and in vitro mechanistic studies, that use of parabens
in cosmetics is safe and is not carcinogenic (Cosmetic Ingredient Review,
2008). The FDA (2007) has concluded that “at the present time there is
no reason for consumers to be concerned about the use of cosmetics containing parabens.”
On the other hand, in 2005 the European Food Safety Authority withdrew propyl paraben from an ADI, for parabens as a group, because of
concerns about the estrogenic and reproductive effects (FAO/WHO, 2007).
Male reproductive toxicity was discovered for propyl paraben in animal
studies at the same dose as the ADI. Similar toxicity was seen with butyl
paraben (not used in Europe as a food additive). The Food and Agriculture
Organization of the United Nations (FAO) and the World Health Organization (WHO) in 2007 also withdrew the compound from the group ADI.
After review of the toxicological literature it noted, “There are insufficient
data to conclude whether the effects observed with parabens of higher alkyl
chain length [butyl and propyl] in males are mediated via an estrogenic,
anti-androgenic or some other mechanism” (FAO/WHO, 2007, p. 29).
A comprehensive toxicological profile sponsored by the NTP reported
butyl paraben to be noncarcinogenic to rats and mice (Integrated Laboratory Systems, 2005). However, because of data gaps, the NTP selected the
compound for carcinogenicity evaluation and other toxicological studies.
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Perfluorinated Compounds
Perfluorinated compounds such as perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS) have been produced since the 1950s
and used extensively in the production of industrial chemicals and in surfactants and surface protectors for products such as nonstick cookware and
fabric stain and water repellants. The majority of human exposure is probably through diet and drinking water, possibly related to wastewater treatment plants that may concentrate perfluorinated compounds (Steenland et
al., 2010). They may also be ingested in dust from treated products (Trudel
et al., 2008; Steenland et al., 2010). Testing through NHANES has shown
recently declining but nearly universal exposure to PFOA and PFOS in the
United States (Calafat et al., 2007). With this widespread exposure, these
chemicals have garnered attention for potential long-term adverse health
outcomes (White et al., 2011a,b). EPA has not yet completed an assessment
of their health risks, and they have not been reviewed by IARC.
The epidemiologic studies to date are limited in number and scope.
Grice et al. (2007) surveyed 1,895 past and present workers in perfluoro
ocatanesulfonyl flouride production and used a job exposure matrix to
estimate PFOS exposure in women reporting breast cancer and other conditions validated from medical records. Only 263 women were among 1,400
workers returning questionnaires, with 4 breast cancers reported among
them (the expected number of breast cancers for this age distribution of
women was not reported). According to the authors, the PFOS exposures
of study participants were “substantially higher than exposures in the general population” (Grice et al., 2007, p. 728). This study was limited in its
ability to detect health effects, but no association was found with breast
cancer or the other conditions of interest. Other studies (reviewed in Olsen
et al., 2009) have found no consistent relationship between PFOA and
PFOS exposure and human fetal development (e.g., birthweight, ponderal
index); no cancer endpoints were evaluated. Studies to assess the impact of
PFOA on the onset of puberty as a risk factor for breast cancer are under
way as part of the NIH-supported Breast Cancer and the Environment
Research Centers (Hiatt et al., 2009).
Few studies have been conducted to assess PFOA or PFOS t umorigenesis
in animals. Various tumors have been observed in animals, including equivocal findings of mammary tumors in an early unpublished study by a
producer of the compound (Sibinski, 1987; EPA, 2005a). Recent animal
studies indicate that PFOA exposure at critical developmental stages can
alter mammary gland growth in mice, among other developmental effects
(Macon et al., 2011; White et al., 2011a,b). For example, effects were seen
in mice exposed to PFOA in utero or chronically to low levels in drinking
water before adulthood (White et al., 2011b). The second half of gesta-
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tion is an especially sensitive period (White et al., 2007). Effects on the in
utero development of mammary glands in CD-1 mice have been observed
at fairly low doses (0.01 mg/kg/d to dams during gestation) (Macon et al.,
2011). Effects on mammary gland development have been also observed in
peroxisome proliferator-activated receptor alpha (PPARα) knockout mice,
indicating that it is unlikely that PPARα plays any role in adverse impacts
on mammary development (Zhao et al., 2010). Stimulatory effects on mammary development from peripubertal exposure to PFOA were associated
with increased ovarian steroid hormone production, and with increased
growth factors in mammary glands, independent of PPARα (Zhao et al.,
2010), indicating that PFOA may act through an endocrine-disruption
mechanism.
The potential carcinogenicity of PFOS/PFOA in the mammary gland
and effects of exposure during various stages of life provide biologic plausibility to the hypothesis that PFOA may impact breast cancer and remain
important topics for future research.
Phthalates
Phthalates, known as “plasticizers,” are added to plastics to increase
flexibility, and are widely found in consumer products, including plastics used in food packaging, rain gear, footwear, and toys (NTP, 2006a;
Rudel et al., 2011). They are also used in cosmetics and personal care
products because of their viscosity and lipophilicity, and they are used in
perfumes, lotions, suspension agents for aerosols, deodorants, and nail
polish (Witorsch and Thomas, 2010). They are also present in some medical devices, blood storage bags, and intravenous tubing (CDC, 2011b).
Human exposure to phthalates occurs through ingestion, inhalation, and
dermal contact. They have been found to be metabolized and excreted
quickly (Anderson et al., 2001). Human studies have identified phthalates
in amniotic fluid (Silva et al., 2004), in breast milk (Parmar et al., 1985;
Dostal et al., 1987), and in urine of people of all ages (CDC, 2003, 2005;
Sathyanarayana et al., 2008).
Concerns have been raised about phthalates because of evidence from
laboratory animals that they can act as anti-androgens to affect the development of the male reproductive system at low levels (NRC, 2008). The age
of the animal is important for the development of health effects, with the
fetus being the most sensitive life stage (NRC, 2008). In 2011, diethylhexyl
phthalate was reevaluated by IARC and assigned to category 2B—possibly
carcinogenic to humans—because of evidence that it induces Leydig cell
tumors of the testes, liver tumors, and pancreatic tumors (Grosse et al.,
2011). EPA (2011b) has made a similar classification. The European Union
(EU) has banned several phthalates from cosmetics, and both the EU and
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the United States have restricted the concentration of several phthalates in
children’s toys.
Data relevant to the possible role of phthalates as a risk factor for
breast cancer are limited. A case–control study of 233 women with breast
cancer and 221 age-matched controls in Mexico measured urinary levels of
phthalates prior to treatment (Lopez-Carillo et al., 2010). After adjustment
for other breast cancer risk factors, a significantly elevated risk was found
with higher urinary concentrations of monoethyl phthalate (MEP), the main
metabolite of diethyl phthalate (DEP) (OR = 2.20, 95% CI, 1.33–3.63). The
association was stronger for younger women with premenopausal breast
cancer (OR = 4.13, 95% 1.60–10.70). Statistically significant negative or
inverse associations were noted for exposure to monobenzyl phthalate
(MBzP) (OR = 0.46, 95% CI, 0.27–0.79) and mono (3-carboxylpropyl)
phthalate (MCPP) (OR = 0.46, 95% CI, 0.27–0.79). The findings in this
study may have been influenced by the fact that the measurements were
from urine collected from controls at home and from cases in the hospital,
where exposures to phthalates could have been greater.
Some studies have observed effects on timing of puberty, attributed to
phthalates’ hypothesized action as hormonally active environmental agents.
Chou et al. (2009) studied pubertal timing in 30 Taiwanese girls with early
thelarche (breast development), 26 with central precocious puberty,14 and
33 normal controls. Girls with premature pubertal timing had higher (p =
.005) levels of monomethyl phthalate (MMP) than controls. Monobutyl
phthalate and mono-(2-ethylhexl) phthalate were not associated with premature thelarche. Wolff et al. (2010) measured a panel of nine phthalates
and other endocrine disruptors prior to pubertal onset in a cohort of 1,149
ethnically diverse American girls. There was a weak and statistically nonsignificant association between early puberty and a group of low–molecular
weight phthalates and a weak association with later pubic hair development
and a group of high–molecular weight phthalates.
Few animal and in vitro studies have assessed the effects of phthalates in females, and few directly assess mammary tumors as endpoints,
particularly for in utero and early-life exposure. Standard carcinogenesis
assays that expose adult rodents to di(2-ethylhexyl)phthalate (DEHP) or diisononyl phthalate (DINP) find tumors at multiple sites, including the testes,
but not the mammary gland (EPA, 1997; CPSC, 2001). A study looking at
in vivo and in vitro effects of phthalates found conflicting results regarding
their estrogenicity; phthalates were able to induce an estrogenic effect in
breast cancer cells in vitro, but were unable to do so in an immature rat
14 Girls with central precocious puberty had maturation of the breasts and external genitalia,
advanced bone age, and obvious pituitary gonadotropin activity stimulating the gonads (Chou
et al., 2009).
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model (Hong et al., 2005). More recent studies have found that DEHP is
a potent and effective ligand for activation of the constitutive androstate
receptor (CAR), a ligand-activated nuclear hormone receptor. The implications of these findings are not yet clear, but they do raise a new mechanism
of action for this class of compounds that might be viewed as “endocrine
disrupting” in a genetic subset of the population (those with certain CAR
splice variants) (DeKeyser et al., 2009, 2011). Butyl benzyl phthalate has
been shown to induce genomic changes in the rat mammary gland after
neonatal and prepubertal exposure (Moral et al., 2007). In utero exposure
in rats affected gene expression and proliferation in the mammary gland,
mainly at the beginning of puberty, and also induced more proliferating
terminal end buds by age 35 days (Moral et al., 2011). Effects on male
and female mammary development were also observed in rats exposed to
dibutylphthalate in utero and via lactation (Lee et al., 2004). The generalizability of these findings to other phthalates is not known. Further studies
regarding early-life exposures and mammary lesions related to carcinogenesis and the potential mechanisms of the effects of phthalates are necessary
to understand their role as a potential risk factor for breast cancer.
Polybrominated Diphenyl Ethers
Polybrominated diphenyl ethers (PBDEs) and other brominated and
chlorinated flame retardants (BFRs/CFRs) represent a large class of organohalogenated compounds that were introduced in the 1970s (ATSDR, 2004)
and are widely used as flame retardants in plastics, foams, textiles, electronic devices, and building materials (Darnerud et al., 2001; Costa et al.,
2008; Lorber, 2008). In the 1970s, some flame retardants were voluntarily
removed from the market. This action included polybrominated biphenyls
(PBBs) after humans and livestock were accidentally poisoned and brominated tris (tris(2,3-dibromopropyl) phosphate) because of concerns about
children’s exposures from its use in children’s pajamas. Two commercial
mixtures of PBDEs have recently been phased out in the United States and
banned in California: penta-BDE, which was used in commercial foam, and
octa-BDE, which was used in textile coatings and in certain plastics. However, a variety of mostly untested halogenated flame retardants remain on
the market, some in frequent use. IARC has not evaluated PBDEs. An EPA
toxicological review on one of the penta-BDEs noted, “No studies currently
exist on the potential carcinogenicity of BDE-99 [2,2′ 4,4′5-pentabromodiphenyl ether] in humans or experimental animals. Under the Guidelines
for Carcinogen Risk Assessment (EPA, 2005b), there is ‘inadequate information to assess the carcinogenic potential’ of BDE-99 at this time” (EPA,
2008, p. 66).
Although routes of human exposure have not been well characterized
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(Lorber, 2008), reports began to emerge in the late 1990s of high and rapidly rising body burden levels of PDBEs in humans (Hites, 2004; Sjodin et
al., 2004; Suvorov and Takser, 2008), particularly in California (Petreas
et al., 2003, 2011; Sjodin et al., 2008; Zota et al., 2008; Windham et al.,
2010). The few studies of contemporary body burden levels appear to show
considerable variation. Early studies concluded that all age groups had
fairly similar levels of serum PBDE, except for infants and children from
0 to 4 years (Thomsen et al., 2002). Other studies have demonstrated an
inverse association between age and PBDE body burden, with higher levels
at younger ages, thought to be associated with breastfeeding and hand-tomouth behavior in young children (Schecter et al., 2005; Betts, 2008; Costa
et al., 2008; Rose et al., 2010). However, the NHANES data also provide
some evidence for high exposure among Americans over age 60 (Sjodin et
al., 2008), a disproportionate relationship that may be a result of consumers retaining PBDE-treated furniture over long periods of time (Betts, 2008).
Data on the carcinogenic potential of PBDEs in humans are extremely
sparse, and to date, there have been few studies related to breast cancer.
Elevated rates of total cancer, although not specifically breast cancer, have
been reported among populations living in the Zhejiang province of China,
an area with documented high levels of PBDE environmental contamination
(Yuan et al., 2008; Zhao et al., 2008, 2009; Wen et al., 2009). Otherwise,
only three small case–control studies have been published. Two Swedish
studies found a modest, but statistically nonsignificant, increase in risk for
non-Hodgkin’s lymphoma (Hardell et al., 1998), and a statistically significant three-fold increase in risk of testicular cancer in men whose mothers
had serum levels of total PBDEs above the 75th percentile (Hardell et al.,
2006). A California hospital-based case–control study of breast cancer
failed to find an association between measured adipose levels of total
PBDEs and breast cancer, although the study was small and the use of
benign breast disease controls may have resulted in overmatching, hence
making it more difficult to detect an association if one existed (Hurley et
al., 2011).
Deca-BDE is believed to have a lower range of toxicities than the
phased-out PBDEs, but it degrades to lower brominated forms that have
much longer half-lives and greater toxicity. Deca-BDE has been classified
by EPA (2008) as having suggestive evidence of carcinogenic potential,
based on bioassays conducted 25 years ago showing statistically significant increases in male mice of hepatocellular carcinomas and adenomas
(combined incidence) and marginal increases in thyroid gland follicular cell
adenomas, as well as liver nodules in male and female rats (NTP, 1986).
Standard 2-year carcinogenicity bioassays for the octa- and penta-BDEs
have not been conducted, but NTP plans to test hexa-BDE 153 in long-term
carcinogenesis studies (NTP, 2011b).
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PBDEs and their hydroxylated metabolites and breakdown products
have well-established endocrine-disrupting effects (Darnerud, 2008; Legler,
2008; Mercado-Feliciano and Bigsby, 2008a,b; Talsness et al., 2008). They
also may modulate sex hormone activity. For example, several PBDE congeners and hydroxylated PBDEs have been found to be estrogen agonists
in cell line assays based on ER-dependent luciferase reporter gene expression (Meerts et al., 2001), and other findings have also been indicative of
estrogenic activity (Mercado-Feliciano and Bigsby, 2008a,b). Antiestrogenic
activity for PBDEs and metabolites has been suggested and is currently
an ongoing topic of research. For example, 22 hydroxylated PBDEs were
found to significantly inhibit human placental aromatase activity (Cantón
et al., 2008).
At present, the epidemiologic, animal, and in vitro evidence is insufficient to assess whether PBDEs are a risk factor for breast cancer. Despite
phase-out or banning of certain formulations, the ubiquitousness and persistence of many PBDEs and continuing exposures to the deca-BDEs and
their degradation products indicate the need for future research on their
potential relationship to breast cancer.
Industrial Chemicals
Benzene
Benzene is a colorless, highly flammable liquid of both naturally occurring and man-made origins, and it is widely used in the United States for
industrial purposes. It is present in gasoline and used as a gasoline additive
(ATSDR, 2011a). It is also present in tobacco smoke. Commercial production dates back to the mid-1800s (NTP, 2011a). Benzene can evaporate
rapidly into the air, where it can react with other chemicals, and it is also
found in water and in soil, where it can persist for longer periods (ATSDR,
2011a). Early case reports and case studies indicated an increased risk of
cancer in humans, particularly acute myeloid leukemia, and repeated epidemiologic findings of associations between benzene exposure and increased
risk of acute myeloid leukemia have established benzene as a known human
leukemogen (IARC, 1982, 1987; Baan et al., 2009; NTP, 2011a; Zhang et
al., 2011). Associations of cigarette smoking with leukemias may be due to
the benzene in tobacco smoke (Korte et al., 2000). More recent epidemiologic studies have also found an association between benzene exposure and
increased risk of lymphatic and hematopoietic cancers (ATSDR, 2011a).
Benzene is classified as a human carcinogen by IARC (1982, 1987).
In general, however, epidemiologic studies of benzene have focused on
exposure in male workers and on the risk for hematopoietic cancers; few
studies have examined risks for breast cancer. A study of a cohort of 797
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benzene-exposed women working in an Italian shoe factory found elevated
standardized incidence and mortality ratios for breast cancer based on small
numbers of cases (standardized mortality ratio 151.1, 95% CI, 78.6–290.3
for latency period >30 years), lending “moderate support to the hypothesis that benzene constitutes a risk factor for breast cancer” (Costantini et
al., 2009, p. 8). A case–referent study of premenopausal women (ages 40
and older) in western New York state found an increased risk for women
considered likely to have had moderate to high exposure to benzene (OR
= 1.95, 95% CI, 1.14–3.33) (Petralia et al., 1999). Petralia et al. also
found risk increased with duration of exposure. Exposure as calculated
was estimated based on employment histories and job-exposure matrixes.
Two studies addressed breast cancer in exposed men. A study of Danish
men occupationally exposed to gasoline and combustion products found
an association with the development of breast cancer, especially if time of
first employment occurred before age 40 (OR = 5.4, 95% CI, 2.4–11.9)
(Hansen, 2000). An increased risk was also seen among male motor vehicle
mechanics in a multination European case–control study (OR = 2.1, 95%
CI, 1.0–4.4) (Villeneuve et al., 2010).
In animal studies, an increase in malignant mammary tumors was
observed in rats and mice exposed to benzene by inhalation (Cronkite et
al., 1984; Maltoni et al., 1989) and oral routes (Maltoni et al., 1989). Benzene is metabolized to an epoxide and other active metabolites. It has been
proposed to operate through a genotoxic mechanism, eliciting clastogenic
effects (causing disruption or breakage of chromosomes) (Dean, 1978,
1985; IARC, 1982; ATSDR, 1997). Evidence of this phenomenon has also
been demonstrated in benzene-exposed workers, with more than 20 cytogenetic studies reporting changes in structural or numerical chromosomal
aberrations (ATSDR, 1997; CalEPA, 2001).
In summary, evidence in animals suggests a basis for concern regarding increased risk for breast cancer from exposure to benzene, and there is
also suggestive evidence from human studies. Because benzene is a known
carcinogen for other endpoints, some efforts to minimize exposure of the
public and workers are in place through various regulations, including the
Clean Air Act, the Clean Water Act, and occupational safety standards
(NTP, 2011a). Nonetheless, benzene from ambient and indoor air can be a
significant contributor to low-level environmental risk estimates for leukemia. Further research will be needed to clarify the relationship between benzene exposure and risk of human breast cancer and relevant mechanisms
that may be operating. If it can be developed, stronger human evidence of
increased risk for breast cancer and the mechanisms involved would have
important implications for its regulation, and also would provide insights
relevant for other environmental contaminants.
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1,3-Butadiene
1,3-Butadiene is a gaseous hydrocarbon used primarily to make synthetic rubber and plastics such as acrylics. It is also present in gasoline,
automobile exhaust, and cigarette smoke (NTP, 2011a). Exposure occurs
primarily through inhalation of contaminated air and can result in effects
on the nervous system or serious irritation of the eyes, nose, and throat
(ATSDR, 2009). Levels are generally low in urban and suburban environments, unless near a factory producing the substance (ATSDR, 2009).
1,3-Butadiene is classified as a known human carcinogen, inducing hematopoietic cancers in occupational settings (IARC, 2008a; Baan et al., 2009;
NTP, 2011a).
No human studies have evaluated the risk of breast cancer from exposure to 1,3-butadiene. Existing studies of butadiene are primarily of male
workers in butadiene production and styrene butadiene rubber production.
Other population-based studies have not evaluated breast cancer as an
endpoint.
1,3-Butadiene causes malignant and benign mammary tumors in both
mice and rats, at high and low doses (IARC, 2008). IARC (2008) found
strong evidence that genotoxicity is the main mechanism for carcinogenesis.
Butadiene is metabolized to DNA-reactive epoxides, and the urinary metabolites of these epoxides are observed in exposed humans. DNA adducts are
observed in the lymphocytes of workers (IARC, 2008). Mutations in ras
proto-oncogenes and p53 tumor suppressor genes were also identified in
various butadiene tumors in mice.
Evidence in animals suggests biologic plausibility of increased risk for
breast cancer from exposure to 1,3-butadiene. Because it is a known human
hematopoietic carcinogen, efforts to control exposure are already in place
(NTP, 2011a). While a finding of breast cancer in occupationally exposed
women would have a significant impact for understanding the potential
for chemicals to cause cancer, cohorts of heavily exposed women would be
difficult to find and study.
Polychlorinated Biphenyls
PCBs are considered persistent organochlorines, and they include 209
possible forms or congeners (Calle et al., 2002). PCBs have been extensively
used in the United States as industrial chemicals for purposes ranging from
dielectric fluids to plasticizers to pesticide extenders to lubricants, and in
consumer goods, but their U.S. production was ended in 1977 (Calle et
al., 2002). Although PCBs are no longer produced, environmental contamination remains from old sealants, paints, transformers, and waste
material (EFSA, 2010). PCBs bind strongly to soil and can also be taken
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up by small organisms and fish (ATSDR, 2001). The lipophilicity of PCBs
allows them to concentrate in the food chain, accumulate in the body, and
resist metabolism (Hunter et al., 1997). IARC (1987) has classified PCBs
as probably carcinogenic to humans and characterized the epidemiologic
evidence as “limited.”
The interest in PCBs as a potential risk factor for breast cancer is
because of their (1) persistence in the body, (2) estrogenic and endocrine
disrupting properties, and (3) tumorigenic effects in animals (Moysich et
al., 2002). Although PCBs have been extensively studied, the epidemiologic
evidence for a link to breast cancer is inconsistent (Helzlsouer et al., 1999;
Snedeker, 2001; Laden et al., 2002; Negri et al., 2003; Starek, 2003; LopezCervantes et al., 2004; Brody et al., 2007; Gatto et al., 2007; Iwasaki et al.,
2008; Salehi et al., 2008; Golden and Kimbrough, 2009; Itoh et al., 2009;
Silver et al., 2009; Xu et al., 2010). A number of meta-analyses (Laden et
al., 2002; Lopez-Cervantes et al., 2004; Salehi et al., 2008) have concluded
that overall, there is no association. It is not clear whether the exposure
periods studied, usually from adult life and a relatively short time before
the diagnosis of breast cancer, are the most plausible from a life course
perspective on breast development.
A more consistent pattern is emerging from studies addressing the
degree to which polymorphisms in the cytochrome P-450 1A1 (CYP1A1)
gene may influence the relation between PCB exposure and breast cancer
risk. Several studies have reported elevated risks associated with high PCB
levels among women with the CYPA1-m2 genotype (Moysich et al., 1999;
Laden et al., 2002; Zhang et al., 2004; Li et al., 2005). Such polymorphisms
were associated with a statistically significant increased breast cancer risk
among women with elevated body burdens of PCBs; no correlation was
found in women with low serum levels (Moysich et al., 1999). Findings
regarding genetic polymorphisms and susceptibility to breast cancer risk
are still preliminary and require further study; they are discussed further
in Chapter 4.
Some evidence shows that PCB exposures in utero or in early life may
influence pubertal development, but these relationships are not clear. Some
studies have suggested delayed menarche and breast development in girls
with higher blood levels of some PCB congeners (Den Hond et al., 2002;
Wolff et al., 2008), but others have suggested no association with maternal
levels (Gladen et al., 2000; Vasiliu et al., 2004).
Study of PCBs is complicated by the abundance of congeners, some
with estrogenic and some with antiestrogenic properties. Epidemiologic
studies have not been able to adequately consider ways in which different
forms of PCBs might interact synergistically or antagonistically to influence
breast cancer risk (Calle et al., 2002; Brody et al., 2007; Salehi et al., 2008).
Furthermore, measurement of PCB levels at the time a breast cancer is diag-
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nosed or at any single point will not adequately represent past exposure
history because factors such as weight change and lactation history will
influence metabolism and excretion (Verner et al., 2011), while changes in
behaviors could alter exposures, particularly through the food chain.
Long-term animal carcinogenesis studies on mixtures of PCBs or specific congeners have found associations with increased liver tumors, but
they have not found increases in mammary tumors (NTP, 2006a,b). However, the studies have been conducted with adult rats, and most studies have
not assessed the effect of PCB exposure at earlier ages.
The large number of epidemiologic studies on this topic demonstrates
consistency in showing no overall effect of PCB exposures on breast cancer risk. However, exposure was assessed in most cases in adult life, often
during the period after PCB production ceased, when body burdens were
declining. Some recent work suggests that women inheriting a variant of
the cytochrome P-450 1A1 gene may be at higher risk for breast cancer
from elevated PCB levels. A few investigations into early-life exposures have
examined intermediate outcomes. Further research on early-life exposures
and/or genetically defined subsets may be warranted.
Ethylene Oxide
Ethylene oxide, a colorless gas with a distinct odor, is used primarily
for industrial and medical sterilization (IARC, 2008). Exposure to ethylene
oxide occurs mainly in the workplace or in hospital settings. It is classified
as a human carcinogen by both IARC (2008; Baan et al., 2009) and NTP
(2011a) on the basis of a mix of evidence from epidemiologic, animal, and
mechanistic studies. Mechanistic evidence of genotoxicity was a critical
component of the IARC assessment.
IARC’s review characterized the overall body of epidemiologic evidence
on the carcinogenicity of ethylene oxide as “limited” (IARC, 2008; Baan et
al., 2009). The studies specifically concerning breast cancer incidence had
varied results, with some finding no association and others finding a borderline significant excess risk (Norman et al., 1995). The study considered the
most informative (Steenland et al., 2003) examined the breast cancer experience of a large occupational cohort. Risk among women with the highest
level of exposure was significantly higher (OR = 1.74, 95% CI, 1.16–2.65)
compared with women who had no exposure. This risk remained high (OR
= 1.87, 95% CI, 1.12–3.10) among a subset of women for whom information on parity and history of breast cancer in a first degree relative was
available for calculation of an adjusted odds ratio.
In peer-reviewed inhalation studies by NTP (1987), incidence of adeno
carcinoma or adenosquamous carcinoma of the mammary gland were
found elevated in female mice in the low-dose group. The finding in the
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high-dose group was marginally increased. In vitro and mechanistic findings
have been extensive. Ethylene oxide is an epoxide, and various epoxides,
or chemicals metabolized to epoxides, have been found to cause malignant mammary tumors in laboratory animal studies (Melnick and Sills,
2001). Ethylene oxide has been shown to cause point mutations in ras
proto-oncogenes and the p53 tumor suppressor gene (Houle et al., 2006).
IARC (2008, p. 286) concluded that “the genotoxicity data in experimental systems consistently demonstrate that ethylene oxide is a mutagen and
clastogen across all phylogenetic levels tested.”
There are insufficient data to determine whether ethylene oxide exposure during different life stages has a role in altering breast cancer risk.
Nevertheless, the limited epidemiologic research on this compound does
provide some support for an effect from adult exposures, and the animal
bioassay data and the compound’s mechanism of action provide biological
plausibility for the compound being a risk factor for breast cancer.
Vinyl Chloride
Vinyl chloride, also known as chloroethene, chloroethylene, and ethylene monochloride, is a colorless gas with a mild odor that is used in the production of plastics. Exposure occurs primarily in occupational settings via
inhalation (ATSDR, 2006), and low-level environmental exposures occur
through contaminated drinking water and in ambient air near manufacturing facilities. Vinyl chloride was once used as a propellant in hair sprays,
deodorants, and other consumer products, but this use was phased out in
the 1970s. IARC (2008) classifies vinyl chloride as carcinogenic to humans,
with the human evidence showing cancers in the liver.
Data from human studies have not been adequate to evaluate a relationship between vinyl chloride and breast cancer. IARC (2008, p. 372)
stated that “although concern has been raised about a potential association
between exposure to vinyl chloride and the risk for breast cancer, human
studies to date are not informative on this issue because of the very small
numbers of women included.” An earlier review by the WHO International
Program on Chemical Safety similarly concluded that a substantial body of
epidemiologic studies with which to assess vinyl chloride is not available
and would be difficult to conduct because women in most Western countries have little or no exposure to vinyl chloride, occupational or otherwise
(IPCS, 1999). Vinyl chloride has been extensively tested for carcinogenicity
in laboratory animals. The animal evidence on vinyl chloride was recently
summarized by IARC (2008). Many of the papers from 1976 to 1983 found
mammary adenocarcinomas in mice and mammary tumors in rats upon
inhalation of vinyl chloride.
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Mechanistic studies show that vinyl chloride is oxidized to chloroethylene oxide, which can rearrange to chloroacetaldehyde, and that these
metabolites can react with nucleic acid bases to form DNA adducts in
animals, which can initiate the genotoxic damage leading to carcinogenesis
(IARC, 2008). There is, however, a paucity of data on the occurrence of
such adducts in vinyl chloride-exposed humans. The mechanism that leads
to base misincorporation following adduct formation is still unclear. Similarly, data are insufficient to draw a conclusion about the effects of timing
of exposure to vinyl chloride on breast cancer.
Although considerable animal evidence indicates that the potential for
induction of breast cancer from vinyl chloride is biologically plausible, the
lack of substantial exposure opportunities for women makes this compound
a low priority for future research.
Pesticides
DDT/DDE
Dichlorodiphenyltrichloroethane (DDT), an insecticide used extensively
over the past century, was banned in the United States and other developed
countries in the early 1970s because of its adverse ecological impacts. DDT
and its major metabolite dichlorodiphenyldichloroethylene (DDE) have
persistent and lipophilic properties that led to bioconcentration through the
food chain. Because of continued use of DDT in developing countries for
malarial control and the very long environmental half-life of DDE, these
compounds remain present in the environment and in the population today
(Petreas et al., 2004; CDC, 2008; Woodruff and Morello-Frosch, 2011).
Neither DDT nor DDE are mutagenic, but both possess estrogenic
properties. Although structurally similar, there are substantial differences in
the endocrine activity of DDT and DDE. Li et al. (2008) demonstrated that
both p,p′-DDE and p,p′-DDT exhibited agonist activity toward ER-alpha,
but DDE acted as an antagonist to both androgen and progesterone receptors, and p,p′-DDT had no effect on the progesterone receptor. There is
good consensus among expert agencies regarding DDT’s potential carcinogenicity. IARC (1991) has classified DDT as “possibly carcinogenic to
humans” (Group 2B); NTP has classified it as “reasonably anticipated” to
be a human carcinogen (NTP, 2011a); and EPA has classified it as a “probable” human carcinogen (EPA, 2011c). Such classifications, however, are
not specific to breast cancer.
Of the organochlorine pesticides, DDT/DDE has been one of the most
studied for risk of breast cancer in humans, with numerous epidemiologic
studies over the past decade. Several reviews (Snedeker, 2001; Calle et al.,
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2002; Brody and Rudel, 2003; Brody et al., 2007) and a careful meta-
analysis of 22 studies (Lopez-Cervantes et al., 2004) concluded that evidence was insufficient to infer a risk of breast cancer from DDT exposure.
As in most studies of cancer in relation to environmental chemicals,
DDT/DDE exposure levels for most of the studies exploring risk for breast
cancer were based on measurements in biologic samples taken near the
time of diagnosis for cases, or at a similar time for noncases. A much-cited
exception is a California study of 129 women with and 129 women without a diagnosis of breast cancer for whom archived blood samples drawn
in the 1960s were assayed for levels of DDT/DDE (Cohn et al., 2007). In
this study, although there was no evidence of an association between DDT/
DDE exposure and breast cancer in general, the small subset of women
who would have been under age 14 in 1945 (a time of peak DDT use)
had a statistically significant five-fold higher risk. Although provocative in
the context of potential windows of exposure, some skepticism has been
expressed about the interpretation of these results because the high exposures that the “baby boomer” generation would have experienced might be
expected to predict increasing rates of breast cancer in that birth cohort,
but on the contrary their rates have been declining (Tarone, 2008). A previous nested case–control study that also used serum specimens drawn in the
1960s found no association with breast cancer risk, but the analysis did
not stratify by birth cohort (Krieger et al., 1994). Similarly, no association
was seen in a study that used blood samples obtained in 1974, 20 years
before case status (Helzlsouer et al., 1999). A prospective study from Japan
found no evidence for higher levels of DDT/DDE at a baseline measurement
among the 144 women who had developed breast cancer during followup than among the controls (Iwasaki et al., 2008). Neither the Helzlsouer
nor the Iwasaki study reported data on exposure concentrations assessed
before adulthood.
In vivo animal data provide little support for the hypothesis that DDT
or its metabolites could increase breast cancer risk in humans (NTP, 1978;
IARC, 1991). However, such studies typically do not include early-life
exposures. DDT and DDE are not mutagenic, but both have estrogenic
activity (Andersen et al., 1999; Snedeker, 2001). Evidence also shows that
administering DDT together with the known carcinogen DMBA can induce
cellular and chromosomal alterations in the rat mammary gland (Uppala
et al., 2005).
While the role of DDT in breast cancer risk remains unclear, it is possible that early-life exposures to this legacy chemical may play a role in the
development of disease.
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Dieldrin and Aldrin
Dieldrin and aldrin are persistent organochlorines. Aldrin breaks down
to dieldrin in the body and in the environment, and they are closely related
in structure. Until the 1970s, they were widely used as insecticides to control damage to crops, but concerns about damaging effects to the environment and health led EPA to ban dieldrin and aldrin for agricultural uses
in 1970 and for all uses in 1987 (CDC, 2009b; ATSDR, 2011b). Because
dieldrin persists in soil and is a water contaminant, exposure may occur by
eating contaminated food (Snedeker, 2001; ATSDR, 2011b). Body burdens
of dieldrin have declined, but are still measurable in U.S. adults (CDC,
2009b) due to its high lipophilicity and long biological half-life.
Epidemiologic evidence regarding exposure to dieldrin and subsequent
risk of breast cancer is limited and often conflicting. Much of the early
interest in dieldrin as a potential risk factor for breast cancer followed
publication of the Copenhagen City Heart Study, a prospective study of
7,712 women with 268 cases of breast cancer in 17 years of follow-up
(Hoyer et al., 1998). On the basis of serum samples from women who were
exposed in the late 1970s, the women in the highest quartile of exposure
had twice the risk of breast cancer when compared to the women in the
lowest quartile. However, a prospective cohort study of 7,224 Missouri
women serum donors was unable to find a similar association with breast
cancer risk among 105 breast cancer cases identified during up to 9.5 years
of follow-up (Dorgan et al., 1999). A subsequent population-based, case–
control study found no substantial elevation in breast cancer risk in relation
to the highest quintile of lipid-adjusted serum levels of dieldrin (Gammon
et al., 2002).
Animal evidence on dieldrin exposure and mammary gland cancer is
also insufficient to reach conclusions regarding hazard. Studies of carcinogenicity in mice via oral administration tend to demonstrate hepatic
carcinogenicity as the primary effect (IARC, 1987, p. 185). Although xeno
estrogenic potential has been a hypothesized mechanism for dieldrin, it is
at best a weak estrogen whose estrogenic potential has not been adequately
demonstrated (Snedeker, 2001). With the E-SCREEN assay, which assesses
cellular proliferation in estrogen-dependent breast tumor cells, dieldrin is
able to induce cellular proliferation only in the highest concentration that
can be tested (Snedeker, 2001).
The potential influence of timing of exposure to dieldrin is difficult
to assess. Most of the epidemiologic studies have relied on the levels of
dieldrin in serum collected after the subject had developed breast cancer,
so there is little information that can address whether timing of exposure
is important. However, because dieldrin is no longer used and tissue and
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environmental levels are declining, the committee does not see this area as
a priority for additional research.
Atrazine and S-Chloro Triazine Herbicides
Atrazine is an S-chloro triazine herbicide used extensively in U.S. agriculture. Low-level contamination of groundwater with atrazine and other
triazine herbicides is fairly common; as a result, its potential health effects
have been the subject of substantial scrutiny. Exposure to atrazine via diet
is very low. The primary nonoccupational route of exposure is through
contamination of drinking water supplies. Such contamination is common,
but based on monitoring carried out by EPA (2010a), it is usually at levels
that are very low from a population risk perspective. The NHANES III
study failed to identify atrazine metabolites in the urine in any of more
than 4,000 samples collected between 1999 and 2004 (CDC, 2009b).
Although many contaminants of groundwater persist for long periods once
present, repeated analysis of atrazine-contaminated aquifers demonstrates
that it does not generally persist. Thus exposures via groundwater, when
they occur, are likely to be periodic. For example, samples of a drinking
water supply in Ohio found no detectable atrazine (<2 ppb) in March,
but a strong peak at 36 ppb in mid-April, with levels returning below the
detection limit by mid-May (EPA, 2010a). Similar patterns have been seen
in other water supplies (EPA, 2010a).
In reviews examining the risk of cancer in general, IARC found atrazine
to be not classifiable regarding carcinogenicity in humans (IARC, 1999),
and EPA found atrazine unlikely to cause cancer in humans (EPA, 2010a).
In 2009, EPA began a reevaluation of the health effects of atrazine; that
effort is ongoing (EPA, 2010a).
The few human studies examining atrazine as a potential risk factor for
breast cancer have not indicated an association (Sathiakumar et al., 2011).
However, most of the studies have been ecological in nature or otherwise
would have had difficulty discerning an effect (e.g., studies carried out in
occupational populations with few women).
Atrazine does not have direct estrogenic activity, but may indirectly
modulate sex hormone levels by affecting steroidogenesis (Fan et al., 2007;
Higley et al., 2010; Tinfo et al., 2011). Results of studies in animals have
been complicated by findings that atrazine administered to Sprague Dawley
female rats affects neuroendocrine pathways to accelerate reproductive
senescence and cause mammary tumors not observed in mice or other
rat strains (IARC, 1999; Rayner et al., 2005; Enoch et al., 2007; EPA,
2009a; Davis et al., 2011; Hovey et al., 2011). The hormonal manifestations of reproductive aging in humans are very different from those of
Sprague Dawley rats, so this mechanism is not thought to be relevant to
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humans (IARC, 1999). Similar conclusions were drawn regarding a chloroS-triazine herbicide, cyanazine, from a 2-year bioassay in Sprague Dawley
rats (Bogdanffy et al., 2000).
No epidemiologic studies have examined the effects of timing of exposure to atrazine. There are conflicting data from animal studies regarding
whether low-dose atrazine exposures in utero can contribute to developmental abnormalities of mammary tissue in offspring (IARC, 1999; EPA,
2009a). Collectively, these data indicate that maternal atrazine exposure
has no long-term effects on mammary gland development in female offspring beyond a transitory response to high doses. However, the degree to
which atrazine may have effects by modulating steroidogenesis remains an
area for further study.
PAHs
Polycyclic aromatic hydrocarbons, or PAHs, exist in more than 100
forms. They are formed from incomplete burning of coal, oil, gas, wood,
tobacco, and other organic substances. They are also produced by hightemperature cooking. Humans can be exposed to PAHs through industrial
and urban air pollution, tobacco smoke, and diet.
Evaluation of the carcinogenicity of PAHs is complicated by the hundreds of forms of PAHs with differing compositions and properties. An
IARC review evaluated evidence through 2005 on 60 PAH compounds,
with separate classifications for individual PAH compounds (IARC, 2010d).
Benzo(a)pyrene (BaP) was declared carcinogenic to humans (Group 1)
“based on sufficient evidence in animals and strong evidence that the
mechanisms of carcinogenesis in animals also operate in exposed human
beings” (IARC, 2005, p. 23). Cyclopenta[cd]pyrene, dibenz[a,h]anthracene,
and dibenzo[a,l]pyrene were classified as probably carcinogenic to humans
(Group 2A) based on sufficient evidence in animals and compelling genotoxicity evidence. IARC also found sufficient evidence in humans for the
carcinogenicity of a variety of occupational exposures involving PAHs (i.e.,
during coal gasification, coke production, coal-tar distillation, paving and
roofing, and chimney sweeping). The main epidemiologic findings were of
increased risk of lung or skin cancer but not breast cancer. Typically, however, such studies are dominated by men and inhalation or dermal exposure.
PAHs’ effects on breast cancer risk have been evaluated in a number
of noteworthy epidemiologic studies published since 2005, but the results
have been inconsistent. A meta-analysis of 10 dietary studies as well as a
large prospective cohort study with 8 years of follow-up and 3,818 cases
of invasive breast cancer found no correlation between darkly cooked
meats and breast cancer (Steck et al., 2007; Kabat et al., 2009). A few
studies have attempted to elucidate risks from specific time periods of
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exposure. A case–control study from western New York used historical
levels of total suspended particulates (TSPs) in the air as a proxy for PAH
exposure. Residential histories were used to link study participants to TSP
levels at specific times in their lives (e.g., birth, menarche). In women with
postmenopausal breast cancer, potential exposure to high concentrations of
TSPs at birth was associated with an elevated risk that was on the borderline of significance (OR = 2.4, 95% CI, 0.97–6.09), although the relationship could have been related to unmeasured confounding factors (Bonner et
al., 2005). A more recent study from the same group examined exposure to
traffic emissions at specific times on the basis of residence (Nie et al., 2007).
Higher exposure at the time of menarche was associated with increased risk
for premenopausal breast cancer (OR = 2.05, 95% CI, 0.92–4.54, p for
trend = .03). Higher exposures at the time a woman had her first birth were
associated with a significantly increased risk for postmenopausal breast
cancer (OR = 2.57, 95% CI, 1.16–5.69, p for trend = .19) (Nie et al., 2007).
PAHs’ effects on DNA have been explored in a series of case–control
studies in the Long Island Breast Cancer Study. The presence of PAH-DNA
adducts, which form after exposure to PAHs and are measured in lymphocytes, were associated with a 29 to 35 percent increase in the risk of breast
cancer, with no dose–response relationship (Gammon et al., 2002, 2004). A
later analysis in the same study confirmed slightly elevated risks (HR = 1.2,
95% CI, 0.63–2.28) for breast cancer–specific mortality associated with
PAH-DNA adducts (Sagiv et al., 2009). In contrast to the generally positive
studies from Long Island (Gammon and Santella, 2008), results from the
Shanghai Women’s Health Study (354 cases, 708 controls) found no association between PAH metabolites and oxidative stress markers and breast
cancer (Lee et al., 2010). Thus, overall results of epidemiologic s tudies of
PAHs and breast cancer have relied on indirect measures of exposure and
been inconsistent.
Inconsistencies in the results from epidemiologic findings on PAHs follow from a number of limitations. Case–control designs depend on respondent recall of information on diet, smoking, and environmental exposures
from the past, proxy measures of exposure, or assays of measures of PAH
exposure (PAH-DNA adducts) after the diagnosis of breast cancer. In addition, PAH-DNA adducts may be a measure of exposure rather than of the
host’s biologic response to PAH. Although the studies from western New
York have been generally consistent in their levels of risk estimates, and the
studies from the Long Island Breast Cancer Study and western New York
have linked PAH-DNA adducts to breast cancer and suggested a number of
molecular mechanisms, including gene–environment interactions (Gammon
and Santella, 2008), epidemiologic studies of PAHs in breast cancer etiology
provide modest support for their carcinogenicity in human breast cancer.
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Biologic mechanisms by which PAHs may affect breast cancer risk
have been explored rather extensively. PAHs have often been implicated
as inducers of mammary tumors in rodents (Tannheimer et al., 1997).
However, some of the earlier, most cited evidence of rodent carcinogenicity
involved direct applications of PAHs to the mammary gland (Cavalieri et
al., 1988; IARC, 2010d). Studies have shown that PAHs are aryl hydro
carbon receptor (AhR) agonists that bind and activate AhR, a receptor that
regulates xenobiotic metabolism and initiates homeostatic responses. The
nature of the response to AhR binding is specific to the compound bound.
AhR affects the expression of CYP 1 enzymes involved in the metabolism of
PAHs (IARC, 2010d), and this is hypothesized to lead to greater formation
of active metabolites and ultimately DNA mutations (Kemp et al., 2006).
Cross talk of AhR with steroid and nuclear receptors can affect many
estrogen-dependent pathways, and this cross talk can be influenced by an
AhR ligand to PAHs (Hockings et al., 2006). PAHs exhibit weak estrogenic
and antiestrogenic activity (Santodonato, 1997), and BaP weakly binds
to estrogen receptor α (Pliskova et al., 2005). It is difficult to extrapolate
such findings to the potential for breast cancer following human systemic
exposure.
However, it is clear that, following oral exposure, various carcinogenic
PAHs, including BaP, are absorbed and widely distributed to most tissues,
and that PAHs are gradually taken up and also released by fatty tissues
(IARC, 2010d), such as mammary tissue. Various enzymes involved in
metabolizing carcinogenic PAHs such as BaP to epoxides (e.g., CYP1A1,
CYP1B1, and epoxide hydrolase involved in forming diol epoxides [IARC,
2010d]) are present in human breast (Williams and Phillips, 2000). Numerous studies demonstrate and characterize covalent DNA-adducts formed
in human mammary tissues from donors or various established cell lines
exposed to certain carcinogenic PAHs. Mechanistic and in vitro studies are
difficult to interpret due to the complexity of the carcinogenesis. There is a
strong chain of mechanistic evidence linking BaP exposure to the cause of
a specific mutation in human lung cancer, which, together with numerous
studies demonstrating animal carcinogenesis, led IARC (2010d) to declare
BaP to be carcinogenic to humans. While overall the mechanistic evidence
on various PAHs support the biological plausibility that they may influence
breast cancer risk, all the elements of such a chain are not present for any of
the PAHs and breast cancer. Animal studies on PAHs have not sufficiently
addressed breast cancer endpoints or mammary tumors, and further investigation is required to specifically address carcinogenicity in the mammary
gland. Future epidemiologic, in vivo, and in vitro research is needed to
further assess the role of PAHs in breast cancer etiology.
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Dioxins
The dioxins are a family of highly persistent, lipophilic, and toxic
by-products of industrial processes and incineration. The dioxin-like
compounds include various furans and coplanar PCBs, but the congener
2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD) is considered the most
potent of the dioxins and dioxin-like chemicals (CDC, 2009b) and has
been a major focus of concerns about carcinogenicity. The release of dioxins
into the environment has declined since the 1970s, and average tissue concentrations in U.S. adults also appear to have declined (CDC, 2009b). In
NHANES data from 2003–2004, mean TCDD levels were below the limit
of detection (CDC, 2009b). TCDD has been classified by IARC (1997; Baan
et al., 2009) as a human carcinogen (Group 1) and by EPA as carcinogenic
to humans (EPA, 2000), although the classification of dioxins as “known
human carcinogens” by IARC and EPA remains controversial (NRC, 2006).
Evidence implicating TCDD and related dioxins as human carcinogens has
primarily been based on overall excess cancer mortality in highly exposed
occupational cohorts of men and on elevated incidence of some cancers
among residents of Seveso, Italy, who experienced high levels of exposure
from a major 1976 industrial accident.
Evidence regarding an association between dioxin exposure and breast
cancer is more limited. Repeated reviews have found the epidemiologic evidence on the relation between TCDD exposure and breast cancer, including
data on the experience of the Seveso residents, inconclusive (IOM, 2011).
Follow-up of the Seveso population over 20 years has not found an excess
of breast cancer, although the eight observed cases among the small population living in the most contaminated area were more than the expected
number (RR = 1.43, 95% CI, 0.71–2.87) (Pesatori et al., 2009). A significant elevation of breast cancer, based on 15 cases, was initially reported
associated with a measured 10-fold increase in TCDD levels in blood
samples collected from women enrolled in the Seveso Women’s Health
Study (crude HR = 2.1, 95% CI, 1.0–4.6), a cohort of 981 young women
(ages 0–40) enrolled shortly after the Seveso incident in 1976 (Warner et
al., 2002). In a 32-year follow-up of the Seveso cohort, with 33 diagnosed
breast cancer cases and with adjustment for other risk factors for breast
cancer, the risk association was very similar to that from the populationbased study, and no longer statistically significant (HR = 1.44, 95% CI,
0.89–2.33) (Warner et al., 2011). Two small hospital-based case–control
studies have found that levels of dioxins measured in adipose samples
from women undergoing surgery for breast cancer or for benign breast
conditions were not significantly different between the cases and controls
(Hardell et al., 1996; Reynolds et al., 2005).
Several large and well-conducted TCDD-related cancer bioassays
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(Kociba et al., 1978; NTP, 1982a,b, 2004) have reported induction of several types of cancer in both rats and mice. In all studies in which TCDD
elicited an increase in tumors, the increase was site specific, most frequently
the liver. Mammary tumors were not increased in any study. In some studies, mammary gland tumors in Sprague Dawley rats were significantly
reduced at the highest doses (Kociba et al., 1978; NTP, 2006b). Thus,
although evidence is clear that TCDD causes liver tumors in experimental
animals, none of the standard 2-year in vivo animal oncogenicity bioassays
have identified the mammary gland as a target for carcinogenesis from
dioxins alone. In all these studies, exposure began when the animals were
weaned. However, a single dose of 1 µg/kg TCDD on day 15 of gestation
produced alterations in terminal end buds and fewer lobules in 50-day-old
offspring. Although this prenatal TCDD treatment did not alter the labeling index in the mammary terminal ductal structures of 21- and 50-day-old
rats, it did result in an increase in the number of chemically induced mammary adenocarcinomas in rats (Brown et al., 1998). Other studies have also
shown that early-life exposure to TCDD can alter mammary gland development (Brown and Lamartiniere, 1995; Vorderstrasse et al., 2004; Wang et
al., 2011). Thus, the potential for exposure to TCDD and other dioxins to
alter mammary gland development early in life cannot be excluded.
TCDD and other dioxins are generally not mutagenic and do not bind
to the estrogen receptor, although one study found that TCDD can induce
oxidative stress and subsequent DNA strand breaks in MCF7 breast cancer
cells (Lin et al., 2007).
Dioxins’ mode of action as a putative hepatocarcinogen requires binding and activation of the AhR, which causes a cascade of downstream
effects on gene expression for genes involved in a variety of biological
processes. Whether such changes in AhR-mediated gene expression might
alter mammary tumor development later in life has been studied in animals.
Two in vivo studies examining whether early-life exposure to dioxins can
increase the incidence of carcinogen-initiated mammary tumors did not provide evidence of such an effect (Desaulniers et al., 2004; Wang et al., 2011).
It has also been hypothesized that through interactions with other factors,
early-life exposure to dioxins may modify mammary gland development
and eventually tumorigenesis. A novel mouse experiment that combined
maternal TCDD exposure and a high-fat diet in mothers and offspring
found that this combined exposure increased mammary cancer incidence
in the offspring by two-fold after oral administration of a standard cancerinducing agent (La Merrill et al., 2010). The maternal oral TCDD dose
was high relative to human intakes, resulting in less sequestration by the
maternal liver and proportionally more fetal exposure than would be seen
at lower doses or from a similar cumulative dose from chronic repeated
exposure at lower doses (Bell et al., 2007). These data are indicative of a
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potential hazard at sufficient doses in combination with a high-fat diet, but
the animal exposure experience is not directly equivalent to typical human
exposures.
Although 3-methylcholanthrene has been shown to stimulate estrogen receptor alpha in several different ER response assays (Shipley and
Waxman, 2006), TCDD and other dioxin analogs induced tissue-specific
inhibition of estrogen-induced genes and pathways (Safe and Wormke,
2003; Safe, 2005). Indeed, several structural analogs of chlorinated dioxins
have been proposed as tamoxifen-like antiestrogens for treatment of ERnegative breast cancer (Zhang et al., 2009).
Neither human nor animal evidence suggests that exposure to TCDD
or other dioxin-like chemicals is directly associated with an increased risk
for breast cancer. Some intriguing animal evidence suggests the possibility that early exposure to TCDD may interact with other factors, such as
a high-fat diet, to alter breast cancer risks. Although human exposure to
TCDD may have declined from peak levels, TCDD persists in the body,
and further research may help clarify the nature of its potential interactions
with other exposures.
SUMMARY
From the committee’s qualitative review of relevant literature on the
factors it selected, it found that the factors with the clearest evidence from
epidemiologic studies of increased risk of breast cancer were combination
HT products, current use of oral contraceptives, overweight and obesity
among postmenopausal women, alcohol consumption, and exposure to ionizing radiation. Greater physical activity is associated with decreased risk.
Some major reviews have concluded that the evidence on active smoking
is consistent with a causal association with breast cancer, and other largescale reviews describe the evidence as limited. For several other factors
reviewed by the committee, the available epidemiologic evidence is less
strong but suggests a possible association with increased risk: passive smoking, shift work involving night work, benzene, 1,3-butadiene, and ethylene
oxide. In some cases—for example, BPA, zearalenone, vinyl chloride, and
alkylphenols—human epidemiologic evidence regarding breast cancer is not
available or inconclusive, but findings from animal or mechanistic studies
suggest some basis for biological plausibility of an association. A few factors, such as non-ionizing radiation and personal use of hair dyes, have not
been associated with breast cancer risk in multiple, well-designed human
studies. For several other factors, evidence was too limited or inconsistent
to reach a conclusion (e.g., nail products, phthalates). In all cases, these
conclusions are based on assessments of the currently available evidence.
It is always possible for new evidence to point to different conclusions, as
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science evolves, new methodologies are applied, and research strategies to
examine timing of exposure are developed.
For this review, the evidence was typically considered singly for each
chemical or mixture addressed. As discussed further in the next chapter,
effects attributed to any one factor evaluated in a study may in fact be due,
or due in part, to other factors that might co-occur.
For most of the factors examined, the committee’s review found information on the potential for exposure at different life stages to affect risk to
be limited or nonexistent. Similarly, the evidence available rarely reported
on types of tumors grouped on the basis of characteristics such as hormone
receptor status. The committee sees a need for future research to better
reflect the growing understanding of a life course perspective whereby the
potential for influencing breast cancer risk may depend exquisitely on the
timing of exposure, and an appreciation of the potential for different factors to play a role in specific, etiologically distinct varieties of breast cancer
based on histologic or molecular subtype.
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4
Challenges of Studying
Environmental Risk Factors
for Breast Cancer

T

he committee was asked to review the methodologic challenges
involved in conducting research on breast cancer and the environment. New insights into carcinogenesis are giving researchers new
opportunities to explore both the biology and the epidemiology of breast
cancer in relation to environmental exposures. Although progress has been
made in investigating the role (whether adverse or not) of environmental
factors in breast cancer, the scope of the potential research questions is
vast and the questions to be answered are complex. This chapter reviews
challenges facing researchers on a variety of fronts, including the nature of
the various forms of breast cancer; the diversity and complexity of environmental factors; identifying and measuring exposures at appropriate times;
genetic complexity that is still unfolding; and the inherent limitations of
the laboratory and epidemiologic tools available to evaluate associations
between environmental exposures and disease.
COMPLEXITY OF BREAST CANCER
As noted in Chapter 2, breast cancer is a term that captures what is
likely to be several diseases. Tumor types have been categorized based on
several different characteristics, including age or menopausal status of the
woman at the time of diagnosis; the state of the tumor as in situ or invasive;
the extent of spread from the initial tumor site; cell type (lobular, ductal);
and molecular features of the cells, such as the presence or absence of hormone or growth factor receptors (e.g., estrogen or progesterone receptors
[ER or PR], human epidermal growth factor receptor 2 [HER2]). Within
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each of these broad categories is considerable variability in tumor characteristics and gene expression. A study examining the gene expression of 65
surgical samples of breast tumors from 42 individuals’ cancers found each
tumor to have a distinctive molecular portrait. The tumors showed great
variation in their patterns of gene expression, and the variation was multidimensional: different sets of genes showed largely independent patterns of
variation (Perou et al., 2000). Further study of the molecular pathology of
breast cancer has shed additional light on the possible divergent evolutionary pathways of breast cancer progression, revealing still more complexity
(Bombonati and Sgroi, 2011), as discussed in Chapter 5.
While characterizations of tumor and cancer types, such as those noted
above, are proving increasingly useful as guides to clinical care and prognosis, their relevance to etiology is not clear. Some associations have been
observed between certain tumor types and risk factors (e.g., obesity and
ER-positive [ER+]) tumors, but for the most part, the mechanistic basis for
these relationships remains to be clarified, as described further in Chapter 5.
Various schematics have been used to illustrate the complexity and
interconnectedness of potential factors in breast cancer causation. Howell
et al. (2005), for example, illustrate possible roles for genes, pathways, risk
factors, modifiable variables, and life events (Figure 4-1). In this representation of some of the known modifiable and unmodifiable risk factors for
breast cancer, alcohol serves as an example of a factor that might alter risk
for breast cancer in multiple ways. Through induction of aromatase activity, it may foster conversion of androgens to estrogens that have a causal
role in breast cancer (Etique et al., 2004). It has also been hypothesized to
contribute to genomic instability (Benassi-Evans and Fenech, 2011). Furthermore, it may act indirectly in that its calories can contribute to obesity
that itself is associated with breast cancer.
Another illustration (Figure 4-2) of the numerous interrelated factors
important in the etiology of breast cancer comes from a complex systems
model developed by Robert Hiatt and colleagues as part of a project sponsored by the California Breast Cancer Research Program.1 The developers
of this model used expert opinion to select causal factors from four large
domains (Societal/Cultural, Physical/Chemical, Behavioral, and Biological) to illustrate the multiple levels of causation that must be considered
along with how the factors are integrated across levels and over time. Even
though multiple key factors are present, all possible etiologic factors were
not included for relative simplicity in interpretation. The model focuses
solely on postmenopausal breast cancer because of the different etiologic
factors and pathways for premenopausal disease. It takes into account both
1 Personal

2011.
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the strength of the associations as well as the quality of the data in the size
and hatching of the interconnecting arrows.
Diagrams such as these, which attempt to depict the multiplicity of
factors that seem to have a role in breast cancer, help underline the biological complexity of the pathways along which those factors may be acting,
the difficulty of distinguishing truly causal effects from associations with
intermediate factors, and the challenges of designing, conducting, and
interpreting studies that try to evaluate risk factors for the various forms
of this disease.
Although these challenges share similarities across the spectrum of risk
factors evaluated in this report, they may be particularly acute for evaluating risk relationships from exposures to environmental chemicals. For studies in humans, these include the issues inherent to estimating and assessing
exposures, the study design and analytic challenges of environmental epidemiology, and efforts to account for genetic differences in susceptibility to
cancer and potential gene–environment interactions. The next portion of
this chapter pays particular attention to the challenges in studying environmental chemicals. Studies in animals and in vitro systems pose their own
technical obstacles and challenges of interpretation and extrapolation to
humans, which are discussed in a subsequent portion of the chapter.
STUDYING ENVIRONMENTAL CHEMICAL AND
PHYSICAL EXPOSURES THROUGH HUMAN STUDIES
As noted previously, the committee has adopted a broad approach to
the definition of “environment.” A subset of environmental exposures that
are of potential concern in the etiology of breast cancer is that of specific
chemical and physical agents that might influence breast cancer development. Although information on exposure and the toxicology of many
chemicals may be incomplete, for many other chemicals, knowledge of
some their properties indicates that they are unlikely to be mutagenic or
carcinogenic.
Whether other agents in the environment are able to causally contribute
to breast cancer is highly dependent upon both the duration and magnitude (dose) of exposure. One of the most difficult problems in conducting
epidemiologic studies on environmental exposures and health effects is to
obtain reasonably accurate measurements or estimates of exposures relevant to the disease process. These exposures may occur at low or varying
levels or both, for which the relevant time period—the window when the
exposure might influence the development of a tumor—is unknown, or they
may have occurred years or decades previously. The sections that follow
address some of the specific challenges associated with assessing exposures
to environmental and physical agents and illustrate the need for additional
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or more refined tools to aid in disentangling the possible contributions of
these environmental factors to breast cancer.
Assessing Exposures to Chemical and Physical Agents in the Environment
Both the nature of the exposures to chemical and physical agents and
the limited means for measuring or assessing them pose challenges for
observational research. Human exposures to substances in the environment take place throughout the life course, and in all settings. People are
exposed to myriad substances in air, water, and food encountered in homes,
schools, workplaces, and even before birth via in utero exposures. A person is exposed not only to individual chemicals, but to mixtures of many
different substances, at varying doses simultaneously or at different times.
Sometimes it is possible to identify individuals or groups, such as workers
in particular occupations, whose typical exposures are considerably higher
than those of the average person.
Epidemiologic studies assess whether groups with higher exposures are
more likely to experience the outcome of interest, cancer for example, than
groups with lower exposures. Determining who is exposed and the degree
of their exposures are critical to accurately assessing the association with
the health outcome. However, errors in classifying who is more and who is
less exposed (exposure misclassification) could limit the ability of a study to
show an association with the risk factor where there is one. Thus, accurate
exposure assessment is a critical component of human studies to evaluate
risk factors for breast cancer or any health outcome.
Historically, studies in occupational settings have been an important
means for identifying most chemical carcinogens because in occupational
settings, chemical use is often documented and exposure levels tend to be
higher than elsewhere. Assessment of exposures in occupational studies are
facilitated by extensive sources of data, such as job histories, understanding
of production processes and chemicals used, and data from personal or area
sampling to measure exposures, as required by the Occupational Safety and
Health Administration (OSHA) and standard industrial hygiene practices.
Exposure of certain workers to some chemicals may be thousands (or more)
times greater than that experienced by the general public, while other workers with different job tasks might experience a wide range of exposures.
This variability makes it easier to distinguish people who are exposed to
very high levels from those with lesser exposure. The greater the contrast,
the firmer the conclusions that can be drawn about differences in risk of
disease. When exposure levels are low, contrasts are smaller and exposure
misclassification is likely to be relatively greater. Determining exposures
can be more difficult in environmental settings, particularly for chemicals
that are not regularly monitored in air or food, or for chemicals for which
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exposure occurs indoors as a result of specific behaviors or products used.
For these reasons, environmental epidemiologic studies are a less effective
or efficient approach than occupational epidemiologic studies for demonstrating associations between chemicals and increased rates of disease.
Few of the chemicals identified by the International Agency for
Research on Cancer (IARC) or the U.S. Environmental Protection Agency
(EPA) as human carcinogens have been classified as such on the basis of
studies showing breast cancer in humans. One cannot conclude, however,
that these chemicals do not contribute to breast cancer. For virtually all
carcinogens identified by IARC and EPA, the evidence base has primarily
been from occupational epidemiologic studies for reasons described. For the
vast majority of these chemicals, the cohorts were assembled and followed
during the 1940s through the 1970s, periods when most industrial firms
employed only men.
Historically, therefore, most epidemiologic studies of cancer in the
workplace omitted women from the analysis because there were too few
present to observe an effect. Because breast cancer is rare in men, such studies lacked the power to detect breast carcinogens. (Power is a function of
the expected number of cases of disease in the studies, the level and variability of exposure, the validity of the exposure assessment, and the strength
of the true underlying association.) Not only are studies of breast cancer
in men underpowered, but also, extrapolation of cancer findings from men
to women, which may be justified for other forms of cancer, might not be
appropriate for breast cancer.
Beyond the Workplace: Environmental Chemical Exposures
Outside the workplace, exposures to chemicals arise in multiple locations (home, car, ambient air pollution); from multiple activities, including
commuting, cleaning, gardening, and smoking; and through different routes
of exposure (ingestion, inhalation, dermal absorption).
The home, where people typically spend most of their time2 (Klepeis et
al., 1995), provides opportunities for exposure to many chemicals, including naturally occurring chemicals in the diet as well as chemicals from food
packaging, processing, or cooking; the release of volatile chemicals from
carpets, furniture, clothing treatments, and cleaning products; home use of
pesticides; use of cosmetics and personal care products; tobacco smoke; and
infiltration of ambient air pollution. Typically, thousands of synthetic and
naturally occurring chemicals are present in people’s homes and diet, most
at relatively low concentrations.
2 Survey

data indicate that on average people spend 69 percent of their time in a residence
and 87 percent of their time in enclosed buildings (Klepeis et al., 1995).
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The 20th century saw a substantial increase in the synthesis of new
chemicals. Tens of thousands of chemicals are used in commerce, and more
than 3,000 industrial chemicals (excluding polymers), mostly organic compounds, are produced or imported into the United States at rates exceeding 1 million pounds per year (EPA, 1998b). These are known as high
production volume chemicals. A 1998 EPA report found that insufficient
testing had been done to evaluate the health effects of all but a few of these
chemicals. Of 2,800 chemicals investigated, 93 percent lacked one or more
of the six basic toxicity tests,3 and 43 percent of the chemicals had undergone none of these tests, which are considered necessary for a minimum
understanding of a chemical’s toxicity. The percentage of chemicals with
complete or at least some toxicity information was considerably higher for
chemicals with potential for greater exposure through industrial releases or
for those in consumer or children’s products. In addition, not all of these
3,000 chemicals are of high priority for testing, because they belong to
chemical classes or structural groups for which there is less concern regarding mutagenicity, carcinogencity, or endocrine effects. The High Production
Volume Chemicals Program (HPV Program) is an international program to
assess the potential hazard of chemicals produced in high volumes. Production levels of specific chemicals can change over time as demand for them
increases or declines.
Other chemicals of potential concern are by-products of industrial
processes (e.g., dioxins), and the amounts produced cannot be measured
as directly as those of deliberately produced chemicals. Opportunities for
exposure may change in line with changes in production volumes, but they
also may vary independently if industrial processes become more effective
in reducing environmental release of a chemical during production. Among
the substances reviewed in this report as potential risk factors for breast
cancer, environmental releases from different sources have varied, and some
have declined over recent years (e.g., dioxin, Figure 4-3 [EPA, 2006]; or
perfluorooctanoic acid, Figure 4-4 [Paul et al., 2009]).
Hazard Versus Risk
In the assessment of the impact of environmental chemicals on humans,
there is an important distinction between hazard and risk. A chemical may
be identified as harmful or a hazard, but the risk it poses to people depends
on both its toxic potency and the nature of the exposure, especially the
amount to which people are exposed but also potentially the timing of the
exposure. While thousands of chemicals are produced in or imported into
3 The

tests evaluate acute toxicity, chronic toxicity, developmental and reproductive toxicity,
mutagenicity, ecotoxicity, and environmental fate.
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FIGURE 4-3 Sources and amounts (g/yr) of dioxin-like compounds released in the
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and 2000.
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Dioxin releases.eps
SOURCE: EPA (2006).

the United States, not all of them pose risks to the general population. Some
are used only in specific industrial processes, where potential exposure is
limited to those in the workplace. Some chemicals have low potency, generally causing health effects only at very high exposures. Thus, a chemical
known to be a hazard on the basis of toxicologic studies, but with low
potency and to which people are exposed at low concentrations, may present little risk of cancer or other adverse health effects.
Route of Exposure
In occupational settings, inhalation and dermal contact are frequently
the primary routes of exposure (Eaton and Klaason, 1996), although incidental ingestion pathways can occur. In the home, opportunities exist for
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FIGURE 4-4 Estimated releases of perfluorooctane sulfonyl fluoride (POSF) from
Figure 4-4.eps
1970 to 2012 and exponential temporal trends in biota. POSF breaks down into
bitmap, landscape
perfluorooctanesulfonic acid (PFOS). Note: 2012 is when aqueous fire-fighting
foams (AFFFs) are scheduled to be restricted and treated carpets end their natural
life. The projection to zero is based on 3M’s production only, therefore some emissions will continue from remaining producers. Temporal trends in biota have been
normalized to 100 percent for each species/dataset. Usage is depicted as follows:
carpets (—), paper and packaging (- • -), apparel (- - -), performance chemicals
(– • •), AFFFs (• • •). Biota trend lines are as follows: ringed seals from Arctic locations, Qeqertarsuaq (purple) and Ittoqqortoormiit (yellow); Baltic guillemot eggs
(pooled: light green; and mean: dark green); polar bears from western (light blue)
and eastern Canadian Arctic (dark blue); herring gulls from Norway (orange); and
lake trout from Lake Ontario (red).
SOURCE: Paul et al. (2009, p. 390). Published in: Alexander G. Paul; Kevin C.
Jones; Andrew J. Sweetman; Environ Sci Technol 2009, 43, 386–392. Copyright ©
2008 American Chemical Society.

exposure via ingestion, inhalation, and dermal contact. Pesticide exposures,
for example, can occur through consumption of food (from agricultural
applications), inhalation (directly from exposure to sprays and foggers or
subsequently from volatilization of residues of past use or resuspension of
contaminated dust), and dermal absorption (from contact with residues on
the surfaces of tables, countertops, or household objects). Various assessments have found that concentrations of some volatile and semivolatile
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chemicals are much higher in indoor spaces, such as homes and schools,
than in outdoor areas around the home (Sax et al., 2006; Turpin et al.,
2007; Ward et al., 2009; Rudel et al., 2010). Dermal exposure may be the
predominant exposure pathway for chemicals in some cleaning or personal
care products.
Each chemical must be examined for how it is used as well as its volatility and ability to pass through the skin. Sometimes potential routes of
exposure can be overlooked—for example, in taking showers, people may
experience both dermal and inhalational exposure to some volatile organic
compounds (VOCs) in the water supply. Typically, however, this exposure
to VOCs is primarily via inhalation and may equal the exposure from
drinking water (Jo et al., 1990).
Measurement of Exposure
In occupational studies, job titles and records from industrial hygiene
measurements (individual air monitoring, or air sampling from work areas)
are frequently used to estimate exposures. For population studies, researchers may use location of residence or distance from a source of concern
(transmission wires, freeways, factories); structured questionnaires relying
on participants to report product use; measurements taken in air, water,
soil, or other environmental media; and measurements in biological specimens (e.g., blood lead, urinary metabolites of pesticides, cotinine from the
breakdown of nicotine to indicate tobacco smoke exposure). The utility of
these chemical measurements in both environmental and biological samples
depends on when the samples are taken relative to the disease in question;
the half-life in the environment or human body, respectively; and the variability in actual exposures over time. In the 1990s, researchers began to
develop biomarkers as a means not only to improve estimation of exposure,
but also to document intermediate steps along the pathway between exposure and effect. For example, markers of oxidative stress, DNA adducts,
and epigenetic marks such as methyl groups can provide evidence that tissues have been affected. Such markers may suggest a mechanism by which
an exposure may increase or decrease the risk of breast cancer; however, it
can be difficult to demonstrate a direct relationship between the exposure
and the marker, and between the marker and subsequent disease.
Importance of Timing of Exposure
Understanding the link between chemical exposure and disease is especially challenging when studying chronic diseases that develop gradually
over many years, such as cancer. Because the first steps in carcinogenesis
may begin decades before the diagnosis of a cancer, relevant exposures
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for breast cancer may include those that occurred in childhood or perhaps before birth. Assessing past environmental exposures poses serious
challenges.
Chemicals and other factors may act differently or have different exposure routes at different stages of a woman’s life. The breast may be more
vulnerable to carcinogenic exposures during in utero development, in the
interval between menarche and a first full-term pregnancy, or during key
windows of proliferation and maturation. Such periods of increased susceptibility would also imply that total lifetime exposure is not the appropriate
metric, but, rather, that exposures need to be measured during critical life
stages, some of which may be harder to capture than others. One of the
more classic examples of the importance of timing of exposure comes from
studies of atomic bomb survivors. Early reports suggested that increased
breast cancer risk appeared to be limited primarily to women who were
exposed during puberty. Although more recent analyses suggest elevated
risks even among those exposed later in life, early exposure remains particularly important (Land et al., 2003; Preston et al., 2007). The potential
importance of timing of exposure to breast carcinogenesis is discussed in
greater detail in Chapter 5.
Factors for Consideration in Measures of Exposure
A key consideration in epidemiologic studies is persistence of the risk
factor or exposure. Some substances are unstable in the environment. Others are retained in environmental media, but have short residence times in
the human body. For example, pyrethroid pesticides can persist indoors
away from sunlight for months or years, but they are rapidly excreted by
humans (CDC, 2009). Some chemicals or their metabolites can be retained
in the human body for decades. Levels of internal exposure to these stored
chemicals can be influenced by changes in the body that are unrelated to
current levels of external exposure. Lead, for example, is stored in bone for
decades, but it is released during pregnancy or menopause. Some endocrinedisrupting compounds, such as certain polychlorinated biphenyls (PCBs)
and polybrominated diphenyl ethers (PBDEs), are persistent in both the
environment and in humans (Brown, 1994; Sudaryanto et al., 2008; EPA,
2010).
If the substance is retained in either environmental media or the human
body, it may be possible to make measurements in one time period and infer
aspects of exposure in other time periods. To do so requires knowing not
only the rate at which a chemical and its metabolites are eliminated from
the body (so-called half-lives), but also the variation in exposure levels over
time and the determinants of variability in retention (both for the ecosystem
and the human organism). Perhaps the most promising situation for infer-
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ring previous exposures for the persistent compounds is when they have
been banned and no new exposures are occurring, so that half-lives are the
prime determinant of change over time. However, even if a typical half-life
has been established for a persistent chemical, measurements for individuals can be influenced by such factors as age-related or genetic influences on
metabolism of the chemical or experiences that may affect remobilization
of the stored chemical (e.g., lactation, substantial change in weight).
If the chemical is not retained, then any one-time measurement will
likely be inadequate to capture the true exposure, unless the exposures are
consistent. This could occur, for instance, when there is a product whose
formulation has not changed and the contact is consistent over time (e.g.,
used daily in the same amounts and in the same way).
To effectively study exposures over long time periods, research protocols may require measurements of exposure at multiple time points. The
number of measurements required will depend on the variation in exposure
over time. Compounds that are rapidly excreted may require a large number
of measurements, even to obtain estimates of short-term exposures. Because
this can be prohibitively burdensome, alternative strategies that rely on
external indicators of exposure may provide more accurate estimates of
exposure. For instance, if 50 percent of the body burden of a chemical is
from consumption of one particular food source, then questionnaires about
such behavior patterns may be more reliable than measurements of urinary
metabolites.
Thus, new methodologies for the measurement of suspected breast
carcinogens in the environment can lead to higher quality epidemiologic studies, both retrospective and prospective. The modalities needed
include improving measurements in the environment and assessing variation over time and space; determining routes of exposures and how they
vary over time and over the life course; using emissions inventories along
with environmental dispersion modeling; measuring compounds and their
metabolites in biospecimens; understanding pharmacodynamics and pharmacokinetics and how they vary by age, body weight, nutrition, comorbidity, or other factors; developing biomarkers for early biologic effects (DNA
adducts, methylation, tissue changes, gene expression, etc.); using human
exposure biomonitoring programs (e.g., breast milk repositories) by geographic areas; and validating exposure assessment questionnaires through
various strategies.
Although reductionist science has generally driven typical chemical
risk assessments to examine risk “one chemical at a time,” humans are not
exposed to just one chemical at a time. Indeed, there is a need to establish
new, innovative approaches that allow quantitative assessment of multiple
concurrent exposures with various disease end points, such as breast cancer. An interesting conceptual model that addresses the reality of multiple
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concurrent exposures is the “exposome.” As proposed by Rappaport (2011,
p. 5), the exposome represents “the totality of exposures received by a person during life, encompasses all sources of toxicants and, therefore, offers
scientists an agnostic approach for investigating the environmental causes
of chronic diseases.” Other examples of recent thinking on the complexities of multiple human exposures include the use of “environment-wide”
association studies, such as was done recently for 266 different environmental factors and risk for developing type 2 diabetes (Patel et al., 2010).
This study reported small, but statistically significant, associations between
development of type 2 diabetes and hepatachlor epoxide, PCBs, and the
vitamin gamma-tocopheral. A protective (inverse) effect was seen with betacarotene. The application of such approaches to the environment and breast
cancer is potentially feasible. However, even with such holistic approaches
to exposure analysis, assessment of exposure during early life stages would
be important, as discussed elsewhere in this report, making it particularly
challenging for breast cancer and other diseases that often occur later in life.
Other novel approaches to unraveling the complex association between
genes, multiple environmental exposures, and complex diseases such as
breast cancer are needed. A better mechanistic understanding of the role
of environmental factors in disease etiology, including especially “pathway
analyses” and other tools that can be used to identify key regulatory pathways that integrate genetic and environmental modulators, are needed to
help set priorities for future research (Gohlke et al., 2009).
HUMAN EPIDEMIOLOGIC STUDY DESIGN
AND IMPLEMENTATION
As introduced in Chapter 2, various types of human epidemiologic
studies are conducted: (1) double-blind randomized controlled trials,
(2) observational designs such as cohort and case–control studies, and
(3) the less reliable “ecologic” studies that do not use individual-level data.
Each type of study design has different strengths and weaknesses. Several
factors are discussed here that can interfere with the execution of studies
and interpretation of their findings.
Bias
A major goal of epidemiologic studies is to estimate the effect of a
suspected causal factor by measuring how strong its association is with the
disease under study. Bias occurs when the estimate of effect systematically
misses the mark and is artificially higher or lower than the true association
in the population. Bias can arise in several ways. Selection bias occurs when
study participants differ from the population of interest with regard to the
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joint distribution of exposure and disease. For example, different exclusion
criteria applied to cases and controls skewed the prevalences of exposure
differently in the two groups in a hospital-based study in Helsinki. This led
to an apparent association between the use of reserpine, an antihypertensive
agent, and breast cancer (Heinonen et al., 1974). A later study helped to
illustrate the false findings resulting from differentially applied selection
criteria (Horwitz and Feinstein, 1985; Gordis, 2000).
Information bias can occur when methods for gathering information
about study participants are fallible, such that either exposure or disease
outcome information is incorrect. Information bias can arise from either
random or systematic errors, for example, in information abstracted from
medical records or obtained by use of surrogates (e.g., spouses or other
family members when the study subject is deceased or too ill to provide
information). Recall or reporting bias is thought to be a common type
of information bias in case–control studies, but it can occur in any study
in which information is obtained after occurrence of disease. One factor
that can contribute to recall bias is the tendency of people who develop a
disease (cases) to think harder about and recall more potential exposures
than those in the comparison group (controls), who have not developed a
disease and may be less likely to recollect past events and activities. This
type of recall bias would typically result in a bias toward an increased association between the exposures and disease, if those exposures are harmful.
However, in general, bias can be either toward the null (the “null” refers
to “no effect,” such as an odds ratio [OR] or relative risk [RR] of 1.0) or
away from the null. In other words, bias can either attenuate or exaggerate
a measure of association.
Another type of bias is referred to as “confounding” and is often
considered a category of its own. It occurs when another risk factor for
the disease under study occurs more or less frequently in those who are
exposed as compared with the unexposed. An association observed between
the exposure under study and the disease outcome might be the result of
the alternative risk factor that is associated with, but not the result of, the
exposure being studied. For example, in the United States, the incidence
of breast cancer is generally higher among women with higher incomes,
but higher income itself is not a causal factor. Instead, higher income is
associated with having fewer children, having children at later ages, and
other factors that are more clearly associated with the biologic processes
that contribute to breast cancer. For this reason, scientists are skeptical of
results unless potential confounders have been taken into account. If confounders are known and measurable, it is often possible to limit the effect
of confounding (“control” for it) through appropriate design, data collection, and statistical analysis. For example, matching of controls to cases
on factors such as age is a method that can improve the ability to control
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confounding when the data are analyzed correctly. But such steps will not
be sufficient if confounders are unrecognized or difficult to measure, or if
their relationship to exposures is poorly understood.
Restriction of study participants can serve to improve control of confounding, but may result in lower generalizability if the restricted group is
characterized by a different relationship between exposure and disease (e.g.,
a study of women ages 40–60 may yield results that would not apply to
women ages 60–80 or 20–40). In matched or unmatched designs, appropriate statistical methods must be applied to effectively control confounding.
These include stratification and statistical adjustment. Stratifying the data
involves grouping by levels of the suspected confounder and deriving an
adjusted measure of association across all levels. Adjustment can involve
use of a statistical model that is assumed to reflect the relationship of multiple independent variables in relation to the outcome. Statistical models
can provide simultaneous adjustment for multiple potential confounders.
However, adjustment for confounders is not always sufficient or adequate,
especially when information on all potential confounders has not been collected or the confounding factors are not even known to the investigator.
Moreover, confounders need to be understood as operating, not oneby-one, but rather in a complex network of causal relationships. Graphical tools, such as directed acyclic graphs (DAGs), are sometimes used to
identify the appropriate confounders for control, and to identify which
factors should not be controlled (Greenland et al., 1999; Hernán et al.,
2002). This latter group consists of two categories of variables: (1) factors
that are downstream of the exposure and (2) factors that block a pathway
between exposure and disease (e.g., they have antecedents, one that is
associated with exposure and the other with disease). Some factors that are
downstream of exposure may be intermediates on a causal pathway, but
whether they are or not, control for them can introduce bias, except in very
specific circumstances (Petersen et al., 2006). In most instances, factors that
block an exposure–disease pathway should also not be controlled, in order
to obtain unbiased measures of the association of interest. But if they are,
at least one of the antecedents will also require control. The importance
of taking prior knowledge into account when selecting variables has been
clearly demonstrated (Hernán et al., 2002). Stated differently, the use of
empirical data alone for selection of confounders to control can be misleading and can be used to justify what will be a biased model.
Potential confounding by “unknown factors” is often cited as a precaution in ascribing causality to an exposure associated with disease and,
in fact, was a central argument used in questioning whether smoking
was causing lung cancer (e.g., Fisher, 1958a,b). However, hypothesized
explanatory confounders are subject to some stringent constraints, such as
that the association between the confounder and disease must be (much)
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larger than that of the exposure and disease, in order to “explain” the
observed exposure–disease association (Cornfield et al., 1959; Langholz,
2001; Goodman et al., 2002). Consideration of whether such factors exist
is warranted when this criticism is expressed. An example was when smoking was argued to explain the association of an occupational exposure
with lung cancer. At first blush, this seemed plausible, since smoking has
such high relative risks while the occupational exposure showed a lower
association. However, smoking levels were found to be very similar when
comparing exposed to unexposed workers, and hence smoking was not a
strong confounder (Axelson and Sundell, 1978).
Yet another type of bias is statistical bias, which can occur as a result
of unavoidable limitations in the methods of analysis. Statistical bias may
also result from use of an inappropriate method of analysis, such as using
unmatched methods for a matched design, or failing to employ survival
analysis when follow-up in a cohort study is highly variable. In addition,
a study may be uninformative because it has inadequate statistical power
to detect differences in risk when the anticipated effect is small. This may
happen because the sample size is too small or, for a rare outcome in a
large cohort, the number of expected cases is small or an exposure is rare.
Because the study of rare exposures requires such large sample sizes, studies are often conducted in populations that are more highly exposed than
the general population, such as occupational groups exposed in the course
of their work.
In general, when a study has inadequate statistical power, “random
error” could lead to over- or underestimation of the true effect, even though
with repeated sampling the average effect estimate would converge on the
true value. This imprecision will be reflected in wide confidence intervals
around the risk estimate. A wide confidence interval might have an upper
limit that is, for instance, 8 or 10 times larger than the lower limit. Another
cause of low statistical power is an underlying association that is so small
that it is difficult to distinguish from the null effect. For instance, if the
exposures encountered by the population truly increase risk by, say, 5 to
10 percent, even a very large study with a few thousand cases will generally
not be of sufficient size to reliably generate a statistically significant estimate
of increased risk.
Interpretation of Attributable Risk and Population Attributable Risk
Chapter 2 introduced some of the measures that are used to estimate
the disease risk associated with factors of interest, including attributable
risk (AR) and population attributable risk (PAR). In its simplest form, the
AR is a measure (percentage) of the cases that occur in the exposed group
that are in excess of those in the comparison group and that are considered
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to have occurred because of a given factor. This measure can be interpreted
as the maximum potential for risk reduction among those currently exposed
to the factor of interest if the exposure could be eliminated and if the
association is truly causal. The PAR is a population-based measure of the
percentage of excess cases associated with the exposure of interest that also
takes into account the distribution of the exposure within the population,
again, assuming that the relationship between the exposure and the disease
outcome is causal. If an exposure is rare, it may contribute only a small
proportion of a population’s disease risk, even if disease incidence is much
higher among those who are exposed. The AR is a statement about disease
among people who have an exposure, not about exposure among people
who have a disease. The PAR is a statement about disease risk ostensibly
due to the exposure in the entire population, not about exposure among
people with disease.
Several methods have been used to estimate the PAR. A comprehensive
review of methodological developments up to 2000 is given in a series
of papers, including Benichou (2001), Eide and Heuch (2001), and Uter
and Pfahlberg (2001), while more recent developments are described in
Steenland and Armstrong (2006) and Eide (2008). With respect to breast
cancer, an insightful commentary, “Use and Misuse of Population Attributable Fraction” by Rockhill et al. (1998), succinctly summarizes the definitional and estimation issues and discusses how attributable risk has been
misinterpreted in the breast cancer epidemiologic literature.
Although PAR numbers appear fairly frequently in scientific literature,
they are prone to misinterpretation by health professionals as well as lay
people. It is common to interpret the PAR as the change in disease risk if
exposure were reduced in the exposed individuals of the study population.
However, exposure may be correlated with other factors that are also risk
factors for disease. A change in the exposure under consideration may or
may not result in making the “exposure altered” population similar to the
unexposed population in all respects relevant to breast cancer. For instance,
nulliparous women (those who have never had children) are more likely to
be unmarried than parous women. If some of the factors related to being
married but not related to childbearing are associated with breast cancer
risk, then single nulliparous women who “become parous” to reduce breast
cancer risk may not have the same risk as the general parous population,
which has more married people in it.
ARs or PARs can be calculated separately for several risk factors related
to a disease such as breast cancer, but these separate estimates cannot be
added together. It is possible, however, to calculate an AR or PAR for a
group of risk factors together. When an AR or PAR is calculated for multiple risk factors combined, the result is likely to be smaller than the sum of
the ARs or PARs for the individual factors if the correlations among those

CHALLENGES OF STUDYING ENVIRONMENTAL RISK FACTORS

195

factors are positive. Risk factors are often related to each other or to common disease pathways so their contributions to disease risk are not independent. For example, people who smoke may also consume more alcohol. It
is also possible to calculate an AR or PAR for a single factor holding others
fixed. The results of some of these studies that have calculated PARs are
discussed in Chapter 6.
It is also crucial that ARs and PARs be seen as a function of the characteristics of the source population and mix of exposures from which they
are estimated. Because they capture as-yet undetermined factors that contribute to risk, they may not apply to other populations that differ in their
mix of risk factors.
Rockhill et al. (1998) point out several common errors in interpretation
and communication of the PAR and discuss them in relation to estimated
PAR for breast cancer (Seidman et al., 1982; Madigan et al., 1995). The
first problem is confusing the attributable risk with the proportion of cases
who have any of the risk factors included in the PAR. In the examples they
cite, a PAR is reported (say, 25 percent) and then it is erroneously concluded
that the PAR proportion (25 percent) of cases have one or more of the risk
factors while the remaining cases have no risk factors. As noted, the PAR is
a statement about disease risk considered to be due to exposure in the entire
population, not about exposure among those with the disease. Rockhill and
colleagues noted that in each of these studies, the proportion of controls or
of the underlying population who were exposed to at least one of the risk
factors was 90 percent or more.
The PAR also does not mean that the causes(s) of breast cancer can be
identified for the percentage equivalent to the PAR of those with the disease. The PAR “does not address probability of causation for a specific case
of disease, nor does its estimation enable epidemiologists to discriminate
between those cases caused by, and not caused by, the risk factors under
consideration” (Rockhill et al., 1998, p. 17). A further problem is the lack
of distinction between factors that are likely to be causally related to disease
risk and those that capture a whole set of lifestyle and exposure characteristics. For instance, they note that denying women a college education
(a risk factor for breast cancer) is not going to reduce breast cancer risk if
the “more causally proximate exposures and behaviors remain the same”
(Rockhill et al., 1998, p. 18).
The third issue has to do with the definition of the exposed group. If
the message is that the exposed cases could be prevented, then defining
the unexposed group to have characteristics that are unattainable in the
exposed population is not useful. In a related note, Rockhill et al. (1998)
cite the point by Rose (1985) that susceptibility to chronic disease is rarely
confined to a high-risk minority within the population; this would certainly
seem to hold for breast cancer.
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The last issue is the common practice of “equating the AR with the proportion of disease cases that are ‘explained’ by the risk factors” (Rockhill
et al., 1998, p. 18). Their concern is that the term “explained” is equated
with, and misinterpreted as, “cause.” A better interpretation might be that
the PAR represents the proportion of cases that “are associated with” the
risk factors in question. Rockhill and colleagues (1998) note that breast
cancer risk factors are poor predictors of breast cancer occurrence; the vast
majority of women with these risk factors do not develop breast cancer. As
an example to make their point, they consider “age greater than 15” as the
exposure variable. Nearly 100 percent of cases are exposed, but so are the
vast majority of noncases; therefore, considering age greater than 15 as a
risk factor is of little value. This issue can be described in statistical terms as
having a defined exposure that has high sensitivity (i.e., a large proportion
of breast cancer patients are exposed), but very low specificity (i.e., a large
proportion of women without breast cancer are also exposed).
The committee believes that many of the problems in interpretation of
the PAR arise when there is either an expressed or implied causal relationship between the exposure and disease. A definition that is more reflective
of what may be estimated from observational data is that the PAR is the
relative difference in the risk of disease between the whole population
and the unexposed portion of the population. With this interpretation,
it should be better understood that the lower breast cancer risk in married
women is not necessarily due to “marriage” per se, but to some constellation of characteristics of the population of married women.
Experimental Studies in Humans
Many of the various sources of bias and confounding that can affect
observational studies are eliminated or reduced in experimental studies
or clinical trials that are randomized. In humans, the gold standard for a
study to examine a potential causal relationship between an exposure and
disease is the randomized controlled trial, in which study participants are
randomly assigned to groups receiving (or not) an intervention or exposure.
Randomized controlled trials may also be “blinded” when either study
subjects or investigators carrying out the study, or both, are unaware of
the intervention group assignments. When participants are randomized to
receive (or not) a treatment, the likelihood of confounding is reduced, but
unless the trial is large, analyses still need to control for the possibility that
some imbalance in risk factors (confounding) occurred despite randomization. The randomized trial design is most often used for studies of treatment
efficacy, but it is rarely used for etiologic studies.
If large enough, such randomized trials could in theory resolve outstanding questions regarding causal relationships for breast cancer. However,
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such studies are not practical or appropriate for most of the environmental
exposures of greatest concern. Randomized trials are not ethical if it would
be necessary to subject participants to an exposure anticipated by the investigators or the scientific community to be harmful. In many cases, randomly
assigning participants to an “unexposed” group would also be infeasible
because many substances of interest are widely present in the environment.
Nevertheless, randomized trials of intervention strategies to mitigate exposure (e.g., to increase smoking cessation or to reduce worker exposures
to a suspected carcinogen) could produce very strong causal evidence if a
difference in health outcomes were found.
Another challenge for intervention trials for disease prevention is that
assignment to a given intervention may coincide with other changes occurring in the population under study that are not part of the intervention
being tested. The Multiple Risk Factor Intervention Trial (the MRFIT
study), for example, was designed to test the impact of several interventions
on mortality from coronary heart disease (MRFIT Research Group, 1982).
After the 7-year study period, investigators found no statistically significant
difference in mortality between those who had and had not been part of
the intervention group. This unanticipated result was attributed, in part,
to those who were assigned to receive “usual care” (the group that did not
receive the interventions) experiencing risk-reducing changes (e.g., smoking
cessation) that were independent of the study. These studies may also be
limited if people who are willing to participate, and to be randomized to
the condition of interest, are not particularly representative of the general
population at risk. Thus, generalizability of results is often lacking.
Of critical importance for the study of breast cancer are studies that
compare women who were “exposed” and “unexposed” during the early
life stages for which there is growing concern about higher sensitivities or
vulnerability. If such studies were to rely on following women from the
time of these exposures, they would have to be carried out over decades to
discern differences in rates of breast cancer. A strategy to circumvent this
need is for epidemiologists to examine whether the exposure influences an
intermediate marker of breast cancer risk, such as age of pubertal onset,
that is measureable long before the usual onset of breast cancer.
Interpretation of Group Differences
The interpretation of trends in cancer incidence and mortality in epidemiology requires consideration of multiple simultaneously changing cancer
determinants, confounding factors, and even unrelated coincidental trends.
Some studies examining statistical associations between health outcomes
and exposures or other characteristics make assessments using data at the
population or group level rather than the individual level.
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Studies that examine population-level associations of disease rates with
potential causal factors are termed ecologic studies. They do not look at
individuals, but instead look at grouped data for both disease and exposure,
such as county rates of cancer (an outcome) and percentages of the county
population who have a characteristic (an exposure). Ecologic studies are
prone to “ecological fallacy” (Lilienfeld and Lilienfeld, 1980) because sometimes the association seen in the group does not apply to the individuals.
For example, counties with high breast cancer rates might also be counties
with more women in the workforce, even though within counties, breast
cancer might actually occur more often in women who are not employed,
or might occur equally in those who are and are not employed. Because
of this problem, ecologic studies are considered to be one of the weakest
study designs in epidemiology. These designs are best viewed as “hypothesis
generating” (a kind of “brainstorming”) rather than “hypothesis testing.”
Impact of Disease Screening
Cancer screening detects asymptomatic cancers. Uptake of screening
or dissemination of a more sensitive screening test increases the detection
of silent tumors as quickly as the enthusiasm for the new test builds or
insurers agree to pay for the test, as occurred in the case of the dissemination of prostate-specific antigen (PSA) screening for prostate cancer. Very
few factors other than screening or a sudden shift in diagnostic criteria for
cancer can account for rapid changes in cancer incidence. Thus, the implementation of a new screening program or method can account for rapid
increases in cancer incidence (Kramer and Croswell, 2009). If the screening
process is detecting tumors sooner than they would otherwise have been
found, incidence rates are likely to return to previous levels, assuming other
factors are not contributing to changes in incidence. New or more extensive
screening may also result in a sustained increase in incidence if it detects
a reservoir of tumors that routinely exist and would never otherwise have
become evident.
Another distinguishing characteristic of screening-mediated increases
in cancer incidence compared to appearance of a new carcinogen is the
spectrum of tumor stages found at diagnosis. In the absence of screening,
the introduction of a new carcinogen would be associated with an increase
in the incidence of cancer diagnoses at both localized and advanced stages
of cancer. However, screening tests tend to have a disproportionate impact
on the incidence of localized stages versus advanced stages because they
are finding tumors that cannot otherwise be readily discovered (Kramer
and Croswell, 2010).
Screening can also lead to increased detection of indolent cancers
that are not life-threatening, a phenomenon known as “overdiagnosis”
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(Morrison, 1985). There are two prerequisites for cancer overdiagnosis,
and both have been met in the case of breast cancer: (1) the existence of
a silent reservoir of tumors that would ordinarily not come to clinical
attention during the life span of a given person, and (2) surveillance or
screening activities that lead to detection of the reservoir (Esserman et al.,
2009; Welch and Black, 2010). Estimates of breast cancer overdiagnosis
vary widely (ranging from 7 to 50 percent), depending in part on whether
ductal carcinoma in situ (DCIS) is included in the estimate and whether the
denominator of the estimate is all cancers or only screen-detected cancers
(Gøtzsche and Nielsen, 2006; Zackrisson et al., 2006; Duffy et al., 2008;
Gøtzsche et al., 2009). As noted in Chapter 2, at present there is no way to
know which instances of DCIS might progress to invasive cancers (Allred,
2010), so most women with in situ tumors receive treatment that is similar
to the treatment for early-stage invasive tumors.
Overdiagnosis may also affect the interpretation of study results or
surveillance data. Identifying modifiable risk factors that are disproportionately associated with indolent tumors might make it possible to reduce the
nominal incidence of breast cancer and spare some women what is essentially unnecessary treatment, but it would have limited benefit for women
with more aggressive tumors. Also, because overdiagnosis associated with
cancer screening leads to an increase in incidence without necessarily changing the risk of dying of the cancer, it can artifactually inflate survival rates
and cure rates of cancer, independent of any actual benefits of screening or
improvements in therapy over time (Welch et al., 2000).
Long Latency and Intermediate Markers in Breast Cancer
The process of carcinogenesis usually takes place over many years
or even decades. Even the most potent cancer-causing exposure, tobacco
smoke, provides an example of long latency in its action. For lung cancer,
tobacco smoke is a “complete” carcinogen, meaning that no other exposures are needed beyond smoking to cause cancer. Nevertheless, historically
there was a delay of about two decades between widespread uptake of
cigarette smoking and the subsequent epidemic of lung cancer, reflecting
the latency of the disease.
Because the process of carcinogenesis usually spans years, studying
early life exposures that might contribute to or cause cancer is particularly
challenging. Of great use would be intermediate outcomes known to be in
the causal pathway to cancer, so that studies could use these as endpoints
for studying early causes for breast cancer or interventions that could ultimately lower the risk for breast cancer. Currently, candidate intermediate
outcomes include early menarche, anovulatory menstrual cycles, greater
maximum attained height, late age at first pregnancy, and a small num-
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ber of pregnancies. While all are associated with increased risk of breast
cancer, the mechanisms or explanations for these associations are not yet
established; consequently, it is unknown whether altering the intermediate
outcome will also alter the risk for breast cancer later in life. This question
may be at the crux of the search for future intervention and prevention
strategies.
Moving the Research Agenda Forward
Given the challenges of exposure assessment, timing, and intermediate
outcomes outlined above, what are the options for approaching these important questions in human populations using the discipline of epidemiology?
Perhaps an ideal study design would be prospective/longitudinal follow-up of girls from intrauterine life to maturity and past menopause when
breast cancer incidence, especially ER+ breast cancer, becomes most common. At frequent intervals over the life course and especially during critical
windows of susceptibility, exposure would be assessed by various methods,
including self-reports from parents and the girls and women themselves;
environmental sampling and measurement; biospecimen assays; and other
indicators of impact on physiologic, cellular, or molecular processes. Likewise, assessments of intermediate outcomes that suggest increased risk of
breast cancer would also be recorded using the most accurate methods
possible.
The obvious problems with this approach are the length of time and
the expense needed to capture the data for decades until breast cancers are
prevalent in the population. In addition, the type of exposures assessed
or targeted along the way may no longer be of interest or relevant a half
century later, and the collection, processing, or storage of appropriate specimens may not have been possible at the critical time window. Short of this
ideal, what then are the useful, realistic study design alternatives?
No easy answers are apparent. Potentially viable options that could
offer useful information are well-conceived monitoring systems and studies addressing intermediate outcomes. For example, large-scale monitoring
systems with individual- or group-level information (or a combination of the
two) could be leveraged for both prospective and retrospective studies. They
could focus on environmental exposures, medical information from electronic health system data, or other sources of relevant exposures, covariates,
and intermediate outcomes. Studies could also be designed to systematically
focus on (1) relationships between exposures at early phases of development
and biomarkers or intermediate outcomes, and linked to other studies of (2)
these biomarkers or intermediate outcomes and later risk of breast cancer.
Again, leveraging existing databases might lead more rapidly to results.
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STUDYING THE ROLE OF GENETICS IN BREAST CANCER
As introduced in Chapter 2, statistical modeling of the potential cumulative effect of the inheritance of multiple risk variants, each of small effect,
suggests that low-penetrance gene variants, that is, variants that do not
give rise to a strong burden of breast cancer in families, could be associated with a substantial fraction of breast cancer risk. Epidemiologic studies
using “candidate gene” approaches have been widely used to assess polymorphic variants in genes that plausibly influence breast cancer risk. More
recently, genome-wide association studies (GWAS) have provided a more
comprehensive search for associations across the genome, independent of
hypotheses about specific genes. GWAS use key variants in single DNA
components, called “tag single nucleotide polymorphisms” (tagSNPs), to
efficiently evaluate common SNP variations in the human genome (Manolio,
2010). In studies of cases and controls of European ancestry, genotyping
of 500,000–600,000 tagSNPs in each study subject permits genome-wide
studies of susceptibility to breast cancer. Larger sample sizes are needed
for studies of the more variant genomes of persons of African ancestry. As
noted in Chapter 2, extreme levels of statistical significance are needed to
identify true positive results because of the very large number of statistical
tests being performed. Therefore, large sample sizes of thousands, even tens
of thousands, of cases and controls are needed for these studies (Hunter et
al., 2008).
Thus far, approximately 20 risk variants have been robustly associated
with breast cancer risk in GWAS (Easton et al., 2007; Hunter et al., 2007;
Stacey et al., 2007; Zheng et al., 2009; Turnbull et al., 2010). A number of
these variants are not in regions of genes that code for gene products, and
most of the others are not in genes that were previously strong candidates
to be associated with breast cancer. Thus, the GWAS approach identifies
variation in intergenic regions as potentially important, and it discloses
new genes not previously associated with breast cancer, potentially providing new insights into mechanisms of breast cancer causation. Although it
is possible that stronger associations may exist for rarer genetic variants
(e.g., those with minor allele frequencies of <5 percent) that have not been
tested with the technologies available to date, it is unlikely that stronger
associations with common variants exist.
GENE–ENVIRONMENT INTERACTIONS
Much of breast cancer causation is assumed to be due to the interplay
between inherited susceptibility to the disease and exposure to environmental risk factors or lifestyle choices. This interplay is often summarized
loosely in the term “gene–environment interaction.” Unfortunately, the
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term has several different meanings and mathematical formulations. The
generally accepted meaning (Rothman et al., 2008) is that the strength of
the association with a given outcome for those with both the high-risk
gene polymorphism and the harmful exposure is greater than the sum of
the associations for each factor alone. This type of interaction is referred
to as “synergistic.” Another use of the term interaction is “statistical,”
and this is model dependent. For studies of breast cancer (or any binary
outcome measure such as yes/no), the typically used statistical models are
all multiplicative, and interaction occurs when the associations for those
with both the high-risk gene and the harmful exposure is not multiplicative (e.g., higher or lower). Under this approach, the two factors “interact
statistically” if women exposed to both are at much higher risk than would
be expected based on multiplying the individual relative risks together.4
Generally speaking, this approach requires a much stronger combined effect
than would be necessary to conclude that a synergistic relationship exists.
As a result, it can be difficult to replicate findings of statistical interaction.
Because this statistical approach has dominated the breast cancer field,
the examples given here test “multiplicative” interaction. The committee
notes, however, that biologic interaction can occur through a variety of
mechanisms (see Chapter 5), and the synergistic “additive” definition is
consistent with factors acting through many of these biologic mechanisms.
Investigating Gene–Environment Interactions
Complex diseases are often the result of both genetic and environmental factors. Few researchers, however, have seriously undertaken the examination of their combined effects. Partly this is because very large studies are
needed to identify interactions—for a binary exposure and a gene with two
functional forms, the sample sizes need to be at least four times larger than
those needed to assess any two-level factor alone with the same statistical
power. However, the complexity takes on more dimensions. Even when a
study is not investigating the interactions of genes and environmental factors, the ability of those studies to identify environmental risk factors may
be compromised by those relationships. Moreover, when exposures become
pervasive, all the variability will tend to appear to be due to genetic factors.
For some exposures, investigations of genetic interactions are drawing
attention to specific genetic features. The evidence on smoking in conjunction with variants in the N-acetyltransferase 2 (NAT2) gene is discussed
4 This

corresponds to the P value for the “multiplicative” interaction term in a logistic regression model. A statistically significant P value with a positive regression coefficient indicates
that the joint exposure is associated with higher risk than expected simply by multiplying the
relative risks.
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in Chapter 3. Some, but not all, studies have suggested that the “slow
acetylator” form of NAT2 appears to increase the risk of breast cancer for
heavy smokers. Genetic characteristics investigated for interactions with
exposure to PCBs and ionizing radiation are discussed here as examples of
gene–environment interactions that are being studied.
Polychlorinated Biphenyls
An example of the difficulty of investigating gene–environment interactions is offered by data on polymorphisms in the CYP1A1 gene and exposure to higher blood levels of PCBs. CYP1A1 polymorphisms do not, by
themselves, appear to be associated with alterations in risk for breast cancer
(Laden et al., 2002; Masson et al., 2005). Similarly, a meta-analysis based
on 1,400 case patients with breast cancer and 1,642 control subjects suggests no relation of higher blood levels of PCBs with risk of breast cancer
(Laden et al., 2001). Although blood levels of PCBs found in the reviewed
studies reflect many years of exposure, the blood samples were mostly collected at the time of breast cancer diagnosis, or less than 10 years before
diagnosis, and thus do not exclude an influence of exposures in early life
or adolescence.
Other studies have included data on CYP1A1 polymorphisms in the
analysis. Moysich et al. (1999) observed in a case–control study with data
on 154 postmenopausal cases that women who carried at least one Val
allele at codon 462 in the CYP1A1 gene and whose blood levels of total
PCB concentration were above the study median had an increased risk of
breast cancer (OR = 2.9, 95% CI, 1.2–7.5) compared with women carrying two copies of the Ile allele and below the median for total PCBs (the
test for statistical interaction was not statistically significant: P = .13). In
a subsequent study based on 293 cases, Laden et al. (2002) reported that
postmenopausal women who carried at least one Val allele at codon 462
and were in the highest third of total plasma PCB concentrations had a relative risk for breast cancer of 2.8 (95% CI, 1.0–7.8), compared with women
carrying two copies of the Ile allele and in the bottom third of plasma
total PCBs (the test for statistical interaction was marginally significant:
P = .05). When premenopausal women were included (a combined total of
367 cases), no suggestion of increased risk was evident. In a third study of
this association, Li et al. (2005) also observed an increase in risk among
women who were above the median value for total plasma PCBs if they
were carriers of the codon 462 Val allele (P, interaction .02), although the
association was limited to premenopausal cases, not postmenopausal cases.
Thus, these three published studies of this association have reported
an elevation in the risk of breast cancer among women jointly exposed
to higher plasma PCB levels and the CYP1A1 codon 462 polymorphism,
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although the statistical interactions were not all statistically significant,
and there was some inconsistency according to menopausal status. Given
the possibility that the relevant exposures may have occurred many years
before the subjects’ PCB levels were measured, that the particular PCB(s) of
concern may not correlate well with the “total PCB” measurements used,
and that the small size of the studies limited their power to detect multiplicative interaction, the findings from three different populations are, at a
minimum, intriguing and worthy of further investigation.
Ionizing Radiation
Another relation that has been explored is that between mutations in a
gene important for DNA repair and exposure to ionizing radiation, which
can induce DNA damage. The ATM gene is critical in signaling the occurrence of double-strand breaks and directing repair of the damaged DNA.
Furthermore, ataxia–telangiectasia (A-T), an autosomal recessive disorder
characterized by extreme sensitivity to radiation, is the result of truncation
mutations at the ATM gene. There is strong biological plausibility to the
hypothesis that women with ATM mutations, who are less able to respond
to DNA damage, will be at higher risk of breast cancer generally and that
the breast cancer risk from a given dose of radiation will be greater in
women who carry the ATM mutation than in those who do not. In addition, mothers of A-T patients are obligate (heterozygous) carriers of the A-T
mutation, and studies indicate that these women are at higher risk of breast
cancer than women who do not carry the mutation.
One well-designed study has been done to address the issue of radiation
sensitivity. The Women’s Environment, Cancer, and Radiation Epidemiology (WECARE) case–control study draws on women with breast cancer
from a consortium of five cancer registries who were followed for a second
primary breast cancer (in the contralateral breast). The details about the
study design, patient population, and the study results have been reported
(Bernstein et al., 2004, 2010; Concannon et al., 2008; Stovall et al., 2008;
Langholz et al., 2009). Briefly, blood samples were taken and ATM genotyping performed to locate ATM SNP variants, as well as splicing and
truncation mutations, the types of mutations most commonly associated
with A-T (Concannon et al., 2008). About 40 percent of women with
breast cancer received radiation therapy in the treatment of their disease.
The ionizing radiation exposure to the healthy (contralateral) breast could
be estimated with a fair degree of accuracy, based on standard practice and
treatment records (Stovall et al., 2006). Overall, there was little evidence
of variation in risk for a second breast cancer due to radiation across
types of ATM variants. However, radiation susceptibility was found in one
subset of women whose ATM gene had at least one “rare” variant at SNPs
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that both (1) resulted in a change in protein coding (i.e., a “missense” variant) and (2) were highly conserved over species (Bernstein et al., 2010).
About 10 percent of breast cancer patients are in this subset, and, in the
WECARE Study, the effect of radiation was found to be about twice that
observed in women with the same radiation exposure who were not in this
subset. Rare variants were defined as those occurring in less than 1 percent
of controls, and variation in radiation effect was not seen in more common
variants. It is notable that very few cases (15 out of 708) or controls (23
out of 1,397) had the truncation and splicing mutations associated with
A-T (Bernstein et al., 2010).
If replicable, these findings suggest that evolutionarily recent changes in
the DNA code may impair DNA repair mechanisms, resulting in increased
risk of breast cancer due to radiation, but DNA repair is not affected by
changes that have “propagated” into the population and become more common. GWAS studies, the current focus of genetic-epidemiologic research,
are poorly suited to detect rare SNP changes as they use known marker sites
of common genetic variation, and rely on correlation of genetic code locally
to detect genetic (or gene–environment interaction) effects. Disease associations with isolated rare SNP changes are not readily detectable by this technique. The WECARE Study results exemplify the difficulty of establishing
gene–environment interactions even in the context of an established breast
carcinogen and a gene known to be involved in biological mediation of the
effect of the carcinogen.
SNP Variants with Robust Associations with Breast Cancer Risk
Another approach to the study of gene–environment interaction is to
assess whether the SNP variants robustly associated with breast cancer risk
in the GWAS are modified by established environmental or lifestyle risk
factors. This approach is not motivated by knowledge of the biological
function of specific genes or their relevance to specific exposures. In the
largest published report to date, an analysis of 12 such polymorphisms
and 10 established risk factors among 7,610 breast cancer cases found no
statistically significant interactions after accounting for the 120 interaction
comparisons that were made (Travis et al., 2010).
Thus, evidence is limited for robust, replicable “synergistic” interactions between inherited genetic variants of unknown function and established environmental and lifestyle risk factors in breast cancer causation.
This by no means makes it irrelevant to quantify these individual associations. For the purposes of risk prediction, all these risk factors appear
largely to multiply together—the more genetic or environmental risk factors
a women has, the higher her risk. The current evidence merely suggests that
the known risk factors do not synergize with the genes that rise to attention
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from GWAS approaches, for which the functions are unknown, in a manner
that amplifies risk beyond the expectation of multiplying the relative risks
for individual factors. Notably, the relative risks associated with the 12
polymorphisms identified by Travis et al. (2010) were small (the maximum
was RR = 1.22).
Studies that more systematically address gene–environment interaction
are warranted, but the difficulties are considerable. Most published studies
have assessed established lifestyle factors, and have limited or no information on hypothesized environmental factors that may be risk factors only
in a genetically susceptible subset of women. Very large studies such as the
National Institute of Environmental Health Sciences’ Sister Study (www.
sisterstudy.org), which has enrolled 50,000 women and collected blood,
urine, toenail, and household dust specimens, may provide more information on gene–environment interactions in the future.
Implications of Genetic Variability for
Understanding Risk for Breast Cancer
Women who carry a bona fide mutation in BRCA1 or BRCA2 are
clearly at such substantially elevated risk of breast cancer that their medical care is altered (Narod and Offit, 2005). Women who carry a higher
number of low-penetrance risk alleles are at higher risk than women who
carry a lower number (about a 10 percent increase in lifetime risk), but the
incremental increase in lifetime risks is far smaller than that of BRCA1/2
carriers compared to noncarriers (estimated to be a 50 percent or more
increase in lifetime risk). In an analysis of 5,590 cases and 5,998 controls
from the Cancer Genetic Markers of Susceptibility (CGEMS) collaboration,
in which the first 10 GWAS-associated SNPs were genotyped, Wacholder
et al. (2010a,b) observed that women who carried 13 or more of the 20
risk-conferring variant markers (seen in about 4 percent of the population)
had a nearly three-fold increase in risk (OR = 2.90, 95% CI, 2.37–3.55)
compared with women carrying six or fewer markers (12 percent of the
population). In terms of risk prediction using receiver operating characteristic (ROC) analysis, discrimination between cases and controls on the
basis of the number of risk SNPs was relatively poor, but it was equivalent
to the discriminatory ability of the clinical standard, the Gail model (Gail
et al., 1989), which uses established breast cancer risk factors. Predictions
derived from a model that included interactions among the SNPs and the
factors used in the Gail model were no better than those from the simpler
models. However, women who were classified as at high risk by both the
Gail model and the genetic model were at modestly higher risk than women
who were at high risk on only one.
In an analysis of 10,306 women with breast cancer and 10,393 con-
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trols, in which 7 of the GWAS-associated SNPs were independently confirmed (Reeves et al., 2010), a relative risk of approximately two-fold
was observed between the highest quintile of genetic risk and the lowest
quintile. The cumulative risk to age 70 for women in the highest of the
five genetic risk groups was approximately 7.8 percent, much lower than
the 50 to 85 percent cumulative risk associated with BRCA1 or BRCA2
mutations. These authors have previously reported that none of these SNPs
were involved in statistical interactions with any established risk factors for
breast cancer (Travis et al., 2010).
Thus, when a genetics-based tool for risk estimation becomes available, estimates based on currently established genetic associations of gene
variants with breast cancer will contribute to the identification of women
at higher risk of breast cancer. However, the relative risks observed are
similar to those obtained from risk estimates derived from clinical history
and established nongenetic breast cancer risk factors, without the need for
genotyping. At present, the combination of genetic and nongenetic risk factors is not deemed to provide sufficient information to enable enough risk
stratification to alter the medical care women receive (Reeves et al., 2010;
Wacholder et al., 2010a), but this situation may change as more genetic
risk loci are discovered.
Another hope for the use of genetic variability in understanding risk
is that environmental risk factors that have not been convincingly associated with risk of breast cancer among all women will be convincingly
associated with risk among a genetically defined “susceptible” stratum.
According to this argument, if only some women are genetically pre
disposed to breast cancer after exposure to an environmental agent, the
environmental signal will not be detected in studies that assess the effect
of the environmental factor among all women, whereas if the susceptible
women can be identified, the environmental signal will be convincing.
At this point, a possible example appears to be that of slow acetylators
based on variants in the NAT2 gene and exposure to cigarette smoking. In
breast cancer etiology research, most of the assessments have been based
on random pairings rather than biologically plausible interactions and
have not yielded potentially fruitful leads.
Studies of gene–environment interactions among women with the highest inherited risk, that is, women with pathogenic BRCA1 or BRCA2 mutations, are limited by small sample sizes, and by the fact that women with
these mutations identified in the course of clinical care or investigation of
familial risk are not systematically enrolled in research studies that include
assessment of environmental exposures. Furthermore, prospective studies
are limited by many of these women choosing to reduce their future risk
of cancer by having bilateral prophylactic mastectomies, removal of their
ovaries, or both, once they are identified as BRCA1/2 carriers.
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Identifying Important Genetic Factors
As summarized earlier, about 20 genetic loci associated with breast cancer have been discovered since 2007 using the new genome-wide association
study approach. Given the sample sizes tested so far, many more loci are
likely to be discovered in the near future. Based on the relative risks for SNP
variants discovered so far, for a cancer like breast cancer, approximately 50
risk variants with similar characteristics remain to be discovered in larger
sample sizes (Park et al., 2010). However, even once these are discovered,
much less than half of the inherited variability in breast cancer risk will
have been explained (Park et al., 2010). The unexplained variability is
sometimes called the “dark matter” of the genome (Manolio et al., 2009).
There is a wide variety of opinion on what type of genetic variation may
underlie this “missing heritability,” or whether the fraction of breast cancer
due to inherited causes may have been overestimated (i.e., more of the true
fraction due to inherited susceptibility has been explained than is currently
estimated). It remains possible that common and rare variants operating in
combination with additional “hits” from environmental factors hold the
key to the remaining genetic contributions.
One lesson is clear from the GWAS studies: very large sample sizes of
tens of thousands of cases and controls are needed to detect the small to
modest relative risks that have typically been associated with common (>5
percent minor allele frequency) variants. This has necessitated the formation of large-scale consortia, such as the Breast Cancer Association Consortium (BCAC), the National Cancer Institute Breast and Prostate Cancer
Cohort Consortium (BPC3), and the CGEMS study. Continued enrollment
of cases of breast cancer, and appropriate controls, along with collection
of DNA, blood, and environmental and lifestyle information, will be necessary to facilitate discovery of more genetic variants, particularly those that
confer small additional risk of the disease or act in concert with exogenous
(or endogenous) exposures.
Nearly all of the minor allele frequencies of the low-penetrance GWASdiscovered variants are greater than 10 percent. The frequency of diseaseassociated variants in high-penetrance genes such as BRCA1, BRCA2,
p53, and PTEN are much less than 1 percent. The spectrum of genetic
variation between 1 and 10 percent is still largely unexplored, and is likely
to contribute to an unknown fraction of the “missing heritability” (Figure
4-5). New technologies, notably higher density SNP arrays that allow up
to 5 million genotypes to be determined on a single DNA sample, and the
advent of sequencing of the whole genome at $1,000 or less, will permit
exploration of this genomic territory, but will require large sample sizes to
reach statistically robust conclusions.
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FIGURE 4-5 Genetic variants associated with breast cancer arrayed on the basis of
their frequency and their impact on breast cancer risk.
SOURCE: Varghese and Easton (2010). Used with permission: Varghese, J. S., and
D. F. Easton. 2010. Genome-wide association studies in common cancers—what
have we learnt? Curr Opin Genet Dev 20(3):201–209.

GWAS-style studies of gene–environment interaction require even larger
sample sizes, and are limited by the lack of environmental data in many of
the case series that have been used for GWAS discovery. A major limitation
is the difficulty of establishing exposure to many hypothesized environmental factors, such as exposures that may have occurred in utero, childhood,
or early adulthood, or exposures that require sophisticated and potentially
expensive biological measurements, especially of biological samples such as
adipose or breast tissue. Despite the need for new and improved methods
to estimate these exposures, most of the established breast cancer risk factors can be readily ascertained at interview or by questionnaire. Greater
emphasis is needed on systematic collection of data on these established risk
factors in studies that will be used to generate information on genotypes
in order to maximize the sample sizes available for assessment of gene–
environment interaction.
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STUDYING ENVIRONMENTAL RISK FACTORS THROUGH
WHOLE ANIMAL AND IN VITRO EXPERIMENTS
Laboratory animals and human and nonhuman cells and tissue cultures
have provided powerful experimental systems for investigating mammary
cancer development and mechanisms. As described in Chapter 2, these test
systems are also used to identify chemicals that may pose human cancer
risks, and provide critical information on how the magnitude and timing of
exposure may affect the process of mammary carcinogenesis. This section
discusses some challenges in using these model systems, and some emerging
approaches that may ultimately provide for improvements in identifying
and understanding environmental factors that contribute to breast cancer
risk in humans.
In Vivo (Live Animal) Bioassays to Identify
Potential Chemical Carcinogens
As briefly outlined in Chapter 2, rodents have long been used to screen
chemicals for carcinogenic potential. Standard protocols have been developed that use well-characterized strains of rats and mice and carefully
defined approaches for dose selection, length of study, and age windows of
exposure. In rodents as in humans, mammary tumors may arise through
several modes of action, such as from endocrine-related effects on tissue
development and growth or through genotoxic effects on breast cells. Studies in rodent models have also shown the importance of exposure during
critical windows of development on mammary cancer risk later in life, in
terms of either direct carcinogenic effects or alterations in susceptibility to
subsequent exposure to carcinogens. However, the standard protocols for
rodent carcinogenicity testing may not be adequate to identify the potential
for early-life chemical exposures to induce mammary tumors later in life.
Moreover, concerns have been raised about their adequacy for predicting
human breast cancer occurrence because of potential differences between
rodents and humans in biochemical, cellular, or developmental characteristics (Rudel et al., 2007, 2011; Thayer and Foster, 2007). The following
section discusses issues related to these concerns, such as timing of exposure
in the bioassay at susceptible age windows, possible confounding by highdose testing, and differences in species and strain susceptibility.
Timing of Dosing and Windows of Susceptibility
Standard experimental carcinogenicity studies typically begin with
young adult animals and thus do not include early life (in utero, perinatal,
prepubertal) windows of exposure, which are potentially critical periods
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of exposure for some chemicals. The studies often conclude after ongoing
exposures for 2 years, or 18 months for some mouse protocols. The average
life span of most rodent species and strains used in testing is approximately
2 to 3.5 years. Studies that end well before the completion of the animals’
natural life may miss potential impacts of chemicals that might occur later
in life, a period when human breast cancer incidence is high and observed to
be modulated, at least by hormone replacement therapy. Rodent bioassays
are typically not extended beyond 2 years because of increases in mortality
at the maximum tolerated dose and rising numbers of background tumors
with age in the controls, both of which compromise statistical comparisons.
Given the existing protocol of beginning chemical dosing after weaning,
the most susceptible time for rats to be exposed to mammary carcinogens is
for young virgin female rats between the ages of 35 and 60 days (Russo and
Russo, 1996; Ren et al., 2008). Rats treated with potent genotoxic carcinogens at 21 days or at over 150 days in age have a much lower frequency of
hormone-dependent tumors than rats exposed at 50 days (Medina, 2007).
A full-term pregnancy (or administration of pregnancy-related hormones)
in rats either shortly before or after exposure to a chemical carcinogen
confers considerable protection against development of mammary tumors
(Blakely et al., 2006). Parity induces changes in gene expression that are
highly conserved among rat strains, thereby conferring increased resistance
to development of mammary tumors, even in susceptible rat strains (Blakely
et al., 2006). Parity before chemical exposure in mice, likewise, increases
resistance to mammary tumor formation (Medina, 2007). In this way, these
rodent models are consistent with the observation in humans that a first
pregnancy at a younger age and multiple full-term pregnancies are associated with a reduction in breast cancer risk.
Like humans, rats have reproductive cycles that decline with age. Young
adult female rats experience estrous every 4 to 6 days. When female rats
reach middle age, their estrous cycles become irregular and eventually stop
(Morrison et al., 2006). This transitional process is conceptually and functionally similar to menopause in women. However, rodent “estropause”
and human menopause are not identical. Some strains of acyclic rats, like
the Sprague Dawley strain, actually have chronically high estradiol concentrations and thus are in a state of persistent estrus and lose capacity for a
luteinizing hormone surge, whereas Fischer 344 rats and humans develop
reduced estrogen secretion as they enter reproductive senescence (Chapin et
al., 1996). The time point of initiation of reproductive senescence also differs
by rat strain. Similar to humans, it begins at 60 to 70 percent of Fischer 344
rat life span, but starts much earlier in the Sprague Dawley rat, at 30 to 40
percent of its life span (Chapin et al., 1996). Keeping such considerations
in mind is important when using rats as models for breast carcinogenesis.
To study “postmenopausal” effects, scientists often use the ovariecto-
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mized (OVX) rat model, although this model is not used in standard testing
protocols for pesticides and industrial chemicals. Using age-appropriate rats
at young, middle, and old ages, the ovaries are surgically removed, and a
month later the OVX rats are given estradiol, with or without progestins,
in physiologically relevant dosages (Yin and Gore, 2006). There are also
other important differences between humans and rodents in postmenopausal hormonal changes, further complicating the use of rodents to study
the effects of chemicals on postmenopausal aging, including breast cancer
(Morrison et al., 2006).
Various other animal protocols are used to study how exposures during different age windows may affect susceptibility and to examine those
chemicals that may have effects in a given age window. Puberty is an important exposure period for later susceptibility for human breast carcinogenesis
because of the rapid rate of tissue growth and development. For example,
a meta-analysis by Henderson et al. (2010) found that studies were very
consistent in showing that exposure to X-irradiation during younger ages
(<15) was associated with higher relative risks for breast cancer than was
exposure of older age groups, and that the risk declined with increasing age
at exposure. Similarly, in rats, the period between the ages of 5 and 8 weeks
is one of rapid mammary ductal growth and branching. Fifty-six percent
of the rats given a single large dose of the potent genotoxic carcinogen
dimethylbenz[a]anthracene (DMBA) during this period developed mammary carcinoma, compared to 8 percent given the same dose at ages less
than 2 weeks (Meranze et al., 1969). At this particular point in mammary
gland development in the rat, there is a high mitotic index in the terminal
ductal structures (Jenkins et al., 2009; Betancourt et al., 2010; La Merrill
et al., 2010).
Indeed, administration of DMBA, N-methyl-N-nitrosourea (MNU), or
other potent mammary carcinogens on postnatal day 50 is the basis for a
widely used experimental rat model of mammary carcinogenicity (Russo
and Russo, 1996). This model has also been used to explore the potential for an exposure to an agent or factors much earlier in life to protect
against or contribute to mammary tumorigenesis (e.g., olive oil [Pereira et
al., 2009]; increased birth weight [de Assis et al., 2006]; and ethyl alcohol
[Hilakivi-Clarke et al., 2004]; also see Rudel et al., 2011). Specifically, a
number of studies have used models that give a high single dose of a potent
genotoxic carcinogen such as DMBA or MNU on or about postnatal day 50
to investigate the effect on mammary carcinogenesis of in utero or perinatal
exposures of rats and mice to endocrine-active chemicals (e.g., dioxin plus
high-fat diet or BPA) (Jenkins et al., 2009; La Merrill et al., 2010).
Several studies have also used this model to evaluate whether in utero
or perinatal exposure to various components of the diet can alter (enhance
or inhibit) mammary carcinogenesis. For example, early dietary exposure
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to genistein, a soy phytoestrogen (Fritz et al., 1998; Hilakivi-Clarke et al.,
1999b), and zearalenone, an estrogenic mycotoxin that frequently contaminates cereal grains (Hilakivi-Clarke et al., 1999b), were observed to be protective; whereas exposure to flaxseed enhanced carcinogenesis (Khan et al.,
2007). However, in another study with different exposure characteristics
(Hilakivi-Clarke et al., 1999a), genistein enhanced DMBA-induced mammary carcinogenesis. The authors concluded that the direction of effects of
genistein on mammary carcinogenesis in the DMBA model was apparently
dependent on the dose, length of exposure, and timing.
Ultimately this study protocol may be helpful in identifying some candidate risk factors that may not directly cause tumors later in life themselves,
but that may, when exposures occur early in life, modulate risk of mammary tumors associated with subsequent exposure to potent carcinogens.
It also raises questions about the predictive value of the standard protocols
used in pesticide, pharmaceutical, and industrial chemical testing, as the
standard 2-year chronic bioassay protocols (e.g., FDA, 1997; EPA, 1998a;
Makris, 2011) generally do not include exposures during in utero and prepubertal periods. Furthermore, standard approaches use exposure to only
a single test agent at a time, and thus are not able to identify possible interactive effects with other chemicals, including potential promotional influences on chemically initiated mammary tumors. The animal model of in
utero administration of a chemical followed by administration of a potent
genotoxic carcinogen at day 50 potentially reflects the ability of early-life
exposures to influence the carcinogenicity of other chemicals. However,
young children are unlikely to experience a single high dose of a genotoxic
substance except in a therapeutic circumstance, such as treatment of cancer
with genotoxic chemotherapeutic agents or ionizing radiation. Nevertheless, compared to standard protocols, this model provides information on
the potential for cocarcinogenesis in breast cancer—having one exposure
that does not appear to alter cancer incidence itself increase the rate of
cancer associated with a subsequent exposure.
The National Toxicology Program (NTP), with its emphasis on using
2-year rodent bioassays to identify chemicals that may increase cancer risk
in humans, has recently proposed to address the “age at exposure” issue
by extending the exposure period for rats to include both in utero and
prepubertal exposures (Bucher, 2010). An NTP workgroup on hormonally induced reproductive tumors recommended changes to the standard
protocol to include various chemical exposure periods that may be relevant
for breast cancer (Thayer and Foster, 2007). NTP indicated in 2010 that it
has begun testing some chemicals using its “perinatal protocol”: exposure
of the dams begins on gestation day 6 and continues through to postnatal
day 21, when the pups are weaned and begin to receive the test compound
directly (Bucher, 2010; NTP, 2010c; Foster, 2011).
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Species Concordance of Sites of Carcinogen-Induced Tumors
When an excess of tumors is identified in an animal study, questions
arise regarding the extent to which such tumors predict human cancer risk
from the test agent. While species concordance in overall positive versus
negative evidence for carcinogenicity (regardless of organ) is relatively high
in standard cancer bioassays (Huff et al., 1991), differences in the specific
target site affected are common. In NTP testing reports reviewed by the
committee, 90 percent of 30 chemicals that were tested in both mice and
rats and that showed mammary carcinogenesis in either species had clear
evidence of carcinogenicity (but not necessarily in the mammary gland)
in both species (based on cancer occurrence at one or more specific sites).
Mammary tumors occurred in both rats and mice for only 17 percent of
these 30 tested chemicals, although tumors were induced at other sites. In
a committee compilation of information from IARC and NTP reports, 89
percent of agents that IARC has found to have sufficient or limited evidence
of human breast cancer also showed evidence of mammary tumors in rats
or mice.
Strain and Species Similarities and Differences in Mammary Tumor
Susceptibility
Another consideration in the selection of animals for testing is whether
the strain used is sufficiently sensitive to detect the carcinogenic activity
of an agent that poses a risk to humans. Large differences in species and
strain susceptibility for mammary tumors are apparent among rats and mice.
Some rat strains are sensitive, while others are resistant to mammary tumors
formed spontaneously or induced by hormonal or other agents (Kacew et
al., 1995; Ullrich et al., 1996; Thayer and Foster, 2007). For example, in
the 1950s diethylstilbestrol (DES) was found to induce mammary tumors
in F344 and ACI rats, but the Copenhagen strain was resistant, as was the
Sprague D
 awley strain in initial studies (Kacew and Festing, 1996). After
the link between DES and human breast cancer became clear (IARC, 1987),
further testing revealed additional strain differences in sensitivity. Table 4-1
shows some rat and mouse strains that have exhibited sensitivity or resistance
to mammary carcinogenesis in research or carcinogenesis screening when
exposed to chemical carcinogens (e.g., DMBA, MNU, radiation), hormonal
influences, or for mice, the mouse mammary tumor virus (MMTV). The
assignment of the relative sensitivity of a strain is somewhat dependent on the
agent, its mechanism of action, and tumor type. Rodent strain differences in
mammary tumor susceptibility can arise from differences in sexual development, endocrine function, tissue metabolism, or other factors (Kacew et al.,
1995; Kacew and Festing, 1996; Bennett and Davis, 2002; Ren et al., 2008).
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TABLE 4-1 Examples of Rat and Mouse Strains of Differing Sensitivity
to Mammary Tumor Formation in Response to Carcinogenic Agents
Animal Model

More Sensitive

Less Sensitive

Rat

Sprague Dawley
Lewis
F344/N (fibroadenoma)
Wistar-Firth

Copenhagen
Wistar-Kyoto
Long Evans
F344/N (carcinoma)

Mouse

BALB/c
B6C3F1b
C3H
RIII

B6CF1a
C57BL/6
O20

NOTE: The carcinogenic agents may include chemicals (e.g., dimethylbenz[a]anthracene
[DMBA]), radiation, or hormonal influences. For mice, the agent can be the mouse mammary
turmor virus (MMTV).
aCross between C57BL/6J and BALB/c.
bCross between C57BL/6J and C3Hf.
SOURCES: Gillette (1976); Kacew et al. (1995); Kacew and Festing (1996); Russo and Russo
(1996); Ullrich et al. (1996); Bennett and Davis (2002); Blakely et al. (2006); Boorman and
Everitt (2006); Medina (2007); Thayer and Foster (2007); Ren et al. (2008).

Some rat strains show consistency in being highly susceptible (e.g.,
Sprague Dawley) or resistant (e.g., Copenhagen, Wistar-Kyoto) to most
chemical carcinogens, radiation, and hormonal agents, as well as having a
corresponding high or low rate of spontaneous mammary tumors (Kacew
et al., 1995; Russo and Russo, 1996; Ullrich et al., 1996; Ren et al., 2008).
Other strains demonstrate more complex susceptibilities. Fischer 344 rats
are susceptible to radiation, some chemical carcinogens such as MNU
(although less than Sprague Dawley), and hormonal agents, and they have
a high incidence of spontaneous fibroadenomas that increases with age.
However, they are also resistant to other chemicals such as N-hydroxyacetyl-aminofluorene and atrazine (Kacew et al., 1995; Russo and Russo,
1996; Blakely et al., 2006). Long Evans rats are resistant to most chemical
carcinogens, but are susceptible (although less so than Sprague Dawley and
Lewis) to radiation-induced mammary tumors (Russo and Russo, 1996).
Among mice, the B6C3F1 strain is susceptible to the MMTV, radiation,
and hormonal agents (Ullrich et al.,1996), although it tends to develop liver
rather than mammary tumors from chemical exposure, which may make
it less sensitive than the BALB/c strain for testing potential mammary carcinogens (Bennett and Davis, 2002). The BALB/c strain is more susceptible
to mammary tumors from chemical and radiation exposure, but it is less
sensitive to MMTV (Ullrich et al., 1996; Bennett and Davis, 2002).
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Background Tumor Rates and Types
The incidence of specific tumor types in the unexposed animal (the background rate) is another consideration in judging sensitivity of the test animal.
Rodent strains used in testing differ in background rates of tumors. High
background rates, particularly those that are variable across experiments,
may reflect an inherent susceptibility of the animal to exogenous agents and
therefore increase the sensitivity of testing for carcinogenicity. Although use
of genetically sensitive strains increases the possibility of “false positives”
when extrapolating the results to other species, including humans. On the
other hand, from a statistical point of view, high background rates can render
the study less sensitive if fewer animals are at risk from the test chemical, and
more need to develop tumors for the result to achieve statistical significance.
Highly variable background rates could also result in the observation of a
chemical-related effect by chance, or, conversely, missing a positive response
because of an abnormally high background rate in the concurrent control
animals. Such considerations make the interpretation of both “positive” and
“negative” results challenging in terms of using rodent models to predict
human cancer risk.
Table 4-2 shows the background incidences for different types of mammary tumors in strains used in the National Toxicology Program testing
program (NTP, 2008, 2010a,b), and compares them to human rates. Overall, the spontaneous lifetime incidence of malignant mammary tumors in
female mice and rats was at or below the 12.1 percent lifetime probability
of a woman in the United States being diagnosed with breast cancer (NCI,
2010). The low rates in male F344/N rats of 0.16 percent and B6C3F1 mice
of 0.09 percent were comparable to the lifetime probability of U.S. men
being diagnosed with breast cancer, 0.14 percent (NCI, 2010). Female mice
and rats have higher spontaneous lifetime incidence values than males, as
occurs in humans.
Benign adenomas occur with a much lower spontaneous incidence in
male animals, with rates falling below those for carcinomas for both rat
strains and the mouse strain (Table 4-2). Adenomas are tumors of epithelial
origin (Donegan, 2002). In women, tubular adenomas have been reported
to account for 0.3 to 1.7 percent of benign lesions (Bellocq and Magro,
2003). During pregnancy, tubular adenomas may show secretory changes
and are designated as “lactating adenomas.” Lactating and tubular adenomas can be observed in invasive cancer and cancer in situ, although this is
uncommon (Bellocq and Magro, 2003). In rodents, tubular adenomas are
part of a progression that can be influenced by carcinogen exposure and
give rise to adenocarcinoma (Russo and Russo, 1996).
Fibroadenoma is the predominant mammary lesion in certain rat
strains, including some used in carcinogenicity screening (Table 4-2). The
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TABLE 4-2 Lifetime Incidence of Breast Tumors in U.S. Men and Women
and Overall Percentage of Control Animals That Developed Spontaneous
Mammary Tumors in Recent Reports on National Toxicology Program
Carcinogenesis Studies
Incidence by Tumor Type (%)
Malignant

Benign

Carcinoma

Adenoma

Fibroadenoma

Fibroma,
adenoma, or
fibroadenoma

Human

12.15

Uncommon

9–28

9–28 or more

B6C3F1 mouse
(n = 1,298)

1.77

0.08

0.08

0.15

F344/N rat
(n = 1,250)

5.20

2.08

52.40

53.60

Sprague
Dawley rat
(n = 473)

10.15

2.54

67.44

68.29

Humana

0.1a

Very rare

Very rare

Very rare

B6C3F1 mouse
(n = 1,250)

0.08

0

0

0

F344/N rat
(n = 1,298)

0.39

0.31

3.16

3.62

Sprague
Dawley rat
(n = 50)

0

0

0

0

Female

Male

aThe

majority of male breast cancers are ductal carcinoma; of these, 80 percent of cases are
invasive and 2–17 percent are in situ.
SOURCES: Komenaka et al. (2006); NTP (2008, 2010a,b); NCI (2010).

importance of these lesions for prediction of human cancer risk is controversial. Certain rat strains used in testing have a very high background rate
for them, whereas this tumor type is less common in women. In addition,
rat fibroadenoma infrequently progresses to malignancy (Boorman and
Everitt, 2006). In the untreated female rats commonly used in NTP s tudies,
background fibroadenoma rates now fall above 50 percent (Table 4-2).
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Increased obesity in test animals has contributed to a rise in background
incidence of these tumors (Haseman et al., 1998). Harlan Sprague Dawley
rats have a significantly higher incidence of mammary gland fibroadenoma
(67.4 percent versus 48.4 percent) than the previously used Fisher 344/N
strain (Dinse et al., 2010).
Fibroadenomas in women are a benign, biphasic tumor with an epithelial component and a predominant stromal component (Bellocq and Magro,
2003). They are the most common breast tumors in women under age 40,
with highest incidence between ages 15 and 35 (Guray and Sahin, 2006),
and low incidence in postmenopausal women (Goehring and Morabia,
1997; Kuiper, 2005). In autopsy studies, fibroadenomas were found in from
9 to 28 percent of women (Dixon, 1991; Goehring and Morabia, 1997).
Other estimates are that they may be present in 25 percent of asymptomatic women (El-Wakeel and Umpleby, 2003). These estimates suggest that
the rates in women are similar to those in earlier NTP rat studies (28 percent). In women, medically important multiple and large fibroadenomas in
the breast are seen following treatment with the immunosuppressive drug
cyclosporine following organ transplantation (Perera et al., 1986). Other
modifiable risk factors are not apparent, and obesity was identified in one
review as protective in women (Goehring and Morabia, 1997). Fibroadenomas also occur in men, but they are rare (Rosen, 2001), and they often
coexist with gynecomastia (Shin and Rosen, 2007). Cases of fibroadenoma
have been reported to follow hormonal treatment for prostate cancer (Shin
and Rosen, 2007; Noolkar et al., 2010) and in people who undergo maleto-female sex conversion (Kanhai et al., 1999).
In rats, malignancies will occasionally arise in a fibroadenoma (Boorman
and Everitt, 2006). In one series, carcinomas were reported as arising from
fibroadenomas at varying low rates in different rat strains (0.5 percent in
BN/BiRij, 2.1 percent in Sprague Dawley, 2.3 percent in WAG/Rij) (Huff
et al., 1989). In humans, in situ lobular and ductal carcinomas occasionally develop within fibroadenomas (Bellocq and Magro, 2003). There is
not agreement as to whether human fibroadenomas can progress to malignancy, and research continues to explore the extent of their relationship to
phyllodes tumors, some of which are malignant, and various carcinomas
(Markopoulos et al., 2004; Kuiper, 2005; Kabat et al., 2010). Some consider the finding of carcinoma within fibroadenoma as a chance occurrence,
and as commonly arising out of similar cells elsewhere in the breast (Dixon,
1991), and that ultimately a fibroadenoma is not a premalignant lesion
(Thayer and Foster, 2007). Carcinomas are rarely found within a juvenile
fibroadenoma (Rosen, 2009); they are more common in the complex fibroadenoma subtype. Complex fibroadenomas are treated by others as a low
probability but a possible source of malignancy (Kuiper, 2005).
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High-Dose Testing
The high doses used in carcinogenicity bioassays may complicate
interpretation of findings of chemically induced mammary gland tumors.
Debates around animal testing often note the potential for tumor induction
related to cell proliferation secondary to high-dose cytotoxicity, and that
this may be exacerbated by high-dose saturation of metabolic detoxification pathways (Rudel et al., 2007). However, this potential mechanism may
be less likely for mammary tumor formation, given the limited fraction of
chemicals positive for mammary carcinogenesis in tests conducted with
maximum tolerated dosing. Also, unlike the lungs, forestomach, or skin,
the mammary gland is not subject to point-of-entry exposure to a chemical.
Unlike the liver, the mammary gland also does not receive the first pass of
absorbed chemicals from the gastrointestinal tract.
Receptor-mediated responses (in which a chemical must first bind with
a cellular receptor to produce the initial biochemical effect), especially
those involving multiple receptors and feedback, can first increase and then
decrease as dose increases or have other complex, non-monotonic dose–
response relationships, as occurs for a variety of endpoints with estrogen
and xenoestrogens (Sergeev et al., 2001; Welshons et al., 2003; Watson
et al., 2007; Kochukov et al., 2009). This leads to the possibility that the
compound has a proportionally different activity in the high-dose experiment than it would at much lower doses. For chemicals that may cause cell
proliferation by hormonal mechanisms, such activity may be diminished
or eliminated at high doses but present at lower doses. Nevertheless, many
of the animal studies demonstrating the hormonal action of environmental
chemicals and thereby their influence on carcinogenic risk are conducted at
relatively high doses compared to those experienced by humans.
For some chemicals, maximum “tolerated” dosing has the potential to
have cytotoxic effects that could either exacerbate mammary carcinogenesis
through enhanced cell replication as part of an adaptive response to tissue loss, or if sufficiently high, could potentially inhibit carcinogenesis
by reducing the population of rapidly dividing cells through cytotoxicity.
Either way, high-dose testing that results in cytotoxicity in mammary tissue
can leave results of a bioassay for carcinogenesis difficult to interpret or to
extrapolate to humans. Add to this the possibility that the carcinogenicity
occurs only during a narrow window of development, and the interpretation of any shaped dose–response becomes even more complicated.
Toxicity related to maximum tolerated dosing may also reduce mammary tumor incidence because of reduced weight gain or weight loss
(Haseman et al., 1998). Even decreased palatability of the diet due to high
concentrations of a test chemical (in the absence of toxicity) can result in
decreased weight gain, with attendant decrease in the rate of “spontane-
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ous” mammary tumors. Over time, the body weights of rats have steadily
increased, and spontaneous mammary tumor incidence correspondingly
increased (Haseman et al., 1998). In studies with observed dose-dependent
body weight decrements, due to caloric restriction protocols or other factors, there are corresponding reductions in mammary tumor incidence.
Thus dose-related reductions in body weight may mask chemical-related
increases in mammary tumors. Early mortality due to competing causes of
death, including other cancers or toxicity, particularly at the highest dose
tested, also decreases study power to observe mammary as well as other
tumor types (Rudel et al., 2007).
High doses or more direct administration (e.g., injection) may also
change the pharmacokinetics and metabolic pathways of chemicals such
that there is a greater (or in some cases lower) proportionate amount of
proximate carcinogen formed. High doses administered during pregnancy
may result in less maternal sequestering of fat-soluble chemicals such as
dioxin and higher proportionate delivery to the fetus than would occur at
lower doses. Bolus dosing (rather than more continuous dosing in the diet
or drinking water) can also affect the distribution and pharmacokinetics
of a chemical. For example, a bolus dose administered directly by stomach
tube (gavage) each day is not equivalent to the same amount of chemical
ingested continuously over a day. Bolus dosing can result in a larger amount
of the chemical or metabolites delivered to cellular targets at one time. Toxicity may be greatly increased if metabolic detoxification pathways become
saturated, resulting in greater delivery of the chemical to tissues or greater
production of more toxic metabolites through alternative pathways. If, on
the other hand, metabolism to more toxic metabolites becomes saturated
with bolus dosing, a less than proportional increase in toxicity with dose
may result. High bolus dosing may be analogous to an industrial accident
or some periodic occupational or medical exposures, but it is unlike much
lower episodic or continuous environmental exposures, leaving challenges
for interpretation for low-dose risk assessment.
Thus high-dose testing can lead to false positives or false negatives.
This poses a dilemma for testing because studies performed using low doses
comparable to environmental levels and a standard protocol for numbers
of animals per dose group would not be sensitive. A study with 50 animals
per dose group can at best detect a statistically significant difference in
mammary tumor rate between treated and control animals of 10 to 15 percentage points; any smaller difference would not be detectable because of
lack of statistical significance. Thus a hypothetical agent in the background
that could be a predominant factor in half the mammary cancers and pose,
for example, a difference in incidence of say 6 percentage points, would
go undetected in such an animal study if tested at environmental levels.
Table 4-3 illustrates this point. It shows the outcome of a hypothetical
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TABLE 4-3 Theoretical Experimental Outcome from an Exposure That
Induces an Increase in Absolute Risk of 6 Percentage Points
Number (%) of Animals Expected to Develop
Tumors per 50-Animal Dose Groupa
Species and Strain

Control

Exposed

Statistical
Significance of
Outcomeb

B6C3F1 mouse

1/50 (1.8%)

4/50 (7.8%)

.18

Fischer 344 rat

3/50 (5.2%)

6/50 (11.2%)

.24

Sprague Dawley rat

5/50 (10.2%)

8/50 (16.8%)

.27

aTheoretical

underlying probability of cancer.
value, Fisher’s exact test, showing the probability that the outcome of the experiment is
due to chance alone. A p value of .05 or less typically indicates statistical significance.
bp

experiment in which the exposed group of animals receives an environmentally relevant dose of an agent that results in an increase in the incidence of
tumors (6 percentage points) equivalent to half the average lifetime risk
of breast cancer in the United States. The control groups reflect background
rates of mammary carcinomas observed in NTP studies (see Table 4-2). The
tumor rates in the exposed groups reflect the expected response in the controls, elevated by 6 percentage points—the effect expected from the chemical exposure. For no case would the results in the exposed group be found
to be statistically significant, given a sample size of 50 animals and the
background tumor rates in the controls.
Species Similarities and Differences in Mammary Gland Biology and
Carcinogenesis
Rodents used in carcinogenicity experiments are generally similar to
humans in mammary gland development, although some aspects of the timing may differ. For example, the epithelial bud and ductal outgrowth occurs
late in gestation for rodents, but the evidence suggests ductal development
occurs early in gestation for humans (Fenton, 2006; Table 4-4).
As with humans, female mice and rats have greater occurrence of
spontaneous mammary tumors than males, reflecting endocrine-related
influences (see Table 4-2). Estrogen plays an important role in breast cancer in rodents and humans. Certain other hormones—such as prolactin,
progesterone alone, and androgens—appear to be involved in inducing
mammary tumors in rodents, but have a less clear role in the induction of
breast cancer in humans (Thayer and Foster, 2007). However, the recent
evidence for the role of prolactin and progesterone in human cancer has
become stronger (Fernandez et al., 2010; Jacobson et al., 2011).
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TABLE 4-4 Timing of Events in Mammary Development in Humans and
Rodents
Developmental Event

Human

Rodent

Milk streak evidence

EW 4–6

GD 10–11 (mice)

Mammary epithelial bud forms

EW 10–13

GD 12–14 (mice)
GD 14–16 (rats)

Female nipple and areola form

EW 12–16

GD 18 (mice)
GD 20 (rats)

Branching and canalization of
epithelium

EW 20–32

GD 16 to birth (mice)
GD 18 to birth (rats)

Secretion is possible

EW 32–40 (ability lost
postnatally)

At birth with hormonal
stimuli

Isometric development of ducts

Birth to puberty

Birth to puberty

Terminal end buds present
(peri-pubertal)

8- to 13-year-old girls

23- to 60-day-old rodents

Formation of lobular units

EW 32–40, or within 1–2 Puberty and into
years of first menstrual
adulthood
cycle

NOTES: EW, embryonic week; GD, gestational day.
SOURCE: Fenton (2006, p. S19). Used with permission: Fenton, S. E. 2006. Endocrinedisrupting compounds and mammary gland development: Early exposure and later life consequences. Endocrinology 147(6 Suppl):S18–S24. Copyright 2006, The Endocrine Society.

As also noted above, tumor types in rats and humans are similar (Russo
and Russo, 1996; Fenton, 2006), although the background rates of tumors
may differ (see Table 4-2). Premalignant changes can also be observed in
both rats and humans (Thayer and Foster, 2007). Rats, however, may be
poor animal models for studying metastasis in humans because their mammary gland carcinomas rarely metastasize (Thayer and Foster, 2007). By
contrast, mouse mammary tumors often metastasize to the lungs (Cardiff
and Kenney, 2011). Although spontaneous and virally induced mouse mammary tumors differ in histology and morphology from breast tumors in
humans, tumors in genetically engineered mice resemble those in humans
(Cardiff and Kenney, 2011).
Certain modes of action hypothesized for the rat have been questioned regarding their relevance to humans, such as mammary tumors
that result from atrazine exposure, presumably through lengthening of the
estrous cycle and elevation of endogenous levels of prolactin and estradiol
in Sprague Dawley but not F344 rats (Kacew et al., 1995). Induction of
mammary tumors in mice by viral origin does not appear to be relevant for
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humans, but it remains a useful model in studies of expression of oncogenes
(Medina, 2010).
Similarities and Differences Between Rodents and Humans in Metabolism
of Carcinogens
One of the most common reasons why one species may differ from
another in terms of tumor development following exposure to a chemical carcinogen is because of differences in the way the carcinogen is biotransformed (metabolized). More than 95 percent of known chemical
carcinogens require biotransformation to reactive intermediates to exert
their carcinogenic effects, typically through an enzyme-mediated oxidation reaction. These reactive intermediates are often quickly eliminated
through other biotransformation processes, such as conjugation or hydrolysis. Because biotransformation of xenobiotics is in part a function of
“adaptive response” to one’s environment, evolutionary influences have
resulted in relatively large genetic divergence in xenobiotic biotransformation pathways, giving rise to potentially important species differences in
susceptibility to carcinogens. For example, mice express a particular form
of glutathione S-transferase (GST) with remarkably high catalytic efficiency
toward detoxification of the potent liver carcinogen, aflatoxin B1. Neither rats nor humans express this particular form of GST in the liver, and
consequently both species are highly sensitive to the hepatocarcinogenic
effects of aflatoxins (Eaton and Gallagher, 1994). Thus, understanding
species- and tissue-specific pathways involved in carcinogen activation and
detoxification is an important element of “predictive toxicology” that relies
on animal models.
Biotransformation of xenobiotics can occur in virtually any tissue,
although the majority of “clearance” of a chemical from the body through
biotransformation reactions usually occurs in the liver. However, for some
carcinogens that act at sites distant from the point of exposure, biotransformation in the target tissue may be critically important. Even if it does
not contribute substantially to the overall elimination of the substance
from the body, tissue-specific biotransformation could be significant for
activating a compound to a carcinogenic form in a particular tissue. Thus,
for potential mammary carcinogens, it is important to understand if there
are tissue-specific differences in biotransformation of xenobiotics in breast
tissue in humans versus experimental animals. In addition, it is important
to understand potential differences in the formation and systemic transport
of reactive intermediates from the liver (Ioannides, 2002).
For most lipophilic genotoxic carcinogens, activation to reactive intermediates occurs via the cytochrome P-450 (CYP) superfamily of enzymes
(Nebert and Dalton, 2006). CYP expression in mammary tissue is poten-
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tially important in both activation and detoxification of polycyclic aromatic
hydrocarbons (PAHs), aromatic amines, and other genotoxic “procarcinogens.” Furthermore, CYPs may also play a role in the elimination of estrogenic compounds that partition into mammary lipids, thus potentially
playing a protective role for estrogen-active compounds at the site of
action. They also play a role in steroid hormone biosynthesis, and induction or inhibition of some CYPs can affect the levels of estrogens and other
hormones.
There are 57 different genes, in 18 gene families, in the human genome
that code for CYP enzymes (Nelson et al., 2004). A subset of these genes
and their related enzymes are of particular relevance to breast cancer
because they are involved in xenobiotic biotransformation to active or inactive agents or can be modulated by other xenobiotics to affect steroid hormone levels or steroid genotoxicity. These include the CYP1 family (which
has three members: CYP1A1, CYP1A2, and CYP1B1), as well as CYP2E1,
CYP3A4, and CYP19. For example, the CYP1A1 enzyme is involved in
the activation of PAHs to reactive diol-epoxides, and thus is very important in the carcinogenicity of PAHs. PAHs cause mammary tumors in rats
(Cavalieri et al., 1988), and they are biotransformed by human mammary
epithelial cells to metabolites that form PAH–DNA adducts (Calaf and
Russo, 1993).
Whether activation of PAHs to mutagenic metabolites via CYP1A1
occurs directly in breast tissue is not completely clear, although it is likely
because CYP1A1 mRNA (Huang et al., 1996) and CYP1A1 are identified in
human breast tissue (Hellmold et al., 1998). PAH–DNA adducts have also
been identified in normal breast tissue, and were reported to be higher in
women with breast cancer than in healthy controls (Li et al., 1999). Thus,
it appears that, at least in some individuals, human breast tissue has the
capacity to activate PAHs and potentially other procarcinogens to DNAreactive molecules. CYP1A1 is inducible in lung and oral mucosal tissue by
exposure to cigarette smoke, although no published reports demonstrating
that smoking induces expression in human breast tissue were found. It is
also inducible in mouse and human mammary tissue by a number of other
xenobiotics, including 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The
degree to which species differences in tissue-specific expression of xenobiotic biotransformation enzymes might contribute to species differences in
response to breast carcinogens evaluated in chronic rodent bioassays is an
issue for consideration in selection of animals for carcinogenicity testing.
Nonstandard Whole Animal Carcinogenicity and Related Studies
Mouse mammary tumors and the associated MMTV were among the
first tumor types investigated in studies of animal carcinogenicity, including
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research on neoplasia, oncogenic viruses, host responses, role of endocrinology and stem cells, and progression. More recently, genetically engineered
mice have been used to investigate the role of agents such as the MMTV in
promoting Myc oncogene expression in the mammary gland. Genetically
engineered mice have allowed considerable research into the molecular
biology of mammary tumor formation and progression.
Since the development of the first model of breast cancer in a genetically modified mouse, more than 100 models have been developed to
study breast cancer (Cardiff and Kenney, 2011). At least three basic types
have been developed based on transgenes, combinations of transgenes, and
targeted mutations. Gene targets have included growth factors and their
receptors, cell signaling pathways, cell cycle regulators, and differentiation
mediators (Bucher, 2010). The advantage of these models is that they have
a defined genetic background, enabling the study of particular pathways,
without variations attributable to differences in genotype. The mice develop
disease after a predictable time period, and the stage-specific alterations
directly translate to humans (Bucher, 2010). Finally, they correspond well
to humans in that mammary tumors in mice are caused by the genes that
are overexpressed or mutated in human breast cancer (Bucher, 2010).
In contrast to most breast cancers in humans, most mouse tumors
(including those in many genetically modified mice)—whether of spontaneous, viral, or chemical origin—do not express hormone receptors (Lanari
et al., 2009). To aid in the investigation of human breast cancers, however,
specific mouse models have been developed in which mammary tumors do
express hormone receptors (e.g., estrogen and progesterone receptors) and
demonstrate other molecular features found in human tumors (e.g., Lanari
et al., 2009; Herschkowitz et al., 2011; Nguyen et al., 2011). For one
of these models, medroxyprogesterone acetate (MPA) is administered to
BALB/c female mice, resulting in hormone-dependent, metastatic mammary
ductal carcinomas that express both estrogen and progesterone receptors,
as in humans (Lanari et al., 2009). Another model relies on transplantation of mammary cells without p53 tumor suppressor function into BALB/c
mice (Herschkowitz et al., 2011). Models such as these allow investigation
into factors affecting hormone dependence of carcinomas, as well as those
that promote tumor progression or regression. Further research is needed
on the use of genetically modified mouse models for assessing the effect of
environmental exposures in inducing tumors.
Some studies are designed to assess the impact of a test compound on
mammary development by periodic evaluation of whole mounts of mammary tissue from animals during the postnatal period (Fenton et al., 2002;
Birnbaum and Fenton, 2003; Rudel et al., 2011). The test compound is
typically given in utero or neonatally, and mammary structures are evaluated against those of control animals to determine treatment-related differ-

226

BREAST CANCER AND THE ENVIRONMENT

FIGURE 4-6 Development of the mammary gland in rats following in utero exposure to atrazineFigure
(ATR) and
(TCDD).
4-62,3,7,8-tetrachlorodibenzo-p-dioxin
Mammary development.eps
SOURCE: Birnbaum and Fenton (2003). Reproduced with permission from Envibitmap
ronmental Health Perspectives.

ences in development. In particular, branching density, bud formation off
the major ducts, and terminal end bud formation are evaluated. Figure 4-6
shows mammary gland whole mounts from Long Evans rats exposed during late gestation to atrazine or TCDD (Birnbaum and Fenton, 2003). The
tissue preparations show the differences in key developmental parameters
on different postnatal days (PNDs). Mammary development was observed
to be disrupted as early as PND 4. For example, in treated animals, there
was a lack of branching, fewer primary ducts from the nipple, and fewer
terminal structures. These are examples of how such a test system could
be used to evaluate the potential of a chemical to modulate mammary
development. The degree to which changes in mammary structure that
result from early exposures signal increased sensitivity to mammary tumor
development is an area for study to increase the usefulness of these assays
for detecting potential breast carcinogens (e.g., Rudel et al., 2011).
In Vitro Studies
In vitro tests, discussed briefly in Chapter 2, have been used as initial,
putative predictors of carcinogenicity potential. Genotoxicity has long been
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treated as an indicator of possible carcinogenicity. Testing requirements
for pesticides and pharmaceuticals include in vivo studies in rodents to
test for chromosomal aberrations and micronuclei, and in vitro tests for
mutations in mammalian cells and bacteria. Tests based on mechanisms
other than genotoxicity are also used. The goal is to target an agent’s
ability to modulate pathways that underlie the basic mechanisms of toxicity. While regulatory agencies typically do not label chemicals that have
tested positive in genotoxicity tests as possible carcinogens in the absence
of supporting human or animal data, product development programs for
pesticides and pharmaceuticals often avoid chemicals with strong signals
of genotoxic potential, mostly out of concerns for potential carcinogenicity
and mutagenicity.
Because the current standard whole-animal testing approach for carcinogenicity (as well as other endpoints) is time- and resource-consuming,
initiatives to move toward reliance on in vitro and structure–activity relationships have been advocated and are under way (NRC, 2007; Krewski
et al., 2009; EPA, 2011). The National Research Council (NRC) has envisioned a new toxicity testing system, focusing on upstream events: chemical perturbations of cellular response networks (i.e., complex biochemical
interactions that maintain normal cellular function) (NRC, 2007). For
example, testing might identify perturbation of estrogen signaling and
the subsequent events that potentially result in cancer. The NRC vision
was made possible because of the emerging scientific understanding of
cellular response networks, and high-throughput technology that enables
the exploration of the structure of these networks and rapid conduct of in
vitro tests. NRC (2007) proposed the development of suites of predictive,
high- and medium-throughput assays, emphasizing those based on cells of
human origin, to evaluate perturbations. These would be complemented
by assays of more integrated cellular responses and in vivo assays to cover
uncertainties in the testing regimen, to test prototypic compounds, and to
address metabolism. Other components of the framework include the use
of physiologically based pharmacokinetic studies, human biomonitoring
data, and epidemiologic data to evaluate and fine-tune the predictive ability
of the tests. The NRC vision was accompanied by a long-term strategy for
its realization, involving a substantial multidisciplinary research program.
Subsequently, in 2008, various federal institutions entered into a Memorandum of Understanding to “research, develop, validate and translate
innovative chemical testing methods that characterize toxicity pathways”
(EPA, 2011). The current “Tox21 collaboration,” renewed for 5 years
in 2010, includes EPA, the NTP, the National Human Genome Research
Institute and the Chemical Genomics Center of the National Institutes of
Health, and the FDA. The main work will be to explore high-throughput
screening assays and tests using phylogenetically lower animal species (e.g.,
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fish, worms), and high-throughput whole-genome analytical methods to
evaluate mechanisms of toxicity. The ultimate end is to generate data
with the new tools for use in the protection of human health and the
environment.
An important consideration in the development of tests that have
adequate coverage will be the degree to which they cover the pathways
involved in the general mechanisms underlying breast cancer—mutagenesis,
estrogen receptor signaling, epigenetic programming, growth promotion
via mitogenic cell signaling, microenvironmental change, and modulation
of immune functioning. This will require attention in selection of cell types
and environments relevant to breast cancer.
SUMMARY
Better understanding of the contribution of environmental factors to
breast cancer entails understanding the multiple challenges in carrying out
and interpreting studies in humans, animals, and in vitro systems. For studies in humans, these include the issues inherent in estimating and assessing
exposures, the study design and analytic challenges of environmental epidemiology, and efforts to account for genetic differences in susceptibility
to cancer and potential gene–environment interactions. Studies in animals
and in vitro systems bring with them their own technical obstacles and
challenges of interpretation and extrapolation to humans. An understanding of these challenges informs understanding of the existing data and their
implications for next steps for action and research.
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5
Examining Mechanisms of
Breast Cancer Over the Life Course:
Implications for Risk

T

he preceding chapters have summarized the available evidence for
the relationship between environmental exposures and breast cancer, as well as the many challenges inherent in studying this issue.
Although there is strong evidence of a modest role for a handful of modifiable environmental exposures as risk factors for breast cancer, many unanswered questions remain. These unanswered questions require new research
approaches, which are discussed in Chapter 7.
Meanwhile, remarkable progress has been made in understanding the
fundamentals of carcinogenesis, manifested in mechanisms at the genetic,
epigenetic, cellular, and tissue levels. Scientific advances are revealing complex potential pathways and factors involved in cancer development. The
committee sees the need for a continued and intensified focus on understanding the basic biology of breast carcinogenesis in order to gain better
fundamental appreciation of the environmental factors with potential roles
in the etiology of this disease.
As a crucial dimension of this research, the committee notes a growing
appreciation among researchers of the important role that the timing of
exposure plays in effecting changes that alter the likelihood for cancer and
other diseases later in life. Observations in human studies of the effects of
exposure to ionizing radiation and diethylstilbestrol (DES) in early life, as
well as mechanistic and animal studies of other environmental exposures,
suggest that existing assessments of the role of certain environmental factors
derived from studies in adult women, such as those reviewed in Chapter 3,
may have been negative or uninformative because they failed to consider
critical periods of life stage and exposure—essentially asking the wrong
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question. As understanding grows of how the genetic, epigenetic, cellular,
and tissue changes in the breast during development and over the life course
influence susceptibility to breast carcinogenesis, researchers have continuing
and increased appreciation for the potential for timing of exposure to make
a difference in the effects of environmental agents on breast cancer risk. The
committee sees the need to direct attention to the accumulating evidence
that environmental exposures may have a differential impact, depending on
their timing during the life course.
ENVIRONMENTAL EXPOSURES OVER THE LIFE COURSE
AS DETERMINANTS OF BREAST CANCER RISK
The female breast is not static; it changes in structure and function
over the life course. Breast development begins in utero and continues into
adulthood, with further differentiation occurring with pregnancy and lactation and involution occurring with menopause (Russo and Russo, 2004;
Polyak and Kalluri, 2010). Most breast cancers arise in and spread from
the ducts or the lobules, which are the breast’s main functional components
(Figure 5-1).
The sections that follow consider the major life stages for women and
the state of breast tissue during each stage, with indications of the potential
for exposures during each stage to alter risk for breast cancer. Although
evidence from human studies is limited, studies in animal models strongly
indicate the potential for timing of environmental exposures to alter risk for
developing cancer. Box 5-1 lists the life stages discussed by the committee
and mechanisms of carcinogenesis likely to be of particular relevance or
importance to breast cancer.
Early Life Exposures and Breast Cancer Risk
Preconceptional and Periconceptional Exposure
Preconception studies focus on parental exposure to environmental
agents before the conception of offspring. There is no standard definition
for the preconceptional period, and the term is used rather loosely. Some
studies combine the time before conception with early pregnancy as the
periconceptional period (Van Maele-Fabry et al., 2010). Studies examining pre- or periconceptional exposures may consider paternal or maternal
exposure, or both.
To date, epidemiologic studies have not addressed parental exposure
before conception and subsequent risk of breast cancer in offspring. However, childhood cancers, such as leukemia and brain tumors, have been
linked to prenatal exposures such as maternal smoking, ionizing radiation,
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FIGURE 5-1 Schematic representation of (a) the breast, showing lobules and ducts,
(b) ductal carcinoma in situ (DCIS), and (c) invasive ductal cancer.
SOURCE: NCI (2009).

Figure 5-1 demonstration of a,b,c combined.eps
3 bitmaps, mask, vector labels abc

and pesticides (Shim et al., 2009; Van Maele-Fabry et al., 2010). Preconceptional parental exposure to ionizing radiation was not associated with an
increased risk of childhood leukemia (Wakeford, 1995), and parental exposure electromagnetic fields before conception has not been demonstrated to
increase the risks of childhood cancers of any kind (Sorahan et al., 1999).
It is difficult for studies to track offspring of parents whose exposures
before the child’s conception are known until the children reach the ages
in which breast cancer tends to manifest itself, making this a potential area
for future research.
In Utero and Neonatal Exposure
The human breast begins to develop once the embryo reaches 4.5–6
mm in length (Hughes, 1950). Embryonic epidermal cells proliferate to create a breast bud, which responds to cues from the embryonic mesenchyme
(Anbazhagan et al., 1998). In the newborn human, the breast is characterized by “very primitive structures, composed of ducts ending in short duct-
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BOX 5-1
Life Stages Representing Potential
Windows of Susceptibility for Breast Carcinogenesis and
Hypothesized Mechanisms of Carcinogenesis
Some mechanisms are likely to be more relevant or important to
breast carcinogenesis at particular life stages (e.g., epigenetic reprogramming during the in utero/perinatal period).
Life Stages as Potential
Windows of Susceptibility

Hypothesized Mechanisms of
Carcinogenesis

•
•
•
•
•
•
•
•

•
•
•

Preconception
In utero/perinatal
Early childhood
Prepuberty
Puberty
Reproductive years
Menopause
Postmenopausal years

•
•
•

Mutagenesis
Nuclear hormone receptor signaling
Mitogenic signaling leading to cell
proliferation
Epigenetic and developmental
reprogramming
Modulation of immune function,
escape from immune surveillance
Alterations of tissue microenvironment

ules lined by one to two layers of epithelial and one of myoepithelial cells”
(Russo and Russo, 2004, p. 3). The breast in the newborn also contains a
population of stem cells that are the undifferentiated precursors of the cellular expansion that occurs as the structures of the breast develop during
puberty, pregnancy, and lactation.
Strong evidence indicates that aspects of fetal growth, such as birth
weight, are associated with breast cancer risk as an adult (Potischman and
Troisi, 1999; Michels and Xue, 2006; dos Santos Silva et al., 2008; Park et
al., 2008b). According to one postulation advanced by Trichopoulos and
others (2005), the number of mammary stem cells is determined during in
utero or immediate postnatal life and is under the influence of estrogens
and components of the insulin-like growth factor system during pregnancy.
They hold that the number of mammary tissue-specific stem cells is the core
determinant of breast cancer risk. Thus, an increase in mammary stem cells
associated with higher birth weight would provide more target cells for
breast carcinogenesis.
This postulation also includes recognition of the increased risk of breast
cancer associated with increased breast density and mass of glandular tissue
(Boyd et al., 1998, 2010), which is itself likely linked to the number of stem
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cells (Trichopoulos et al., 2005). While this hypothesis focuses on the effects
of endogenous estrogens and growth factors, it also provides a potential
mechanism by which exogenous environmental agents might increase (or
decrease) breast cancer risk if prenatal exposure to them promotes the formation of greater numbers of breast stem cells. There is growing evidence
from rodent models to indicate that exposure to xenoestrogens during the
prenatal and neonatal periods may affect mammary gland development
and alter risk for cancer later in life (Soto et al., 2008). Some of these
changes are thought to possibly result from developmental reprogramming
as described below, but some of the mechanisms are just beginning to be
elucidated.
During gestation, while maternal levels of the pregnancy hormones
progesterone and estrogen soar, the developing fetus is protected from
endogenous maternal hormones by steroid hormone binding proteins. Steroid hormones such as progesterone and estrogen circulate in the blood
stream bound to proteins such as serum albumin and sex hormone binding
globulin (SHBG), which is a glycoprotein that specifically binds testosterone
and estradiol. Only a small fraction of steroid hormones is present in the
circulation in the unbound “free” form. In utero, the fetal liver synthesizes
sufficient amounts of steroid hormone binding proteins, including steroidbinding β-globulin (SBβG) and alpha fetoprotein (AFP), to protect the
developing organism from rising levels of maternal hormones. Thus, even
when maternal estrogen levels are extremely high, increased expression of
AFP and other steroid hormone binding proteins (Mizejewski et al., 2004)
reduces the unbound fraction of estradiol in the human fetus to 1.0 to 4.5
percent (i.e., greater than 95 percent is bound) (Pasqualini et al., 1985; vom
Saal and Timms, 1999; Witorsch, 2002, citing Tulchinsky, 1973). In primates, fetal hormone levels actually decline in the face of increasing maternal hormones during pregnancy (Thau et al., 1976). Production of steroid
hormone binding proteins by the fetal liver decreases dramatically after
birth. Thus, some free endogenous steroid hormone is likely to come in
contact with developing tissues of the fetus. In the context of environmental
exposures, however, in vitro studies with human serum (e.g., Milligan et
al., 1998; Jury et al., 2000) and in vivo studies in mice (Welshons et al.,
1999) have found that various xenoestrogens are generally not recognized
by these steroid hormone binding proteins. As a result, the mechanism that
limits fetal exposure to endogenous estrogens may offer less protection
from these xenoestrogens.
One of the best known examples in humans of an in utero exposure
altering risk for cancer later in life is that of DES. Between 1938 and
1971, this estrogenic compound was used to prevent miscarriages, but it
was taken off the market when daughters of women who took it during
pregnancy developed adenocarcinomas of the vagina (Herbst et al., 1971).
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Long-term follow-up studies of both mothers and their offspring have
found that daughters who were exposed to pharmacological levels of DES
in utero experienced important and devastating effects on adult health
many years later, including an elevated risk of breast cancer (Palmer et al.,
2006; Troisi et al., 2007). These studies have graphically demonstrated that
the period of organogenesis during fetal life is a period when humans may
be particularly sensitive to the effects of environmental agents—in this case
synthetic estrogens. From an epidemiologic standpoint, these DES studies
have provided a unique illustration of early development as a window of
susceptibility to environmental exposures in terms of the clarity of the dose
and timing of the exposure and the extremely long and costly period of
follow-up.
Studies in Sprague Dawley rats exposed perinatally to 1.2 μg of DES
by subcutaneous injection have demonstrated increased susceptibility to
mammary carcinogenesis after postnatal treatment with the carcinogen
7,12-dimethylbenz(a)anthracene (DMBA) (Boylan and Calhoon, 1979,
1983). A higher incidence of palpable tumors and decreased tumor latency
were observed compared with DMBA-treated rats without prior hormone
exposure (Boylan and Calhoon, 1979, 1983); however, major differences
in reproductive tracts or mammary gland structure were not observed at
the DES doses used (Boylan and Calhoon, 1983). Kawaguchi et al. (2009a)
also used Sprague Dawley rats to demonstrate that rats that had prenatal
exposure to DES (their mothers had been fed DES [0.1 ppm] throughout
pregnancy or from day 13 of pregnancy through to birth) and were then
exposed to DMBA at 50 days after birth developed more mammary carcinomas than controls.
Experiments in ACI rats without additional carcinogen dosing demonstrated that mammary tumors can be induced in female rats by prenatal
(0.8 μg or 8.0 μg s.c. to the pregnant mother, equivalent to 4.28 μg/kg or
42.8 μg/kg of body weight) or postnatal (2.5 mg via implanted pellet) DES
exposure alone, and that prenatal and postnatal DES exposure combined
yielded significantly greater tumor multiplicity and decreased tumor latency
(Rothschild et al., 1987). The morphology of peripubertal mammary glands
of a significant proportion of female ACI rats exposed to DES in utero were
atypical; approximately 25 percent displayed hypodifferentiation and about
5 percent had hyperproliferation (Vassilacopoulou and Boylan, 1993).
In utero DES exposure is theorized to increase mammary cancer susceptibility by slowing mammary gland maturation and development (Jenkins
et al., 2011).The most mature structures of the mammary gland, lobules,
appear to be most resistant to carcinogenic transformation by chemical
carcinogens, while terminal end buds are more susceptible (Russo and
Russo, 1978; Russo et al., 1982). Prenatal DES exposure has been reported
to increase the number of terminal end buds, increasing susceptibility to
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chemical carcinogenesis (Ninomiya et al., 2007). In contrast to the effects
from fetal exposure to DES, exposure to DES at other time windows has
been shown to manifest different effects (Lamartiniere and Holland, 1992;
Hovey et al., 2005; Kawaguchi et al., 2009b).
Studies carried out to explore the mechanisms of uterine estrogenic
effects from perinatal exposure to DES in the CD-1 mouse model might
prove helpful for understanding effects in the mammary gland. Estrogenic effects include persistent expression of the lactoferrin and c-fos genes
(Newbold et al., 1997; Li et al., 2003) together with a high incidence of
uterine adenocarcinoma (Newbold et al., 1990). DES exposure also causes
changes in the expression of several uterine genes responsible for directing
tissue architecture and morphology, resulting in altered tissue structures
(Ma et al., 1998; Miller et al., 1998; Block et al., 2000). Thus, altered
gene expression, likely as a result of epigenetic reprogramming, may also
be a contributor to increased susceptibility to mammary carcinogenesis in
DES-exposed animals. The body of animal studies carried out with DES
demonstrates that the in utero and neonatal periods are especially vulnerable to inappropriate xenoestrogen exposure, with these exposures inducing
developmental reprogramming and potentially altering risk for cancer later
in life.
Although intentional human exposures to pharmacologic doses of
estrogen compounds such as DES are hopefully unlikely to recur, exposure
to environmental chemicals with estrogen-like activity is common. Analysis of data from the National Health and Nutrition Examination Survey
(NHANES) 2003–2004 found a large range of chemicals present in blood
or urine in women who were and were not pregnant (Woodruff et al., 2011).
Concentrations tended to be similar or lower in pregnant women compared
to those in women who were not pregnant. The analysis demonstrates the
potential opportunity for exposure of the developing fetus and the pregnant
mother’s breast to a wide range of chemical compounds. Whether or not
the presence of these chemicals is associated with an increased risk of breast
cancer in either child or parent requires additional investigation.
Early Childhood and Prepuberty
The rudimentary ductal system present in the breast at birth is under
the influence of maternal hormones (Anbazhagan et al., 1991). But by age
2, the breast undergoes involution, and it has only a primitive ductal system
without alveoli until the onset of puberty (Howard and Gusterson, 2000).
During this period, however, the body is preparing for puberty and the next
stage of mammary gland development. Various exposures during childhood
appear to influence the timing of puberty. Because the timing of puberty is
associated with the risk of breast cancer later in life, better understanding
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of the factors in childhood that influence the timing of puberty may add to
understanding of pathways that can contribute to breast cancer.
Diet and the nutritional content of food consumed in childhood help
set the stage for puberty by developing adequate body mass. However,
prepubertal overweight and obesity are positively associated with early
puberty (Kaplowitz, 2008) and late pubertal peak height velocity and early
menarche (Hauspie et al., 1997). Recent national health surveillance data
for the United States show that 35 percent of girls ages 6–11 are at or above
the 85th percentile of body mass index (BMI) standards for their age, and
18 percent are at or over the 95th percentile (Ogden et al., 2010). Biro and
colleagues (2003, 2010) have shown that girls with higher BMIs are likely
to begin puberty at an earlier age. However, the mechanism underlying
the association between obesity and earlier puberty is not yet clear (Jasik
and Lustig, 2008). The impact of decreased physical activity, independent
of energy intake, and its effects in different subgroups of children in this
prepubertal period may act through decreased insulin sensitivity and are
also of concern (Sorensen et al., 2009). Further investigation is needed to
understand the relation between activity levels in childhood and the timing
of puberty or other factors that may influence breast cancer risk in later life.
Psychosocial factors have also been found to influence pubertal timing
among girls (Graber et al., 1997; Ellis and Garber, 2000; Bogaert, 2005).
They are likely to operate through pathways other than diet, physical activity, and obesity. In stressful family contexts, characterized by low-quality
parental investment, high levels of stress, negative relationships, and prolonged distress, reproductive maturation appears to accelerate (Romans et
al., 2003). Family relationships characterized by warmth, cohesion, and stability, on the other hand, consistently predict later pubertal onset (Graber
et al., 1995). One particular manifestation of disrupted family relationships
exists in households with the absence of a biological father. Studies have
shown an association between early pubertal maturation in both boy and
girl twins in homes where the father was absent when the children were age
14. Girls were about twice as likely to experience menarche before age 12
in such households, although the mechanisms for this observation are not
clear (Quinlan, 2003; Mustanski et al., 2004). One study has found this
relationship confined to white girls in families with higher socioeconomic
status, as measured by household income (Deardorff et al., 2011). Overall,
a review of the father-absence literature suggests that girls in father-absent
homes experience menarche 2 to 5 months earlier than those in homes
where the father is present (Ellis, 2004). The absence of the mother or the
presence of a stepfather does not appear to be related to pubertal timing
(Bogaert, 2005).
Animal studies suggest that endocrine-disrupting chemicals (EDCs)
may alter hormone synthesis and metabolism during this prepubertal period
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(Crain et al., 2008) and may advance the onset of puberty. Individual
nutrients and dietary intake of substances such as phytoestrogens, which
are considered xenoestrogens, may also be factors in pubertal development. In a study of pubertal development in 9-year-old girls, higher urinary
concentrations of phytoestrogens, and in particular daidzein and genistein,
were associated with later age of breast development, and this effect was
stronger in girls with lower BMIs (Wolff et al., 2008). The delay in pubertal
development is considered protective in terms of risk for breast cancer. A
limited set of case–control studies provides some support for an association
between higher consumption of soy products during childhood and lower
risk of breast cancer (reviewed in Hilakivi-Clarke et al., 2010).
Studies in animal models of genistein exposure have investigated the
importance of the timing of exposures in altering mammary tumor susceptibility. The animal data regarding postnatal, prepubertal exposure to
genistein are described as “very consistent” in showing a reduction in
mammary cancer risk (Warri et al., 2008). In early studies, Lamartiniere
and coworkers (1995) observed that rats treated with genistein during the
early postnatal period displayed increased mammary tumor latency and
decreased tumor multiplicity in classic chemical carcinogenesis models.
In contrast, animal studies of in utero genistein exposure have produced
conflicting results (reviewed in Warri et al., 2008).
Differences in the impact of pre- and postnatal exposures in these
animal models highlight the potential for the timing of human exposure
to genistein, and likely other xenoestrogens, to have differing impacts on
breast cancer risk.
Puberty and Adolescence
The onset of puberty, the pubertal period, and adolescence comprise
another life stage during which environmental factors may influence the
development of breast cancer in adult life in unique ways. This stage spans
the period from the first signs of sexual development and the external
appearance of the breast to sexual maturity (Russo and Russo, 2004).
Breast development in adolescent girls is characterized by branching of
terminal end buds in response to hormonal cues (Russo and Russo, 2004).
The onset of puberty is clinically defined by the first signs of breast
development, pubic hair, and other secondary sex characteristics (Grumbach
and Styne, 2002). It coincides with the activation of the hypothalamic–
pituitary–gonadal (HPG) axis, or thelarche, and the activation of the
hypothalamic–pituitary–adrenal (HPA) axis, or adrenarche, which are independent events. HPG axis activation is associated with a surge of pituitary
follicle-stimulating hormone (FSH), which results in the stimulation of
primordial ovarian follicles to secrete estrogen. Circulating estrogen then
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has several important effects, including the release of pituitary luteinizing
hormone (LH) and vascular proliferation and growth in the breast with the
further development of the mammary ducts and the mammary stromal connective tissue (Rogol, 1998). The activation of the HPA axis stimulates the
adrenal production of dehydroepiandrosterone, dehydroepiandrosterone
sulfate, and androstenedione, which lead to the development of secondary
sexual characteristics, including pubic hair and changing body proportions.
The relative timing of thelarche and adrenache may differentially determine
the onset of menarche (Biro et al., 2006).
Early age at menarche is an established risk factor for breast cancer
(Kelsey and Bernstein, 1996), but its use as a marker of pubertal onset can
be misleading because the relationship between the onset of puberty and
menarche has not been constant over time (Euling et al., 2008; Mouritsen et
al., 2010). In the United States, the correlation between the onset of puberty
and menarche was greater than 0.9 for women born in the 1930s, 0.5–0.7
for those born in the 1950s, and 0.38–0.39 for those born in the 1970s
(Biro et al., 2006). These results suggest that factors contributing to the
onset of puberty and menarche were more similar in the past than in more
recent years. Clear differentiation between the time of onset of puberty and
menarche and the interval between them (“tempo”) is important in studies
of pubertal development (Euling et al., 2008).
It is clear that both the age when girls begin puberty and their age of
menarche have declined over the past century (Euling et al., 2008). However, historical data and more recent detailed epidemiologic studies have
concluded that the age of menarche declined in industrialized countries
over the course of the past century, whereas the decline in the age of onset
of puberty has been rapid and observed since just since the early 1990s (de
Muinck Keizer-Schrama and Mul, 2001; Euling et al., 2008; Aksglaede et
al., 2009; Mouritsen et al., 2010). This latter decline has not been associated with development and socioeconomic conditions and has thus raised
concerns about the possible role of environmental factors such as endocrine
disrupting chemicals (Mouritsen et al., 2010). Genetic regulation of puberty
is unlikely to explain these rapid secular trends, but genetic factors do
influence the age of pubertal onset in individual girls (Parent et al., 2005).
Supporting evidence comes from studies documenting a correlation between
a mother’s and daughter’s ages at puberty, from twin correlation studies
that suggest that most (70–80 percent) of the variance between twins is
explained by genetic influences, and from the observation of marked differences in pubertal timing among racial and ethnic groups (Parent et al.,
2003, 2005).
At the onset of puberty, the ratio of FSH to LH favors FSH, which
inhibits ovulation, and even with the onset of menarche, ovarian function
can continue to be anovulatory for a time (MacMahon et al., 1982b).
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The duration of anovulatory menstrual cycles after the onset of menarche
varies from 1 to more than 6 years, with longer intervals to ovulation in
girls with a late menarche (MacMahon et al., 1982a; Clavel-Chapelon,
2002). The shorter period of anovulation for girls with earlier menarche
would suggest that the increased risk of breast cancer that is associated
with earlier menarche may be related to earlier and more frequent exposure to the hormones produced during the menstrual cycle. Moreover,
acceleration of menarche without a concomitant acceleration in the timing
of menopause increases the duration of estrogen exposure over a lifetime,
which it is widely thought to promote the development of breast cancer
(de Waard and Thijssen, 2005). For each additional year of delay in menarche, the risk of breast cancer is decreased by approximately 9 percent for
premenopausal cases and by approximately 4 percent for postmenopausal
cases (Hsieh et al., 1990; Clavel-Chapelon and Gerber, 2002). Among
women in the Nurses’ Health Study II, who were followed between 1989
and 1993, a 1-year increase in age at menarche was associated with reduction in risk of 10 percent (RR = 0.90, 95% CI, 0.83–0.99) (Garland et
al., 1998). In a comparison between women with an age of menarche of
13 versus 15 years or older, an older age of menarche was associated with
a statistically significantly reduced risk for premenopausal breast cancer
(OR = 0.72, 95% CI, 0.57–0.91), but the reduction in risk for post
menopausal breast cancer was not statistically significant (OR = 0.90, 95%
CI, 0.80–1.03) (Titus-Ernstoff et al., 1998).
The contribution of timing of puberty and onset of menarche to
increased breast cancer risk may be related to estrogen receptor signaling
or to other mechanisms discussed later in this chapter. It is also possible
that the rapidly duplicating cells of the breast during pubertal development
are more susceptible to environmental insults. Studies in the rodent model
show that the highest number and the greatest proliferative activity of
the terminal duct lobular units (TDLUs) occurs during puberty (Rudland,
1993), and it has been suggested that this may be related to the apparent
susceptibility of the breast to carcinogens during puberty (Colditz and
Frazier, 1995; Knight and Sorensen, 2001).
Some of the best evidence for susceptibility of breast tissue during
early-life exposures is derived from investigation of the effects of ionizing
radiation from nuclear explosions and from medical diagnostic and treatment procedures. An increased risk for breast cancer has been documented
among atomic bomb survivors in Japan (Tokunaga et al., 1991), and this
increased risk has been related to younger age at exposure, especially during the period of puberty (Land et al., 2003). In an ecological study of the
Chernobyl accident in Belarus, the areas with the highest levels of radiation
contamination (estimated average cumulative doses ≥ 40 mSv) were associated with elevated breast cancer risk about 10 years after the incident,
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especially among women who were younger than age 45 at the time of the
event (Pukkala et al., 2006).
More recently, additional follow-up of the atomic bomb survivors and
analysis of both excess relative risk and excess attributable risk suggest that
excess relative risks are similar across ages of exposure, for example, at ages
10, 30, or 50 (Preston et al., 2007). However, models examining excess
attributable risk show a large difference by age at exposure, which the
authors suggest reflects differences in factors such as reproductive history
that have changed across birth cohorts and that may act multiplicatively
with age at radiation exposure (Preston et al., 2007).
The potential implications of these findings are important in terms of
recommendations for earlier radiographic screening among high-risk populations such as women at increased genetic risk of breast cancer. Their risks
with exposure to mammographic X-rays may vary according to whether
they have completed a pregnancy or other factors. Research findings such
as these may influence the age at which mammographic screening is begun,
reliance on other screening techniques that do not use ionizing radiation,
and issues to be covered by consent documents.
An increased risk of breast cancer has also been consistently reported
for exposure to ionizing radiation at young ages in conjunction with medical treatments, such as radiotherapy for Hodgkin’s disease and childhood
cancer, ankylosing spondylitis, tinea capitis, enlarged thymus (Shore et al.,
1993), and skin hemangioma (John and Kelsey, 1993). Later in life into the
reproductive years, radiation has been associated with breast cancer among
women receiving radiation for postpartum mastitis (Shore et al., 1986)
and during tuberculosis treatments (Boice et al., 1991). Exposures among
radiologic technologists have been studied, but little impact has been found
on risk for breast cancer among those employed over the past 40 years.
Reproductive Years
The reproductive period for women spans the time from sexual maturity at the end of puberty to menopause, providing an expansive time
window in which exposures may influence the risk of breast cancer development. Established risk factors for breast cancer encountered during this
period include later age at first full-term pregnancy and later age at menopause. The neutral or inverse association between weight or BMI and
breast cancer during the reproductive period differs from the increased
risk found during the years following menopause. Smoking, hormone
therapy, and radiation are examples of other risk factors that may have
differential effects over the life course and across the reproductive period.
Indeed, pregnancy itself is associated with a short-term increased risk of
breast cancer, making it a period of vulnerability of the breast for both the
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mother and the developing infant exposed to the in utero environment,
as discussed above.
Breast tissue continues to evolve and differentiate before and during
pregnancy (Russo et al., 2006), and the differentiation that occurs during
pregnancy may be a factor in the reduced risk of breast cancer that is associated with childbearing. During pregnancy, the breast “attains its state of
maximum development” in two distinct stages—early and late in pregnancy
(Russo and Russo, 2004, p. 7). The early stage involves differentiation of
ductal trees and an increase by the third month of pregnancy in the number of well-formed lobules. In the later stages of pregnancy, the continued
changes in the breast are related in large part to the secretory functions that
the breast tissues will perform during lactation (Russo and Russo, 2004).
During pregnancy, significant changes also occur in the mammary stroma,
the connective tissue in the breast. This remodeling includes changes that
result in increased angiogenesis, infiltration of immune cells, and fibroblast
reorganization, all of which help supply nutrients and cues to the expanding
ductal and lobular structures (McCready et al., 2010). An increase in circulating hormones during pregnancy also plays a role in breast development.
Studies in rats have shown that pregnancy leads to the maximum
mammary gland development. This process includes alterations in mammary stem cells (breast progenitor cells) that make them more resistant to
carcinogens by virtue of primed mechanisms for metabolism of carcinogens
and improved DNA repair mechanisms (Russo et al., 2006). This type of
process may explain the association in humans between young age at first
pregnancy and reduced breast cancer risk, and the increased risk associated with nulliparity and late age at first pregnancy. Nulliparity or late age
at first pregnancy would leave the breast more vulnerable to carcinogens
because of the predominance of unaltered stem cells. With late age at first
pregnancy, the differentiation and proliferation of breast tissue would be
more likely to involve compromised stem cells that have suffered DNA
damage, which would provide a favorable environment for progression of
cancer cells. Some studies have found that the increase in risk associated
with a later age at first full-term birth (age 30 and older) is greater than for
nulliparity (e.g., Kotsopoulos et al., 2010; Newcomb et al., 2011).
A review of the literature on breast cancer and characteristics of pregnancy found conflicting evidence for factors such as weight gain during
pregnancy, fetal growth, gestational age, and gestational diabetes (Nechuta
et al., 2010). Findings were more consistent that multiple births and preeclampsia were associated with modest reductions in risk for breast cancer
(Nechuta et al., 2010). In an example of the effects of an exogenous hormone exposure during pregnancy, follow-up of women who took DES to
prevent pregnancy complications from 1940 through the 1960s has found
a modest association between their adult DES exposure while pregnant
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and subsequent breast cancer risk (RR = 1.27, 95% CI, 1.07–1.52) (TitusErnstoff et al., 2001), supporting the influence of hormonal factors during
pregnancy and its period of rapid breast proliferation.
Other evidence that pregnancy can modify breast cancer risk comes
from the literature on smoking and breast cancer. This literature is often
characterized as mixed, with some studies finding associations and others
not. However, a more nuanced picture emerges when the risks from smoking are analyzed separately for women who started to smoke before a first
pregnancy and for those who began to smoke after their first child was
born. As noted in Chapter 3, a meta-analysis of 23 studies found a weak
association with increased risk of breast cancer for women who began
smoking before a first pregnancy (DeRoo et al., 2011). The summary risk
ratio was 1.10 (95% CI, 1.07–1.14), compared with a risk ratio 1.07 (95%
CI, 0.99–1.15) for women who began smoking later (DeRoo et al., 2011).
Reynolds and colleagues (2004), for example, observed an elevated
risk for women who smoked for 5 or more years before a first fullterm pregnancy compared with never smokers with children (HR = 1.13,
95% CI, 1.00–1.28). Risk was not increased among the small group of
women (42 cases) who began smoking after a first pregnancy (HR = 0.89,
95% CI, 0.65–1.21). This study also found no excess risk for women who
initiated smoking at age 20 or later (HR = 1.03, 95% CI, 0.90–1.17),
but a statistically significant increased risk for those who began before
age 20 (HR = 1.17, 95% CI, 1.05–1.30). Consistent with these patterns,
Ha and colleagues (2007) observed no association between breast cancer
risk and pack-years of smoking after first childbirth, and no significant
trend with cumulative smoking exposure. However, there was a significant trend (p <.0001) in the hazard ratios for pack-years of smoking
before the birth of the first child, with the highest exposure group having
a statistically significant increased risk (HR = 1.78, 95% CI, 1.27–2.49)
(Figure 5-2).
As also noted in Chapter 3, recent reports from both the Nurses’ Health
Study (Xue et al., 2011) and the observational component of the Women’s
Health Initiative (Luo et al., 2011) appear to support this pattern. Xue and
colleagues (2011) found that more pack-years of smoking from menarche
to a first birth were associated with a statistically significant increase in
risk (p for trend <.001). Luo et al. (2011) found that initiation of smoking
before first full-term pregnancy was associated with a statistically significant increase in risk (HR = 1.28, 95% CI, 1.06–1.55). The risk with initiation after a first pregnancy was elevated but not statistically significant
(HR = 1.17, 95% CI, 0.90–1.52).
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FIGURE 5-2 Breast cancer risk by pack-years of smoking before and after first
Figure 5-2 Smoking (Ha -- Am J Epi).eps
childbirth among parous women, U.S. Radiologic Technologists Health Study,
1983–1998. Hazard ratios and 95 bitmap
percent confidence intervals were estimated
from one multivariate proportional hazards model including separate variables for
pack-years of smoking before and after first childbirth, with age as the time scale,
stratified for birth cohort in 5-year intervals and adjusted for alcohol intake, age at
menarche, age at first childbirth, parity, family history of breast cancer, hormone
replacement therapy, year that a woman first worked as a radiologic technologist,
body mass index, and time-dependent menopausal status. The numbers of breast
cancer cases in each category are provided in parentheses.
SOURCE: Ha et al. (2007, p. 58). Reproduced with permission from American
Journal of Epidemiology.

Menopause and Older Ages
Most breast cancers are diagnosed in menopausal women. Menopause
is characterized by a cessation of ovarian hormone production, and subsequently, the end of a woman’s menstrual cycles (McCready et al., 2010).
The loss of estrogen and progesterone production coincides with a process
known as lobular involution, or the reduction of both number and size of
lobules in the breast (Russo et al., 2001). The number of epithelial cells in
the breast expressing estrogen receptors increases significantly (Shoker et
al., 1999), and the interlobular stroma of the breast is increasingly replaced
by adipose tissue (Howard and Gusterson, 2000). At this stage of life,
breast tissue has also been influenced by the cumulative opportunity for
previous exposures to endogenous and exogenous factors to have generated
compromised cells.
Clear evidence from studies of menopausal hormone therapy also
shows that breast cancer risks can be influenced by exposures during this
life stage. Postmenopausal use of hormonal therapy that combines estrogen
and progestin increases both the incidence of and mortality from breast
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cancer (Writing Group for the Women’s Health Initiative Investigators,
2002; Million Women Study Collaborators, 2003; Chlebowski et al., 2010).
The risks decline rapidly on withdrawal of combined hormone therapy in
the postmenopausal period (Collaborative Group on Hormonal Factors in
Breast Cancer, 1997; Clarke et al., 2006; Chlebowski et al., 2009; Beral
et al., 2011). While the mechanism for the increased risk is not known in
detail, it is thought that hormone therapy may be causing proliferation of
cancer stem cells (Eden, 2010, 2011). In the absence of hormonal stimulus,
other regulatory processes in the body may be able to inhibit the progression of tumorigenesis or expansion of an existing tumor.
Studies have also examined the risk associated with timing of initiation
of hormone therapy relative to onset of menopause (Prentice et al., 2009;
Beral et al., 2011). From both the Women’s Health Initiative in the United
States and the Million Women Study in the United Kingdom, evidence has
emerged that the risk of invasive breast cancer from combination hormone
therapy decreased with increasing gap time (time from menopause to initiating hormone therapy) for combined estrogen–progestin hormone therapy
(Prentice et al., 2009; Beral et al., 2011; LaCroix et al., 2011). Risk was
higher among women taking combined estrogen–progestin therapy within
5 years of menopause compared to those whose first use was 5 or more
years after menopause (Prentice et al., 2009), and additional analyses demonstrated the risk of breast cancer increased with use within 2 years since
menopause.
The Women’s Health Initiative found that estrogen-only hormone therapy, which is appropriate only for women who have had hysterectomies,
was not associated with increased risk of breast cancer (Women’s Health
Initiative Steering Committee, 2004; LaCroix et al., 2011). The Million
Women Study, however, observed a small but statistically significant risk
associated with estrogen-only therapy, but only when initiated before menopause or within 5 years after menopause (RR = 1.49, 95% CI, 1.40–1.58
and RR = 1.36, 95% CI, 1.27–1.46, respectively). Among estrogen-only
users, there was no association with breast cancer risk if use was initiated
5 or more years after menopause (RR = 1.05, 95% CI, 0.90–1.24) (Beral
et al., 2011). The findings from these studies are also discussed in Chapters
3 and 6.
MECHANISMS OF BREAST CANCER DEVELOPMENT
Several potential mechanisms may be operating in the development of
breast cancer, and they may play out during a particular phase or across
multiple phases of life. Researchers do not yet know the details of all of
the potential mechanisms through which normal breast tissue changes to
become cancerous tissue. Such changes, termed “transformation,” occur
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through a multistage process of carcinogenesis. Multistage carcinogenesis
encompasses both spontaneous and environmentally induced events that
contribute to altering the cells from normal, healthy tissue into tumor tissue. Spontaneous events occur in cells by chance, or stochastically, as a byproduct of normal processes. For example, reactive oxygen species (ROS)
produced as a by-product of cellular respiration can cause damage to DNA,
as can errors in DNA replication that result in spontaneous mutations.
Environmentally induced events are those caused by an external exposure,
for example, ultraviolet (UV)-induced damage from sunlight or exposure
to tobacco carcinogens. In addition to physical and chemical insults, environmental contributors to cancer, as defined broadly by this committee
(see Chapter 2), can include pathophysiological conditions, such as obesity.
Accumulated damage from both internal and external carcinogenic
events or risk factors drives cancer development through multiple stages
from normal cells through preneoplasia to metastatic disease, with many of
these stages recognizable as distinct entities in the process of tumor development at the cellular (e.g., lobular hyperplasia) and/or molecular level
(e.g., aberrant p16 expression). There is also a growing appreciation for
the role that the tissue microenvironment can play in limiting, permitting,
or potentiating the carcinogenesis. Thus, the development of breast cancer,
like other adult cancers, occurs as a result of accumulated damage occurring over a person’s entire life. However, susceptibility to different types
of damage induced by either endogenous or exogenous carcinogens may
change over the life course, so that humans may be more or less vulnerable
to the effects of any given environmental agent at different stages of life.
In the remainder of this chapter, critical mechanisms of carcinogenesis
are reviewed, with the recognition that mechanistic explanations of the
origins of breast cancer have not commonly been situated within the life
course perspective that the committee recommends.
Mutagenesis
Damage to DNA was the earliest recognized mechanism for development of cancer from environmental causes. Changes to the sequence of base
pairs that make up the genome (DNA) are called mutations, and they can
be caused by internal cellular processes or outside effectors such as radiation, viruses, or certain chemicals. DNA mutations can result in changes in
gene (and microRNA) expression, function, or regulation that may lead to
the development of tumors. Many environmental agents can induce DNA
damage, which, if not properly repaired, can give rise to mutations that
contribute to multistage carcinogenesis. Induction of DNA damage can be
direct—for example, induction of DNA double-strand breaks by gamma
irradiation, or the creation of pyrimidine dimers by UV light. DNA dam-
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age can also occur indirectly—for example, via oxidative damage resulting
from depletion of ROS scavengers, or increased ROS production in the
cell. The scientific community’s increasingly sophisticated understanding of
“mutagens as carcinogens” now includes appreciation that not all agents
that induce DNA damage cause cancer. Nevertheless, environmental agents
that induce mutations are still considered among the most effective types
of carcinogens.
Exposure to environmental mutagens may have very different effects,
depending on the target cell1 and the extent of cell proliferation that occurs
before and after repair of environmentally induced damage. If the target
cells have insufficient time to repair DNA damage before they divide,
mutations can be passed on to daughter cells. Therefore, those stages of
life when breast epithelial cells are most proliferative (i.e., puberty and
pregnancy) may be times when the breast is especially vulnerable to the
effects of mutagens. If these mutations occur in genes that participate in
tumor development, such exposures can be transforming and contribute to
the accumulation of the necessary alterations for multistage tumorigenesis.
Estrogen, in the form of 17b-estradiol, is generally recognized as potentially carcinogenic through its promotion of cell proliferation via interactions with estrogen receptors (see below), and it may also be linked
to mutagenesis through its metabolites (Yager and Davidson, 2006). In
particular, a metabolite of 17b-estradiol (2,4-dihydroxy-17b-estradiol) has
been found to be DNA-reactive (Cavalieri et al., 2006; Bolton and Thatcher,
2008). It is plausible for this estradiol metabolite to be produced in breast
tissue, where it could contribute to the formation of DNA adducts prone
to lead to changes in the gene sequence (Belous et al., 2007).
Although most studies focused on the potential mutagenic role of
estradiol have been conducted in animal models, or with human tissues in
vitro, there is some evidence that such estradiol-DNA adducts can occur
in humans. As discussed in the International Agency for Research on Cancer (IARC) monograph update on the carcinogenicity of estrogen-related
pharmaceuticals, stable DNA adducts were found in a small set of breast
tissue samples from women with and without breast cancer who had used
an estrogen–progestin form of hormone therapy (IARC, 2011).
Nuclear Hormone Receptor Signaling
The steroid hormones, which include estrogens and progestogens,
are involved in the development and maintenance of female reproductive characteristics, via their physiological effects on a broad range of
tissues (Björnström and Sjöberg, 2005). Like other hormones, the steroid
1A

target cell or target tissue is the site at which an agent acts.

EXAMINING MECHANISMS OF BREAST CANCER

257

hormones function as signaling molecules by traveling through the blood
stream to interact with cells in a variety of target tissues to affect cellular
behavior. A principal point of interaction is through binding with receptors
that are located within cells and referred to as nuclear hormone receptors. The receptors for the steroid hormones are part of a larger family of
nuclear hormone receptors (Aranda and Pascual, 2001).
Physiologically, estrogen usually occurs in the form of estradiol,
17β-estradiol being the dominant and most potent form (Björnström and
Sjöberg, 2005), or estrone. Estradiol and estrone are produced by the
ovaries, and estrone can also be produced by peripheral tissues such as
adipose tissue and the adrenal gland. Estrogen is especially important in
the functioning of female reproductive tissues such as the uterus and breast.
Estrogens are able to act on target tissues by binding to estrogen receptors.
Receptors act by recognizing a molecule’s structure, thereby enabling only
estrogen, or molecules that closely resemble estrogen in structure, to interact with receptors and promote receptor-mediated behavior.2
The fact that most breast cancers express estrogen receptor(s), coupled
with estrogen’s potential to stimulate cell proliferation (mitogenesis), has
led to the hypothesis that estrogen receptor signaling can ultimately increase
susceptibility to breast cancer (Weinberg, 2007). In its classical signal transduction pathway, once estrogen is bound to its receptor, it is able to regulate
gene expression, which, in turn, alters cellular function. Estrogen’s biological effects are regulated by two types of estrogen receptors, ERα and ERβ
(Björnström and Sjöberg, 2005). These receptors act as ligand-activated
transcription factors (Björnström and Sjöberg, 2005); when no ligand (in
this case, estradiol or estrone) is bound to the receptor, the receptor’s ability to transactivate gene expression is greatly attenuated, although these
receptors are capable of ligand-independent activity. Once receptors are
activated (“turned on”), they bind to specific DNA response elements
known as estrogen response elements (EREs) of target genes (Björnström
and Sjöberg, 2005). Estrogen bound to its receptor also induces a change in
the receptor’s structure that allows it to recruit coactivator proteins (NCI,
2010). By binding to the EREs and recruiting coactivator proteins, estrogen is able to influence the transcription of messenger RNA, which allows
for the production of specific proteins that can, in turn, influence cellular
behavior (NCI, 2010).
One such change in cellular behavior is increased cellular proliferation,
2 Receptor-mediated cellular behavior is of particular importance when considering the effects
of certain environmental exposures. As discussed later in this chapter, compounds that closely
resemble hormones, such as EDCs, are able to activate or block receptor function. These
compounds have the potential to subsequently alter the physiological status of the whole
organism, especially if it is exposed during developmental stages (Caserta et al., 2008).
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a result of estrogen’s mitogenic actions. Growth promotion can increase
susceptibility to breast cancer in several ways: increasing the population
of cells that are targets for transformation, increasing the potential for
mutagenesis by shortening the cell cycle and decreasing time available for
DNA repair; and selectively promoting the growth of preneoplastic and
neoplastic cells of nascent tumors. As a result of the ability of 17β-estradiol
and several other endogenous estrogens to promote tumor growth in the
breast, estrogen is classified as a known human carcinogen by IARC (2011).
After menopause, ovarian production of 17β-estradiol diminishes,
affording some protection against development of hormone-dependent
tumors. Relatively little is known about how the effects of other mitogens
are modulated during the life course to increase or decrease their carcinogenic potential. Some existing data suggest that promotion of growth by
mitogens early in life may modulate breast cancer risk later in life.
Some evidence also indicates that progesterone has a mitogenic role in
breast carcinogenesis (Bernstein, 2002; Kariagina et al., 2010). Recent studies in rats have shown that in both the normal mammary gland and mammary tumors, proliferation is stimulated more by a combination of estrogen
and progesterone than by treatment with estrogen alone (Kariagina et al.,
2010). This proliferation is mediated by amphiregulin, an epidermal growth
factor receptor (EGFR) ligand, and intracellular signaling pathways downstream of EGFR that induce proliferation. Recently, these pathways have
also received interest as potential targets for hormone-dependent cancer
therapy (Kariagina et al., 2010).
Ligand-activated estrogen receptors can also affect cell growth via what
is termed nongenomic signaling, which involves estrogen receptor activation
of phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase
(MAPK) and other cell signaling pathways in the cytoplasm rather than the
nucleus. Research in animal models indicates that during development of
the mammary gland, inappropriate activation of genomic or non-genomic
ER signaling by estrogens can cause changes in the developing mammary
gland (see Box 5-2). For example, a study examined the effects of a single
subcutaneous injection (doses of 0.0125, 0.125, 12.5, 25, or 50 μg) of DES
or tamoxifen given to female BALB/c mice within 36 hours of birth (Hovey
et al., 2005). At 33 days, mice with DES exposure at 12.5 µg had greater
growth of the mammary ducts compared with controls. At maturity, all the
mice that had received 12.5 µg of DES and remained nulliparous showed
abnormalities in the ducts and alveoli of the mammary gland compared to
controls. In contrast, exposure to 25 µg of tamoxifen, a selective estrogen
receptor modulator, resulted in reduced ductal outgrowth relative to controls at 33 days. At 12 weeks, mice with exposure to 12.5 µg to 50 µg of
tamoxifen had regressed and atrophic ducts (Hovey et al. 2005). Work by
Couse et al. (2001) indicates that DES-induced developmental reprogram-
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BOX 5-2
Nongenomic Estrogen Receptor Signaling
by Environmental Estrogens
The classical effects of steroid hormones are mediated by nuclear
hormone receptors functioning as ligand-activated transcription factors.
However, evidence now indicates that steroid hormones manifest effects
by other means as well (Castoria et al., 1999; Cato et al., 2002; Losel and
Wehling, 2003; Cheskis, 2004; Björnström and Sjöberg, 2005; Edwards,
2005; Levin, 2005). These other effects have been termed “nongenomic”
to distinguish them from the direct, or genomic, effects of the transcription factors in the nucleus. The nongenomic effects of steroid hormones
involve a subpopulation of classical receptors that associate with signaling complexes in either the cytoplasm or the plasma cell membrane
(Weinberg, 2007).
Estrogens stimulate mitosis in ER-positive (ER+) breast cells, yet the
precise mechanism by which estrogen is able to drive the proliferation
of ER+ breast cancer cells remains unknown (Weinberg, 2007). When
estrogen is added to ER+ breast cancer cells, a rapid signaling cascade
ensues unrelated to ER action at a nuclear receptor (Weinberg, 2007).
Genomic receptor-mediated physiological responses, which may take
up to several hours, cannot explain the rapid physiological changes that
occur within seconds or minutes following the administration of estrogen
(Hewitt et al., 2005).
Various cell or plasma-membrane-associated-receptor signal transduction pathways have been studied to understand the non-genomic
path that estrogen may take. These pathways include association with
and activation of insulin-like growth factor receptors (IGF-1Rs) (Kahlert
et al., 2000) or direct association with Src and Shc proteins (Migliaccio
et al., 1996, 2000; Castoria et al., 2001; Kousteni et al., 2001; Song et
al., 2002a,b, 2004, 2005; Wong et al., 2002), which are known to be
involved in the activation of PI3K and MAPK signaling. PI3K signaling
is involved in many cellular processes, including survival, proliferation,
growth, and motility (Vivanco and Sawyers, 2002; Sulis and Parsons,
2003). Association of estrogen with G-protein coupled receptors such as
GPCR30, which is expressed in the membranes of breast cancer cells, has
also been observed (Hewitt et al., 2005; Revankar et al., 2005; Thomas
et al., 2005). With further study this may explain some of estrogen’s
mitogenic effects (Hewitt et al., 2005). Interpreting the biological role of
estrogen as a mitogen is challenging, given the myriad of proposed signal transduction pathways, and researchers urge further in vivo studies
to assess the effects in mammary tissue (Hewitt et al., 2005).
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ming of the murine reproductive tract requires the ERa, suggesting that this
receptor has a crucial role in mediating the imprint. Further investigation is
needed to assess the impact of morphologic changes in the developing mammary gland on the risk for mammary cancer later in life.
Epigenetic Reprogramming
During gestation, and in some cases postnatally, growth and differentiation of cells and tissues occurs via a well-orchestrated series of developmental processes directed by the genetic, epigenetic, and environmental milieu
of the developing organism. The genetic contribution is shaped by the
individual’s DNA sequence. Epigenetic contributions derive from processes
that modify gene expression, but do not alter the DNA sequence. Feinberg
and Tycko (2004) have described three principal epigenetic mechanisms:
cytosine methylation at CpG sites in the DNA (termed “DNA methylation”), genomic imprinting (silencing of an allele based on whether it was
of maternal or paternal origin), and histone modifications (affecting the
proteins around which DNA strands are wound).
Epigenetic methyl “marks,” such as DNA methylation and histone
methylation, are transmitted to daughter cells and are thus epigenetically
“inherited” from the parent generation of cells (Feinberg and Tycko, 2004).
Epigenetic methyl marks are the result of the addition of a methyl (–CH3)
group to either cytosine nucleotides in the DNA or lysine or arginine
residues of histones. Methylation of cytosine residues in DNA (hypermethylation) regulates gene expression largely via gene silencing, and hypomethylation of genes is permissive for gene expression. Methylation of arginine
and lysine residues of histones creates binding sites for several regulators
of gene expression that recognize these site-specific marks.
During gestation, epigenomic programs that are installed in cells direct
patterns of differentiation crucial for tissue and organ specification. This
programming also determines how cells and tissues will respond to physiological and environmental signals throughout the life of the organism. The
“developmental reprogramming” hypothesis proposes that at critical times
during development, exposure of developing tissues to an adverse stimulus
can result in permanent epigenetic reprogramming of normal physiological responses, and so alter risk for metabolic and hormonal disorders later
in life (Frankel et al., 1996; Hattersley and Tooke, 1999; Barker, 2002;
Couzin, 2002). Studies in animal models have demonstrated that perinatal
exposure to xenoestrogens can reprogram the development of the mammary gland and reproductive tract, causing alterations in tissue morphology
and gene expression (Muñoz-de-Toro et al., 2005; Durando et al., 2007;
Murray et al., 2007; Vandenberg et al., 2008; Rudel et al., 2011).
Methylation of DNA and of histones are both thought to be targets
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for developmental reprogramming. A direct link between environmental
exposures and changes in DNA methylation is lacking, but a direct mechanism whereby environmental exposures can interact with the epigenetic
machinery and perturb histone methylation during development has been
demonstrated (Bredfeldt et al., 2010; Doherty et al., 2010). Environmental
estrogens such as DES can inappropriately activate nongenomic (or more
aptly “pregenomic”) ER signaling to perturb patterns of epigenetic histone
methyl marks being installed during development. For example, DES activation of pregenomic signaling can initiate a process that lowers levels of
histone H3 methylation at lysine (K) 27 (Bredfeldt et al., 2010). Reduced
levels of histone H3K27 methylation, a repressive mark for gene expression,
can result in increased expression of estrogen-responsive genes in response
to normal physiological levels of this hormone, driving development of
hormone-dependent tumors.
Although epigenetic alterations are heritable and stably maintained as
cells replicate, the alterations are also potentially reversible. This has been
done pharmacologically with the use of 5-azacytadine and valproic acid to
modulate epigenetic methyl marks as part of cancer treatment (Yoo and
Jones, 2006). It has also been found in studies in mice that maternal exposure to bisphenol A (BPA) can result in DNA hypomethylation in offspring,
but that maternal folate and genistein supplementation blocked the BPAinduced DNA hypomethylation (Dolinoy et al., 2007). Elucidating the role
of environmental agents in inducing epigenetic alterations and the potential
contribution of these alterations in the development of breast cancer will
broaden understanding of the mechanisms of action of these agents, and
potentially open avenues to reverse or prevent their adverse health effects.
Modulation of Immune Function
“Immunoediting” is a term used to describe the process by which the
immune system influences cancer development and progression (Bui and
Schreiber, 2007). The immune system functions to eliminate cancer cells by
immunosurveillance, that is, controlling the growth of transformed cells by
mechanisms of adaptive immunity. However, cancer cells may escape detection by the body’s immune cells (immune escape), and thus evade being
killed by the immune system.
Environmental exposures may modulate the effectiveness of the immune
system in detecting or eliminating cancer cells. For example, the environmental estrogen genistein, present at levels associated with soy consumption, has been shown in studies using human breast cancer cell lines grown
in mice to block the ability of cytotoxic T-cells and natural killer cells to
recognize and destroy breast cancer cells during immunosurveillance (Jiang
et al., 2008). Chemical immunotoxicity is an active area of research, with
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investigation of effects from lead, cigarette smoke, endocrine disruptors,
and ambient air pollution, among others (Svensson et al., 1994; WeisglasKuperus et al., 2000; Bunn et al., 2001; Hertz-Picciotto et al., 2005; Ng
et al., 2006; Park et al., 2008a). Conversely, pregnancy can increase the
expression of immunosurveillance genes in breast epithelial cells, suggesting that one of the protective effects of pregnancy may be to enhance
elimination of nascent tumor cells by immunosurveillance (Balogh et al.,
2007). More needs to be learned about how environmental factors influence
immunoediting and how modulation of immune function by environmental
exposures over the life course influences breast cancer risk.
The Microenvironment Model of Carcinogenesis
In the multistage model of carcinogenesis, cancer progression results
from the stimulation of abnormal growth of an initiated cell with altered
genetic material. However, mutations that may initiate carcinogenesis can
occur frequently in the body and do not necessarily result in cancer. Rodent
studies have demonstrated that the number of initiated cells far exceeds
the number of tumors that develop in vivo (as reviewed in Barcellos-Hoff
and Ravani, 2000). The multistage model of carcinogenesis alone does not
fully explain the complex series of transitions from mutation to a cancerous
state. It is now appreciated that in addition to the genetic and epigenetic
alterations that occur within transformed cells, the process of carcinogenesis and tumor progression includes alterations of the dialog between cells
and their surroundings (Bissell and Hines, 2011).
Cells do not exist as isolated units, but are part of a complex environment of various cell types and tissues, as well as extracellular space.
The extracellular space is filled with a network of macromolecules called
the extracellular matrix (ECM), which serves as a structural anchor for
cells. Once viewed as an inert scaffold, it is now accepted that the ECM is
dynamic and influences cellular processes through initiation of intracellular
signal transduction (Divoux and Clement, 2011). A sheet-like deposition
of ECM, called the basement membrane, separates epithelial cells from
supportive connective tissue cells called the stroma. The stroma consists
of fibroblasts, immune cells, fat cells, and blood vessel cells (Mueller and
Fusenig, 2004). Because all cells in the body have the same genetic code,
molecular signals are necessary to direct the cells destined to become an eye
to become an eye, and the nose to become a nose, and so on.
The stroma is responsible for some of the regulatory signals necessary
to determine proper organ development and function in an embryo, and
later to maintain homeostasis in an adult organism (Shekhar et al., 2003).
Occasionally, such regulatory signals are disturbed, resulting in an alteration of normal external context for cells. Usually the effects are transient,
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but sustained inflammation may result in an up-regulation of enzymes such
as matrix metalloproteinases (Bissell and Radisky, 2001). These enzymes
normally promote healing, but their prolonged presence can contribute to
the degradation of the ECM and allow for invading immune cells to overproduce factors that may lead to unregulated cellular proliferation. In this
way, it is thought that the cellular environment, including the extracellular
matrix and stroma, may play an important role in progression from normalcy to neoplasia. It has been proposed that disruption of the stromal–cell
interactions in early stages of carcinogenesis can “provide the stimulus for
initiated cells to move further down the neoplastic pathway” (BarcellosHoff and Ravani, 2000, p. 1254).
Microenvironments are specialized systems, composed of the ECM and
soluble growth factors. They mediate epithelial–stromal interactions and
thereby play an important role in normal growth and tissue development
(Barcellos-Hoff and Ravani, 2000). The microenvironment theory complements the multistage model of carcinogenesis, with the microenvironment
and stroma in the breast interacting with transformed epithelial cells to
constrain or permit invasive tumor growth (Shekhar et al., 2003; Bissell,
2007). Based on this model, the destruction of tissue itself could be a carcinogenic event; an event such as wounding or tissue damage could trigger
an inflammatory cascade leading to unregulated proliferation.
Alternatively, exposure to a carcinogen may disrupt the interactions
between a cell and its external environment in a manner that permits
transformation. Ionizing radiation has carcinogenic potential in both the
breast and the rodent mammary gland, and it has been demonstrated to
elicit rapid remodeling of the mammary gland ECM (Barcellos-Hoff, 1993).
When genomically unstable cells harboring mutations in both alleles of p53
(COMMA-D cells) were transplanted into epithelial-free mammary stroma
in irradiated host mice, tumors arose more quickly and were able to grow
larger than in unirradiated hosts (Barcellos-Hoff and Ravani, 2000).
Since carcinogenic environments are not necessarily mutagenic or mitogenic, it is likely that changes in cell–cell contact or cell–ECM interactions
promote a malignant phenotype (Barcellos-Hoff and Ravani, 2000). Studies in a mouse mammary chimera model showed that when an irradiated
host received oncogenic tissue, the development of aggressive tumors was
accelerated and the molecular signatures of the tumors differed from those
arising in nonirradiated hosts (Nguyen et al., 2011). Maffini et al. (2004)
also demonstrated the stroma to be a critical target for carcinogenesis using
a rat mammary tissue recombination model and the chemical carcinogen
N-methyl-N-nitrosourea (MNU). They found that mammary epithelial cells
were neoplastically transformed only when the stroma was exposed to
MNU, regardless of MNU exposure of the epithelial cells.
The microenvironment model is especially relevant to breast cancer
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because of both the nature of the disease and the tissue structure of the
organ. Most breast cancers originate from the epithelial cells of the terminal lobular ducts, and stroma accounts for more than 80 percent of
breast volume (Shekhar et al., 2003). Furthermore, the breast is an organ
that undergoes substantial development after birth and is a dynamic tissue that continually undergoes changes throughout a woman’s lifetime,
most notably during puberty, pregnancy, and menopause (McCready et al.,
2010). Changes in the stromal and hormonal environments are part of these
age- and event-related processes.
One reflection of stromal differences is mammographic density. Breasts
with a greater proportion of fat produce a darker radiographic image that
is described as less dense, and breasts with greater amounts of connective
and epithelial tissue produce lighter images that are considered more dense
(Boyd et al., 2010). Greater breast density is strongly associated with a
higher risk of breast cancer (reviewed in Boyd et al., 2010). Women with
higher mammographic density have been shown to have an altered ECM
composition, including an increase in fibrillar collagen (McCready et al.,
2010). As discussed above, it is hypothesized that changes to ECM architecture may play an early role in the path of tumorigenesis (e.g., McCready
et al., 2010) or may reflect the effects of processes promoting tumorigenesis
(e.g., Martin and Boyd, 2008). Further research is required to elucidate the
mechanisms underlying the association between mammographic density
and breast cancer risk, including the influence of environmental factors in
altering breast tissue composition.
POSSIBLE BIOLOGIC MECHANISMS FOR ALTERATIONS IN
BREAST CANCER RISK ASSOCIATED WITH OBESITY
As summarized in Chapter 3, obesity or excess body fatness has become
a major public health issue in the United States. Obesity is associated with a
myriad of adverse health outcomes, including many forms of cancer (ACS,
2011).3 The picture for breast cancer is mixed. Obesity is associated with
a lower risk for premenopausal breast cancer, while it is associated with
an increased risk for postmenopausal breast cancer (Carmichael and Bates,
2004; WCRF/AICR, 2007). Pooled analysis of cohort and case–control
studies suggests that greater abdominal fatness (measured by waist circumference or waist-to-hip ratio) is a “probable cause” of breast cancer
diagnosed in postmenopausal women (WCRF/AICR, 2007, 2010).
3Overweight

and obesity are commonly defined on the basis of body mass index (BMI), which
is an approximate measure of body fat based on height and weight. BMI is calculated as body
weight (kilograms) divided by height (meters) squared. The following BMI categories are used:
Underweight, <18.5; Normal weight, 18.5–24.9; Overweight, 25.0–29.0; and Obese, >30.0.

EXAMINING MECHANISMS OF BREAST CANCER

265

Being obese is associated with a poorer prognosis and higher mortality rates for women diagnosed with breast cancer (Calle et al., 2003;
Carmichael, 2006; Protani et al., 2010). The American Cancer Society’s
Cancer Prevention Study II, a prospective cohort study that included 2,852
breast cancer deaths, indicated that breast cancer mortality rates increased
continually with increasing BMI at entry into the study. For women with
the highest BMI (≥40) compared to women with normal weight (BMI
18.5–20.49), the relative risk (RR) of death from breast cancer was 3.08
(95% CI, 2.09–4.51) (Petrelli et al., 2002).
Overweight and obesity have been found to be associated with diagnosis of advanced-stage disease; however, the experience of African American
women differs from that of white women (Hunter et al., 1993; Jones et al.,
1997). Jones et al. (1997), in a retrospective study in Connecticut, found
that a greater prevalence of severe obesity (BMI ≥ 32.3) among black
women could account for approximately 33 percent of their excess risk of
diagnosis of later-stage cancer compared to white women. In the National
Cancer Institute survival study by Hunter et al. (1993), no differences
between blacks and whites were observed.
Obesity probably affects breast cancer risk through several different
and overlapping pathways (Fletcher et al., 2005; Slattery et al., 2007;
WCRF/AICR, 2007; Cleary and Grossmann, 2009). Obesity-associated carcinogenesis has been explained by three main candidate mechanisms involving (1) insulin and insulin-like growth factor axis, (2) steroid hormones,
and (3) circulating levels of cytokines and adipokines (Roberts et al., 2010).
Insulin plays an integral role in short-term metabolism, signaling muscle, liver, and adipose tissues to convert the glucose in the bloodstream into
glycogen for storage. Circulating insulin levels have been shown to correlate
positively with an increasing BMI (Roberts et al., 2010). Insulin-like growth
factors (IGFs) mediate metabolism in the longer term and affect cell growth.
Insulin contributes to inhibiting IGF by reducing hepatic secretion of IGF
binding proteins (IGFBPs) that bind IGFs with high affinity (Giovanucci,
2001).
Obese individuals are often insulin resistant, a state of reduced responsiveness of muscle, liver, and adipose tissues to insulin. As a result, obese
individuals are likely to have higher blood glucose and circulating insulin
levels. The insulin resistance–cancer hypothesis is based on hyperinsulinemia, or elevated insulin levels, reducing production of IGFBPs and leaving free “bioactive” IGFs, which are then able to promote cell proliferation
(Roberts et al., 2010).
Insulin itself has also been shown to suppress apoptosis (programmed
cell death) and contribute to cell proliferation by acting as a mitogen for
breast epithelial cells via insulin and IGF-1 receptors (Ish-Shalom et al.,
1997; Chappell et al., 2001). In animal models, administration of insu-
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lin promotes mammary tumor growth (Heuson et al., 1972; Shafie and
Grantham, 1981; Shafie and Hilf, 1981). Insulin also has the ability to
affect sex hormone levels (Poretsky and Kalin, 1987) and to lower levels of
SHBG, which binds sex hormones and renders them temporarily biologically “inactive” (Pugeat et al., 1991).
Several clinical trials are under way to evaluate potential benefits of the
common diabetes drug metformin in treatment of women who have breast
cancer (NIH, 2010). Early studies also suggested that metformin, but not
other diabetes drugs, decreased the incidence of breast and other cancers
in diabetics (Bodmer et al., 2010; Zakikhani et al., 2010). The mechanism
of the protective effect of metformin is thought to be mediated through the
action of this drug on AMP-activated protein kinase (AMPK), an enzyme
that acts as a calorie restriction mimetic and that inhibits mitogenic signaling via the PI3K pathway in tumor cells (Zakikhani et al., 2006; Wysocki
and Wierusz-Wysocka, 2010), as well as perhaps from direct reduction in
levels of HER2 protein levels through inhibition of specific kinase activity
(Vazquez-Martin et al., 2009).
Obesity may also be linked with carcinogenesis through its impact
on estrogen and other steroid hormones and circulating growth factors.
Adipose tissue is an important source of the estrogen estrone in postmenopausal women, and production of estrone by aromatization of androstenedione in the breast is thought to be one of the major factors in obesity’s
association with increased risk of breast cancer in postmenopausal women.
Estrogens such as estrone can induce IGF-1 and increase cellular proliferation via IGF-1 (Suenson et al., 1984; Stewart et al., 1990; Owens et al.,
1993; Ruan et al., 1995). As noted, the IGFs are key mitogens in regulating
cell proliferation and differentiation, and they are anti-apoptotic (Pollak,
1998; Lee et al., 1999; Yu and Rohan, 2000). Studies have produced conflicting results regarding the association between higher IGF-1 levels and
increased breast cancer risk (Yu and Rohan, 2000; Renehan et al., 2004;
Shi et al., 2004; Sugumar et al., 2004; Fletcher et al., 2005). A collaborative
group formed to carry out pooled analyses of individual data from prospective studies explored this relationship (Endogenous Hormones and Breast
Cancer Collaborative Group, 2010). The group’s analysis of data from 17
studies showed that IGF-1 concentrations, adjusted for age, were higher in
moderately overweight women than in other women. A positive association
was found between circulating IGF-1 and breast cancer risk; the odds ratio
for breast cancer for women in the highest versus the lowest fifth of IGF-1
concentration was 1.28 (95% CI, 1.14–1.44). The association was not
influenced by menopausal status at the time blood samples were collected
or by adjustment for other risk factors. In addition, it seemed to be limited
to estrogen receptor–positive tumors (Endogenous Hormones and Breast
Cancer Collaborative Group, 2010).
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Another aspect of obesity that may relate to carcinogenesis is its induction of a chronic state of low-grade inflammation. Inflammation promotes
an increase in cell proliferation and differentiation, inhibition of apoptosis, generation of new blood vessels, and induction of epigenetic events
(Federico et al., 2007; WCRF/AICR, 2007). Obesity is characterized by an
increased production of inflammatory factors by adipocytes, or fat cells;
depending on the degree of obesity, up to 40 percent of fat tissue may be
composed of macrophages, a type of white blood cell that plays a role in
adaptive immunity and acts as a chemoattractant (WCRF/AICR, 2007,
p. 39). These macrophages in turn recruit proinflammatory cells such as
monocytes (McCready et al., 2010). Compared with lean people, obese
individuals also have elevated concentrations of circulating leptin, which
can function as an inflammatory cytokine (Zhang et al., 2002); tumor
necrosis factor (TNF)-alpha (Jarvinen et al., 2001); interleukin (IL)-6; and
C-reactive protein (Lunn et al., 1997). Human studies of obesity, inflammation, and breast cancer are limited (Kundu and Surh, 2008; Aggarwal and
Gehlot, 2009), but studies in animal models suggest a connection between
chronic inflammation and mammary tumors (McCready et al., 2010).
The mechanisms proposed to explain obesity-related carcinogenesis
have many notable shortcomings, including, but not limited to, a focus
on endocrine mechanisms that may ignore the role of paracrine signaling;
complex isoforms of insulin, and IGF receptors that may alter their roles in
carcinogenesis; and some inconsistency between animal and epidemiologic
evidence (e.g., IGF-1 increases with increasing fatness in mice but declines
in humans above a BMI of about 27) (Roberts et al., 2010). Other proposed mechanisms of obesity-induced carcinogenesis include obesity-related
hypoxia, migrating stromal cells, and shared genetic susceptibility (Roberts
et al., 2010). Adipose tissue hypoxia (ATH), or reduced levels of oxygen in
adipose tissue, is seen in the white adipose tissue of obese mice in comparison to lean mice (Ye et al., 2007). ATH also plays a role in increased insulin
resistance and chronic inflammation, potentially leading to an increased
cancer risk (Roberts et al., 2010).
Migrating stromal cells have also been proposed to play a role in
obesity-induced carcinogenesis. Studies have shown that adipose stromal
cells from fat deposits in obese mice can promote tumor vascularization
by migrating to the tumor site upon recruitment (Zhang et al., 2009). Collagen, a component of connective tissue, is also up-regulated in the adipose
tissue of mice during the progression of mammary tumors, due to promotion from adipocyte-derived factors (Iyengar et al., 2003).
Shared genetic susceptibility and “obesity genetics” are a third novel
area of research, in which genetic maps are used to explore overlapping
“mutual candidate genes” for both obesity and cancer. Such approaches
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have found promising patterns of polymorphisms for diseases such as
colorectal cancers (Roberts et al., 2010).
A NEED TO CONSIDER TIMING OF EXPOSURE
ACROSS THE LIFE COURSE
Thus, substantial evidence supports varying effects of environmental
exposures at different stages along the life course. As science in this field
has matured, it now seems clear that to examine the effect of exposure to
an environmental chemical or other factor without consideration for the
stage in life when that factor may be acting is shortsighted. The currently
modest amount of evidence on the impact of environmental factors on
breast cancer may actually stem from a lack of clear, biologically based
hypotheses about the relevant timing of exposures and implementation of
designs and protocols that address such hypotheses. Although studies that
take into account the timing of exposure will be challenging to conduct,
the committee strongly recommends that both epidemiologic and laboratory investigations of breast cancer risk factors specify the stage of the life
course being studied (see Chapter 7).
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6
Opportunities for Action
to Reduce Environmental
Risks for Breast Cancer

T

he committee was asked to consider the potential for evidence-based
actions to reduce the risk of breast cancer. Individual women, health
care providers, advocacy organizations, and many other stakeholders
are all eager to know what concrete steps can be taken to reduce the risk of
breast cancer for an individual or the population, and when during the life
course those actions might be most effective. This chapter outlines several
evidence-based actions that women can take. However, the scientific community still has only limited understanding of which exposures might best
be avoided and when, and which actions might have a long-term positive
benefit in reducing risk for breast cancer.
Even when research strongly supports classifying an exposure as a risk
factor for breast cancer, that research does not necessarily provide the information needed to determine the appropriate response to reduce risk. Should
exposure be avoided completely? Will reducing or eliminating exposure in
adulthood reduce a risk that has accrued from exposure at younger ages?
Will the presence or absence of other risk factors for breast cancer influence the likely benefit or harm from a change in exposure to a given risk
factor? Will changing one type of exposure lead to another that carries new
and possibly as yet unrecognized risks for breast cancer, other diseases, or
perhaps some other adverse economic or environmental outcome?
Finding ways to reduce risk and avert cases of breast cancer is a high
priority for everyone concerned about this disease. Although some definite
actions can be taken to reduce risk, the committee found overall that evidence-based options are limited because few studies have been done to test
the effectiveness of actions that may be hypothesized to reduce risk. In this
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chapter, the committee discusses some specific areas where action appears
warranted, but it first summarizes the significance of the uncertainty around
preventive action.
RECOGNIZING UNCERTAINTY OF BENEFITS AND RISKS
Potential for Introducing New Hazards or Risks
A key concept to remember when evaluating a particular risk associated
with a particular factor is that an action that is aimed at eliminating the
specific risk of concern may result in a substitution of one risk for another,
or perhaps shifting risk from one group to another. Any risk of the alternative action thus needs to be considered and weighed against the risk that
the change is intended to reduce or eliminate.
The complexity of trade-offs from substitutions can be illustrated with
the case of contamination of potable ground water sources with pesticides
or industrial chemicals shown to be carcinogenic in experimental animals
or humans. Reducing exposures to potentially carcinogenic substances in
drinking water from groundwater sources seems to be a logical, health-
protective action, even if the actual or perceived risk from the contaminants
is small. A typical action to reduce the potential cancer risk from using the
contaminated ground water is to switch the consumer to an alternative
source of potable water, such as a public water supply system. However,
such systems require disinfection, usually by chlorination, and chlorination
of surface water introduces trace levels of disinfection by-products (DBPs).
Several DBPs have been found to be carcinogenic in animal bioassays (e.g.,
NTP, 2007a,b), and some epidemiologic studies have suggested that longterm exposure to DBPs is associated with an increase in bladder cancer
(reviewed in Richardson et al., 2007), especially in a subset of the population with specific genetic polymorphisms (Cantor et al., 2010).
In this scenario, one would have to consider many factors, including (1)
the relative carcinogenic potency of the groundwater contaminant(s) versus
that of the DBPs, (2) the concentrations of the groundwater contaminants
or the DBPs in the drinking water and indoor air following use, and (3)
the duration and frequency of likely exposure to a given drinking water
source over a lifetime. Depending on these values, it is possible that a comparative risk assessment would show that switching from the contaminated
groundwater supply to the uncontaminated but disinfected surface water
supply actually increased, rather than decreased, potential cancer risks to
the exposed population.
This example, however, also illustrates the challenges in assessing tradeoffs in population- and individual-level risks and benefits. There are certainly no clear benefits, at least to the individual consumer, of drinking
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groundwater contaminated with low levels of pesticides. But the potential
cancer risk associated with the presence of DBPs in a public water system
must be assessed against the very real risks of widespread acute illness from
microbial contamination that could result in the absence of disinfection
(Gibbons and Laha, 1999; Schoeny, 2010).
This pattern of trading one hazardous substance for another is not
uncommon. Although federal agencies evaluate the toxicity and carcinogenicity of new pesticides and prescription drugs before they are approved for
sale, the United States does not have a comprehensive program to evaluate
the safety of chemicals before their widespread use in consumer products.
In the face of consumer concern about bisphenol A (BPA), for example,
BPA-free plastics are now available, but new research appears to show
that BPA-free plastics may leach other chemicals with estrogenic activity
comparable to that of BPA (Yang et al., 2011). As noted in Chapter 2, the
European Union has adopted a program (Registration, Evaluation, Authorisation and Restriction of Chemical Substances, or REACH) for broader
safety testing by manufacturers of their products before they are approved
for use. In the United States, the Government Accountability Office (GAO,
2009a,b) has recommended changes to improve the effectiveness of federal
regulation of chemicals.
Risk trade-offs may also be hard to judge because a given factor can
have both positive and negative health effects. For example, there is fairly
compelling evidence that moderate alcohol consumption is associated with
a small but consistently observed increase in the risk of breast cancer.1
However, there is also compelling evidence that consumption of the same
moderate amounts of alcohol is associated with a reduction in mortality
from cardiovascular disease (Maskarinec et al., 1998; Gunzerath et al.,
2004; Klatsky, 2009; Ronksley et al., 2011). The risks associated with
any specific environmental exposure occur against the background of a
woman’s genetic susceptibility, reproductive history, and lifestyle.
Challenges in Public Health Policy Aimed at Risk Reduction
A significant challenge—relevant to the discussion of environmental
risk factors for breast cancer and frequently faced by regulators of environmental pollutants and public health officials—is a lack of information
about the nature of the effects of many exposures on risks for breast cancer.
Chapter 4 reviewed the diverse challenges in trying to generate and interpret
relevant information. Noted here are a few specific areas where substantial
uncertainty faces policy makers.
Assessing the net effect of environmental exposures is one challenge.
1 The

trade-offs associated with alcohol use are discussed further later in this chapter.
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Individuals and populations are never exposed to only one risk or protective factor at a time, but complex combinations of exposures are rarely the
subject of laboratory or epidemiologic studies. The U.S. Environmental
Protection Agency (EPA) and other environmental regulatory agency scientists often assume that cancer risks in a population are simply the sum of
risks estimated for each individual chemical in the absence of data on risks
of co-exposures. In practice, this means that one might be confident that a
lifetime of exposure to a single chemical that causes a theoretical increase in
cancer risk of 1 additional case per 1 million exposed people is essentially
lost in the background and that the risk from that exposure may be considered minimal. But what if a population is exposed to 1,000 of these types
of “1 in 1 million” lifetime risks? Are the risks simply additive (e.g., the
increase in lifetime risk becomes 1,000 per 1 million, or 1 in 1,000), or is
it possible that the chemicals can interact to alter risk in some nonadditive
manner, either by reducing each other’s effects (e.g., competition for receptor binding) or by mutually enhancing each other’s effects? For example,
smoking and asbestos exposure are each well-recognized risk factors for
lung cancer, but exposure to both multiplies the risk of lung cancer, making
the risk far greater than the addition of the individual effects of these two
exposures. A study of asbestos workers found that the lung cancer mortality
rate was 122.6 per 100,000 among men with a history of smoking and no
asbestos exposure; 58.4 per 100,000 among those with asbestos exposure
but no history of smoking; and 601.6 per 100,000 with exposure to both
smoking and asbestos (Hammond et al., 1979). As a qualitative example,
cigarette smoke is a mixture of relatively low levels of numerous carcinogens, and both direct and passive exposure to cigarette smoke are associated with a variety of cancers, including breast cancer. On the other hand,
some exposures may increase risks for breast cancer, but reduce them for
other cancers. In the vast majority of instances, the scientific information is
typically not sufficiently developed to calculate the joint effects of multiple
exposures with confidence.
Another area of uncertainty is whether risks occur at very low levels
of exposures and whether those risks can be estimated from information
on hazards and risks that are determined for high-dose exposures. The
EPA and other regulatory agencies have made specific assumptions about
the shape of the dose–response curve in relation to certain mechanisms of
action. For example, a linear extrapolation of cancer risk from high doses
to low doses is used for carcinogenic agents determined to be mutagenic.
Although linear extrapolation may not apply in some circumstances, it is
considered a protective approach in the absence of evidence to guide the
selection of an alternative model (EPA, 2005). Directly detecting small
differences in risk in human or animal studies may be difficult, if not
impossible, because of challenges that include the need for very large study
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populations, the potential for errors in measuring exposure, and the possibility of unrecognized confounding.
Finally, as highlighted in earlier chapters, the risk from a given exposure may depend on the age at which it occurs, although current knowledge
about susceptible windows pertains to few exposures. Perhaps most salient
is the difficulty in assessing whether reduction or elimination of an exposure
will alter long-term risk of breast cancer, and if so, by how much.
EVIDENCE-BASED OPPORTUNITIES FOR
ACTION TO REDUCE RISK
Identifying evidence-based opportunities for action to reduce risk
of breast cancer depends, ideally, on a convergence of several elements,
including
•
•
•
•

•

sufficient evidence to demonstrate that a specific factor is associated
with increasing or decreasing breast cancer risk;
a means by which to modify exposure to the risk factor;
an understanding of whether effective changes can be made by
an individual or would require instead, or in addition, changes at
governmental, social, or cultural levels;
evidence that a specific action to modify exposure will result in the
desired impact on breast cancer risk, the characteristics of women
who could be expected to benefit, and when the intervention needs
to occur; and
awareness of the trade-offs (potentially as yet unrecognized) that
may occur in terms of other health outcomes, personal preferences,
or economic consequences.

As illustrated in the reviews in Chapter 3, the evidence on many of the
environmental factors that have been investigated as potential risk factors
for breast cancer remains inconclusive. But for a modest set, the evidence
is relatively strong and points to likely opportunities for prevention when
these factors are modifiable. What, then, is the distinction between “modifiable” and “nonmodifiable” risk factors? For example, the age at which
women have a first full-term pregnancy is known to influence the risk of
breast cancer, with later age at first birth generally associated with higher
risk. At the individual level, women can make decisions as to when they will
have their first pregnancy, but changes at the population level are influenced
by a range of social, economic, educational, cultural, and personal forces,
and any effort to influence personal choices could have unexpected consequences. Furthermore, opportunities for modification of some factors may
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be limited to certain ages—a woman’s age at a first full-term pregnancy may
be modifiable before menopause, but obviously it is not after menopause.
Another question is whether particular actions to change a modifiable
risk factor will actually translate into lowered risk. For example, although
the evidence is relatively strong that greater body fatness is associated with
increased risk of breast cancer for postmenopausal women (WCRF/AICR,
2007), it is less clear whether these women can reduce their risk if they lose
weight during the postmenopausal period. It is possible that the adverse
effects of being overweight are hard to reverse at older ages and can best
be prevented by avoiding overweight and obesity throughout life.
Overweight and weight reduction also illustrate the complexity of framing guidance on action when the consequences of an exposure differ among
groups in a population. Whereas evidence indicates that greater weight is
associated with an increased risk for breast cancer for postmenopausal
women, it also indicates that greater weight is associated with a lower risk
of breast cancer for premenopausal women (WCRF/AICR, 2007). Therefore, avoiding overweight is not a reasonable strategy for reducing the low,
but still present, risk of premenopausal breast cancer, although avoiding
overweight has many other important health benefits for women of all ages.
The association between shift work and increased risk of breast cancer
concerns the committee, but it does not see a sound basis, at this time, for
proposing action. More research is needed to understand the mechanisms
underlying the association between shift work and breast cancer and to
develop a clearer, more consistent characterization of the kind of work or
work schedule that is associated with increased risk. This deeper understanding is needed to guide any effort to frame and test interventions in
a realm with significant socioeconomic ramifications. A specific call for
research on shift work is included in the recommendations in Chapter 7.
In some cases, the available evidence from animal or mechanistic studies suggests that a chemical or other factor may be a hazard, but evidence
to directly assess the breast cancer risk for women is lacking (or perhaps
not possible to obtain). In such circumstances, policy makers may use
formal risk assessments to gauge the magnitude of possible risk and the
appropriateness of actions to mitigate it. The identification of hazards—
factors that have the ability to cause adverse effects—is an essential element
in risk assessment and is often based on laboratory studies of biological
mechanisms and effects of exposures on laboratory animals. Estimates of
risk represent the probability that a particular adverse outcome—breast
cancer in this case—will occur in an individual person or a population as
a result of defined exposures to a hazard. A risk assessment considers not
only the hazard of the substance, but also its potency (roughly speaking,
how strong its effect is for a given dose) and the magnitude, nature, and
timing of expected human exposure. A highly potent carcinogen may pose
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substantial risk to an exposed individual, but if exposure to the general
public is very low or extremely uncommon, the population risk will tend
to be low. Alternatively, a low-potency carcinogen may pose risks that are
low, but if exposures are common, it may be associated with a measureable
effect in the population as a whole.
The committee did not undertake formal risk assessments for the environmental chemicals it found to be biologically plausible or possible contributors to breast cancer. Critical pieces of information were lacking,
particularly robust data for estimating the magnitude of human breast
cancer risk for a given dose (potency) at different life stages, and the prevalence and magnitude of the exposures across the population at different
life stages. These data gaps were an obstacle to proposing evidence-based
action that women could take to reduce risks from exposure to any particular chemical.
LIKELY OPPORTUNITIES TO ACT TO
REDUCE RISK OF BREAST CANCER
With these limitations to the evidence in mind, the committee highlights here the areas where it sees the clearest indications of opportunities for actions to reduce breast cancer risk. These actions are reviewed
in this section and summarized in Table 6-1. It is important to recognize
that the evidence is generally more extensive and therefore stronger for
postmenopausal women than for premenopausal women, and for white,
non-Hispanic women than for women of other races and ethnicities. In
addition, some of the prevention opportunities that the committee points to
appear more likely to apply to the prevention of the more common estrogen r eceptor–positive (ER+) tumors than estrogen receptor–negative (ER–)
tumors. Younger women, however, tend to have ER– forms of breast cancer,
as do women who have strong inherited susceptibility to breast cancer, such
as carrying a mutation in BRCA1. All women should know their personal
risk factors for breast cancer and seek clinical guidance from their health
care providers regarding their breast cancer risk and how to modify it.
Medical Radiation
Among the strongest evidence reviewed by the committee regarding
environmental exposures that have been causally linked to breast cancer
was the evidence on ionizing radiation. Based on standard models developed
from the radiation exposures of the Japanese atomic bomb survivors, it is
commonly assumed that the breasts are most sensitive to carcinogenic effects
of radiation at early ages (e.g., below ages 20–30). Nevertheless, models
also predict elevated risks after exposure, even in middle age (Berrington
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TABLE 6-1 Summary of Committee Assessment of Opportunities for
Actions by Women That May Reduce Risk of Breast Cancer
Modification of
Exposure
Strength of Evidence That
Exposure Is Associated
with Breast Cancer Riska

Personal
Action
Possible

Requires
Action
by Others

Avoid
inappropriate
medical radiation
exposured

+++

Yes

Yes

Avoid combination
menopausal
hormone therapy,
unless medically
appropriatee

+++

Yes

Confer with physician

Avoid or end active
smoking

+

Yes

Others can facilitate

Avoid passive
smoking

(no committee consensus)

Varies

Yes

Limit or
eliminate alcohol
consumption

++

Yes

Maintain or
increase physical
activity

– –f

Yes

Others can facilitate

Maintain healthy
weight or reduce
overweight or
obesity to reduce
postmenopausal
risk

+++

Yes

Others can facilitate

Opportunity for
Action

Others can facilitate
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Action

Target Population
Defined

Effective Form
and Timing
Establishedb

Affects Risk for
Specific Subtype

Other Prominent
Known Risks or
Benefits from Taking
Actionc

All ages

Yes, especially at
younger ages

?

May result in loss
of clinically useful
information in some
instances
Likely to decrease risk
for other cancers

Postmenopausal
women

Yes

ER+

May experience
moderate to
severe menopausal
symptoms, continued
menopausal associated
bone loss

All ages, especially
Yes (form)
before first pregnancy No (timing)

?

Likely to reduce risk
for other cancers,
heart disease, stroke

All ages

Yes

?

Likely to reduce risk
for other cancers,
heart disease

All women

Yes (form)
No (timing)

ER?

May increase risk for
cardiovascular disease
No known benefit
of high alcohol
consumption

All ages

No

?

Likely to reduce risk
for cardiovascular
disease, diabetes
May increase risk for
injury

Unclear

No

ER+?

Likely to reduce risk
for cardiovascular
disease, diabetes, other
cancers

continued
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TABLE 6-1 Continued
Modification of
Exposure
Strength of Evidence That
Exposure Is Associated
with Breast Cancer Riska

Personal
Action
Possible

Requires
Action
by Others

Limit or eliminate
workplace,
consumer, and
environmental
exposure to
chemicals that
are plausible
contributors to
breast cancer risk
while considering
risks of substitutesg

Varies by chemical

Varies

Yes

If at high risk
for breast cancer,
consider use of
chemoprevention

– – –h

Yes

Confer with physician

Opportunity for
Action

aThe assessments of the evidence of an association between an exposure and risk of breast
cancer are qualitative representations of the committee’s conclusions from its review of available evidence: strong conclusion of increased risk, +++; moderately strong conclusion of
increased risk, ++; conclusion of increased risk, +; unclear, ?; conclusion of reduced risk, –;
moderately strong conclusion of reduced risk, – –; strong conclusion of reduced risk, – – –.
bActions to address risk factors can take various forms, some of which may be more effective than others. For example, increasing physical activity might be based on amount of time
spent in any one exercise opportunity, on increasing specific types of exercise, or increasing
the frequency of exercise, or perhaps some combination of any of these. Studies have not been
done that provide evidence that a specific form of physical activity is optimal for reducing
breast cancer risk.
cThe committee’s comments on other benefits or risks highlight major considerations, but
are not intended to be exhaustive.

de Gonzalez et al., 2009; Shuryak et al., 2010). Recent models suggest the
possibility that exposures to ionizing radiation across the age range of 10 to
50 years may result in excess relative risks of tumors in breast tissue that are
more similar than previously estimated (Preston et al., 2007).
For the U.S. population, about half of the exposure to ionizing radiation comes from medical radiation, primarily in the diagnostic setting and
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Action
Other Prominent
Known Risks or
Benefits from Taking
Actionc

Target Population
Defined

Effective Form
and Timing
Establishedb

Affects Risk for
Specific Subtype

Varies

No

?

May reduce risk for
other forms of cancer
May result in
replacement with
products that have
health or other risks
not yet identified

High-risk women

Yes

ER+

Depending on the
agent, increased risk
of endometrial cancer,
stroke, deep-vein
thrombosis among
others

dWhile recognizing the risks of ionizing radiation exposure, particularly for certain higher
dose methods (e.g., CT scans), it was not the committee’s intent to dissuade women from
routine mammography screening, which aids in detecting early-stage tumors.
eCombination hormone therapy with estrogen and progestin increases the risk of breast
cancer and the associated risk is reduced upon stopping therapy. Oral contraceptives are
also associated with an increased risk of breast cancer while they are being used. This risk is
superimposed on a low background risk for younger women, who are most likely to use oral
contraceptives. These contraceptives are associated with long-term risk reduction for ovarian
and endometrial cancer.
fReflects reduced risk of breast cancer associated with greater physical activity.
gPlausibility may be indicated by epidemiologic evidence, animal bioassays, or mechanistic
studies.
hReflects reduced risk of breast cancer associated with use of chemopreventive agents.

especially from computed tomography (CT) scans and myocardial perfusion imaging (Fazel et al., 2009). As outlined in a paper commissioned by
the committee (see Appendix F), the average annual dose of radiation from
medical diagnostic sources in the U.S. population approximately doubled
from 1985 to 2006 (Smith-Bindman, 2011). As further elaborated in that
paper, there is evidence that exposure doses for the same imaging tests vary
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widely among institutions. Superimposed on this variability is the element
of human error, which has resulted in very high doses of radiation inadvertently delivered to patients by inadequately trained or supervised technicians and poorly designed equipment (e.g., Bogdanich and Rebelo, 2010;
Smith-Bindman, 2010; Bogdanich, 2011). Extrapolating from estimates
based on CT scans (Berrington de Gonzalez et al., 2009), Smith-Bindman
(2011) estimated that among women in the United States in 2007, about
2,800 future breast cancers would result over their remaining lifetimes from
exposure to all sources of medical diagnostic radiation delivered in 2007.2
There have been successful efforts through the Mammography Quality Standards Act (MQSA) to standardize and minimize radiation doses
received from mammography, but the United States has no federal oversight for other imaging examinations and no guidelines on optimal doses.
Evidence shows that physicians are insufficiently informed about radiation
doses or the cancer risks attributable to the medical imaging they order (Lee
et al., 2004). Evidence from patient surveys also shows that the public has
little appreciation that just two to three abdominal CT scans can deliver
radiation doses in the range of exposure experienced by Hiroshima survivors, doses that have been associated with elevated risks of breast and other
cancers (Baumann et al., 2011).
The committee is encouraged that in 2010, the Food and Drug Administration (FDA) launched an Initiative to Reduce Unnecessary Radiation
Exposure from Medical Imaging that addresses many of these areas (FDA,
2010).3 Sufficient resources and staff are needed for the development of
detailed programs, full implementation of all components, and prospective
evaluation of outcomes. The patient perspectives need to be incorporated
into the planning of the programs, and breast cancer and other patient
advocacy groups could provide important contributions to the development
and evaluation of the programs. Radiology and imaging professionals are
also seeking improvements. The Image Wisely program (http://www.image
wisely.org/) is an effort to inform patients and professional colleagues of
the importance of minimizing unnecessary exposure to ionizing radiation
in imaging procedures. The Image Gently program (Alliance for Radiation
Safety in Pediatric Imaging, 2011) specifically focuses on maximizing safety
for children (Don, 2011; Moreno, 2011).
Used properly, medical imaging, including mammography, is a valu2 Ionizing radiation is also an important tool for treatment of breast and other cancers and
other conditions. For individuals who have been diagnosed with cancer, the benefits and risks
of exposure to ionizing radiation are different from those for an individual who does not have
cancer. However, even in treatment settings, patients can be exposed to excessively high doses
of radiation because of errors or equipment malfunctions.
3 A broad description of this initiative is available at http://www.fda.gov/RadiationEmittingProducts/RadiationSafety/RadiationDoseReduction/ucm199994.htm#_Toc253092879.
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able tool in diagnosing illness and guiding treatment, but unnecessary
or improper use may increase risks because of the exposure to ionizing
radiation. The committee sees important opportunities for actions at several levels that may contribute to lowering the risk of breast cancer due to
exposure to ionizing radiation by improving medical imaging procedures.
Patients and Families: Individuals can question health providers specifically about what is known regarding the health benefits and harms
associated with proposed diagnostic tests that involve exposure to ionizing
radiation. They can request information about the relative doses of radiation associated with each type of procedure they undergo. Informed women
may be able to avoid unnecessary tests for themselves and their families.
Health Professionals: Medical education programs and training can be
created to enhance health care providers’ and students’ understanding of
the doses of radiation involved in diagnostic imaging tests, and the health
risks associated with those doses. Continuing education opportunities can
include evaluation of the medical literature on the health benefits and
harms of diagnostic imaging. Technicians can be trained in the avoidance
of radiation overdoses and in methods to minimize dose while maintaining
image quality.
Hospitals and Medical Practices: Hospitals and medical practices can
make every effort to obtain previous imaging tests that have recently been
done in other settings and avoid repeating imaging studies only for convenience. Expanding use of electronic medical records and ensuring compatibility and interoperability of records and digital films may facilitate the
transmission of images between facilities.
Industry: Manufacturers could be encouraged to engineer diagnostic
imaging devices to maximize safety and minimize human error. Through
organizations and other collaborative mechanisms that promote the development of industry standards, manufacturers could adopt design standards
that promote safe operation of the equipment. They might also take steps
such as increasing the similarity of the “look and feel” of imaging equipment so that technicians can better transfer operating skills across manufacturers’ machines, thereby reducing errors.
Public Health: Public education campaigns could help inform consumers about levels of exposure to ionizing radiation that result from relevant
medical procedures and the cumulative risks of such exposures. Educational
campaigns could also encourage consumers to work with their health care
providers to minimize exposures and might provide consumer tools to help
track those exposures.
Regulation: Relevant agencies can work with the appropriate professional societies and scientists trained in evidence-based decision making
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to develop standardization of dosimetry and evidence-based guidelines for
appropriate use of tests for screening, diagnosis, and follow-up.
Menopausal and Contraceptive Hormone Use
Menopausal Hormone Therapy
The Women’s Health Initiative (WHI), which included a randomized
clinical trial to assess the health effects of combination hormone therapy
(i.e., a product with estrogen and progestin), demonstrated an increased
risk of breast cancer among postmenopausal women taking combination
hormone therapy (Writing Group for the Women’s Health Initiative Investigators, 2002). The annualized incidence rate of invasive breast cancer over
the intervention period was 0.38 percent for women taking combination
estrogen–progestin hormone therapy and 0.30 percent for women on placebo (HR = 1.26, 95% CI, 1.00–1.59). The association between combination hormone therapy and increased risk of breast cancer confirmed prior
results from observational studies (Collaborative Group on Hormonal Factors in Breast Cancer, 1997).
The increased risk associated with current use of combination hormone
therapy has been found to decline when use stops (e.g., Chlebowski et al.,
2009; Beral et al., 2011). Follow-up of the WHI clinical trial participants
demonstrated that the risk of breast cancer declined rapidly after combination hormone treatment ended (Chlebowski et al., 2009). Two or more
years after the end of the intervention period, the annualized incidence of
breast cancer among those assigned to the combination hormone therapy
group was 0.49 percent compared to 0.42 percent among women assigned
to placebo (HR = 1.19, 95% CI, 0.59–2.42). In the observational Million
Women Study in the United Kingdom (Beral et al., 2011), former users’ risk
became comparable to that of never users within 4 years. After publication
of the WHI results in 2002, rates of hormone therapy use declined rapidly,
and coincident with that, U.S. breast cancer rates among women ages of 50
to 69 years were observed to decline by 11.8 percent (95% CI, 9.2–14.5)
between 2001 and 2004 (Ravdin et al., 2007).
The committee is confident in urging that women avoid or minimize
use of combination hormone therapy, thereby avoiding increasing their risk
of breast cancer. The WHI considered other outcomes in addition to breast
cancer, including heart disease, fractures, stroke, and colorectal cancer.
Overall, the increased risks for breast cancer, heart disease, and stroke were
considered to outweigh the reduction in risk for hip fractures and colorectal cancer (Writing Group for the Women’s Health Initiative Investigators,
2002). Managing menopausal symptoms is a common reason for women
to consider taking hormone therapy, but women should confer with their
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health care providers to determine the most appropriate way to manage
these or other symptoms.
This position is consistent with the guidance from the U.S. Preventive
Services Task Force (USPSTF, 2005). The USPSTF guidelines recommend
against the routine use of combination hormone therapy for the prevention
of chronic conditions because the increased risks of breast cancer, stroke,
and other conditions are considered to outweigh the potential benefits of
reduced risks for fractures and colorectal cancer. However, this guidance
specifically excludes consideration of management of menopausal symptoms. The USPSTF advises women and their health care providers to give
individualized consideration to personal risk factors and preferences in
deciding whether use of hormone therapy is medically appropriate.
The Endocrine Society (Santen et al., 2010) issued a scientific statement
that provides a detailed review and grading of evidence on benefits and
harms associated with use of postmenopausal hormone therapy (HT). The
highest-quality evidence concerning combination HT and breast health is
that it increases mammographic density, which is associated with increased
risk of breast cancer (e.g., Cuzick, 2008; Boyd et al., 2009, 2010). Other
evidence concerning breast cancer risks was considered less strong. The
statement advocates individualized assessments of women’s potential risks
and benefits but suggests that some form of HT may be appropriate for
menopausal women younger than age 60.
The WHI also included a trial of estrogen-only hormone therapy among
women who had a hysterectomy. Women with a hysterectomy who took
estrogen-only therapy were less likely to develop invasive breast cancer during the intervention period and the subsequent period after the intervention
ended than women who took the placebo, but the absolute differences were
small (LaCroix et al., 2011). Over the entire follow-up period (during the
intervention and afterward), the incidence of breast cancer in the group that
took conjugated estrogen was 0.27 percent, compared with 0.35 percent
in the placebo group (HR = 0.77, 95% CI, 0.62–0.95). Although this WHI
intervention trial observed no excess risk with estrogen-only therapy among
women who had a hysterectomy, observational studies have found a small
increased risk of breast cancer (Million Women Study Collaborators, 2003;
Beral et al., 2011). One reason for this discrepancy between observational
studies and the randomized clinical trials may be that observational studies
are more likely to have misclassification of exposure between combination
hormone therapy and estrogen-only therapy. Observational studies also
suggest that these risks are higher in lean compared with obese women
(Huang et al., 1997; Reeves et al., 2006; Brinton et al., 2008; Beral et al.,
2011).
A criticism of the combination hormone therapy products that are
prescribed most often and used in clinical trials of menopausal hormone
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therapy is that they are synthetic. The concern is that they therefore may
be associated with risk not present for products that are considered more
“natural,” often referred to as bioidentical hormones. Bioidentical hormones are derived from plants and treated to have the same chemical
structure as endogenous human hormones (Cirigliano, 2007). They may
be commercially available or individually compounded in pharmacies. The
Endocrine Society (2006) has issued a position statement on bioidentical
hormones, emphasizing the lack of data about their safety and effectiveness, expressing concern about potentially misleading or inaccurate claims,
and supporting FDA regulation of all hormone products. A review of bio
identical hormone therapy (Cirigliano, 2007) supports the concerns raised
by The Endocrine Society, citing a lack of evidence to support claims of
improved safety with bioidentical hormones. Because observational studies
have consistently shown an increased risk of breast cancer among women
with higher endogenous estrogen and androgen serum concentrations (Key
et al., 2002; Hankinson, 2005–2006), there is little to suggest that use of
bioidentical hormones would be a safe alternative to other forms of hormone therapy.
Oral Contraceptives
Oral contraceptives with combination estrogen and progestin are also
associated with an increased risk of breast cancer while women are using
them (Collaborative Group on Hormonal Factors in Breast Cancer, 1996;
Marchbanks et al., 2002; Hunter et al., 2010), and the risk may be greater
for certain product formulations (Hunter et al., 2010). The increased risks
associated with oral contraceptives are short term, and they decline after use
ends, as is the case with hormone therapy after menopause. This increased
risk occurs against a background of low risk for the younger women who
are most likely to be taking oral contraceptives. The result is that the overall
impact on the incidence of breast cancer is small. In addition, oral contraceptive use is associated with a long-term reduction in the risk of both ovarian
and endometrial cancers (reviewed in La Vecchia, 2001). Use of oral contraceptives in the perimenopausal period would be expected to be associated
with risks similar to hormone therapy use during the same window, although
data on this practice are limited (Davidson and Helzlsouer, 2002).
Chemoprevention for Women at Increased Risk of Breast Cancer
The committee noted that for women at increased risk of breast cancer,
chemoprevention with tamoxifen or raloxifene has been shown in clinical
trials to reduce the risk of developing breast cancer. The clinical trials evaluating the ability of these medications to reduce the risk of breast cancer
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considered women with an estimated risk of being diagnosed with breast
cancer within 5 years of 1.7 percent or greater to be at increased risk and
eligible for the trials.4
Research has demonstrated that drugs that alter responses to estrogen
(e.g., selective estrogen receptor modulators or SERMs) or production of
estrogen (e.g., aromatase inhibitors) can substantially reduce risk of ER+
breast cancer (e.g., Cummings et al., 2009; Nelson et al., 2009; Goss et al.,
2011). Tamoxifen and raloxifene, both SERMS, are two of the best known
and best studied products of this type. The FDA has approved their use
for this purpose by women who are considered at increased risk of breast
cancer and are not at increased risk for cerebrovascular disease. Raloxifene
is approved for use only after menopause. Other medications not currently
approved for use for breast cancer risk reduction are also being evaluated. One category of drugs is aromatase inhibitors, designed to inhibit
the conversion of androgen to estrogen, and early results from a study of
the aromatase inhibitor exemestane show a reduced risk of breast cancer
among high-risk women (Goss et al., 2011). Other medications being studied include other SERMs and aromatase inhibitors, bisphosphonates, and
metformin (Cuzick et al., 2011).
A meta-analysis of randomized controlled trials of breast cancer prevention reported that with 5 years of tamoxifen use, women at high risk
had a statistically significant reduction in the risk of invasive ER+ breast
cancer (meta-analysis risk ratio 0.70, 95% CI, 0.59–0.82) compared with
women who had not used the drug (Nelson et al., 2009). The same authors
also reported a meta-analysis of randomized controlled trials for raloxifene,
finding a statistically significant reduction in invasive ER+ breast cancer for
women who used the drug compared to those who did not (meta-analysis
risk ratio 0.44, 95% CI, 0.27–0.71). However, they noted that the mean age
at entry into the tamoxifen studies ranged from 47 to 51 years, compared
with a mean ranging from 67 to 68 years for the raloxifene studies. The
authors estimated that use of tamoxifen or raloxifene for 5 years would be
expected to result in 7 to 10 fewer breast cancer cases per 1,000 women
per year (Nelson et al., 2009).
The Study of Tamoxifen and Raloxifene (STAR) trial was designed
to provide a direct comparison of the two products. The study population consisted of postmenopausal women who were at increased risk of
breast cancer, but did not have a history of cancer or various other condi4 The risk of developing breast cancer can be estimated from statistical models that consider
factors such as age, reproductive history, and personal and family history of breast cancer. In
the United States, a commonly used model is the Breast Cancer Risk Assessment Tool (Gail et
al., 1989; NCI, 2011) (available at http://www.cancer.gov/bcrisktool/). It is discussed further
later in this chapter.
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tions, including stroke, uncontrolled diabetes, or uncontrolled hypertension
(Vogel et al., 2010). With 6.75 years of follow-up, the ratio of risk for
invasive breast cancer with use of raloxifene to that with use of tamoxifen
was 1.24 (95% CI, 1.05–1.47) (Vogel et al., 2010). Although the use of
raloxifene reduced risk less than use of tamoxifen, raloxifene had fewer
adverse effects than tamoxifen. Relatively few eligible women have chosen
to use tamoxifen or raloxifene, at least in part because of their association
with increased risk for serious adverse health effects, including endometrial
cancer (tamoxifen) and stroke (Fisher et al., 2005; Vogel et al., 2010).
The committee endorses recommendations of the USPSTF (2002) that
women have their breast cancer risk assessed and discuss with their health
care providers whether use of tamoxifen or raloxifene as chemoprevention to reduce their risk of breast cancer is appropriate for them. Risk
assessment to weigh the potential benefits and risks should be available to
all women. Use may be appropriate for women who are at increased risk
of breast cancer (a 5-year risk of at least 1.7 percent) and who have low
risk for the adverse effects associated with these medications. The adverse
effects can include menopausal symptoms, risk of deep vein thrombosis
(blood clots), endometrial hyperplasia and cancer (for tamoxifen), and
stroke. Benefits for menopausal women, in addition to breast cancer risk
reduction, include lower fracture risks. Statistical models are available
to help guide decision making regarding the use of chemoprevention for
premenopausal women ages 35 and older (Gail et al., 1989) and for menopausal women ages 50 and older who are at increased risk for breast cancer
(Freedman et al., 2011).
Active and Passive Smoking
Accumulating evidence points to active smoking being associated with
an increase in risk for breast cancer (Reynolds et al., 2004; CalEPA, 2005;
Ha et al., 2007; Collishaw et al., 2009; Secretan et al., 2009). Some evidence indicates the most consistent findings are for earlier initiation of
smoking and smoking before a first full-term pregnancy (DeRoo et al.,
2011; Luo et al., 2011; Xue et al., 2011). In addition, some expert reviews
have concluded that the evidence is consistent with a causal association
between passive smoking and increased risk for premenopausal breast cancer (CalEPA, 2005; Collishaw et al., 2009), while the evidence regarding
passive smoking is described as inconclusive in the most recent review by
the International Agency for Research on Cancer (IARC) review (Secretan
et al., 2009). Some evidence also suggests a possible association between
high levels of exposure to passive smoking and postmenopausal breast
cancer (Reynolds et al., 2009; Luo et al., 2011).
Smoking poses substantial health risks in addition to any contribution
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it may make to increased risk of breast cancer, and the committee has no
hesitation in urging women not to begin smoking, to stop smoking if they
are current smokers, and to protect themselves and their children from
exposure to secondhand smoke. Women who have become smokers are
certainly likely to gain health benefits by ceasing to smoke.
Exposure to secondhand tobacco smoke increases the risk of several
diseases (HHS, 2006), and so it should be avoided. Public and private policies that call for smoke-free environments in public spaces and workplaces
help reduce exposure to secondhand smoke, especially for adults. However,
children and nonsmoking adults who live with smokers may still be exposed
within the home and in private cars. The evidence of increased potency of
smoking before pregnancy suggests the possibility that a similar window of
greater vulnerability may exist at younger ages for exposure to secondhand
smoke, although exposure to secondhand smoke only during childhood
does not appear to increase the risk of breast cancer (HHS, 2006; Chuang
et al., 2011; Luo et al., 2011).
There is opportunity for improving health at both the individual and
societal level through reduction in both active and passive exposure to
tobacco smoke.
Individuals: Girls and women can avoid beginning to smoke, and those
who smoke can quit. Individuals can also avoid exposing themselves and
their children to secondhand smoke.
Public and private sectors: Efforts can be made to expand smoke-free
environments in workplaces and public spaces. Educational programs can
inform smokers and nonsmokers of the dangers that secondhand smoke
presents. Efforts can also be made to encourage smoke-free homes and
cars. Given that initiation of smoking generally occurs in adolescence or
earlier, the evidence linking smoking before a first full-term pregnancy with
increased risk of breast cancer underscores the need for effective programs
geared towards smoking prevention in preteen and teenage girls.
Alcohol Consumption
Alcohol consumption has been shown to modestly increase risk for
both pre- and postmenopausal breast cancer (IARC, 2010), with the largest studies suggesting a linear relation between intake and risk. Risk was
estimated to increase approximately 7 percent (Collaborative Group on
Hormonal Factors in Breast Cancer, 2002) to 9 percent (Smith-Warner et
al., 1998) for each additional 10 grams of alcohol consumed per day. (In the
United States one drink is considered to contain approximately 14 grams
of alcohol [CDC, 2011].) An analysis of data from 53 studies found that
women who had substantial levels of daily alcohol consumption (≥ 45 g per
day) had a relative risk of breast cancer of 1.46 (95% CI, 1.3–1.6), com-
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pared to those who reported drinking no alcohol (Collaborative Group on
Hormonal Factors in Breast Cancer, 2002). For those whose consumption
was approximately one to two drinks per day (15–24 g), the relative risk
was 1.13 (95% CI, 1.08–1.19) (Collaborative Group on Hormonal Factors
in Breast Cancer, 2002).
Questions remain unresolved about whether the association between
breast cancer and alcohol consumption is cumulative over years of exposure, or a time-limited and reversible association (IARC, 2010). Some
studies also suggest that the increased risk associated with higher alcohol
consumption (> 20 g/day) is primarily among women who use menopausal
hormone therapy (Gapstur et al., 1992; Chen et al., 2002; Horn-Ross et
al., 2004); however, an IARC (2010) review reported no significant variation. The health risks and potential benefits of moderate alcohol intake
were evaluated and published as a formal position paper by the National
Institutes of Health (Gunzerath et al., 2004). In addition to breast cancer,
consumption of more than one to two drinks per day for women (more
than two to three drinks per day for men) is associated with an increased
risk for a variety of other cancers and other adverse health conditions (e.g.,
WCRF/AICR, 2007; Gronbaek, 2009; IARC, 2010). However, the moderate levels of consumption that are associated with an increased risk of
breast cancer are also associated with positive outcomes such as lower mortality from cardiovascular disease (Maskarinec et al., 1998; Klatsky, 2009;
Ronksley et al., 2011), which is a much larger contributor to morbidity and
mortality among women than breast cancer. A meta-analysis found that for
those who consumed an average of one drink or less (2.5–14.9 grams) per
day, the relative risk of cardiovascular disease mortality was 0.77 (95% CI,
0.71–0.83) compared with those who consumed no alcohol (Ronksley et
al., 2011). A similar reduction in risk was seen for the incidence of coronary
heart disease, one specific type of cardiovascular disease.
With respect to balancing alcohol’s risk of breast cancer with potential
benefits, Gunzenrath and colleagues advised in their position paper, “individual women, with the help of their physicians, must weight their potential increased risk for breast cancer against their potential reduced risk for
CHD [coronary heart disease] in determining whether alcohol consumption
should be reduced” (Gunzerath et al., 2004, p. 833).
The committee concluded that the consistent evidence that even moderate consumption of alcohol is associated with an increased risk of breast
cancer warranted note in this discussion of modifiable risk factors. However, with the lack of evidence regarding the impact on breast cancer risk
of changes in consumption and the evidence supporting beneficial effects of
moderate alcohol consumption related to cardiovascular disease, the merits of restricting or eliminating moderate alcohol consumption as a breast
cancer risk reduction strategy are hard to judge for individual women. The
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committee urges women to confer with their health care providers about the
potential benefits and risks of reducing their alcohol consumption.
Physical Activity
Reviews by the World Cancer Research Fund/American Institute for
Cancer Research (WCRF/AICR, 2007, 2010) characterized as probable an
association between greater physical activity and a reduction in risk for
postmenopausal breast cancer. The evidence regarding reduction in risk
for premenopausal breast cancer is described as limited. Other reviews
(e.g., Monninkhof et al., 2007; Physical Activity Guidelines Advisory
Committee, 2008; Friedenreich, 2010) have produced similar assessments
of the available evidence. The beneficial effects of physical activity appear
to be stronger for women of normal weight and without a family history
of breast cancer; they are, however, observed in women of all races and
ethnicities (Friedenreich, 2010).
Additional research is needed to clarify the type of activity, the
amount, and the timing of physical activity over the life course that can
produce a reduction of breast cancer risk. Three primary prevention studies
(McTiernan et al., 2004a,b; Monninkhopf et al., 2009; Friedenreich et al.,
2010, 2011; also reviewed in Winzer et al., 2011) offer some initial insight
into the feasibility of exercise interventions to reduce risk among inactive
postmenopausal women, most of whom were overweight. In these 1-year
trials, it was not possible to measure changes in breast cancer risk directly.
Outcomes were assessed on the basis of a variety of biomarkers considered
relevant to breast cancer risk. Among the biomarkers were weight, body
mass index (BMI), sex hormone concentrations, mammographic density,
and insulin concentrations. For example, moderate to vigorous aerobic
exercise of approximately 3 hours per week (3 to 4 days per week) among
previously sedentary women ages 50–74 resulted in statistically significant
decreases in weight, BMI, and abdominal fat (Friedenreich et al., 2011).
In another study (McTiernan et al., 2004b), an average of nearly 3 hours
per week of moderate intensity exercise among postmenopausal women
resulted after a year in a statistically significant decline in serum estrogen
levels, but only among the women whose percent body fat decreased by at
least 2 percentage points. But a study that tested a program of 2.5 hours
per week of combined aerobic exercise and strength training did not detect
a significant change in serum estrogen levels, even among the women
whose percent body fat declined (Monnihkhopf et al., 2009). The results
of s tudies such as these suggest that changes considered likely to be indicative of reduced risk for breast cancer can be achieved, but only with greater
frequency and duration of exercise.
Physical activity throughout the life course is generally recognized as
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having wide-ranging health benefits, which include the likely reduction in
risk for postmenopausal breast cancer among women who are more active.
The committee endorses the guidance of the Department of Health and
Human Services (HHS, 2008) for regular physical activity at all ages.
Excess Weight and Weight Gain
As discussed in Chapter 3, data from 2007–2008 indicate that approximately 36 percent of adult women of all ages can be considered obese and
another 29 percent as overweight (Flegal et al., 2010). The systematic
review by the WCRF/AICR (2007) and subsequent updates (WCRF/AICR,
2008, 2010) classified greater body fatness5 as convincingly associated with
greater risk for postmenopausal breast cancer and adult weight gain as
probably associated with increased risk. Some studies have found that the
increased risk associated with weight gain is stronger for women who have
not used HT (Eliassen et al., 2006; Ahn et al., 2007).
For younger women, however, greater body fatness is probably associated with reduced risk of premenopausal breast cancer (WCRF/AICR,
2007), although this is a time of life for which breast cancer risk is much
lower than for older women. But weight gain earlier in life may be difficult
to reverse later in life when the increase in risk caused by body fatness
may have a greater effect because of the higher breast cancer risk at this
life stage. It also appears that the association of greater weight and adult
weight gain with increased postmenopausal breast cancer risk is dominated
by the experience of white women and may not hold for African American
women (Palmer et al., 2007).
The committee is persuaded that maintaining weight within what is
considered a normal range (a BMI of 18.5–24.9) is appropriate guidance for
all women. Overweight and obesity are associated with increased risk for a
wide range of adverse health consequences beyond the specific relation to
breast cancer. Preventing weight gain may be especially important because
it is less clear whether overweight and obese women can reduce their risk of
postmenopausal breast cancer by losing weight. The Nurses’ Health Study
(Eliassen et al., 2006) and the Iowa Women’s Health Study (Harvie et al.,
2005) found evidence of reduced risk for women who lost weight compared
with those who maintained a stable weight. Other studies (Ahn et al., 2007;
Teras et al., 2011), however, failed to find reduced risk among women who
lost weight. For African American women, and perhaps other population
5 Body

fatness and overweight and obesity are commonly measured using body mass index
(BMI). BMI is defined as body weight in kilograms divided by height in meters squared. The
following weight categories are based on BMI values: underweight, <18.5; normal weight,
18.5–24.9; overweight, 25–29.0; and obese, ≥30.
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groups for which data on weight-related breast cancer risk factor patterns
are still limited, different or additional prevention strategies may be needed.
Chemicals and Consumer Products
The committee evaluated the potential role that some individual exogenously produced chemicals found in the diet, air, water, household products, and workplaces may play in the development of breast cancer in
humans. Because there are vast numbers of such chemicals and often very
limited evidence regarding breast cancer, the committee chose to examine
the evidence for only a selected set (see Chapter 3). The comments that follow are typically specific to the chemicals that the committee reviewed. It
is not possible for the committee to comment on the chemicals that it did
not review. For some chemicals, relevant information may be available from
other sources (e.g., Brody et al., 2007; California Breast Cancer Research
Program, 2007; WCRF/AICR, 2007; EPA, 2011; IARC, 2011; NTP, 2011).
Ethylene Oxide, Benzene, and 1,3-Butadiene
Among the chemicals considered, the evidence for an association with
increased risk of breast cancer was clearest for ethylene oxide. Benzene and
1,3-butadiene are also probably human breast carcinogens. Cigarette smoke
is a source of exposure, either through active or passive smoking, to these
chemicals (Fennell et al., 2000). All three substances are raw materials used
in the production of numerous industrial chemicals. Ethylene oxide is also
used for sterilization in industrial and medical settings. Benzene has been
used as a fuel additive and is a natural constituent of crude oil. Vehicular
emissions and gasoline vapors at filling stations are a source of exposure
to both benzene and 1,3-butadiene. Although ambient air levels have been
substantially curtailed through regulatory actions, widespread, low-level
environmental exposure, especially to benzene, continues. While recognizing potential hazards, the committee did not have the capacity to estimate
breast cancer risks at these low doses because the information necessary to
do so is insufficient.
Because these chemicals are recognized carcinogens (NTP, 2011), steps
are taken to reduce occupational and public exposures. However, there is
limited awareness of the possible association between these chemicals and
increased risk for breast cancer, and federal occupational health standards
do not call for medical surveillance for breast cancer for exposed workers.6
Women whose work involves the potential for exposure to these chemicals
6 The

medical surveillance guidelines for workers exposed to these chemicals are available
at 29 CFR 1910.1028 App C, 29 CFR 1910.1051 App C, and 29 CFR 1910.1047 App C.
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may be able to take additional steps to minimize their exposure. Accomplishing that goal, however, will require awareness of the possibility of
exposure and access to appropriate resources, procedures, and policies to
make minimizing exposure possible. Although women can accomplish some
of this on their own, they will also have to depend on actions by employers,
equipment manufacturers, and agencies responsible for ensuring workplace
and environmental safety to limit or eliminate exposure. The general public
can minimize exposure through avoidance of tobacco smoke and by limiting exposure to gasoline vapors and vehicular exhaust.
Other Environmental Agents
For many of the other chemicals that the committee considered, as well
as those discussed in reviews by others (e.g., Brody et al., 2007; Rudel et
al., 2007; Gray, 2010), little or no epidemiologic evidence on breast cancer
risk is available. However, evidence from in vivo cancer bioassays, mechanistic studies, or both may suggest the potential for exposure to contribute
to breast cancer in humans. Where these indications exist, the committee
recommends further research to improve understanding of the relevance
of the findings for humans (see Chapter 7). Many of these chemicals have
been identified as probable or likely carcinogenic hazards by authoritative
organizations (e.g., IARC, EPA, National Toxicology Program), but the
findings are not specific to breast cancer hazard.
For two of the agents—hair dyes and non-ionizing radiation—
substantial epidemiologic evidence from large populations studied over
long periods of time has consistently failed to identify a significant increase
in risk of breast cancer associated with exposure. The committee concluded
that avoiding exposure to either hair dyes or non-ionizing radiation has
little potential to contribute to a substantial reduction in breast cancer risk
for individuals or the population. For certain other compounds, such as
dioxins, polychlorinated biphenyls (PCBs), some metals, and vinyl chloride,
regulatory actions taken many years ago have greatly reduced exposures.
However, low-level exposure continues because these chemicals persist in
the environment or some sources are difficult to eliminate even if they are
subject to regulatory controls. Although individuals may be able to control
some sources of exposure to some of these persistent chemicals (e.g., by
avoiding certain types of fish known to have high levels of PCBs or dioxins),
it may be difficult for individuals to act on their own to avoid or limit many
of these low-level exposures.
For many of the reviewed compounds, including those discussed above,
evidence of hazard may be present, but information to assess the magnitude of risk, particularly at environmentally relevant doses is lacking or
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inadequate, posing a substantial challenge for gauging the extent to which
an individual’s actions may reduce risk (Table 6-1). For example, for BPA,
epidemiologic data are largely lacking, and the available studies on timing
of exposure do not adequately address potentially important windows such
as fetal and early life that may influence adult disease. Avoidance or reduction of exposures to such substances at the individual level may be difficult
or infeasible in some cases, but eminently possible in others. For example,
a small study demonstrated substantial reduction in urinary levels of BPA
when participants shifted to use of minimally packaged foods (Rudel et al.,
2011). Levels of BPA increased when the study participants resumed eating packaged foods. Determining the sustainability of such changes, their
acceptability to a broader population, and whether such reductions would
actually decrease breast cancer risk would require further investigation.
The committee recognizes, however, that existing data indicate that
BPA and some other substances may be hazards to human health and may
well warrant consideration of actions by regulatory agencies that are aimed
at reducing future population-based exposures. Other considerations for
regulators may include the possibility that exposure to multiple chemicals
that contribute to mechanisms involved in breast cancer (e.g., mutagens,
endocrine disruptors, etc.) may present a cumulative risk that could be
controlled in part through regulatory actions on individual substances.
Even where evidence regarding breast cancer is limited, evidence related to
other health effects (e.g., developmental effects or other types of cancer)
may provide a stronger basis for regulatory action or individual efforts to
avoid exposure.
Such policy action would be based on many factors, including taking into account the impact of foreseeable substitutions for a regulated
substance and the likely prospect of unanticipated substitutions of substances with as yet unknown properties. Given the limits in the evidence
base regarding breast cancer, and the complexity of the analysis it would
entail, it is beyond the charge and capacity of this committee to make specific recommendations for regulatory action. However, it notes that GAO
(2005, 2006, 2007, 2009a,b) has called several times for improvements in
monitoring and regulation of toxic chemicals, citing both constraints resulting from the 1976 Toxic Substances Control Act (TSCA) and a need for
better use of the authority it does provide. Under TSCA, EPA has limited
authority to require that manufacturers test products for carcinogenicity
(or other health hazards), and its authority to share information that may
be provided is also limited. Interested organizations can help inform the
public about the current provisions for testing chemicals and encourage
manufacturers to improve testing and make existing information on their
products more readily available.
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Dietary Supplements and Cosmetics
Dietary supplements and cosmetics are widely used products, but the
FDA has limited authority to test their safety before they are marketed.
Rules regarding FDA regulation of dietary supplements and cosmetics differ
from those covering pharmaceutical agents. Since the passage of the 1994
Dietary Supplement Health and Education Act (DSHEA), manufacturers
are responsible for ensuring that their supplement products are safe and
that product label information is truthful and not misleading. No FDA
approval or proof of safety or efficacy is required before dietary supplements are marketed (FDA, 2009). Similarly for cosmetics, the products are
not subject to premarket approval by the FDA under the laws governing
the sale and use of cosmetics (FDA, 2005).
Data from the National Health Interview Survey indicate that about
114 million Americans, or more than half of the U.S. adult population,
consume dietary supplements (Cohen, 2009). Vitamin and some nutrient
supplements have been well studied, but many supplements marketed as
alternatives to prescription hormone therapies (e.g., for control of perimenopausal symptoms or weakness in old age), or for improvement of
athletic performance or weight loss, have not been tested for safety or effectiveness. Interest in such supplements could be amplified by messages that
hormone therapies, physical inactivity, and overweight are risk factors for
breast cancer. Similarly, cosmetics that are widely used by girls and women
of all ages may also contain hormonally active ingredients that are intended
to produce a more youthful appearance.
The limited role for the FDA in the marketing of dietary supplements
and cosmetics is poorly understood. In a 2002 Harris poll, a majority of
respondents believed that dietary supplements are approved by a federal
regulatory agency (Taylor and Leftman, 2002). Moreover, in an online
questionnaire completed by medical residents affiliated with 15 internal
medicine programs, baseline knowledge about regulation of dietary supplements was poor and did not vary by training year of residency (Ashar et
al., 2007). A third of the residents were not aware that the FDA does not
require premarketing submission of safety or efficacy data.
The FDA does have the authority to withdraw dietary supplements
and cosmetics from the market if product adulteration is discovered or if
cosmetics are found to be misbranded. The FDA can declare such products
adulterated when they present an unreasonable risk of illness or injury
under the conditions of use. For example, a number of side effects—breast
enlargement, loss of libido, cardiovascular side effects, thromboembolism,
and bleeding—were found in men with prostate cancer who were taking
the herbal dietary supplement PC-SPES. When chemical and bioassays of
PC-SPES lots were performed, pharmacologic levels of diethylstilbestrol
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(DES), warfarin, and indomethacin were found, leading to product withdrawal (Sovak et al., 2002; White, 2002). Currently, no prospective system
is in place to routinely detect product adulteration prior to marketing.
The committee sees a need for better means for the FDA to prospectively survey or detect contaminants or ingredients in cosmetics and dietary
supplements, including estrogenic substances that are known or possible
causes of breast cancer, or otherwise monitor products designed to have
pharmacologically active levels of such substances. It also urges consumer
organizations and other interested groups to develop educational programs
for the public and the health professions to enhance awareness of the rules
governing marketing of dietary supplements and cosmetics, including that
manufacturers are responsible for establishing the safety of these products
and that the FDA has limited authority to act before they are marketed.
Consumers and interested organizations can also urge manufacturers to
provide consumers with more information regarding the presence of potentially hormonally active ingredients in dietary supplements and cosmetics,
ideally by identifying such ingredients on product labels.
ASSESSING THE POTENTIAL IMPACT OF
RISK REDUCTION EFFORTS
The committee has proposed several actions that women could take
that may reduce their risk of breast cancer, but based on the existing literature, found it difficult to estimate the magnitude of the potential impact of
these actions for either individuals or population groups. Although numerous studies have established associations between risk factors and breast
cancer incidence, those associations may or may not be causal. If a risk
factor is not causally linked to breast cancer, then changing exposure to that
factor will not have a direct impact on breast cancer risk. In addition, there
is limited research demonstrating that the effect of an exposure on breast
cancer risk can be reversed by removing the exposure or, if it could be
reversed, the magnitude of risk reduction that could be achieved by modifying or preventing the exposure. For example, for combination hormone
therapy, for which a clinical trial has been conducted, the magnitude of
breast cancer risk has been quantified, and therefore the excess risk that can
be avoided by refraining from use of combination HT can be quantified.
Here, the committee offers some perspective on levels of breast cancer
risks, interrelationships among risk factors, and what we know about risk
reduction.
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Average Risk for Breast Cancer
Estimates of risk and changes in risk should be viewed with an understanding of the incidence of the disease in the population. For breast cancer,
incidence is very low until women reach their thirties, when it begins to
rise steadily into older ages. But even among women in their seventies, only
a small minority will be diagnosed with breast cancer. The data in Table
6-2 show the percentage of women who on average would be expected to
receive a diagnosis of invasive breast cancer within 10 years of a given age.
For example, for a group of 50-year-old white women at average risk, this
10-year risk is 2.43 percent Thus, out of 100 white women aged 50 years
who are followed for 10 years, 2 to 3 will be diagnosed with breast cancer
and 97 to 98 will not. It is also possible to calculate risk for longer periods,
or even for a lifetime: the cumulative risk from birth to the end of life is
12.57 percent in white women (not shown in the table). This is how the
familiar statistic of about “one in eight” white women expected to be diagnosed with breast cancer over a lifetime is derived (NCI, 2010, Table 4-18).
Because each number in Table 6-2 is an average among women in that
age and race/ethnic group, there are obviously women whose risk is higher
than the average and women whose risk is lower. The concept of relative
risk (see Chapter 2) can be illustrated in this context. In a hypothetical
10-year study in a group of 50-year-old white women who have the average
risk shown in Table 6-2, a certain risk factor might have a relative risk of
1.5—which is a 50 percent increase in risk. If half of the women have that
risk factor and half do not, then the overall 2.43 percent 10-year risk of
breast cancer would be just the middle ground between a risk of approximately 2.9 percent for those with the risk factor, and approximately 1.9
percent for those without it. In other words, for 50-year-old white women,
the risk of being diagnosed with breast cancer in the next 10 years is about
3 out of 100 women in those who have the risk factor, compared with 2 of
100 women who do not.
Risk Estimates for Individuals
As in the hypothetical example just described, observational studies or
controlled trials in groups of women produce estimates of the risk of breast
cancer associated with given exposures that are based on the experience of
the overall study population. A separate but related question is what this
means for the individual who is exposed. Because many factors can increase
or decrease an individual’s risk of cancer, the risk associated with a single
factor has to be put into context.
The Breast Cancer Risk Assessment Tool (Gail et al., 1989; NCI,
2011a) and the Tyrer-Cuzick breast cancer risk assessment model (Tyrer et
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TABLE 6-2 Absolute Risk, Expressed as a Percentage of Women at a
Specified Age Expected to Be Diagnosed with Invasive Breast Cancer
Within the Next 10 Years
Race/Ethnicity

Current Age

White

Black

Asian/ Pacific
Islander

American
Indian/
Alaska
Native

0
10
20
30
40
50
60
70
80

0.00
0.00
0.06
0.43
1.46
2.43
3.59
3.93
3.12

0.00
0.00
0.08
0.47
1.41
2.24
3.08
3.23
2.72

0.00
0.00
0.06
0.39
1.33
1.96
2.41
2.35
1.86

0.00
0.00
0.03
0.32
1.05
1.41
2.09
1.76
1.65

Hispanic
(any race)
0.00
0.00
0.05
0.33
1.08
1.73
2.44
2.54
1.95

NOTES: A percent of 0.00 represents a value that is less than 0.005. Incidence data are from
the SEER 17 areas (San Francisco, Connecticut, Detroit, Hawaii, Iowa, New Mexico, Seattle,
Utah, Atlanta, San Jose-Monterey, Los Angeles, Alaska Native Registry, Rural Georgia,
California excluding SF/SJM/LA, Kentucky, Louisiana, and New Jersey).
SOURCE: NCI (2010).

al., 2004) are designed to generate estimates of absolute risk for individuals
in conjunction with absolute risk estimates for the general population as a
reference.7 The Breast Cancer Risk Assessment Tool (NCI, 2011a) uses
a limited set of characteristics (e.g., age, reproductive history, family history) to assess risk for an individual who is a member of a group with these
characteristics and generates an estimate of the absolute risk over the next
5 years for women in that group. For comparison, the model generates an
estimate of average risk for women of the same age. An individual woman’s
characteristics may put her in a group at higher or lower risk than the average. The performance of this model is better for white women than women
of other races or ethnicities and is intended for women who are at least 35
years old (NCI, 2011b).
These tools are used primarily to guide decisions about medical care
in clinical practice, including whether a woman’s risk of breast cancer is
high enough to make her eligible for chemopreventive medications, such as
7 The Breast Cancer Risk Assessment Tool is based on breast cancer rates in the U.S.
population, and the Tyrer-Cuzick model is based on breast cancer rates from the United
Kingdom.
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tamoxifen or raloxifene. Because these risk assessment tools do not make
use of information about environmental exposures, the committee did not
examine them in detail.
Population Attributable Risk for Understanding the
Relative Contributions of Different Factors
Table 6-2 provides not only estimates of risk for individual women,
but also provides a framework for understanding the concept of population
attributable risk (PAR), which was introduced in Chapter 2 and discussed in
Chapter 4. The PAR represents a population-based measure of the percentage of excess cases associated with the exposure of interest (i.e., among the
exposed in comparison with the unexposed) that also takes into account the
distribution of the exposure within the population. While it has sometimes
been defined as the proportion of all cases that would not have occurred
if exposure to a causal factor was removed from the population (Rothman
and Greenland, 1998), this definition represents the ideal: it assumes that
all observed associations are actually causal. In reality, many associations
observed in epidemiologic studies are confounded by other factors, and
when those studies are used to estimate the PAR, the PAR becomes confounded. The PAR is useful for summarizing current understanding of
the relative contributions of different factors to the overall “burden” or
incidence of breast cancer in the population, when confounding has been
adequately controlled. It is helpful for researchers and policy makers in
assessing possible opportunities to reduce disease burden through public
health interventions that target specific modifiable risk factors in the population as a whole, but has limited applicability for an individual.
For instance, the PAR can be used to estimate how many cases of breast
cancer might be prevented if half of the women offered unnecessarily high
levels of medical radiation were able to avoid those high levels, or if an
additional 25 percent of women did not gain weight and become obese
or overweight by the time they reached menopause. The PAR itself is an
estimate of the maximum potential benefit of eliminating a risk factor; it is
not an anticipated outcome, partly because most risk factors are unlikely
to be completely eliminated and partly because some risk factors are proxies for others that are causal. In other words, the PAR estimates assume
that the studies identified truly causal associations and that any remaining
confounding or other biases would have little impact on the estimated role
of the factor under study. Finally, the PAR may be different in other populations with a different combination of characteristics, even if the proportion
with a specific risk factor is the same.
Unlike the risk estimates of Table 6-2, which are for women in the
population before any of them develop breast cancer, the calculation of
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the PAR is based on all cases of the disease observed in a specific population of women after they have been diagnosed. These cases of disease then
represent 100 percent, and the PAR for a given risk factor is the proportion or percentage of these women who have breast cancer in whom that
factor may play a causal role. Sometimes the PAR is calculated for a group
of factors rather than a single one, but it is always calculated as a percentage of all persons in a specific population with the disease (e.g., women
with breast cancer). Values calculated for individual risk factors cannot be
summed to generate an estimate of their combined contribution to risk.
This is because many cases of breast cancer are the result of multiple risk
factors that interact with each other. Therefore, an estimate of the combined
contribution of several individual risk factors to the total number of cases in
the population must allow for the nature of the interaction of those factors
among women who have breast cancer.
Estimates of PARs vary across studies. (A table summarizing estimates
from several studies appears in Appendix D.) For example, alcohol ranges
from 2 percent (Tseng et al., 1999) to 11 percent (Mezzetti et al., 1998),
whereas hormone therapy has PAR estimates from approximately 4 percent
in the United States in about 2001 (Clarke et al., 2006) to 27 percent in
Norway in the 1990s (Bakken et al., 2004), and physical inactivity, from
6 percent in Canada in 2006 (Neutel and Morrison, 2010) to 20 percent
in a combination of several European countries in 2002 (Friedenreich et
al., 2010). The variation in PAR estimates arises from differences across
studies in the prevalence of the risk factors in the study populations as well
as in other characteristics of the study populations and in the design and
quality of the studies. For example, if combination hormone therapy is
widely used in a study population, its PAR would tend to higher than the
PAR for hormone therapy in a study population with relatively limited use.
PARs should at best be viewed as ballpark estimates of potential impact
on breast cancer risk on a population level, under the assumption that the
associations are causal.
Implications for Breast Cancer Reduction
As indicated above, the PAR estimates the percentage reduction in
disease burden that can be achieved on a population level with a reduction in the prevalence of a risk factor. The estimated benefit on an absolute
scale either for the population or for an individual may be small (Petracci
et al., 2011). For a woman with a diagnosis of breast cancer who is of
normal weight, the contribution of being overweight or obese to her breast
cancer has to be zero. Alternatively, for a woman with breast cancer who
is overweight or obese, the chances that her weight contributed to the
development of her breast cancer might be higher than the contribution
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of overweight and obesity to breast cancer cases in the population as a
whole. An uncommon exposure will usually have a small PAR because the
percentage of all cases that is attributable to the exposure will be small.
However, for a woman who has that exposure, reducing or eliminating it
could substantially lower her risk and be very important to her individually.
That is, a rare, high-risk exposure may have little impact on population
rates of cancer, but it may be a quite important determinant of an exposed
woman’s personal risk.
Recent efforts have tried to further clarify risks for both individual
women and populations by developing models that estimate the absolute
risk of breast cancer from relative risks and estimates of attributable risk. In
a study by Petracci et al. (2011), the authors used data on Italian women to
develop a model to predict breast cancer risk, making use of both nonmodifiable risk factors and the modifiable risk factors of BMI, alcohol consumption, and physical activity. Data from a cohort study were used to assess
the potential impact on absolute breast cancer risk of reducing exposures
to the modifiable risk factors. The projected 20-year absolute risk of breast
cancer for 65-year-old women, for example, ranged from 6.5 to 18.6 percent, depending on their risk profiles. If these women optimized their BMI,
alcohol consumption, and physical activity, the estimated 20-year absolute
risks would be reduced to 4.9 and 14.1 percent, respectively (Petracci et al.,
2011). Presentation of the absolute risk reductions along with estimates of
relative risk and the PAR reduction that could maximally be achieved may
be a useful approach to both individual counseling and public health decision making (Schwartz et al., 2006; Akl et al., 2011; Helzlsouer, 2011). It
illustrates the well-known concept that small changes at the individual level
can have a large impact at the population level (Rose, 1992).
SUMMARY
Many of the established risk factors for breast cancer—age, sex, age
at menarche and menopause, age at first full-term pregnancy—offer little
or no opportunity to intervene. For a limited set of other risk factors, evidence suggests that action can be taken in ways that that have the potential
to reduce risk for breast cancer for many women: eliminating unnecessary medical radiation throughout life, avoiding use of postmenopausal
hormone therapy, avoiding active and passive smoking, reducing alcohol
consumption, increasing physical activity, and minimizing weight gain.
Chemoprevention may be an appropriate choice for some women.
For the many chemicals that are manufactured or generated as byproducts of other processes, the committee found little basis in the human
evidence it examined to point to avoiding or eliminating exposure as a
specific strategy for reducing breast cancer risk. Exceptions were benzene,
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1,3-butadiene, ethylene oxide, for which certain measures to control occupational exposures are already be in place. However, these chemicals can
also be encountered by the general public (although likely at much lower
exposure levels) through exposure to facilities emissions, tobacco smoke,
and gasoline vapors and vehicular exhaust (benzene and 1,3-butadiene).
While for other compounds that were reviewed, such as BPA, animal and
mechanistic evidence may indicate breast cancer hazard is biologically
plausible, given sufficient dosing, information to assess the magnitude of
risk in humans is lacking or inadequate in human studies, posing a substantial challenge for gauging the extent to which an individual’s actions
may reduce risk.
Even when action appears possible, most approaches to risk reduction
come with potentially complex trade-offs. These trade-offs may be social
or economic (e.g., the potential influence of earlier age at first birth on a
woman’s education or employment), or they may be health related (e.g.,
moderate alcohol consumption increases breast cancer risk, but it may
reduce risk of heart disease; tamoxifen reduces risk for breast cancer but
increases risk for stroke and endometrial cancer). It is also important to
keep in mind that what the committee has outlined in this chapter are areas
where the evidence indicates that action is likely to reduce risk in an average
population. The actual change in risk for any individual woman who takes
such actions might range from very small to moderate.
Chapter 7 outlines the committee’s recommendations for further
research to strengthen the knowledge base on breast cancer and, hopefully,
to point to more and better opportunities to reduce risk for this disease.
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7
Recommendations for
Future Research

A

lthough much has been learned about breast cancer and its relation to environmental exposures, much remains unclear. As the
preceding chapters have illustrated, this reflects a mixture of circumstances. First, the scientific community is faced with conflicting and
inconclusive results from past studies of some risk factors. Second, growing knowledge of the complex biology of breast cancer suggests a need to
reframe hypotheses by focusing more on exposures in early life, examining
associations with tumors of specific types, and considering mechanistically
driven gene–environment interactions. Third, for a wide array of exposures,
data are simply inadequate because exposure assessment methodologies
have not been developed, informative studies may be nearly impossible
to conduct in humans, and/or the existing tools and resources to conduct
relevant research in animals or in vitro systems are limited.
With the complexity of breast cancer as a disease and of the combinations of biological and environmental factors that are potential contributors
to it, the committee is persuaded that no one perspective will be sufficient
to guide the future research that is needed to reduce the toll of this disease.
Bringing together the perspectives of many disciplines into a transdisciplinary approach will be needed to generate innovative and cost-effective
approaches to framing research questions, designing and conducting studies, developing new tools for data collection and analysis, and translating
the results of research on risk factors into interventions that can reduce the
risk of breast cancer.
Drawing on the insights developed in the previous chapters, the committee presents in this final chapter recommendations for research that
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range from further examination of elements of the biology of breast development and carcinogenesis to tests of potential interventions to reduce risk.
Important components of the work recommended here provide support for
the research necessary to develop better tools for assessing the carcinogenicity of chemicals and pharmaceuticals as well as tools needed to strengthen
epidemiologic research. The importance of a life course perspective runs
throughout these recommendations.
Many of these recommendations are directed to both researchers and
research funders. Researchers will have to conduct the work described here,
but they will need the resources that come from a variety of sources. The
National Institutes of Health and other federal agencies are major funders
of research on breast cancer or they have unique authority or responsibility
in certain areas. But the nation’s portfolio of research on breast cancer is
also shaped in important ways by funders and other organizations in the
private sector, such as Susan G. Komen for the Cure, that have the flexibility
to pursue research topics and approaches that federal agencies may not. The
committee urges effective and innovative collaborations to answer the many
unresolved questions about the causes of breast cancer.
APPLYING A LIFE COURSE PERSPECTIVE TO
RESEARCH ON BREAST CANCER
Progress has been made in understanding the biology of breast development, molecular mechanisms of carcinogenesis, the influence of the tissue
microenvironment on breast cancer development, and some aspects of
risk and prevention. But gaps remain in understanding of the etiology of
breast cancer and the extent of environmental influences on breast cancer
development.
Most epidemiologic studies have been obliged to focus on events in the
few years or perhaps one to two decades before a breast cancer diagnosis.
As described in Chapter 5, however, growing evidence suggests that events
associated with breast carcinogenesis may occur much earlier—in young
adulthood, puberty, childhood, and in utero. The effect of radiation, for
instance, is greater when exposure occurs around the time of puberty or
earlier. Although information about some early life events, such as age when
first giving birth or age at menarche, can be reliably retrieved, few studies
have collected information on nonreproductive environmental exposures
that may influence the occurrence of clinically detectable breast cancer
many decades later.
To address gaps in knowledge about the origins of breast cancer, the
committee determined that research should increasingly focus on the influence of environmental factors during potential windows of susceptibility
over the life course. It is possible that some exposures later in life, after
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childbearing is complete, have little effect on breast cancer risk whereas
similar exposures, if incurred early in life, before completion of breast
development, may increase risk for breast cancer. On the other hand, exposures later in life may increase the growth of cancerous cells that have lain
dormant for years and that would, without the exposure, have continued to
be dormant. Thus the committee recommends that future research address
the timing of exposures in relation to a woman’s life course and explore
vulnerable windows for specific exposures of concern.
Recommendation 1: Breast cancer researchers and research funders
should pursue integrated and transdisciplinary studies that provide
evidence on etiologic factors and the determinants of breast cancer
across the life course, with the goal of developing innovative prevention
strategies that can be applied at various times in life.
•

•

Such studies should seek to integrate animal models that capture
the whole life course and human epidemiologic cohort studies that
follow individuals over long periods of time and allow for investigation of so-called “windows of susceptibility” wherein breast
tissue may be especially sensitive to environmental influences (e.g.,
prenatal, childhood, and adolescent, and childbearing periods).
Long-term follow-up of cohorts is critical because new, unexpected
evidence frequently arises with extended follow-up.
Topics warranting attention include (but are not limited to) the
biology of breast development; the mechanisms of carcinogenesis
early in life, including the role of the tissue microenvironment in
tumor suppression and development, and differences that may
be related to tumor type; differences in risk by tumor type; the
potential contribution of timing of exposure to variation in risk;
and analytical tools for investigating the potential for interactions
among exposures and the impact of mixtures of environmental
agents on biologic processes.

Other work to aid investigation of environmental influences on breast
cancer risk includes
•
•

identifying cellular, biochemical, or molecular biomarkers of early
events leading to breast cancer and validating their predictive value
for future risk for breast cancer;
determining whether intermediate endpoints, such as indicators of
breast development or peak height growth velocity, are valid and
predictive biomarkers of risk for breast cancer so that research can
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•

•
•

effectively identify predictors of change in risk earlier in life or with
shorter study periods;
investigating the role that environmental factors may have in the
origins of breast cancers of different types (e.g., estrogen or progestin receptor positive [ER+, PR+] or receptor negative [ER–, PR–];
HER2/neu positive or negative; or triple negative, meaning being
negative for all three types of receptors) to better understand the
potential contribution of these factors to disparities in the incidence
of types of breast cancers among racial and ethnic groups;
exploring the value of linking information across cohort studies
focused on different stages of life as a way to overcome the challenges of mounting single long-term follow-up studies; and
ensuring that cohorts established primarily to study genetic determinants of cancer and other diseases improve their capacity to
capture information about environmental exposures over the life
course.
TARGETING SPECIFIC CONCERNS

Rationale: From its examination of evidence on a selection of environmental factors, the committee sees particular benefit in further research to
clarify the mechanisms underlying breast cancer.
Recommendation 2: Breast cancer researchers and research funders
should pursue research to increase knowledge of mechanisms of action
of environmental factors for which there is provocative, but as yet
inconclusive, mechanistic, animal, life course, or human health evidence of a possible association with breast cancer risk.
High-priority topics include the following:
•

Shift work: There is growing evidence that shift work resulting
in the disruption of circadian rhythm is probably associated with
increased risk for breast cancer. Currently, there are no known
effective interventions other than avoidance of shift work, which
will not be an option for many workers. The biological mechanisms and the potential contribution of light exposure during normal sleep periods are poorly understood. More needs to be learned
about the biological processes and pathways through which shift
work and circadian rhythm disruption, or other factors arising
from shift work, relate to breast cancer. This includes investigation of hormonal effects of circadian disruption, the role of “clock
genes” and signaling pathways in breast tissue development, how
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disruption of those signaling pathways may contribute to initiation
or progression of breast tumors, developing more detailed and
standardized approaches to exposure assessment for use in epidemiologic research, and developing and testing the effectiveness of
interventions that could mitigate the carcinogenic effects that may
be associated with shift work.
Endocrine activity: Exposure to chemicals with estrogenic or other
properties relevant to sex steroid activity, such as bisphenol A
(BPA), polybrominated diphenyl ethers (PBDEs), zearalenone, and
certain dioxins and dioxin-like compounds, may influence breast
cancer risk, especially if those exposures occur at certain life stages
or in combination with exposure to other similar chemicals, certain
dietary components, or other factors. Although the evidence on the
association between breast cancer risk and individual chemicals
in this category is not conclusive, current mechanistic hypotheses
warrant further research to examine their activity, to investigate
additive or greater potency across multiple chemicals, to explore
the effects of timing of exposure, and to evaluate interactions with
diet, body mass index, and other factors that may influence the
relationship of these types of compounds to breast cancer risk.
Genotoxicity: Animal studies have demonstrated that some mutagenic chemicals are capable of inducing malignant mammary
tumors, and numerous animal models of breast carcinogenesis
routinely use the potent mutagens 7,12-dimethylbenz[a]anthracene
(DMBA) and N-methyl-N-nitrosourea (MNU) as reproducible initiators of those tumors. But these studies have shown that the effect
is highly sensitive to the timing of the exposures and can be influenced by other factors. More research is needed to understand the
degree to which mutagenic chemicals, such as polycyclic aromatic
hydrocarbons (PAHs), benzene, and ethylene oxide, acting alone
or in combination with other exposures at specific life stages, may
contribute to breast cancer risk at current levels of exposure.
Epigenetic activity: Recent studies have demonstrated that some
chemicals, including BPA, while not genotoxic per se, can have
important influences on gene expression that may be relevant to
breast cancer risk. Relatively little is known about the importance
for breast cancer risk of such epigenetic modifications by environmental chemicals. More fundamental research on the role of
epigenetic modifications in breast cancer risk is needed.
Gene–environment interactions: Although few such interactions
have been identified, to some extent this may reflect the small
number of discrete exposures for which relevant genes are currently identifiable. Limited evidence indicates, for example, that
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genes governing acetylation efficiency may describe a susceptible
subset of the population for which exposure to tobacco smoke has
substantial influence on breast cancer risk. Likewise, isozymes of
different enzymes involved in alcohol metabolism may affect breast
cancer risks, particularly among those with high alcohol intake.
EPIDEMIOLOGIC RESEARCH
Studies of Occupational Cohorts and Other Highly Exposed Populations
Rationale: Many known human carcinogens were first identified as a
result of studies carried out in occupational settings where workers were
subject to chemical and physical exposures that were typically higher than
those experienced by the general population. When many of the early
occupational studies were carried out, relatively few women were in the
workforce. Changes in the typical workplace and the presence of more
women in the workforce, both in the United States and internationally,
make it appropriate to revisit occupational studies as a possible means to
identify some exposures that increase risk for breast cancer. These studies
should account for not only comparisons of breast cancer incidence associated with various work assignments or job titles, but also the distribution of
known breast cancer risk factors among workers to ensure that the analyses
of exposure-related risk are not confounded by differences among types of
workers in the prevalence of these other known risk factors.
Outside the workplace, other events such as industrial accidents or
contamination episodes can lead to high exposures for specific population
groups. Sometimes these events provide opportunities to investigate the
impact of specific timing of exposures, as in the case of the survivors of the
atomic bombs in Hiroshima and Nagasaki, or the population living in the
vicinity of the industrial accident in Seveso, Italy, and exposed to high levels
of dioxin. High-dose or long-term medical exposures have also lent themselves to study through the assembly of cohorts from records of patients
treated for specific diseases or conditions.
Recommendation 3: Breast cancer researchers and research funders
should pursue studies of populations with higher exposures, such as
occupational cohorts, persons with event-related high exposures, or
patient groups given high-dose or long-term medical treatments. These
studies should include collection of information on the prevalence of
known breast cancer risk factors among the study population. Support for these studies should include resources for the development of
improved exposure assessment methods to quantify chemical and other
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environmental exposures potentially associated with the development
of breast cancer.
New Exposure Assessment Tools
Rationale: A life course perspective on breast cancer suggests that
critical periods of vulnerability may exist during in utero development, in
childhood, adolescence, and early adulthood, and at older ages. Exposure
assessment becomes particularly challenging if the interval between critical exposure events and the point at which breast cancer can be diagnosed
extends over decades.
If evidence of exposure is retained in either environmental media or
the human body, measurements made long after exposure may provide
an adequate basis for estimating an earlier exposure. To be able to do so
requires sufficient knowledge of the patterns of persistence of chemical
compounds and their metabolites, the determinants of variability in retention, and the variation in exposure levels over time. If evidence of exposure
is not retained, one-time measurements are unlikely to be an adequate basis
for assessing true exposure unless it is known that an individual’s exposure
is consistent over long periods.
To effectively study exposures over long time periods, research protocols may need to obtain measurements of exposure at multiple time points.
However, because repeated measurements can be prohibitively burdensome,
it may be necessary to develop alternative strategies that rely on external
indicators of exposure. For instance, if, hypothetically, 50 percent of the
body burden of a chemical exposure is from consumption of liquids from
plastic bottles, then questionnaires about such behavior patterns may be
a more reliable basis for assessing exposure than measurements of urinary
metabolites. If, additionally, persons who consume fluids from plastic bottles
do so consistently over years or decades, then this approach may be reasonable for establishing past exposures as well.
Recommendation 4: Breast cancer and exposure assessment researchers
and research funders should pursue research to improve methodologies
for measuring, across the life course, personal exposure to and biologically effective doses of environmental factors that may alter risk for or
susceptibility to breast cancer.
Such research should encompass
•

improving measurements in the environment and assessing variation over time and space;
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•
•

•
•
•
•
•
•

determining routes of exposures and how they vary over time and
over the life course;
evaluating how products are used and the extent to which actual
usage deviates from label instructions (e.g., home pesticide applications) as a critical component of exposure assessment, and focusing
on the impact on personal exposures;
incorporating use of advanced environmental dispersion modeling techniques with accurate emissions and air monitoring data to
characterize specific population exposures;
measuring compounds and their metabolites in biospecimens,
including specimens obtained by noninvasive means;
understanding pharmacodynamics and pharmacokinetics and how
they vary by lifestage, body weight, nutrition, comorbidity, or other
factors;
developing other biomarkers of exposure through early biologic
effects (DNA adducts, methylation, tissue changes, gene expression,
etc.);
using existing and yet-to-be-established human exposure biomonitoring programs (e.g., breast milk repositories) by geographic areas;
and
validating exposure questionnaires through various strategies.
RESEARCH TO ADVANCE PREVENTIVE ACTIONS
Minimizing Exposure to Ionizing Radiation

Rationale: As discussed in Chapters 3 and 6 and Appendix F, some of
the strongest evidence reviewed by the committee indicated a strong causal
association between breast cancer and ionizing radiation. However, population exposures to ionizing radiation in medical imaging are increasing.
Chapter 6 sets forth a series of steps that can be taken by various groups
and in various settings to reduce exposures to ionizing radiation and therefore reduce risks for breast and other cancers. However, many unknowns
remain about the best ways to achieve these reductions. This work might
include investigation of the feasibility of developing cost-effective forms
of imaging that do not rely on ionizing radiation. Further research is warranted to clarify the extent of population risks, unnecessary uses of medical
radiography, and the best means to maximize its benefits and minimize its
harms.
Recommendation 5: The National Institutes of Health, the Food and
Drug Administration, and the Agency for Healthcare Research and
Quality should support comparative effectiveness research to assess
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the relative benefits and harms of imaging procedures and diagnostic/
follow-up algorithms in common practice. This research effort should
also assess the most effective ways to fill knowledge gaps among
patients, health care providers, hospitals and medical practices, industry, and regulatory authorities regarding practices to minimize exposure
to ionizing radiation incurred through medical diagnostic procedures.
Developing and Validating Preventive Measures
Rationale: Some breast cancer risk factors appear to be modifiable,
but it is important to determine what modifications of these environmental
exposures can be most effective in reducing risk and when during the life
course these changes need to occur. For example, overweight and obesity
are recognized as increasing risk for postmenopausal breast cancer, but the
contribution of weight loss to reducing risk is much less clear.
Recommendation 6: Breast cancer researchers and research funders
should pursue prevention research in humans and animal models to
develop strategies to alter modifiable risk factors, and to test the effectiveness of these strategies in reducing breast cancer risk, including
timing considerations and population subgroups likely to benefit most.
Particular aspects of prevention that require attention include
•
•
•
•

•
•

when weight loss is most likely to be beneficial in reducing risk for
postmenopausal breast cancer;
effective strategies for achieving and maintaining weight loss in
different risk groups;
effective and sustainable methods to prevent obesity;
the feasibility of interventions in early life and development that
may influence breast cancer risk in adult life such as preventing childhood obesity, increasing physical activity, and minimizing
exposures to potentially harmful environmental carcinogens;
approaches to prevention that respond to the differing breast cancer experience of various racial and ethnic groups; and
dissemination and adoption of effective prevention strategies.
Chemoprevention—Research on Medications
to Reduce Breast Cancer Risk

Rationale: Breast cancer is likely to remain a major source of morbidity for many decades to come. However, if early life events are critical in
breast cancer carcinogenesis, then most women may have already had some
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critical exposures by mid-life, when the incidence of breast cancer increases.
Avoiding other exposures later in life, such as hormone therapy, may delay
or even prevent breast cancer in some women, but it may be that further
reductions in risk later in life are most efficiently achieved through pharmaceutical interventions.
Research has demonstrated that drugs that alter responses to estrogen
(e.g., tamoxifen, raloxifene) or production of estrogen (e.g., aromatase
inhibitors) can substantially reduce risk of ER+ breast cancer (Cummings
et al., 2009; Nelson et al., 2009; Goss et al., 2011). The Food and Drug
Administration (FDA) has approved use of tamoxifen and raloxifene for
this purpose by women who are considered at increased risk of breast
cancer and are not at increased risk for cerebrovascular disease. Other
medications, such as bisphosphonates and metformin, are under study to
assess their potential role in reducing the risk of either ER+ or ER– breast
cancer (Cuzick et al., 2011). But relatively few eligible women have chosen
to use tamoxifen and raloxifene, at least in part because they are associated
with increased risk for serious adverse health effects, including endometrial
cancer and stroke (Fisher et al., 2005; Vogel et al., 2010).
The desirability of drugs that can reduce breast cancer risk must be balanced against any potential dangers associated with the use of those drugs.
These dangers are of particular concern for the large numbers of women
who would not have developed breast cancer even without medication,
as well as for the smaller numbers of women who develop breast cancer
despite using them.
Additional research into medications that can reduce risk for breast
cancer with minimal added risk of other serious adverse health effects
should be fostered and accelerated. Studies should include sufficient followup, both during the study when the medications are being used and after
what is anticipated to be the typical period of use, to provide an adequate
basis for determining the benefits and risks that may be associated with the
medication. Furthermore, because the approved drugs only reduce the risk
of ER+ breast cancer, research is critically needed to find effective ways to
reduce the risk of other forms of breast cancer, including triple negative
breast cancer and other hard-to-treat forms of breast cancer that may have
a disproportionate impact at younger ages or among African American,
Asian, or Hispanic women.
Recommendation 7: Breast cancer researchers and research funders
should pursue continued research into new breast cancer chemoprevention agents that have minimal risk for other adverse health effects. This
work should include efforts to identify chemopreventive approaches for
hormone receptor negative breast cancer.
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Adequately sized primary prevention studies will be needed to allow
for estimation of both benefits and risks. Research plans should also
include long-term follow-up to identify any changes in risk patterns for
types of breast cancer or other effects that only become evident beyond
the time frame of the initial study and analyses.
TESTING TO IDENTIFY POTENTIAL BREAST CARCINOGENS
In Vivo Testing for Carcinogenicity
Rationale: Testing in animals is currently an established component
of the evaluation of the carcinogenicity of chemicals in industry and commerce, but it is unclear which whole-animal test protocols are best suited
for screening for possible human breast carcinogens. Human sensitivity to
breast cancer has been demonstrated for exposures in utero (e.g., diethylstilbestrol [DES]), before and during puberty (e.g., radiation), and postmenopausally (e.g., combination hormone therapy). Studies in animals have also
demonstrated that some exposures early in life that are not themselves carcinogenic may alter susceptibility to carcinogens encountered later in life.
But these age windows are typically not included in standard cancer bioassays such as those used in conjunction with the registration of
pesticides and pharmaceuticals. The standard protocols commonly begin
exposures when animals are 7 to 8 weeks of age. Thus they miss the rapid
mammary ductal growth and branching during pubertal development, a
period of heightened sensitivity in the rat to adverse effects from chemical
exposures. These protocols also miss gestational exposures and terminate
the experiments at 2 years, which omits the older age period, a time of
increasing incidence of breast cancer in humans.
Interpretation of rodent bioassays for mammary carcinogenicity is
complicated by certain characteristics of the animals typically used for
these studies. The mouse strains appear generally insensitive to hormonally induced mammary tumors. Conversely, a commonly used rat strain is
overly sensitive to the occurrence of constant estrus and early reproductive
senescence. Constant estrus and early reproductive senescence can tend to
increase the incidence of mammary tumors, but this phenomenon may not
be relevant for humans. Thus results of bioassays of hormonally active
agents are confounded when mammary tumors are increased concomitantly
with constant estrus in the treated rats. With the insensitivity of mice, negative results from tests in mice are not necessarily a reliable indicator of lack
of mammary carcinogenicity.
To increase the ability to detect statistically significant increases in
cancer rates in the limited number of animals that can be used in toxicity
and carcinogenicity testing, chemicals are typically administered at dose
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equivalents that are far higher than the exposures humans would normally
have. Pharmacokinetic and metabolic differences between high- and lowdose chemical exposures complicate the prediction of risks at lower doses
that would be more comparable to human experience.
Finally, standard bioassay protocols for regulatory testing generally test
individual chemicals. However, humans are generally exposed throughout
life to a myriad of hormonally active and genotoxic chemicals. Some experimental protocols used in cancer research employ mixed exposures (e.g., in
utero exposure to one agent and subsequent high-dose exposure to a genotoxic chemical during a period of rapid ductal growth). Other tests look
for abnormal development of the mammary gland following in utero or
early in life exposure, to identify early predisposing events. In reports from
some research studies, it is difficult to assess the level of attention devoted
to important design issues such as randomization, blinded assessment of
endpoints, and standardization of endpoints.
Recommendation 8: The research and testing communities should pursue a concerted and collaborative effort across a range of relevant
disciplines to determine optimal whole-animal bioassay protocols for
detection and evaluation of chemicals that potentially increase the risk
of human breast cancer.
The development of these protocols should address several issues,
including the following:
•
•
•
•
•

potential differences in sensitivity to carcinogenic effects and during different life stages;
the appropriateness and limitations of the rodent strains and species used for testing, and potential alternatives;
the frequency, magnitude, and route of dosing, and the possible
need for alternative protocols that provide improved relevance for
predicting human risk;
the utility of genetically engineered mouse models, which show
promise for studying breast tumor formation and progression and
the effectiveness of treatments; and
standard practices for conducting and reporting results of animal
studies.

This work will probably also require targeted mechanistic and pharmacokinetic studies to assess appropriate dosing levels in test protocols to
better address human exposure circumstances, including the influence of life
stage, genetic variability, and multiple chemical exposures.
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New Approaches to Toxicity Testing
Rationale: Most of the thousands of chemicals used in industry and
commerce have not been tested for their potential to contribute to breast
and other cancers. Screening all chemicals with the standardized approaches
used for pharmaceuticals and pesticides is impracticable because of the
time and resources (including large numbers of test animals) that would be
required (NRC, 2006, 2007). Furthermore, the tests are done chemical-bychemical, which does not address the potential consequences of exposures
to mixtures of chemicals or interactions with other ongoing exposures (e.g.,
dietary components). The high doses used in testing also introduce uncertainty and limitations for predicting risks at lower doses that are relevant
to human exposures.
Under the broad umbrella of the Tox21 (EPA, 2011) and National
Toxicology Program initiatives, new toxicity testing approaches are being
developed to more rapidly and accurately screen and identify the toxicity of chemicals encountered in human environmental, occupational, and
product exposures. This effort relies on the elucidation of key toxicity
pathways involved in human disease, and on the development of sensitive, rapid testing approaches to determine a chemical’s potential to
perturb such pathways and at what concentrations. A variety of tests are
being developed and considered: high-throughput in vitro screens that use
cell components and engineered cells; toxicogenomic responses following cellular, tissue, and organism exposures; novel animal systems (e.g.,
the roundworm, Caenorhabditis elegans); and limited, targeted testing in
laboratory animals to anchor test results and understand mechanisms, new
chemistries, and pharmacokinetics (Dix et al., 2007; NRC, 2007).
The new approach also calls for the use of pharmacokinetic evaluations, human biomonitoring data, and epidemiologic results to establish
the predictive ability of the tests. Pharmacokinetics will be an important
consideration in understanding test results, in studying uptake and distribution to target cells, and in examining the biochemical transformations that
make the chemical biologically active or inactive. This aspect of the effort
is currently a significant challenge in the development of high-throughput
and other in vitro tests.
Because breast cancer is a major contributor to morbidity among
women, these tests should address pathways that underlie the basic mechanisms of breast cancer—mutagenesis, estrogen receptor signaling, epigenetic
programming, growth promotion via mitogenic cell signaling, and modulation of immune functioning—with particular attention to cell types and
environments relevant to breast cancer. They should also take into account
alterations at the whole-organ level, and they should be relevant to typical
human exposures, which often occur at low doses and as mixtures.
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Recommendation 9:
a.	The research and testing communities should ensure that new testing
approaches developed to serve as alternatives to long-term rodent
carcinogenicity studies include components that are relevant for
breast cancer.
	  To be relevant for breast cancer, it will be necessary to be able to
assess changes in susceptibility through the life course and mechanisms characteristic of hormonally active agents. The test development should also include exploring the predictive value of in vitro
and in vivo experimental testing for site-specific cancer risks for
humans.
b.	A research initiative should assess the persistence and consequences
for mammary carcinogenicity of abnormal mammary development
and related intermediate outcomes observed in some toxicological
testing.
	  As useful predictors of increased mammary cancer risk become
available, intermediate outcomes may aid in identifying chemicals
that may pose increased risk of human breast cancer when exposures occur early in life.
c.	Research should be conducted to improve understanding of the
potential cumulative effects of multiple, small environmental exposures on risk for breast cancer and the interaction of these exposures
with other factors that influence risk for breast cancer.
	  Improved understanding of both mixed and serial low-dose
exposures is critical for the interpretation of in vivo results and
is of heightened importance for understanding the results of the
emerging in vitro tests. Relevant exposures may come from sources
that include food, pharmaceuticals, and the general environment. It
is also critical for the understanding of epidemiologic and in vivo
and in vitro experimental research results on the health effects of
chemical mixtures that are characteristic of human environmental
exposures.
Identifying Breast Cancer Risks Associated with
Hormonally Active Pharmaceutical Products
The committee sees a need to ensure that mechanisms for detection and
assessment of breast cancer risks associated with use of drugs regulated
by FDA are adequate. It also recognizes that enhanced methods to detect
breast cancer risks represent only one specific dimension of a more general
interest in strengthening FDA’s ability to ensure the safety and timely avail-
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ability of prescription and over-the-counter drugs (IOM, 2007a,b) and in
strengthening the science to support FDA’s regulatory work (e.g., IOM,
2011).
Menopausal hormone therapy was originally developed to control
menopausal symptoms. Some health professionals advocated long-term and
substantially expanded use in anticipation that it would reduce age-related
health problems, including cardiovascular disease and memory disorders,
even before clear evidence was in hand. Although these products are effective in reducing menopausal symptoms and osteoporotic fractures while
women are taking them, evidence from the Women’s Health Initiative
examining multiple health outcomes in a randomized trial design showed
that use of a combination of estrogen and progestin in postmenopausal
hormone preparations increases risk of breast cancer and stroke and does
not provide overall benefits for cardiovascular risk or memory disorders
(Writing Group for the Women’s Health Initiative Investigators, 2002). This
experience is an illustration of the dangers of exposing millions of healthy
women to pharmacological doses of exogenous hormones without sufficient
evidence of net benefit. Decades of study have also confirmed a small excess
risk of breast cancer among current users of oral contraceptives (Collaborative Group on Hormonal Factors in Breast Cancer, 1996; Marchbanks et
al., 2002; Strom et al., 2004; IARC, 2011). Although the increased risk of
breast cancer that is associated with use of combination hormone therapies,
including oral contraceptives, declines after treatment stops, women should
be aware of the full range of potential harms as well as the benefits when
they decide whether to use any form of hormone therapy, including those
touted as safe because they are “bioidentical” or “natural.”
New Approaches to Testing Hormonally Active Candidate
Pharmaceuticals
Rationale: Given the evidence for hormonal influences on the development of breast cancer, the committee is concerned that testing required
to gain marketing approval for various hormonally active pharmaceuticals that are already on the market or that are being developed does not
adequately address the potential impact on the risk for breast cancer. For
example, the 2-year rodent carcinogenicity studies done for Prempro, the
combined estrogen–progestin product used in the Women’s Health Initiative, showed a reduction in mammary tumors in rats (Ayerst Laboratories,
2003), and premarketing human safety and efficacy studies are generally
too small and too brief to detect an effect on the incidence of breast cancer.
Given that some hormonal products have been found to increase the risk of
breast cancer, it is important that new postmenopausal hormone preparations, including those advertised as bioidentical or natural hormones, have
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an adequate evidence base to support any claims that they do not cause
breast cancer. It is also important to have an adequate understanding of the
implications for breast cancer risk of the hormone composition and dosing schedules of new oral contraceptives (e.g., a preparation that causes a
woman to have only four menstrual periods per year).
Identifying hormonally active substances is complex, in that various models are used to measure hormonal activity and the activity levels
detected for a substance may differ depending on the model and dose used.
It is important to assess the effectiveness of current testing protocols for
hormonally active products in providing indicators of the potential for
increased risk of breast cancer, and to develop and validate new testing
practices where needed.
Recommendation 10: The pharmaceutical industry and other sponsors
of research on new hormonally active pharmaceutical products should
support the development and validation of better preclinical screening
tests that can be used before such products are brought to market to
help evaluate their potential for increasing the risk of breast cancer.
A suite of in vitro and in vivo tests will likely be needed to address
the different mechanisms of action that may be relevant over the life
course (in utero, early infancy, pre- and postpuberty, pregnancy, and
pre- and postmenopause). If such tests can be developed and validated,
FDA should require submission of the results as part of the process
for approving the introduction of new hormonal preparations for prescription or over-the-counter use. These tests may also prove useful in
testing environmental chemicals.
Postmarketing Studies of Hormonally Active Products
Rationale: With the demonstration that use of certain hormonally
active prescription drugs is associated with an increased risk of breast cancer and other adverse health effects, it is important to investigate whether
use of other hormonally active drugs is also associated with increased risk.
The Food and Drug Administration Amendments Act of 2007 gave FDA
the authority to require postmarketing studies or clinical trials for approved
drugs when adverse event reporting would not be sufficient to assess a
known or suspected serious risk (FDA, 2011). Because adverse event reporting systems are generally better suited to the detection of adverse events that
occur soon after use of a drug than to events such as breast cancer that take
years to develop, formally conducted studies appear necessary to assess the
potential breast cancer risk.
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Recommendation 11: FDA should use its authority under the Food and
Drug Adminisration Amendments Act of 2007 to engage the pharmaceutical industry and scientific community in postmarketing studies or
clinical trials for hormonally active prescription drugs for which the
potential impact on breast cancer risk has not been well characterized.
Study oversight should be designed to mitigate against bias and conflict
of interest of study sponsors. Special attention should be accorded to
those products that represent a substantial change in pharmacologic
composition or dosage schedule from products currently on the market.
The studies should be adequately powered to quantitatively explore the
possible contribution of the products to breast cancer risk, as well as
other risks that have been associated with these classes of drugs (e.g.,
cardiovascular effects).
UNDERSTANDING BREAST CANCER RISKS
Researchers, health care providers, and the public all have an incomplete picture of the components of breast cancer risk. Further work is
needed to clarify the contribution of recognized risk factors to differences
and changes in the incidence of breast cancer and to determine the most
effective ways to convey information about breast cancer risk.
Risk Modeling
Rationale: Public health messages about ways to reduce risk should
rest on strong science on the attribution of risks to various causal factors.
Systematic modeling approaches are needed to refine the estimates of the
proportion of breast cancer in the United States and other countries that
can be attributed to known factors, especially modifiable factors. Substantial proportions of the increase in breast cancer incidence rates in the United
States over the past century, and of the differences in rates of breast cancer
between less developed countries and more affluent countries, are probably due in large part to differences over time and between countries in the
prevalence of established breast cancer risk factors (e.g., age at menarche,
age at first birth, parity, use of menopausal hormone therapy, physical activity, weight and weight change). Few reliable estimates of these temporal and
international differences in risk factor prevalence exist.
Developing data on changes in the prevalence of known risk factors,
along with changes in breast cancer incidence, should permit statistical
modeling of the size of these proportions associated with individual risk
factors and combinations of these risk factors. This information will also
help in determining the magnitude of risk associated with other unidentified
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factors, which may include other environmental exposures. Of particular
interest are the modifiable risk factors.
Risk modeling on both the individual and population levels will benefit
greatly from improved understanding of the etiology of breast cancer. As
the science improves, risk models can also help guide future research investments and policy decisions for population-level interventions. A collaborative approach, such as that used by the Cancer Intervention and Surveillance
Modeling Network (CISNET) consortium, may be a cost-effective way to
pursue some of this work.
Recommendation 12: Breast cancer researchers and research funders
should support efforts to (1) develop statistical methodology for the
estimation of risk of breast cancer for given sets of risk factors and that
takes the life course perspective into account, (2) determine the proportion of the total temporal and geographic differences in breast cancer
rates that can be plausibly attributed to established risk factors, and (3)
develop modeling tools that allow for calculation of breast cancer risk,
in both absolute and relative terms, with the goal of assessing potential
risk reduction strategies, at both personal and public health levels.
Communicating About Breast Cancer Risks
Rationale: Accurate and effective communication of breast cancer
risks is important for individuals, the public at large, and policy makers
and public health officials. Individuals need to be able to make informed
choices regarding risk factors, prevention opportunities, and health care
appropriate to their risk circumstances. Research indicates that women
may have a poor understanding of their risk of breast cancer, with both
over- and underestimates of risk observed (Lipkus et al., 2001; Apicella et
al., 2009; Waters et al., 2011). A systematic review under the auspices of
the Cochrane Collaborative found that both health care providers and consumers understood risks of health outcomes better when those risks were
presented as frequencies rather than as probabilities (Akl et al., 2011). Both
thought the risks were lower when presented as absolute risk reduction
than as relative risk reduction, and both were more persuaded by relative
than absolute risks in terms of potential behavioral change. To allow a fair
comparison of risks and benefits, supplementing presentation of relative
measures with absolute ones is useful because other disease endpoints may
be more or less common than breast cancer.
From a public health policy and practice perspective, it is important to
determine where risks lie and the potential for benefit and risk at a population level. Uncertainty is inherent in risk prediction, and it can be difficult
or impossible to establish that an exposure is not associated with cancer
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risk. However, moderate or large risks can be ruled out with reasonable
confidence when studies with robust and appropriate research designs and
analyses have been conducted in populations with relevant exposures.
Meaningful differences in risk need to be effectively communicated to the
public, health care providers, and policy makers so that limited funds can
be invested in the most promising research and intervention strategies.
Recommendation 13: Breast cancer researchers and research funders
should pursue research to identify the most effective ways of communicating accurate breast cancer risk information and statistics to the
general public, health care professionals, and policy makers.
Because people differ in their health literacy, their numeracy (ability
to understand numerical information), and in their preferred modes
of learning, multiple communication strategies, modes, and messaging
tactics will be needed to reach diverse communities and stakeholders.
Among the topics that should receive attention in this research are
•

•
•

•
•

•

perception and comprehension of different ways to present messages (numbers, graphs, text), modalities of communication (audio,
video, print, face-to-face, and multiple modalities, etc.), as well as
the content of the messages themselves;
ways that personal experiences (e.g., family history) affect the ability to absorb messages;
determination of the similarities and differences in how individuals
from diverse racial, ethnic, educational, and occupational groups
understand and respond to breast cancer risk information that is
presented various ways;
comprehension of terms such as relative risks, absolute risks, and
hazards;
ways to improve translation of research results into messages that
can effectively convey the implications of the results for women
in different risk categories, women from diverse racial and ethnic
groups, health care providers, and public health decision makers;
and
ways to convey information about chemicals for which there is
suggestive evidence of risk from experimental studies.
CONCLUDING OBSERVATIONS

Breast cancer is a leading cause of cancer morbidity among women
in the United States and many other countries. Major advances have been
made in understanding its biology and diversity, but more needs to be
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learned about the causes of breast cancer and how to prevent it. Familiar
advice about healthful lifestyles appears relevant, but it remains difficult to
discern what contribution a diverse array of other environmental factors
may be making. Important targets for research are the biologic significance
of life stages at which environmental risk factors are encountered, what
steps may counter their effects, when preventive actions can be most effective, and whether opportunities for prevention can be found for the variety
of forms of breast cancer.
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Agendas for Public Meetings

MEETING 1
Committee on Breast Cancer and the Environment:
The Scientific Evidence, Research Methodology, and Future Directions
The Keck Center of the National Academies
Washington, DC
Wednesday, April 14, 2010
10:45 a.m.

Introductory Remarks
Irva Hertz-Picciotto, Ph.D.
		Chair, Committee on Breast Cancer and the
Environment: The Scientific Evidence, Research
Methodology, and Future Directions
	Introductions by committee members and meeting
attendees
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11:00 a.m.

Study Context and Goals, Sponsor Perspective
Amelie Ramirez, Dr.P.H.
		Member, Susan G. Komen for the Cure Scientific
Advisory Board
		Director, Institute for Health Promotion Research
		University of Texas Health Science Center at San
Antonio
		
Questions and discussion with the committee
12:00 p.m.
Lunch
		
12:45–2:30 p.m.	Comments from Breast Cancer Research and
Advocacy Organizations
• What are their concerns and priorities regarding
environmental risk factors for breast cancer?
• What do they want to make sure the committee is
aware of?
• What do they hope the study will contribute?
Organizations Planning to Present
Avon Foundation: Marc Hurlbert, Ph.D.
Breast Cancer Fund: Janet Gray, Ph.D.
	Breast Cancer Research Foundation: Mary Beth Terry,
Ph.D. (phone)
National Breast Cancer Coalition: Fran Visco
	National Institutes of Health Breast Cancer and
Environment Activities: Gwen Collman, Ph.D.
Young Survival Coalition: Marcia Stein
2:45 p.m.

Break

3:00–4:30 p.m.	Introduction to Issues in Studying Breast Cancer and
the Environment
Presentations by Committee Members
4:30 p.m.

Opportunity for Individual Public Comment

Kathleen Burns, Ph.D. (phone)
		 Director, Sciencecorps
		 Lexington, MA
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William Mimiaga, Major, USMC (RET) (phone)
		California
Michael Partain (phone)
		 The Few, The Proud, The Forgotten
James Fontella (phone)
		 Shelby Township, MI
5:00 p.m.

Adjourn Open Session

MEETING 2
Committee on Breast Cancer and the Environment:
The Scientific Evidence, Research Methodology, and Future Directions
The Hyatt Regency San Francisco
San Francisco, CA
Tuesday, July 6, 2010
2:00 p.m.

Introductory Remarks
Irva Hertz-Picciotto, Ph.D.
		Chair, Committee on Breast Cancer and the
Environment: The Scientific Evidence, Research
Methodology, and Future Directions
	Introductions by committee members and meeting
attendees
Opportunity for Sponsor Comment
Amelie Ramirez, Dr.P.H.
	Member, Susan G. Komen for the Cure Scientific
Advisory Board
		 Director, Institute for Health Promotion Research
		University of Texas Health Science Center at San
Antonio
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2:15 p.m.	Role of Animal Models in Studying Environmental
Factors for Breast Cancer
Helmut Zarbl, Ph.D.
		Professor, University of Medicine and Dentistry
of New Jersey and Robert Wood Johnson Medical
School
Questions and discussion with the committee
3:00 p.m.	Role of Stem Cells in Environmental Risks for Breast
Cancer
Zena Werb, Ph.D.
		
Professor of Anatomy
		 University of California, San Francisco
Questions and discussion with the committee
3:45 p.m.	Linking Prenatal and Neonatal Exposures to Breast
Cancer Risks
Dimitrios Trichopoulos, M.D.
		 Professor of Cancer Prevention and
		 Professor of Epidemiology
		 Harvard School of Public Health
Questions and discussion with the committee
4:30 p.m.

General Discussion as Needed

4:45–5:25 p.m.	Comments from Breast Cancer Research and
Advocacy Organizations
• What are their concerns and priorities regarding
environmental risk factors for breast cancer?
• What do they want to make sure the committee is
aware of?
• What do they hope the study will contribute?
Organizations Planning to Present
American Cancer Society: Michael Thun, M.D.
Breast Cancer Action: Kim Irish, J.D.
Breast Cancer Fund: Nancy Buermeyer
Zero Breast Cancer: Janice Barlow
5:25 p.m.

Adjourn Open Session
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Wednesday, July 7, 2010
8:30 a.m.

Introductory Remarks
Irva Hertz-Picciotto, Ph.D.
		Chair, Committee on Breast Cancer and the
Environment: The Scientific Evidence, Research
Methodology, and Future Directions
	Introductions by committee members and meeting
attendees
8:45 a.m.–
12:00 p.m.

Reaching Conclusions About Carcinogenicity

8:45 a.m.

Weighing Evidence from NTP Bioassays
John Bucher, Ph.D.
		 Associate Director, National Toxicology Program
Questions and discussion
9:30 a.m.	Evaluation of Human and Experimental Evidence to
Identify Cancer Hazard and Estimate Risk
Kathryn Z. Guyton, Ph.D., D.A.B.T.
		Toxicologist, National Center for Environmental
Assessment
		 Office of Research and Development, U.S. EPA
Questions and discussion
10:15 a.m.

Identifying Breast Carcinogens at IARC
Vincent James Cogliano, Ph.D.
		 Head, IARC Monographs Program
Questions and discussion
11:00 a.m.	How Toxicology Can Advance Breast Cancer
Prevention by Informing Chemicals Policies and
Epidemiologic Study Design
Ruthann Rudel, M.S.
		 Director of Research, Silent Spring Institute
Questions and discussion
11:45 a.m.

General discussion as needed

12:00 p.m.
Lunch
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1:00–2:00 p.m.	Introduction to Issues in Studying Breast Cancer and
the Environment, Committee Presentations Continued
		
1:00 p.m.	An Epidemiologic Perspective on Environmental Risk
Factors
Peggy Reynolds, Ph.D.
		Senior Research Scientist, Cancer Prevention
Institute of California
1:30 p.m.	Breast Cancer and Environment Research Centers:
Experience and Plans
Robert Hiatt, M.D.
		Deputy Director, Helen Diller Family
Comprehensive Cancer Center
2:00–3:00 p.m. 	Initiatives on Breast Cancer and the Environment:
Research Gaps and Policy Proposals
2:00 p.m.	The California Breast Cancer Research Program’s
Special Research Initiatives on Environment and
Disparities
Marion (Mhel) Kavanaugh-Lynch, M.D., M.P.H.
		Director, California Breast Cancer Research
Program
Questions and discussion
2:30 p.m.

Breast Cancer and Chemicals Policy Project
Sarah Janssen, M.D., Ph.D., M.P.H.
		 Senior Scientist, Natural Resources Defense Council
		and
Megan Schwarzman, M.D., M.P.H.
		Research Scientist, Berkeley Center for Green
Chemistry
		School of Public Health, University of California,
Berkeley
Questions and discussion
3:00 p.m.

Opportunity for Individual Public Comment

Nancy Bellen, Santa Rosa, CA
Marika Holmgren, Breast Cancer Survivor
Susan Braun, Executive Director, Commonweal
		
3:30 p.m.
Adjourn Open Session
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MEETING 3
Committee on Breast Cancer and the Environment:
The Scientific Evidence, Research Methodology, and Future Directions
The Keck Center of the National Academies
Washington, DC
Wednesday, September 15, 2010
2:15 p.m.

Introductory Remarks
Irva Hertz-Picciotto, Ph.D.
		Chair, Committee on Breast Cancer and the
Environment: The Scientific Evidence, Research
Methodology, and Future Directions
	Introductions by committee members and meeting
attendees
Opportunity for Sponsor Comment
Amelie Ramirez, Dr.P.H.
		Member, Susan G. Komen for the Cure Scientific
Advisory Board
Director, Institute for Health Promotion Research
		University of Texas Health Science Center at San
Antonio
2:30 p.m.	Environmental Pollution and Breast Cancer: Adding
Epidemiological Studies to Biological Evidence
Julia G. Brody, Ph.D.
		
Executive Director
		 Silent Spring Institute
Questions and discussion with the committee
3:15 p.m.

Early Life Exposures and Breast Cancer Risk
Michele R. Forman, Ph.D., M.S.
		
Professor, Department of Epidemiology
		 University of Texas MD Anderson Cancer Center
Questions and discussion with the committee
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4:00 p.m.	Windows of Susceptibility to Breast Cancer and
Environmental Exposures
Jose Russo, M.D.
		
Director, Breast Cancer Research Laboratory and
NCI-NIEHS Breast Cancer and the Environment
Research Center
		 Fox Chase Cancer Center
		
Questions and discussion with the committee
4:45 p.m.

General Discussion as Needed

5:00 p.m.

Opportunity for Individual Public Comment

Rebecca Shaloff, Washington, DC
Victoria Pavelko, Reston, VA
Heather Rogers, Alexandria, VA
			
5:30 p.m.
Adjourn Open Session

Appendix B
Biographical Sketches of
Committee Members

Irva Hertz-Picciotto (Chair), is a professor in the Department of Public
Health Sciences, School of Medicine, and at the Medical Investigations of
Neurodevelopmental Disorders (MIND) Institute, University of California,
Davis, and is chief of the Division of Environmental and Occupational
Health. She also is deputy director of the Center for Children’s Environmental Health at UC Davis and director of the Northern California Center for
the National Children’s Study. She has published widely on environmental
exposures, including metals, pesticides, PCBs, and air pollution, and their
effects on pregnancy, the neonate, and early child development, as well as
on methods in epidemiologic research. In 2002, she turned her attention
to identifying causes of autism, and launched the CHARGE Study (Childhood Autism Risk from Genetics and the Environment) and subsequently
the MARBLES Study (Markers of Autism Risk in Babies–Learning Early
Signs). She has served or currently sits on editorial boards for the American
Journal of Epidemiology, Environmental Health Perspectives, Epidemiology, and Autism Research. Dr. Hertz-Picciotto has served as president of
the Society for Epidemiologic Research and of the International Society for
Environmental Epidemiology. She has held appointments on the Governor’s
Carcinogen Identification Committee for the State of California, the scientific advisory boards/panels for the Environmental Protection Agency,
National Institute for Occupational Safety and Health, National Toxicology
Program, and National Institutes of Health Interagency Coordinating Committee on Autism Research. Dr. Hertz-Picciotto has also chaired two previous Institute of Medicine committees. She received a Ph.D. and an M.P.H.
in epidemiology and an M.A. in biostatistics from UC Berkeley. Before
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joining the faculty at UC Davis, Dr. Hertz-Picciotto was a professor in the
Department of Epidemiology at the School of Public Health, University of
North Carolina, Chapel Hill.
Lucile Adams-Campbell joined the Georgetown University Lombardi Comprehensive Cancer Center in 2008 as associate dean for Community Health
and Outreach. Previously, she had served as director of the Howard University Cancer Center for 13 years. She also serves as the co-principal investigator for the Black Women’s Health Study. She focuses on community
outreach and community-based participatory research, particularly cancerrelated health disparities in minority populations, with an emphasis on cancer prevention. Her research interests include understanding the biological
basis of health disparities in those cancers that disproportionately affect
minority and underserved populations via clinical trials; cancer epidemiology using minority cohorts; and behavioral epidemiology as it relates to
physical activity and nutrition interventions. She aims to export preventionbased clinical trials and behavioral interventions targeting nutrition and
exercise strategies to address obesity from the laboratory setting into the
community. Dr. Adams-Campbell was elected to the Institute of Medicine
in 2008. She currently serves on the editorial board of or as a reviewer for
eight journals. Dr. Adams-Campbell received an M.S. in biomedical science
from Drexel University and a Ph.D. in epidemiology from the University of
Pittsburgh. She completed a National Institutes of Health-funded postdoctoral fellowship at the University of Pittsburgh.
Peggy Devine is the founder and president of Cancer Information and Support Network, an organization that seeks to increase public awareness on
all aspects of cancer, including the importance of cancer research. She served
as the multisite advocate coordinator for the American College of Radiology
Imaging Network (ACRIN) MRI/CALGB Correlative Science clinical trial
(I SPY 1); is an advocate in the University of California, San Francisco Breast
Specialized Program of Research Excellence (SPORE); and is a research
advocate consultant for many groups, including Los Alamos Laboratory,
where she serves on a Department of Defense-funded team award grant,
Breast Cancer: Catch It with Ultrasound, 2011–2015. Ms. Devine has served
as a trainer for advocacy and professional associations, including the American Society of Clinical Oncology Gastrointestinal Cancer, Summit Series on
Clinical Trials Advocate Training, American C
 ollege of Surgeons Oncology
Group, ACRIN, and Coalition of C
 ancer Cooperative Groups. Ms. Devine
also sits on many advisory boards, including the National Cancer Institute’s
Office of Biorepositories and Biospecimen Research Steering Committee for
a grant entitled “Research Studies in Cancer and Normal Pre-Analytical
Variables and Their Effects on Molecular Integrity,” 2010–2014. Ms. Devine
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has also reviewed grants for the Department of Defense, the National Cancer Institute, Avon, Susan G. Komen for the Cure, and the California Breast
Cancer Research Program. Ms. Devine has a B.S. in chemistry and biological science from Michigan State University. She then completed a year of
training in clinical laboratory science at Huntington Memorial Hospital and
holds federal and state licensure in that field.
David Eaton is associate vice provost for research and a professor
in the Department of Environmental and Occupational Health Sciences
at the School of Public Health of the University of Washington. He is
also the director of the Center for Ecogenetics and Environmental Health
at the University of Washington. He joined the faculty of the University of
Washington in 1979. Dr. Eaton’s research and teaching focus on the molecular basis for environmental causes of cancer, and how human genetic differences in biotransformation enzymes may increase or decrease individual
susceptibility to chemicals found in the environment. He has served as president of the Society of Toxicology and as a member of the board of trustees
of the Academy of Toxicological Sciences. He is an elected fellow of the
American Association for the Advancement of Science and the Academy
of Toxicological Sciences. Dr. Eaton has served on several committees for
the National Academy of Sciences, most recently chairing the Committee
for Review of the Federal Strategy to Address Environmental, Health, and
Safety Research Needs for Engineered Nanoscale Materials. He received
his Ph.D. in pharmacology and toxicology and completed a postdoctoral
fellowship in toxicology at the University of Kansas Medical Center.
S. Katharine Hammond is a professor in the Division of Environmental
Health Sciences in the School of Public Health of the University of California, Berkeley. Her research interests focus on health effects of exposure to
airborne materials, including responses of asthmatic children to short-term
fluctuations in particulate air pollution, neurologic and reproductive effects
of hexane on workers, secondhand smoke, and the effects of exposure to
polycyclic aromatic hydrocarbons on asthmatic children and users of coal
in China. She has received the National Institute for Occupational Safety
and Health’s Alice Hamilton Award for Excellence in Occupational Safety
and Health and the American Industrial Hygiene Association’s Rachel
Carson Environmental Award. Dr. Hammond currently serves on the Scientific Review Panel on Toxic Air Contaminants for the California Environmental Protection Agency and has served as a consultant to the Science
Advisory Board of the Environmental Protection Agency. She is also a
member of the World Health Organization’s Tobacco Product Regulation
Study Group. She has served on numerous committees for the Institute of
Medicine and the National Research Council. Dr. Hammond received a
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Ph.D. in chemistry from Brandeis University and an M.S. in environmental
health sciences from the Harvard School of Public Health.
Kathy J. Helzlsouer is the director of the Prevention and Research Center at
Mercy Medical Center in Baltimore, Maryland. She is also an adjunct professor of epidemiology at the Johns Hopkins University Bloomberg School
of Public Health. Dr. Helzlsouer’s work focuses on clinical epidemiology,
cancer epidemiology, and cancer prevention. In 2008, Dr. Helzlsouer was
named chair of the Maryland State Council on Cancer Control. She also is
chair-elect of the Molecular Epidemiology Group (MEG) of the American
Association for Cancer Research. She serves on the Physician Data Query
(PDQ) Cancer Screening and Prevention Committee of the National Cancer
Institute, and she is a member of the advisory board for the AARP Cohort
Study. Dr. Helzlsouer holds an M.D. from the University of Pittsburgh
School of Medicine and an M.H.S. in epidemiology from the Johns Hopkins
University School of Hygiene and Public Health. She is board certified in
medical oncology.
Robert A. Hiatt is professor and chair of Epidemiology and Biostatistics
at University of California, San Francisco (UCSF). He is the director of
Population Sciences and associate director of the UCSF Helen Diller Family
Comprehensive Cancer Center. Dr. Hiatt holds adjunct appointments at the
UC Berkeley School of Public Health and the Division of Research at Kaiser
Permanente Northern California. He has been the principal investigator
for the Bay Area Breast Cancer and the Environment Research Center for
the past 7 years and now leads the Coordinating Center for the national
program that continues to explore the influence of environmental factors
on pubertal maturation as a window to understanding the causes of breast
cancer. From 1998 to early 2003, Dr. Hiatt was the first deputy director
of the Division of Cancer Control and Population Sciences at the National
Cancer Institute (NCI), where he oversaw cancer research in epidemiology
and genetics, surveillance, and health services research. Before then he was
the director of Prevention Sciences at the Northern California Cancer Center and also assistant director for epidemiology at the Division of Research,
Kaiser Permanente Medical Care Program in Northern California. He is
board certified in preventive medicine and, until taking his NCI position,
practiced general internal medicine. He is a past president of the American
College of Epidemiology and the American Society for Preventive Oncology. Dr. Hiatt received an M.D. from the University of Michigan and a
Ph.D. in epidemiology from the University of California, Berkeley.
Chanita Hughes Halbert is an associate professor in the Department of
Psychiatry at the University of Pennsylvania and director of the Center
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for Community-Based Research and Health Disparities. She is also director of the Community Diversity Initiative at the Abramson Cancer Center
and associate director for Community Engagement in the Robert Wood
Johnson Clinical Scholars Program. Dr. Hughes Halbert’s research focuses
on understanding the sociocultural underpinnings of cancer prevention and
control behaviors among ethnically diverse populations and translating this
knowledge into interventions designed to reduce ethnic and racial differences in cancer morbidity and mortality. She is principal investigator (PI) of
an academic–community partnership funded by the National Institute on
Minority Health and Health Disparities and the National Cancer Institute
to develop and evaluate interventions for cancer prevention and control in
community settings. She is also PI of grants funded by the National Human
Genome Research Institute to identify barriers and facilitators of African American participation in cancer genetics research and to understand
the long-term psychological and behavioral impact of genetic testing for
BRCA1 and BRCA2 mutations. She earned her Ph.D. in personality psychology from Howard University. In addition to her doctoral training, Dr.
Hughes Halbert completed pre- and postdoctoral training at the Lombardi
Cancer Center at Georgetown University.
David J. Hunter is the dean for Academic Affairs and Vincent L. Gregory
Professor in Cancer Prevention in the Departments of Epidemiology and
Nutrition in the Harvard School of Public Health. His principal research
interests are the etiology of cancer—particularly breast, prostate, and skin
cancer. He was an investigator on the Nurses’ Health Study, a long-running
cohort of 121,000 U.S. women, and a project director for the Nurses’
Health Study II, a newer cohort of 116,000 women. He also analyzes
inherited susceptibility to cancer and other chronic diseases using molecular techniques and studies molecular markers of environmental exposures.
Dr. Hunter was the director for the Harvard Center for Cancer Prevention
and was co-director of the National Cancer Institute (NCI) Cancer Genetic
Markers of Susceptibility (CGEMS) Special Initiative. He is the director
of the Program in Molecular and Genetic Epidemiology at the Harvard
School of Public Health, and co-chair of the NCI Breast and Prostate Cancer Cohort Consortium. Dr. Hunter received his M.P.H. and Sc.D. from
Harvard University. He earned his M.B., B.S. from the University of Sydney.
Barnett (Barry) Kramer is editor-in-chief of the Journal of the National
Cancer Institute (JNCI) and of the Screening and Prevention Editorial
Board of the National Cancer Institute (NCI) Physician Data Query (PDQ).
He was the associate director for disease prevention and head of the Office
of Disease Prevention in the Office of the Director at the National Institutes
of Health from 2001 to 2010. Previously, he served as the director of the
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Office of Medical Applications of Research (OMAR), a component of the
Office of Disease Prevention. He has also previously served as deputy director of NCI’s Division of Cancer Prevention. Dr. Kramer received his M.D.
from the University of Maryland Medical School and is board certified in
internal medicine and medical oncology. He received an M.P.H. from the
Johns Hopkins University School of Hygiene and Public Health.
Bryan M. Langholz is a professor of research in the Division of Biostatistics and a visiting professor in the department of preventive medicine
at the Keck School of Medicine of the University of Southern California
(USC). He also is a research adjunct professor in the USC Department of
Mathematics and a member of the Children’s Oncology Group. Dr. Langholz’s research interests are cohort sampling methods, statistical methods
in epidemiology and occupational health, and statistical methods in genetic
epidemiology. Additionally, he has done biostatistics research in pesticides
and cancer, electromagnetic fields and cancer, radiation and cancer, and
genetic and environmental factors in type 1 diabetes. Dr. Langholz is currently a co-principal investigator on a National Cancer Institute-funded
study examining the link between ultraviolet exposure and melanogenesis.
Dr. Langholz is a member of the American Statistical Association, the
International Biometrics Society, the International Genetic Epidemiology
Society, and the International Society of Clinical Biostatistics. He has served
as a reviewer for 28 journals and was an associate editor for Biometrics.
Dr. Langholz previously served on the Institute of Medicine Committee to
Review the Health Effects in Vietnam Veterans of Exposure to Herbicides:
First Biennial Update. Dr. Langholz received an M.S. and a Ph.D. in biomathematics from the University of Washington.
Peggy Reynolds is a senior research scientist at the Cancer Prevention
Institute of California, a consulting professor for the Department of Health
Research and Policy in the Stanford University School of Medicine, and a
member of the Stanford Cancer Center. Dr. Reynolds spent several years as
an epidemiologist for the California Tumor Registry and San Francisco Bay
Area SEER (Surveillance, Epidemiology, and End Results) program, and
previously served as the chief of the Environmental Epidemiology Section in
the California Department of Health Services. Over the years, she has conducted a number of cancer epidemiology studies, with a concentration on
environmental risk factors. Her research currently focuses on female breast
cancer and cancers in children. She was a founding member of the California Teachers Study (CTS), an ongoing prospective study of 133,479 women
established in 1995. Dr. Reynolds was a co-investigator for an influential
multicenter study on the risk of lung cancer from secondhand smoke. She
and her research team further pursued the role of secondhand smoke and
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breast cancer in a more detailed assessment of reported lifetime exposures
in the CTS. In addition, Dr. Reynolds has served as principal investigator
for a study of regional variations in breast cancer in California, a study
of body burden levels of endocrine disruptors in breast cancer patients, a
study of breast cancer in young women, studies of breast cancer incidence
in flight attendants and cosmetologists, a study of malignant melanoma
among Lawrence Livermore Laboratory employees, and a statewide study
of patterns of childhood cancer. Dr. Reynolds earned a Ph.D. in epidemiology from the University of California, Berkeley.
Joyce S. Tsuji is a principal scientist within the Center for Toxicology and
Mechanistic Biology of the Health Sciences practice of Exponent. She is a
board-certified toxicologist and a fellow of the Academy of Toxicological
Sciences. She has conducted risk assessment and toxicology studies in the
United States and internationally for industry, trade associations, the Environmental Protection Agency (EPA) and state agencies, the Department of
Justice, the Australian EPA, municipalities, and private citizens. Dr. Tsuji’s
experience includes human health and environmental toxicology related
to metals and a wide variety of other chemicals in the environment. She
has designed and directed dietary and environmental exposure studies and
community programs involving health education and biomonitoring for
populations potentially exposed to chemicals in the environment, including soil, water, and food-chain exposures. She has also assessed exposure
and health risks associated with chemicals in air, foods, and a variety of
consumer products. She has served on committees for several National
Research Council (NRC) studies and is currently a member of the NRC
Board on Environmental Studies and Toxicology and the NRC Committee
on Toxicology. Dr. Tsuji received a Ph.D. in environmental physiology and
completed a postdoctoral fellowship in quantitative genetics at the Department of Zoology of the University of Washington.
Cheryl Lyn Walker recently became a Welch Professor and director of the
Institute of Biosciences and Technology of Texas A&M Health Science
Center. Prior to this appointment, she was the Ruth and Walter Sterling Professor of Carcinogenesis at the University of Texas MD Anderson Cancer
Center, where she also directed the Center for Environmental and Molecular Carcinogenesis of the Institute for Basic Science. Dr. Walker’s research
interests include the genetic basis of susceptibility to cancer, specifically the
interaction of environmental agents with genes during tumor development;
the effects of endocrine disruptors on human health; and animal models
for human disease. She also studies the molecular mechanisms of kidney,
breast, and uterine cancers and the mechanisms by which environmental
hormones reprogram the epigenome to increase susceptibility to these can-
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cers. She has served on the Board of Scientific Counselors of the National
Cancer Institute and the National Institute of Environmental Health Sciences National Toxicology Program and is a past president of the Society
of Toxicology. Dr. Walker received her Ph.D. from the Department of
Cell Biology at the University of Texas Health Science Center, Southwestern Medical School (Dallas), and completed postdoctoral training at the
National Institutes of Health.
Lauren Zeise is chief of the Reproductive and Cancer Hazard Assessment Branch of the California Environmental Protection Agency’s Office
of Environmental Health Hazard Assessment. She oversees or is involved
in a variety of California’s risk assessment activities, including cancer and
reproductive toxicant assessments; development of frameworks and methodologies for assessing toxicity, cumulative impact, nanotechnology, green
chemistry/safer alternatives, and susceptible populations; the California
Environmental Contaminant Biomonitoring Program; and health risk characterizations for environmental media, food, fuels and consumer products.
Dr. Zeise’s research focuses on human interindividual variability, dose
response, uncertainty, and risk. She was the 2008 recipient of the Society
of Risk Analysis’s Outstanding Practitioners Award. She has served on
advisory boards and committees of the Environmental Protection Agency
(EPA), Office of Technology Assessment, World Health Organization, and
National Institute of Environmental Health Sciences. Dr. Zeise has also
served on numerous National Research Council and Institute of Medicine
committees and boards. Most recently, she was a member of the Committee to Review EPA’s Title 42 Hiring Authority for Highly Qualified Scientists and Engineers, and the Committee on Use of Emerging Science for
Environmental Health Decisions. Dr. Zeise received a Ph.D. from Harvard
University.
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TABLE C-1 Compilation of Evidence Categories Used by Selected
Organizations
International Agency for
Research on Cancer
(IARC)
Overall evaluation
Finally, the body of
evidence is considered as
a whole, in order to reach
an overall evaluation of the
carcinogenicity of the agent to
humans.
An evaluation may be made
for a group of agents that have
been evaluated by the Working
Group. In addition, when
supporting data indicate that
other related agents, for which
there is no direct evidence of
their capacity to induce cancer
in humans or in animals,
may also be carcinogenic,
a statement describing the
rationale for this conclusion
is added to the evaluation
narrative; an additional
evaluation may be made for
this broader group of agents
if the strength of the evidence
warrants it.
The agent is described
according to the wording
of one of the following
categories, and the designated
group is given. The
categorization of an agent is a
matter of scientific judgement
that reflects the strength of the
evidence derived from studies
in humans and in experimental
animals and from mechanistic
and other relevant data.

Environmental
Protection Agency
(EPA)

National Toxicology
Program (NTP)
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World Cancer Research Fund/
American Institute for Cancer Research
(WCRF/AICR)
Special upgrading factors
These are factors that form part of the
assessment of the evidence that, when present,
can upgrade the judgement reached. So an
exposure that might be deemed a “limited—
suggestive” causal factor in the absence, say,
of a biological gradient, might be upgraded to
“probable” in its presence. The application of
these factors (listed below) requires judgement,
and the way in which these judgements affect
the final conclusion in the matrix are stated.
• Presence of a plausible biological gradient
(“dose response”) in the association. Such
a gradient need not be linear or even in the
same direction across the different levels of
exposure, so long as this can be explained
plausibly.
• A particularly large summary effect size (an
odds ratio or relative risk of 2.0 or more,
depending on the unit of exposure) after
appropriate control for confounders.
• Evidence from randomised trials in humans.
• Evidence from appropriately controlled
experiments demonstrating one or more
plausible and specific mechanisms actually
operating in humans.
• Robust and reproducible evidence from
experimental studies in appropriate animal
models showing that typical human
exposures can lead to relevant cancer
outcomes.

Institute of Medicine (IOM)
The committee relied entirely on clinical and
human epidemiologic studies to draw its conclusions
about the strength of evidence regarding associations
between deployment to the Gulf War and health
outcomes seen in Gulf War veterans. The committee
acknowledges, however, that animal studies might
prove helpful in providing biologic understanding
of many of the effects seen in humans from specific
exposures, such as pesticides, solvents, and nerve
agents, which have been reported by troops
deployed in the Gulf War. Furthermore, information
from molecular and cellular biology, neuroimaging,
and other types of human studies can be used
to understand the biological mechanisms and
identification of biomarkers for clinical outcomes.
Such studies, however, are not, in general, included
in this review.

continued

366

BREAST CANCER AND THE ENVIRONMENT

TABLE C-1 Continued
International Agency for
Research on Cancer
(IARC)

Environmental
Protection Agency
(EPA)

Group 1: The agent is
carcinogenic to humans.
This category is used when
there is sufficient evidence of
carcinogenicity in humans.
Exceptionally, an agent may be
placed in this category when
evidence of carcinogenicity
in humans is less than
sufficient but there is sufficient
evidence of carcinogenicity
in experimental animals and
strong evidence in exposed
humans that the agent acts
through a relevant mechanism
of carcinogenicity.

Carcinogenic to humans
This descriptor indicates strong
evidence of human carcinogenicity.
It covers different combinations of
evidence.

National Toxicology
Program (NTP)
Known to be human carcinogen
There is sufficient evidence of
carcinogenicity from studies in
humans,* which indicates a causal
relationship between exposure to
the agent, substance, or mixture,
and human cancer.

1. This descriptor is appropriate
when there is convincing epidemiologic
evidence of a causal association
between human exposure and cancer.
2. Exceptionally, this descriptor may
be equally appropriate with a lesser
weight of epidemiologic evidence that is
strengthened by other lines of evidence.
It can be used when all of the following
conditions are met: (a) there is strong
evidence of an association between
human exposure and either cancer or
the key precursor events of the agent’s
mode of action but not enough for
a causal association, and (b) there is
extensive evidence of carcinogenicity
in animals, and (c) the mode(s) of
carcinogenic action and associated key
precursor events have been identified in
animals, and (d) there is strong evidence
that the key precursor events that
precede the cancer response in animals
are anticipated to occur in humans and
progress to tumors, based on available
biological information. In this case, the
narrative includes a summary of both
the experimental and epidemiologic
information on mode of action and also
an indication of the relative weight that
each source of information carries, e.g.,
based on human information, based on
limited human and extensive animal
experiments.
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World Cancer Research Fund/
American Institute for Cancer Research
(WCRF/AICR)
Convincing
These criteria are for evidence strong enough
to support a judgement of a convincing
causal relationship, which justifies goals and
recommendations designed to reduce the
incidence of cancer. A convincing relationship
should be robust enough to be highly unlikely
to be modified in the foreseeable future as new
evidence accumulates.
All of the following were generally required:
• Evidence from more than one study type.
• Evidence from at least two independent
cohort studies.
• No substantial unexplained heterogeneity
within or between study types or in different
populations relating to the presence or
absence of an association, or direction of
effect.
• Good-quality studies to exclude with
confidence the possibility that the observed
association results from random or
systematic error, including confounding,
measurement error, and selection bias.
• Presence of a plausible biological gradient
(“dose response”) in the association. Such
a gradient need not be linear or even in the
same direction across the different levels of
exposure, so long as this can be explained
plausibly.
• Strong and plausible experimental evidence,
either from human studies or relevant
animal models, that typical human
exposures can lead to relevant cancer
outcomes.

Institute of Medicine (IOM)
Sufficient evidence of a causal relationship
Evidence is sufficient to conclude that a causal
relationship exists between being deployed to the
Gulf War and a health outcome. The evidence
fulfills the criteria for sufficient evidence of a causal
association in which chance, bias, and confounding
can be ruled out with reasonable confidence. The
association is supported by several of the other
considerations used to assess causality: strength of
association, dose–response relationship, consistency
of association, temporal relationship, specificity of
association, and biologic plausibility.
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TABLE C-1 Continued
International Agency for
Research on Cancer
(IARC)
Group 2:
This category includes
agents for which, at one
extreme, the degree of
evidence of carcinogenicity in
humans is almost sufficient,
as well as those for which,
at the other extreme, there
are no human data but for
which there is evidence of
carcinogenicity in experimental
animals. Agents are assigned
to either Group 2A (probably
carcinogenic to humans)
or Group 2B (possibly
carcinogenic to humans) on
the basis of epidemiological
and experimental evidence
of carcinogenicity and
mechanistic and other
relevant data. The terms
probably carcinogenic and
possibly carcinogenic have no
quantitative significance and
are used simply as descriptors
of different levels of evidence
of human carcinogenicity,
with probably carcinogenic
signifying a higher level
of evidence than possibly
carcinogenic.

Environmental
Protection Agency
(EPA)

National Toxicology
Program (NTP)
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TABLE C-1 Continued
International Agency for
Research on Cancer
(IARC)

Environmental
Protection Agency
(EPA)

Group 2A: The agent is
probably carcinogenic to
humans.
This category is used when
there is limited evidence of
carcinogenicity in humans
and sufficient evidence of
carcinogenicity in experimental
animals. In some cases, an
agent may be classified in
this category when there
is inadequate evidence of
carcinogenicity in humans
and sufficient evidence of
carcinogenicity in experimental
animals and strong evidence
that the carcinogenesis is
mediated by a mechanism
that also operates in humans.
Exceptionally, an agent may be
classified in this category solely
on the basis of limited evidence
of carcinogenicity in humans.
An agent may be assigned
to this category if it clearly
belongs, based on mechanistic
considerations, to a class of
agents for which one or more
members have been classified
in Group 1 or Group 2A.

Likely to be carcinogenic to humans
This descriptor is appropriate when
the weight of the evidence is adequate
to demonstrate carcinogenic potential
to humans but does not reach the
weight of evidence for the descriptor
“Carcinogenic to Humans.” Adequate
evidence consistent with this descriptor
covers a broad spectrum. As stated
previously, the use of the term “likely”
as a weight of evidence descriptor
does not correspond to a quantifiable
probability. The examples below are
meant to represent the broad range of
data combinations that are covered
by this descriptor; they are illustrative
and provide neither a checklist
nor a limitation for the data that
might support use of this descriptor.
Moreover, additional information, e.g.,
on mode of action, might change the
choice of descriptor for the illustrated
examples. Supporting data for this
descriptor may include:
• an agent demonstrating a plausible
(but not definitively causal)
association between human
exposure and cancer, in most cases
with some supporting biological,
experimental evidence, though not
necessarily carcinogenicity data
from animal experiments;
• an agent that has tested positive in
animal experiments in more than
one species, sex, strain, site, or
exposure route, with or without
evidence of carcinogenicity in
humans;
• a positive tumor study that raises
additional biological concerns
beyond that of a statistically
significant result, for example, a
high degree of malignancy, or an
early age at onset;
• a rare animal tumor response in a
single experiment that is assumed
to be relevant to humans; or

National Toxicology
Program (NTP)
Reasonably anticipated to be
human carcinogen:
There is limited evidence of
carcinogenicity from studies in
humans,* which indicates that
causal interpretation is credible,
but that alternative explanations,
such as chance, bias, or
confounding factors, could not
adequately be excluded,
or
there is sufficient evidence of
carcinogenicity from studies in
experimental animals, which
indicates there is an increased
incidence of malignant and/or a
combination of malignant and
benign tumors (1) in multiple
species or at multiple tissue
sites, or (2) by multiple routes of
exposure, or (3) to an unusual
degree with regard to incidence,
site, or type of tumor, or age at
onset,
or
there is less than sufficient
evidence of carcinogenicity in
humans or laboratory animals;
however, the agent, substance,
or mixture belongs to a welldefined, structurally related class
of substances whose members
are listed in a previous Report
on Carcinogens as either known
to be a human carcinogen or
reasonably anticipated to be a
human carcinogen, or there is
convincing relevant information
that the agent acts through
mechanisms indicating it would
likely cause cancer in humans.
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World Cancer Research Fund/
American Institute for Cancer Research
(WCRF/AICR)
Probable
These criteria are for evidence strong enough
to support a judgement of a probable causal
relationship, which would generally justify goals
and recommendations designed to reduce the
incidence of cancer.
All the following were generally required:

Institute of Medicine (IOM)
Sufficient evidence of an association
Evidence suggests an association, in that a positive
association has been observed between deployment
to the Gulf War and a health outcome in humans;
however, there is some doubt as to the influence of
chance, bias, and confounding.

• Evidence from at least two independent
cohort studies, or at least five case–control
studies.
• No substantial unexplained heterogeneity
between or within study types in the
presence or absence of any association, or
direction of effect.
• Good quality studies to exclude with
confidence the possibility that the observed
association results from random or
systematic error, including confounding,
measurement error, and selection bias.
• Evidence for biological plausibility.
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TABLE C-1 Continued
International Agency for
Research on Cancer
(IARC)

Environmental
Protection Agency
(EPA)

National Toxicology
Program (NTP)

• a positive tumor study that is
Conclusions regarding
strengthened by other lines of
carcinogenicity in humans or
evidence, for example, either
experimental animals are based
plausible (but not definitively
on scientific judgment, with
causal) association between human consideration given to all relevant
exposure and cancer or evidence
information. Relevant information
that the agent or an important
includes, but is not limited to,
metabolite causes events generally dose response, route of exposure,
known to be associated with tumor chemical structure, metabolism,
formation (such as DNA reactivity pharmacokinetics, sensitive subor effects on cell growth control) populations, genetic effects, or
likely to be related to the tumor
other data relating to mechanism
response in this case.
of action or factors that may be
unique to a given substance. For
example, there may be substances
for which there is evidence of
carcinogenicity in laboratory
animals, but there are compelling
data indicating that the agent
acts through mechanisms which
do not operate in humans and
would therefore not reasonably
be anticipated to cause cancer in
humans.
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TABLE C-1 Continued
International Agency for
Research on Cancer
(IARC)

Environmental
Protection Agency
(EPA)

Group 2B: The agent is
possibly carcinogenic to
humans.
This category is used
for agents for which there
is limited evidence of
carcinogenicity in humans and
less than sufficient evidence of
carcinogenicity in experimental
animals. It may also be used
when there is inadequate
evidence of carcinogenicity in
humans but there is sufficient
evidence of carcinogenicity
in experimental animals. In
some instances, an agent for
which there is inadequate
evidence of carcinogenicity in
humans and less than sufficient
evidence of carcinogenicity in
experimental animals together
with supporting evidence
from mechanistic and other
relevant data may be placed in
this group. An agent may be
classified in this category solely
on the basis of strong evidence
from mechanistic and other
relevant data.

Suggestive evidence of carcinogenic
potential
This descriptor of the database
is appropriate when the weight
of evidence is suggestive of
carcinogenicity; a concern for potential
carcinogenic effects in humans is
raised, but the data are judged not
sufficient for a stronger conclusion.
This descriptor covers a spectrum of
evidence associated with varying levels
of concern for carcinogenicity, ranging
from a positive cancer result in the only
study on an agent to a single positive
cancer result in an extensive database
that includes negative studies in other
species. Depending on the extent of
the database, additional studies may or
may not provide further insights. Some
examples include:
• a small, and possibly not
statistically significant, increase
in tumor incidence observed in
a single animal or human study
that does not reach the weight of
evidence for the descriptor “Likely
to Be Carcinogenic to Humans.”
The study generally would not
be contradicted by other studies
of equal quality in the same
population group or experimental
system (see discussions of
conflicting evidence and differing
results, below);
• a small increase in a tumor with
a high background rate in that
sex and strain, when there is
some but insufficient evidence
that the observed tumors may be
due to intrinsic factors that cause
background tumors and not due
to the agent being assessed. (When
there is a high background rate
of a specific tumor in animals of
a particular sex and strain, then
there may be biological factors
operating independently of the
agent being assessed that could be
responsible for the development of
the observed tumors.) In this case,
the reasons for determining that the
tumors are not due to the agent are
explained;

National Toxicology
Program (NTP)
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Limited—suggestive
These criteria are for evidence that is too
limited to permit a probable or convincing
causal judgement, but where there is evidence
suggestive of a direction of effect. The evidence
may have methodological flaws, or be limited
in amount, but shows a generally consistent
direction of effect. This almost always does not
justify recommendations designed to reduce
the incidence of cancer. Any exceptions to this
require special explicit justification. All the
following were generally required:

Institute of Medicine (IOM)
Limited/suggestive evidence of an association
Some evidence of an association between
deployment to the Gulf War and a health outcome
in humans exists, but this is limited by the presence
of substantial doubt regarding chance, bias, and
confounding.

• Evidence from at least two independent
cohort studies or at least five case–control
studies.
• The direction of effect is generally consistent
though some unexplained heterogeneity may
be present.
• Evidence for biological plausibility.
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TABLE C-1 Continued
International Agency for
Research on Cancer
(IARC)

Environmental
Protection Agency
(EPA)
• evidence of a positive response in
a study whose power, design, or
conduct limits the ability to draw a
confident conclusion (but does not
make the study fatally flawed), but
where the carcinogenic potential
is strengthened by other lines of
evidence (such as structure-activity
relationships); or
• a statistically significant increase
at one dose only, but no significant
response at the other doses and no
overall trend.

Group 3: The agent is
not classifiable as to its
carcinogenicity to humans.
This category is used most
commonly for agents for which
the evidence of carcinogenicity
is inadequate in humans
and inadequate or limited in
experimental animals.
Exceptionally, agents
for which the evidence of
carcinogenicity is inadequate
in humans but sufficient in
experimental animals may
be placed in this category
when there is strong evidence
that the mechanism of
carcinogenicity in experimental
animals does not operate in
humans.
Agents that do not fall
into any other group are also
placed in this category.
An evaluation in Group
3 is not a determination of
non-carcinogenicity or overall
safety. It often means that
further research is needed,
especially when exposures are
widespread or the cancer data
are consistent with differing
interpretations.

Inadequate information to assess
carcinogenic potential
This descriptor of the database is
appropriate when available data are
judged inadequate for applying one
of the other descriptors. Additional
studies generally would be expected to
provide further insights. Some examples
include:
– little or no pertinent information;
– conflicting evidence, that is,
some studies provide evidence of
carcinogenicity but other studies
of equal quality in the same sex
and strain are negative. Differing
results, that is, positive results
in some studies and negative
results in one or more different
experimental systems, do not
constitute conflicting evidence, as
the term is used here. Depending
on the overall weight of evidence,
differing results can be considered
either suggestive evidence or likely
evidence; or
– negative results that are not
sufficiently robust for the
descriptor, “Not Likely to Be
Carcinogenic to Humans.”

National Toxicology
Program (NTP)
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World Cancer Research Fund/
American Institute for Cancer Research
(WCRF/AICR)

Limited—no conclusion
Evidence is so limited that no firm conclusion
can be made. This category represents an entry
level, and is intended to allow any exposure for
which there are sufficient data to warrant Panel
consideration, but where insufficient evidence
exists to permit a more definitive grading. This
does not necessarily mean a limited quantity of
evidence. A body of evidence for a particular
exposure might be graded “limited—no
conclusion” for a number of reasons. The
evidence might be limited by the amount of
evidence in terms of the number of studies
available, by inconsistency of direction of effect,
by poor quality of studies (for example, lack of
adjustment for known confounders), or by any
combination of these factors. Exposures that are
graded “limited—no conclusion” do not appear
in the matrices presented in Chapters 4–6, but
do appear in Chapters 7 and 8.
When an exposure is graded “limited—no
conclusion”, this does not necessarily indicate
that the Panel has judged that there is evidence
of no relationship. With further good quality
research, any exposure graded in this way might
in the future be shown to increase or decrease the
risk of cancer. Where there is sufficient evidence
to give confidence that an exposure is unlikely to
have an effect on cancer risk, this exposure will
be judged “substantial effect on risk unlikely.”
There are also many exposures for which
there is such limited evidence that no judgement
is possible. In these cases, evidence is recorded
in the full SLR reports contained on the
CD included with this Report. However,
such evidence is usually not included in the
summaries and is not included in the matrices in
this printed Report.

Institute of Medicine (IOM)

Inadequate/insufficient evidence to determine
whether an association exists
The available studies are of insufficient quality,
validity, consistency, or statistical power to permit
a conclusion regarding the presence or absence of
an association between deployment to the Gulf War
and a health outcome in humans.
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TABLE C-1 Continued
International Agency for
Research on Cancer
(IARC)

Environmental
Protection Agency
(EPA)

Group 4: The agent is
probably not carcinogenic to
humans.
This category is used
for agents for which there
is evidence suggesting
lack of carcinogenicity in
humans and in experimental
animals. In some instances,
agents for which there is
inadequate evidence of
carcinogenicity in humans but
evidence suggesting lack of
carcinogenicity in experimental
animals, consistently and
strongly supported by a broad
range of mechanistic and other
relevant data, may be classified
in this group.

Not likely to be carcinogenic to humans
This descriptor is appropriate when
the available data are considered robust
for deciding that there is no basis
for human hazard concern. In some
instances, there can be positive results
in experimental animals when there is
strong, consistent evidence that each
mode of action in experimental animals
does not operate in humans. In other
cases, there can be convincing evidence
in both humans and animals that the
agent is not carcinogenic. The judgment
may be based on data such as:
• animal evidence that demonstrates
lack of carcinogenic effect in both
sexes in well-designed and wellconducted studies in at least two
appropriate animal species (in the
absence of other animal or human
data suggesting a potential for
cancer effects),
• convincing and extensive
experimental evidence showing
that the only carcinogenic effects
observed in animals are not
relevant to humans,
• convincing evidence that
carcinogenic effects are not likely
by a particular exposure route (see
Section 2.3), or
• convincing evidence that
carcinogenic effects are not likely
below a defined dose range.
A descriptor of “not likely” applies
only to the circumstances supported by
the data. For example, an agent may
be “Not Likely to Be Carcinogenic”
by one route but not necessarily by
another. In those cases that have
positive animal experiment(s) but the
results are judged to be not relevant to
humans, the narrative discusses why the
results are not relevant.

National Toxicology
Program (NTP)
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World Cancer Research Fund/
American Institute for Cancer Research
(WCRF/AICR)
Substantial effect on risk unlikely
Evidence is strong enough to support a
judgement that a particular food, nutrition, or
physical activity exposure is unlikely to have a
substantial causal relation to a cancer outcome.
The evidence should be robust enough to be
unlikely to be modified in the foreseeable future
as new evidence accumulates.
All of the following were generally required:
• Evidence from more than one study type.
• Evidence from at least two independent
cohort studies.
• Summary estimate of effect close to 1.0 for
comparison of high versus low exposure
categories.
• No substantial unexplained heterogeneity
within or between study types or in different
populations.
• Good quality studies to exclude, with
absence of an observed association results
from random or systematic error, including
inadequate power, imprecision or error in
exposure measurement, inadequate range of
exposure, confounding, and selection bias.
• Absence of a demonstrable biological
gradient (“dose response”).
• Absence of strong and plausible
experimental evidence, either from human
studies or relevant animal models, that
typical human exposures lead to relevant
cancer outcomes.

Institute of Medicine (IOM)
Limited/suggestive evidence of no association
There are several adequate studies, covering the
full range of levels of exposure that humans are
known to encounter, that are consistent in not
showing an association between deployment to the
Gulf War and a health outcome. A conclusion of no
association is inevitably limited to the conditions,
levels of exposure, and length of observation
covered by the available studies. In addition, the
possibility of a very small increase in risk at the
levels of exposure studied can never be excluded.

Factors that might misleadingly imply an
absence of effect include imprecision of the
exposure assessment, an insufficient range
of exposure in the study population, and
inadequate statistical power. Defects in these
and other study design attributes might lead to a
false conclusion of no effect.
The presence of a plausible, relevant
biological mechanism does not necessarily rule
out a judgement of “substantial effect on risk
unlikely.” But the presence of robust evidence
from appropriate animal models or in humans
that a specific mechanism exists, or that typical
exposures can lead to cancer outcomes, argues
against such a judgement.
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TABLE C-1 Continued
International Agency for
Research on Cancer
(IARC)

Environmental
Protection Agency
(EPA)

National Toxicology
Program (NTP)

*This evidence can include traditional cancer epidemiology studies, data from clinical studies, and/or data
derived from the study of tissues or cells from humans exposed to the substance in question that can be
useful for evaluating whether a relevant cancer mechanism is operating in people.
SOURCES: EPA (2005); NTP (2005); IARC (2006, pp. 22–23), used with permission: From Monographs on
the evaluation of carcinogenic risks to humans: Preamble. Lyon, France: IARC. http://monographs.iarc.fr/
ENG/Preamble/CurrentPreamble.pdf; WCRF/AICR (2007, pp. 60–61), used with permission; IOM (2010).
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World Cancer Research Fund/
American Institute for Cancer Research
(WCRF/AICR)
Because of the uncertainty inherent in
concluding that an exposure has no effect on
risk, the criteria used to judge an exposure
“substantial effect on risk unlikely” are roughly
equivalent to the criteria used with at least a
“probable” level of confidence. Conclusions of
“substantial effect on risk unlikely” with a lower
confidence than this would not be helpful, and
could overlap with judgements of “limited—
suggestive” or “limited—no conclusion.”

Institute of Medicine (IOM)
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TABLE C-2 Supplemental Criteria Used by IARC and WCRF/AICR in
Evaluation of Evidence
IARC
Human

Animal

Sufficient evidence of
carcinogenicity: The Working
Group considers that a causal
relationship has been established
between exposure to the agent and
human cancer. That is, a positive
relationship has been observed
between the exposure and cancer
in studies in which chance, bias
and confounding could be ruled
out with reasonable confidence. A
statement that there is sufficient
evidence is followed by a separate
sentence that identifies the target
organ(s) or tissue(s) where an
increased risk of cancer was
observed in humans. Identification
of a specific target organ or tissue
does not preclude the possibility
that the agent may cause cancer at
other sites.

Sufficient evidence of carcinogenicity: The
Working Group considers that a causal
relationship has been established between the
agent and an increased incidence of malignant
neoplasms or of an appropriate combination
of benign and malignant neoplasms in (a) two
or more species of animals or (b) two or more
independent studies in one species carried out
at different times or in different laboratories or
under different protocols. An increased incidence
of tumours in both sexes of a single species in a
well-conducted study, ideally conducted under
Good Laboratory Practices, can also provide
sufficient evidence.
A single study in one species and sex might
be considered to provide sufficient evidence of
carcinogenicity when malignant neoplasms occur
to an unusual degree with regard to incidence,
site, type of tumour or age at onset, or when
there are strong findings of tumours at multiple
sites.

Limited evidence of
carcinogenicity: A positive
association has been observed
between exposure to the agent
and cancer for which a causal
interpretation is considered by the
Working Group to be credible, but
chance, bias or confounding could
not be ruled out with reasonable
confidence.

Limited evidence of carcinogenicity: The data
suggest a carcinogenic effect but are limited for
making a definitive evaluation because, e.g., (a)
the evidence of carcinogenicity is restricted to
a single experiment; (b) there are unresolved
questions regarding the adequacy of the design,
conduct or interpretation of the studies; (c) the
agent increases the incidence only of benign
neoplasms or lesions of uncertain neoplastic
potential; or (d) the evidence of carcinogenicity
is restricted to studies that demonstrate only
promoting activity in a narrow range of tissues
or organs.

Inadequate evidence of
carcinogenicity: The available
studies are of insufficient quality,
consistency or statistical power to
permit a conclusion regarding the
presence or absence of a causal
association between exposure and
cancer, or no data on cancer in
humans are available.

Inadequate evidence of carcinogenicity: The
studies cannot be interpreted as showing either
the presence or absence of a carcinogenic effect
because of major qualitative or quantitative
limitations, or no data on cancer in experimental
animals are available.
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Mechanism
The strongest indications that a particular mechanism operates in humans derive from
data on humans or biological specimens obtained from exposed humans. The data may
be considered to be especially relevant if they show that the agent in question has caused
changes in exposed humans that are on the causal pathway to carcinogenesis. Such data
may, however, never become available, because it is at least conceivable that certain
compounds may be kept from human use solely on the basis of evidence of their toxicity
and/or carcinogenicity in experimental systems.
The conclusion that a mechanism operates in experimental animals is strengthened
by findings of consistent results in different experimental systems, by the demonstration
of biological plausibility and by coherence of the overall database. Strong support can
be obtained from studies that challenge the hypothesized mechanism experimentally, by
demonstrating that the suppression of key mechanistic processes leads to the suppression of
tumour development. The Working Group considers whether multiple mechanisms might
contribute to tumour development, whether different mechanisms might operate in different
dose ranges, whether separate mechanisms might operate in humans and experimental
animals and whether a unique mechanism might operate in a susceptible group. The
possible contribution of alternative mechanisms must be considered before concluding that
tumours observed in experimental animals are not relevant to humans. An uneven level of
experimental support for different mechanisms may reflect that disproportionate resources
have been focused on investigating a favoured mechanism.
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TABLE C-2 Continued
IARC
Evidence suggesting lack of
carcinogenicity: There are several
adequate studies covering the full
range of levels of exposure that
humans are known to encounter,
which are mutually consistent in
not showing a positive association
between exposure to the agent and
any studied cancer at any observed
level of exposure. The results from
these studies alone or combined
should have narrow confidence
intervals with an upper limit close
to the null value (e.g., a relative
risk of 1.0). Bias and confounding
should be ruled out with reasonable
confidence, and the studies should
have an adequate length of
follow-up. A conclusion of evidence
suggesting lack of carcinogenicity
is inevitably limited to the cancer
sites, conditions and levels of
exposure, and length of observation
covered by the available studies. In
addition, the possibility of a very
small risk at the levels of exposure
studied can never be excluded.

Evidence suggesting lack of carcinogenicity:
Adequate studies involving at least two species
are available which show that, within the limits
of the tests used, the agent is not carcinogenic.
A conclusion of evidence suggesting lack of
carcinogenicity is inevitably limited to the
species, tumour sites, age at exposure, and
conditions and levels of exposure studied.

WCRF/AICR
Class 1
• In vivo data from studies in
human volunteers (controlled
human feeding studies).
• In vivo data from studies using
genetically modified animal
models related to human cancer
(such as gene knockout or
transgenic mouse models).
• In vivo data from studies using
rodent cancer models designed
to investigate modifiers of the
cancer process.

Class 2
• In vitro data from studies using human cells
validated with an in vivo model; for example,
a transgenic model.
• In vitro data from studies using primary
human cells.
• In vitro data from studies using human cell
lines.

SOURCES: IARC (2006, pp. 19–21), used with permission: From Monographs on the evaluation of carcinogenic risks to humans: Preamble. Lyon, France: IARC. http://monographs.iarc.
fr/ENG/Preamble/CurrentPreamble.pdf; WCRF/AICR (2007, p. 55), used with permission.
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Class 3
• In vitro data from studies on animal cells.
• Data from mechanistic test systems; for example, isolated enzymes or genes.

385

386

BREAST CANCER AND THE ENVIRONMENT

REFERENCES
EPA (Environmental Protection Agency). 2005. Guidelines for carcinogen risk assessment.
Washington, DC: EPA.
IARC (International Agency for Research on Cancer). 2006. Monographs on the evaluation
of carcinogenic risks to humans: Preamble. Lyon, France: IARC. http://monographs.iarc.
fr/ENG/Preamble/CurrentPreamble.pdf (accessed November 18, 2011).
IOM (Institute of Medicine). 2010. Gulf War and health: Update of health effects of serving
in the Gulf War. Washington, DC: The National Academies Press.
NTP (National Toxicology Program). 2005. Report on carcinogens, 11th ed. Washington, DC:
U.S. Department of Health and Human Services.
WCRF/AICR (World Cancer Research Fund/American Institute for Cancer Research). 2007.
Food, nutrition, physical activity, and the prevention of cancer: A global perspective.
Washington, DC: AICR.

Appendix D
Summary Table on Estimates of
Population Attributable Risk

387

388

BREAST CANCER AND THE ENVIRONMENT

TABLE D-1 Summary of Estimates of Population Attributable Risk for
Risk Factors for Breast Cancer

Source

Study Location and Type

Study Population Characteristics

U.S.

NHANES I Epidemiologic Follow-up
Study (NHEFS) (1971–1987)
Women, ages 25–74 at initial
examination

United States
Madigan et al.
(1995)

Cohort

7,508 in analytic cohort
193 breast cancer cases

Rockhill et al.
(1998)

U.S.
Unmatched case–control
with randomized
recruitment

Carolina Breast Cancer Study
(1993–1996)
Women, ages 20–74 (white women for
PAR analysis)
513 cases
445 controls

Tseng et al.
(1999)

U.S.

NHANES III (1988–1994)

Survey data for risk factor
prevalence

No age restrictions
U.S. women

Adjusted RR from
meta-analysis
Incidence rates from SEER
data (1990–1994)
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Risk Factors and
Relative Risk Estimatesa

History of breast cancer in 1st
degree relative = 2.6
Income in upper two thirds of
U.S. population = 1.7
Age at first birth > than 29
yrs = 1.9
Nulliparity = 1.8

Population Attributable
Risk in Percentb
(95% CI, where available)

Estimates for U.S.
All factors: 41 (1.6–80.0)
Family history: 9 (3.0–15.2)
Higher income: 19 (-4.3–42.1)
Later age at first birth or
nulliparity: 30 (5.6–53.3)
Estimates for NHEFS
All factors: 47 (16.7–76.7)
Family history: 8 (2.3–13.9)
Higher income: 23 (5.4–39.9)
Later age at first birth or
nulliparity: 30 (8.9–51.4)

Early menarche (< age 12 =
1.24; age 12–13 = 1.08)
Later age of first full-term
pregnancy (≥ age 20) 1.08
to 1.53, depending on age
group
Breast cancer in mother or
sister = 1.36
History of benign breast
biopsy = 1.06

All: 25 (6–48)
With menarche at < age 14
and first birth at ≥ age 20,
or nulliparity

Alcohol consumption
None = 1.0
Light (0.1–6.4 g/day) = 1.0
Moderate (6.5–25.9 g/day)
= 1.1
Heavy (≥ 26 g/day) = 1.3

Alcohol consumption: 2
(~1.2–2.9)

Impact on
Absolute Risk

NHEFS age adjusted
baseline incidence
per 100,000
(standardized
to 1970 U.S.
population)
History of breast
cancer in 1st degree
relative = 470
Income in upper
two thirds of U.S.
population = 259
Age at first birth > than
29 = 260
Nulliparity = 259
Not reported

All: 15 (~5–20)
With menarche at < age 12
and first birth at ≥ age 30,
or nulliparity
Not reported
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TABLE D-1 Continued

Source

Study Location and Type

Study Population Characteristics

Clarke et al.
(2006)

U.S.

California Health Interview Survey, 2001

Survey data for risk factor
prevalence

White, non-Hispanic women, ages
40–79

Published literature for
RRs

Analysis for counties and hypothetical
populations

Incidence from California
Cancer Registry
(1998–2002)

3,781,621 women
13,019 breast cancer cases

U.S.

Collaborative Breast Cancer Study—
Wisconsin, Massachusetts, New
Hampshire (1996–2000)

Sprague et al.
(2008)

Unmatched case–control
Cases from cancer
registries; populationbased controls

Women, ages 20–69 (95% white,
non-Hispanic)

3,499 cases
4,213 controls
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Risk Factors and
Relative Risk Estimatesa

Population Attributable
Risk in Percentb
(95% CI, where available)

Impact on
Absolute Risk

Alcohol (2+ drinks/day on 10+
days/mo) = 1.4
HT (E+P) = 1.26
Physical inactivity (no
vigorous/moderate activity
in past month) = 1.3

Alcohol: 3.5
HT (E+P): 4.4
Physical inactivity: 7.5

Alcohol: 450 cases/yr
HT (E+P): 567 cases/yr
Physical inactivity:
1,422 cases/yr

Not modifiable
Age at menarche (< age 15
yrs) = 1.20–1.37
Age at menopause (≥ age 45
yrs) = 1.22–1.40
Age at first full-term
pregnancy (< age 20 yrs,
parous women only) =
1.02–1.42
Parity (< 4 births) = 1.13–1.35
1st degree family history =
1.66
History of benign breast
disease = 1.53
Height at age 25 (≥ 1.6 m) =
1.11–1.27

Not modifiable 57.3
(47.5–65.4)
Age at menarche: 18.8
(7.9–29.0)
Age at menopause: 13.7
(6.6–19.6)
Age at first full-term
pregnancy: 5.2 (–3.2–13.9)
Parity: 13.3 (6.9–19.8)
1st degree family history: 8.5
(6.5–10.5)
History of benign breast
disease: 9.7 (7.3–12.0)
Height at age 25: 11.0
(3.5–18.5)

Not reported

Modifiable
Alcohol (≥ 1 drink/wk) =
1.12–1.43
HT, current use (E, E+P, or
other) = 0.96–1.31
Physical inactivity (≤ 5 hrs/
wk) = 1.17–1.26
Weight gain (since age 18,
> 5 kg) = 1.27–1.57

Modifiable 40.7 (23.0–55.1)
Alcohol: 6.1 (2.1–10.3),
HT, current use: 4.6
(–3.5–11.9)
Physical activity: 15.7
(–6.5–33.7)
Weight gain: 21.3 (13.1–29.3)
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TABLE D-1 Continued

Source

Study Location and Type

Study Population Characteristics

Italy

Unmatched hospital cases (ages 23–74,
median 55 yrs) and controls (ages
20–74, median 56 yrs) (1991–1994)

Europe and Canada
Mezzetti et al.
(1998)

Case–control

2,569 cases
2,588 controls
Bakken et al.
(2004)

Norway

Norwegian Women and Cancer study

Cohort

Postmenopausal women, ages 45–64,
recruited in 1991–1992 or 1996–1997

Cases identified from
national cancer registry

Neutel and
Morrison (2010)

Canada
Survey data for risk factor
prevalence
Published literature for
RRs
National age-adjusted
cancer incidence rates

31,451 in cohort

National Population Health Survey
(1994–2006)
Canadian women ages 50–69
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Relative Risk Estimatesa

Population Attributable
Risk in Percentb
(95% CI, where available)

Low levels of physical activity
= 1.5
Alcohol consumption
(> 20 g/day) = 1.25

Aggregate: 19.2 (1.5–36.8)
Physical activity: 11.6
(–0.1–23.3)
Alcohol: 10.7 (4.4–17.0)

Not reported

HT, ever used = 1.9
HT, current use = 2.1

Current use of HT: 27

300 cases/yr

2000
All: 28.9
Alcohol: 1.8
HT use: 11.5
Obesity: 7.6
Physical inactivity: 8.0
Smoking: 3.8

Not reported

Impact on
Absolute Risk

(HT formulations different
from those in U.S.)

Modifiable risk factors:
Alcohol (> 9 drinks/wk) = 1.4
HT use = 1.4
Obesity (BMI ≥ 30 kg/m(2))
= 1.4
Physical inactivity = 1.15
Smoking, current = 1.25

2006
All: 23.6
Alcohol: 2.6
HT use: 5.2
Obesity: 8.8
Physical inactivity: 6.4
Smoking: 3.1
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TABLE D-1 Continued

Source

Study Location and Type

Study Population Characteristics

Barnes et al.
(2010)

Germany

Mammary carcinoma Risk factor
Investigation (MARIE) (2001–2005)

Case–control
Postmenopausal women, ages 50–74
3,074 cases
6,386 controls

Friedenreich et
al. (2010)

Europe (15 countries)

Eurobarometer, Wave 58.2 (2002)

Survey data for risk factor
prevalence

Incidence (2008)

Review of published
literature for RR
Incidence from estimates
by IARC
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Risk Factors and
Relative Risk Estimatesa
Not modifiable
Age at menarche (< age 15
yrs) = 1.11–1.16
Age at menopause (≥ age 45
yrs) = 1.12–1.36
Parity (< 3 births) = 1.08–1.30
1st degree family history =
1.49
History of benign breast
disease = 1.24
Modifiable
Alcohol (≥ 1 g/day) =
0.93–0.93
BMI (> 22.4 kg/m(2)) =
0.93–1.06
HT, current use (E, E+P, or
other) = 1.19–2.25
Physical activity (< 76.5 MET
hrs/wk of recreational
activities since age 50 yrs) =
1.16–1.23
Physical activity = 0.75
Sufficiently active (3,000
MET-minutes in 7 days
or 1,500 MET-minutes of
vigorous activity over 3 or
more days)
Not sedentary (≥ 600 METminutes over 7 days)

Population Attributable
Risk in Percentb
(95% CI, where available)
Not modifiable: 37.2
(27.1–47.2)
Age at menarche: 7.7
(0.2–14.1)
Age at menopause: 12.0
(3.9–20.2)
Parity: 10.9 (1.3–18.8)
1st degree family history: 5.7
(4.1–7.5)
History of benign breast
disease: 7.9 (4.4–11.6)

Impact on
Absolute Risk
Not reported

Modifiable: 26.3 (13.7–37.5)
Alcohol: –7.6 (-21.1–3.6)
BMI: 2.4 (-2.8–7.4)
HT: 19.4 (15.9–23.2)
Physical activity: 12.8
(5.5–20.8)

Insufficiently active: 20
Sedentary: 10

Insufficiently active:
83,353 cases/yr
Sedentary: 42,837
cases/yr
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TABLE D-1 Continued

Source

Study Location and Type

Study Population Characteristics

Petracci et al.
(2011)

Italy

Absolute risks: Florence cancer registry
(1989–1993)

Model to predict absolute
risk; tested with
independent data

For model development: Case–control
subjects (1991–1994), ages 20–74
For validation: Florence-EPIC cohort
(1998–2004), ages 35–64

NOTES: Variation across studies in estimated PAR values reflects differences in the prevalence
of exposure, in overlap among multiple risk factors, in susceptibility to the risk factor, and in
the degree of control for confounding. For these and other reasons, the PARs should be viewed
as ballpark estimates based on current science and the assumption that measured associations
for these factors are primarily causal.
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Relative Risk Estimatesa
Aggregate contribution of
elimination of risk factors
(no alcohol consumption,
physical activity of ≥ 2 hrs
per week, and BMI at age ≥
50 yrs of < 25 kg/m2)

Population Attributable
Risk in Percentb
(95% CI, where available)
Entire population
10-yr period
Age 45: 20.5 (11.0–29.2)
Age 55: 24.5 (14.7–34.2)
Age 65: 24.5 (14.6–34.1)

Impact on
Absolute Risk
Absolute risk reduction
from elimination of
risk factors, reported
in percentage point
change (95% CI)
Entire population

20-yr period
Age 45: 20.9 (11.6–29.6)
Age 55: 24.0 (14.4–33.7)
Age 65: 24.0 (14.3–33.6)

10-yr period
Age 45: 0.6 (0.3–1.0)
Age 55: 0.8 (0.5–1.1)
Age 65: 0.9 (0.5–1.3)
20-yr period
Age 45: 1.4 (0.7–2.0)
Age 55: 1.6 (0.9–2.3)
Age 65: 1.6 (0.9–2.3)

Abbreviations: BMI, body mass index; CI, confidence interval; E, estrogen-only hormone
therapy; E+P, estrogen–progestin hormone therapy; EPIC, European Prospective Investigation
into Cancer; HT, hormone therapy; IARC, International Agency for Research on Cancer;
MET, metabolic equivalent; NHANES, National Health and Nutrition Examination Survey;
PAR, population attributable risk; RR, relative risk.
aIncludes relative risks or odds ratios, when reported; range of relative risks provided when
multiple risk categories were used in the original report.
bPopulation attributable risk is the fraction of all cases of breast cancer in the studied population in which the factor of interest appears to play a role.
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Appendix E
Glossary

Absolute risk: Risk of developing a disease over a set time period. Similar
in concept to the incidence rate, calculated by dividing the number of
new cases of a given disease by the number of people at risk for the
disease over a defined period of time.
Adaptive immunity: A second line of defense, distinct from the more generalized innate immune response, in which the body reacts in a manner
specific to invading pathogens and any toxic molecules they produce.
Adaptive immune responses often confer long-lasting protection from
a specific pathogen (adapted from Alberts et al., 2002).
Adipose tissue: Specialized connective tissue composed of adipocytes, or
fat cells.
Allele: One of two or more versions of a gene. An individual inherits two
alleles for each gene, one from each parent. If the two alleles are the
same, the individual is homozygous for that gene; if the two alleles are
different, the individual is said to be heterozygous (NHGRI, 2011).
Androgen: A sex hormone responsible for the development and maintenance of male sex characteristics.
Apoptosis: A complex program of cellular self-destruction and death
(adapted from Weinberg, 2007).
Aromatase: An enzyme that catalyzes the conversion of testosterone to
estradiol.
Association: Statistical relationship between two or more events, characteristics, or other variables (CDC, 2010).
Attributable risk: The percentage of cases that occur in the exposed group
that is in excess of the cases in the comparison group.
399

400

BREAST CANCER AND THE ENVIRONMENT

Benign: Describing a growth that is confined to a specific site within a tissue and gives no evidence of invading adjacent tissue (Weinberg, 2007).
Benign tumors are typically not life threatening.
Biomarker: A characteristic that is objectively measured and evaluated as
an indicator of normal biological processes, pathogenic processes, or
pharmacologic responses to an intervention (IOM, 2010).
Body mass index (BMI): A measure of adiposity calculated from an individual’s height and weight as an alternative for direct measures of body
fat (CDC, 2011).
BRCA1/BRCA2: Human genes that belong to a class of genes known as
tumor suppressors. Mutation of these genes has been linked to hereditary breast and ovarian cancers (NCI, 2011).
Carcinogen: An agent that contributes to the formation of a tumor
(Weinberg, 2007).
Case–control study: A type of observational analytic study. Enrollment
into the study is based on presence (“case”) or absence (“control”) of
disease. Characteristics such as previous exposure are then compared
between cases and controls (CDC, 2010).
Chromatin: Complex of DNA, histones, and non-histone proteins found in
the nucleus of a eukaryotic cell. The material of which chromosomes
are made (Alberts et al., 2002).
Circadian rhythm: Physical, mental and behavioral changes that follow a
roughly 24-hour cycle, responding primarily to light and darkness in
an organism’s environment (NIGMS, 2011).
Cluster: An aggregation of cases of a disease or other health-related condition, particularly cancer and birth defects, which are closely grouped
in time and place. The number of cases may or may not exceed the
expected number; frequently the expected number is not known (CDC,
2010).
Cohort: A well-defined group of people who are followed up for the incidence of new diseases or events, as in a cohort or prospective study.
A group of people born during a particular period or year is called a
birth cohort (CDC, 2010).
Confidence interval: A range of values for a statistic of interest, such as a
rate, constructed so that this range has a specified probability of including the true value of the variable. The specified probability is called
the confidence level, and the endpoints of the confidence interval are
called the confidence limits (CDC, 2010). It may be thought of as the
range of values that are consistent at a given level of confidence with a
quantitative observation or measurement.
Confidence limit: The minimum or maximum value of a confidence interval
(CDC, 2010).
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Confounding factor: A variable or characteristic that is causally related to
the outcome of interest, and that is also related to the exposure, but is
not a consequence of the exposure.
Control: In a case–control study, comparison group of persons without
disease (CDC, 2010).
Correlation: Indicative of a relationship between two measurements.
Cytochrome p450 (CYP) enzyme system: A superfamily of hundreds of
closely related hemeproteins found throughout the phylogenetic spectrum, from animals, plants, fungi, to bacteria. They include numerous
complex monooxygenases (mixed-function oxygenases). In animals,
these CYP enzymes serve two major functions: (1) biosynthesis of
steroids, fatty acids, and bile acids; (2) metabolism of endogenous and
a wide variety of exogenous substrates, such as toxins and drugs (biotransformation) (National Library of Medicine, 2011).
DMBA: 7,12-Dimethylbenz[a]anthracene, a polycyclic aromatic hydrocarbon that is a potent carcinogen often used as a tumor initiator in
laboratory studies.
DNA: Deoxyribonucleic acid or the double-stranded helix of nucleotides
carrying the genetic information of the cell. Encodes information for
proteins and is able to self-replicate.
DNA adduct: Covalent adducts between chemical mutagens and DNA.
Such couplings activate DNA repair processes and, unless repaired
prior to DNA replication, may lead to nucleotide substitutions, deletions, and chromosome rearrangements (Rieger et al., 2007).
DNA methylation: Addition of a methyl group to DNA. Extensive methylation of the cytosine base in CG sequences is used in vertebrates to keep
genes in an inactive state; one mechanism for “epigenetic” regulation
of gene expression.
Ductal carcinoma in situ (DCIS): A noninvasive breast lesion in which
abnormal cells multiply and form a growth within the milk duct of the
breast. Some of these lesions can progress to become invasive cancers,
but the risk of progression is poorly quantified.
Ecological fallacy: The thinking that relationships observed for groups
necessarily hold for individuals (Freedman, 1999).
Endocrine: Referring to a gland that secretes fluids into the general circulation, or the signal pathway of a hormone or factor.
Endocrine disrupting compound (EDC): An exogenous agent that interferes
with the production, release, transport, metabolism, binding, action,
or elimination of the natural hormones in the body responsible for
the maintenance of homeostasis and the regulation of developmental
processes (EPA, 2011).
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Endogenous: Developing or originating within; produced normally by the
body.
Environment: Factors not directly heritable through DNA.
Epigenetics: An epigenetic trait is a stably heritable phenotype resulting
from changes in a chromosome without alterations in the DNA sequence (Berger et al., 2009)
Epigenome: A set of changes to the genome passed down from one generation to the next that does not include alterations in genetic material.
Epoxide: An organic compound containing a three-membered ring of an
oxygen atom and two carbon atoms.
Estrogen: Female reproductive hormone produced by the ovaries.
Estrogen response element (ERE): Recognition site in the regulatory portion
of a gene to which the estrogen receptor binds when complexed with a
“ligand” (estrogen or estrogen-like chemicals).
Etiology: Cause or origin (of a disease).
Exogenous: Originating from external factors; not produced internally by
the body.
Extracellular matrix: A component of tissues largely filled by an intricate
network of macromolecules and composed of a variety of proteins and
polysaccharides that are secreted locally and assembled into an organized meshwork in close association with the surface of the cell that
produced them (Alberts et al., 2002).
G protein coupled receptor (GPCR): A 7 transmembrane domain receptor that activates a protein upon ligand binding, resulting in a second
messenger-initiated pathway involving a series of intracellular events.
Genome: The totality of genetic information belonging to a cell or an organism; in particular, the DNA that carries this information (Alberts
et al., 2002).
Hazard: Potential to cause harm; differs from risk.
Heritable: Able to be passed from one generation to the next.
High-risk group: A group in the community with an elevated risk of disease
(CDC, 2010).
Histone: One of a group of small abundant proteins, rich in arginine and
lysine, four of which form the nucleosome on the DNA in eukaryotic
chromosomes (Alberts et al., 2002).
Immunosurveillance: A process in which the immune system of a host recognizes antigens of newly arising tumors and eliminates these tumors
before they become clinically evident (adapted from Ochsenbein, 2002).
in situ: Occurring at the site of origin (Weinberg, 2007).
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in utero: Occurring in the uterus during embryonic or fetal development
(Weinberg, 2007).
in vitro: Occurring in tissue culture, in cell lysates, or in purified reaction
systems in the test tube (Weinberg, 2007).
in vivo: Occurring in a living organism (Weinberg, 2007).
Incidence rate: A measure of the frequency with which an event, such as a
new case of illness, occurs in a population over a period of time. The
denominator is the population at risk; the numerator is the number of
new cases occurring during a given time period (CDC, 2010). For example, an incidence rate of ovarian cancer is only calculated in women,
and the incidence of prostate cancer is only calculated in men.
Lactation: Period following birth in which milk is secreted.
Latency: Elapsed time between exposure and response.
Malignant: Describing a growth that shows evidence of being locally invasive and possibly even metastatic; malignant tumors are generally
considered life threatening.
Mammary gland: The milk-producing glands of female mammals.
Melatonin: A hormone secreted by the pineal gland, which helps regulate
other hormones and maintain the body’s circadian rhythm.
Menarche: First occurrence of menstruation in a woman.
Menopause: The point at which menstruation ceases in a woman’s life.
Messenger RNA: See mRNA.
Meta-analysis: Statistical technique for combining the findings from independent studies (Crombie and Davies, 2009).
Metastasis: The spread of cancer from its site of origin to another part of
the body.
Methylation: See DNA methylation.
Mitosis: The process by which a single cell separates its complement of
chromosomes into two equal sets in preparation for the division into
two daughter cells (Weinberg, 2007).
Morbidity: Any departure, subjective or objective, from a state of physiological or psychological well-being (CDC, 2010).
Mortality rate: A measure of the frequency of occurrence of death in a
defined population during a specified interval of time (CDC, 2010).
mRNA: RNA sequences that serve as templates for protein synthesis (Reiger
et al., 2007).
Multistage carcinogenesis: A conceptual division of carcinogenesis into four
steps: tumor initiation, tumor promotion, malignant conversion, and
tumor progression (Alberts et al., 2002).
Mutagen: An agent that induces a mutation.
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Mutagenesis: The process by which a change in nucleotide sequence, or
mutation, occurs.
Mutation: Heritable change in the nucleotide sequence of a chromosome
(Alberts et al., 2002).
Neoplasm: An abnormal new tumor mass. Neoplasms may be benign or
malignant.
Observational study: Epidemiologic study in situations where nature is allowed to take its course. Changes or differences in one characteristic
are studied in relation to changes or differences in others, without the
intervention of the investigator (CDC, 2010).
Odds ratio: A measure of association that quantifies the relationship between an exposure and health outcome from a comparative study. For
low-frequency outcomes, such as cancer, the odds ratio generally provides a good estimate of relative risk (see Relative risk) (CDC, 2010).
Oncogene: A cancer-inducing gene (Weinberg, 2007).
p53: Tumor suppressor gene found mutated in about half of human cancers. It encodes a gene regulatory protein that is activated by damage
to DNA and is involved in blocking further progression through the
cell cycle (Alberts et al., 2002).
Paracrine: Referring to the signaling path of a hormone or factor that is
released by one cell and acts on a nearby cell (Weinberg, 2007).
Parity: The status of having given birth (parous), or not (nulliparous); the
number of children a woman has borne (Weinberg, 2007).
Phytoestrogen: A chemical produced by plants that can mimic the hormone
estrogen (Sprecher Institute for Comparative Research, 2001).
Polymorphism: Genetic polymorphism (literally means “many forms”) is
defined as the occurrence of two or more relatively common normal
alleles for a single locus. The difference between a polymorphism and a
mutation is that a polymorphism occurs commonly and it is associated
with a normal phenotype (Kufe et al., 2003).
Population: The total number of inhabitants of a given area or country. In
sampling, the population may refer to the units from which the sample
is drawn, not necessarily the total population of people (CDC, 2010).
Population attributable risk (PAR): Population-based measure of the percentage of excess cases associated with the exposure of interest (assuming that the relationship between the exposure and the disease outcome
is causal) that also takes into account the distribution of that exposure
within the population.
Prevalence: The number or proportion of cases or events or conditions in
a given population at a given time (CDC, 2010).
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Prospective cohort study: A type of observational study that follows over a
period of time a group of individuals, or cohort, who differ with respect
to certain factors under study, in order to determine how these factors
affect rates of an outcome.
Randomized controlled trial: A study that randomly assigns individuals
to an intervention group or to a control group, in order to measure
the effects of the intervention (U.S. Department of Education, 2004).
When practical and ethical, this study design provides the most direct
evidence of a causal association between an exposure and an outcome.
Reactive oxygen species: Molecules and ions of oxygen that have an unpaired electron, thus rendering them extremely reactive. Superoxide
anion and hydroxyl radicals are the most common examples.
Receptor: A protein that is capable of specifically binding a signal molecule.
Relative risk: A ratio of the absolute risk (incidence) of disease in an exposed group (or groups with different levels of exposure) to the absolute risk (incidence) of disease in an unexposed group (or some other
designated comparison group).
Risk: The probability that an event will occur or the likelihood of harm,
for example, that an individual will become ill or die within a stated
period of time or by a certain age (CDC, 2010).
RNA: Ribonucleic acid produced through DNA transcription, exists in
ribosomal (rRNA), messenger (mRNA), and transfer (tRNA) forms,
and provides the template for protein translation.
Statistical power: Power of a statistical test is the probability that the test
will reject the null hypothesis when the alternative hypothesis is true.
Stem cell: Cell type within a tissue that is capable of self-renewal and is
also capable of generating daughter cells that develop new phenotypes,
including those that are more differentiated than the phenotype of the
cell (Weinberg, 2007).
Stroma: The mesenchymal components of the epithelial and hematopoetic
tissues and tumors, which may include fibroblasts, adipocytes, endothelial cells, and various immunocytes as well as associated extracellular
matrix (Weinberg, 2007).
Target cell: A cell that is acted on by an outside agent; a particular cell
type that is specifically or uniquely altered by a xenobiotic, hormone,
or other stimulus that is external to the cell.
Thelarche: Onset of breast development in prepubertal girls.
Toxicology: The study of the adverse effects of chemical or physical agents
on living organisms (Klaassen, 2001).

406

BREAST CANCER AND THE ENVIRONMENT

Transcription factor: Protein that binds to specific DNA sequences, facilitating the transfer of information from DNA to RNA.
Tumor: An abnormal growth of body tissue.
Tumor suppressor gene: A gene whose partial or complete inactivation, occurring in either the germ line or the genome of a somatic cell, leads to
an increased likelihood of cancer progression (Weinberg, 2007).
Validity: The degree to which a measurement actually measures or detects
what it is supposed to measure (CDC, 2010).
Variable: Any characteristic or attribute that can be measured (CDC, 2010).
Variance: A measure of the dispersion shown by a set of observations, defined by the sum of the squares of deviations from the mean, divided
by the number of degrees of freedom in the set of observations (CDC,
2010).
Xenoestrogens: Compounds that mimic estrogens, although they may differ
chemically from the forms of estrogen produced normally in the body.
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Appendix F
Ionizing Radiation Exposure to the
U.S. Population, with a Focus on
Radiation from Medical Imaging
1

Rebecca Smith-Bindman, M.D.
University of California, San Francisco School of Medicine

DEFINITION OF IONIZING RADIATION AND UNITS
Radiation is energy in the form of high-speed particles and electromagnetic waves. Radiation from electromagnetic waves is characterized by the
wavelength and the amount of energy they transfer. In general, the shorter
the wavelength, the greater the energy of the radiation, and the greater the
potential for biological damage. The types of electromagnetic radiation and
examples of sources of this radiation are shown in Figure F-1.
Ionizing Radiation
Radiation with enough energy to remove tightly bound electrons from
their orbits (and enough energy to break chemical bonds) is called ionizing
radiation (reflected by wave lengths to the right in Figure F-1, shown for
electromagnetic radiation, including ultraviolet waves, X-rays and gamma
rays). Wavelengths to the left of Figure F-1 (i.e., microwaves, radio waves,
and low-frequency cell phone waves, which are extremely low frequency
and energy) do not have this amount of energy and cannot break chemical
bonds and are non-ionizing radiation. This does not confirm that they are
safe, just that they do not cause biological damage through the mechanism of breaking chemical bonds. There are three main kinds of ionizing
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FIGURE F-1 Energy spectrum of radiation.
SOURCE: NASA (http://mynasadata.larc.nasa.gov/images/EM_Spectrum3-new.jpg).
Figure F-1 800 px-EM_Spectrum3-new.eps
bitmap, landscape

radiation: alpha and beta particles (not electromagnetic), gamma rays, and
X-rays.
There are many different naturally occurring sources of radiation, and
radiation is used in many areas of industry and medicine. A few typical
doses (exposure levels) and impacts of radiation are shown in Figure F-2.
Ionizing Radiation Used in Medical Imaging
Ionizing radiation used in medical imaging includes gamma rays and
X-rays. Gamma rays are delivered through nuclear medicine examinations,
when a small amount of radioactive material is inhaled, injected, or swallowed by a patient, and the resulting gamma waves that are emitted by the
radio-pharmaceutical from within the patient are detected. A variety of
imaging tests use X-ray technology, including radiographs (also known as
conventional X-rays, plain films, and sometimes just X-rays for short even
though each of these sources use X-rays), fluoroscopy, angiography, and
computed tomography (CT). Ultrasound and magnetic resonance imaging
utilize ultrasound waves and magnetic waves respectively, and neither delivers ionizing radiation.

Figure F-2.eps
bitmap, landscape

FIGURE F-2 Sample doses of and exposures to ionizing radiation.
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Biological Effect of Ionizing Radiation
Ionizing radiation passes through air and will deposit energy into the
tissue that absorbs it. Ionizing radiation deposits a relatively large amount
of energy into a small area, and damage caused by the radiation varies
with the dose. At low doses, cells repair the damage with no lasting effects.
At moderate doses, cells can be changed permanently, leading to cancer
or other abnormalities such as birth defects. At high doses, such as those
delivered through radiation treatment for cancer or following the immediate effect of the atomic bombs dropped on Japan, tissues fail to function,
severe burns result, and people who are exposed at these levels may die.
Predictability of Response to Ionizing Radiation
The severity of responses to high-dose radiation (generally considered a
dose above 1 sievert, Sv) increases directly in proportion to the dose. There
is generally a threshold for damage from the radiation: below a certain level
the damage will not occur, and above the threshold, the higher the dose, the
more extensive and severe the injury. These responses tend to be predictable, and are termed deterministic. Many of the earlier radiology pioneers
developed erythema, burns, and radiation sickness from their exposures,
as did individuals who lived near the atomic bomb explosions, and these
are deterministic effects. At lower doses of radiation, generally below 1 Sv,
the effect of the radiation is much less predictable, and no clear threshold
exists. There is a chance that a person will experience an adverse outcome
if exposed to the radiation, but it is not certain, and while the probability
increases with increasing exposure, the severity may not. These effects tend
to be all-or-none effects (either a cancer occurs or it does not). These effects
are called stochastic effects. The types of effects included in this group are
carcinogenesis and birth defects.
Mechanism of Carcinogenesis
The mechanism through which radiation exposure can lead to cancer
is outside the scope of this review. However, carcinogenesis is believed to
be multifactorial. Patient-related vulnerabilities are important, and a few
patient groups have been identified who are particularly vulnerable to
radiation-related carcinogenesis. Ionizing radiation has sufficient energy
to break chemical bonds, can cause DNA damage, and therefore can contribute to how cancer may occur, but it is thought to act through various
mechanisms rather than a single effect. Radiation can initiate gene mutations, promote the number of premalignant cells, and alter DNA repair.
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There are believed to be important differences in cancer risks by age, almost
certainly reflecting some of these differences.
Radiation Measurements
Several commonly used radiation measurements are described below,
and the measures used in subsequent discussion are summarized in Table F-1.
The roentgen (R) describes the intensity of a beam of X-rays or gamma
rays and the ionization of atoms in air as radiation passes through space.
The roentgen also is the unit used in the calibration of X-ray generating
equipment (CE Essentials, 2011).
The radiation absorbed dose (rad) describes radiation in a medium
other than air. As ionizing radiation passes through matter (e.g., human tissue) it imparts energy into the medium ionizing it. One rad is equivalent to
100 ergs of energy absorbed in a gram of material (tissue). The comparable
SI unit (International System of Units, adopted by nearly all countries) is
the gray (Gy), which is expressed as joules per kilogram (1 Gy = 100 rad).
The measure of rad or Gy describes the absorption of ionizing radiation
in matter and is related to the biological damage in tissue; the greater the
amount of energy transferred to tissue by ionizing radiation, the higher the
rad or gray and the greater the biological damage (CE Essentials, 2011).
There are different types of radiation (e.g., X-rays, particle radiation),
and these are associated with different amounts of energy and potential to
cause biological damage; this variation in effect is attributed to the linear
energy transfer (LET), which has to do with the type of radiation and the
different biological effect on the tissue. Thus, while rads or grays measure
the physical aspects of the energy, they do not reference the biological
effect of various types of ionizing radiations and are not generally used as

TABLE F-1 Selected Units of Ionizing Radiation (measurements in bold
are used in this summary)
Measurement

Description

RAD / Gray (=100 rad)
REM / Sievert (=100 rem)

Radiation in tissue
Radiation in tissue, accounting for biologic sensitivity
of tissue
Full body equivalent dose equal to a partial anatomic
area radiation
Average effective dose per individual in the U.S.
population, whether exposed to the specific exposure
or not
Average effective dose to an individual in a group
exposed to that source of radiation

Effective dose
EUS
EExp
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measures of exposure. The sievert (Sv) is the SI unit of dose that is used
as a measure of exposure, as it attempts to reflect the biological effects of
radiation. It is also measured in joules/kilogram (as is the gray), but it incorporates the biological effectiveness of different types of ionizing radiation
in different types of tissues. For a given amount of radiation (measured in
grays), the biological effect (measured in sieverts) can vary considerably as
a result of the radiation-weighting factor (WR). The roentgen equivalent
man (rem) is the older unit of equivalent dose, and 1 Sv = 100 rem. Rem
remains the unit most widely used for occupational exposure.
Radiation exposures from medical imaging are rarely uniform—usually
one area of the body is exposed much more than another (compare the tissue exposed to radiation from a mammogram to the tissue exposed for a
head CT). This is very different from naturally occurring radiation, which
often is more equally distributed across the body. To compare the radiation
doses associated with different types of exposures, it would be most accurate to compare organ-specific exposures from different types of examinations. For example, comparison of the dose to the lungs from a chest X-ray
and a chest CT would likely reflect the most accurate information regarding
the potential for these two types of tests to cause harm. However, this is
extremely impractical, as it would require creating a complex matrix of
organ-specific doses for each medical procedure. This would make it difficult to compare different exposures, as some types of exposures involve
partial-body irradiation, others full-body irradiation, and it makes it hard
to compare overall exposures in this way.
In order to compare radiation doses to different body parts on an
equivalent basis, it would be helpful to have a single metric that could be
used to compare all radiation doses (even though this is imprecise as the
mammogram is truly best summarized as a breast dose and a head CT a
brain dose). The effective dose (E) is a metric for estimating a full-body
dose that would be equivalent to an individual organ dose. It is estimated
by calculating a weighted average of the doses (equivalent dose) to different
organ systems. Thus, a large dose to a single organ might be similar (with
respect to the stochastic cancer risks) to a smaller dose to the entire body.
The weighting factors used to make these calculations reflect the different
radio sensitivities of the tissues. Because of the ease of comparison, effective
dose is an extremely useful measure of radiation exposure and will be the
primary metric used in this summary.
The measurement of radiation emitted by radioisotopes used in nuclear
medicine and positron emission tomography (PET) imaging, is the curie
(Ci), which describes a quantity of radioactive material that disintegrates
per second (CE Essentials, 2011). Decay or disintegration is a process by
which a radioactive nucleus changes to another type of atomic nucleus. The
SI unit of radioactivity is the becquerel (Bq). The becquerel is the activity of
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a quantity of radioactive material in which one nucleus decays per second.
The curie is an older, non-SI unit of radioactivity equal to the activity of
1 gram of radium-226.
Measurement of Absorbed Dose, Radiation Detriment, and Impact of
Individual Factors on Radiation Detriment
The amount of radiation absorbed into the body, and the resulting
doses to different parts of the body and organs, will depend on the person’s
sex and size (including relative amounts of different tissues). Compared
with an adult, a child exposed to a particular radiation dose will absorb
more per unit of tissue, as there is less organ volume in which the radiation
can dissipate. For example, compare a teaspoon of red dye added to a cup
of water as compared with a gallon of water—the dye in the gallon of water
will become much more dilute. The radiation detriment will relate both
to the absorbed dose and to the type of tissue that has been irradiated, as
some organs are much more vulnerable to the effects of radiation than other
organs. A complete comparison of different sources of radiation exposure
would try to estimate exposures to different organ systems and how this
varies by age of exposure (as both will influence the detriment), but this
level of detail would make it nearly impossible to provide an overview. Thus
to keep the summary as simple as possible, I will use primarily the measurement of effective dose to describe the U.S. population’s exposures to
radiation, variation within and across different imaging tests in the delivery
of radiation, and radiation detriment.
Metrics of Population Exposure
The most useful metric to compare the population’s radiation exposure from different sources is the average exposure, measured in effective
dose, per individual in the entire population. It is calculated by dividing
the cumulative dose to the population by the number of individuals in
the population (EUS) and does not consider whether an individual person
is exposed or not. As an example, television (TV) exposes individuals to
a small amount of ionizing radiation, and the average exposure from TV
would be calculated by dividing the total radiation delivered by all hours of
TV watched in the United States by the number of individuals in the United
States. This will be an estimate (as individuals watch different amounts of
TV), but it is useful for comparing average exposure to ionizing radiation
from TV and other sources, such as the sun or radon. In contrast, certain
types of radiation are received by a much smaller group of individuals,
such as occurs with occupational exposures. For these exposures it is more
reasonable to calculate the average dose to individuals exposed to that
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source of radiation, rather than compute an overall effective dose for the
population. This measurement, effective dose to those exposed (EExp), is
calculated by dividing the cumulative dose to the individuals exposed by
the number of individuals exposed. Both metrics will be used to describe
population exposure.
WHAT IS KNOWN ABOUT CARCINOGENICITY
OF IONIZING RADIATION
Ionizing radiation is widely used in industry and medicine, occurs in
many different natural sources, and presents a health hazard. It causes
microscopic damage to living tissue, and this results in elevated risks of
cancer and birth defects at low exposures, and more substantial biological
damage, including burns, radiation sickness and death, at higher exposures.
Radiation is one of the most heavily studied carcinogens, and extensive epidemiological and biological evidence supports the association of
low and moderate doses of ionizing radiation with increased cancer risk.
The epidemiological evidence of an increased risk of cancer comes from
(1) cancer development among survivors of environmental and accidental
exposures to radiation (i.e., survivors of atomic bombs, Chernobyl, and
Soviet Union and United States weapons testing) (Pierce and Preston, 1993,
2000; Land, 1995; Ron et al., 1995b; NRC, 1996, 2003, 2006; Charles,
2001; Brenner et al., 2003; Preston et al., 2003, 2007; Preston, 2008); (2)
populations medically irradiated for benign conditions such as scoliosis,
tinea capitis, and tuberculosis (Ron et al., 1995a; Little, 2001; Modan et
al., 2000; Ron, 2003); (3) patients receiving radiotherapy for malignant
disease (Little, 2001; Neglia et al., 2001, 2006; Ron, 2003; Sachs and
Benner, 2005; Sigurdson et al., 2005; Bassal et al., 2006; Ronckers et al.,
2006); and (4) those who have received occupational exposures, including
radiologists, radiological technologists, and nuclear power workers (Lewis,
1963; Matanoski et al., 1975; Muirhead et al., 1999, 2009; Berrington
et al., 2001; Cardis et al., 2007; Linet et al., 2010). All of these groups
received doses in the range of that delivered by current medical imaging
and have been shown to be at increased risk of developing cancer. Evidence
of radiation-induced cancer is strongest for leukemia, but an increased risk
of all solid cancer types (e.g., breast, lung, colon) has been associated with
exposure to doses of ionizing radiation in the same range as that delivered
by medical imaging.
A full discussion of the data on the risks of ionizing radiation is outside
the scope of the review; however, a comprehensive review of the published
literature can be found in the report of the National Research Council,
Biological Effects of Ionizing Radiation (BEIR) Subcommittee (BEIR VII;
NRC, 2006). According to the BEIR subcommittee, the most accurate
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current model of radiation carcinogenesis at low to moderate doses is the
linear and nonthreshold model, which predicts that the risk of outcomes
(primarily cancer) is directly proportional to the radiation dose received,
is additive, and does not respect a minimum-risk threshold. This model
assumes there is no safe level of radiation exposure. This theory is the basis
for radiation protection recommendations by national and international
committees tasked with ensuring radiation protection of workers and the
general population (NRC, 1996; Charles, 2001; Gonzalez et al., 2007;
NCRP, 2009). While this theory is widely endorsed within the radiation
safety and protection communities, it is challenged by some who believe
there is a threshold below which there is no cancer risk (Strzelczyk et al.,
2007). Its important to emphasize that this theory is far less relevant for
understanding the detrimental effects of radiation from many exposures,
such as CT, where directly observed evidence shows that radiation doses
delivered to patients in the range of CT are carcinogenic. The model is most
helpful to understand the carcinogenicity of very low exposures that are
below those that have been studied in epidemiological studies.
A number of different mathematical models have been developed to
estimate the cancer risks associated with exposure to ionizing radiation
across a range of doses. The dominant model that has been most widely
adopted was used by National Academy of Sciences in the BEIR VII report
(NRC, 2006). There are a large number of assumptions in this model,
among them that the risk of solid cancer is linear and follows a non
threshold model, and that the patterns of cancer outcomes among Japanese
atomic bomb survivors are directly transferable to the U.S. population. The
impact of these assumptions is often taken into account with creation of
uncertainty limits around estimated risks.
SOURCES OF IONIZING RADIATION
EXPOSURE TO THE U.S. POPULATION
The National Council on Radiation Protection and Measurements
(NCRP, 2011) is a nongovernmental, not-for-profit corporation chartered
by Congress to collect, analyze, develop, and disseminate to the public
information and recommendations about radiation, radiation protection,
and radiation measurements. The NCRP published two reports detailing
the U.S. population’s exposure to ionizing radiation in two time periods;
Report No. 93 was published in 1987 (NCRP, 1987b), and Report No.
160 was published in 2009 as an update to this earlier report and describes
exposures through 2006 (NCRP, 2009). These two reports are comprehensive, and each reviewed hundreds of different data sources and references.
They provide the most accurate overview of the magnitude of the U.S.
population’s exposure to radiation and the distribution of exposure among
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the various sources of radiation. Data from these two reports have been
summarized to highlight current exposures, sources that deliver high radiation exposures, and sources that have changed over time.
Radiation from medical imaging is a large and growing source of
radiation exposure to the U.S. population. I have led several analyses
that describe medical imaging and associated radiation exposure within
a large cohort of patients (approximately 2.5 million) enrolled across six
integrated health plans in the United States (Burger et al., 2010a,b). These
health plans participate in the Health Maintenance Organization (HMO)
Research Network, and the National Cancer Institute (NCI)-funded Cancer
Research Network (CRN), and as such, they have common data elements to
permit assessing medical imaging within the HMO setting. The work was
used to supplement the NCRP reports and to further characterize the U.S.
population’s exposure to radiation from medical imaging. We had more
detailed data on medical imaging at the patient (rather than population)
level, allowing more accurate estimates of individual doses and the proportion of patients who exceed certain threshold doses.
Sources of Radiation
Radiation exposure is described within five broad categories: (1) ubiquitous background radiation, sometimes described as natural sources of
radiation; (2) radiation from medical procedures; (3) radiation from consumer products or activities involving radiation sources; (4) radiation from
industrial, security, medical, education and research activities; and (5) occupational exposure (see Table F-2).
Ubiquitous Background Radiation
There are four primary sources of radiation exposure that fall in this
category: (1) external exposure from the sun and cosmic rays (space radiation); (2) external exposure emitted from the earth (terrestrial radiation, primarily from potassium, uranium, and thorium in surface soil and
rocks); (3) internal exposure from inhaled radon (released from the earth);
and (4) internal exposure from radionuclides in the body (particularly
potassium). Exposure to radon is the largest contributor to this category,
accounting for nearly 75 percent of ubiquitous background radiation.
Radon gas comes from the breakdown of uranium in soil, rock, and water,
and it is trapped in houses and inhaled.
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TABLE F-2 Summary of U.S. Population’s Annual Exposure to Ionizing
Radiation from Different Sources, 2006–2010
Radiation Source

EUS (mSv)

Ubiquitous background radiation
Radon and thoron (inhalation)
Space
Ingestion
Terrestrial
Medical radiation
Computed tomography
Nuclear medicine
Interventional radiology
Conventional X-rays*
Consumer
Industrial, security, research, education
Occupational
Medical
Aviation
Nuclear power
Industry and commerce
Education and research
Government, Department of Energy, military
TOTAL

3.11
2.28
0.33
0.29
0.21
3.00
1.47
0.77
0.43
0.33
0.13
0.003
0.005

EExp (mSv)
—

7.8
5.1
0.61
1.14
0.68

1.1
0.8
3.1
1.9
0.8
0.7
0.6

6.2

NOTE: These numbers have been adapted from NCRP (2009) and from our research of radiation exposure across six integrated health care systems that participate in the NCI funded
Cancer Research Network (calculations of EExp, medical imaging) (Burger et al., 2010a,b).
*Includes mammography.
SOURCES: NCRP (2009, p. 242–243; used with permission of the National Council on Radiation Protection and Measurements, http://NCRPpublications.org); Burger et al. (2010a,b).

Medical Exposure to Radiation
Radiation used for medical imaging Most medical imaging tests—including
radiography, fluoroscopy, angiography, and CT (all utilize X-rays), and
nuclear medicine (utilizes gamma rays)—expose patients to ionizing radiation. In any given year, between 30 and 40 percent of the U.S. population
will undergo one or more imaging tests that deliver radiation, varying
by age and sex, and this has increased only slightly over time (Burger et
al., 2010a,b). Numerically, conventional radiographs contribute the greatest number of imaging tests (58 percent), followed by CT (12 percent),
and fl
 uoroscopy, angiography, and nuclear medicine (2–5 percent each).
However, because the doses are so much higher for CT, it contributes the
majority (nearly 70 percent) of patients’ exposure to radiation from medical imaging (NCRP, 2009; Burger et al., 2010a,b). Currently, the average
exposure to radiation from medical imaging is around 3 mSv per year
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(NCRP, 2009; Burger et al., 2010a,b) and is thus approximately equal in
magnitude to the exposure to ubiquitous background radiation (Table F-2).
For medical radiation, around one-third of the population is exposed,
and yet the average effective dose (EUS) is generally reported for the entire
population. The NCRP (2009) explains this as a limitation of its report,
as it did not have detailed information to permit calculation of individual
exposures. In our work describing the radiation exposure to enrollees of six
large integrated health plans, we had detailed information about imaging
utilization and doses for individual patients. We were also able to calculate
the average effective dose limited to those who underwent medical imaging that delivers ionizing radiation. We estimate the average effective dose
among those who underwent imaging that delivers ionizing radiation to be
6.7 mSv in 2007, with the majority of that dose coming from CT (Burger
et al., 2010a,b).
Radiation used in medical treatment for cancer Approximately 50 percent
of patients diagnosed with cancer in the United States will undergo external
beam radiation as part of the treatment and palliation of cancer. Given the
severity of these patients’ underlying health conditions, the relatively small
proportion of patients who are exposed (50 percent of cancer patients but
3 percent of the population) and the extremely high doses of radiation used
in this setting, this radiation is generally not included in the calculations of
population exposures. This radiation is carcinogenic, as cancer survivors
who have undergone radiation treatment are at higher risk of second primary malignancies, but these risks are viewed as offset by the benefit of this
radiation as treatment for their primary cancer.
Consumer Products and Activities
This category is a small contributor to the population’s annual dose
of radiation, but it includes a broad range of exposures that consumers
routinely encounter as part of daily life, including (in declining order on
the basis of average population exposure) cigarette smoking, building materials, air travel, mining and agriculture, combustion of fossil fuels, road
construction materials, and glass and ceramics. Of note, exposure from
air travel reflects an increase in radiation exposure due to being at higher
altitudes and not from exposure to the airport screening devices. These
full-body-screening devices (backscatter X-ray devices) deliver an extremely
small amount of radiation exposure.
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Industrial, Security, Medical, Educational, and Research Activities
This category includes less common exposures to the U.S. population, that have been subdivided into six categories (in decreasing order
based on average population exposure): caregiving or other contact with
nuclear medicine patients (accounting for 75 percent of exposure in this
category); nuclear power generation; industrial, medical, educational, and
research activities; Department of Energy installations; decommissioning
and radioactive waste; and security inspection systems. This category is for
exposures among the general public, and not the occupational exposures
of workers in these industries, which are included in the following group.
This category also is a small contributor to the population dose, and while
doses are averaged, exposure is limited to individuals who live in proximity
to these activities.
Occupational Exposures
This category includes occupational exposures received by approximately 1.2 million employees in the medical, aviation, and nuclear power
industries; in education and research; and some government employees,
especially in the Department of Energy and the military. Although these
exposures are not trivial for those individuals who are exposed (average
1.1 mSv annually across all occupational categories), they contribute very
little to the total population’s average dose burden. These exposures are
described in greater detail below.
Summary
In 2006, the majority of radiation exposure to the U.S. population (96
percent) came from two categories: ubiquitous background radiation and
radiation from medical imaging. Occupational exposures, when divided
among the entire U.S. population, are a small contributor to total dose,
although among a small number of individuals who work in these fields,
they contribute a large proportion of exposure.
TEMPORAL CHANGES IN EXPOSURE TO IONIZING
RADIATION WITH FOCUS ON MEDICAL EXPOSURE
Between 1985 and 2006, the average annual effective radiation dose
per individual in the U.S. population approximately doubled, and the
increase was due to the dramatic growth of relatively high-dose medical
imaging procedures, including CT and nuclear medicine (NCRP, 1987b,
2009). As a proportion of all radiation exposure, medical imaging con-
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tributed approximately 25 percent of the population’s exposure to ionizing
radiation in 1985; whereas its contribution had increased to 50 percent in
2006 (Figure F-3). The absolute radiation exposure from other sources did
not change, and thus the population’s total exposure increased due to the
increase in radiation from medical imaging.
Utilization of X-Rays, CT, and Nuclear Medicine
The utilization of medical imaging has increased dramatically over the
last two decades, particularly using advanced imaging techniques including
CT and nuclear medicine (Bhargavan and Sunshine, 2005; Smith-Bindman
et al., 2008; Mettler et al., 2009; Burger et al., 2010a,b; Dinan et al., 2010).
These examinations deliver considerably higher doses of ionizing radiation in comparison to conventional radiographs, and the increase in these
examinations led to an approximate doubling of the population’s overall
exposure to ionizing radiation (NCRP, 2009). Typical doses associated
with common imaging examinations are shown in Table F-3 (Mettler et
al., 2008). The effective dose is shown for each examination type for ease
of comparison across study types, but organ doses are also important. For
example, the effective dose for a mammogram is lower than that for an
abdominal X-ray, but the breast dose from a mammogram is much higher
than from an abdominal X-ray. The breast dose for a mammogram is

Interventional
fluoroscopy

Nuclear medicine
Diagnostic imaging

Nuclear medicine

Occupational,
industrial, consumer

Radon and thoron
Conventional imaging
(X-ray, fluoroscopy)

Radon and thoron
Other background

Computed
tomography
Occupational,
industrial,
consumer

Other background

FIGURE F-3 Proportion Figure
of radiation
from combined.eps
various sources, 1985 (left) and 2006
F-3 pie charts
(right). The charts demonstrate thatlandscape
the proportion of exposure from medical imaging, shown in blue, increased substantially. Note: For each source of radiation,
the NCRP took the product of the estimated number of people exposed and the
average effective dose equivalent received from that source, to generate a collective
dose from that source. The collective dose from each source was then divided by the
entire U.S. population to obtain the contribution from that source to the average
effective dose equivalent for a member of the U.S. population.
SOURCE: Data from NCRP (2009).
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approximately 2 mGy, with film mammography (2.37 mGy) slightly higher
than digital mammography (1.86 mGy) (Hendrick et al., 2010), but much
higher than the overall effective dose of 0.4 mSv. Table F-3 highlights that
CT delivers substantially higher radiation doses than conventional radiographs. For example, a single posterior-anterior (PA) view of the chest
delivers an average radiation dose of 0.02 mSv, whereas a chest CT delivers
an average dose of 7–15 mSv, depending on the indication (350–750 times
higher). Dental X-rays, while common, deliver relatively small doses of
radiation per examination (0.01 mSv). Bone density examinations (Dexa)

TABLE F-3 Typical Effective Doses of Radiation for Common
Conventional X-ray and CT Procedures
Examination
Adult Effective Doses for Various Diagnostic Radiology Procedures
Skull
Cervical spine
Thoracic spine
Lumbar spine
Posteroanterior and lateral study of chest
Posteroanterior study of chest
Mammography
Abdomen
Pelvis
Hip
Shoulder
Knee
Other extremities
Adult Effective Doses for Various CT Procedures
Head
Neck
Chest
Chest for pulmonary embolism
Abdomen
Pelvis
Three-phase liver study
Spine
Coronary angiography
Calcium scoring
Virtual colonoscopy

Average Effective
Dose (mSv)
0.1
0.2
1.0
1.5
0.1
0.02
0.4
0.7
0.6
0.7
0.01
0.005
0.001

2
3
7
15
8
6
15
6
16
3
10

SOURCE: Adapted from Mettler et al. (2008). Used with permission of the Radiological
Society of North America. Mettler, F. A., Jr., W. Huda, T. T. Yoshizumi, and M. Mahesh.
2008. Effective doses in radiology and diagnostic nuclear medicine: A catalog. Radiology
248(1):254–263.
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are also common and also deliver relatively small doses of radiation per
examination (0.01 mSv).
Several studies have assessed patterns of medical imaging within fee-forservice or Medicare-insured populations (Bhargavan and Sunshine, 2005;
Kuhn, 2006; Hackbarth, 2007; Baker et al., 2008; Fazel et al., 2009; Chen
et al., 2010; Dorfman et al., 2011). These studies have demonstrated a dramatic increase in imaging over time. It has been widely believed that imaging
rates may be lower among members of integrated health plans. We assessed
patterns of medical imaging among members of six integrated health systems that participate in an NCI-funded consortium of health systems that
include HMO models of care (Burger et al., 2010a,b). The availability of
comprehensive data on all health care received—including detailed information on medical imaging—allowed us to assess patterns of imaging over time
using very detailed methods. We found the frequency of CTs increased from
approximately 50 CTs per 1,000 patients in 1994 to 197 CTs per 1,000
patients in 2007. Thus by 2007, for every 100 enrollees, nearly 20 CTs are
obtained per year. We also found that among patients who underwent CT,
the number of CTs per person doubled, so on average, patients who underwent CTs in 2007 had a mean of 2 scans. The rates of imaging increased with
advancing age, and within each age stratum, imaging increased over time.
Thus, patterns of imaging in the HMO-insured populations are similar to
those seen among fee-for-service insured populations (Burger et al., 2010a,b).
Our work assessing patterns of imaging across the CRN allowed us
to assess average radiation exposure among only those who underwent
medical imaging, and to assess change in these exposures over time. These
analyses demonstrated that between 1994 and 2007, exposures among
those who underwent imaging that delivered ionizing radiation more than
doubled (increasing from 3.3 to 6.7 mSv average exposure), and the majority of the increase was among patients who underwent CT (EExp increased
from 0.97 to 4.1 mSv/year).
Several organizations are developing strategies to reduce the increasingly high exposures to radiation from medical imaging, including radiology
professional societies (Amis et al., 2007; Hricak et al., 2011), public media
campaigns (Alliance for Radiation Safety in Pediatric Imaging, 2009), government agencies such as the Food and Drug Administration (FDA, 2010),
and federal and state legislative bodies (U.S. House of Representatives,
2010; State of California, 2010).
VARIATION IN MEDICAL RADIATION EXPOSURE
Variation in doses associated with all types of imaging examinations
have been noted, including chest X-rays, mammography, fluoroscopy, angiography, and CT. The FDA Center for Devices and Radiological Health
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collaborates with the Conference of Radiation Control Program Directors
(from most U.S. states) to characterize the radiation doses patients receive
from various medical imaging tests. Each year the Nationwide Evaluation
of X-ray Trends (NEXT) survey program selects a particular radiological
examination for study and captures radiation exposure data from a nationally representative sample of U.S. clinical facilities (Calicchia et al., 1991;
Conference of Radiation Control Program Directors, 1992, 2007; Spelic
et al., 2004; Spelic, 2007). Since 1973, NEXT has conducted surveys on
examinations related to the adult chest, abdomen, lumbosacral spine, upper
gastrointestinal fluoroscopy, mammography, CT, dental radiography, and
pediatric chest radiography. These reports describe substantial variation in
doses associated with a range of X-ray procedure types. The FDA reported
on the doses associated with CT twice, once in 1990 and more recently in
2000. (The third NEXT study that included CT was conducted in 2005,
and those results have not been fully reported.) For each NEXT CT study,
they found variation in dose associated with head and abdominal CT (the
two study types sampled).
Technical changes in CT have progressed rapidly in the last 10 years,
including the development of multi-detector scanners that have led to a
reduction in the time to complete a single evaluation. This in turn has permitted and encouraged the development of more complex protocols that
have resulted in greater variation in doses associated with CT and higher
doses (Foley et al., 2000; Rydberg et al., 2000; Hoeffner et al., 2004;
Hurwitz et al., 2006, 2007; FDA, 2009; Smith-Bindman et al., 2009). For
example, the time it takes to complete a CT examination has dramatically
declined, so that it is now possible to scan the entire body in a second. This
reduction in time has led to the creation of multiphase scanning protocols,
which involve repeat imaging of a particular part of the body during different phases of the cardiac cycle; one CT is done during the arterial phase
of the cardiac cycle, one is done during the venous phase, and one after
a short delay. These scans give information about tissue blood flow that
cannot be achieved in single-phase scanning. These three CTs take only
seconds to at most minutes to complete, but in fact, they represent repeated
scanning—and repeated exposure to radiation—of the same area of the
body. The impact of multiphase scanning on the accuracy of diagnosis has
not been well studied (i.e., it is not well known if this increases the accuracy
of diagnosis), but it will increase the radiation dose a patient receives by as
many times as phases of imaging. In the example given, the radiation dose
the patient receives will be three times higher than a single-phase study.
Multiphase scanning is becoming increasingly common, and as a result, the
doses for a particular anatomic area that has been imaged increase.
CT coronary angiography has been studied in detail, and significant
variation in radiation dose has been demonstrated for this examination
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(Einstein et al., 2007a,b, 2008, 2010; Hausleiter et al., 2009). We completed a study assessing radiation dose associated with an additional 10
indications for routine CT (Smith-Bindman et al., 2009). Our study aimed
to estimate the amount of radiation exposure associated with the types
of CT examinations performed most commonly in the United States; to
estimate variation across study types, patients, and institutions; and to use
these data to estimate the lifetime attributable risk of cancer associated with
these tests. Data were collected at four institutions in the San Francisco Bay
Area. We abstracted radiation dose information on examinations conducted
on 1,100 individuals—on average 100 patients who underwent each type of
CT. We documented higher and more variable doses than typically quoted
for the most common types of diagnostic CT studies performed in clinical
practice. For example, the median effective dose of an abdomen and pelvis
CT (the most common type of CT examination performed in the United
States) is often quoted as 8–10 mSv, yet we found the median dose of an
abdominal CT was 66 percent higher, and the median dose of a multiphase
abdominal CT was nearly fourfold higher (Figure F-4). These multiphase
abdomen and pelvis CTs are increasingly used as part of routine evaluation.
Further, we found substantial variation in doses within and across
institutions, with a mean 13-fold variation between the highest and lowest dose for each CT study type included. For some procedure types, there
was up to a 20-fold variation in dose between the patients who received
the highest and lowest doses for the same procedure type. Thus, depending
on where an individual patient received imaging and the specific technical
parameters used, the effective dose received could substantially exceed the
median. While some of this variation may have been clinically indicated to
accommodate patients of different size or the specifics of the clinical question that was being addressed, the variation in effective dose was dramatic
and of greater magnitude than is widely considered acceptable, particularly
considering that the patients were already stratified within relatively welldefined clinical groups. The variation in dose across the four clinical sites
reflects site-specific methods of choosing different technical parameters to
answer the same clinical question. The results were striking in part because
CT delivers relatively high radiation doses in comparison to conventional
radiographs.
There has been little work characterizing dose and variation in dose for
CT or nuclear medicine examinations, making it impossible to understand
the true magnitude of the problem. However, preliminary reports presented
by the American College of Radiology (describing results from the National
Dose Registry for CT, a pilot program to collect dose data and from their
CT certification program) (ACR, 2011) and from our ongoing work collecting dose data across the six sites of the CRN, suggest that the problem
of variation in dose may be even greater than indicated by our earlier work.

Estimated effective dose, mSv

Figure F-4 median effective rad dose.eps
bitmap, landscape

FIGURE F-4 Median effective radiation dose (interquartile range, minimum, and maximum) for each type of CT study.
SOURCE: Smith-Bindman et al. (2009, p. 2081). Reprinted with permission from Smith-Bindman, R., J. Lipson, R. Marcus, K. P.
Kim, M. Mahesh, R. Gould, A. Berrington de Gonzalez, and D. L. Miglioretti. 2009. Radiation dose associated with common
computed tomography examinations and the associated lifetime attributable risk of cancer. Arch Intern Med 169(22):2078–2086.

427

428

BREAST CANCER AND THE ENVIRONMENT

Of note, there have been successful efforts to try to standardize and
minimize variation in radiation dose for mammography. The Mammography Quality Standards Act (MQSA) was passed by the U.S. Congress and
signed into law in 1992, to establish national quality standards for mammography. The MQSA required that to perform mammography, facilities
had to be certified by the FDA or the agency’s designate. Facilities are
required to be accredited and certified, and they are required to pass annual
surveys that include collection of radiation dose data associated with those
examinations. Radiation doses associated with mammography have come
down substantially since the creation of MQSA and enforcement of standards by FDA oversight. The MQSA is unique, and there is no FDA oversight for any other imaging examination. There are currently no guidelines
in the United States on appropriate or target doses for CT.
REGULATORY EXPOSURE LIMITS FOR WORKERS
Several groups of workers are exposed to radiation though occupational exposures. The following broad categories are typically used to
characterize occupational exposures: medical, aviation, commercial nuclear
power, industry and commerce, education and research, and governmental/
Department of Energy/ military. The average annual occupational radiation
exposure across all industries is 1.1 mSv per year, with considerable variation across industries (Table F-4). Aviation has the highest mean annual
exposure (3.1 mSv), similar in magnitude to ubiquitous background radiation exposure for the U.S. population. Nuclear power workers are close
behind (1.9 mSv annually). All other workers, on average, have occupational exposures substantially below 1 mSv per year.
Recommendations regarding occupational exposure limits have been
developed by the International Commission on Radiological Protection

TABLE F-4 Typical Annual Occupational Exposures to Radiation
Occupational Sector

EExp (mSv)

Average occupational exposure

1.1

Aviation
Nuclear power
Medical
Industry and commerce
Education and research
Government, Department of Energy, military

3.1
1.9
0.8
0.8
0.7
0.6

SOURCE: NCRP (2009, p. 12). Used with permission of the National Council on Radiation
Protection and Measurements, http://NCRPpublications.org.
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(ICRP), the NCRP, and other groups focused on radiation protection, with
the primary objectives being to prevent acute exposure and limit chronic
exposure among workers, and to limit the general public’s exposures from
these industries. However, while there are general guidelines for dose limits,
adoption of many of the ICRP’s suggestions into federal laws, state laws,
NCRP recommendations, and innumerable occupational guidelines in the
United States, there is no single organization in the United States responsible for setting standards regarding dose limits, or with responsibility of
oversight of radiation protection across all industries. Current regulation
and oversight includes a patchwork of federal, state, and industry-based
regulations, various techniques of monitoring and assessing dose exposures
among workers, and various requirements for monitoring and for reducing
exposures for workers who exceed limits. There is no consistency across
states in education or training or credentialing for workers who may be
exposed to ionizing radiation as part of their work. In general, the guidelines adopted are based on the assumption that there is no absolute safe
level of exposure (no threshold) and that even the smallest exposure has
some probability of causing cancer. While accepting that there is no dose
without some risk, these guidelines vary in the level at which the risk is
considered acceptably low.
Nuclear Power Industries
The Nuclear Regulatory Commission is a governmental organization
whose leadership is appointed by the President and confirmed by the Senate. The Nuclear Regulatory Commission formulates policies, develops
regulations governing nuclear reactor and nuclear material safety, and sets
occupational dose limits for individuals employed in nuclear power industries. Annual occupational radiation exposure limits established by the
Nuclear Regulatory Commission are found in Title 10, part 20 of the Code
of Federal Regulations (http://www.nrc.gov/reading-rm/doc-collections/cfr/
part020/). These limits include (but are not limited to) the following:
a. A total effective dose equivalent: 5 rems (50 mSv)/year
b. The sum of the deep-dose equivalent to any individual organ or
tissue (other than the lens of the eye): 50 rems (500 mSv)
c. A lens dose equivalent: 15 rems (150 mSv)
d. Pregnant women, because of the increased health risks to the rapidly developing embryo and fetus, have a lower threshold: 0.5 rem
(5 mSv/ gestation period)
e. Minors, because of the increased health risks to children, have a
lower threshold: 0.5 rem (5 mSv/year).
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The dose limit for nonradiation workers and members of the public
from occupational exposures is 2 percent of the annual occupational dose
limit. Therefore, a nonradiation worker can receive a whole-body dose of
no more than 0.1 rem/year (1 mSv) from industrial ionizing radiation.
The Nuclear Regulatory Commission’s limits are a widely applicable
standard, and they are closely aligned with the NCRP recommendations
regarding occupational limits. The overall annual occupational exposure
limit of 50 mSv/year full body total effective dose is the most widely
adopted limit in the United States. Regulatory limits on occupational exposure can differ in other countries. For example, the European Union has
adopted an exposure limit of 20 mSv/year as a full-body total effective dose
(ICRP, 1991; IAEA, 1996).
Medicine
The NCRP mandates personnel monitoring programs for all individuals
working with ionizing radiation within medicine, which includes radiologists,
radiographers, physicians, biomedical repair personnel, and others who may
occasionally be in proximity to ionizing radiation (i.e., surgical personnel
who are involved in C-arm and cystofluroscopy). A designated qualified
radiation safety officer and/or radiation safety committee is responsible for
making sure that any person who is occupationally exposed to ionizing radiation is properly educated and understands the biological effects of ionizing
radiation, and that monitoring programs are in place. Any individual who
may reasonably be expected to receive 1 mSv per year or greater needs to be
monitored. Medical personnel are monitored for evidence that their exposure
exceeds occupational limits and receive progressive warnings and interventions to reduce their exposures if these limits are exceeded.
Effective dose limits are set by NCRP recommendations that are stated
in their official reports. Dose limits for occupational exposure are based
on NCRP reports No. 91, 105, and 116 (NCRP, 1987a, 1989, 1993). The
whole-body dose in the United States is set at 50 mSv each year. Allowable whole-body doses are considerably lower than the dose allowed to
specific tissues like the skin, extremities, and lens of the eye. Laws require
the recording of occupational radiation exposures, typically as part of an
annual report. Data on current radiation exposure, cumulative annual
exposure, and lifetime cumulative exposure (from a single work location)
must be included in the report.
There are several ongoing studies, sponsored by the NCI, to assess
cancer risks among physicians who are exposed to high levels of radiation
associated with medical imaging, including interventional cardiologists and
interventional radiologists. The results of these studies are expected to be
published during 2012.
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SEGMENT OF POPULATION ESTIMATED TO EXCEED
OCCUPATIONAL REGULATORY EXPOSURE LIMITS
There are relatively few data that have described the distribution in
radiation exposure at the individual level that would permit assessing
what proportion of the population receives high (20–50 mSv) or very
high (>50 mSv) radiation exposure annually. Fazel and colleagues (2009)
reported that the between 2005 and 2007, among a fee-for-service insured
population aged 18–65, high and very high radiation doses were incurred
by approximately 2 percent and 0.2 percent of adult enrollees per year,
respectively. In our recent study across the six integrated health plans, we
found that nearly twice as many enrollees had high exposures, and five
times as many enrollees had very high radiation exposures that exceeded the
annual occupational exposure limits (Burger et al., 2010a,b). Thus nearly
1 percent of enrollees will have received exposures that exceed allowable
occupational thresholds.
ESTIMATE OF THE NUMBERS OF CASES ATTRIBUTABLE
TO MEDICAL USES OF RADIATION
The number of cancers that might result from current medical use of
radiation can be estimated at the patient level (if a patient undergoes a
particular type of scan, what is the risk of cancer) and at the population
level (i.e., how many cancers are likely to result from current utilization of
medical imaging tests).
Risk from an Individual CT Examination
Among frequent imaging examinations, CT is associated with the highest radiation exposure and is utilized across all age groups. The cancer risk
associated with a single CT examination will be considerably higher than
other examinations. However, even for CT, the radiation exposure will vary
by type of study, and so will cancer risk. Thus it is important to consider
the study type and actual dose of a particular scan when estimating the
cancer risk. In our work published in December of 2009 in Archives of
Internal Medicine (Smith-Bindman et al., 2009), we estimated that the risks
of cancer will vary dramatically by the type of study and age of patient at
the time of scan. The estimated number of patients undergoing CT that
would lead to the development of one radiation-induced cancer, by type of
CT examination and age at the time of exposure, is shown in the Archives
paper. We estimated that 1 in 270 women who underwent a CT coronary
angiogram at age 40 will develop cancer from the procedure, compared
to 1 in 600 men. For a routine head CT scan at the same age, because the
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dose is so much lower, the estimated risk is that 1 in 8,100 women and
1 in 11,080 men will develop cancer. In patients around 20 years of age,
the risks were approximately twice as high. And among patients who were
age 60, the risks were substantially lower. We found these risks for many
CT study types to be substantially higher than those routinely quoted. In
Figure F-5, the range in cancer risk, based on the range of observed doses,
is shown for several types of scans, assuming the examinations had all been
received by 20-year-old women. We chose to show this group, as it is in
younger patients for whom cancer risks are of greater concern. For each
scan type, there was a dramatic variation in risks based on the variation in
the doses actually used. At the highest extreme of observed dose, the risk
of a patient developing cancer was as high as 1 in 80.
Risk from an Individual Nuclear Medicine Scan
Nuclear cardiac perfusion tests are used in the assessment of coronary
artery disease, and they represent the second largest source of medical
radiation exposure in the United States. The risks tend to be lower than for
CT, as the patients imaged tend to be older. Berrington de Gonzalez et al.
(2010) estimated future cancer risks that would result from cardiac perfusion imaging in the United States. Utilization of imaging was determined
from national survey data, and radionuclide dosage was estimated to follow
current guidelines. Cancer risk projection models were generated based on
the National Research Council’s Biologic Effects of Ionizing Radiation VII
report (NRC, 2006), under the assumption that cancer risk has a linear
relationship with radiation exposure even at low doses. The mean projected
number of radiation-related incident cancers and 95 percent uncertainty
intervals were estimated using Monte Carlo simulation methods. For an
individual aged 40–50 years at the time of testing, lifetime risk estimates
ranged from 1 cancer per 1,250 tests (95% uncertainty interval: 1 cancer
per 769 tests to 1 cancer per 3,333 tests) for a stress-only technetium-99m
test to 1 cancer per 400 tests (95% uncertainty interval: 1 cancer per 172
tests to 1 cancer per 1,111 tests) for a dual-isotope (thallium-201/technetium-99m) study. Risks were 50 percent lower at age 70, and were broadly
similar for males and females at all ages. These tests are rarely used among
younger adults, and thus risks were not calculated for patients in their 20s.
Risk of Cancer to the U.S. Population
Even though the risk of cancer to an individual patient is relatively
modest, the large number of people exposed could translate into many cases
of cancer resulting directly from the radiation exposure from medical imaging. Berrington de Gonzalez and colleagues have completed several papers

Lifetime attributable risk of cancer (cancers per 1,000 patients)

landscape

FIGURE F-5 Estimated range in the lifetime attributable risk of cancer if a 20-year-old woman underwent one of several types of
CT studies using observed radiation dose.
SOURCE: Smith-Bindman et al. (2009, p. 2082). Reprinted with permission from Smith-Bindman, R., J. Lipson, R. Marcus, K. P.
Kim, M. Mahesh, R. Gould, A. Berrington
de Gonzalez,
and D.
L. Miglioretti.
2009. Radiation dose associated with common
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that have estimated the number of future cancers that would expected to
result from ionizing radiation associated with current levels of medical
imaging.
These analyses have estimated future cancers that would result from
exposure to conventional radiographs (Berrington de Gonzalez and Darby,
2004), CT (Berrington de Gonzalez et al., 2009), and myocardial perfusion scanning (the most common type of nuclear medicine examination)
(Berrington de Gonzalez et al., 2010). Combined, these exposures would
account for approximately 80 percent of the U.S. population’s cumulative
annual exposure to radiation from medical imaging.
These previously published results have been updated by Dr. Berrington
de Gonzalez for this report to focus specifically on future breast cancers,
taking into account the increase in imaging rates since these papers were
published, and including cancer risks associated with the additional imaging examinations not covered in these prior reports. These calculations were
based on estimates of the number of imaging tests conducted annually, the
age distribution of patients undergoing those tests, radiation delivered by
those tests, organ-specific doses, and models of carcinogenesis, including
the biological effectiveness of the radiation, underlying cancer risks of the
population, lag time between exposure and cancer induction, and mortality
in the population undergoing imaging. The major sources of information
used in each of these analyses are clearly outlined in the primary manuscripts. For CT, which is the largest contributor to radiation dose, each
of the major assumptions used to generate the estimates was varied in the
model to generate an estimate of the uncertainty limits. Each of the papers
is summarized below.
Cancers Associated with Radiography (Berrington de Gonzalez and
Darby, 2004)
Dr. Berrington de Gonzalez’s original analysis estimated the risk of
cancer from conventional X-rays in the United Kingdom and 13 other
developed countries. The authors combined data on the frequency of X-rays
(including mammography), estimated organ-specific radiation doses from
each type of X-ray, and used cancer risk models for each organ system that
were based on the Japanese atomic bomb survivor data, and combined
these with population-based cancer incidence rates. The authors estimate
that in the United Kingdom about 0.6 percent of the cumulative risk of
cancer to age 75 years could be attributable to diagnostic X-rays. This
percentage is equivalent to about 700 cases of cancer per year. In the 13
other countries, estimates of the attributable risk ranged from 0.6 percent
to 1.8 percent; whereas in Japan, which had the highest estimated annual
exposure level in the world, it was more than 3 percent.
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The model developed for the 2004 paper was updated for this Institute of Medicine summary to estimate breast cancers that would result
from conventional radiographs conducted in the United States in 2006.
This involved updating assumptions regarding the number of conventional
radiographs conducted in the United States in 2006 (Mettler et al., 2009)
(overall increase from 960 to 1,080 tests /1,000 patients/year), and adapting
the results for the 14 countries included in the original publication to cancer
incidence rates in the United States. Based on these analyses, Dr. Berrington
de Gonzales has estimated that 250 breast cancers would result from
conventional X-ray use in the United States in 2006, and that the number
would be likely to increase to 280 with imaging rates observed in 2010.
Cancers Associated with CT (Berrington de Gonzalez et al., 2009)
Berrington de Gonzalez et al. (2009) estimated the frequency of different types of CT scans performed in the United States in 2007 using a
combination of data sources, primarily Medicare claims data and the IMV
Medical Information Division survey of CT scan use in 2,451 U.S. facilities
in 2007. Radiation-related cancer risks depend on sex and age at exposure,
and the authors estimated the age and sex distribution for each CT scan
type using a large national commercial insurance database. These estimates
were scaled to be applicable to the age–sex distribution of the U.S. population and combined with the national frequency estimates. The authors used
risk models based on the National Research Council’s BEIR VII report
(NRC, 2006) with minor modifications, and they developed additional
models for anatomic sites that were not covered in the BEIR VII report.
An important assumption in the estimation of lifetime radiation-related
cancer risk is the life expectancy of persons receiving CT scans. There is
a lag between radiation exposure and cancer diagnosis (which can be as
short as 2 years for leukemia and 10 years for brain cancer [Preston et al.,
2007]), and patients who are unlikely to survive that long are unlikely to
develop imaging-related cancer. To address the problem of survival, the
authors used the commercial insurance data set to estimate the proportion
of scans performed in patients who were unlikely to survive long enough
to develop cancer. Scans performed in cancer patients were also omitted,
as consideration of second cancers was outside the scope of their analysis.
The estimated mean number of radiation-related incident cancers, with
95 percent uncertainty limits (UL), were calculated using Monte Carlo
simulation. Uncertainty intervals were estimated to account for statistical
uncertainties in the risk parameters, uncertainties in the dose rate reduction
effectiveness factor, and differences in application of risks from the Japanese
to the U.S. population.
Overall, the authors estimated that approximately 29,000 future can-
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cers (95% UL, 15,000–45,000) could be related to CT scans performed
in the United States in 2007. The largest contributions were from scans
of the abdomen and pelvis (n = 14,000) (95% UL, 6,900–25,000), chest
(n = 4,100) (95% UL, 1,900–8,100), and head (n = 4,000) (95% UL,
1,100–8,700), as well as from chest CT angiography (n = 2,700) (95% UL,
1,300–5,000). Approximately one-third of the projected cancers were from
scans performed on patients between the ages of 35 and 54 years, whereas
only 15 percent were from scans performed on patients under the age of
18 years. This is important, as it is widely believed that cancer risks are
only of concern in children; however, because imaging with CT increases
so much with increasing age, cancers that result from radiation from the
more frequent medical imaging that occurs in middle age are actually more
numerous. Further, Berrrington de Gonzalez’s models assumed that the risks
of cancer per exposure decline with advancing age. However, several recent
analyses have suggested that risks might even increase with exposures at
older ages (Preston et al., 2007; Shuryak et al., 2010), making the estimates
presented here highly conservative (i.e., the true risks may be higher than
these analyses suggest).
The breakdown by cancer site showed that lung cancer was the most
common projected radiation-related cancer (n = 6,200) (95% UL, 2,300–
13,000), followed by colon cancer (n = 3,500) (95% UL, 1,000–6,800)
and leukemia (n = 2,800) (95% UL, 800–4,800) (Figure F-6). The cancer
sites with the highest risks were common cancers with a high frequency of
exposure to that organ (e.g., colon from CT of the abdomen and pelvis and
lung from CT of the chest) or higher radiosensitivity (e.g., red bone marrow
and leukemia). The projected radiation-related cancers would be spread out
over many decades. However, if CT scan use remains at the current level or
increases further, then the results of the Berrington de Gonzalez analyses
suggest that eventually 29,000 (95% UL, 15,000–45,000) cancers every
year could be related to past CT scan use. This is equivalent to approximately 2 percent (1–3 percent) of the 1.4 million cancers that are diagnosed
annually in the United States being attributable to the prior use of CT.
Using very slight modification of these methods, Dr. Berrington de
Gonzalez estimates that 1,800 future breast cancers could result from CT
utilization in 2007.
Cancers Associated with Cardiac Nuclear Medicine Imaging (Berrington
de Gonzalez et al., 2010)
Nuclear cardiac perfusion tests are used in the assessment of coronary
artery disease, and they represent the second largest source of medical
radiation exposure in the United States. It is estimated that 85 percent of
radiation exposure from nuclear medicine procedures is accounted for from
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FIGURE F-6 Projected number of future cancers (mean and 95% uncertainty limits) that could be related to CT scan use in the United States in 2007, according to
cancer type.
SOURCE: Berrington de Gonzalez et al. (2009, p. E1). Reprinted with permission from Berrington de Gonzalez, A., M. Mahesh, K. P. Kim, M. Bhargavan,
R. Lewis, F. Mettler, and C. Land. 2009. Projected cancer risks from computed
tomographic scans performed in the United States in 2007. Arch Intern Med
169(22):2071–2077. Figure F-6 Future cancers.eps

bitmap, type so small, suggest redraw

these types of examinations. As described above, Berrington de Gonzalez
and colleagues (2010) estimated future cancer risks that would result from
the cardiac perfusion scans conducted in 2007. Combination of cancer
risk estimates with data on frequency of use suggested that the 9.1 million annual cardiac perfusion tests in the United States could result in
8,100 (3,700–15,200) additional future cancers, assuming use of median
radionuclide activity. If the tests were performed at the lowest or highest
recommended activity levels, risks would be reduced or increased by about
20 percent. If the levels of use remain similar in the future, the estimates
suggest that, eventually, approximately 0.6 percent (0.3–1.1 percent) of the
1.4 million cancers diagnosed annually in the United States could be related
to these studies.

438

BREAST CANCER AND THE ENVIRONMENT

TABLE F-5 Estimated Number of Future Breast Cancers That Might
Occur Related to a Single Year of Medical Radiation Exposure
Source of Medical Radiation

Estimated Number of Cancers

CT scans
Conventional radiography
Nuclear medicine
Other

1,800
280
150
560

All sources

2,800 (UL, 2,000–3,500)

Using very slight modification of these methods, Dr. Berrington de
Gonzalez estimates that 150 future breast cancers could result from nuclear
medicine utilization in 2007.
Summary of Future Breast Cancers from Medical Imaging
Berrington de Gonzalez estimates that 2,230 future breast cancers
would result from radiation from conventional radiography (280), cardiac
perfusion imaging (150), and CT (1,800), as described above. These cancers
would occur over women’s lifetimes, but result from these medical imaging
exposures from a single year. These estimates account for about 80 percent
of collective medical radiation dose to the U.S. population as interventional
radiology is not included (16 percent of collective U.S. dose) and the other
15 percent of nuclear medicine (4 percent of collective U.S. dose). Thus she
estimates an additional 560 breast cancers would result from the remaining radiation exposure from angiography and interventional radiology
procedures, and from the nuclear medicine procedures not counted in this
estimate. This yields a total estimated cancer burden of approximately
2,800 future breast cancers (95% UL, 2,000–3,500) that would result from
1 year of medical radiation exposure among the entire U.S. female population (Table F-5).
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