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Abstract
OBJECTIVE—Our objective was to assess whether sex hormone levels are associated with
subsequent development of prostate cancer.

METHODS—A case-cohort study was conducted within the ongoing Osteoporotic Fractures in Men
cohort study of community-dwelling men ≥65 years old recruited at 6 US clinical sites. After a mean
follow-up of 4.7 years, all men with incident confirmed prostate cancer and a random sample of the
full cohort (subcohort) were selected for analysis: after excluding men with a history of prostate
cancer and those who reported androgen or antiandrogen therapy at baseline, the resulting analytic
sample comprised 275 cases and 1652 non-cases with complete sex hormone measurements. Serum
testosterone, estradiol, estrone, and sex hormone-binding globulin were assayed at baseline (pre-
diagnosis) by gas chromatography combined with mass spectrometry. Associations between incident
prostate cancer and each sex hormone were evaluated using Cox proportional hazards regression
models adjusted for age, race, study site, body mass index, and person-time.

RESULTS—In the subcohort, the mean age was 73 years. Higher serum estrone was strongly related
to an increased risk of prostate cancer: compared to men in the lower quartile, the risk of prostate
cancer among those in the highest three quartiles (>24.9 pg/dl) was nearly four-fold higher (adjusted
HR=3.93, CI: 1.61–9.57). Other sex hormones were not associated with the risk of prostate cancer.

CONCLUSIONS—In this cohort of older men, higher estrone levels were strongly associated with
an increased risk of incident prostate cancer. This association between estrone and prostate cancer
risk needs to be clarified by further study.
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Prostate cancer is the leading cause of cancer in United States men. Well established risk factors
for prostate cancer are African American race, older age, and having a first degree relative with
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a history of prostate cancer [1]. Prospective cohort studies suggest that other potential risk
factors for prostate cancer include high consumption of dairy food, red meat, and saturated fat
[1]. A history of prostatitis or sexually transmitted diseases and other undefined risk factors
also may contribute to the development of prostate cancer [2–3]. Although sex steroids,
particularly androgens, have been implicated in the pathogenesis of prostate cancer, most
epidemiologic studies have found no association, though a small number of studies have shown
assoiciations both positive and negative [4–8].

The influence of sex hormones on prostate cancer risk remains poorly understood.
Epidemiological studies that have evaluated sex hormones and prostate cancer risk have
primarily been individual case-control studies, and meta-analyses of prospective and nested
case-control studies. Studies have traditionally measured serum androgens and estrogens using
radioimmunoassays (RIA). Recent studies, which have inconsistently shown a positive
relationship between sex hormones and prostate cancer, illustrate a need to re-examine the
possible link between sex hormones and prostate cancer [4–8]. Therefore, in order to clarify
the association between sex hormone levels and incident prostate cancer in older men, we
analyzed data from the Osteoporotic Fractures in Men (MrOS) study, a longitudinal study of
community-dwelling older men [9–10]. In addition, the use of gas chromatography combined
with mass spectrometry, used in MrOS to measure sex hormones, provide more precise and
reliable data on specific sex hormone levels compared to radioimmunoassays used in previous
studies [11]. These measurements used in our study are now considered the gold standard for
measuring sex steroids.

MATERIALS AND METHODS
Study Population

We conducted a case-cohort study within the MrOS study. MrOS is a community-based study
of 5,995 men from six geographic regions of the United States: Birmingham, Alabama;
Minneapolis, Minnesota; Palo Alto, California; Pittsburgh, Pennsylvania; Portland, Oregon;
and San Diego, California. To be a MrOS participant, men had to be at least 65 years old, able
to walk without the assistance of another person, not have had bilateral hip replacements, and
have completed a minimum set of study measures (self-administered questionnaire, height,
weight, bone density scan and vertebral radiograph).Body composition measures were
obtained using dual energy x-ray absorptiometry (DXA) (Hologic, Inc., MA). Participants were
recruited from their communities, using population-based listings, such as motor vehicle
registrations, targeted community presentations, and community and senior newspaper
advertisements. Responses to mass mailings at some sites surpassed 10% to 15%, and
appointment show rates averaged above 85%, reflecting a high interest and commitment to this
study. The Institutional Review Board at each clinical site approved the study protocol, and
written informed consent was obtained from all study participants.

Prostate Cancer Adjudication
Prostate cancer cases were identified through self-report using a mailed triannual follow-up
questionnaire. For study participants who did not return the questionnaire, information about
prostate cancer diagnosis was elicited through in-person or telephone interviews. For each
prostate cancer report, medical records were requested from the hospital or clinic including the
following: pathology reports, Prostate Specific Antigen (PSA) laboratory reports, clinical
notes, reason for prostate biopsy, staging studies, and treatment notes. All medical records were
reviewed and prostate cancer diagnosis adjudicated centrally at the MrOS coordinating center
(University of California, San Francisco) without knowledge of sex hormone levels.
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Subjects completed questionnaires about demographic, clinical and lifestyle factors and
submitted serum samples for analysis of testosterone, estradiol, estrone, and sex hormone-
binding globulin (SHBG). Figure 1 shows the case-cohort design for the MrOS sex steroids
and prostate cancer study. All participants who had at least five 1-ml aliquots of stored serum
available for sex steroid assays were eligible for inclusion in the baseline sample (N=5910
[including 5301 white and 609 minority]). The subcohort consisted of 1439 randomly selected
non-Hispanic white men and all 609 minority men from the total 5910 eligible. Serum was
stored at −70 degrees. Sex hormones were assayed by gas chromatography combined with
mass spectrometry (Taylor Technology; Princeton, New Jersey) and free and bioavailable
testosterone and estradiol were calculated using the method of Södergard, et al [12]. Sex
steroids assays were completed by Taylor labs (Princeton, New Jersey) and included total
estradiol, total testosterone, and estrone. SHBG was analyzed by the Oregon Health & Science
Center OCTRI labs.

Data Analysis
A case-cohort study was conducted within the ongoing MrOS cohort study to examine time-
to-event outcomes (incident prostate cancer diagnosis) [13]. The case-cohort design involved
stratified random sampling of participants with sufficient serum available from the baseline
visit (March 2000–April 2002). Strata were 1) non-Hispanic white and 2) all Hispanic and non-
white participants. These two groups comprised the subcohort (N=1750) and were followed
from enrollment (which began in March 2000) through July 2006 for incident prostate cancer.
In July 2006, all incident prostate cancer cases (including those not in the subcohort) that had
occurred from March 2000 through July 2006 made up the case group for this case-cohort
study. Men with a history of prostate cancer at baseline (N=229) and those who reported
androgen or anti-androgen therapy at baseline (N=96) were excluded (total N=325). The
resulting analytic sample comprised 275 cases and 1652 non-cases with complete sex hormone
measurements.

Descriptive analyses included examination of distributions for continuous variables and
frequencies for categorical variables. Spearman correlation coefficients (r) were calculated for
several variables, including sex hormones, SHBG, body mass index (BMI), and American
Urological Association (AUA) symptom score [14]. Associations between time to incident
prostate cancer and each sex hormone were evaluated using Cox proportional hazards
regression models. Person-time was weighted to account for stratified sampling and the case-
cohort design [15]. Hazard ratios (HR) and 95% confidence intervals (CI) were examined per
standard deviation (SD) change and by quartile of each sex hormone. For each sex steroid
variable, the unadjusted HR and the age- and race-adjusted HR were calculated. In addition,
the percent change in the HR was calculated between the unadjusted model and after adjustment
for potential confounders, including study site, family history of prostate cancer, smoking,
alcohol use, physical activity scale for the elderly (PASE) score [16], history of hypertension
or diabetes, BMI, and weight. If the inclusion of a potential confounder altered the unadjusted
HR of any of the sex steroid variables by 5% or more, it was retained in the multivariate model.
We assessed the linearity of relationships using restricted cubic spline models and plots based
on Cox proportional hazard regression models [17]. All statistical analyses were performed
with SAS software, version 9.1.3 Service Pack 4 (SAS Institute Inc., Cary, NC).

RESULTS
In the randomly selected subcohort, the mean age was 73 years (Table 1). The average duration
of follow-up for the whole cohort and for the subcohort after exclusions was 4.7 ± 0.9 years.
Two-hundred seventy-five men were diagnosis-confirmed with prostate cancer during the
follow-up period. The median time between sex hormone blood draw and prostate cancer
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diagnosis was 2.4 years (range: 15 days to 3.6 years). Men who did not develop prostate cancer
(the majority of the analytic sample) were followed until the end of the study period, resulting
in an overall mean follow-up time greater than that for cases alone. Sixty percent of the cases
had a T1 stage, and approximately 50% had a Gleason summary score of ≧7 and a poorly
differentiated histological stage.

In the subcohort, mean total testosterone was 411 ng/dl; mean bioavailable testosterone was
207 ng/dl; mean free testosterone was 7.9 ng/dl; mean estradiol was 23 pg/ml; mean estrone
was 33.8 pg/dl, and mean SHBG was 49.4 nM.

Spearnan correlation coefficients for continuous variables, including sex steroids variables,
were calculated among men in the subcohort. Weak correlations were detected between all sex
hormones and age, BMI, height, weight, and AUA symptom scores (Table 2). As expected,
there was a strong correlation between testosterone and SHBG (r=.68) and estrone and estradiol
(r=.65); and weaker but significant correlations between free testosterone and free estradiol
(r =.33) and free testosterone and SHBG (r =.31).

Quartile data for sex hormones clearly illustrate a strong association between incident prostate
cancer risk and increasing estrone levels, but not for other sex hormones. After adjusting for
age, race, study site, BMI, and person-time weighted to account for stratified sampling and the
case-cohort design, the adjusted HR for prostate cancer was 3.93 (CI: 1.61–9.57) for the upper
three quartiles of estrone compared to the lowest quartile (Table 3). The adjusted HR for men
in the upper three quartiles compared to the lower quartile of free testosterone and free estradiol
were 1.23 (CI: 0.88–1.72) and 1.27 (CI: 0.94–1.71), respectively.

Results from Cox proportional hazards regression adjusted models conducted using only white
participants were similar to those reported here for all participants. There were no significant
interactions by race (white vs. non-white) with E1, E2, T or SHBG (all p>0.3).

Adjusted hazard ratios were not greater for Gleason score >=7 (2.71, 95% CI: 1.04–7.07) than
for Gleason score <7 (8.95, 95% CI: 1.20–66.6) for estrone. The linearity of relationships using
restricted cubic spline models and plots based on Cox proportional hazard regression models
showed that estrone was nonlinear (p for linearity from cubic spline model: 0.007) and the
quartile analysis indicated that there may be a threshold near 17 pg/ml.

COMMENT
In this large cohort of older men, higher estrone levels were strongly associated with an
increased risk of incident prostate cancer. Few studies have explored the role of estrone in
prostate cancer pathogenesis because of the difficulty in measuring low circulating levels in
men using older assays. Estrone sulfate has been shown to be a prognostic marker for tumor
aggressiveness in prostate cancer [18]. Estrone sulfate is converted to estrone by the enzyme
steroid sulfatase (STS). STS is important in the formation, regulation, and conversion of
inactive sex steroids into biologically active sex steroids, which are known to stimulate tumor
growth in breast cancer, as well as prostate cancers [19]. Research into STS inhibitors has
shown promise, similar to aromatase inhibitors for breast cancer, and these inhibitors may
become increasingly important in future prostate cancer management [20].

Although androgens are known to stimulate prostate cell proliferation, results of previous
studies examining increased androgen levels as a risk factor for prostate cancer have been
inconclusive. Most of the case-control studies have found no association between sex hormones
and prostate cancer [4–6]. A meta-analysis in 1998, which systematically reviewed 8
quantitative studies, also found no association between sex hormones and prostate cancer,
except for androstanediol-glucoronide (A-diol g) which had an overall odds ratio (OR) of 1.05;
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95% CI 1.00–1.11) for all of the studies combined [7]. However, a more recent meta-analysis,
published in 2000, found approximately a 2-fold increased risk of prostate cancer in men with
either serum total testosterone and insulin-like growth factor 1 (IGF-1) in the upper quartile of
the study population [21]. Furthermore, the most significant recent analyses of this relationship
was reported by the Baltimore Longitudinal Study of Aging (2005), which showed a positive
relationship between elevated serum testosterone and an increased risk of prostate cancer
[22]. In a European prospective study of Scandinavian men, high levels of circulating
androgens were not associated with an increased prostate cancer risk [6,23]. Our study results
extend previous findings and are concordant with those from systematic reviews and other
published data, which have found no association between endogenous androgens and prostate
cancer risk [5,7–8]. From mouse and human studies, including in vivo and in vitro studies, it
is clear that androgens positively influence prostate gland growth; however, little is unknown
how hormone levels interact with each other and whether or how they influence malignant
growth in humans [24]. On the other hand, we also know clinically that androgen deprivation,
often used as a form of prostate cancer treatment, can induce prostate cancer remission or
retardation.

Our study has several limitations. Our follow-up was approximately 5 years and it is unclear
whether extended follow-up would change the association. In the Massachusetts Male Aging
Study (MMAS), which had 8 years of follow-up, researchers found no association between
sex hormones measured by radioimmunoassay, including estrone, and prostate cancer risk
[5]. Our study, in contrast to the MMAS, had a larger number of prostate cancer (MrOS=275
prostate cancer cases vs. MMAS=70 prostate cancer cases) which may have increased our
ability to detect differences between cases and subcohort [5,25–26]. Furthermore, in the MrOS
study, we centrally adjudicated all prostate cancer diagnoses, while the MMAS identified
prostate cancer cases through the Massachusetts cancer registry, medical records, self-report
(confirmed by registry and/or medical records), death certificates, and medical records. We
measured hormone levels in a single serum sample at one point in time, with a median of 2.4
years prior to prostate cancer diagnosis. Whether serial measurements of sex hormones over
time are a better index of hormone status is unknown. In the Baltimore Longitudinal Study of
Aging study, which evaluated serial hormone level measurements over nearly 40 years (median
follow-up of 18.5 years for all study participants), higher levels of calculated serum free
testosterone were associated with increased risk of prostate cancer [22]. Unfortunately, this
study used less reliable sex hormone concentration measurements by using mass action
equations for estimating free testosterone in serum [22,27].

Our study also had several important strengths, including its sample size, volunteer participants
from the general community, all study participants were closely followed, all prostate cancer
cases were centrally adjudicated, and sex hormones were assayed by gas chromatography
combined with mass spectrometry.

CONCLUSIONS
In conclusion, in this large prospective study we found that higher levels of estrone, but not
androgens and other estrogens, were associated with a substantially higher risk of prostate
cancer. A recent meta-analysis which examined endogenous sex hormones and prostate cancer
did not find an association between androgens and estradiol and prostate cancer risk, although
this collaborative analysis did not specifically report results for estrone and prostate cancer risk
likely in part due to the fact that few studies have studied this relationship [8]. It is unclear
from our study and other similar studies whether a single pre-diagnosis serum sample for sex
hormones is useful to predict prostate cancer risk, although estrone was strongly associated
with prostate cancer risk in our study. It may be that multiple or serial sex hormone
measurements using highly accurate assays are needed to further define the influence of sex
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hormones on prostate cancer risk. It is possible that serum sex hormone levels do play a
significant in prostate cancer, and perhaps, the specific interaction at the sex hormone receptor
level in the prostate gland may play a significant role. Some studies have found that high levels
of androgen receptors are associated with increased prostate cell proliferation, markers of
aggressive prostate cancer, and are predictive of decreased recurrence-free survival [28]; these
findings suggest an important role of the androgen receptor on prostate cancer development
and progression, and the potential role of highly-selective androgen receptor inhibitors in the
prevention and treatment of prostate cancer.

The role of endogenous and dietary estrogens, changes in the androgen:estrogen ratios as a
man ages, and the influence of estrogen receptors on the prostate in the development of prostate
cancer have also been suggested as important mediators of prostate cancer pathogenesis [29].
The prostate gland contains estrogen receptors and studies in rodents have shown that the
prostate gland is sensitive to increased levels of estrogens, suggesting that it is plausible that
there may be direct receptor-mediated effects of estrone on the prostate gland [29]. Rodents
exposed to estrogens early during life have shown an increase prostate gland proliferation,
inflammation, and dysplastic prostate epithelial changes later in life [29]. In addition, adult
rodents with exposed to exogenous estrogens along with androgens have been shown to lead
to prostate epithelial metaplasia, prostatic intraepithelial neoplasia-type lesions and
adenocarcinoma of the prostate. Furthermore, antiestrogen inhibition in transgenic mouse
models has lead to a reduction in prostate cancer development beyond prostatic intraepithelial
neoplasia-type lesions. Epidemiologic data show that African-American men, who have the
highest risk for developing prostate cancer, have significantly higher estrone plasma levels
compared to European-Americans [30]. Therefore, further study is needed to determine the
influence of the estrone-specific receptor activity on prostate cell malignant growth. Further
inquiries, into the role of estrone as a biomarker for incident prostate cancer risk, may help to
determine whether steroid sulfatase inhibitors will be effective in the management of prostate
cancer.
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Figure 1.
Case-cohort design for the MrOS sex steroids and incident prostate cancer study
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Table 1

Baseline characteristics of men in the subcohort and of men with incident prostate cancer (not mutually exclusive).

Subcohort (N=1750) Mean ± SD, Median (IQR),
or %

Prostate cancer cases (N=275) Mean ± SD,
Median (IQR), or %

Demographics

 Age 73.2 ± 5.7 72.6 ± 5.1

 Race

  White, non-Hispanic 70.5 90.6

  African-American 11.0 4.0

  Asian 8.7 2.6

  Hispanic 6.2 1.8

  Other 3.5 1.1

 College graduate

  No 48.7 47.3

  Yes 51.3 52.7

 Study Site

  Birmingham 16.9 10.6

  Minneapolis 14.5 23.6

  Palo Alto 20.2 20.0

  Pittsburgh 14.2 16.0

  Portland 17.1 13.8

  San Diego 17.1 16.0

History of prostate cancer

 Any relative 12.6 18.2

 First-degree relative 10.8 16.4

Lifestyle/diet

 Smoking

  Never 37.1 42.2

  Ever 62.9 57.8

 Alcohol consumption in past year

  None 36.0 29.1

  0–7drinks/week 38.6 44.7

  ≥ 7 drinks/week 25.3 25.5

 Physical activity score (PASE) 146.7 ± 69.3 157.7 ± 70.8

Anthropometric measures

 BMI (kg/m2) 27.3 ± 3.7 27.3 ± 3.6

 Weight (kg) 82.6 ± 13.4 82.5 ± 12.5

 Height (cm) 173.6 ± 7.1 173.8 ± 6.6

Glucose level (mg/dl) 100.0 (17.0) 100.0 (16.0)

Insulin level (ƒÊIU/ml) 7.7 (6.3) 7.6 (5.3)

Medical history

 History of hypertension 45.8 42.9

 History of diabetes 12.6 8.7
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Subcohort (N=1750) Mean ± SD, Median (IQR),
or %

Prostate cancer cases (N=275) Mean ± SD,
Median (IQR), or %

 AUA prostate symptom score 7.0 (9.0) 6.0 (9.0)

Body Composition Measures

 Total body fat mass (kg) 21.5 ± 7.0 21.2 ± 6.6

 Total body lean mass (kg) 57.8 ± 7.7 57.8 ± 7.1

 Trunk fat mass (kg) 12.1 ± 4.2 12.1 ± 4.1

Sex Steroid Measures

 Total testosterone (ng/dl) 411 ± 156 415 ± 153

 Bioavailable testosterone (ng/dl) 207 ± 62 214 ± 57

 Free testosterone (ng/dl) 7.9 ± 2.3 8.1 ± 2.1

 Total estradiol (pg/ml) 22.9 ± 7.7 22.6 ± 6.9

 Bioavailable estradiol (pg/ml) 14.6 ± 4.7 14.7 ± 4.4

 Free estradiol (pg/ml) 0.54 ± 0.17 0.54 ± 0.16

 Estrone (pg/ml) 33.8± 13.7 33.4± 12.2

 SHBG (nM) 49.4 ± 19.8 47.4 ± 19.2

 Total testosterone:estradiol ratio 18.8 ± 6.8 19.2 ± 6.7
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Table 3

Hazard ratios (95% CI) for selected sex steroid measures and incident prostate cancer.

Multivariate* adjusted HR (95% CI)

Total testosterone (per SD increase) 1.02 (0.90–1.16)

Quartile 1 (< 301 ng/dl) ref

Quartile 2 (301–391 ng/dl) 1.01 (0.71–1.42)

Quartile 3 (392–494 ng/dl) 1.07 (0.76–1.50)

Quartile 4 (> 494 ng/dl) 1.00 (0.70–1.43)

Free testosterone (per SD increase) 1.09 (0.96–1.23)

Quartile 1 (<6.34 ng/dl) ref

Quartile 2 (6.34–7.77 ng/dl) 1.23 (0.86–1.76)

Quartile 3 (7.78–9.21 ng/dl) 1.42 (1.00–2.01)

Quartile 4 (>9.21 ng/dl) 1.27 (0.88–1.83)

Total estradiol (per SD increase) 1.03 (0.91–1.16)

Quartile 1 (< 17.5 pg/ml) ref

Quartile 2 (17.5–21.9 pg/ml) 0.94 (0.67–1.31)

Quartile 3 (22.0–27.2 pg/ml) 1.12 (0.81–1.56)

Quartile 4 (>27.2 pg/ml) 0.95 (0.67–1.34)

Free estradiol (per SD increase) 1.09 (0.96–1.23)

Quartile 1 (< 0.42 pg/ml) ref

Quartile 2 (0.42–0.51 pg/ml) 1.24 (0.88–1.74)

Quartile 3 (0.52–0.63 pg/ml) 1.44 (1.04–2.00)

Quartile 4 (>0.63 pg/ml) 1.26 (0.89–1.79)

Estrone (per SD increase) 1.04 (0.91–1.19)

Quartile 1 (< 24.9 pg/ml) ref

Quartile 2 (24.9–31.7 pg/ml) 3.56 (1.47–8.61)

Quartile 3 (31.8–40.4 pg/ml) 4.16 (1.79–9.69)

Quartile 4 (>40.4 pg/ml) 3.46 (1.52–7.85)

SHBG (per SD decrease) 1.10 (0.96–1.27)

Quartile 4 (> 59.1 nM) ref

Quartile 3 (45.9–59.1 nM) 0.95 (0.66–1.35)

Quartile 2 (35.5–46.0 nM) 1.16 (0.82–1.64)

Quartile 1 (<35.5 nM) 1.24 (0.86–1.77)

T:E2 ratio (per SD increase) 0.98 (0.86–1.11)

Quartile 1 (< 2.64) ref

Quartile 2 (2.64–2.87) 1.10 (0.77–1.57)

Quartile 3 (2.88–3.11) 1.16 (0.81–1.65)

Quartile 4 (>3.11) 1.01 (0.70–1.46)

*
Age, race, study site, body mass index. Person-time was weighted to account for stratified sampling and the case-cohort design. Ref: reference group.

T (Testosterone), E2 (Estradiol), SHBG (Sex Hormone-Binding Globulin)
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