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Abstract

Background: Estrogen metabolism in premenopausal women
may be related to early life body fatness.

Methods: Premenopausal women participating in the Nurses'
Health Study II recalled their body fatness at ages 5, 10, and 20
years using a validated 9-level pictogram. Fifteen estrogens and
estrogen metabolites (EM) were measured using LC/MS-MS in
luteal phase urines from603women ages 32–54 years. Geometric
means of individual EM,metabolic pathway groups, and pathway
ratios were examined by body fatness categories using linear
mixed models.

Results: Body fatness at each age was inversely associated with
adult concentrations of all EM combined, parent estrogens
(estrone, estradiol), and the 2-hydroxylation pathway. Women
in the top (vs. bottom) category of body fatness at age 10 had 21%
lower levels of all EM(Ptrend¼0.003), 24% lower parent estrogens

(Ptrend ¼ 0.002), and 36% lower 2-pathway (Ptrend ¼ 0.0003).
Body fatness at age 10 was inversely associated with 2-catechols
(35% lower, Ptrend ¼ 0.0004) and 2-methylated catechols (30%
lower, Ptrend ¼ 0.002). After adjusting for premenopausal body
mass index (BMI), these associations remained inverse but were
attenuated; only parent estrogens remained statistically signifi-
cant (21% lower, Ptrend¼0.01). Body fatness at ages 5 and20were
similarly, but more weakly, associated with estrogen pathways.

Conclusions: Estimates of body fatness during early life were
inversely associated with premenopausal levels of all EM com-
bined, parent estrogens, and 2-pathway estrogen metabolites.
These relationships were not fully explained by adult BMI.

Impact: These findings inform investigations of diseases linked
to early life body fatness and estrogenmetabolism. Cancer Epidemiol
Biomarkers Prev; 27(5); 585–93. �2018 AACR.

Introduction
Both body fatness and endogenous estrogen have been

implicated in the etiology of breast cancer (1–4). However,
the relationship between body fatness and endogenous estro-
gen exposure is complex in that it differs over the life course.
Heavier postmenopausal women have higher concentrations of
circulating estrogens, specifically estrone sulfate, estrone, and
estradiol, than lighter women (5–7); heavier premenopausal
women have lower circulating estrogen concentrations than
lighter women (8, 9); and heavier premenarcheal girls have
circulating estrogen concentrations similar to those of lighter

girls (10), although hormones from this age group have been
less studied. The dynamic relationship between body fatness
and estrogen levels across the life course may be due to
differences in the sources of estrogen production. Throughout
life, estrogens are produced peripherally by the conversion of
androgens in adipose tissue (11). However, during a woman's
reproductive years, estrogen is primarily produced centrally
along the hypothalamic–pituitary–ovarian (HPO) axis, with
90% of estrogen coming from the ovaries (11). Because child-
hood and adolescence include the years when the HPO axis is
developing, body fatness during this critical window may have
a persistent impact on estrogen production and influence adult
estrogen levels. Premenopausal mid-luteal estrogens are asso-
ciated inversely with breast cancer risk, suggesting that estrogen
metabolism is also important in breast cancer etiology (1).

The parent estrogens, estradiol and estrone, are irreversibly
metabolized by hydroxylation at the 2-, 4- or 16-positions of
the steroid ring (12); 2- and 4-pathway catechol estrogens
(2-hydroxyestrone, 2-hydroxyestradiol, and 4-hydroxyestrone)
can be further metabolized into methylated catechol estrogens
(2-methoxyestradiol, 2-methoxyestrone, 2-hydroxyestrone-3-
methyl ether, 4-methoxy estrone, and 4-methoxyestradiol). In
the 16-pathway, 16a-hydroxyestrone is metabolized primarily
to estriol, as well as 17-epiestriol, 16-epiestriol, and
16-ketoestradiol. In a case–control study of premenopausal
breast cancer nested within the Nurses' Health Study II cohort,
we measured these two estrogens and 13 estrogen metabolites
(all 15 referred to as EM) in premenopausal luteal phase urines
and found that estrogen metabolism differs among individuals
at different risk for breast cancer (1). Urinary levels of estrone
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and estradiol were strongly associated with reduced premeno-
pausal breast cancer risk; urinary levels of 2-pathway and 4-
pathway metabolites were moderately associated with reduced
risk; urinary levels of 16-pathway metabolites were not related
to risk. Subsequently, in a series of cross-sectional studies
including only the controls from the case–control study, we
explored the relationships in premenopausal women of indi-
vidual EM and EM profiles, measured in luteal phase urines, to
established and proposed breast cancer risk factors, including
reproductive and menstrual factors (13), smoking (14), phys-
ical activity (15), caffeine (16), alcohol (17), dietary fat and
fiber (18), analgesic use (19), mammographic density (20),
and adult body mass index (BMI) and height (21). Adult
premenopausal BMI, assessed close to the time of urine col-
lection, was strongly, statistically significantly, and inversely
associated with all EM combined and the 2-hydroxylation
pathway (21). To explore how early life body fatness is related
to adult estrogen production and metabolism, we now inves-
tigate whether body fatness during childhood and adolescence
is associated with premenopausal urinary EM levels, and if
these associations are independent of adult BMI.

Materials and Methods
Study population

The Nurses' Health Study II (NHSII) is a prospective cohort
study that tracks health outcomes in 116,430 registered nurses
who completed comprehensive health and lifestyle question-
naires biannually beginning in 1989. Between 1996 and 1999,
29,611 participants between the ages of 32 and 54 years who
were cancer-free provided blood and urine samples, and 18,521
of those were premenopausal women who had not used oral
contraceptives, been pregnant, or breast-fed during the six
months before sample collection. The current analysis includes
603 women who were either selected as controls in a nested
breast cancer case–control study (n ¼ 493; ref. 1) or included in
a biomarker reproducibility study (n ¼ 110; ref. 22). Informed
consent was implied by receipt of completed questionnaires
and urine samples. The study was approved by the Committee
on the Use of Human Subjects in Research at Harvard School of
Public Health and Brigham and Women's Hospital and was
conducted in accordance with the Belmont Report.

Early life somatotype and covariate assessment
In 1989, our study participants, ages 25–43 years, character-

ized their body fatness at ages 5, 10, and 20 using a 9-level
pictogram (23), which had been validated among older women
as a reasonably accurate assessment of body fatness at young
ages (24). We created ordinal variables for increasing body
fatness and grouped the five larger categories into one group
because of small numbers in each category; these scores are
presented as 1, 2, 3, 4, and 5þ.

Data on potential covariates were collected from the biennial
study questionnaires as well as a supplemental questionnaire
administered at the time of urine collection. Age at menarche,
weight at age 18, and attained height were reported on the 1989
questionnaire. Reproductive history and oral contraceptive use
were also collected on the 1989 questionnaire and updated on
subsequent biennial questionnaires. Information on menstrual
cycle regularity and length at present and during adolescence was
obtained in 1993. Physical activitywas collected onboth the 1997

and 2001 questionnaires, and we calculated the average of these
two time periods. We also calculated the average of the alcohol
and caffeine intakes reported in the 1995 and 1999 question-
naires. Participants recorded their current weight, smoking status,
and details of the urine collection, such as date and time and
whether it was a first morning void, using the supplemental
questionnaire. BMI at the time of urine collection was calculated
as weight in kilograms divided by attained height (from 1989
questionnaire) in meters squared.

Participants confirmed the start date of the menstrual period
immediately following specimen collection by mailing in post-
cards. Luteal day was determined using backward dating from
confirmed date of next menstrual cycle. We considered women
with plasma luteal progesterone levels �400 ng/dL to have
donated samples in an ovulatory cycle, while participants with
levels below this cut-off point were defined as donating in an
anovulatory cycle.

Measurement of urinary estrogens and estrogen metabolites
Participants collected first morning urine specimens without

preservative during the luteal phase of theirmenstrual cycle.Urine
samples were shipped on ice via overnight courier to the bior-
epository and stored in aliquots in liquid nitrogen freezers until
time of assay. The Laboratory of Proteomics and Analytical
Technologies, Frederick National Laboratory for Cancer Research
(Frederick, MD) received 0.5 mL of frozen urine for the measure-
ment of 15 EM.

The details of the LC/MS-MS method used to measure the 15
EM have been previously described (25). Glucuronide and
sulfate conjugates of each EM were hydrolyzed enzymatically
and measured together with any unconjugated EM. The preci-
sion of this method was determined by the inclusion of masked
replicate quality control samples in each batch. The overall
laboratory coefficients of variation (CV), which included both
within- and between-batch variability, were less than 7% for
each EM, except for 4-methoxyestrone (CV ¼ 17%) and
4-methoxyestradiol (CV ¼ 15%), which were present in urine
at the lowest concentrations of all EM (1). The lower limit of
quantitation for each EM was approximately 150 fmol/mL
urine.

Urinary creatininewasmeasured in three batches: thefirst at the
EndocrineCore Laboratory at EmoryUniversity (Atlanta, GA), the
second at the laboratory of Dr. Vincent Ricchiuti at Brigham and
Women's Hospital (Boston, MA), and the third at the laboratory
of Dr. Nader Rifai at Boston Children's Hospital (Boston, MA).
Overall CVs in each lab were less than 9.2%.

Plasma progesterone was assayed by chemiluminescence
immunoassay using the Immulite Auto-Analyzer (Diagnostic
Products Corp.). Overall CVs were �17%, while within-batch
CVs were �4%.

Statistical analyses
EM were analyzed individually, in groups representing meta-

bolic pathways, and as ratios of metabolic pathways (all listed
in Table 2). We standardized urinary concentrations for individ-
ual EM and metabolic pathway groups (pmol/mL) by urinary
creatinine concentrations (mg/mL) to account for urine volume
and dilution. We log-transformed individual EM, metabolic
pathway groups, and pathway ratios. Statistical outliers for each
measure were identified using the generalized extreme Studen-
tized deviate many-outlier approach (26) and removed from
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analyses. The number of outliers ranged from 0 to 9 for all
individual EM except 2-methoxyestradiol (16 outliers).

In primary analyses, we used linear mixed models to calculate
adjusted geometric means of individual EM, metabolic pathway
groups, and pathway ratios by category of body fatness at ages 5,
10, and 20. Test for trend analyses were conducted by modeling
the five body fatness scores as a continuous exposure variable and
calculating theWald statistic. Multivariablemodels were adjusted
for age at urine collection (continuous), urine collection during
ovulatory cycle (yes/no), luteal phase at urine collection (�5, 6–7,
8–9, �10 days to next period), first morning urine (yes/no),
combined age at first birth/parity (nulliparous, age at first
birth <25 years/1–2 children, age at first birth 25–29 years/1–2
children, age at first birth�30 years/1–2 children, age at first birth
<25 years/�3 children, age at first birth �25 years/�3 children),
physical activity (<3, 3–8.9, 9–17.9, 18–26.9, 27–41.9, �42
MET-hr/week), alcohol intake (nondrinker, <1.49, 1.50–4.85,
>4.85 g/day), quartiles of caffeine intake (<70, 70–186, 187–
359, >359 mg/day), current smoker (yes/no), current menstrual
cycle length (<26, 26–31,�32 days), and current menstrual cycle
regularity (extremely regular, very regular, regular, usually/always
irregular). The main analyses were also modeled including BMI
at the time of urine collection as a continuous variable and the
covariates listed above. We also considered other potential con-
founders, including age at menarche, menstrual cycle length and
regularity during high school, menstrual cycle regularity at ages
18–22, time until cycles became regular, and previous use of oral
contraceptives. However, adjustment for these variables did not
appreciably change our results and they were not retained in final
models. For example, the absolute % change in the geometric
means for each individual EMs when we adjusted body size at age
10 by age at menarche was consistently <1%. Finally, models
based on total pmoles of individual EM and metabolic pathway
groups, without standardization for urinary creatinine, gave
results similar to creatinine-adjusted models.

Secondary analyses were restricted to women with urine col-
lected in an ovulatory cycle, women who provided the urine
sample during luteal days 4–10, andwomenwhohadnot smoked
in the 30 days prior to urine collection.

All P values were two-sided and considered to be statistically
significant if �0.05. Analyses were conducted with SAS version
9.3 (SAS Institute).

Results
Body fatness at ages 5 and 10 were highly correlated with each

other [Spearman correlation coefficient (r) ¼ 0.84] but only
moderately correlated with body fatness at age 20 (Spearman
r ¼ 0.51 and 0.59, respectively). Twelve percent of the women
reported that they were light (pictogram �2) at all three ages,
while 25% reported they were heavy (pictogram �4) at all three
ages. Body fatness at ages 5, 10, and 20 were less correlated with
adult premenopausal BMI (at the time of urine collection) than
with each other (Spearman r for premenopausal BMI with ages 5,
10, and 20 ¼ 0.28, 0.34, and 0.34, respectively). The 603 urine
samples included in this analysis came from a population of
mostly Caucasian women (97%) with a median age of 43 years.
The majority (86%) of the urine samples were collected in mid-
luteal phase, 4 to 10 days before the nextmenstrual cycle. Women
who were heavier during childhood, based on the body fatness
they recalled for age 10, weremore likely to report an earlier age at
menarche, regular periods within one year of menarche, and
regular menstrual cycles during high school and ages 18–22
(Table 1). As adults, these women were also heavier and more
likely to consume caffeinated beverages and smoke.

Body fatness at ages 5, 10, and 20 were each inversely
associated with all EM combined, grouped parent estrogens,
the 2-hydroxylation pathway, 2-catechols, and 2-methylated
catechols after adjusting for covariates (Tables 2–4). In general,
trends for these metabolic groups were most pronounced at age

Table 1. Characteristics of the premenopausal study population (n ¼ 603) by body fatness at age 10a

Recalled body fatness at 10 years oldb

1 2 3 4 5þ
Nc 101 191 151 91 63
Caucasian, % 94 97 97 97 98
Age at urine collection, y 42.7 (4.0) 42.7 (4.0) 42.8 (3.8) 42.7 (3.5) 44.0 (3.4)
BMI at urine collection, kg/m2 23.2 (3.8) 23.6 (3.7) 25.1 (4.9) 26.9 (5.8) 30.3 (6.9)
Height, m 1.66 (0.06) 1.65 (0.07) 1.65 (0.07) 1.65 (0.07) 1.67 (0.07)
Parous, % 81 84 84 83 73
Age at first birth, y 26.8 (4.2) 26.6 (4.1) 26.2 (4.8) 26.8 (5.0) 28.1 (5.7)
Physical activity, MET-hr/wk 22.0 (23.3) 22.2 (21.2) 20.4 (16.8) 23.0 (23.7) 19.9 (17.1)
Alcohol intake, g/day 4.0 (6.9) 4.0 (6.5) 3.2 (4.5) 4.3 (5.8) 4.8 (7.7)
Caffeine intake, mg/day 208 (180) 217 (194) 257 (226) 241 (174) 267 (205)
Current smoker, % 4 4 9 5 8
Current menstrual cycle length of 26–31 days, % 59 65 75 66 65
Current menstrual cycles regular, % 96 96 95 96 95
Age at menarche 13.2 (1.4) 12.8 (1.3) 12.5 (1.5) 11.9 (1.3) 12.1 (1.4)
Regular menstrual cycles within 1 year of menarche, % 36 46 46 51 60
Regular menstrual cycles during high school, % 80 90 91 88 95
Regular menstrual cycles during ages 18–22, % 83 91 92 93 94
Sample collected during ovulatory cycle, % 95 91 86 88 85
Sample collected 4–10 days before next period, % 88 84 84 90 83
First morning urine sample, % 78 80 85 75 79
Creatinine, mg/L 1,021 (504) 1,217 (608) 1,158 (564) 1,076 (586) 1,093 (691)
aParticipants recalled their body fatness at age 10 using a 9-level pictogram; from these reports, we created ordinal variables for increasing body fatness as 1, 2, 3, 4,
and 5þ, with 5þ combining the five highest levels.
bValues are means (SD) or percentages.
cNumbers do not sum to 603 due to missing values for body fatness.
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10 and weakest at age 5. Geometric means for all EM combined
for the heaviest women (pictograms 5þ), compared with the
leanest women (pictogram 1), were 12% lower (Ptrend ¼ 0.03)
for age 5 years, 21% lower (Ptrend ¼ 0.003) for age 10 years, and
10% lower (Ptrend ¼ 0.03) for age 20 years. Geometric means
for parent estrogens for the heaviest, compared with leanest,
women were 11% lower for age 5 (Ptrend ¼ 0.02), 24% lower for
age 10 (Ptrend ¼ 0.002), and 24% lower for age 20 (Ptrend ¼
0.01). Geometric means for the 2-hydroxylation pathway for
the heaviest, compared with leanest, women were 21% lower
for age 5 (Ptrend ¼ 0.01), 36% lower for age 10 (Ptrend ¼
0.0003), and 36% lower for age 20 (Ptrend ¼ 0.004).

To further explore the associations of early life body fatness
with patterns of metabolism across pathways, we systematically
examined pathway ratios. Metabolic patterns were most pro-
nounced for age 10. Body fatness at age 10 was associated with
reduced 2-hydroxylation as demonstrated by inverse associations

for the following ratios: 2-pathway/16-pathway (Ptrend ¼ 0.01),
2,4-pathway/16-pathway (Ptrend ¼ 0.03), and 2-pathway/parent
estrogens (Ptrend ¼ 0.01; Table 3). Body fatness at ages 5 and 20
were also inversely associated with the 2-pathway/16-pathway
and 2-pathway/parent estrogens ratios, although the trends were
not statistically significant (Tables 2 and 4).

The inverse association of age 10 body fatness with parent
estrogens remained statistically significant after the addition of
adult premenopausal BMI to the model (Ptrend ¼ 0.01; Table 3;
Supplementary Table S1); in addition, adjustment for adult BMI
only slightly attenuated the decrease in parent estrogens in the
heaviest compared with leanest women (from 24% to 21%
lower). Both estrone and estradiol remained statistically signifi-
cantly inversely associated with age 10 body fatness after addition
of adult BMI. The inverse associations of parent estrogens with
body fatness at ages 5 and 20 also remained relatively strong after
adjustment for adult BMI (9% lower comparing heaviest to

Table 2. Multivariable-adjusteda geometric means of premenopausal estrogen metabolism measures by body fatness at age 5

Geometric mean by body fatness pictogram
1 2 3 4 5þ Ptrend

a,b Ptrend
b,c

Nd 117 196 164 73 43
Individual and grouped estrogens/estrogen metabolites (EM) (pmol/mg creatinine)
All EM combined 223.7 189.2 194.6 180.0 197.7 0.03 0.30
Parent estrogens 49.8 39.1 39.8 37.3 44.1 0.02 0.06
Estrone 33.0 25.2 26.7 24.9 29.2 0.06 0.15
Estradiol 15.4 12.7 13.4 11.7 13.7 0.03 0.01

Catechols 78.8 60.7 63.2 54.4 62.9 0.01 0.50
2-catechols 67.9 52.3 53.5 46.3 52.5 0.01 0.44
2-Hydroxyestrone 60.5 46.1 47.0 40.6 46.2 0.01 0.39
2-Hydroxyestradiol 6.4 5.5 5.3 5.1 5.6 0.11 0.89

4-catechols
4-Hydroxyestrone 7.6 5.9 6.2 5.4 6.8 0.18 0.34

Methylated catechols 12.6 10.5 9.9 9.1 11.1 0.02 0.45
Methylated 2-catechols 12.2 10.1 9.5 8.7 10.9 0.03 0.45
2-Methoxyestrone 9.7 7.7 7.4 7.0 8.7 0.05 0.61
2-Methoxyestradiol 0.82 0.66 0.70 0.61 0.77 0.20 0.83
2-Hydroxyestrone-3-methyl ether 1.5 1.3 1.3 1.1 1.5 0.13 0.58

Methylated 4-catechols 0.24 0.22 0.22 0.20 0.16 0.03 0.46
4-Methoxyestrone 0.15 0.15 0.14 0.12 0.10 0.03 0.65
4-Methoxyestradiol 0.05 0.05 0.05 0.05 0.04 0.26 0.89

2-Hydroxylation pathway 81.1 63.5 63.9 55.5 64.1 0.01 0.37
4-Hydroxylation pathway 8.6 6.7 6.9 6.3 7.9 0.17 0.36
16-Hydroxylation pathway 69.2 63.4 60.0 64.1 66.4 0.41 0.67
16a-Hydroxyestrone 12.4 10.7 10.7 9.6 10.5 0.09 0.34
Estriol 28.7 28.8 26.4 29.3 30.4 0.96 0.81
17-Epiestriol 1.5 1.7 1.5 1.8 1.6 0.76 0.59
16-Ketoestradiol 15.3 12.8 12.8 12.6 13.4 0.09 0.57
16-Epiestriol 6.0 5.7 5.7 5.5 6.7 0.87 0.93

Ratios (pmol/pmol)
2-Hydroxyestrone/16a-Hydroxyestrone 4.8 4.2 4.1 4.2 4.7 0.63 0.78
4-Pathway/2-Pathway 0.10 0.10 0.11 0.10 0.11 0.29 0.73
2-Pathway/16-Pathway 1.2 1.0 1.0 0.9 1.0 0.16 0.83
2,4-Pathway/16-Pathway 1.3 1.1 1.1 1.0 1.2 0.23 0.94
2-Catechols/Methylated 2-catechols 5.5 5.1 5.2 5.3 4.8 0.28 0.67
4-Catechols/Methylated 4-catechols 32.4 26.3 27.1 29.4 45.1 0.37 0.98
Catechols/Methylated catechols 6.3 5.7 5.9 6.0 5.6 0.46 0.73
2-Pathway/Parent estrogens 1.6 1.6 1.5 1.5 1.5 0.11 0.50
4-Pathway/Parent estrogens 0.16 0.16 0.17 0.16 0.17 0.86 0.51
16-Pathway/Parent estrogens 1.4 1.6 1.5 1.6 1.4 0.69 0.47
Parent estrogens/2-, 4-, 16-Pathways 0.29 0.27 0.28 0.28 0.31 0.55 0.37
aAdjusted for age at urine collection, ovulatory cycle, luteal phase of sample, first morning urine sample, age at first birth/parity, physical activity, alcohol intake,
caffeine intake, current smoker, current menstrual cycle length, and current menstrual cycle regularity.
bTests for trend were conducted by modeling the five body fatness scores as a continuous exposure and calculating theWald statistic. Statistically significant Ptrend
values are shown in bold.
cAdditionally adjusted for BMI (continuous) at urine collection
dTen participants did not report body fatness at age 5.
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leanest women; Ptrend ¼ 0.06 and 22% lower; Ptrend ¼ 0.04,
respectively; Tables 2 and 4; Supplementary Tables S2 and S3).
However, the other estrogen metabolism pathway associations
that we consistently noted across early life were substantially
attenuated and trends were no longer statistically significant with
adjustment for adult premenopausal BMI. For example, without
adjusting for adult BMI, the 2-hydroxylation pathway was 36%
lower in the heaviest, compared with the leanest, women, at age
10 (Ptrend ¼ 0.0003); this association remained inverse but was
weakened after adjusting for adult BMI (19% lower; Ptrend ¼
0.13; Table 3; Supplementary Table S1). Similarly, the associa-
tions of all EM combined, 2-catechols, and 2-methylated cate-
chols with body fatness at age 10 remained inverse, but were
noticeably weakened after adjustment (22%, 37%, and 30%
lower, respectively, in the heaviest, compared with leanest, wom-
en before adjustment for adult BMI and 14%, 19%, and 15%

lower, respectively, after adjustment; Table 3; Supplementary
Table S1).

The joint and independent relationships of selected estrogen
metabolic pathways, as well as estrone and estradiol, with body
fatness at age 10 and premenopausal adult BMI are shown in
Supplementary Table S4. For both parent estrogens and estradiol,
the influence of age 10 body fatness, controlled for adult BMI, was
more pronounced than the influence of adult BMI, controlled for
age 10 body fatness.

We summarize in Fig. 1 how body fatness at ages 5, 10, and 20
and adult premenopausal BMI are associated with estrogen
metabolism pathways during the premenopausal years. For most
of the metabolic pathways, the most pronounced differences in
mean urinary premenopausal concentrations, comparing the
heaviest to leanest girls, were noted for body fatness at age 10
(second bar). For parent estrogens and 2-hydroxylation pathway

Table 3. Multivariable-adjusteda geometric means of premenopausal estrogen metabolism measures by body fatness at age 10

Geometric mean by body fatness pictogram
1 2 3 4 5þ Ptrend

a,b Ptrend
b,c

Nd 101 191 151 91 63
Individual and grouped estrogens/estrogen metabolites (EM) (pmol/mg creatinine)
All EM combined 221.2 197.9 199.8 186.7 173.7 0.003 0.10
Parent estrogens 47.0 42.0 40.2 40.1 35.9 0.002 0.01
Estrone 31.0 27.4 26.4 27.9 22.9 0.01 0.03
Estradiol 14.8 13.5 13.5 12.2 12.5 0.02 0.01

Catechols 76.8 65.8 63.1 61.4 50.2 0.001 0.23
2-catechols 66.4 57.2 53.7 52.1 41.9 0.0004 0.18
2-Hydroxyestrone 59.1 50.4 47.3 45.7 36.6 0.0003 0.15
2-Hydroxyestradiol 6.3 6.0 5.4 5.4 4.5 0.01 0.45

4-catechols
4-Hydroxyestrone 7.1 6.3 6.0 6.1 5.5 0.10 0.28

Methylated catechols 12.2 11.2 9.6 10.4 8.5 0.001 0.17
Methylated 2-catechols 11.7 10.9 9.2 9.9 8.2 0.002 0.17
2-Methoxyestrone 9.4 8.3 7.2 8.0 6.5 0.004 0.26
2-Methoxyestradiol 0.78 0.72 0.66 0.75 0.59 0.07 0.63
2-Hydroxyestrone-3-methyl ether 1.4 1.3 1.2 1.2 1.1 0.045 0.55

Methylated 4-catechols 0.28 0.21 0.23 0.24 0.17 0.04 0.62
4-Methoxyestrone 0.17 0.14 0.15 0.15 0.11 0.05 0.99
4-Methoxyestradiol 0.06 0.05 0.05 0.06 0.04 0.22 0.90

2-Hydroxylation pathway 79.3 69.2 63.7 62.7 51.0 0.0003 0.13
4-Hydroxylation pathway 8.2 7.1 7.0 6.7 6.4 0.06 0.21
16-Hydroxylation pathway 66.3 63.8 62.9 62.9 62.3 0.52 0.97
16a-Hydroxyestrone 11.9 11.0 11.3 9.8 9.4 0.06 0.40
Estriol 27.7 28.4 26.9 30.2 29.9 0.49 0.65
17-Epiestriol 1.4 1.7 1.5 2.0 1.4 0.62 0.39
16-Ketoestradiol 14.0 13.3 13.3 13.3 11.4 0.10 0.85
16-Epiestriol 5.8 5.7 5.8 5.7 5.6 0.83 0.70

Ratios (pmol/pmol)
2-Hydroxyestrone/16a-Hydroxyestrone 4.9 4.3 4.0 4.4 4.3 0.36 0.89
4-Pathway/2-Pathway 0.10 0.10 0.11 0.10 0.11 0.14 0.90
2-Pathway/16-Pathway 1.19 1.04 0.94 0.96 0.86 0.01 0.25
2,4-Pathway/16-Pathway 1.3 1.2 1.1 1.1 1.0 0.03 0.32
2-Catechols/Methylated 2-catechols 5.6 5.1 5.5 5.0 4.9 0.18 0.51
4-Catechols/Methylated 4-catechols 26.0 29.3 26.2 24.8 34.4 0.63 0.69
Catechols/Methylated catechols 6.3 5.7 6.2 5.7 5.7 0.40 0.67
2-Pathway/Parent estrogens 1.7 1.6 1.5 1.5 1.4 0.01 0.96
4-Pathway/Parent estrogens 0.16 0.16 0.17 0.15 0.17 0.99 0.56
16-Pathway/Parent estrogens 1.4 1.5 1.6 1.6 1.5 0.34 0.17
Parent estrogens/2-, 4-, 16-Pathways 0.28 0.28 0.27 0.28 0.29 0.75 0.14
aAdjusted for age at urine collection, ovulatory cycle, luteal phase of sample, first morning urine sample, age at first birth/parity, physical activity, alcohol intake,
caffeine intake, current smoker, current menstrual cycle length, and current menstrual cycle regularity.
bTests for trend were conducted by modeling the five body fatness scores as a continuous exposure and calculating theWald statistic. Statistically significant Ptrend
values are shown in bold.
cAdditionally adjusted for BMI (continuous) at urine collection
dSix participants did not report body fatness at age 10.
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metabolites, the % differences increased between body fatness at
ages 5 and 10, but then remained relatively unchanged between
ages 10 and 20.Only twoof the trends in premenopausal estrogen
pathway concentrations associated with early life body fatness
remained statistically significant when premenopausal BMI was
added to the models: the inverse associations of parent estrogens
with body fatness at ages 10 and 20.

We also tested if body fatness at ages 5, 10, or 20 attenuated the
previously reported relationships between adult premenopausal
BMI and estrogen metabolism pathways and ratios (21), but all
associations remained relatively unchanged.

In sensitivity analyses, our results for body fatness at ages 5,
10, and 20 did not change when only including women with
urine samples collected during ovulatory cycles (n ¼ 537),
women with mid-luteal urine samples collected 4–10 days
prior to the next menstrual cycle (n ¼ 516), or women who
were not smoking at the time of urine collection (n ¼ 560). We

also compared different ways of correcting for urine dilution in
the statistical models. In the analyses shown, individual EM
and grouped EM concentrations (pmol/mL urine) were divided
by creatinine concentrations (mg/mL urine). Individual EM
and grouped EM concentrations were also entered directly
into the models as the outcome variables with creatinine as
a covariate. These methods produced similar results.

Discussion
Estimates of body fatness during early life were statistically

significantly associated with lower urinary concentrations of all
EM combined, parent estrogens, and 2-hydroxylation pathway
metabolites during the premenopausal years. These associa-
tions were most apparent for body fatness at age 10. The
relationships were not fully explained by adult premenopausal
BMI at the time of urine collection. In particular, the inverse

Table 4. Multivariable-adjusteda geometric means of premenopausal estrogen metabolism measures by body fatness at age 20

Geometric mean by body fatness pictogram
1 2 3 4 5þ Ptrend

a,b Ptrend
b,c

Nd 20 160 231 126 65
Individual and grouped estrogens/estrogen metabolites (EM) (pmol/mg creatinine)
All EM combined 208.1 213.9 194.5 186.7 187.8 0.03 0.35
Parent estrogens 49.1 43.6 40.7 39.0 37.4 0.01 0.04
Estrone 32.6 28.3 26.4 25.5 25.8 0.07 0.19
Estradiol 14.9 14.2 13.4 12.6 12.9 0.07 0.02

Catechols 92.2 70.6 61.3 60.0 58.1 0.01 0.63
2-catechols 79.1 61.0 52.9 51.5 46.9 0.003 0.45
2-Hydroxyestrone 71.2 53.7 46.6 45.4 40.7 0.003 0.39
2-Hydroxyestradiol 7.0 6.3 5.6 5.2 5.2 0.02 0.81

4-catechols
4-Hydroxyestrone 8.1 6.8 5.8 5.6 7.1 0.40 0.75

Methylated catechols 12.5 11.2 10.3 9.7 9.3 0.02 0.69
Methylated 2-catechols 12.1 10.8 9.9 9.2 8.9 0.02 0.64
2-Methoxyestrone 9.9 8.4 7.8 7.3 7.1 0.03 0.70
2-Methoxyestradiol 0.70 0.73 0.67 0.68 0.65 0.35 0.68
2-Hydroxyestrone-3-methyl ether 1.5 1.3 1.3 1.2 1.1 0.15 0.85

Methylated 4-catechols 0.31 0.24 0.22 0.24 0.20 0.19 0.80
4-Methoxyestrone 0.20 0.15 0.14 0.14 0.12 0.07 0.91
4-Methoxyestradiol 0.08 0.05 0.05 0.06 0.05 0.53 0.61

2-Hydroxylation Pathway 90.0 72.7 64.2 61.4 57.4 0.004 0.48
4-Hydroxylation Pathway 9.2 7.6 6.6 6.4 8.3 0.52 0.98
16-Hydroxylation Pathway 60.1 67.6 63.9 61.7 59.0 0.20 0.39
16a-Hydroxyestrone 9.7 11.1 10.2 11.0 10.4 0.91 0.32
Estriol 24.5 30.8 30.5 25.6 26.9 0.16 0.05
17-Epiestriol 1.6 1.5 1.4 1.8 1.7 0.09 0.03
16-Ketoestradiol 13.7 13.6 13.0 13.1 12.0 0.23 0.81
16-Epiestriol 5.6 5.8 5.6 5.5 5.8 0.82 0.58

Ratios (pmol/pmol)
2-Hydroxyestrone/16a-Hydroxyestrone 6.9 4.6 4.4 4.0 4.0 0.06 0.27
4-Pathway/2-Pathway 0.10 0.10 0.10 0.11 0.12 0.03 0.54
2-Pathway/16-Pathway 1.5 1.0 1.0 0.9 1.0 0.23 0.79
2,4-Pathway/16-Pathway 1.7 1.2 1.1 1.1 1.2 0.35 0.62
2-Catechols/Methylated 2-catechols 5.9 5.5 5.2 5.3 5.1 0.28 0.79
4-Catechols/Methylated 4-catechols 26.2 27.1 25.8 24.7 37.8 0.34 0.93
Catechols/Methylated catechols 6.7 6.2 5.8 5.9 6.2 0.60 0.99
2-Pathway/Parent estrogens 1.8 1.7 1.6 1.5 1.5 0.08 0.33
4-Pathway/Parent estrogens 0.18 0.17 0.15 0.17 0.19 0.49 0.18
16-Pathway/Parent estrogens 1.2 1.6 1.6 1.6 1.5 0.85 0.60
Parent estrogens/2-, 4-, 16-Pathways 0.31 0.27 0.28 0.28 0.28 0.86 0.09
aAdjusted for age at urine collection, ovulatory cycle, luteal phase of sample, first morning urine sample, age at first birth/parity, physical activity, alcohol intake,
caffeine intake, current smoker, current menstrual cycle length, and current menstrual cycle regularity.
bTests for trend were conducted by modeling the five body fatness scores as a continuous exposure and calculating theWald statistic. Statistically significant Ptrend
values are shown in bold.
cAdditionally adjusted for BMI (continuous) at urine collection
dOne participant did not report body fatness at age 20.
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association of early life body fatness with premenopausal
parent estrogen levels persisted and remained statistically sig-
nificant or marginally significant after adjustment for premen-
opausal BMI, suggesting early life growth patterns can influence
estrogen exposure later in life.

Our finding that early life body fatness was associated with
lower urinary concentrations of 2-pathway estrogen metabo-
lites is consistent with the associations between early adult
BMI, based on recalled weight and height for age 18, and
estrogen metabolism previously observed in this population
(21). The relative difference comparing the heaviest to leanest
women was higher using recalled body fatness at age 20 (36%
difference for pictograms 5þ compared with pictogram 1;
Ptrend ¼ 0.0003) than using recalled BMI at age 18 (10% differ-
ence for BMI � 25 kg/m2 compared with BMI < 20 kg/m2;
Ptrend ¼ 0.10). Recalled BMI at age 18 was moderately corre-
lated with recalled body fatness at age 20 (Spearman r ¼ 0.68).
The stronger contrast observed for 2-pathway estrogen meta-
bolites when relying on pictograms to characterize body fat-
ness can be attributed to several reasons. First, the pictograms
may be more valid than recalled BMI at discriminating over-
weight/obese from slender individuals (27). Second, the pic-
tograms are sensitive to body shape, which may measure an
important aspect of body fatness, specifically body fat distri-

bution, which BMI does not capture. Finally, the percent of the
study population falling into the extreme categories being
compared differs for the two measures. More women were in
the lowest BMI at age 18 group than in the age 20 pictograms
(36% of study population compared with 3%; ref. 21) suggest-
ing that BMI at age 18 may include several of the lighter
pictograms.

The inverse associations of body fatness at ages 5, 10, and 20
with premenopausal urinary concentrations of parent estrogens
were attenuated, but not eliminated, when we additionally
controlled for adult premenopausal BMI (Ptrend, after adjust-
ment for adult BMI ¼ 0.06, 0.01, and 0.04, respectively).
Indeed, the association of premenopausal urinary parent estro-
gens with adult premenopausal BMI (Ptrend ¼ 0.29; ref. 22) was
weaker than the associations with the three measures of early
life body fatness (all Ptrend � 0.02). Surprisingly, BMI at age 18
was not as strongly associated with premenopausal urinary
parent estrogens (Ptrend, without adjustment for adult BMI ¼
0.17; ref. 21) as body fatness at age 18 (Ptrend, without adjust-
ment for adult BMI¼ 0.01). It is conceivable that early life body
shape and fat distribution contribute to determining estrogen
production and metabolism in the premenopausal years. In a
previously published analysis in this study population, age 10
body fatness, based on the same pictograms used in the current

Figure 1.

Relative difference in premenopausal estrogen metabolism pathways, comparing the heaviest to leanest based on recalled body fatness at ages 5, 10, and 20 and
BMI in the premenopausal years. Geometric means for urinary concentrations of each metabolic pathway for the heaviest (pictograms 5þ or 30þ kg/m2) and
leanest women (pictogram 1 or <22 kg/m2) were calculated using linear mixed models, adjusted for age at urine collection, ovulatory cycle, luteal phase of
sample, first morning urine sample, age at first birth/parity, physical activity, alcohol intake, caffeine intake, current smoker, current menstrual cycle length,
and current menstrual cycle regularity. Tests for trend were conducted by modeling the body fatness categories as a continuous exposure and calculating the
Wald statistic. The estrogen metabolism pathways with statistically significant trends are marked with an asterisk (�). Trends that remained significant after
addition of adult premenopausal BMI to the model are marked by a caret (̂ ).
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analysis, was statistically significantly inversely associated with
premenopausal plasma concentrations of estrone sulfate, a
measure of total estrogen production, in both the follicular
and luteal phase (Ptrend ¼ 0.05 and 0.02, respectively; ref. 8).
Furthermore, these associations with early life fatness persisted
even after adjusting for adult premenopausal BMI, which, like
the urinary results, supports the independent contribution of
early life body fatness to estrogen production in the premen-
opausal years.

In a recent study of serum concentrations of 12 estrogens and
estrogen metabolites measured by LC/MS-MS in 12 lean and 23
obese prepubertal girls, 8–10 years of age, estrone sulfate, the
most abundant of the analytes, was nonsignificant lower in the
obese girls, but estradiol was statistically significantly higher (28).
While we assessed the influence of early life fatness on estrogen
metabolism in the premenopausal years, this previous study
demonstrated its associationwith estrogenmetabolismmeasured
much earlier, prior to the onset of puberty (28).

The strongest associations of early life body fatness with pre-
menopausal levels of parent estrogens occur at age 10. This age
corresponds with the onset of puberty, usually marked by breast
development, which typically occurs two to four years before
menarche (29). There is debate as to whether breast development
reflects the activation of the hypothalamic–pituitary–ovarian
(HPO) axis or increased peripheral conversion of androgens
to estrogens in adipose tissue. Most likely, however, both
central and peripheral production of estrogens contributes to
the physical manifestation of breast development, whereas
menarche and the completion of puberty occur once the ovary
is the prime source of estrogen. Estrogen production may be
influenced by body fatness specifically during the entire puber-
tal transition, not just at menarche. Heavier girls are more
likely to develop breasts earlier than lighter girls (30), and
increased body fat mass is also related to shorter time intervals
between the onset of breast development and menarche (31).
Therefore, early life body fatness may modulate adult estrogen
exposure production and metabolism through its influence
on the timing and tempo of the pubertal transition when
the HPO axis is maturing. However, the associations of
adult estrogen metabolism profiles with early life body fatness
were not confounded, and thus not explained, by the exact age
at menarche.

Our finding that childhood body fatness may independently
lead to reduced parent estrogen levels in the premenopausal years
may help explain the recognized association of childhood body
fatness with reduced premenopausal breast cancer incidence (32–
34). In a recent pooled analysis of individual participant data
from seven prospective studies, prediagnostic circulating levels of
estrone and estradiol were modestly associated with premeno-
pausal breast cancer risk (statistically significant 20%–30%
increases in risk with doubling in concentration; ref. 2). Thus,
childhood body fatness, if it contributes to reduced estrogen
exposure in the premenopausal years, may also contribute to
reduced breast cancer risk. However, in our prior study, urinary
estrone and estradiol were each strongly inversely associated with
risk of premenopausal breast cancer (1). The interrelationships of
circulating and urinary estrogen concentrations in individual
women, as well as the relationships to levels in breast tissue, are
not well understood (1).

The strengths of our study include a large study population of
more than 600women; well-timedmid-luteal urine samples; and

the precise, accurate quantification of 15 individual EM using
high-throughput LC/MS-MS. A notable strength of our study is
that we have measures of perceived body fatness at three ages in
early life, as well as recalled BMI at age 18 and reported BMI at the
time of urine collection. The use of pictograms as a measure of
body fatness during childhood and adolescence has been vali-
dated. In a longitudinal study that measured weight and height in
participants during childhood and adolescence and later asked
the same participants as adults to choose pictograms reflecting
early life fatness, the correlations in women for ages 5, 10, and 20
were 0.6, 0.7, and 0.8, respectively (24). However, how accurately
pictograms also capture early life body shape and body fat
distribution, which may also modulate estrogen levels (35), has
not been assessed.

The primary limitation of our study is its cross-sectional
design, which precludes the ability to test for causal relation-
ships. We conducted multiple statistical tests; and although we
emphasized associations with estrogen metabolism pathways
and not individual estrogens and estrogen metabolites, it is
possible that some of the statistically significant associations we
detected were due to chance. Another limitation is that we only
measured EM in urine samples during mid-luteal phase, and
the relationship between early body fatness and follicular levels
may differ from what we observed here. Moreover, the relation-
ships between urinary estrogen metabolism patterns and cir-
culating estrogen metabolism patterns have yet to be estab-
lished. Finally, the majority of participants in NHSII are White
and of a limited range of socioeconomic status, and so our
findings may not be generalizable to other populations; how-
ever, the underlying biological associations are not likely to
vary in different populations.

In conclusion, early life body fatness was inversely associ-
ated with adult premenopausal urinary levels of all estrogens/
estrogen metabolites combined, parent estrogens, and 2-
pathway estrogen metabolites. These relationships were not
fully explained by adult BMI. The inverse association with
premenopausal parent estrogen concentrations remained
particularly strong. The persistent association of early life
body fatness with reduced adult levels of urinary parent
estrogens may be due to the programming of estrogen pro-
duction and metabolism during puberty, which is a time
when primary estrogen production is shifting from peripheral
to central production.
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