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Abstract

Considerable experimental and epidemiological evidence suggests that elevated endogenous sex
steroids — notably androgens and oestrogens — promote breast tumour development. In spite of
this evidence, postmenopausal androgen replacement therapy with dehydroepiandrosterone (DHEA)
or testosterone has been advocated for the prevention of osteoporosis and improved sexual well-
being. We have conducted a case–control study nested within the European Prospective Investigation
into Cancer and Nutrition. Levels of DHEA sulphate (DHEAS), (D4-androstenedione), testosterone,
oestrone, oestradiol and sex-hormone binding globulin (SHBG) were measured in prediagnostic
serum samples of 677 postmenopausal women who subsequently developed breast cancer and 1309
matched control subjects. Levels of free testosterone and free oestradiol were calculated from
absolute concentrations of testosterone, oestradiol and SHBG. Logistic regression models were used
to estimate relative risksof breast cancer by quintiles ofhormone concentrations. For all sex steroids –
the androgens as well as the oestrogens – elevated serum levels were positively associated with
breast cancer risk, while SHBG levels were inversely related to risk. For the androgens, relative risk
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estimates (95% confidence intervals) between the top and bottom quintiles of the exposure distribution
were: DHEAS 1.69 (1.23–2.33), androstenedione 1.94 (1.40–2.69), testosterone 1.85 (1.33–2.57) and
free testosterone 2.50 (1.76–3.55). For the oestrogens, relative risk estimates were: oestrone 2.07
(1.42–3.02), oestradiol 2.28 (1.61–3.23) and free oestradiol (odds ratios 2.13 (1.52–2.98)).
Adjustments for body mass index or other potential confounding factors did not substantially alter
any of these relative risk estimates. Our results have shown that, among postmenopausal women, not
only elevated serum oestrogens but also serum androgens are associated with increased breast
cancer risk. Since DHEAS and androstenedione are largely of adrenal origin in postmenopausal
women, our results indicated that elevated adrenal androgen synthesis is a risk factor for breast
cancer. The results from this study caution against the use of DHEA(S), or other androgens, for
postmenopausal androgen replacement therapy.

Endocrine-Related Cancer (2005) 12 1071–1082

Introduction

Most of the established epidemiological risk factors for

breast cancer are related to alterations in endogenous

hormone metabolism (Pike et al. 1993, Russo & Russo

1999, Russo et al. 2000, Key et al. 2001). A young age

at first full-term pregnancy, high parity and prolonged

duration of breast feeding all independently protect

against tumour development, and collectively have

been estimated to explain up to about 50% of the

excess risk of breast cancer in industrially developed

societies compared with developing countries

(Collaborative Group on Hormonal Factors in Breast

Cancer 2002). These protective effects have been

postulated to be due to the effects of pregnancy-

associated alterations in endogenous hormone

metabolism on mammary epithelial differentiation

(Russo et al. 2000) and/or proliferation (Pike et al.

1993, Sivaraman & Medina 2002), or on the numbers

of mammary stem cells, which could be the susceptible

target cells from which breast tumours develop

(Baik et al. 2004). By contrast, early menarche, late

menopause and use of postmenopausal hormone

replacement therapy (HRT) are all associated with

increased risk of breast cancer, and these increases in

risk are generally interpreted as being the result of a

longer lifetime exposure to elevated sex steroids,

particularly oestrogens, which may inhibit apoptosis

and stimulate proliferation of the mammary duct

epithelium (Pike et al. 1993, Key et al. 2001). Finally,

among postmenopausal women, excess weight

increases breast cancer risk, and this too is generally

believed to be due to adiposity-related increases

in total and bioavailable endogenous oestrogens

(Bianchini et al. 2002, Lahmann et al. 2004).

Besides oestrogens, elevated endogenous androgens

have also long been implicated as a potential risk

factors for breast cancer (Grattarola 1973, Grattarola

et al. 1974, Secreto et al. 1991). Normal and malignant

mammary epithelial cells also have androgen receptors

(Dimitrakakis et al. 2002, Liao & Dickson 2002),

indicating specific responsiveness to androgens, and

epidemiological studies have generally indicated

positive relationships of breast cancer risk with

postmenopausal plasma androgen levels. Paradoxi-

cally, however, premenopausal plasma levels of

dehydroepiandrosterone (DHEA) or its sulphate

(DHEAS) have been found to be inversely related to

breast cancer risk (Adams 1998). In experimental

studies (for reviews see Dimitrakakis et al. 2002,

Liao et al. 2002) bioactive androgens (testosterone,

dihydrotestosterone) or their precursors (e.g. DHEA

or DHEAS) have been found to either antagonize or

enhance breast cell proliferation or mammary tumour

growth (Dimitrakakis et al. 2002, Liao & Dickson

2002). The inverse associations of breast cancer risk

with premenopausal DHEA levels and the apparent

protective effects of androgens in some of the

experimental studies have been cited to support the

use of postmenopausal androgen replacement therapy

for the prevention of osteoporosis, improved well-

being and/or sexual functioning and, possibly, breast

cancer prevention (Spark 2002, Labrie et al. 2003).

Results from at least 10 prospective cohort studies

on breast cancer risk in relation to prediagnostic blood

levels of sex steroids among postmenopausal women

have been published (Wysowski et al. 1987, Barrett-

Connor et al. 1990, Gordon et al. 1990, Garland et al.

1992, Helzlsouer et al. 1994, Toniolo et al. 1995,

Berrino et al. 1996, Dorgan et al. 1996, 1997, Thomas

et al. 1997a, Zeleniuch-Jacquotte et al. 1997, Hankin-

son et al. 1998, Cauley et al. 1999, Kabuto et al. 2000).

However, most of these studies were based on rather

small numbers of cases, were conducted in diverse

populations in the USA, Europe and Japan, and

used heterogeneous study protocols, blood collection

procedures and laboratory methods for hormone

assays. A combined re-analysis of the pooled data
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from nine of these studies — including up to a

maximum of 663 incident cases of breast cancer and

1102 control subjects, depending on the specific

hormonal parameters examined — showed approxi-

mately twofold increases in breast cancer risk between

women in the upper versus the lower quintiles of all

of the sex steroids examined: DHEA or DHEAS, (D4-
androstenedione), testosterone, oestrone, total oestra-

diol and indices of bioavailable oestradiol not bound

to sex hormone-binding globulin (SHBG) (Key et al.

2002). We present results from a case–control study

nested within the European Prospective Investigation

into Cancer and Nutrition (EPIC) — a multi-centre

prospective study aimed at investigating the relation-

ships between nutrition and other lifestyle factors,

metabolism, genetic predisposition and cancer risk.

In total, our study included 677 incident cases of breast

cancer and 1309 matched control subjects, and thus

was equal in size to all previously published cohort

studies combined, but from an entirely European

population in which standardized methods were used

for collection of blood samples and questionnaire data,

and for hormone assays.

Study subjects and methods

The EPIC cohort consisted of about 370 000 women

and 150 000 men, recruited between 1992 and 1998 in

23 research centres spread over ten western European

countries (Riboli et al. 2002). All subjects provided

extensive standardized questionnaire data on diet

and non-dietary variables, as well as anthropometric

measurements. About 240 000 women and 140 000 men

also provided a blood sample. All data on exposure

and follow-up for cancer incidence and vital status

from the different EPIC centres were coded in a

standardized manner, checked for coding errors and

internal consistency of subjects’ questionnaire infor-

mation, and entered into an extensively documented

ORACLE database housed centrally at the Inter-

national Agency for Research on Cancer (IARC, Lyon,

France). All subjects provided written consent for their

participation in the EPIC cohort study and for the use

of questionnaire data and blood samples for research

purposes. The present study included breast cancer

cases and control subjects from 17 recruitment centres

in seven of the participating countries: France, The

Netherlands, the UK, Germany, Spain, Italy and

Greece. Norway was not included in the present study

because blood samples have been collected only

recently on a subsample of cohort participants and

so far only very few cases of breast cancer have been

accumulated after blood collection; Denmark and

Sweden were not included because independent studies

on breast cancer risk and endogenous sex hormones

have been, or are being, conducted separately.

Questionnaire data and anthropometry

Questionnaire data on non-dietary lifestyle and health

factors included menstrual and reproductive history,

current and previous use of oral contraceptives (OC)

and postmenopausal HRT, history of previous illness

and disorders or surgical operations, lifetime history

of tobacco smoking and consumption of alcoholic

beverages, physical activity, level of education and

socioeconomic status, and brief occupational history.

Fully standardized questionnaires were used in

all seven countries contributing to the present study.

In all countries included in the present analysis, except

part of the cohort recruited through the Oxford

research centre, height, weight, and waist and hip

circumferences were measured according to standard-

ized protocols, in light dress. In part of the Oxford

cohort, height, weight and body circumferences were

self-reported. All measurements were reported to

the nearest cm (height and body circumferences) and

to the nearest kg (weight).

Collection and storage of blood samples

Blood samples were collected according to a standard-

ized protocol. From each subject, 30ml blood was

drawn using 10ml Safety Monovettes (Sartstedt,

Nümbrecht, Germany). Filled syringes were kept at

5–10�C, protected from light and transferred to a local

laboratory for further processing and aliquoting. Two

of the three syringes contained trisodium citrate as

anticoagulant for the preparation of blood plasma,

buffy coat and red cells, and one dry syringe was

used to prepare serum. After centrifugation (1550 g for

20min), blood fractions (serum, plasma, red cells and

buffy coat) were aliquoted in 28 plastic straws of 0.5ml

each (12plasma, 8 serum, 4 erythrocytes and4buffy coat

for DNA), which were heat-sealed and stored under

liquid nitrogen (x196�C). Half of the 28 aliquots were

stored locally and the other half centrally at IARC.

Determination of menopausal status at
blood donation

Women were considered menopausal when they

reported not having had any menses over the past 12

months or when they reported bilateral ovariectomy.

When questionnaire data were missing or incomplete

or when women reported previous hysterectomy,

women were considered postmenopausal when they
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were older than 55 years. All other women, for whom

data were equivocal, were excluded from the present

study. Women who at the time of blood sampling were

using hormone replacement therapy (HRT), a factor

that can mask the menopausal transition, were also

excluded (see criteria for case–control selection below).

Follow-up for cancer incidence and
vital status

In The Netherlands, the UK, Spain and Italy incident

cancer cases were identified through record linkage

with regional cancer registries. In Germany, France

and Greece follow-up was based on a combination of

methods, including health insurance records, cancer

and pathology registries, and active follow-up through

study subjects and their next-of-kin. Data on vital

status in most EPIC study centres were collected from

mortality registries at the regional or national level, in

combination with data collected by active follow-up

(Greece). For each EPIC study centre, closure dates of

the study period were defined as the latest dates of

complete follow-up for both cancer incidence and vital

status (dates varied between centres).

Selection of case and control subjects

Case and control subjects were selected among women

who were postmenopausal and not using any HRT at

the time of blood donation and who had no previous

diagnosis of cancer (except non-melanoma skin

cancer). Case subjects were women who developed

breast cancer after their recruitment into the EPIC

study and blood donation, and before the end of the

study period, for each study centre defined by the latest

end-date of complete follow-up. Out of 677 incident

cases of breast cancer, 63 had a carcinoma in situ and

all others had an invasive tumour.

For each case subject, up to two control subjects

were chosen at random among appropriate risk sets

consisting of all cohort members alive and free of

cancer (except non-melanoma skin cancer) at the time

of diagnosis of the index case. An incidence density

sampling protocol for control selection was used, such

that controls could include subjects who became a case

later in time, while each control could also be sampled

more than once. Matching criteria was the study centre

where the subjects were enrolled in the cohort, age

at enrolment (t6 months), follow-up time since blood

donation (t3 months) and time of the day of

blood collection (t1 h). Cases and controls were also

matched on time between blood withdrawal and last

consumption of food or drink (<3 h, 3–6 h, >6 h), in

view of further studies in which breast cancer risk will

be related to endogenous insulin levels.

Hormone assays

Testosterone and DHEAS concentrations in serum

were measured by radioimmunoassays (Immunotech,

Marseilles, France). Androstenedione, oestradiol and

oestrone concentrations were measured by a radio-

immunoassay with a double-antibody system for the

separation of free and bound antigen (Diagnostic

Systems Laboratories Inc., Webster, TX, USA).

Assays were performed in batches of 76 serum samples,

analysed together on the same day and with the same

immunoassay kit. Serum and samples of case and

control subjects that were matched together were

systematically analysed within the same batch (i.e.

with a single immunoassay kit). SHBG was measured

by a solid phase ‘sandwich’ immunoradiometric assay

(Cis-Bio International, Gif-sur-Yvette, France). Mean

intra-batch coefficients of variation were 7.0% for

DHEAS, 10.8% for testosterone, 4.8% for andro-

stenedione, 10.2% for oestrone, 5.8% for oestradiol and

8.0% for SHBG. All hormone assays were performed

by the laboratory of the Hormones and Cancer Group,

at IARC. The laboratory personnel performing the

hormonal assays were blinded as to the case–control

status of the study subjects. DHEA was not measured,

because usually its levels show very high correlations

(>0.9) with DHEAS. Serum concentrations of free

testosterone and free oestradiol, unbound to SHBG or

albumin, were calculated from the absolute concentra-

tions of each of the steroids and SHBG using mass

action equations, and assuming a constant serum

albumin concentration of 43 g/l (Rinaldi et al. 2002).

Statistical analyses

In all analyses, levels of SHBG and sex steroids were

log-transformed to normalize their distributions. An

analysis of variance, adjusting for age, case–control

status and laboratory batch, was used to examine

the study centre as a determinant of measured

hormone levels. Correlations between the hormones

and anthropometric indices, adjusting for age and

laboratory batch, were calculated from the sums of

squares in generalized linear regression models. Statis-

tical significance of case–control differences in mean

hormonal exposure levels were evaluated by paired

comparisons (t-tests) of case values versus the average

of the two matched controls in each case–control set

(Rosner 1982). For binary variables, significance of

case–control differences was tested by Chi-square test.

Relative risks (odds ratios; OR) for disease at different
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serum hormone levels were calculated by conditional

logistic regression models, where the serum levels

of the various hormones and binding proteins

were examined both as continuous variables and

by quintiles. The quintiles were based on the log-

transformed variable distributions of the control

subjects from all EPIC centres combined. Likelihood

ratio tests were used to assess linear trends in ORs with

increasing exposure level as a continuous variable, or

with assigned quantitative scores 1, 2, 3, 4 and 5 for the

quintile categories. Confidence intervals (C.I.; 95%)

were computed using the standard errors of the

pertinent regression coefficients. The effects of addi-

tional potential confounders (other than the matching

criteria, controlled for by design) were examined by

including additional regression terms into the logistic

regression models. Potential confounders included

anthropometry (as continuous variables), previous

use of exogenous hormones (OCs, HRT; as binary

variables ‘use/never used’), age at first full-term preg-

nancy (years) (five categories), number of full-term

pregnancies (five categories), age at menarche (years)

(five categories) and age at menopause (years) (six

categories). Chi-square tests were used to examine

heterogeneity of association of breast cancer risk with

hormone levels — e.g. by study centre, body mass

index (BMI) categories, previous use of HRT.

Results

Hormone measurements were completed for a total of

677 cases of breast cancer and 1309 cancer-free control

subjects, with small percentages of missing values for

each of the hormones. On average, women were 60.6

years old at the time of blood donation, with a 5–95th

percentile range of 51.5–70.4 years (Table 1). At the

time of recruitment, the average time since menopause

was around 11 years, for both breast cancer cases and

control subjects. Cancer diagnosis occurred on average

13.6 years after menopause, with a 5–95th percentile

range of 4.0–26.0 years, and 2.9 years after blood

donation (5–95th percentile range 0.1–6.3 years).

Compared with control subjects, cancer patients were

significantly older at first full-term pregnancy, had a

higher BMI and less frequently reported past use of

OCs, but showed no significant differences in previous

use of HRT, age at menarche or mean waist–hip ratio

(Table 1).

The prevalence of major breast cancer risk factors

varied between the 17 EPIC recruitment centres

involved in this study. For control subjects, the average

BMI varied between 24.1 kg/m2 in the French cohort

to over 29.0 kg/m2 in Greece and all five Spanish

centres. The prevalence of reported previous HRT use

(i.e. before blood donation) also varied widely between

the study centres, from 0% in Ragusa (southern Italy),

Asturias and Murcia (Spain) to 39% in Heidelberg

(Germany). The latter variations could not be

explained by differences in age or years since meno-

pause, but rather reflected cultural differences in

medication practices, especially between northern and

southern Europe.

Levels of all sex steroids and SHBG varied

significantly between the 17 study centres: after

adjusting for age and case–control status, the per cent

variance in hormone concentrations explained by

study centre was 4.6% for DHEAS, 5.6% for and-

rostenedione, 8.0% for SHBG, 10.9% for testosterone,

Table 1 Baseline characteristics of case and control subjects, all study centres combined (means [5th–95th percentile ranges];

population percentages)

Cases Controls P for difference

Number of subjects 677 1309

Age at recruitment 60.4 [51.4–70.1] 60.3 [51.2–70.1] 0.46

Age at blood donation 60.6 [51.4–70.4] 60.6 [51.5–70.4] 0.13

Years since menopause (recruitment) 11.0 [2.3–23.3] 11.4 [2.3–24.3] 0.21

Years since menopause (diagnosis) 13.6 [4.0–26.0] – –

Age at diagnosis 63.0 [54.0–74.0] – –

Years between blood collection and diagnosis 2.9 [0.1–6.3] – –

Previous use of hormones for menopause 14.5% 16.3% 0.29

Previous use of oral contraceptive 30.1% 34.7% 0.05

Ever had full-term pregnancy 86.3% 85.6% 0.46

Age at first full-term pregnancy 26.0 [20.0–35.0] 25.6 [20.0–33.0] 0.02

Age at menarche 13.2 [11.0–16.0] 13.3 [11.0–16.0] 0.12

Body-mass index 27.2 [21.1–36.0] 26.8 [20.6–35.6] 0.05

Waist-hip ratio 0.81 [0.71–0.92] 0.81 [0.72–0.92] 0.84
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12.3% for oestradiol and 17.7% for oestrone. These

percentages reduced to a range of 0.6 for testosterone

to 1.9 for oestradiol, after further adjustment for the

laboratory batch in which the samples were analysed.

However, since subjects from a given study centre

were, as much as possible, analysed within the same

analytical batch, these variance decomposition models

did not allow a clear distinction of variation in true

hormone levels between centres from the variation

attributable to between-batch, analytical errors. A

separate analysis, of values obtained for standard

control samples that had been included in all batches,

indicated that the variance of analytical between-batch

errors was very small in comparison with the overall

population variance, with values ranging from 0.1%

for DHEAS to 1.5% for androstenedione.

Adjusting for laboratory batch, age and case–

control status, serum concentrations of the andro-

gens (DHEA, androstenedione, testosterone) were all

directly correlated amongst each other, as were the two

oestrogens, and calculated values of free testosterone

and free oestradiol, unbound to SHBG, correlated

strongly with the absolute concentrations of each

hormone. All three androgens also showed moderate

positive correlations with both oestrone and

oestradiol. BMI showed mild inverse correlations with

SHBG, and direct correlations with oestrone, oestra-

diol, free oestradiol and free testosterone (Table 2).

For all study centres combined, geometric mean

levels of all sex steroids were significantly higher and

SHBG levels significantly lower among cases compared

with control subjects (Table 3). In conditional logistic

regression analyses, these differences were reflected

in statistically significant increases in breast cancer

risk with increasing absolute concentrations (quintile

levels) of androgens (DHEAS, androstenedione,

testosterone) and oestrogens (oestrone, oestradiol),

as well as with increasing free testosterone and

free oestradiol concentrations (Fig. 1). The strongest

relative risks were for free testosterone and oestradiol,

with ORs of 2.50 (95% C.I.=1.76–3.55) and

2.28 (1.61–3.23) respectively for top versus bottom

quintiles.

When centre-specific quintile cut points were used,

relative risk estimates were very close to those from

analyses with EPIC-wide cut points. Furthermore, the

estimated relationships of breast cancer risk with

hormone levels, either expressed as tertile levels or on

a continuous scale, showed no statistically significant

heterogeneity between study centres.

Table 2 Pearson correlation coefficients on log transformed data between hormonal variables adjusted for age, case-control status

and laboratory batch

Free

Testosterone D4 DHEAS SHBG Oestrone Oestradiol

Free

Oestradiol BMI Waist

Testosterone 0.90* 0.66* 0.69* x0.06� 0.46* 0.49* 0.46* 0.06# 0.07�
Free Testosterone 0.62* 0.65* x0.47* 0.48* 0.50* 0.61* 0.23* 0.25*

n4 0.60* x0.09� 0.41* 0.44* 0.43* 0.01 0.01

DHEAS x0.13* 0.47* 0.45* 0.45* 0.03 0.05#

SHBG x0.17* x0.17* x0.43* x0.37* x0.40*

Oestrone 0.69* 0.68* 0.22* 0.23*

Oestradiol 0.95* 0.23* 0.24*

Free Oestradiol 0.33* 0.35*

#p<0.05, � p<0.01, *p<0.0001 (two-sided tests).

Table 3 Geometric mean [95% confidence intervals] of steroid hormones by case-control status

Cases Controls P for difference

Testosterone (nmol/l) 1.27 [1.22–1.33] 1.15 [1.11–1.18] <0.0001

Free testosterone (pmol/l) 21.6 [20.5–22.8] 18.8 [18.1–19.5] <0.0001

Androstenedione (nmol/l) 3.31 [3.16–3.47] 2.99 [2.89–3.09] 0.0003

DHEAS (mmol/l) 2.15 [2.04–2.26] 1.93 [1.86–2.00] 0.0002

SHBG (nmol/l) 31.5 [30.1–33.0] 33.4 [32.3–34.5] 0.04

Oestrone (pmol/l) 157.9 [152.4–163.6] 144.9 [143.3–148.6] <0.0001

Oestradiol (pmol/l) 99.1 [95.5–102.8] 89.7 [87.4–92.1] <0.0001

Free Oestradiol (pmol/l) 2.64 [2.53–2.74] 2.34 [2.28–2.41] <0.0001
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Relative risk estimates remained virtually unchanged

after adjustments for BMI, age at first full-term

pregnancy, age at menarche, number of full-term

pregnancies and previous use of OCs or postmeno-

pausal HRT (data not shown). Furthermore, relative

risk estimates showed no significant heterogeneity

between cases that had a cancer diagnosis within 2

years of blood donation and cases with a later

diagnosis (results not shown). Relative risks also did

not differ significantly between women who did or did

Oestrone

Oestradiol

 Free Oestradiol

Figure 1 Relative risk of breast cancer among postmenopausal women by quintiles of serum steroid concentrations. OR estimated

by conditional logistic regression with study centre, age at blood donation, time of day of blood donation and fasting status at

blood donation as matching factors for breast cancer cases and control subjects.
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not report previous use of HRT, contrary to the

findings in some previous studies (Hankinson et al.

1998, Key et al. 2002). Finally, relative risks remained

virtually unaltered when the analysis was restricted to

invasive breast tumours. For the subset of carcinomas

in situ (n=63) a statistical subgroup analysis indicated

that the association of each of the hormonal para-

meters (as continuous variables) with risk was in the

same direction as that for the invasive tumours (results

not shown).

Using multivariate models, it was examined whether

risk remained related to levels of total or free oestro-

gens independently of androgen levels and vice versa

(data not shown). In all models, using hormone levels

on a continuous (log 2) scale, relative risk estimates for

oestrogens were mildly attenuated after adjustment for

androgen levels; likewise, relative risks with respect

to androgens were also attenuated after adjustment

for oestrogen levels. Generally, the androgen-adjusted

relative risks for oestrogen levels were stronger, and

more strongly significant, than oestrogen-adjusted

relative risks for levels of the androgens. These results

were very similar to those of the pooled re-analysis of

previous prospective cohort studies (Key et al. 2002).

Discussion

This large, multicentric cohort study showed a roughly

twofold increase in breast cancer risk among post-

menopausal women who had elevated blood concen-

trations of total and bioavailable androgens and

oestrogens. Relative risk estimates remained virtually

unaltered after adjustment for potential confounders,

or restriction of the statistical analysis to subgroups,

and were strikingly similar to those from the pooled

re-analysis of nine previous prospective cohort studies

(Key et al. 2002), which altogether included roughly

the same numbers of cases and controls as our study.

Our results are also in line with those from prospective

studies relating breast cancer risk to urinary levels of

androgens and oestrogens (Key et al. 1996, Thomas

et al. 1997b, Onland-Moret et al. 2003).

Compared with traditional case–control studies, the

prospective design of our study avoided inverse

causation bias that might be caused by alterations in

endogenous hormone levels due to metabolic effects

of a (large) tumour, or to anti-tumour treatments,

psychological stress and lifestyle changes after cancer

diagnosis. Furthermore, the prospective design ensured

the selection of control subjects from the same, well-

described study base in which the breast cancer cases

occurred, and allowed a careful matching of case and

control subjects according to baseline characteristics.

Our study had a high degree of standardization of

recruitment and blood collection protocols, question-

naire data and hormone measurements, across sub-

populations with heterogeneous lifestyles and cancer

risks. Although the average hormone levels varied

between the study centres, this variation represented

only a small proportion of the overall between-subject

variation, and relative risk estimates were very similar

when quintile levels were based on EPIC-wide cut

points or on centre-specific cut points. The consistency

of our study results across the EPIC recruitment

centres, in spite of considerable heterogeneity of the

population subgroups in terms of previous HRT use,

average BMI, parity, mean age at menarche and

other risk factors for breast cancer, suggests that our

findings can be generalized to many other populations

in affluent societies. Although associations varied in

magnitude between the 17 study centres included in

this analysis, this variation appeared to have been due

mostly to random sampling differences. Generalizabil-

ity is further corroborated by the great similarity of

relative risk estimates between our study and the

pooled re-analysis of previous prospective studies,

which were also conducted in quite diverse populations

of Europe, the USA and Japan.

The direct immunoassays used in the present project

were previously validated by comparison with indirect

assays after organic extraction and chromatographic

prepurification, and showed very high correlations

(r>0.80) for total concentrations of both androgens

and oestrogens (Rinaldi et al. 2001). Calculated values

of free testosterone and oestradiol were also found to

have high correlations with reference measurements

based on equilibrium dialysis (Rinaldi et al. 2002).

In addition, measurements of sex steroids in a single

blood sample are known to reflect women’s long-term

levels after menopause quite accurately. Previous

studies have shown reasonably high intra-class correla-

tions between measured concentrations of DHEAS,

testosterone and androstenedione, as well as of

oestrogens, in blood samples taken over time periods

of 1 year and longer (values around 0.8–0.9 for

DHEAS and total testosterone, around 0.9 for SHBG

and around 0.6–0.7 for androstenedione and oestradiol

(Cauley et al. 1991, Hankinson et al. 1995, Muti et al.

1996, Lukanova et al. 2004)). Nevertheless, variations

over time in true hormone levels and laboratory

measurement errors will have almost certainly led to

some attenuation of our relative risk estimates.

A vast body of epidemiological and experimental

evidence indicates a central role of oestrogens in

promoting breast tumour development (Russo &

Russo 1999, Russo et al. 2000, Key et al. 2001). The
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strongest direct epidemiological evidence, perhaps,

comes from observations of increased breast cancer

risk among postmenopausal women using oestrogen

or combined oestrogen-plus-progestin replacement

therapy (Collaborative Group on Hormonal Factors

in Breast Cancer 1997, Beral 2003, Chlebowski et al.

2003, Kenemans & Bosman 2003), even though a

recent randomized intervention study did not show any

excess in breast cancer incidence among women given

replacement of oestrogens alone (Anderson et al.

2004).

Our observation of an increased risk of breast cancer

among the women with higher serum oestrogen

concentrations is in line with this large body of

evidence implicating oestrogens in mammary tumour

development. It has been debated, however, whether

circulating levels of bioavailable oestradiol and oes-

trone are themselves the key determinant of oestrogen

levels and bioactivity in the mammary tissue, or

whether they merely reflect the magnitude of extra-

glandular oestrogen synthesis in breast and other

peripheral tissues from androgenic precursors from

the adrenal glands and ovaries. All enzymes necessary

for the transformation of androgenic precursors

into oestrone and oestradiol are present in normal

mammary tissues and breast tumour specimens

(Liao et al. 2002, Labrie et al. 2003), and it has been

determined that the concentration of oestradiol present

in breast tumours of postmenopausal women is 10- to

20-fold greater than that present in plasma (Pasqualini

et al. 1996, Blankenstein et al. 1999). Oestrogenic

activity in mammary tissue may thus be largely

determined by levels of local (‘intracrine’) synthesis

of oestradiol from oestrone and androgenic precursors.

Regarding DHEAS, androstenedione and testoster-

one, our study, like previous prospective studies

(Wang et al. 2000, Key et al. 2002), has shown that

in postmenopausal women each of these androgens

is directly associated with breast cancer risk. One

likely explanation for these direct associations is

that elevated DHEA(S), androstenedione, and to some

extent perhaps bioavailable testosterone, may lead

to increased mammary and adipose tissue synthesis

of oestrogens, which in turn may enhance tumour

development. The direct correlations between serum

androgens and oestrogens support the concept that

androgen levels may be a co-determinant of amounts

of oestrogens formed peripherally.

In postmenopausal women, plasma levels of

DHEAS and androstenedione are mostly determined

by adrenal and/or ovarian synthesis and secretion,

with comparatively minor contributions from extra-

glandular conversions. More than 90% of circulating

DHEAS, and after menopause about 80% of circulat-

ing androstenedione, originates directly from the

adrenal glands and this, plus the direct association of

breast cancer risk with serum DHEAS and andro-

stenedione concentrations, indicates that elevated

adrenal androgen synthesis is a risk factor for breast

cancer. The relative contribution of ovarian androgen

synthesis to increased circulating levels and breast

cancer risk is more difficult to assess. Although the

ovaries are the predominant glandular source of

circulating testosterone, only about 40% of circulating

testosterone comes from ovaries, and most of the

remainder is formed by extraglandular conversion of

androgenic precursors (Longcope 1986, Adashi 1994).

Although bilateral ovariectomy has been found to

mildly reduce circulating androgen levels, especially

androstenedione and testosterone, in postmenopausal

women (Sluijmer et al. 1995, Kenemans & Bosman

2003), ovariectomy after the age of 45–50 years does

not appear to decrease breast cancer risk (Schairer

et al. 1997, Kreiger et al. 1999).

There is strong evidence that postmenopausal HRT

use — oestrogens alone or oestrogens combined with

progestins — leads to a moderate increase in breast

cancer risk (Collaborative Group on Hormonal

Factors in Breast Cancer 1997, Beral 2003, Chlebowski

et al. 2003, Kenemans & Bosman 2003). As a possible

alternative to this type of postmenopausal hormone

replacement, DHEA and/or DHEAS have been

proposed as a form of physiological HRT at meno-

pause to compensate for age-related decreases in serum

levels and, as an important precursor for synthesis

of more active androgens in peripheral ‘intracrine’

tissues. According to the proponents of this concept,

DHEA (or DHEAS) would have the advantage over

other androgens that at physiological doses it is

converted into more active androgens (testosterone,

dihydrotestosterone) and/or oestrogens only in those

specific target tissues that possess the appropriate

enzymes for such conversion, thus limiting the action

of the sex steroids to those same tissues (Labrie et al.

2003). DHEA(S) would also have the advantage of

increasing bone mineral density as well as improving

well-being and libido, without significant effects, for

example, on endometrial tissue (Spark 2002, Labrie

et al. 2003). Although theoretically these potential

advantages may seem attractive, our observation of an

association of DHEAS levels with breast cancer risk

strongly caution against the use of DHEA(S) for

postmenopausal hormone replacement.

From a prevention perspective, an important

question is how the excess of endogenous sex steroids

that predisposes to increased breast cancer risk may be
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reduced. Our data showed associations of BMI with

oestrone, total and free oestradiol and free testoster-

one, but no clear relationship with DHEAS, andro-

stenedione or total testosterone. Adjusting for BMI did

not alter relative risk estimates of breast cancer for

different levels of androgens or oestrogens. Conver-

sely, adjusting for total serum androgens also did not

alter relative risks for BMI much, whereas adjustments

for total or free oestrogens did substantially reduce the

BMI–risk relationship (data not shown). Observations

were very similar in the pooled re-analysis of previous

prospective cohort studies (Key et al. 2002) and,

taken together, these various observations suggest that

weight reduction may reduce peripheral synthesis

and circulating levels of oestrogens but not of total

androgens.

In conclusion, our large prospective cohort study

has confirmed earlier evidence that among postmeno-

pausal women breast cancer risk is directly related to

circulating levels of both androgens and oestrogens.

We favour the interpretation that, at the mammary

tissue level, breast tumour development may be driven

more by excess oestrogen than androgens. However,

besides excess weight (adiposity), which leads to

increased peripheral conversion of androgenic precur-

sors into oestrogens, elevated adrenal and possibly

ovarian androgen production appears to contribute

independently to increased breast cancer risk by

providing additional substrate for conversion into

oestrogens. While weight control may contribute to

breast cancer prevention (Bianchini et al. 2002), most

likely through reduced oestrogen synthesis, further

studies are needed to establish more clearly the

physiologic origins especially of the relative androgen

excess in women at increased risk of breast cancer, and

to understand which changes in lifestyle or other

interventions may be used to lower circulating andro-

gen levels. Finally, our data provide a strong indication

against the use of androgens for postmenopausal

hormone replacement.
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