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Abstract

While early-life body leanness is associated with increased breast cancer risk, early-life physical
activity may protect against breast cancer. We examined whether the excess risk among lean girls
is modified by their levels of prior, concurrent, or future physical activity. We conducted an
analysis among 74,723 women in the Nurses’ Health Study Il (follow-up 1997-2011). Participants
recalled their body size at ages 5, 10, and 20 years in 1989 using a 9-level pictogram (level 1: most
lean). In 1997, they reported adolescent levels of physical activity (ages 12—13 and 14-17 years).
Cox proportional hazards models estimated the overall association of body size with breast cancer
risk and assessed interactions of adolescent physical activity with body size at three different age
periods (5-10, 10-20, and 20 years), adjusting for early-life and adult risk factors for breast
cancer. Regardless of levels of adolescent physical activity, early-life body leanness (level 1-2 vs.
4.5+) was significantly associated with higher breast cancer risk. The association was slightly
attenuated among those who were active (60+ MET-hr/wk) during adolescence compared to those
who were inactive (<30 MET-hr/wk) (body size at ages 5-10 years: hazard ratio=1.37, 95%
confidence interval=1.04-1.81 vs. 1.66, 1.29-2.12), but the interaction was not significant
(p=0.72). The results were similar for body size at three different age periods. Being lean during
early life is a risk factor for breast cancer among both inactive and active girls. Adolescent
physical activity did not significantly modify the association, although some interaction cannot be
excluded.
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INTRODUCTION

Evidence consistently supports that early-life body fatness is associated with decreased
breast cancer risk in both premenopausal 1> and postmenopausal 1 2: 47 women. In our
prior analysis in the Nurses’ Health Study (NHS) and NHSII cohorts we observed that
childhood and adolescent body fatness was significantly associated with a 20-50%
decreased breast cancer risk regardless of menopausal status 4. The association did not
change after adjustment for adult body mass index (BMI) 4 suggesting an independent,
lifelong protection from breast cancer. Although most studies were conducted among
Caucasian women 3-6:8.9 the inverse association was confirmed in African American 2 10,
Hispanic 11, and Asian women 1 7. This finding contrasts with adult obesity, which
increases the risk of postmenopausal breast cancer 2. The hypothesized underlying
mechanisms are increased anovulation 13- 14, altered circulating levels of hormones (e.g.,
estrogen, IGF-1) 1516 altered development of breast tissue (e.g., breast density) 1718 and
decelerated adolescent growth 19 in heavier girls.

While early-life body leanness may be a risk factor for breast cancer, some evidence
suggests a modest inverse association between early-life physical activity and later breast
cancer risk 20, In a recent analysis in the NHSII, we observed that physical activity (highest
vs. lowest quintiles) at ages 14-17 years was associated with a 15% lower risk of
premenopausal breast cancer 2%, Thus, we hypothesized that an excess risk associated with
early-life body leanness may be attenuated among women who engaged in high levels of
activity during their adolescence. An interaction between these two factors is biologically
plausible because they share potential mechanisms such as change in IGF-1 and sex
hormones levels 15 16.22 age at menarche 23-25, and menstrual cycle patterns 23: 26,
Furthermore, high levels of physical activity may help maintain a lean body weight, which
we hypothesized may not increase the risk among girls who became lean as a result of
physical activity. In contrast, being lean despite being inactive may result from a
carcinogenic hormonal profile (e.g., high androgen).

To our knowledge, only one study to date has examined the potential interaction between
early-life body size and physical activity on breast cancer risk (p-interaction=0.02) 27.
However, this study was a retrospective, case-control study where participants recalled their
body size and activity levels after their diagnosis of breast cancer. In a prospective analysis
within the NHSII cohort, we considered three different questions when assessing the
interactions between body size and physical activity on the risk of breast cancer, with
respect to the timing of each. First, we assessed an interaction between body size and
“future’ physical activity to address the question of whether a girl with a given body size
could alter her risk profile by engaging in high levels of activity immediately afterward.
Next, we assessed an interaction between ‘concurrent’ body size and physical activity.
Finally, we assessed physical activity “prior’ to body size to address the question of risk
among lean girls who may have been lean as a result of physical activity.
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MATERIALS AND METHODS
Study population

The NHSII is an ongoing cohort study that began in 1989, including 116,430 female
registered nurses aged 25-42 years. An initial self-administered questionnaire was mailed to
collect information on health behaviors, lifestyle and reproductive factors, and medical
histories. Biennial follow-up questionnaires updated information on known and suspected
risk factors for breast cancer, as well as new disease diagnoses. Response rates are >90%
based on cumulative person-time of follow-up.

The follow-up of this analysis began in 1997 when adolescent physical activity was
assessed. We excluded women who died or had a diagnosis of cancer, other than
nonmelanoma skin cancer, prior to 1997, or did not report their early-life body size or
physical activity.

This study was approved by the Committee on the Use of Human Subjects in Research at
Brigham and Women’s Hospital (Boston, Massachusetts). Completion of the self-
administered questionnaire was considered to imply informed consent.

Assessment of body size

In 1989, participants were asked to recall their body size at ages 5, 10, and 20 years using a
9-level pictogram (Figure 1) 28. According to a validation study conducted within the Third
Harvard Growth study, a Boston-area longitudinal study of schoolchildren initiated in 1922,
recalled body size using this pictogram by older women at ages 71-76 years (n=100) has a
good correlation with their BMI measured while they were at ages 5 (Pearson r=0.60), 10
(r=0.65), and 20 years (r=0.66) 2°. We averaged body size at ages 5 and 10 years and ages
10 and 20 years to obtain estimates of childhood and adolescent body size, respectively.
Higher levels (>5) of body size were collapsed because there were fewer women in those
levels. For stratification analyses, the levels with a similar risk (i.e., level 1 and 2) were
collapsed to increase power.

Assessment of physical activity

In 1997, participants were asked to recall their average hours per week spent on strenuous
(e.g. running, swimming laps) and moderate (e.g. hiking, casual cycling) recreational
activities, and walking (to and from school or work) during grades 7-8 (ages 12-13) and 9-
12 (ages 14-17). Within a subsample of 160 NHSII participants, the 4-year reproducibility
of recalled activities using this questionnaire was good (r=0.64 for total activity) 3C.

We calculated participants’ metabolic equivalent (MET)-hour/week of total physical activity
by multiplying the number of hours per week of each activity with its corresponding average
MET values (strenuous = 7 METs; moderate = 4.5 METs; walking=3 METs) 31 and then
summing the values from all activities. We averaged total activity (sum of recreational
activities and walking) at ages 12—-13 and 14-17 years to obtain an estimate of adolescent
activity. Because we previously observed the strongest association with breast cancer by
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activity at ages 14-17 years 21, we conducted a sensitivity analysis using only physical
activity at ages 14-17 years.

Ascertainment of breast cancer cases

Breast cancer cases diagnosed through May 31, 2011 were identified by self-administered
biennial questionnaire and the National Death Index, and confirmed by reviewing medical
records. Information on tumor characteristics was abstracted from the pathology reports. The
analysis included both premenopausal and postmenopausal cases and both invasive and in
situ cases because the association with early-life body size did not vary by these
characteristics 4. A total of 2,641 cases were identified during 1997-2011 follow-up (622 in
situ and 1,769 invasive cases confirmed by medical records; 1,683 estrogen receptor-
positive and 381 estrogen receptor-negative tumors). Among those with medical records,
99% of reported cases were confirmed; therefore, we included 250 breast cancer cases for
whom the medical records were missing and only verbally confirmed by telephone.

Covariate assessment

Height, adolescent alcohol intake, adolescent smoking status, age at menarche, menstrual
length and pattern at ages 18-22 years, and BMI at age 18 were reported once via the 1989
baseline questionnaire. Age, parity/age at first birth, personal history of benign breast
disease, oral contraceptive use, smoking, menopausal status, and current BMI were updated
biennially and family history of breast cancer was updated every 4 years since 1989. Birth
weight was assessed in 1991 and adolescent physical activity in 1997. Adult alcohol intake
was reported in 1991 and updated every 4 years. Adult physical activity was reported in
1989, 1991, 1997, 2001, 2005 and 2009.

Statistical analysis

Each woman contributed person-time from the return date of her questionnaire in 1997 until
a diagnosis of cancer except nonmelanoma skin cancer, death, or the end of follow-up on
June 1, 2011, whichever came earlier. Cox proportional hazards models were used to
estimate hazard ratios (HR) and their 95% confidence intervals (CI) for categories of body
size. We performed tests for trend by modeling body size as a continuous variable (level 1—-
9).

Multivariate-adjusted models included both early-life and adult risk factors for breast
cancer. Body size at different age periods during early-life were not simultaneously adjusted
in the model because they were strongly correlated with each other (r = 0.5-0.8). Covariates
that were reported more than once during the follow up were treated as time-varying
covariates. Because age at menarche, menstrual pattern at ages 18-22 years, BMI at age 18
(for body size at ages 5-10 years only), and current BMI could be intermediate variables
through which early-life body size is associated with breast cancer, we adjusted for them
only in secondary analyses.

To assess whether the association varied by the level of adolescent physical activity, we
stratified the participants by approximate tertiles (inactive, moderately active, active: <30,
30-59.9, 60+ MET-hr/wk). To assess the joint effect of body size and physical activity, we
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cross-classified by both body size and physical activity and estimated the HR using the most
overweight and inactive (<30 MET-hr/wk) group as a reference. The same analyses were
performed on: 1) childhood body size and adolescent (‘future’) physical activity, 2)
adolescent body size and adolescent (‘concurrent’) physical activity, and 3) body size at age
20 years and adolescent (“prior’) physical activity. Likelihood ratio tests compared models
with and without interaction terms to determine significance of the interactions. We repeated
the analyses after restricting to premenopausal women (1,364 cases) because adolescent
activity is suggestively more strongly associated with the risk of premenopausal breast
cancer 21, For these analyses, women contributed person-time only while they were
premenopausal.

Lastly, we used a competing risks Cox proportional hazards model 32 33, using a data
augmentation method 34, to assess whether the interaction differed by estrogen receptor
(ER) status of tumor. A separate observation was created for each subject for each type of
tumor (ER+/-) and stratified the data on event type, allowing for estimation of separate
associations with each type of tumor. Likelihood ratio tests compared models that assumed
different associations for each type of tumor with models that assumed the same association.
All statistical tests were two-sided with 5% type | error and performed using SAS software
version 9.

RESULTS

The mean age at the beginning of follow-up was 42 years for the 74,723 women who were
included in our analysis. Compared with women who were overweight during childhood,
those who were lean were more likely to be older at menarche, engage in higher levels of
physical activity, and have lower BMI later in life (Table 1). These women were also less
likely to have weighed 3.9 kg or more at birth and have smoked during adolescence and
adulthood, and more likely to have a personal history of benign breast disease.

Body size at ages 5 to 20 years were all significantly inversely associated with breast cancer
risk (Table 2). Women who were lean (level 1 vs. 4.5+) during their childhood had a 55%
higher risk compared to the women who were overweight, adjusting for adolescent and adult
risk factors for breast cancer (HR=1.55, 95% Cl=1.31-1.83; p-trend<0.0001). The estimates
were similar to those from age-adjusted models. The association became slightly stronger
when menstrual characteristics were added to the model; the change was primarily driven by
age at menarche. Adjustment for current adult BMI only slightly attenuated the association
(HR=1.48, 95% CI=1.24-1.75) and adjustment for BMI at age 18 somewhat attenuated the
association (HR=1.38, 95% Cl=1.15-1.65).

Within each stratum of adolescent activity, early-life body leanness was significantly
associated with higher breast cancer risk (Table 3). Multivariate-adjusted HR for women
who were lean (level 1-2 vs. 4.5+) during their childhood were 1.66 (95% CIl=1.29-2.12)
among inactive women, 1.59 (95% Cl=1.22-2.08) among moderately active women, and
1.37 (95% CI=1.04-1.81) among active women. Similar patterns were observed for each
time comparison of body size and physical activity, with slightly attenuated positive
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associations for body leanness among women who engaged in higher levels of activity
during adolescence. However, the interactions were not statistically significant.

When we cross-classified body size and physical activity, the risk in women who were lean
and active in early-life was only suggestively lower compared to women who were lean and
inactive (future activity: HR=1.55, 95% C1=1.15-2.09 vs. HR=1.66, 95% CI=1.30-2.13;
concurrent activity: HR=1.61, 95% C1=1.21-2.15 vs. HR=1.72, 95% CI=1.36-2.17; prior
activity: HR=1.69, 95% CI=1.24-2.30 vs. HR=1.73, 95% Cl=1.34-2.25) and their
confidence intervals overlapped considerably (Figure 2). The results did not differ by ER
status of tumors (p-heterogeneitysyture activity=0-47, P-heterogeneityconcurrent activity=0-40, p-
heterogeneityprior activity=0-58) and were consistent when we restricted the analyses to
premenopausal women or using activity (tertile/quintile) at ages 14-17 years only.

DISCUSSION

In this large prospective study, body leanness during childhood to early adulthood was
associated with a significantly higher breast cancer risk, regardless of the level of adolescent
physical activity. The association was independent of early-life and adult risk factors for
breast cancer and adult BMI. Although the associations were slightly attenuated among
women who were active compared to those who were inactive, adolescent physical activity
did not significantly modify the association. The results did not vary by ER status of tumors.

Our findings of a positive association between early-life body leanness and breast cancer
risk are consistent with those from previous studies =4 8. 9. 11 jn which lean girls had a 10-
70% increased risk compared with overweight girls. The magnitude of the association may
vary among studies due to variations in the range of BMI, sample size, length of follow-up,
and population characteristics (e.g., ethnicity, age). For example, in our study of primarily
Caucasian women, the corresponding median BMI at age 18 (the most proximate age
available, r=0.69) for women in the lowest and highest somatotype groups at age 20 were 18
and 26 kg/m?, respectively. In a Danish study (3,340 cases), a more narrow contrast of BMI
at age 14 (median 16 vs. 22 kg/m?2) was associated with a 20% higher risk &. Another study
in African American women (1,062 cases) reported a 32-47% higher risk in women with
BMI <20 vs. 225 kg/m? at age 18 2. Most studies, including ours, did not include women
who were extremely lean (such as those in the settings of extreme caloric restriction) during
early life; little is known about the relationship in extremely lean girls although some studies
observed reduced risk in women who experienced severe famine 3% or anorexia nervosa 3¢
during adolescence.

While the biology underlying the association between early-life body size and breast cancer
risk is not clear, multiple mechanisms, including both estrogen and non-estrogen pathways,
are likely to be involved as the association is significant for both ER+ and ER— tumors 2.
First, overweight girls are more likely to experience irregular menstrual cycles 22 and
anovulation 1314, despite having earlier menarche 23, However, these factors are unlikely to
explain the strong association of early-life body size because adjustment for menstrual
pattern between ages 14-22 years did not alter our results. Second, although biomarker
studies have generally not observed an association between childhood body size and the
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levels of adolescent 37 and adult 16 endogenous sex hormones, we cannot exclude the
possibility that the breast tissue-specific response to sex hormones (e.g., estrogen sensitivity)
may vary by early-life body size. Third, early-life body leanness may contribute to a lifelong
set point of IGF-1. In the NHS and NHSII, we observed 14% higher adult levels of plasma
IGF-1 among women who were lean (vs. overweight) at young ages 1°, and adult IGF-1
levels have been associated with a higher risk of breast cancer 38, However, genetically-
determined IGF-1 levels do not seem to play a major role because no association was
observed between childhood body size and SNPs in the IGF-1 and IGFBP-1/-3 gene

regions 39, Lastly, early-life body size has been inversely associated with mammographic
density 17- 18 and the risk of benign breast disease 49: 41, Given the strong association
between mammaographic density and breast cancer, breast density may play a role in the
association between early-life body size and breast cancer risk; however, adjustment for
mammographic density did not substantially alter the association in our prior results 2.
Evidence from mathematical models 43 and epidemiological studies 44 supports that breast
tissues are particularly susceptible to carcinogens during early life, especially between
menarche and the first childbirth 4°. For instance, overweight girls may have earlier
differentiation and altered development of breast tissue structures 46 that decreases
susceptibility to breast cancer throughout their lives; differentiated cells become less likely
to proliferate or transform into tumor cells 43: 45,

A lack of significant interaction in our study suggests that the modest association of
adolescent physical activity with breast cancer risk may not be strong enough to counteract
the robust association of early-life body size. While early-life physical activity and body size
share several potential mechanisms, it is possible that early-life body size acts upon breast
carcinogenesis in a way that is not modifiable by physical activity. For example, early-life
body size is inversely associated with mammographic density 17- 18 while physical activity is
not 47, If early-life body leanness increases risk primarily through higher breast density,
engaging in high levels of activity during early life may not modify the association between
early-life body size and breast cancer risk. However, we observed a slightly attenuated
association of early-life body size among women who were physically active during
adolescence. Our results contrast with those from the only prior study to date, which has
suggested a significantly stronger association of BMI at age 18 among postmenopausal
women who engaged in higher levels of activity at ages 14-22 year 27. Possible recall bias
in their retrospective study may explain the contrast, as suggested by their stronger inverse
association of adolescent physical activity (=364 vs. 0 times/year: OR=0.55, 95% C1=0.39-
0.78) and weaker positive association of early-life body leanness (BMI <18.6 vs. >21.8
kg/m2: OR=1.09, 95% C1=0.97—1.22) compared to ours.

Given some limitations of our study, we cannot exclude the possibility of some interaction
between early-life body size and physical activity. Because participants recalled their early-
life body size and adolescent physical activity when they were ages 25-50 years, our
exposure data are inevitably imperfect. Physical activity is particularly difficult to measure
accurately using questionnaires as there are many components including intensity,
frequency, and timing that may be differentially related to breast cancer risk. Our physical
activity data also did not include non-recreational activity such as household and
occupational activities. Given we focused on adolescence, levels of these activities were
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likely minimal in our study population; however, failure to meet this assumption would
result in measurement error in physical activity data. In our analysis where participants
recalled body size and physical activity prior to breast cancer diagnosis, the resulting
measurement error is most likely independent of outcome (i.e., non-differential) and may
have attenuated the association and interaction. For early-life body size, the association was
similar in other studies that used measured BMI 8: 9 supporting the validity of our recalled
body size data. Despite these limitations, this study included a long follow-up and
adjustment for both early-life and adult risk factors for breast cancer.

In summary, while early-life body leanness was significantly associated with a higher risk of
breast cancer, adolescent physical activity did not significantly modify the association,
although some interaction cannot be excluded. Further study is required to elucidate the
mechanisms underlying this association and to identify strategies to mitigate the excess risk
of breast cancer in lean girls. Despite the higher risk of breast cancer observed among lean
girls, lifetime obesity and physical inactivity increase the risk of other types of cancer and
various other chronic diseases (e.g., cardiovascular, endocrine, pulmonary, renal,
gastrointestinal, musculoskeletal) 48. Further, adult body fatness increases postmenopausal
breast cancer risk, and girls who are overweight are likely to remain overweight as adults 4°.
Therefore, public health recommendations should still support early life maintenance of a
healthy weight and physical activity.
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Novelty and impact of the work

Early-life body size is inversely associated with both premenopausal and postmenopausal
breast cancer risk, suggesting an excess risk in lean girls. In our prospective analysis with
a large sample size, we observed lean girls were at higher risk, regardless of the level of
adolescent physical activity. However, the association was slightly, though not
significantly, attenuated among the most active girls.
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A
b

A 9-level figure drawing used to assess body fatness at ages 5, 10, 20 years in the Nurses’
Health Study 11 (Reproduced from Stunkard et al. 1983 28).

2 3 4 5 6
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A. Childhood body size and adolescent physical activity
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Figure 2.
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Hazard ratios® of breast cancer according to self-reported adolescent physical activity
(average between ages 12—17 years) and body sizeP at three different age periods (ages 5—
10, 10-20, and 20 years) in the Nurses’ Health Study 11, 1997-2011 (reference = body size
4.5+ or 5+ level, physical activity <30 MET-hr/wk)

*Statistically significant (p<0.05)

aAdjusted for age (years, continuous), average alcohol intake between ages 15-18 years (g/
day, continuous), average physical activity between ages 12-17 years (MET-hr/wk,
continuous), birthweight (<5.5/5.5-6.9/7-8.4/8.5+), height (inches, continuous), parity/age
at first birth (nulliparous/1-2 at < 25 years/1-2 at 25-29 years/1-2 at 30+ years/3+ at <25
years/3+ at 25+ years), ever oral contraceptive use (never/past/current), smoking status
(never/past with adolescent smoking/past with no adolescent smoking/current with
adolescent smoking/current with no adolescent smoking), adult alcohol intake (g/d,
continuous), family history of breast cancer (yes/no), personal history of benign breast
disease (yes/no), adult physical activity (MET-hr/wk, continuous), menopausal status/
postmenopausal hormone use (premenopausal/postmenopausal never user/postmenopausal
past user/postmenopausal current user/dubious), and age at menopause (year, continuous).
bParticipants recalled their body size at ages 5, 10, and 20 years using a 9-level pictogram
(level 1: most lean; level 9: most overweight). Higher levels (4.5+ or 5+) were collapsed
because there were fewer women in those levels.
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