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Abstract

Purpose The comparability between serum, plasma, and urinary measurements of estrogen metabolites via liquid chroma-
tography—tandem mass spectrometry (LC-MS/MS) has not been largely explored, and it is unclear if urinary LC-MS/MS
measurements are suitable surrogates of circulating levels.

Methods Serum, plasma (EDTA and heparin), and urinary estrogen/estrogen metabolite levels were measured via LC-MS/
MS in paired samples from 64 healthy volunteers (18 men, 20 premenopausal women, 26 postmenopausal women). Geometric
means and Spearman correlation coefficients were used to compare individual and combined pathway levels of estrogens/
estrogen metabolites across biologic matrices by sex/menopausal status.

Results Measured concentrations of estrogens/estrogen metabolites across blood matrices were almost identical (percent dif-
ferences <4.8%). Parent estrogen concentrations measured in serum and urine were moderately correlated in postmenopausal
women (estrone: 7=0.69, estradiol: r=0.69). Correlations were similar comparing unconjugated serum estradiol to urinary
estrone (r=0.76) and urinary estradiol (r=0.65) in postmenopausal women but were moderate to low in premenopausal
women (r=0.60, 0.40, respectively)/men (r=0.33, 0.53, respectively). Comparing metabolite ratios, proportionally higher
concentrations of 16-pathway metabolites were measured in urine versus serum across sex/menopausal status groups (e.g.,
postmenopausal women: 50.3% 16-pathway metabolites/total in urine versus 35.3% in serum).

Conclusions There is strong agreement between estrogen/estrogen metabolites measurements in serum, heparin plasma, and
EDTA plasma. Individual estrogen metabolite concentrations were moderately correlated between urine and serum, but were
not well correlated when evaluating pathway- or relative estrogen concentrations. Differences between serum and urine are
likely explained by differences in metabolism and/or excretion.
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assessing reproductive function in premenopausal women.
Specifically, serum estradiol concentrations have been dem-
onstrated to be highly correlated with conjugated urinary
estrone [10-12], urinary estrone-3-glucuronide [13-17],
urinary estradiol-17f-glucuronide [13, 18], and estradiol-
3-glucuronide [13], as well as urinary estriol-3-glucuronide
[13] and estriol-16a-glucuronide [13, 17].

However, there are ongoing concerns as to whether uri-
nary estrogens provide a reasonable surrogate for circulat-
ing levels in epidemiologic studies. Though urine was tra-
ditionally utilized to measure estrogen metabolites [19-23],
recent advances in liquid chromatography—tandem mass
spectrometry (LC-MS/MS) assays allow estrogens and
estrogen metabolites to be measured in urine and serum with
high sensitivity and accuracy [24, 25]. The RIA and EIA
assays measured the concentration of the individual estro-
gen glucuronides directly, whereas the MS assays employ an
enzymatic hydrolysis step resulting in the measurement of
combined estrogen concentrations, for example for estradiol
that is, sulfated estradiol plus glucuronidated estradiol plus
unconjugated estradiol in serum and sulfated estradiol plus
glucuronidated estradiol plus negligible amounts of uncon-
jugated estradiol in urine. The comparability between serum,
plasma, and urinary measurements of estrogen metabolites
via LC-MS/MS has not been extensively explored, and it
is not clear if urinary LC-MS/MS measurements correlate
with serum/plasma. In the only previous study evaluating
correlations between serum and urine estrogen/estrogen
metabolite levels in premenopausal women using LC-MS/
MS, correlations were modest (r ranged from 0.23 to 0.39)
[26], and correlations between the relative concentrations
of 2-, 4-, or 16-alpha hydroxylation pathway metabolites,
which are relevant metrics for breast cancer risk [27], were
not presented. No study has assessed urine compared to
serum estrogen metabolite correlations in men or postmeno-
pausal women, persons in whom estrogen concentrations are
much lower and among whom the preponderance of epide-
miologic studies of endogenous estrogens and cancer risk
have been conducted.

Using high-quality LC-MS/MS assays, the current study
sought to determine whether measured concentrations of
estrogens/estrogen metabolites, individually and as path-
way ratios, were comparable across the biological matrices
of serum, plasma, and urine by sex and menopausal status.

Materials and methods
Study design
Estrogens and estrogen metabolite levels were measured in

64 healthy volunteers enrolled in the Research Donor Pro-
gram conducted at the Frederick National Laboratory for
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Cancer Research’s Occupational Health Services (Fred-
erick, MD, USA) under an approved protocol. Blood and
urine (first morning void) specimens were collected. Blood
specimens were processed into in serum, EDTA plasma,
heparin plasma. Donors included 18 men ages 32-60, 20
premenopausal women ages 30-51, and 26 postmenopau-
sal women ages 44—69. Participants were de-identified
via code, and all specimens were labeled using laboratory
accession numbers. Individuals who reported use of tes-
tosterone or other hormonal supplements, oral contracep-
tives, or menopausal hormone therapy within 3 months
of the blood draw were excluded. For this analysis, three
postmenopausal women who were suspected to be on men-
opausal hormone therapy were excluded based on high
levels of unconjugated estradiol (>30 pg/mL) in serum,
leaving 23 postmenopausal women for analysis. As the
motivation of this study was to assess the comparability
of hormone levels over various collection types and speci-
men types, donors were not additionally selected based on
factors that could affect estrogen profiles (e.g., body mass).

Laboratory assays

A validated and reproducible stable isotope dilution
LC-MS/MS assay was utilized to measure 15 estrogens
and estrogen metabolites, including estrone, estradiol,
2-hydroxyestrone, 2-methoxyestrone, 2-hydroxyestradiol,
2-methoxyestradiol, 2-hydroxyestrone-3-methyl ether,
4-hydroxyestrone, 4-methoxyestrone, 4-methoxyestradiol,
16a-hydroxyestrone, 16-ketoestradiol, estriol, 17-epies-
triol, and 16-epiestriol, in serum, plasma, and urine as
previously described (18-19, 23) with updated instru-
mentation and additional stable isotope labeled estrogen
metabolites. Briefly, LC-MS/MS analysis was performed
using a Thermo TSQ Quantiva™ triple quadrupole mass
spectrometer (Thermo Scientific, San Jose, CA) coupled
with a Nexera XR LC system (Shimadzu Scientific Instru-
ments, Columbia, MD, USA). Both LC and mass spec-
trometer were controlled by Xcalibur™ software (Thermo
Scientific). Twelve stable isotopically labeled estrogens
and estrogen metabolites were used to account for losses
during sample preparation and LC—MS/MS assays, which
included deuterated estriol, (C/D/N Isotopes, Inc., Pointe-
Claire, Quebec, Canada); deuterated 16-epiestriol (Medi-
cal Isotopes, Inc., Pelham, NH); and 13C_labeled estrone,
estradiol, 2-hydroxyestrone, 2-methoxyestrone, 2-hydrox-
yestradiol, 2-methoxyestradiol, 2-hydroxyestrone-3-methyl
ether, 4-hydroxyestrone, 4-methoxyestrone, and 4-meth-
oxyestradiol (Cambridge Isotope Laboratories, Andover,
MA, USA). The calibration curves were linear over a
concentration range of 1-5,000 pg/mL for all estrogens
and estrogen metabolites. The assay limit of detection
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providing estrogen signal-to-noise ratio greater than 3-to-1
was 100 fg/mL (approximately 0.33-0.37 pmol/L). The
assay lower limit of quantitation was 1 pg/mL for each
estrogen and estrogen metabolite with intra-and inter-batch
CV < 10%, and assay accuracy between 85 and 115% of
known targeted values.

Each serum/plasma sample was split into two aliquots,
one to measure the combined concentration (the sum of con-
jugated plus unconjugated forms after a -glucuronidase/
sulfatase hydrolysis) of each of the 15 estrogens (listed
above); the other prepared without enzymatic hydrolysis,
to measure the unconjugated forms of estrone, estradiol,
estriol, 2-methoxyestrone, and 2-methoxyestradiol. The
combined concentration of serum (or plasma) estrogen
represents, e.g., estradiol = estradiol-3-glucuronide + estra-
diol-3-sulfate + estradiol-17-glucuronide + estradiol-
17-sulfate + unconjugated estradiol. Absolute recovery
after hydrolysis and extraction ranged from 85 to 92% [25].
Sex hormone-binding globulin (SHBG) was measured in
serum and plasma specimens using an electrochemilumi-
nescence immunoassay on the Elecsys 2010 autoanalyzer
(Roche Diagnostics, Indianapolis, IN, USA). Free estradiol
was calculated utilizing a formula including unconjugated
estradiol, SHBG, and a constant for albumin (43 g/L) [28].

In urine, parent estrogens and their metabolites are pre-
sent primarily in conjugated form. Thus, the combined con-
centration of each of the 15 estrogens was measured after
B-glucuronidase/sulfatase hydrolysis, and the combined
concentration of urinary estrogen represents, e.g., estra-
diol = estradiol-3-glucuronide + estradiol-3-sulfate + estra-
diol-17-glucuronide + estradiol-17-sulfate. Total urinary
creatinine was measured in each sample by the Jaffé alka-
line picrate method. We accounted for differences in urine
concentration by standardizing molar quantities to creatinine
(pmol/mg) [29, 30].

Statistical analysis

To quantify the comparability of estrogen levels in serum,
plasma (heparin and EDTA), and urine, the geometric
mean and range of each estrogen and estrogen metabolite
was tabulated by biologic matrices and stratified by sex/
menopausal status (male, premenopausal, or postmeno-
pausal). Estrogens were then ranked by biologic matrix
and sex/menopausal status accordingly. One-way ANOVA
was conducted to determine differences between biological
matrices utilizing blood (serum, EDTA plasma, and hepa-
rin plasma), and between all biological matrices. Hormone
levels were log-transformed to normalize distributions and
stabilize the variances. To compare results across specimens,
Spearman’s rank correlation coefficients were calculated for
continuous estrogen measurements and tertiles based on cut-
points within each sex/menopausal status group. Given the

association between breast cancer and the ratios of estrogen
metabolite pathway to combined estrogen concentrations
[27], the ratio of pathway to combined (summed) estrogen
concentrations in serum was compared to the same ratio in
urine. Spearman’s correlation coefficients were also calcu-
lated to compare pathway:combined estrogen ratios in serum
versus urine, and interpreted based on an established scale
[negligible (< 0.30), low (0.30-0.49), moderate (0.50-0.69),
high (0.70-0.89), very high (0.90-1.0)] [31]. Age and sex/
menopausal status adjusted linear regression models were
utilized to evaluate a potential relationship between serum
and urine measurements of estrogens [modeled to represent
the change in urinary estrogen concentration (dependent
variable) per one-unit increase in serum estrogen concen-
tration (independent variable)]. Analyses were conducted
in SAS Version 9.3 of the SAS System for Windows (SAS
Institute Inc., Cary, NC, USA).

Results

Study participants were predominantly non-Hispanic white
(~90%, Supplemental Table 1). The proportion with obese
BMI varied by subgroup representing 30% of postmenopau-
sal women, 25% of premenopausal women, and 22% of men.
Among premenopausal women, 60% of women donated a
blood and urine sample during the follicular phase of their
menstrual cycle.

Estrogen and estrogen metabolite levels by serum, EDTA
plasma, heparin plasma, and creatinine adjusted urine are
presented across sex/menopausal groups in Table 1. For all
groups, estrogen concentrations and their respective rank-
ings were similar when comparing serum, EDTA plasma,
and heparin plasma specimens (percent differences ranged
from 0.25 to 3.1% between serum and EDTA, and 0.53—4.8%
between serum and heparin plasma). SHBG concentrations
were lower in EDTA plasma compared to serum and heparin
plasma (p <0.01) among all subgroups, and this drove the
variation seen in the calculated free estradiol concentrations
across the blood matrices (although these differences were
not statistically significant).

The rank order of estrogen/estrogen metabolites did not
vary between serum or plasma specimens, but differences
between men and women and between urine and serum were
seen (Table 1). In serum, geometric mean estrone concentra-
tions were highest: 253 pmol/L in postmenopausal women,
1,301 pmol/L in premenopausal women, and 660 pmol/L
in men. In postmenopausal women and men, this was fol-
lowed by estriol (186 pmol/L and 226 pmol/L respectively),
while in premenopausal women, estradiol ranked second
(287 pmol/L). The highest concentrations were in the
2-hydroxylation (2-pathway) followed by the 16-hydroxy-
lation pathway (16-pathway), while concentrations of
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4-hydroxylation pathway (4-pathway) metabolites were
lowest. Urinary geometric mean concentrations diverged
from this pattern: among postmenopausal women and men,
the highest concentration was estriol (9.2 pmol/mg creati-
nine and 7.0 pmol/mg respectively) followed by estrone
(5.0 pmol/mg and 5.5 pmol/mg respectively), whereas in
premenopausal women, estrone concentration was high-
est at 18.7 pmol/mg, followed by estriol (15.0 pmol/mg).
Additionally, following the parent estrogens, the 16-pathway
metabolites were highest in urine, followed by 2- and 4-path-
way metabolites, respectively.

Given the comparable findings between serum and plasma
estrogens, further analyses stratified by sex/menopausal sta-
tus group and adjusted for age were conducted among serum
and urinary estrogens only. Among postmenopausal women,
serum and urinary concentrations of estrone and estradiol
were indicative of a modest increase in urinary estrogen
level for each unit increase in serum [estrone: f=0.87,
p <0.01; estradiol: f=1.33, p<0.01] (Table 2). Unconju-
gated serum estrone (f=1.11, p <0.01), and unconjugated
estradiol (f=1.18, p <0.01) were positively associated with
their corresponding urinary conjugate. Unconjugated serum
estradiol was also associated with urinary estrone in post-
menopausal women (f=0.92, p<0.01). Similar positive
associations were also found for 2-hydroxyestrone (f=2.04,
p <0.01), and 2-hydroxyestradiol (f=1.33, p<0.01).

In premenopausal women, the association between serum
and urinary estrone was attenuated relative to what was
found in postmenopausal women, but remained significant
(#=0.61, p<0.01). An association between unconjugated
serum estradiol and urinary estrone was observed (§=0.42,
p=0.02), as well as an association between 2-hydrox-
yestradiol and its urinary conjugate (f=0.70, p=0.02).
Additional associations were found between 2-methox-
yestrone, and 2-hydroxyestrone-3-methyl ether (p =0.02).
In men, serum estrone was similarly positively associated
with urinary estrone (f=0.76, p<0.01), and unconjugated
serum estradiol was associated with its urinary compliment
(f=1.14, p=0.03). In contrast to post- and premenopau-
sal women, metabolites of estriol in serum from men were
positively associated with their complimentary measure in
urine [16-epiestriol (=0.79, p<0.01), and 17-epiestriol
$#=1.12,p<0.0D)].

Positive correlations, when present, ranged from mod-
erately positive (e.g., estrone, r=0.69; estradiol, r=0.69),
to negligible (e.g., estriol, r=0.29) in postmenopausal
women, with the strongest correlation observed between
unconjugated serum estradiol and urinary estrone (r=0.76),
and serum 2-hydroxyestrone with its urinary compliment
(r=0.76). In premenopausal women, correlations were
generally lower than in postmenopausal women, rang-
ing from moderately positive to negligible (e.g., estrone,
r=0.59, estradiol, r=0.52), with the strongest correlation

between unconjugated serum estrone and its urinary conju-
gate (r=0.63). Positive correlations in men were moderately
positive to negligible, except for 16-epiestriol, which was
strongly correlated with its urinary compliment (r=0.79).
Ranked correlations did not change substantially when estro-
gens were categorized into tertiles (Table 2). Further, cor-
relations for premenopausal women did not change when
stratified by menstrual phase (follicular or luteal; results not
shown).

Figure 1 depicts the percentage of parent estrogens and
pathway estrogen metabolites in serum compared to urine
in each sex/menopausal group. Two patterns were observed:
first, the relative contribution of parent and pathway estro-
gens differed in serum and urine; and second, parent estro-
gens were proportionately lower in postmenopausal women
in comparison to men or premenopausal women. In serum,
parent estrogens were highest in each group (comprising
61% of the total in premenopausal women, 56% in men and
~39% in postmenopausal women), followed by 16-pathway
metabolites (proportions ranged from ~ 19 to 35%). The pro-
portion of 2- and 4-pathway metabolites was similar across
groups (ranging from 16 to 24% for 2-pathway and <2% for
4-pathway metabolites). In urine, 16-pathway metabolites
were the largest contributors, accounting for 42% and 50%
of total metabolites in pre- and postmenopausal women,
respectively, and 47% of the total in men. Parent estrogens
comprised 22-31% of the total, while 2- and 4-pathway
metabolites comprised 19-24% and 2-3%, respectively.

Ratios of parent estrogens to combined estrogens/estro-
gen metabolite levels were consistently higher in serum than
urine by sex/menopausal status, and were moderately cor-
related in pre- and postmenopausal women [pre: 60.7% in
serum versus 31.7% in urine »=0.59; post: 38.5% in serum
vs. 22.3% in urine, r=0.54] and low correlation in men
[56.2% in serum vs. 31.3% in urine, r=0.37]. By contrast,
the ratio of 16-pathway metabolites to the total combined
levels was much higher in urine than serum by sex/meno-
pausal status and correlations remained moderate [35.3% in
serum vs. 50.3% in urine, r=0.54; premenopausal women:
18.5% in serum vs. 42.4% in urine r=0.03; men: 26.7% in
serum vs. 46.5% in urine, r=0.22]. The ratio of the 2-path-
way metabolites to 16-pathway metabolites in serum com-
pared to urine was low in postmenopausal women [r=0.36]
and negligible in premenopausal women [r=—0.12] and
men [r=0.06] (results not tabled). When comparing serum
to urine the 2- and 4-pathway ratios were similar, though
correlations ranged from negligible to moderate.
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Table2 Comparison between Age adjusted SE p Spearman Spearman
lo g transfor.med serum anc} . /)aa,h (continuous)  (tertiles)
urinary (adjusted for creatinine)
estrogen measurements by sex/ Postmenopausal women
menopausal status Unconjugated estrone 111 033 <001 0.68 0.59
Unconjugated estradiol (w/urinary estradiol) 1.18 031 <0.01 0.65 0.53
Unconjugated estradiol (w/urinary estrone) 0.92 022 <0.01 0.76 0.66
Unconjugated estradiol (w/urinary estriol) 0.16 0.22 047  0.18 0.20
Unconjugated 2-methoxyestrone 0.36 0.29 022 022 0.33
Unconjugated 2-methoxyestradiol -0.29 0.36 043  0.05 0.07
Unconjugated estriol 0.24 0.31 045 0.11 0.19
Parent estrogens
Estrone 0.87 021 <0.01 0.69 0.54
Estradiol 1.33 028 <0.01 0.69 0.53
2-Hydroxylation pathway
2-Hydroxyestrone 2.04 045 <0.01 0.76 0.67
2-Hydroxyestradiol 1.33 0.36 <0.01 0.54 0.33
2-Methoxyestrone 0.22 0.49 0.66 —0.10 -0.01
2-Methoxyestradiol -0.51 0.44 026 -0.19 -0.14
2-Hydroxyestrone-3-methyl ether 0.44 0.42 032 0.5 0.19
4-Hydroxylation pathway
4-Hydroxyestrone 0.74 0.36 0.06 0.34 0.20
4-Methoxyestrone -0.26 0.31 0.40 -0.09 -0.07
4-Methoxyestradiol —-0.09 0.62 0.89 -0.03 -0.13
16alpha-Hydroxylation pathway
16alpha-Hydroxyestrone 0.76 0.37 0.05 0.40 0.20
Estriol 0.20 0.29 049  0.29 0.39
16-Ketoestradiol 0.20 0.33 055 023 0.20
16-Epiestriol -0.46 0.42 0.28 -0.23 -0.14
17-Epiestriol -0.27 0.58 0.65 -0.13 -0.27
Premenopausal women
Unconjugated estrone 0.72 0.24 <0.01 0.63 0.61
Unconjugated estradiol (w/urinary estradiol) 0.35 0.20 0.10 0.44 0.30
Unconjugated estradiol (w/urinary estrone) 0.42 0.16 0.02  0.60 0.60
Unconjugated estradiol (w/urinary estriol) 0.25 0.24 0.31 0.29 0.23
Unconjugated 2-methoxyestrone 0.36 0.16 0.03 041 0.30
Unconjugated 2-methoxyestradiol 0.51 0.24 0.05 0.23 0.14
Unconjugated estriol 0.59 0.46 0.21 0.34 0.38
Parent estrogens
Estrone 0.61 0.20 0.01  0.59 0.60
Estradiol 0.46 0.21 005 0.52 0.53
2-Hydroxylation pathway
2-Hydroxyestrone 0.07 0.28 0.81 0.14 0.15
2-Hydroxyestradiol 0.70 0.27 0.02  0.60 0.68
2-Methoxyestrone 0.42 0.17 0.02  0.55 0.45
2-Methoxyestradiol 0.35 0.37 036 0.22 0.15
2-Hydroxyestrone-3-methyl ether 0.54 0.22 0.02 034 0.21
4-Hydroxylation pathway
4-Hydroxyestrone -0.07 0.28 0.81 0.01 0.00
4-Methoxyestrone 0.05 0.27 0.85 -0.06 0.00
4-Methoxyestradiol 0.27 0.40 051 0.18 0.07
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Table2 (continued) Age adjusted SE p Spearman Spearman
/P (continuous) (tertiles)
16alpha-Hydroxylation pathway
16alpha-Hydroxyestrone 0.12 0.30 0.69 0.28 0.22
Estriol 0.87 0.49 0.09 033 0.22
16-Ketoestradiol 0.09 0.34 081 021 0.24
16-Epiestriol 0.26 0.14 0.08 046 0.46
17-Epiestriol 0.54 0.39 019 0.23 0.22
Men
Unconjugated estrone 0.55 0.43 022 0.27 0.08
Unconjugated estradiol (w/urinary estradiol) 1.14 0.49 0.03  0.53 0.42
Unconjugated estradiol (w/urinary estrone) 0.35 0.36 0.35 033 0.42
Unconjugated estradiol (w/urinary estriol) 0.55 0.37 0.16  0.42 0.42
Unconjugated 2-methoxyestrone 0.42 0.26 0.12  0.22 0.08
Unconjugated 2-methoxyestradiol -0.78 0.77 0.33 -0.37 -0.17
Unconjugated estriol 0.38 0.27 0.18  0.28 0.25
Parent estrogens
Estrone 0.76 020 <0.01 0.58 0.58
Estradiol 0.85 0.44 0.08 0.33 0.17
2-Hydroxylation pathway
2-Hydroxyestrone —0.16 0.43 0.72  0.04 0.25
2-Hydroxyestradiol 0.28 0.36 0.45  0.05 -0.08
2-Methoxyestrone 0.29 0.39 0.48 —-0.06 -0.33
2-Methoxyestradiol -0.29 0.64 0.66  0.02 0.17
2-Hydroxyestrone-3-methyl ether 0.12 0.31 0.72 -0.01 0.08
4-Hydroxylation pathway
4-Hydroxyestrone —-0.03 0.27 092 0.07 0.00
4-Methoxyestrone 0.43 0.37 0.26  0.26 0.17
4-Methoxyestradiol -0.38 0.57 051 -0.19 0.00
16alpha-Hydroxylation pathway
16alpha-Hydroxyestrone 0.10 0.14 0.49 0.29 0.17
Estriol 0.02 0.21 094  0.07 0.17
16-Ketoestradiol 0.11 0.17 056  0.20 0.00
16-Epiestriol 0.79 0.16 <0.01 0.79 0.83
17-Epiestriol 1.12 033 <0.01 0.65 0.50

Adjusted for age (continuous)

SE standard error, p p-value

Statistically significant at p <0.05

PBeta coefficients are modeled to represent the change in urinary estrogen concentration (dependent vari-
able) per one-unit increase in serum estrogen concentration (independent variable)

Discussion

In the present analysis comparing serum, plasma, and uri-
nary estrogen measurements, urinary concentrations of indi-
vidual metabolites were correlated with serum concentra-
tions, and plasma concentrations were commensurate with
serum concentrations. As anticipated, prior to creatinine
adjustment, urinary concentrations of estrogens were uni-
versally higher than concentrations in all blood matrices
(results not reported). After creatinine adjustment, urinary

concentrations were universally lower than concentrations
in blood matrices. Absolute values and rankings of parent
estrogens and estrogen metabolites in serum and plasma
(heparin- or EDTA-preserved) were almost identical, and
levels of SHBG were lower in EDTA plasma when com-
pared to serum or heparin plasma (a finding that has been
well established in the literature [32]). By contrast, rankings
for urinary estrogens deviated from measurements in blood,
with a much higher proportion of 16-pathway metabolites
observed in urine versus serum. Spearman’s correlation
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Fig. 1 Percentage of parent estrogen (estrone and estradiol) and 2-,
4-, and 16-hydroxylation pathway metabolites in serum and creatinine
adjusted urine measurements by sex and menopausal status. Spear-

coefficients by sex and menopausal status comparing serum
and urine ranged from negligible to moderate. Positive lin-
ear, age-adjusted associations were found between urinary
and serum parent estrogen levels (which remained when
using unconjugated serum estrone and estradiol compared
to urinary estrone), and 2-hydroxyestradiol levels in pre- and
postmenopausal women, as well as 2-methoxyestrone, and
3-hydroxyestrone-3-methyl ether in premenopausal women
only, and 16-epiestriol and 17-epiestriol (p <0.05) in men
indicating an increase in concentration of urine for a 1-unit
increase in serum.

These findings are supported by a similar study assessing
serum and urinary estrogen measurements among premeno-
pausal women, although correlations were lower in the prior
study. Maskarinec et al. reported correlations between uri-
nary and serum estradiol of 0.35 while we found a relatively
higher correlation of 0.52 [26]; however, the correlation
between unconjugated serum estradiol and urinary estradiol
in the present study was attenuated (r=0.44). This differ-
ence may be due to the inclusion of adjustment factors or the
larger sample size (n=249) of the Maskarinec study, com-
pared with 20 premenopausal women in the current analy-
sis. In both the present analysis and the study conducted by
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Maskarinec et al., stratification by menstrual phase did not
change correlations. The difference between the results from
the Maskarinec et al. study and the present study may also be
due to methodologic differences in the LC-MS/MS assays,
e.g., differences in internal standards, hydrolysis efficiency,
etc. Earlier works found strong correlations between urinary
conjugated estrone (the sum of estrone sulfate and estrone
glucuronide) and serum estradiol in women younger than
50 years old [11, 12]. However, the studies did not compare
individual estrogens directly (i.e., serum estradiol to urinary
estradiol) and were conducted before the implementation
of high-performance LC-MS/MS which have substantially
improved the precision and sensitivity of measurements in
both serum and urine.

With respect to correlations between unconjugated serum
and urinary metabolites of estrogens, the present findings
differ in magnitude to what has been observed in the litera-
ture, predominantly among premenopausal women. In prior
studies, serum estradiol and urinary estrone-3-glucuronide
were highly correlated (r ranging from 0.60 to 0.93) [11,
12]. In the current analysis, the correlation between uncon-
jugated serum estradiol and urinary estrone was 0.60 (for
premenopausal women). Similarly, a correlation between
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serum estradiol and urinary estradiol-17f-glucuronide of
0.93 has been reported [13, 18], though our sample yielded
a correlation of 0.44 between unconjugated serum estra-
diol and urinary estradiol in premenopausal women. Lastly,
moderately high correlations between serum estradiol and
urinary estriol (estriol-3-glucuronide r=0.81, estriol-160a-
glucuronide r=0.83) were observed in one study [13], while
the present study found a weak correlation of 0.29 between
unconjugated serum estradiol and urinary estriol. Relative
to prior findings, differences in observed correlations may
be partly attributed to the timing of measurements in the
menstrual cycle, and selection of samples within popula-
tions of women undergoing gonadotropin therapy in certain
studies. Rather, our samples may be more representative of
correlations seen in an unselected population. The modest
correlations observed between urine and serum concentra-
tions may be explained by how estrogens are metabolized
and/or excreted, though it is unclear what mechanism drives
this discrepancy. The LC-MS/MS assays in both the cur-
rent study and the study by Maskarinec et al. measured the
combined concentration of glucuronidated and sulfated
urinary metabolites, which is a limitation of the current
assay methodology. Thus, the modest correlations observed
between urine and serum concentrations may also be due
to the assay methods, as the prior comparisons using RIA
and EIA assays directly quantified the individual urinary
estrogen conjugates.

Utilizing a high-performing LC-MS/MS assay, this anal-
ysis presents novel findings on the comparability of serum,
plasma, and urine among postmenopausal women and men,
which had not been previously assessed. Additionally, as a
result of utilizing broad selection criteria for this study sam-
ple, findings from this analysis provide evidence that is rele-
vant to epidemiologic inquiry into hormone levels and health
outcomes. Circulating levels of estrogen metabolites reflect
metabolism in the liver, with some conjugates reentering cir-
culation and transported to the kidney for excretion. Urinary
levels therefore are strongly influenced by kidney function,
as well as diet and drug use. Lower SHBG measurements
in EDTA plasma compared with serum and heparin plasma
were to be anticipated since SHBG in EDTA plasma is dena-
tured at room/refrigerator temperatures and the SHBG assay
only measures non-denatured SHBG [32, 33]. Although
peripheral blood and urinary estrogen measurements rep-
resent proxies of the intraorgan or tissue environment, they
are frequently used in epidemiologic investigations of health
outcomes. As such our study provides valuable information
for the comparison of health outcome associations across
studies utilizing different biospecimens.

Overall, the current study offers insight into the agree-
ment between serum and urinary estrogens/estrogen metab-
olites, as well as the high degree of agreement between
measurements in serum, EDTA plasma, and heparin plasma;

however, our analyses were constrained by small sample
sizes, and thus must be interpreted cautiously. Though urine
was found to be correlated with serum estrogen concentra-
tions when comparing individual markers one at a time,
urine was less well correlated with serum when considering
the estrogen profile or evaluating pathway and/or relative
estrogen concentrations (e.g., proportion of 2-pathway of
combined estrogen concentration or proportion of 2-pathway
compared to parent estrogen measures). Given this, com-
parisons of studies utilizing pathway or relative estrogen
concentration measurements with different specimen types
(blood versus urine) should be interpreted carefully.
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