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Background: Levels of endogenous hormones have been as-
sociated with the risk of breast cancer among postmeno-
pausal women. Little research, however, has investigated the
association between hormone levels and tumor receptor sta-
tus or invasive versus in sifu tumor status. Nor has the
relation between breast cancer risk and postmenopausal
progesterone levels been investigated. We prospectively in-
vestigated these relations in a case-control study nested
within the Nurses’ Health Study. Methods: Blood samples
were prospectively collected during 1989 and 1990. Among
eligible postmenopausal women, 322 cases of breast cancer
(264 invasive, 41 in situ, 153 estrogen receptor [ER]-positive
and progesterone receptor [PR]-positive [ER*/PR*], and 39
ER-negative and PR-negative [ER"/PR™] disease) were re-
ported through June 30, 1998. For each case subject, two
control subjects (n = 643) were matched on age and blood
collection (by month and time of day). Endogenous hormone
levels were measured in blood plasma. We used conditional
and unconditional logistic regression analyses to assess asso-
ciations and to control for established breast cancer risk
factors. Results: We observed a statistically significant direct
association between breast cancer risk and the level of both
estrogens and androgens, but we did not find any (by year)
statistically significant associations between this risk and the
level of progesterone or sex hormone binding globulin. When
we restricted the analysis to case subjects with ER*/PR*
tumors and compared the highest with the lowest fourths of
plasma hormone concentration, we observed an increased
risk of breast cancer associated with estradiol (relative risk
[RR] = 3.3, 95% confidence interval [CI] = 2.0 to 5.4),
testosterone (RR = 2.0, 95% CI = 1.2 to 3.4), androstenedi-
one (RR = 2.5,95% CI = 1.4 to 4.3), and dehydroepiandro-
sterone sulfate (RR = 2.3, 95% CI = 1.3 to 4.1). In addition,
all hormones tended to be associated most strongly with in
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situ disease. Conclusion: Circulating levels of sex steroid
hormones may be most strongly associated with risk of ER*/
PR™ breast tumors. [J Natl Cancer Inst 2004;96:1856—65]

Epidemiologic data now provide strong evidence for an in-
fluence of plasma steroid hormones on the risk of breast cancer
in postmenopausal women (/)—a long proposed, but previously
poorly supported, hypothesis. The associations between the risk
of breast cancer and the level of estrogens and androgens (with
relative risks [RRs] for breast cancer ranging from 2.0 to 2.5
when comparing the top 20% with the bottom 20% of hormone
levels) are strong compared with those of most other breast
cancer risk factors. However, few studies have investigated
these associations as stratified by tumor receptor status or by
invasive versus in situ disease. In addition, studies of the effect of
postmenopausal hormone use suggest that formulations containing
estrogen and progestin are associated with a greater increase in
breast cancer risk than those with estrogen only (2-5). However, the
influence of endogenous progesterone levels remains unknown.
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Within the large, prospective Nurses’ Health Study cohort,
we previously investigated (6) the relation between endogenous
estrogens and androgens and breast cancer risk among post-
menopausal women (156 cases of breast cancer with follow-up
from 1990 through 1994) and found. To explore the association
between endogenous hormone levels and breast cancer risk in
greater detail than was previously possible, we conducted a
second nested case-control study that extends the follow-up
through 1998 and increases the total number of incident cases of
breast cancer to 322. We evaluated the associations between
endogenous hormone levels and breast cancer risk overall and
assessed whether the associations varied by stratification by
other breast cancer risk factors, by tumor receptor status, or by
invasive versus in situ disease.

MATERIALS AND METHODS

Study Population

The Nurses’ Health Study cohort was established in 1976
when 121 700 female registered nurses, 30-55 years of age,
completed and returned a mailed questionnaire. The cohort
continues to be followed every 2 years by questionnaire to
update exposure status and to identify cases of newly diagnosed
disease. Data have been collected on most known breast cancer
risk factors including height, weight, age at menarche and meno-
pause, age at first birth, postmenopausal hormone use, and
family history of breast cancer.

During 1989 and 1990, blood samples were collected from
32 826 cohort members, who were 43—69 years of age at blood
collection and formed the blood cohort. Details regarding the
blood collection methods have been previously published (6,7).
Briefly, each woman arranged to have her blood drawn and then
shipped, via overnight courier and with an ice-pack, to our
laboratory, where it was processed and separated into plasma,
red blood cell, and white blood cell components. Samples have
been stored in continuously monitored liquid nitrogen freezers
since collection. As of 1998, the follow-up rate among the
women who provided blood samples was 99%.

Both case and control subjects in this analysis are women
who, at blood collection, were postmenopausal and had not used
postmenopausal hormones for at least 3 months. Of the blood
cohort, 11 169 women met these criteria; case and control sub-
jects were selected from this sub-cohort. We defined a post-
menopausal participant in this study as a woman who reported
having a natural menopause or a bilateral oophorectomy or as a
woman who reported having a hysterectomy with either one or
both ovaries remaining when she was 56 years old (if a non-
smoker) or 54 years old (if a current smoker), ages at which
natural menopause had occurred in 90% of these respective
groups.

Case subjects in this analysis are women with no reported
cancer diagnosis (other than non-melanoma skin cancer) before
blood collection and who were diagnosed with breast cancer
after blood collection but before June 1, 1998. Overall, 322 cases
of breast cancer (264 invasive, 41 in situ, 153 estrogen receptor
(ER)- and progesterone receptor (PR)-positive [ER*/PR"], and
39 ER-negative and PR-negative [ER/PR™] disease) were re-
ported from among the 11 169 women eligible at baseline. All
cases of breast cancer were confirmed by and tumor details
(receptor status and invasive versus in situ tumors) were ob-
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tained from a medical record review, with one exception. A
single nurse confirmed the diagnosis of breast cancer, but the
medical record was unavailable. Because of the high confirma-
tion rate upon medical record review (99%) in the Nurses’
Health Study, we kept this case subject in the analysis. However,
17 cases were not included in the invasive versus in situ case
sub-analyses because the pathology report was unclear as to
whether the tumor was invasive or because the information was
missing. Time from blood collection to diagnosis ranged from
less than 1 month to 106 months (median = 52 months; 5"
percentile-95"™ percentile = 4-96 months). Two control subjects
(total n = 643) were matched per case subject by age (year),
month of blood collection, time of day that blood was drawn
(%2 hours), and fasting status at the time of blood collection
(=10 hours since a meal versus <10 hours or unknown).
Ninety-four percent of control matches were exact; the most
relaxed matches were within =6 years of age, =14 months of
blood collection from case subjects, and £11 hours for time of
blood collection. The study was approved by the Committee on
the Use of Human Subjects in Research at the Brigham and
Women’s Hospital.

Laboratory Analyses

Analyses were conducted by three different laboratories. For
estrone, estradiol, androstenedione, testosterone, dehydroepi-
androsterone (DHEA), and dehydroepiandrosterone sulfate
(DHEAS), all batches were assayed at Quest Diagnostic’s
Nichols Institute (San Juan Capistrano, CA). For estrone sulfate,
the first batch was assayed at the University of Massachusetts
Medical Center’s Longcope Steroid Radioimmunoassay Lab-
oratory (Worcester); the remaining batches were assayed at
Nichols. The first two batches of sex hormone-binding globulin
(SHBG) were assayed at the Longcope Laboratory; the third and
fourth batches were assayed at Massachusetts General Hospi-
tal’s Reproductive Endocrinology Unit Laboratory (Boston). All
batches of progesterone were assayed at the same time at Quest
Diagnostics.

Hormone assay methods have been described previously in
detail (6). Endogenous hormone levels were measured in blood
plasma. In brief, samples were extracted with a mixture of
hexane and ethyl acetate (4:1, vol/vol) and applied to a celite
column, the steroids were eluted from the column (celite in
ethylene glycol), and the fractions were subjected to radioim-
munoassay (8—12). DHEAS was assayed by radioimmunoassay
without a prior separation step (/3). To quantify estrone sulfate
levels, estrone was first extracted from the plasma, and then the
estrone sulfate bond was enzymatically cleaved to release es-
trone, which was then extracted from the plasma by an organic
solvent and was subjected to chromatography and then radioim-
munoassay (/4). Free and percent free estradiol were calculated
by the law of mass action according to the method described by
Sodergard et al. (15).

All case—control-control triplet samples were assayed to-
gether; the samples were ordered randomly within a triplet and
labeled so that the laboratory could not identify the case—control
status. Although all members of a triplet were analyzed at the
same time, the triplets were analyzed in up to five different
batches (sent in 1992, 1993, 1996, 1998, and 2001). To assess
laboratory precision, replicates of 10% of all samples assayed
were randomly interspersed and labeled to preclude their iden-
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tification. Within-batch laboratory coefficients of variation
ranged from 6% (DHEAS) to 15% (progesterone).

The detection limits of the assays were as follows: 2 pg/mL
for estradiol, 10 pg/mL for estrone, 40 pg/mL for estrone sulfate
(in each laboratory), 3 ng/dL for androstenedione, 1 ng/dL for
testosterone, 3 ng/dL for DHEA, 5 pg/dL for DHEAS, and 3
ng/dL for progesterone. When plasma hormone values were
reported as less than the detection limit, we set the value to half
this limit. Values were less than the detection limit of estrone in
22 samples, estrone sulfate in three samples, androstenedione in
one sample, testosterone in two samples, DHEA in one sample,
DHEAS in five samples, and progesterone in 274 samples.

Covariate Data

We obtained information on other breast cancer risk factors
from one or more of the biennial NHS questionnaires. Age at
menarche and height were asked on the 1976 questionnaire. Age
at first birth and parity were asked on the 1976 questionnaire and
updated until the 1984 questionnaire. Family history of breast
cancer was asked on the 1976 questionnaire and updated on the
1982 and 1988 questionnaires. Weight at age 18 years was asked
on the 1980 questionnaire; current weight was obtained from the
questionnaire completed at blood collection. Menopausal status
and postmenopausal hormone use was asked on all biennial
questionnaires, and this information was updated until diagnosis
of breast cancer when case subjects were identified and matched
to control subjects.

Statistical Analyses

We used quartile cut points to divide the data into fourths,
with cut points based on the distribution in the control subjects.
For most of the hormones, we chose quartile cut points accord-
ing to the distribution in the control subjects overall and used the
lowest fourth as the referent in all analyses.

For estrone, estrone sulfate, testosterone, estradiol, and
DHEA, the median value for the control subjects varied in such
a way that quartile cut points that were based on all control
subjects combined resulted in uneven batch-specific distribu-
tions (between batch differences in medians ranged from =2%
up to a maximum of 30%-60% depending on the hormone).
Because the mean value of the quality-control replicates in each

of the datasets varied in the same manner for these five assays,
much (if not all) of this difference appeared to be caused by
laboratory drift rather than by true differences in hormone levels
between the batches. When the fifth batch was sent for assay of
estrone, estrone sulfate, testosterone, and DHEA, we included
approximately 10 samples from each of the previous batches to
assess laboratory drift. Using the mean percent change between
each of the first four batches and the fifth batch, we recalibrated
the earlier hormone values to the fifth batch scale. Thus, for
these four hormones, we defined one set of batch-specific quar-
tile cut points by the recalibrated values combined with the fifth
batch values. For estradiol, the median value for the control
subjects in the fifth batch varied from the first four batches by
50%, but we had not included samples from earlier batches to
allow recalibration. Thus, for estradiol, we defined two quartile
cut points: one that was based on the first four batches combined
and the other that was based on the fifth batch. We also con-
trolled for batch in all analyses. When statistical analyses were
repeated with batch-specific cut points for all hormones, rather
than the recalibrated data, results were nearly identical.

We removed two matched sets of a case subject and two
control subjects from the analysis, because the case subject’s
estrogen values were in the premenopausal range, dropping the
total number of case subjects from 324 to 322. We used the
extreme Studentized deviate Many-Outlier procedure (16,17) to
assess for outliers in each set of laboratory results. This proce-
dure resulted in the removal of three estradiol values, four
androgen values, two testosterone values, one DHEA value, and
three progesterone values. In addition, several women did not
have a sufficient volume of plasma for all assays. Therefore,
from the 322 total case subjects, the final number of case and
control samples available for each individual hormone analysis
is shown in Table 1. Case subject and control subject distribu-
tions across the data by fourths for each individual hormone are
shown in Table 2.

To test for differences in hormone levels between case sub-
jects and control subjects, we used mixed-effects regression
models for clustered data to adjust for possible confounding due
to the matching factors and to adjust for any residual correlation
between case subjects and control subjects within the matched
set (18). To maintain matched triplet integrity, we used condi-
tional logistic regression to estimate odds ratios (referred to

Table 1. Plasma hormone levels for postmenopausal case subjects and matched control subjects

Case definition

Control subjects

All case subjects

Case subjects with
invasive disease

Case subjects with
in situ disease

P
Hormone No. Median (range*) No. Median (range*) No. Median (range*) No. Median (range*) valuet
Estradiol, pg/mL 637 6 (4-13) 319 7 (4-15) 261 7 (4-15) 41 8 (5-17) <.001
Free estradiol, pg/mL 605  0.10(0.05-0.21) 301  0.11(0.05-0.26) 247  0.11(0.05-0.27) 39  0.10(0.06-0.24) <.001
Estrone, pg/mL 624 23 (14-38) 320 26 (15-43) 262 26 (15-43) 41 28 (15-45) <.001
Estrone sulfate, pg/mL 622 280 (136-600) 313 339 (154-823) 258 339 (154-823) 39 348 (150-823) <.001
Progesterone, ng/dL. 530 4.0 (1.5-10.0) 270 4.0 (1.5-10.0) 222 4.0 (1.5-10.0) 32 4.0 (1.5-10.5) .64
Sex hormone binding globulin, nm/L 622 48 (24-79) 310 47 (21-81) 255 44 (20-80) 39 56 (22-87) .08
Androstenedione, ng/dL 621 57 (31-103) 312 62 (38-103) 255 61 (37-103) 41 63 (39-99) .01
Testosterone, ng/dL 628 19 (11-33) 312 22 (12-37) 256 22 (12-37) 40 22 (14-39) <.001
Free testosterone, ng/dL 608  0.22(0.10-0.43) 301  0.25(0.13-0.51) 248  0.25(0.13-0.52) 38  0.25(0.14-0.46) <.001
Dehydroepiandrosterone, ng/dL 603 248 (116-473) 305 283 (127-557) 248 258 (133-564) 41 328 (122-536) .01
Dehydroepiandrosterone sulfate, pg/dL. 634 85 (35-169) 320 90 (44-205) 262 90 (43-200) 41 90 (50-205) <.001

#Range from median of the bottom fourth (12.5%) to median of the top fourth (87.5%).
TP value, from the mixed-effects regression model comparing all case subjects to control subjects, controlling for matching factors; two-sided.
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Table 2. Quartile ranges for plasma hormone levels among postmenopausal case subjects and matched control subjects

Plasma hormone

Quartile ranges
(No. case subjects/No. control subjects)

Estradiol, pg/mL ®
(79/209)
Free estradiol, pg/mL <0.064
(55/149)
Estrone, pg/mL <18
(68/159)
Estrone sulfate, pg/mL <178
(50/155)
Progesterone, ng/dL <l.6
(91/191)
SHBG, nm/L <34
(88/150)
Androstenedione, ng/dL <43
(64/159)
Testosterone, ng/dL <15
(66/164)
Free testosterone, ng/dL <0.16
(54/156)
DHEA, ng/dL <165
(67/152)
DHEAS, pg/dL <52
(53/160)

%

(82/168)

o)

(49/116)

%

(109/144)

0.064-0.096 0.097-0.148 >0.148
(81/155) (59/147) (106/154)
18-23 24-30 >30
(67/160) (79/151) (106/154)
178-279 280-421 >421
(76/155) (70/157) (117/155)
1.6-4.0 4.1-8.0 >8.0
(49/95) (78/139) (52/105)
34-48 49-67 >67
(72/166) (75/149) (75/157)
43-57 58-78 >78
(64/156) (93/155) (91/151)
15-19 20-26 >26
(54/153) (95/160) (97/151)
0.16-0.22 0.23-0.32 >0.32
(71/154) (86/145) (90/153)
165-247 248-367 >367
(69/149) (74/150) (95/152)
52-85 86-135 >135
(96/162) (81/156) (90/156)

#Batch-specific quartile cut points were used to categorize estradiol. The cut points for the 1990-1992, 1992-1994, 1994—-1996 batches were <6, 6—7, 8—10, and
=11 pg/mL; the cutpoints for the 1996-1998 batch were <5, 5-6, 7-8, and =9 pg/mL. SHBG = sex hormone binding globulin; DHEA = dehydroepiandrosterone;

DHEAS = dehydroepiandrosterone sulfate.

herein as relative risks) and 95% confidence intervals (CIs) in
the total data set (1/9). Results from simple and multivariable
models were very similar. To increase statistical power, we used
unconditional logistic regression, controlling for the matching
factors, for all subset analyses (e.g., analyses according to prior
postmenopausal hormone use or tumor receptor status or anal-
yses that were stratified by invasive versus in situ cases). These
analyses thus include case subjects and control subjects whose
match was excluded because of outlying hormone values (as
described above) or missing sub-group-defining data. These
subset analyses also were conducted by conditional logistic
regression, and results were similar, although less precise. We
conducted tests for trend by modeling the natural logarithm of
the hormone level as a continuous variable and calculating a
Wald statistic (19). Additionally, we calculated tests for trend by
modeling the median of the fourths of each hormone. All P
values were from two-sided tests.

To test for differences in trend across fourths of hormone
level by breast cancer tumor characteristics, we used polychoto-
mous logistic regression (20) with three end points for tumor
invasiveness (invasive, in situ, and no breast cancer) and four
end points for tumor receptor status (ER*/PR™, ER*/PR", ER"/
PR™, and no breast cancer). One and two degree of freedom tests,
respectively, compared a model with separate slopes in each
ER/PR group to a model with a common slope. The likelihood
ratio test statistic was applied to a chi-squared distribution to
obtain two-sided P values. Too few cases of ER/PR™ disease
occurred (n = 6) in the cohort for this tumor receptor pattern to
be considered separately.

The interactions between hormone levels and established
breast cancer risk factors were evaluated by adding cross-
classified variables (e.g., estrone [medians of continuous
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fourths] X postmenopausal hormone use [dichotomized as never
and past, which was defined by use up to time of diagnosis or
control referent date]) to the logistic models; presence of an
interaction was assessed with the Wald test. These analyses were
conducted among all women combined.

RESULTS

Both case subjects and control subjects in this analysis ranged
in age from 45 to 69 years, with a mean age of 62 years. The
mean years since menopause (13.2 versus 13.5 years), body
mass index at age 18 years (21.4 versus 21.6 kg/m?), parity (3.2
versus 3.3 children), age at first birth (25.7 versus 25.4 years),
and age at menopause (48.7 versus 48.4 years) did not differ
between case subjects and control subjects, respectively. Case
subjects, compared with control subjects, were statistically sig-
nificantly more likely to have a family history of breast cancer
(24.2% versus 17.1%; P = .01) and were younger at menarche
(12.5 versus 12.7 years; P=.03). Circulating steroid hormone
levels were statistically significantly greater among case subjects
with breast cancer than among control subjects for all hormones
investigated, with the exception of progesterone (Table 1). In
conditional logistic regression models that were adjusted for
known breast cancer risk factors (body mass index at age 18
years, family history of breast cancer, age at menarche, age at
first birth, parity, age at menopause, and duration of postmemo-
pausal hormone use), the risk of breast cancer was statistically
significantly greater among the highest fourth than among the
lowest fourth and was linearly associated across fourths for all
hormones, except for progesterone and SHBG (Table 3). When
tests for trend were modeled with the median of the fourths for
each hormone, results were nearly identical, except for trends
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Table 3. Risk of breast cancer by fourths of plasma hormone levels among postmenopausal women

RR (95% Cl)*

P
Plasma hormone 1 2 3 4 valuet
Estradiol, pg/mL
MV RRi 1.0 (referent) 1.3(091t01.9) 1.1 (0.7t0 1.7) 2.1(1.5t03.2) <.001
Invasive disease 1.0 (referent) 1.4 (09t02.1) 1.3 (0.8 t0 2.0) 2.0(1.3t03.0) <.001
In situ disease§ 1.0 (referent) 1.9 (0.7 t0 4.8) 1.1 (0.4 t03.7) 30(1.2t07.4) .01
Never PMH use 1.0 (referent) 1.6 (0.8 to 3.0) 1.9(1.0t03.7) 3.6(20t06.4) <.001
Past PMH use 1.0 (referent) 1.3 (0.8 t0 2.3) 0.8 (0.4t0 1.5) 1.6 (0.9 t0 2.8) 22
Free estradiol, pg/mL
MV RRi 1.0 (referent) 1.3 (0.9 t0 2.0) 1.0 (0.7 to 1.6) 1.9(1.2t02.9) <.001
Invasive disease 1.0 (referent) 1.4 (0.9 to 2.3) 1.1 (0.7to 1.8) 2.0(1.3t03.1) <.001
In situ disease§ 1.0 (referent) 2.4 (0.91t06.7) 1.6 (0.5 t0 4.8) 2.2(0.8t0 6.4) 12
Never PMH use 1.0 (referent) 1.4 (0.7 to 2.8) 1.1 (0.6 to 2.3) 2.6 (1.4t04.9) <.001
Past PMH use 1.0 (referent) 1.3(0.7t0 2.3) 1.0 (0.5t0 1.9) 1.4 (0.8 t02.7) .19
Estrone, pg/mL
MV RRi 1.0 (referent) 1.0 (0.7 to 1.6) 1.3 (0.9 t0 2.0) 1.7 (1.1 t0 2.6) <.001
Invasive disease 1.0 (referent) 0.9 (0.6to 1.4) 1.2 (0.8 to 1.8) 1.4(091t02.2) .003
In situ disease§ 1.0 (referent) 1.5(0.5t04.4) 1.8 (0.6 t0 5.2) 3.0(1.1t0 8.2) .01
Never PMH use 1.0 (referent) 0.7(0.3to 1.4) 1.6 (0.9 t0 3.0) 3.0(1.7t05.5) <.001
Past PMH use 1.0 (referent) 1.1 (0.6 to 1.9) 1.0 (0.6 to 1.9) 0.8(0.4to01.5) 72
Estrone sulfate, pg/mL
MV RRi 1.0 (referent) 1.6 (1.0 to 2.5) 1.4(0.91t02.2) 2.4 (1.6t0 3.8) <.001
Invasive disease 1.0 (referent) 1.5(1.0t02.4) 1.3(0.8t02.1) 2.2(1.4t03.5) <.001
In situ disease§ 1.0 (referent) 2.0(0.6t06.4) 2.4 (0.8t07.3) 3.5(1.2t010.2) .03
Never PMH use 1.0 (referent) 1.5 (0.8 t0 3.0) 1.9 (1.0t0 3.7) 34(1.8t06.3) <.001
Past PMH use 1.0 (referent) 1.5 (0.8 t0 2.7) 1.2 (0.6 t0 2.2) 1.8(1.0t0 3.2) .06
Progesterone, ng/dL
MV RRi 1.0 (referent) 1.1 (0.7 to 1.7) 1.1 (0.7to 1.7) 0.9 (0.6to 1.5) .90
Invasive disease 1.0 (referent) 09(0.5t01.4) 1.1 (0.7 to 1.7) 0.8 (0.5t0 1.3) 77
In situ disease§ 1.0 (referent) 29(1.1t07.6) 1.2 (0.4t03.5) 1.6 (0.5t0 5.0) .67
SHBG, nm/L
MV RRi 1.0 (referent) 0.7 (0.5t0 1.1) 0.9 (0.6 to 1.3) 0.8 (0.6to 1.3) 14
Invasive disease 1.0 (referent) 0.7(0.5to 1.1) 0.7(0.5to 1.1) 0.8 (0.5t0 1.3) .04
In situ disease§ 1.0 (referent) 0.6 (0.2to0 1.9) 2.3(1.0t05.7) 0.6 (0.2t0 1.9) .76
Androstenedione, ng/dL.
MV RRi 1.0 (referent) 1.0 (0.7 to 1.6) 1.6 (1.0 to 2.3) 1.5(1.0t0 2.3) .04
Invasive disease 1.0 (referent) 1.0 (0.6 to 1.5) 1.4 (09t02.1) 1.4(091t02.2) .08
In situ disease§ 1.0 (referent) 1.6 (0.6 to 4.5) 1.9 (0.7to 5.1) 2.3(0.8t06.5) 24
Testosterone, ng/dL
MV RRi 1.0 (referent) 0.9 (0.6to 1.4) 1.5(1.0t02.2) 1.6 (1.0to 2.4) <.001
Invasive disease 1.0 (referent) 0.7(0.4t01.2) 1.4 (09to02.1) 1.4(09t02.2) .003
In situ disease§ 1.0 (referent) 1.7 (0.5t0 5.5) 3.1(1.0t09.3) 3.7(1.2t0 11.0) .01
Free testosterone, ng/dL
MV RRi 1.0 (referent) 1.4(091t02.1) 1.6 (1.0to 2.4) 1.7 (1.1 t0 2.6) <.001
Invasive disease 1.0 (referent) 1.3 (0.8 t0 2.0) 1.509t02.4) 1.8 (1.1t02.8) <.001
In situ disease§ 1.0 (referent) 24 (0.8t07.8) 39(1.3t0 11.5) 1.7 (0.5t05.9) 17
DHEA, ng/dL
MV RRi 1.0 (referent) 1.1 (0.7 to 1.7) 1.1 (0.7t0 1.7) 1.4(0.91t02.2) .02
Invasive disease 1.0 (referent) 1.2 (0.8 to 1.8) 1.1 (0.7to 1.7) 1.3(0.9t02.1) .05
In situ disease§ 1.0 (referent) 0.3(0.1t01.2) 1.3(0.5t0 3.1) 1.6 (0.7 to 3.8) 22
DHEAS, pg/dL
MV RRi 1.0 (referent) 1.9(1.2t02.9) 1.6 (1.1t0 2.5) 1.7 (1.1t0 2.7) .003
Invasive disease 1.0 (referent) 2.1(1.3t03.3) 1.7(1.1t02.7) 1.8 (1.1t02.9) .01
In situ disease§ 1.0 (referent) 1.9(0.7t0 5.1) 1.4 (0.5t03.9) 1.5 (0.5t0 4.0) .26

*Batch-specific quartile cut points were used to categorize estradiol. The cut points for the 1990-1992, 1992-1994, 19941996 batches were <6, 6—7, 8-10, and
=11 pg/mL; the cutpoints for the 1996-1998 batch were <5, 5-6, 7-8, and =9 pg/mL. RR = relative risk; CI = confidence interval; MV = multivariable, PMH
= postmenopausal hormones; SHBG = sex hormone binding globulin; DHEA = dehydroepiandrosterone; DHEAS = dehydroepiandrosterone sulfate. Sample sizes
were as follows: all women = 322 case subjects, 643 control subjects; invasive disease = 264; in situ disease = 41; never PMH use = 162; past PMH use = 160.

TP value, test for trend. The logarithm of the hormone level was entered into the model as a continuous variable; two-sided.

+Conditional logistic regression models controlling for body mass index at age 18 years (<21, 21-22.9, 23-24.9, or =25 kg/m?), family history of breast cancer
(yes or no), age at menarche (<12, 12, 13, or =14 y), age at first birth and parity (nulliparous; 1-4 children, first birth <25 y; 1-4 children, first birth 25-29 y;
1—4 children, first birth =30 y; =5 children, first birth <25 y; or =5 children, first birth =25 y), age at menopause (<46, 46-50, 51-55, or =56 y), and duration
of PMH use (continuous) were used in the main analyses among all women. Unconditional logistic regression, controlling for the matching factors (age [5-year
groups], month of blood draw [6-month blocks], time of blood draw [4-hour blocks], fasting status [<10 versus =10 hours]) and the same covariates as the
conditional multivariable models were used for subgroup analyses.

§Unconditional logistic regression model controlling for matching factors only.
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across fourths of DHEA and DHEAS, which were attenuated
and no longer statistically significant (data not shown). The
simple conditional models controlling for matching factors only
differed negligibly (data not shown).

When analyses were restricted to those case subjects di-
agnosed from July 1, 1994, through June 30, 1998 [i.e., to the
case subjects added since the publication of results from the
1990-1994 analysis (6)], the associations between hormone
levels and breast cancer risk were similar or slightly stronger
than those in the initial report. The greatest differences, when
comparing the highest with lowest fourths in the 1990-1994
and 1994-1998 periods, respectively, were observed for es-
tradiol (RR = 1.9, 95% CI = 1.1 to 3.5, and RR = 2.6, 95%
CI = 1.5 to 4.7), testosterone (RR = 1.4, 95% CI = 0.7 to
2.7, and RR = 2.0, 95% CI = 1.1 to 3.6), and DHEA (RR =
1.1, 95% CI = 0.6 to 2.0, and RR = 2.0, 95% CI = 1.0 to
3.8). The only association to decrease slightly between anal-
yses was that for DHEAS (for the 1990-1994 analysis, RR =
2.2,95% CI = 1.1 to 4.2, and for the 1994—-1998 analysis, RR
= 1.5,95% CI = 0.8 to 2.7). We observed negligible differ-
ences between the two follow-up periods for estrone (for the
1990-1994 analysis, RR = 2.0, 95% CI = 1.1 to 3.7, and for
the 1994-1998 analysis, RR = 1.8, 95% CI = 1.0 to 3.4),
estrone sulfate (for the 1990-1994 analysis, RR = 2.3, 95%
CI = 1.2 to 4.1, and for the 1994-1998 analysis, RR = 2.5,
95% CI = 1.3 to 4.5), and androstenedione (for the 1990—
1994 analysis, RR = 1.5, 95% CI = 0.8 to 2.8, and for the
1994-1998 analysis, RR = 1.7, 95% CI = 0.9 to 3.2).

Among estrogen metabolites, we observed a twofold increase
in the risk of breast cancer associated with estradiol, free estra-
diol, estrone, or estrone sulfate, when the highest and lowest
fourths were compared. The association with percent free estra-
diol was similar (RR = 1.4, 95% CI = 0.9 to 2.1), although we
did not observe a statistically significant trend (P value, test for
trend [Py.,q] = -11) (data not shown). When estradiol and
testosterone were placed in the same multivariable model, the
association with estradiol was essentially unchanged (RR = 1.9,
comparing the highest with the lowest fourth of estradiol, 95%
CI = 13 to 2.9; Pyq = -005), although the relative risk
associated with testosterone was attenuated (RR = 1.2, compar-
ing the highest with the lowest fourth of testosterone, 95% CI =
0.8 t0 2.0; Pyong = -09) (data not shown). Associations of the
estrogen metabolites with breast cancer risk were strongest
among women who had never used postmenopausal hormones.
However, statistically significant effect modification was ob-
served for estrone and estradiol (P value, test for heterogeneity
[Pheterogeneity] <-001 and Ppgcropencity = -04, respectively), but
associations of androgens with breast cancer risk did not vary
statistically significantly when stratified by postmenopausal hor-
mone use. We also observed that the relative risk was 50%-—
100% greater among case subjects with in situ disease than
among case subjects with invasive disease for all hormones
examined—except free estradiol, SHBG, free testosterone,
DHEA, and DHEAS—although confidence intervals were
wide and overlapped those of case subjects with invasive
disease (Table 3). Polychotomous comparisons also were not
statistically significant (data not shown). The associations
observed among case subjects with in sifu disease changed
negligibly when case subjects with lobular (n = 3) or both
lobular and intraductal (n = 4) tumors were excluded (data
not shown).
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We also evaluated potential effect modification of the asso-
ciation between endogenous hormone level and breast cancer
risk by the following factors: age at blood collection (stratified at
the control median = 63 years), age at cancer diagnosis (median
= 67 years), time from menopause to blood collection (median
= 13 years), waist-to-hip ratio (median = 0.79), and weight
change from age 18 years to baseline (increase of <2 kg/m?
compared with increase of 2 or more kg/m?). The majority of
these interactions were not statistically significant. However, the
association of androgen levels with the risk of breast cancer was
statistically significantly stronger among women whose weight
increased <2 kg/m” from age 18 years to baseline (comparing
the highest fourth to the lowest fourth of androgen levels).
Specifically, among these subjects, we observed statistically
significant associations between breast cancer risk and the level
of androstenedione (RR = 2.1, 95% CI = 1.2 t0 3.8; Pycierogencity
= .06), free testosterone (RR = 2.6, 95% CI = 1.4 to 4.7,
= .03), and DHEA (RR = 2.0,95% CI = 1.2 to 3.6;
Preerogencity = -03) (data not shown).

When associations between hormone levels and the risk of
breast cancer were evaluated according to receptor status of the
tumor, the strongest associations and most consistent dose-
response relations were observed among case subjects with
ER*/PR™ tumors for all hormones except progesterone (Table
4). For example, among those with ER*/PR™ tumors, compar-
ing the highest to lowest fourth of circulating hormone levels,
we observed an increased risk associated with breast cancer for
estradiol (RR = 3.3, 95% CI = 2.0 t0 5.4; Ppgierogencity<-001),
for testosterone (RR = 2.0, 95% CI = 1.2 t0 3.4; Pyeierogencity =
.009), for androstenedione (RR = 2.5, 95% CI = 1.4 to 4.3;
Preterogencity = -22), and for DHEAS (RR = 2.3,95% CI = 1.3
t0 4.1 Pyeierogencity = -85)- No linear trend was observed for any
hormone among women with PR™ tumors regardless of ER
tumor status. We also investigated whether these tumor receptor-
specific associations would differ when analyses were restricted
to participants who had never used postmenopausal hormones.
Although sample sizes of such subjects were very small, asso-
ciations further restricted to case subjects with ER"/PR™ tumors
tended to increase in magnitude. For example, among case
subjects with ER*/PR™ tumors who had never used postmeno-
pausal hormones, the risk of breast cancer associated with the
top fourth of estradiol levels was approximately fivefold higher
(RR =4.8,95% CI = 2.2 to 10.9) than that associated with the
bottom fourth.

Finally, we evaluated the joint effect of estradiol fourths with
fourths of progesterone and testosterone associated with the risk
of breast cancer (Table 5). We found statistically significant
Spearman correlations between estradiol and testosterone
(r = .44) and between estrogen and progesterone (r = .15).
However, tests for heterogeneity did not indicate statistically
significant interactions between estradiol levels and either
testoserone or progesterone levels. Regardless of testosterone
level, the highest fourth of circulating estradiol concentration
was associated with the greatest risk of breast cancer. Al-
though this pattern was also true for the stratification of
estradiol by progesterone level, there was an indication that
high levels of endogenous progesterone among women with
the lowest amount of circulating estradiol were associated
with a decreased risk for breast cancer (for the comparison of
the lowest fourth of estradiol but the top half of progesterone
levels to those with the lowest fourths of both hormones, RR

P heterogeneity
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Table 4. Risk of breast cancer according to fourths of plasma hormone levels by tumor receptor status:

Plasma hormone
(No. case subjects/

RR (95% CI)

No. control subjects) 1 2 3 4 Piena Pheterogencity &
Estradiol <.001
ER"/PR™ (153/637) 1.0 (referent) 1.8 (1.0 to 3.0) 1.5 (0.8 t0 2.8) 33(2.0t05.4) <.001
ER/PR™ (38/637) 1.0 (referent) 1.0 (0.4t02.2) 0.5(0.2t0 1.7) 1.0(0.4t02.4) 46
ER"/PR™ (33/637) 1.0 (referent) 0.8 (0.3t02.1) 0.8(0.3t02.4) 1.0 (0.4 t0 2.6) .82
Estrone .04
ER"/PR™ (153/624) 1.0 (referent) 1.2 (0.7 to 2.1) 1.6 (0.9 t0 2.8) 24 (14t04.1) <.001
ER/PR™ (38/624) 1.0 (referent) 0.5(0.2t0 1.3) 1.0 (0.4 t02.4) 0.7 (0.3t0 1.7) 92
ER"/PR™ (34/624) 1.0 (referent) 0.6 (0.2to 1.7) 0.6 (0.2to 1.6) 0.9 (0.4t02.3) 92
Estrone sulfate .80
ER*/PR* (150/622) 1.0 (referent) 1.5(0.8t0 2.7) 1.6 (0.9 to 3.0) 2.8(1.6t04.9) <.001
ER/PR™ (39/622) 1.0 (referent) 1.5 (0.6 to 4.0) 0.9 (0.3t02.7) 1.9 (0.7 to 4.8) 34
ER"/PR™ (32/622) 1.0 (referent) 0.8(0.3t02.3) 0.6 (0.2to0 1.8) 1.3(0.5t03.4) 28
Progesterone 22
ER"/PR™ (131/530) 1.0 (referent) 1.3(0.7t0 2.3) 1.3(0.8t02.2) 1.3(0.7t02.4) .38
ER/PR™ (34/530) 1.0 (referent) 0.9 (0.3t02.4) 1.1 (0.5 t0 2.6) 0.3(0.1to0 1.3) 17
ER"/PR™ (28:530) 1.0 (referent) 0.8 (0.2t02.5) 0.8 (0.3t02.3) 0.8(0.3t02.7) .82
SHBG .002
ER"/PR™ (147/622) 1.0 (referent) 0.7 (0.4 to 1.1) 0.6 (0.4 to 1.0) 0.5(0.3t00.8) .001
ER/PR™ (38/622) 1.0 (referent) 0.4 (0.2t0 1.3) 0.7(0.3t0 1.9) 1.1 (0.5t02.8) 78
ER"/PR™ (33/622) 1.0 (referent) 1.6 (0.5 to 4.6) 0.7 (0.2t0 2.7) 1.8 (0.6 to 5.0) 72
Testosterone .03
ER*/PR™ (149/628) 1.0 (referent) 0.9 (0.5t0 1.7) 1.8(1.1t0 3.1) 2.0(1.2t03.4) <.001
ER /PR~ (38/628) 1.0 (referent) 0.4 (0.2to 1.1) 0.6 (0.3 to 1.6) 0.7 (0.3 to 1.6) .35
ER"/PR™ (33/628) 1.0 (referent) 0.9 (0.3t02.9) 1.4 (0.5t03.9) 1.9 (0.7 t0 5.0) 12
Androstenedione 22
ER"/PR™ (148/621) 1.0 (referent) 1.5(0.9t02.7) 1.9 (1.1t0 3.3) 2.5(1.4t04.3) <.001
ER/PR™ (38/621) 1.0 (referent) 0.7 (0.3t0 1.9) 0.9(0.4t02.4) 0.9 (0.4t024) 73
ER"/PR™ (34/621) 1.0 (referent) 0.5(0.2to 1.6) 1.1 (0.4 t0 2.6) 0.7 (0.3 t0 2.0) 43
DHEA .76
ER"/PR™ (145/603) 1.0 (referent) 1.3(0.8t02.2) 1.1 (0.6 to 1.9) 1.6 (0.9 to 2.7) .05
ER/PR™ (36/603) 1.0 (referent) 1.3(0.4t03.5) 1.7 (0.6 to 4.7) 1.5(0.5t04.2) .26
ER"/PR™ (32/603) 1.0 (referent) 0.9 (0.3 t0 2.8) 1.2 (0.41t03.2) 1.0 (0.3t02.9) 17
DHEAS .85
ER*/PR* (153/634) 1.0 (referent) 24 (1.3t04.1) 1.9 (1.1t0 3.5) 23(1.3t04.1) .002
ER /PR~ (38/634) 1.0 (referent) 0.9 (0.3t02.5) 1.0 (0.4 t0 2.6) 1.4 (0.5t03.5) 24
ER"/PR™ (33/634) 1.0 (referent) 0.5(0.2t0 1.5) 0.7(0.2t0 1.8) 1.1 (0.4t02.7) 94

#Unconditional logistic regression model controlling for the following matching factors only: age (5-year groups), month of blood collection (6-month blocks),
time of blood collection (4-hour blocks), fasting status (<10 versus =10 hours). RR = relative risk; CI = confidence interval; ER = estrogen receptor; PR =
progesterone receptor; SHBG = sex hormone binding globulin; DHEA = dehydroepiandrosterone; DHEAS = dehydroepiandrosterone sulfate.

TP value, test for trend. The logarithm of the hormone level was entered into the model as a continuous variable; two-sided.

EP value, test for heterogeneity. Likelihood ratio test calculated from polychotomous logistic regression; two-sided, two degrees of freedom.

= 0.5, 95% CI = 0.2 to 1.3). When these analyses were
restricted to case subjects with ER*/PR™ tumors, similar
patterns were observed.

DISCUSSION

Among the 322 case subjects and 643 control subjects
included in this nested case-control analysis, we observed a
statistically significant direct association between the endog-
enous levels of each steroid hormone evaluated and the risk of
breast cancer, with the exceptions of the endogenous levels of
progesterone and SHBG. We observed the greatest magni-
tudes of effect among case subjects with ER*/PR™ tumors.
Strengths of this study include its size; prospectively col-
lected environmental, reproductive, and biomarker data that
reduced concerns of recall bias or blood sample timing rela-
tive to breast cancer diagnosis; and the collection of detailed
tumor-specific data.

The relation between endogenous steroid hormones and
breast cancer risk has been evaluated in nine prospective
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epidemiologic studies (6,2/-31), including our own with
follow-up from the 1990-1994 analysis (6). Recently, data
from these studies were pooled and re-analyzed (/). For all
hormones evaluated, our results are consistent with those of
this collaborative study (/). Similarly, the results that we
observed for 1990-1994 and 1994 -1998 analyses were sim-
ilar, suggesting that a single blood sample can predict breast
cancer risk for at least 8 years after collection. This result is
also consistent with the results observed by the NYU Wom-
en’s Health Study, which has recently added 7 years of
follow-up to their original analysis (32). We observed stron-
ger associations among women who had never used post-
menopausal hormones because a single blood sample likely
best reflects long-term hormone levels in these women. That
the relations with breast cancer risk among women who had
never used postmenopausal hormones are most apparent for
estrone, estradiol, and estrone sulfate was expected, because
these hormones are most affected by Premarin, the predom-
inant postmenopausal hormone used in this population.
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Table 5. Estradiol, testosterone, and progesterone in relation to breast cancer risk presented as relative risks (RRs) and 95% confidence intervals (Cls)*

Estradiol fourths

1t

27 37 4%

Testosterone fourths

<15 ng/dL 1.0 (referent)

15-19 ng/dL 1.0(0.5t0 1.9)
20-26 ng/dL 1.5 (0.7 t0 3.0)
>26 ng/dL 1.1 (0.4t02.7)

Progesterone fourths

<1.6 ng/dL 1.0 (referent)

1.6-4 ng/dL 1.2 (0.6 t0 2.5)
4.1-8 ng/dL 0.5(0.2to0 1.1)
>8 ng/dL 0.5(0.2to 1.3)

1.0 (0.5 t0 2.1)
0.9 (0.4 to 1.9)
2.1 (1.1 to 4.0)
2.0 (1.0 t0 3.9)

0.7 (0.4 to 1.4)
0.6 (0.2 to 1.5)
1.6 (0.8 t0 3.2)
1.1 (0.5 to 2.4)

1.1 (0.41t03.3)
0.9(0.4t02.2)
1.5(0.7t02.9)
1.3 (0.6t02.8)

3.8(1.5109.9)
1.5 (0.7 to 3.5)
22 (1.2t04.1)
24(1.4t04.2)
Phclcr()gcncily =.33
0.6 (0.3 to 1.5)
1.2(0.5t03.1)
1.0 (0.5t02.1)
0.8 (0.3 t02.2)

1.7 (0.9 to 3.3)
1.4 (0.7 to 3.1)
1.8 (0.9 t0 3.7)
1.4 (0.7 t0 2.9)

P = .50

heterogeneity

#Unconditional logistic regression model controlling for the following matching factors only: age (5-year groups), month of blood collection (6-month blocks),

time of blood collection (4-hour blocks), fasting status (<10 versus =10 hours).

tBatch-specific quartile cut points were use to categorize estradiol. Cut points 1-4, respectively, for the 1990-1992, 1992-1994, 1994-1996 batches were <6,
6-7, 8—10, and =11 pg/mL; the cut points 1-4, respectively, for the 1996—1998 batch were <5, 5-6, 7-8, and =9 pg/mL.

We are, to our knowledge, the first to report analyses that
distinguish between endogenous levels of steroid hormones and
the risk for invasive and in situ disease. We observed modest
differences between these associations, with the associations
with in situ cancer being generally of greater magnitude. These
findings are consistent with the 50% or greater reduction in in
situ breast cancer with tamoxifen use (33). It has been argued
that the increased risk of in situ disease among postmenopausal
hormone users may be a diagnostic bias reflecting more frequent
and detailed examination of women exposed to exogenous hor-
mones (34-36). However, our data suggest that the association
is biologic, at least in part. Exclusion of case subjects with
lobular disease did not measurably alter the associations that we
observed; however, further study in larger case populations are
needed.

In addition, our findings suggest that higher concentrations of
endogenous steroids—both estrogens and androgens—are primar-
ily associated with an increased risk of ER"/PR™ breast cancers.
We have recently reported that both body mass index and current
postmenopausal hormone use are preferentially associated with
an increased risk of ER*/PR™ tumors in this cohort (37). How-
ever, in the only prior assessment of endogenous estrogens by
tumor ER status (38), no differences between the effect of
estrogens on the risk of ER™ versus PR~ tumors were observed,
although only 53 case subjects with ER™ tumors and 23 case
subjects with ER™ tumors were evaluated.

The association with an increased risk for ER"/PR™ tumors
and higher levels of endogenous steroid hormones is biological
feasible because the presence of ERs and PRs in cancer cells is
considered to provide a growth advantage, as shown by the
positive association between the phenotype and high prolifera-
tive activity (39). ER overexpression has been associated with
mammary tumors in animal models, and selective estrogen re-
ceptor modulators, such as tamoxifen, block ER activation in the
breast, suggesting that ER-mediated regulation of gene expres-
sion plays a biologically important role in normal and malignant
cells (39—41). In addition, chemoprevention trials evaluating
selective estrogen receptor modulators have found a decreased
incidence of ER " tumors associated with use of such modulators
(33,42—44), and it has been suggested that efficacy of such drugs
may differ by the woman’s underlying hormone profile (45).
Less is known about the influence of chemopreventive agents or
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agonists on PRs, although the level PR action seems to be
dependent upon ER action and thus is an indication of a func-
tional ER (46).

To our knowledge, our study was the first to investigate
whether progesterone levels are associated with breast cancer
risk in postmenopausal women, and we observed no statisti-
cally significant association. Interestingly, we observed that
case subjects with PR™ tumors were statistically significantly
most strongly affected by all circulating steroid hormones,
except for progesterone. On the basis of largely indirect
evidence, progesterone has been hypothesized to decrease
breast cancer risk by opposing estrogenic stimulation of the
breast (47,48) and to increase risk because breast mitotic rates
are highest in the luteal (high progesterone) phase of the
menstrual cycle (49-51). Results of murine studies suggest
that implantation of progesterone inhibits apoptosis in the
mammary gland (52) and that the progesterone signal con-
tributes to mammary tumor susceptibility (53). It is possible
that the range of progesterone concentrations among subjects
in our study was not wide enough to detect a trend when
comparing the highest with the lowest fourths or that the
typical level of circulating progesterone among postmeno-
pausal women is indeed too low to initiate or promote breast
neoplasia. Results from epidemiologic studies of the associ-
ation between endogenous progesterone and breast cancer
risk in premenopausal women have been inconsistent, with
non-statistically significant positive (54,55) and inverse
(23,56) associations being reported.

Studies of postmenopausal hormone use have consistently
shown that a greater risk of breast cancer is associated with
the use of formulations containing estrogen and progestin
than with the use of formulations containing only estrogen
(2-5,51). However, even when stratified by fourths of endog-
enous estradiol concentration, we did not observe such an
interaction between progesterone and estradiol levels. Given
the lack of association that we observed with naturally cir-
culating progesterone and the relatively strong associations
observed with synthetic progestin exposure (2-5), it may be
that synthetic progestins have a more dramatic or metaboli-
cally different effect on breast tissue proliferation. In recent
studies conducted in breast cancer cell lines, the type, dose,
and regimen of progestogen used influenced growth stimula-
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tion (57-61) and the pro- or antiapoptotic effect observed
(62,63).

Overall, our data confirm the important role for circulating
steroid hormones in the etiology of breast cancer. We also
observed that the history of postmenopausal hormone use and
the receptor status of a breast tumor may modify these rela-
tions. Although we did not observe a direct association be-
tween the risk of breast cancer and progesterone levels,
additional studies of this association are warranted. A key
question is whether endogenous hormone levels could add
substantially to the ability to predict an individual woman’s
risk of breast cancer beyond standard breast cancer risk
factors—particularly, body mass index—to identify those who
would most benefit from increased screening or chemopre-
vention [e.g., with tamoxifen (42), raloxifene (43), or aro-
matase inhibitors (64)]. Additional tumor subtype-specific
analyses may further elucidate the underlying mechanisms of
these relations and lead to more targeted and efficacious
hormone-based prevention protocols.
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