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Objectives. To review the contribution of the Nurses' Heath Study (NHS) and
the NHS Il in identifying risk and protective factors for breast cancer incidence and
survival.

Methods. We conducted a narrative review of NHS and NHS Il articles on breast cancer
incidence and survival published from 1976 to 2016, with a focus on exogenous and
endogenous hormones; lifestyle factors, including diet, physical activity, and aspirin
use; intermediate markers of risk; and genetic factors.

Results. With the investigation of individual risk factors, as well as their incor-
poration into risk prediction models, the NHS has contributed to the identification of
ways in which women may reduce breast cancer risk, including limiting alcohol
consumption, reducing the duration of postmenopausal estrogen-plus-progestin
use, avoiding weight gain, and increasing vegetable consumption. In addition, the
NHS has helped elucidate the roles of several biomarkers and contributed to the
identification of risk alleles.

Conclusions. The NHS has contributed to our understanding of lifestyle, hormonal, and
genetic risk factors for breast cancer, highlighting the importance of exposures across
the life course, and has helped identify lifestyle changes that may reduce risk and im-
prove survival after a diagnosis of breast cancer. (Am J Public Health. 2016;106:1592—

1598. doi:10.2105/AJPH.2016.303325)

See also Galea and Vaughan, p. 1531.

he Nurses’ Health Study (INHS) origi-

nated with the goal of examining use of
oral contraceptives and other potential risk
factors for breast cancer. Beginning with our
first breast cancer publication on use of per-
manent hair dyesin 1979, we have investigated
a wide range of lifestyle factors, medications,
and biomarkers, as well as intermediate end-
points and tumor characteristics. Highlights of
our findings related to breast cancer, their
contributions to public health, and future re-
search directions are described in this article.

EXOGENOUS HORMONES

NHS and NHS II researchers examined
the relationships between exogenous hor-
mones and breast cancer risk. We highlight
findings related to oral contraceptives
and postmenopausal hormone use.
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Oral Contraceptives

The NHS began in 1976 with the primary
goal of evaluating the long-term consequences
of oral contraceptive (OC) use, particularly
its potential association with breast cancer
risk. In 1986, we published the first NHS in-
vestigation on this topic, the largest prospective
study at the time, in which we did not observe
an overall association between OC use and
breast cancer risk, consistent with most previous
studies.! However, we observed that current

OC users had an elevated risk, and a subsequent
analysis with additional follow-up had similar
findings. Our early observations were con-
firmed in a collaboration of 54 studies, including
the NHS, with over 50 000 cases of breast
cancer.” In this collaborative analysis, no overall
relationship was observed between duration of
use and breast cancer risk, but there was
amodest elevated risk among current and recent
users of OCs, suggesting a late-stage pro-
motional effect. The establishment of the later
NHS II, in 1989, allowed for a more detailed
examination of newer, specific OC formula-
tions. Current OC use was again associated with
an elevated breast cancer risk (for current vs
never use, relative risk [RR]=1.33; 95%
confidence interval [CI] = 1.03, 1.73), with
triphasic preparations that include levonorgestrel
as the progestin most strongly associated with
risk.” However, given the low absolute risk of
breast cancer among younger women, the es-
timated population attributable risk of current
OC use was 1.8%, indicating that OC use is not
a major cause of breast cancer. On the basis
of these and other studies, the International
Agency for Research on Cancer (IARC) con-
cluded that estrogen—progestogen OCs were
carcinogenic to humans (group 1). However,
the working group also stressed that OC use is
protective against other types of cancer, as re-
ported in the NHS, including endometrial and
ovarian cancer, and advised women to discuss
the risks and benefits of OCs with their clinician.
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Postmenopausal Hormone Use
Whereas exogenous estrogens were
suspected of increasing breast cancer risk,
early studies of postmenopausal hormone
therapy (HT) generally did not observe an
association; however, these early studies
focused on ever versus never use of HT. In
1990, we published the first NHS analysis of
postmenopausal HT use and breast cancer
risk.* Although there was no association with
past HT use, current users had a 36% higher
risk of breast cancer than never users
(95% CI=1.11, 1.67). In our 1995 analysis of
type of HT use, both current-estrogen-only
and estrogen-plus-progestin HT use were
positively associated with risk compared with
never use. In a recent NHS-NHS II analysis,
the association with estrogen-plus-progestin
HT use was stronger among those with longer
duration of use (for current use <5 years,
hazard ratio [HR] = 1.48; 95% CI=1.27,
1.72, and for current use = 5 years, HR = 1.97;
95% CI=1.67, 2.32; Figure 1).° In addi-
tion, the positive association with current-
estrogen-only HT use was apparent only
among women who had used it for longer
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durations (for current use <5 years,

HR =1.03; 95% CI=0.87, 1.22, and

for current use 25 years, HR =1.35;

95% CI=1.18, 1.55). These observations
are supported by results from the Women’s
Health Initiative trial of estrogen-plus-progestin
use among women aged 50 to 79 years,
which was stopped early, largely because of
the elevated risk of breast cancer in the
estrogen-plus-progestin HT arm. Although
the estrogen-alone versus placebo Women’s
Health Initiative trial did not observe an
association with breast cancer risk, median
follow-up was only 6.8 years. Additional
information on exogenous hormone use and
breast cancer risk may be found in the article by
Bhupathiraju et al. in this issue (p1631).

ENDOGENOUS HORMONES

The NHS and NHS II biospecimen col-
lections at multiple time points throughout
follow-up have enabled extensive research on
the associations between prediagnostic plasma
and urinary biomarkers and risk of breast

cancer, including analyses by the timing of
prediagnostic measurements. The NHS was
among the first studies to prospectively dem-
onstrate that circulating sex hormones were
associated with postmenopausal breast cancer,”
and recent analyses with additional follow-up
have demonstrated positive associations for
both estrogens and androgens (Figure 2)
among samples collected within 10 years of
diagnosis, as well as among those collected
10 to 20 years prior.'” In addition, our unique
collection of NHS II premenopausal samples
timed in the menstrual cycle has allowed us to
explore associations with sex hormones by
menstrual phase. In the first large prospective
study to examine associations by menstrual
phase, estradiol was positively associated with
breast cancer risk for follicular levels, whereas
androgens were positively associated with
risk for both luteal and follicular levels."?
Although these associations were attenuated
with further follow-up, in a collaborative
reanalysis of 7 prospective studies, including
ours, circulating levels of estrogens and an-
drogens were significantly positively associated
with risk of breast cancer before age 50 years.
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with different time frames. For exact dates, see source articles.

Source. Sisti et al.,® Rosner et al.,® Eliassen et al,,” and Chen et al.8

212 grams of alcohol per day is equivalent to approximately 1 drink per day.

®9 MET-hours per week is equivalent to 3 hours of walking at an average pace per week.

FIGURE 1—Relative Risks for the Associations Between Selected Risk Factors and Risk of Breast Cancer: The Nurses’ Health Study, United

States
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Source. Zhang et al.,,'® Tworoger et al,'" and Eliassen et al."?

FIGURE 2—Relative Risks for Circulating Biomarkers and Risk of Breast Cancer, by Years Between Blood Collection and Diagnosis: The

Nurses’ Health Study (NHS) and NHS II, United States

We have investigated breast cancer risk
with other circulating hormones, including
insulin-like growth factor 1 (IGF-1), growth
hormone, insulin, C-peptide, leptin, and
C-reactive protein, among others. Prolactin,
an endogenous hormone involved in breast
development, also has been extensively
investigated. Although more modest than
associations observed for estradiol, prolactin
levels measured within 10 years of diagnosis
in the NHS and NHS II were positively
associated with risk (Figure 2); this association
was stronger among postmenopausal women
and for estrogen receptor (ER)-positive
tumors.'' The inclusion of endogenous hor-
mones (estrone sulfate, testosterone, and pro-
lactin) to both the Gail score and our original
Rosner—Colditz model significantly improved
risk prediction for breast cancer among post-
menopausal women in the NHS, suggesting
that inclusion of endogenous hormones in risk
models could help better identify women for
increased screening or prevention efforts.

WEIGHT AND WEIGHT CHANGE

The association between weight and breast
cancer risk is complex, with the relationship
varying across the life course. In one of the
first detailed studies of childhood and ado-
lescent body size and risk, we observed an
inverse association with both pre- and
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postmenopausal breast cancer,'* which
persisted with additional follow-up.'>'®

As this strong inverse association has been
observed in several other cohorts and across
different populations, we explored potential
pathways by which early-life body size

may aftect risk. For example, body fatness in
childhood and body mass index (BMI) at
age 18 years were inversely associated with
adult plasma IGF-1 levels, suggesting that
altered IGF-1 levels may be a potential
mechanism. Furthermore, early-life body size
was inversely associated with percentage of
mammographic density (a strong risk factor
for breast cancer, discussed in the section
“Intermediate Markers of Breast Cancer
Risk”) independent of current BMI.

In the first prospective analysis of adult
body size and premenopausal breast cancer,
higher BMI was inversely associated with
risk, consistent with previous case—control
studies.'” This early observation was
confirmed in a later analysis within the NHS'®
and in many other studies. Although higher
BMI at age 18 years was inversely associated
with both pre- and postmenopausal risk,
weight gain after age 18 years was positively
associated with risk after menopause, though
limited to those who never used HT. In
a subsequent analysis with 26 years of
follow-up, we observed that among women
who never used HT, those who had lost
more than 10 kilograms since menopause and

maintained their weight loss had a lower risk
of breast cancer than women with stable
weight since menopause.'® This was the first
study to show that women may be able to
reduce their risk with lifestyle changes later in
life. In 2015, we assessed the association of
short-term (4-year) weight change with
pre- and postmenopausal breast cancer.
Short-term gain was associated with increased
breast cancer risk that was stronger for
premenopausal women, suggesting that the
protective association with current BMI
before menopause may be driven by body

size earlier in life (Figure 1).°

LIFESTYLE FACTORS

NHS and NHS II researchers examined
the relationships between lifestyle factors and
breast cancer risk. We highlight findings
related to physical activity, diet, aspirin use,
and shift work.

Physical Activity

Physical activity has been hypothesized to
decrease breast cancer risk by lowering
ovarian hormone levels. In an early NHS
analysis with over 16 years of follow-up, using
repeated measures of physical activity,
women who reported participating in at least
7 hours of moderate or vigorous physical
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activity per week had an 18% lower risk of
breast cancer (95% CI=10.70, 0.97).*° In

a follow-up analysis restricted to post-
menopausal women, both cumulative and
recent physical activity were inversely
associated with risk (Figure 1).” Among
younger women in the NHS II, lifetime
physical activity was inversely associated
with risk of premenopausal breast cancer
(RR =0.77; 95% CI=0.44, 0.93, compar-
ing the most- with the least-active women).
The inverse association was strongest for
adolescent activity and for premenopausal
risk, but not postmenopausal risk. Reviews
by the World Health Organization’s IARC
and by the American Institute for Cancer
Research and the World Cancer R esearch Fund
International, which included the NHS
and other studies, concluded that greater
physical activity in adulthood probably
reduces the risk of postmenopausal breast
cancer. In addition to the association with
risk, we have observed that physical activity
may be important for survival after breast
cancer diagnosis. In the first study of post-
diagnostic physical activity, we observed that
women who engaged in physical activity for
9 or more metabolic equivalent (MET)-hours
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per week had a lower risk of death from breast
cancer as well as death from any cause®'
(Figure 3). For breast cancer survival, the greatest
benefit was among those whose physical activity
was equivalent to walking 3 to 5 hours per
week at an average pace.”’ These results suggest
that women with breast cancer who follow the
US recommendations of at least 30 minutes
per day of moderate physical activity for at least
5 days per week may improve their survival,
independent of activity level before diagnosis.

Diet

To date, the most consistent dietary risk
factor for breast cancer risk is alcohol. In one
of the first prospective analyses of this asso-
ciation, women consuming both moderate
(514 g/day) and high (=15 g/day) amounts
of alcohol had an elevated risk of breast
cancer (RR =1.3; 95% CI=1.1, 1.7, and
RR =1.6;95% CI = 1.3, 2.0, respectively).>
An NHS analysis with additional follow-up®
(Figure 1), as well as multiple subsequent
prospective studies, confirmed the associa-
tion with alcohol, including a pooled analysis
of 20 studies. Most recently, we observed that
alcohol consumption, both in early and

later adult life, was independently associated
with risk, even at low levels of consumption in
the NHS II (e.g., at 10 g/day, RR =1.11;
95% CI = 1.00, 1.23, for alcohol consumption
between menarche and first pregnancy).®*
The TARC classifies alcohol as a group 1
carcinogen for breast and other cancers; we
estimated that the population attributable risk of
breast cancer because of alcohol intake was 10%.

Dietary fat intake was long hypothesized to
account for higher rates of breast cancer in
affluent countries, largely on the basis of the
strong international correlations with breast
cancer incidence and animal studies in which
dietary fat promoted mammary tumors.
Although positive associations between
dietary fat and breast cancer risk were seen in
some case—control studies, we did not observe
an association between dietary fat intake
and risk in the NHS in the first decade of
follow-up.?>® This null association is
consistent with a 2001 pooled analysis of
8 prospective cohort studies as well as with
the Women’s Health Initiative, as neither
observed significant associations between
fat intake and breast cancer risk.

A prudent dietary pattern (characterized
by higher intakes of fruits, vegetables, whole

Physical Activity® (MET-h/wk)

<3 3-<9

9-<15 15-<24 =224
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Note. MET = metabolic equivalent. The relative risks presented are from studies with different time frames. For exact dates, see source articles.

Source. Holmes et al.2"%2

°9 MET-hours per week is equivalent to 3 hours of walking at an average pace per week.

FIGURE 3—Relative Risks for the Associations Between Physical Activity and Aspirin Use After Diagnosis and Risk of Breast Cancer Death:

The Nurses’ Health Study, United States
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grains, low-fat dairy, fish, and poultry) was
inversely associated with ER-negative breast
tumors in the NHS, largely driven by an
inverse association with fruit and vegetable
intake.?” In a later NHS analysis with addi-
tional follow-up, vegetable intake was more
modestly associated with ER -negative tumors,
whereas fruit intake was not associated. In

a subsequent pooled analysis of 20 cohort
studies, including the NHS and NHS II, fruit
intake was notsignificantly associated with risk;
however, vegetable intake was inversely
associated with ER-negative tumors, con-
sistent with our previous observations.
Carotenoids are hypothesized to be some of
the components of vegetables that influence
breast cancer risk because of their potential
inhibition of tumor progression and pro-
liferation. In the NHS nested case—control
study, we observed that higher levels of
plasma carotenoids, including O-carotene,
B-carotene, and lycopene, were inversely
associated with breast cancer risk (Figure
2).'22% In a subsequent pooled analysis of
8 prospective cohort studies, including the
NHS, inverse associations between circulating
carotenoids were stronger for ER -negative
than for ER-positive tumors, providing
further evidence for a role of carotenoids
in the prevention of ER-negative breast
cancer.”

The NHS has contributed to the recog-
nition that early-life factors are important in
the investigation of breast cancer risk. For
example, using a 131-item high school food
frequency questionnaire in the NHS II,
we pioneered research into adolescent diet
and breast cancer.”’ We observed higher
risks of premenopausal breast cancer among
women with greater consumption of red
meat in high school (RR comparing
extreme quintiles = 1.43; 95% CI = 1.05,
1.94; P trend<.01), and lower risks among
women with higher intakes of fiber (RR
comparing extreme quintiles = 0.84;

95% CI=10.70, 1.01; Ptrend = .04) and fruit
(RR comparing extreme quintiles = 0.76;
95% CI=10.62, 0.93) during adolescence.

Aspirin

In analyses in NHS and NHS II, we did
not observe an association between use of
aspirin (or other nonsteroidal anti-inflammatory
drugs) and risk of breast cancer, including
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among regular aspirin users and users of long
duration (> 20 years).”" Although aspirin use
was not associated with incidence, recent
data from the NHS suggest that aspirin use
after breast cancer diagnosis may improve
survival. In an analysis of over 4000 women
who had been diagnosed with breast cancer,
aspirin use was associated with a lower risk
of distant recurrence and breast cancer
death.”* For example, compared with
nonusers, women who used aspirin 7 days
per week had a 64% lower risk of breast
cancer death (95% CI = 0.24, 0.54; Figure 3).
This was the first analysis to report better
survival for those women with breast cancer
who take aspirin. We explored the biology
behind this association, finding that the breast
cancer survival—aspirin association is not me-
diated by COX-2, as it is in colon cancer. Our
study and others provided the impetus for
the current Aspirin for Breast Cancer ran-
domized trial to investigate whether aspirin
use in women with breast cancer will reduce
rates of recurrence and improve survival.

Shift Work

Occupational exposure to rotating night
shifts may influence subsequent breast cancer
risk through suppression of melatonin by
direct exposure to light at night. In the first
prospective study of shift work and breast
cancer risk, we observed a positive association
between number of years working on ro-
tating night shifts and risk of breast cancer
in the NHS; the relative risk among women
who worked 30 or more years on night shifts
was 1.36 (95% CI=1.04, 1.78).>* In the
NHS II, the associations between long-term
shift work and risk were similar or suggestively
stronger.” In 2007, the IARC concluded
that night shift work was a probable human
carcinogen.”* The NHS and NHS II studies
provided the only prospective data on this
potential association. However, additional
research is needed to understand how the
timing, duration, and type of shift work affects
breast cancer risk over a woman’s lifespan.

INTERMEDIATE MARKERS OF
BREAST CANCER RISK

NHS and NHS II researchers examined
intermediate markers of breast cancer risk,

including predictors of these markers as well
as the relationship with breast cancer. We
highlight findings related to benign breast
disease and mammographic density.

Benign Breast Disease

To study the association between benign
breast disease (BBD) and risk of breast cancer,
we initiated a collection of BBD specimens
from participants who had subsequently de-
veloped breast cancer as well as those who
had not. We demonstrated that specific classes
of benign lesions are associated with higher
subsequent risk of breast cancer. For example,
compared with women with nonproliferative
BBD, women with proliferative disease
without atypia had a twofold increased risk and
women with atypical hyperplasia had a four-
fold increased risk of breast cancer.”>° We
observed that the increased risk persists for over
10 years after biopsy and that only approxi-
mately 60% of subsequent cancers develop
in the ipsilateral breast, suggesting that BBD
is a generalized marker of risk rather than
a precursor lesion.”® The inclusion of type of
BBD to the Rosner—Colditz risk prediction
model improved risk classification compared
with a model with only a yes—no BBD
classification.®” In addition, features such
as radial scars were associated with risk in-
dependent of these general BBD categories,
and the presence of predominant type 1
lobules in BBD (a marker of greater in-
volution) was associated with a decreased risk
of breast cancer compared with BBD with
no type 1 lobules.

We recently expanded our BBD research
to the Growing Up Today Study, a cohort
comprising children of NHS II participants, in
which we assessed potential predictors of
BBD in young women. This study provides
a unique opportunity to prospectively ex-
amine early-life exposures in relation to
a marker of breast cancer risk. We observed
that higher consumption of alcoholic bev-
erages during adolescence was positively as-
sociated with risk of BBD, whereas higher
carotenoid consumption was inversely asso-
ciated with BBD risk.”*>’

Mammographic Density

Percentage of mammographic density
(i.e., the proportion of breast tissue on
a mammogram that is radiodense and appears

AJPH September 2016, Vol 106, No. 9



light) is one of the strongest risk factors for
breast cancer and a potential intermediate
marker of risk. The NHS-NHS II collection
of mammograms from women in the nested
case—control studies of breast cancer has
allowed extensive investigations of risk factors
for high density, as well as further elucidating
the relationship between density and risk.
Contrary to the long-standing hypothesis that
high density may reflect greater exposure to
endogenous estrogen, we observed that
circulating estradiol levels in postmenopausal
women were not associated with percentage
density40; however, women with both

high density and hormones levels were at
particularly high risk of breast cancer. This
suggests that both biomarkers may be useful
in identifying and targeting women for
chemoprevention and additional screening.
We also demonstrated that, although per-
centage density is the strongest single mea-
sure of breast density associated with breast
cancer risk, the dense and nondense areas
on the mammogram are both strongly and
independently associated with risk.*" These
novel findings suggest that nondense area
(i.e., breast fat) is protective against breast
cancer. Together with basic science data, it
appears that adipocytes may play a role in
breast cancer that was not previously ap-
preciated, opening new avenues of research
for prevention. We also observed that per-
centage density was more strongly associated
with ER-negative than with ER-positive
breast cancer. Because few risk factors are
identified for ER-negative breast cancer,
this finding may be especially important to
better understand predictors of this more
aggressive subtype.

GENETICS

The first National Institutes of Health—
funded genome-wide association study
(GWAS) of breast cancer was conducted in
the NHS and identified a common breast
cancer—associated variant in FGFR2.*** To
overcome the inherent issue of multiple
comparisons in GWASs, investigators across
the world have formed large international
consortia that include genetic data from
thousands of women with and without
breast cancer. NHS-NHS II investigators
contributed to and led many of the consortial
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efforts, such as the Breast Cancer Association
Consortium and the Breast and Prostate
Cancer Cohort Consortium. Through these
and other GWAS consortia, more than

90 common (minor allele frequency >0.05)
risk loci for breast cancer have been iden-
tified; the variants at these loci explain
approximately 16% of the familial risk

44
of breast cancer.

CONCLUSIONS

Over the last 40 years, research in the
NHS has contributed greatly to our un-
derstanding of risk factors for breast cancer.
The Rosner—Colditz breast cancer pre-
diction model, developed on the basis of
risk factors identified in the NHS and other
studies, was recently validated in the Cal-
ifornia Teachers’ Cohort, where it out-
performed the Gail model.*> As our
continuingresearch in the NHS and NHS IT
has identified new risk factors for breast
cancer, we are currently evaluating whether
additional factors, including hormone
levels, mammographic density, and genetic
polymorphisms, improve our ability to
identify women at highest risk for breast
cancer. Importantly, research in the NHS has
identified ways in which women may reduce
their risk of breast cancer, including limiting
adult weight gain, reducing the duration
of estrogen-plus-progestin HT use, limiting
alcohol consumption, and increasing con-
sumption of vegetables.

As we enter the fifth decade of the Nurses’
Health Studies, we are secking new ways to
further our understanding of breast cancer
etiology and prevention. Our recent work
has expanded to examine breast cancer risk
factor associations by molecular subtype (e.g.,
luminal A or basal-like); continued tumor
tissue collection in both the NHS and NHS II
will allow further exploration of risk and
survival by subtypes. Lastly, as reproductive
and lifestyle exposures evolve over time, it
is crucial to include younger generations
of women in cohort studies, particularly as
early-life exposures may be most relevant for
breast cancer risk. The expansion of the
cohorts to include the Nurses” Health
Study 3 (nhs3.org) will help further our
understanding of breast cancer etiology,
prevention, and survival. AJPH
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EDITOR’'S NOTE

Because of space restrictions and the large
volume of references relevant to the Nurses’
Health Study, additional references are pro-
vided in a supplement to the online version of
this article at http://www.ajph.org.
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