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Abstract

Purpose—~Physical activity may reduce endogenous estrogens but few studies have assessed
effects on estrogen metabolism and none have evaluated sedentary behavior in relation to estrogen
metabolism. We assessed relationships between accelerometer-measured physical activity and
sedentary behavior and 15 urinary estrogens and estrogen metabolites (EM) among
postmenopausal controls from a population-based breast cancer case-control study conducted in
Poland (2000-2003).

Methods—Postmenopausal women (N=542) were ages 40 to 72 years and not currently using
hormone therapy. Accelerometers, worn for seven days, were used to derive measures of average
activity (counts/day) and sedentary behavior (<100 counts/min/day). EM were measured in 12-
hour urine samples using liquid chromatography-tandem mass spectrometry. EM were analyzed
individually, in metabolic pathways (C-2, -4, or -16), and as ratios relative to parent estrogens.
Geometric means of EM by tertiles of accelerometer-measures, adjusted for age and body mass,
were computed using linear models.
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Results—High activity was associated with lower levels of estrone and estradiol (p-trend=0.01)
while increased sedentary time was positively associated with these parent estrogens (p-
trend=0.04). Inverse associations were observed between high activity and 2-methoxyestradiol, 4-
methoxyestradiol, 17-epiestriol and 16-epiestriol (p-trend=0.03). Sedentary time was positively
associated with methylated catechols in the 2- and 4-hydroxylation pathways (p-trend<0.04).
Women in the highest tertile of activity had increased hydroxylation at the C-2, -4, and -16 sites
relative to parent estrogens (p-trend<0.02) while increased sedentary time was associated with a
lower 16-pathway:parent estrogen ratio (p-trend=0.01).

Conclusions—Higher activity was associated with lower urinary estrogens, possibly through
increased estrogen hydroxylation and subsequent metabolism, while sedentary behavior may
reduce metabolism.

Keywords
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Introduction

Prior epidemiological studies suggest that higher levels of physical activity may reduce the
risk of breast cancer (13, 37) and other chronic diseases (20); however, the mechanisms that
account for the protective effect of physical activity are not well understood. While it has
been postulated that physical activity may reduce levels of the circulating parent estrogens,
estradiol and estrone (32), few studies have considered the influence of physical activity on
estrogen metabolism (2, 4, 26, 27, 35), particularly among postmenopausal women (1, 27).

Endogenous estrogen formation among postmenopausal women mainly occurs in the
adipose tissue via aromatization of adrenal androgens to estrone, the main circulating
estrogen, which is subsequently metabolized by enzymes within the cytochrome P450
family (31, 40). Irreversible hydroxylation at the C2, C4, or C16 positions of estrone yields
at least 13 estrogen metabolites (Figure 1) including 2-hydroxyestrone (2-OHE;) and 16a-
hydroxyestrone (16a-OHE;). These two metabolites have been the focus of prior
epidemiological studies due to the availability of a commercially available enzyme-linked
immunoassay (3) as well as potential differences in their affinity for estrogen receptor
binding (40). However, technological advances (39) facilitate the evaluation of additional
metabolites within the C2, C4, and C-16 pathways, which are suggested to have different
mutagenic, genotoxic, and proliferative activities (5). More specifically, further oxidation of
the catechol estrogens (2-hydroxyestrone, 2-hydroxyestradiol, 4-hydroxyestrone, Figure 1)
can lead to mutagenic quinone estrogens, while the methylation of these catechol estrogens,
catalyzed by catechol-O-methyltransferase (COMT), can prevent the formation of these
potentially DNA damaging derivatives. Estrogen metabolites within these various
hydroxylation pathways may have differential associations with breast cancer risk (7, 11, 16)
and with physical activity behaviors.

To date, only one cross-sectional study using self-reported measures of activity (27) and one
prospective study of moderate intensity exercise (1) have examined the effects of activity on
estrogen metabolism among postmenopausal women, with disparate results. Results from
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the cross-sectional analysis (27) suggest that physical activity may modify the adverse effect
of adiposity on estrogen metabolism by increasing the 2-OHE1/16a-OHE; ratio while the
aerobic exercise intervention did not support changes in the levels of these specific estrogen
metabolites (1). However, these studies were limited by small sample sizes, they only
measured two metabolites, 2-OHE; and 16a-OHE4, and relied on self-reported physical
activity.

In addition to needing a more comprehensive understanding of the relation between activity
and estrogen metabolism, the role of sedentary behavior on estrogen metabolism has yet to
be determined. Emerging evidence suggests that increased time spent sedentary may lead to
negative metabolic consequences (19), including increased central adiposity and higher
endogenous estrogen levels (21). To our knowledge, no prior studies have assessed the
relationship between sedentary behavior and estrogen metabolism among postmenopausal
women. Here we present the first study to date to assess the role of accelerometer-measured
physical activity and sedentary behavior on a comprehensive profile of 15 urinary estrogens
and estrogen metabolites (EM) among postmenopausal women.

Materials and Methods

Study Design

Details of the NCI Polish Breast Cancer Case-Control Study have been described elsewhere
(18). In brief, the NCI Polish Study is a population-based case-control study conducted
among women 20-74 years of age, residing in Warsaw and £.6dz, Poland from 2000 to 2003.
The accelerometer component of the NCI Polish Study was restricted to the Warsaw site.
Participants in this ancillary project included controls from the parent study, who were
randomly selected from the Polish Electronic System, a database with demographic
information from all Polish residents. Written informed consent was obtained from study
participants. The study protocol was reviewed and approved by Institutional Review Boards
at the U.S. National Cancer Institute (NCI) and the participating Polish institutions.

During home visits of all cases and controls, a trained interviewer obtained informed
consent, administered a detailed questionnaire, obtained anthropometric measurements and
collected al2-hour urine sample from participants. A wide range of factors was assessed,
including demographic information, occupational history, medical and reproductive history,
hormone use, and lifestyle factors. Women participating from the Warsaw site were also
asked to wear an accelerometer on their waist for seven days and to complete a daily log to
document monitor wear. Participants were instructed to wear the monitor during waking
hours and to remove it while sleeping or engaging in activities such as bathing or swimming.
Participants completed the 12-hour urine void within the same week as the monitor wear.
Women were classified as postmenopausal if they reported no longer having menstrual
periods at the time of the interview.

Eligibility criteria

Among controls from the Warsaw site (n=1588), 1089 were postmenopausal.
Postmenopausal participants were considered eligible for this analysis if they provided
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consent to wear an accelerometer (n=921), had at least one valid day of monitor wear (i.e.,
10 hours of wear) (n=788) and were not currently using exogenous hormones (n=662).
Among women reporting former use of exogenous hormones, no one in our analytic sample
reported any exogenous hormone use within the six months prior to urine collection. Women
were excluded from the study based on the following criteria: no urine sample available
(n=14), problems with the urine collection or processing (n=85) and more than seven days
between the date of urine collection and the start of monitor wear (n=21). The final study
population consisted of 542 postmenopausal women, ages 40 to 75 years.

Data Collection

Accelerometer Measures—The accelerometer (Actigraph 7164; Actigraph, LLC, Fort
Walton Beach, Florida) measures bodily movement on a minute-by-minute basis storing this
information as an “activity count” that reflects the duration and intensity of ambulatory
activities (23). Average activity was summarized by dividing the daily total activity counts
(ct) by the amount of monitor wear time each day and averaging the values of the valid days
to estimate average activity as ct/min/day. This measure integrates both sedentary and
physical activity and accounts for differences in wear time. Physical activity and sedentary
behavior were summarized by the number of minutes per day spent sedentary (0-99 ct/min)
or in light (100-759 ct/min) and moderate-to-vigorous (760+ ct/min) activity. These count
cut-points were selected to capture the full-range of sedentary, light and moderate-vigorous
behaviors based on prior studies (23, 25, 29, 38). All summary measures were averaged
across valid days of wear. The average number of valid days was 5.5 (SD=1.3). It has been
estimated that three to four valid days of monitor wear sufficiently reduce intra-individual
variation in behavior and achieve relatively high intraclass correlations (i.e. r > 0.80) for
average activity (24). The data reduction procedures and exclusions made during the
processing and cleaning of the monitor data have been previously described (6).

Urine Collection—Participants provided an overnight 12-hour urine collection, which was
picked up by the study nurse and transferred on ice to the laboratory within two hours for
processing. Urine samples were shipped to the United States in liquid nitrogen containers
and stored in 10 ml aliquots at -80 °C without ascorbic acid until the assays were performed
in 2011. Stable EM levels have been reported in urine samples collected in this manner (17).

Laboratory Assays

Fifteen EM were measured in 500 ul of thawed urine using a liquid chromatography tandem
mass spectrometry assay (LC-MS/MS) developed at the Laboratory of Proteomics and
Analytical Chemistry (Frederick National Laboratory for Cancer Research, Frederick, MD)
(39). The LC-MS/MS analysis was performed using an Agilent 1200 series nanoflow LC
system (Agilent Technologies, Palo Alto, CA) coupled to a TSQ™ Quantum Ultra triple
quadrupole mass spectrometer (Thermo Electron, San Jose, CA). The EM measured
included the parent estrogens (estrone and 17p3-estradiol) and estrogen metabolites in the 2-
hydroxylation pathway (2-hydroxyestrone, 2-hydroxyestradiol, 2-hydroxyestrone-3-methyl
ether, 2-methoxyestrone, and 2-methoxyestradiol), the 4-hydroxylation pathway (4-
hydroxyestrone, 4-methoxyestrone, and 4-methoxyestradiol) and the 16-hydroxylation
pathway (16a-hydroxyestrone, 17-epiestriol, estriol, 16-epiestriol, and 16-ketoestradiol).
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Details of the assay including sample preparation and reagents have been described
previously (39). In brief, the stable isotope labeled estrogens (SI-EM) including deuterated
2-hydroxyestradiol, 2-methoxyestradiol, and estriol (C/D/N Isotopes, Inc.); deuterated 16-
epiestriol (Medical Isotopes, Inc.); and 13C-labeled estrone and estradiol (Cambridge Isotope
Laboratories, Inc.) were added to each thawed urine sample at the beginning of our assay.
After enzymatic hydrolysis using B-glucuronidase/sulfatase from Helix pomatia, the EM
were extracted with dichloromethane, derivatized with dansyl chloride, and quantitatively
measured using LC-MS/MS.

Samples were randomized across fifteen batches; three blinded quality control (QC) samples
were included within each batch, representing 8% of the samples. Coefficients of variation
(CVs) for all EM were < 5%. Intraclass correlation coefficients (ICCs) were 99% for all EM
with the exception of 2-methoxyestrone (83%) and 4-methoxyestrone (93%). The lower
level of quantitation for the EM is 0.025 pg/0.5 ml urine sample (39). To adjust for variation
in urine concentration, creatinine levels were measured in 500 ul of urine at Collaborative
Laboratory Services, LLC (Ottumwa, IA) (CV <2%).

Statistical Analysis

Descriptive characteristics were compared across tertiles of overall activity by either
analysis of variance (ANOVA) or Chi-Square tests, as appropriate. EM were log transformed
and analyzed individually (pmol/mg creatinine), grouped metabolic pathways (C-2,-4, or
-16), and as ratios. Grouped metabolic pathways represent the sum of individual metabolites
within each pathway. Linear models, adjusted for continuous measures of age and body
mass index (BMI, kg/m?) as continuous variables, were fit to the log-transformed hormone
measures. Geometric means were calculated by tertiles of accelerometer measures for each
of the EM based on these models. Tests for trend were conducted by modeling each
categorical accelerometer measure as an ordinal variable, coded as 0,1,2 for the tertiles.
Additional confounders were determined a prioribased on the literature and included age at
natural menopause (<45, 45-49, 50-54, 55+, unknown), age at first full term birth
(nulliparous, <20, 20-24, 25-30, >30), number of full term births (nulliparous, 1, 2, 3+),
smoking status (never, former, current), alcohol use (never, former, current, unknown),
history of benign breast disease (no, yes, unknown), and family history of breast cancer (no,
yes). However, additional adjustments did not alter age- and BMI-adjusted estimates after
adjustment for age and BMI. Final models evaluating sedentary behavior were adjusted for
light and moderate-vigorous activity and wear time. For the main analysis, wear time was
included in the final model given its association with time spent in active and sedentary
behaviors. However, in sensitivity analyses we also computed results without adjustment for
wear time.

To assess potential effect modification by BMI, we fit interaction terms between BMI
(continuous) with active or sedentary behavior (tertiles). To identify and account for the
potential influence of outliers on our results, we conducted sensitivity analyses by fitting
robust regression models to each log-transformed EM (33). In sensitivity analyses, we
adjusted for an alternate measure of adiposity, waist circumference, which was strongly and
positively correlated with BMI (r=0.89) and results were similar (data not shown). All p-
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values are two-sided with statistical significance defined as p <0 .05; p-values were not
formally adjusted for multiple comparisons given the exploratory nature of these analyses.
Analyses were conducted with SAS version 9.3 (SAS Institute, Cary, NC).

Women with higher average activity, as defined by the highest tertile, were more likely to be
younger (p<.0001) and less overweight (p=0.009); Table 1. Active women spent more time
engaging in light and moderate-to-vigorous activity (p<.0001) and less time sedentary (p<.
0001). No significant differences were observed across the tertiles of average activity when
comparing urinary creatinine levels, education, age at menopause, and reproductive or other
lifestyle factors such as smoking status and alcohol consumption (all p-values >0.05).

Median urinary concentrations of EM along with the average percent contribution of the
individual metabolites are summarized in Table 2. The EM with the highest yield in this
population of postmenopausal women included: 2-hydroxyestrone (20.8%), estriol (19.9%),
estrone (15.7%), 16-ketoestradiol (10.8%), and 16a-hydroxyestrone (8.1%).

Table 3 presents results from the analysis of EM by average activity, after adjustment for age
and BMI. Higher average activity was associated with lower urinary levels of parent
estrogens, estrone and estradiol (p-trend=0.01 for each). When comparing the highest to
lowest tertile of activity, the difference in the geometric means for estrone and estradiol was
32.1% and 29%, respectively. No statistically significant trends were observed when
examining relationships between the grouped pathways (2, 4 and 16-hydroxylation) and
average activity. With regard to the individual metabolites, higher activity was associated
with lower levels of 2-methoxyestradiol, 4-methoxyestradiol, 17-epiestriol and 16-epiestrol
(p=0.03 for each). No association was observed with either the ratio of 2-OHE; / 16a-OHE;
or the 2-pathway / 16-pathway. However, higher average activity was associated with an
elevated ratio of each hydroxylation pathway relative to the parent estrogens (2-pathway /
parent estrogens, 4-pathway / parent estrogens and 16-pathway / parent estrogens, p-
trend=0.01; Table 3). The percent difference from the lowest to highest tertile ranged from
15-17.4%, depending on the ratio. No statistically significant associations were observed
when analyzing EM levels by either light or moderate-to-vigorous activity, after adjusting
for sedentary behavior [see Tables, Supplemental Digital Content 1 and 2, Geometric means
for urinary concentrations of estrogens and estrogen metabolites (picomoles per miligram
creatinine)].

Associations between sedentary behavior and EM, accounting for time spent in light and
moderate-to-vigorous activity, age, BMI, and wear time, were also assessed (Table 4). While
sedentary behavior was not significantly associated with total EM, greater amounts of
sedentary time were significantly associated with higher levels of estrone and estradiol in the
top tertile (p-trend=0.04 for each), suggesting a threshold effect. The percent difference in
the geometric means of either estrone or estradiol for the lowest and highest tertile of
sedentary behavior reflects a 42.9% and 40.6% increase, respectively. Overall, the grouped
2-, 4- or 16-hydroxylation pathways were not significantly associated with sedentary
behavior. Sedentary behavior was associated with greater excretion of methylated 2- and 4-
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pathway catechols. Significant positive associations were observed in the 2-pathway with 2-
methoxyestrone (p-trend=0.03) and 2-methoxyestradiol (p-trend=0.002), and in the 4-
pathway with 4-methoxyestrone (p-trend=0.04) and 4-methoxyestradiol (p-trend=0.01). No
significant associations were observed with the other catechol estrogens or metabolites in the
16-pathway and sedentary behavior. Results from analysis of EM and sedentary behavior
without adjustment for wear time are shown in Supplemental Digital Content 3 [see Table,
Supplemental Digital Content 3, Geometric means for urinary concentrations of estrogens
and estrogen metabolites (picomoles per miligram creatinine) by sedentary behavior].
Overall, the patterns of geometric means were similar with and without adjustment for wear
time.

Unlike patterns for active behavior, no significant trends were observed for sedentary
behavior with the ratio of 2-pathway to parents or 4-pathway to parents (Table 4), although
levels declined with increasing sedentary behavior and a lower ratio of the 16-pathway
relative to the parent estrogens was observed with increasing time spent sedentary (p-
trend=0.01). Although the ratio of 2-pathway / 16-pathway was not significantly associated
with sedentary behavior, a significant positive trend was observed with the 2-OHE; / 16a-
OHE; (p-trend=0.04). No statistically significant trends were observed with the other
metabolic ratios examined.

No significant effect modification by BMI was observed (data not shown). In sensitivity
analyses in which robust regression was performed to account for potential outliers, we
observed similar patterns as those summarized in Tables 3 and 4 (data not shown).

Discussion

To our knowledge, this is the first epidemiological study of postmenopausal women to
evaluate associations between objectively measured physical activity and sedentary behavior
in relation to estrogen metabolites in all three metabolic pathways (2-, 4- and 16-
hydroxylation). Using a comprehensive, sensitive, and highly reliable LC-MS/MS assay and
accelerometer measures, we observed that higher average activity was significantly
associated with lower urinary levels of estrogens and select estrogen metabolites.
Conversely, increased time spent sedentary was significantly associated with higher levels of
parent estrogens and methylated catechols in the 2- and 4-pathways.

Our findings with accelerometer-measured physical activity are consistent with prior
intervention trials reporting a reduction in estradiol and estrone levels with higher activity
among postmenopausal women (14, 30). Few studies have evaluated associations between
physical activity and estrogen metabolism, focusing on the hypothesis that increased
physical activity was associated with a higher ratio of 2-OHE; / 16-OHE; (1, 27). In our
analysis, higher activity was not associated with changes in either the ratio of 2-OHE; / 16-
OHE, or 2-pathway / 16-pathway. However, higher average activity was associated with a
higher urinary ratio of the 2, 4, and 16-pathway metabolites relative to parent estrogens.
These findings suggest that physical activity may induce changes in estrogen metabolism
possibly through more extensive hydroxylation of parent estrogens, leading to increased
excretion. Given the exploratory nature of this study, findings should be interpreted
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cautiously and replicated in other populations, particularly with measures of estrogen
metabolites pre- and post-activity.

In addition to our findings with the ratio measures, we observed significant inverse
associations of physical activity with some individual metabolites, including methylated
catechols in the 2-pathway. Methylation of catechol estrogens prevents the formation of
potentially DNA damaging quinone products (40) and earlier studies among premenopausal
women have suggested higher circulating levels of methylated catechols with exhaustive
exercise (8, 9). Explanations for these discrepancies are unclear but may, in part, be
explained by potential differences in COMT enzymatic activity or genetic polymorphisms
(36), differences in the amount, type, and intensity of physical activity, or differences
between circulating and urinary measures of estrogen metabolites. As levels of urinary
estrogens and metabolites may reflect elimination, studies comparing circulating and urinary
EM profiles in the same women are needed. To our knowledge, no prior studies have
evaluated relationships between methylated catechols and physical activity or exercise
among postmenopausal women. Further research is needed to better understand whether
physical activity can directly modulate COMT, and other enzymatic activity, involved in
estrogen metabolism, as well as to identify the type of activity that may be necessary to elicit
such alterations.

Sedentary behavior has emerged as a chronic disease risk factor, independent of time spent
engaging in moderate-vigorous physical activities (34), and has been adversely associated
with various biomarkers of cardiovascular disease (19) and breast cancer risk (22) including
HDL cholesterol, C-reactive protein and insulin. As hypothesized, increasing sedentary time
in our study was associated with increasing levels of urinary estrone and estradiol, after
adjustment for BMI, and light and moderate-to-vigorous activity. Sedentary time was
inversely associated with the ratio of the 16-pathway to parents and although not statistically
significant, a similar inverse pattern between sedentary behavior and the ratio of 2-pathway
and 4-pathway metabolites to the parent estrogens was suggested. These observations
suggest that sedentary behavior may be associated with reduced estrogen metabolism,
particularly in the 16-pathway, independent of time spent in active pursuits. However, further
research is needed to better understand relationships between excreted estrogens and
metabolites, as noted above. In addition, increased sedentary behavior was positively
associated with the methylated catechol estrogens in the C2 and C4 pathways. These
findings, along with the inverse associations observed between the methylated catechols and
average activity, were somewhat surprising given that methylated catechols are hypothesized
to confer a protective effect for breast cancer risk. Possible explanations for these observed
findings are described above; however, one cannot dismiss the possibility of chance findings.

Potential biological mechanisms for our findings with sedentary behavior are unclear but
may include changes in activity of cytochrome P450 enzymes that regulate hydroxylation to
the 16 pathway (40), either directly or through behaviors associated with sedentary time.
Mechanisms related to central adiposity and other metabolic consequences such as
increasing lipid profiles may also contribute to our understanding of the observed
associations between sedentary behavior and estrogens. Overall, the mechanisms that
account for the protective effect of physical activity on chronic diseases, such as breast
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cancer, are unresolved but it has been proposed that physical activity may reduce levels of
endogenous factors that drive cell division and other carcinogenic processes, including sex
steroid hormones. Previous laboratory studies suggest that estrogen metabolites may be
differentially related to DNA damage, cell division and growth but relationships between
estrogen metabolites and lifestyle factors, such as physical activity and sedentary behavior,
remain unclear. Further research is needed to confirm our findings and to better understand
biological associations with active and sedentary behavior.

Strengths of our analysis include the large sample of postmenopausal women and the
measurement of EM in three hydroxylation pathways (2-, 4-, and 16-), which extends our
understanding of estrogen metabolism beyond the 2-OHE; and 16a-OHE; metabolites.
Furthermore, the LC-MS/MS assay can measure EM with greater sensitivity and specificity
than previous immunoassays (12), which is important in studies of postmenopausal women
who generally have lower endogenous estrogen levels. The use of accelerometers provided
an objective measure of physical activity and sedentary behavior.

Given the cross-sectional nature of our design we are unable to assess casual relationships
between the accelerometer measures and urinary estrogen metabolism profiles or to
determine temporality. As this study was the first analysis of accelerometer measures and
estrogen metabolism, we did not adjust for multiple comparisons. It is possible that some of
our findings may be due to chance and thus require confirmation in other study populations.
An additional limitation includes the measurement of estrogens at one point in time whereby
we were unable to account for potential intra-individual variation. Recent data from the
Nurses' Health Study suggests that among premenopausal women, within-woman
reproducibility of urinary EM during a 2-3 year period is high as measured by ICCs ranging
from 0.5-0.7 for the various pathways and individual metabolites in the 2-pathway; ICCs
were lower for parent estrogens and individual EM in the 4-pathway (10). We recognize that
the intra-individual variation over time may differ by menopausal status, particularly given
differences in the primary source and overall levels of estrogen; however, there is limited
data on the intra-individual reproducibility of the urinary estrogen metabolites (measured by
LC-MS/MS) among postmenopausal women (12), particularly over multiple time points.
Additionally, while the stability of estrogen metabolites measured in urine collected without
ascorbic acid has been reported for short periods of time (17), it is possible that some degree
of degradation may have occurred during the approximate 10 year storage period. However,
as all urine samples were collected and stored in the same manner, any measurement error
would be uniform across all study samples. Furthermore, to our knowledge, only Fuhrman et
al. (15) has reported on urinary EM levels among postmenopausal women using the same
LC-MS/MS method. Although median (10™, 90t) levels of total EM were lower in our
study population, (i.e. 30.8 (12.4, 100.6) as compared with 54.3 (32.0, 93.1) pmol/mg
creatinine in the study by Fuhrman et al. (15)), the total EM ranges were overlapping. It is
important to note that the mean (SD) age of women in our study population was also higher,
63.2 (7.5) as compared with 58 (6) years (15), which may, in part, explain the lower estrogen
levels in the present analysis. Urinary EM in both the present study and that by Fuhrman et
al. were adjusted for creatinine levels to account for variations in urine concentrations;
however, creatinine concentrations may also vary by muscle mass. While we cannot dismiss
the possible influence of muscle mass on creatinine concentrations in our study, we

Med Sci Sports Exerc. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dallal et al.

Page 10

evaluated body mass index as both a confounder and effect modifier of the relationships
between accelerometer measures and creatinine-adjusted estrogen metabolites.

Our measures of physical activity and sedentary behavior were estimated from one week of
measurement, and it is possible this sampling approach may not fully represent the true
long-term average patterns of behavior in this population. However, seasonal variation in
behavior tends to be modest in developed countries (28) and three to four replicate days of
monitor wear has been found to significantly reduce intra-individual variation in behavior,
resulting in relatively high ICCs (i.e., > 0.80) for average activity (24). We therefore believe
that the monitor data are likely to be useful estimates of long-term patterns of behavior, but
we cannot rule out the possibility that intra-individual variation from week to week or
season to season influenced our results.

In summary, findings from this analysis extend our understanding of the associations
between active and sedentary behaviors and urinary estrogen metabolism among
postmenopausal women. While our results suggest potential explanations for the
interrelationships between estrogen, active and sedentary behavior, and chronic disease, this
was the first study to examine such associations with accelerometer measures. Our findings
require confirmation, ideally within prospective and intervention studies. Understanding
relationships between physical activity, sedentary behavior and estrogen levels is critical for
elucidating the mechanisms that mediate effects of these exposures, thereby providing
information that may aid in the development of preventive approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Estrogen metabolism pathways
The size of the estrogen or estrogen metabolite represents their relative urinary concentration

in postmenopausal women. Reproduced by kind permission from Cancer Epidemiology
Biomarkers and Prevention from Fuhrman et al/, 2012.
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Characteristics of postmenopausal women (N=542) at urine collection by average activity!

Characterisi Average Activity (average counts/min/day) Povalue3
<244.61 (n=179) 244.62-346.0 (n=178)  >346.0 (n=185)
Mean + SD
Age (y) 63.2+75 60.3+7.1 585+ 6.7 <.0001
Body mass index (kg/m?) 28.1+5.2 26.6+4.8 270+43 0.009
Creatinine (mg/dI) 83.8+40.8 875+4238 89.8 +43.2 0.41
Accelerometer data (hours/day)z
Wear time 13413 140+1.6 138+14 0.0004
Light 37+111 4.6+0.85 4.7+0.9 <.0001
Moderate to vigorous 0.75+0.31 15+0.34 25+0.7 <.0001
Sedentary 89+13 80+12 6.5+13 <.0001
N (%)
Education
Less than high school 59 (33.0) 62 (34.8) 74 (40.0) 0.73
High school 75 (41.9) 68 (38.2) 69 (37.3)
Some college/professional training 14 (7.8) 17 (9.6) 18 (9.7)
College graduate 28 (15.6) 30 (16.9) 23 (12.4)
Age at menopause (y)
<45 31(17.3) 20 (11.2) 21 (11.4) 0.33
45-49 50 (27.9) 56 (31.5) 58 (31.4)
50-54 67 (37.4) 70 (39.9) 82 (44.3)
55+ 28 (15.6) 25 (14.0) 19 (10.3)
Age at first full term birth (y)
Nulliparous 25 (14.0) 14 (7.9) 18 (9.7) 0.39
<20 29 (16.2) 22 (12.3) 18 (9.7)
20-24 74 (41.3) 84 (47.2) 84 (45.4)
25-30 35 (19.6) 41 (23.0) 44 (23.8)
>30 16 (8.9) 17 (9.6) 21 (11.4)
Number of full term births
Nulliparous 25 (14.0) 14 (7.9) 18 (9.7) 0.61
1 50 (28.0) 53 (29.8) 54 (29.2)
2 76 (42.4) 82 (46.0) 78 (42.2)
3+ 28 (15.6) 29 (16.3) 35 (18.9)
Family history of breast cancer 18 (10.1) 11 (6.2) 9(4.9) 0.13
History of benign breast disease 17 (9.5) 8 (4.5) 14 (7.6) 0.19
Current smoker 44 (24.6) 43 (24.2) 37 (20.0) 0.37
Alcohol use
Never 113 (63.1) 114 (64.0) 116 (62.7) 0.40
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Average Activity (average counts/min/day) P-value3

Characteristic
<244.61 (n=179) 244.62-346.0 (N=178)  >346.0 (n=185)

Former 51 (28.5) 48 (27.0) 60 (32.4)
Current 15 (8.4) 16 (9.0) 8 (4.3)

Note: Missing values included in the denominator for calculation of above percentages
1 L. . .
Average activity defined by average counts per minute per day

Time spent sedentary or in light and moderate-to-vigorous activity calculated as the average hours per day across valid days of wear. Behavior
defined by the following counts: sedentary (0-99 counts), light (100-759 counts), and moderate-to-vigorous (760+ counts)

P-values calculated using analysis of variance for continuous variables and X2 for categorical variable
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Median urinary concentrations of estrogens and estrogen metabolites (pmol/mg
creatinine) among postmenopausal women (N=542)

Table 2

Estrogen Metabolite (EM) Measure

Interdecile Range  Average Percent Contribution

Median 10t 90th
Total EM 30.8 12.4 100.6
Parent Estrogens 5.3 1.7 26.4
Estrone 42 1.2 20.7 15.7%
Estradiol 11 0.3 6.2 4.7%
2-Hydroxylation pathway 10.1 4.3 28.3
2-Pathway catechols 8.0 3.3 23.0
2-Hydroxyestrone 6.4 2.4 19.1 20.8%
2-Hydroxyestradiol 15 0.7 4.4 5.2%
2-Pathway methylated catechols 2.0 0.9 4.8
2-Methoxyestrone 11 0.5 29 3.8%
2-Methoxyestadiol 0.4 0.2 11 1.5%
2-Hydroxyestrone-3-methyl ether 0.4 0.1 0.9 1.3%
4-Hydroxylation pathway 13 0.6 3.7
4-Pathway catechol: 4-hydroxyestrone 1.0 0.4 3.0 3.3%
4-Pathway methylated catechols 0.3 0.1 0.8
4-Methoxyestrone 0.2 0.1 0.5 0.7%
4-Methoxyestradiol 0.1 0.04 0.2 0.3%
16-Hydroxylation pathway 13.0 5.4 43.7
16a-Hydroxyestrone 25 1.0 8.2 8.1%
Estriol 6.1 2.3 21.8 19.9%
17-Epiestriol 0.4 0.2 1.0 1.4%
16-Ketoestradiol 3.4 13 10.0 10.8%
16-Epiestriol 0.7 0.26 1.9 2.4%
Metabolic pathway ratios
2-pathway / parent estrogens 17 0.9 24 -
2-pathway catechols / parent estrogens 13 0.7 3.1 -
2-pathway methylated / parents estrogens 0.3 0.1 0.7 -
2-pathway catechols / 2-pathway methylated 1.3 0.7 3.1 -
2-pathway catechols / methylated 4.2 2.3 8.0 -
4- pathway / parent estrogens 0.2 0.1 0.5 -
4-pathway catechol / parent estrogens 0.2 0.08 0.4 -
4-pathway methylated / parent estrogens 0.05 0.02 0.12 -
4-pathway catechol / methylated 3.2 1.7 7.3 -
16-pathway / parent estrogens 2.1 13 45 -
2-pathway / 16-pathway 0.77 0.57 0.99 -
2-hydroxyestrone / 16a-hydroxyestrone 2.6 1.9 3.7 -
4-pathway / 2 pathway 0.13 0.12 0.15 -
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Interdecile Range  Average Percent Contribution

Estrogen Metabolite (EM) Measure
Median 10t 90th

4-pathway / 16 pathway 0.1 0.07 0.13 -
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Table 3
Geometric means? for urinary estrogens and estrogen metabolites (pmol/mg creatinine)

by average activity?

Average Activity2 (average counts/min/day)

Estrogen Metabolite (EM) Measure P-trend3
<244.61 244.62-346.0 >346.0
Total EM 35.89 35.59 29.75 0.05
Parent estrogens 7.15 6.62 5.19 0.01
Estrone 5.50 5.01 3.98 0.01
Estradiol 1.42 1.41 1.06 0.01
2-Hydroxylation pathway 11.27 11.44 9.74 0.07
2-Pathway catechols 9.01 9.07 7.74 0.09
2-Hydroxyestrone 7.24 7.21 6.17 0.09
2-Hydroxyestradiol 171 1.80 1.51 0.13
2-Pathway methylated catechols 2.08 2.14 1.82 0.07
2-Methoxyestrone 1.18 1.25 1.03 0.10
2-Methoxyestradiol 0.46 0.45 0.39 0.03
2-Hydroxyestrone-3-methyl-ether 0.38 0.38 0.33 0.10
4-Hydroxylation pathway 1.51 1.51 131 0.07
4-Pathway catechol: 4-hydroxyestrone 1.14 1.14 0.98 0.08
4-Pathway methylated catechols 0.33 0.33 0.29 0.08
4-Methoxyestrone 0.22 0.23 0.20 0.14
4-Methoxyestradiol 0.10 0.10 0.09 0.03
16-Hydroxylation pathway 15.03 15.00 12.68 0.07
16a-Hydroxyestrone 2.78 2.77 2.36 0.08
Estriol 7.00 7.08 5.81 0.06
17-Epiestriol 0.43 0.43 0.36 0.03
16-Ketoestradiol 3.65 3.64 3.25 0.20
16-Epiestriol 0.79 0.75 0.65 0.03
Metabolic pathway ratios
2-pathway / parent estrogens 1.58 1.73 1.88 0.01
2-pathway catechols / parent estrogens 1.26 1.37 1.49 0.01
2-pathway methylated / parent estrogens 0.29 0.32 0.35 0.01
4-pathway catechol / parent estrogens 0.16 0.17 0.19 0.02
4-pathway methylated / parent estrogens 0.05 0.05 0.06 0.02
4-pathway / parent estrogens 0.21 0.23 0.25 0.01
16-pathway / parent estrogens 2.10 2.26 2.44 0.01
2-pathway / 16-pathway 0.75 0.76 0.77 0.32
2-hydroxyestrone / 16a-hydroxyestrone 2.60 2.60 2.61 0.89
4-pathway / 2-pathway 0.13 0.13 0.13 0.86
4-pathway / 16-pathway 0.10 0.10 0.10 0.40
4-pathway catechol / 4-pathway methylated 3.43 3.46 3.33 0.61
2-pathway catechol / 2-pathway methylated 4.33 4.24 4.27 0.79
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1 . .
Geometric means adjusted for age and BMI
2 . ] .
Average activity defined as average counts per minute per day

3P-trend <0.05 are bolded
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Table 4

Page 21

Geometric means for urinary estrogens and estrogen metabolites (pmol/mg creatinine) by

sedentary behavior, adjusted for light and moderate-to-vigorous activity

Sedentary Behavior? (average min/day)

Estrogen Metabolite (EM) Measure P-trend3
<423.0 424.5-505.5 >505.57
Total EM 30.61 31.22 39.27 0.11
Parent estrogens 5.33 5.52 8.19 0.04
Estrone 4.06 422 6.28 0.04
Estradiol 112 1.10 1.69 0.04
2-Hydroxylation pathway 9.80 10.18 12.44 0.09
2-Pathway catechols 7.88 8.05 9.88 0.13
2-Hydroxyestrone 6.27 6.43 7.90 0.14
2-Hydroxyestradiol 1.55 1.55 1.90 0.12
2-Pathway methylated catechols 1.76 1.94 2.34 0.02
2-Methoxyestrone 1.02 111 1.34 0.03
2-Methoxyestradiol 0.36 0.43 0.53 0.002
2-Hydroxyestrone-3-methyl-ether 0.33 0.35 0.42 0.06
4-Hydroxylation pathway 1.30 1.37 1.66 0.07
4-Pathway catechol: 4-hydroxyestrone 0.98 1.02 1.25 0.11
4-Pathway methylated catechols 0.28 0.31 0.37 0.02
4-Methoxyestrone 0.19 0.21 0.25 0.04
4-Methoxyestradiol 0.08 0.09 0.11 0.01
16-Hydroxylation pathway 13.40 13.29 15.90 0.25
16a-Hydroxyestrone 2.53 2.47 2.88 0.40
Estriol 6.23 6.14 7.45 0.25
17-Epiestriol 0.38 0.39 0.45 0.28
16-Ketoestradiol 3.27 3.28 3.97 0.18
16-Epiestriol 0.66 0.72 0.81 0.13
Metabolic pathway ratios
2-pathway / parent estrogens 1.84 1.84 1.52 0.07
2-pathway catechols / parent estrogens 1.48 1.46 1.21 0.06
2-pathway methylated / parent estrogens 0.33 0.35 0.29 0.28
4-pathway catechol / parent estrogens 0.18 0.19 0.15 0.09
4-pathway methylated / parent estrogens 0.05 0.06 0.04 0.27
4-pathway / parent estrogens 0.24 0.25 0.20 0.10
16-pathway / parent estrogens 2.51 2.41 1.94 0.01
2-pathway / 16-pathway 0.73 0.77 0.78 0.11
2-hydroxyestrone / 16a-hydroxyestrone 2.48 2.60 2.74 0.04
4-pathway / 2-pathway 0.13 0.13 0.13 0.62
4-pathway / 16-pathway 0.10 0.10 0.10 0.10
4-pathway catechol / 4-pathway methylated 3.52 3.29 341 0.70
2-pathway catechol / 2-pathway methylated 4.47 4.16 4.22 0.43
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lAdjusted for age, BMI, light and moderate-to-vigorous activity and wear time
ZSedentary behavior (counts <100)

3P-trend <0.05 are bolded
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