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Abstract

Although bone loss around the time of menopause is driven
by estrogen deficiency, the roles of estrogens and androgens
in the preservation of skeletal mass at other stages of life are
less well understood. To address this issue we studied 231
women between the ages of 32 and 77 with multiple mea-
surements of sex steroids and bone mass over a period of 2-8
yr. In all women bone mass was negatively associated with
concentrations of sex-hormone binding globulin, and posi-
tively associated with weight. Bone loss occurred from all
skeletal sites in peri- and postmenopausal women, but pre-
menopausal women lost bone only from the hip (—0.3%/yr)
and had positive rates of change in the radius and spine.
Bone loss was significantly associated with lower androgen
concentrations in premenopausal women, and with lower
estrogens and androgens in peri- and postmenopausal women.
Sex steroids are important for the maintenance of skeletal
integrity before menopause, and for as long as 20-25 yr after-
wards. (J. Clin. Invest. 1996. 97:14-21.) Key words: estro-
gens « androgens  sex-hormone binding globulin « osteocal-
cin « menopause

Introduction

The importance of estrogen deficiency in the rapid bone loss
around the time of menopause has been recognized for many
years (1, 2). Studies of younger women with amenorrhea as a
result of intense athletic activity (3), anorexia nervosa (4), and
other causes (5) have shown that estrogen deficiency at any
age may also be associated with bone loss, although many of
these conditions are more complicated than simple estrogen
deficiency. Moreover, women with late onset of menarche ap-
pear to have significantly reduced peak bone mass (6). Among
perimenopausal women, serum estrogens are lower among
women with more rapid bone loss (7) and serum osteocalcin
concentrations as a marker of rates of skeletal turnover, are
higher in perimenopausal women with lower estrogen concen-
trations and more rapid bone loss (7).

Some exceptions to this pattern have been noted. Amenor-
rheic women with unusually high androgen concentrations ap-

Address correspondence to Charles W. Slemenda, Dept. of Medicine,
Indiana University School of Medicine, Riley Hospital for Children,
RR 136, 702 Barnhill Drive, Indianapolis, IN 46202. Phone: 317-274-
2666; FAX: 317-274-2678.

Received for publication 26 June 1995 and accepted in revised
form 26 September 1995.

J. Clin. Invest.

© The American Society for Clinical Investigation
0021-9738/96/01/0014/08  $2.00

Volume 97, Number 1, January 1996, 14-21

14 C. Slemenda, C. Longcope, M. Peacock, S. Hui, and C. C. Johnston

pear to escape the detrimental skeletal effects of estrogen defi-
ciency (8), as do some elite female athletes with extremely
intense levels of weight-bearing activities, including figure
skaters (9) and gymnasts (10). There is other evidence of the
potential positive role androgens may play in skeletal health in
women. Perimenopausal women with higher testosterone con-
centrations have slower rates of bone loss than those with
lower concentrations, independent of their estrogen status (7).
Premenopausal women with androgen excess have higher than
normal bone mass with or without (8, 11) normal menstrual cy-
cling.

Therefore, both estrogens and androgens are important in
the extremes, particularly during periods of relative estrogen
deficiency. However, less is known regarding the importance
of sex steroids in more common circumstances, i.e., in nor-
mally cycling premenopausal women and in postmenopausal
women after the period of rapid perimenopausal bone loss is
complete. Many studies have addressed the associations be-
tween bone mass and hormone concentrations (12-14) in both
pre- and postmenopausal women, and others have addressed
these relationships through indirect associations observed with
sex-hormone binding globulin (12, 15).

Our studies were designed to address the relationships be-
tween sex steroids and bone mass and bone loss in normally
cycling premenopausal women and in postmenopausal women
without exposure to exogenous hormones. Specifically, we ad-
dressed the magnitude of bone loss in pre-, peri-, and post-
menopausal women, the possibility that endogenous sex ste-
roids and sex-hormone binding globulin are associated both
with bone mass and rates of bone loss during these periods,
and the associations between serum osteocalcin and bone mass
and loss.

Methods

Subjects were recruited between 1986 and 1993 for a prospective
study of bone mass and endogenous sex steroids primarily through
newspaper advertisements. There was no compensation provided for
participation. Premenopausal women (n = 94) were eligible for study
if they were between the ages of 30 and 48, had follicle-stimulating
hormone (FSH) concentrations < 15 mIU, and were cycling regularly
(mean age = 41.7, range 32.5-47.9). Premenopausal women who be-
came perimenopausal (n = 11) were excluded from these analyses.
Women who were pregnant, planning a pregnancy, or taking oral
contraceptives or other medications which might affect bone metabo-
lism were ineligible. Women were classified as perimenopausal if they
were between the ages of 48 and 59 inclusive, and had FSH concen-
trations = 15 mIU, and were continuing to menstruate (n = 62).
Those who stopped cycling for 1 yr or more or began taking estrogens
(n = 24) were excluded from these analyses. Postmenopausal women
(n = 75, mean age = 66.4, range 60.1-77.1) were eligible if they had
experienced their last menstrual period at least 1 yr before and were
not taking any medications known to affect the skeleton. Past use of
estrogens for < 6 mo or past or current use of calcium supplements



Table I. Means (SDs) by FSH Concentration and Age (3+ Measurements)

Menopausal status*

Pre- (n = 96) Peri- (n = 28-62)* Post- (n = 73)

BMD (grams/cm?)

FN 0.84 (0.13) 0.78 (0.12) 0.67 (0.10)

Trochanter 0.71 (0.11) 0.69 (0.10) 0.59 (0.09)

L2-L4 1.11 (0.15) 1.06 (0.15) 0.93 (0.15)

Radius 0.70 (0.05) 0.68 (0.06) 0.60 (0.08)
Change in BMD (grams/cm?/yr)

FN —0.0021 (0.013) —0.0080 (0.011) —0.0085 (0.010)

Trochanter —0.0009 (0.010) —0.0048 (0.015) —0.0044 (0.010)

L2-14 +0.0036 (0.012) —0.0034 (0.016) —0.0022 (0.016)

Radius +0.0017 (0.007) —0.0121 (0.014) —0.0054 (0.008)
Sex steroids

E1 (pg/ml) 47.0 (14.6) 40.6 (16.2) 31.8(7.8)

E2 (pg/ml) 47.5 (18.7) 28.8 (17.4) 20.0 (4.8)

T (ng/ml) 0.23 (0.10) 0.16 (0.09) 0.18 (0.11)

A (ng/ml) 1.13 (0.34) 0.62 (0.30) 0.66 (0.29)

P (ng/ml) 0.17 (0.19) 0.19 (0.22) 0.07 (0.05)

DHEA (ng/ml) 2.20 (0.94) 1.61 (0.81) 1.02 (0.75)

DHEAS (pg/ml) 1.60 (0.82) 1.25(0.22) 0.77 (0.61)

SHBG (nM/liter) 63.2 (26.9) 60.4 (27.1) 54.4 (22.3)

*Premenopause defined as age < 48 and all FSH measurements < 15. Perimenopause defined as mean FSH > 15 and age < 60. Postmenopause de-
fined as age > 60. *Sample size in perimenopausal women is 28 for lumbar spine and femur BMD data because some women (17 = 34) were measured
on a different densitometer. Sample size is 62 for radius BMD and all other measurements.

were not grounds for exclusion. Women were excluded if they did not
meet the arbitrary definitions of pre-, peri-, or postmenopausal (n =
14, e.g., women under age 48 with regular menses but elevated FSH).

Bone mineral density (BMD)! measurements of the midshaft ra-
dius (R), lumbar spine (SP), and proximal femur (femoral neck [FN],
greater trochanter, Wards triangle) were made at 6-mo to 1-yr inter-
vals. Radius measurements were made using single photon absorpti-
ometry (model SP-2; Lunar Corp., Madison, WI); other sites were
measured using dual energy x-ray absorptiometry (model 1000W;
Hologics Corp., Waltham, MA). Precision errors (coefficient of varia-
tion of repeated measurements on individuals) were 1.04% (lumbar
spine) to 2.4% (trochanter). For all subjects there were at least three
measurements (mean = 8.6) of BMD at all skeletal sites.

Blood was drawn during the early follicular phase (days 3-7 of the
menstrual cycle) for pre- and perimenopausal women on morning
samples insofar as possible. Measurements were made, as reported
previously (7), for estrone (E1), estradiol (E2), estrone sulfate,
progesterone (P), testosterone (T), androstenedione (A), dehydro-
epiandrosterone (DHEA) and its sulfate (DHEAS), sex-hormone
binding globulin (SHBG), and free- (FrE2 and FrT), albumin-, and
SHBG-bound E2 and T; the non-SHBG-bound fractions of E2 and T
are referred to as NSE2 and NST, respectively. Sex steroids assays
were run on batches of 40 samples with six controls (two high, two
medium, two low values) added to each batch. Markers of skeletal
metabolism were also measured at these same intervals. For the pur-
pose of this study only osteocalcin (OC) is reported.

1. Abbreviations used in this paper: A, androstenedoine; BMD, bone
mineral density; DHEA, dehydroepiandrosterone; DHEAS, DHEA
sulfate; E1, estrone; E2, estradiol; FN, femoral neck; OC, osteocalcin;
P, progesterone; R, midshaft radius; SHBG, sex-hormone binding
globulin; SP, lumbar spine; T, testosterone.

Statistical analyses. For each person, at each skeletal site, the
mean value of all bone mass measurements was calculated; this is re-
ported as mean BMD (grams/cm?). Next, BMD was regressed on
time to yield a rate of change in BMD (grams/cm?yr) for each subject
over the period of time for which they were studied. Negative slopes
indicate bone loss. For sex steroids and OC, identical procedures
were used to obtain the mean values and rates of change in each vari-
able over the entire study period for each individual. Thus, there is a
within-subject mean (+SD) and slope (£SD) for each variable that
was measured three or more times. Rates of change in the sex ste-
roids and OC were uninformative (i.e., poorly correlated with other
variables, with high within-person variances). Patterns of change
within subjects were consistent in direction with the cross-sectional
except as noted. Thus, the focus of the analysis was on the associa-
tions between an individual’s mean sex steroid concentrations and
her mean BMD or rate of change in BMD during the period when
these sex steroids were measured.

The primary questions to be addressed were: (a) whether bone
loss occurred before menopause (i.e., whether the group mean slope
of BMD over time was significantly negative); (b) whether the indi-
vidual’s mean BMD and prevailing mean sex steroids were associated
before, during, and after menopause (i.e., whether the correlations
between these variables were significantly different from zero); and
(c) whether individuals’ rates of change in BMD were associated with
their prevailing mean sex steroid concentrations averaged over the
period of study. To determine whether there were significant changes
in BMD, the slopes were tested against zero. Associations among
variables were initially examined with Pearson correlations after log-
transformations of markedly non-normally distributed variables (pri-
marily the concentrations of sex steroids). For premenopausal wom-
en, associations with bone loss were also tested by comparing those
women who lost at least 1% per year (mean = —0.017 grams/cm?%yr =
—2%/yr) from the femoral neck (the only site with significant pre-
menopausal bone loss) against all other women (mean rate of change
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in bone mass = +0.3%/yr); this analysis was performed to identify
factors which might be associated with more rapid premenopausal
bone loss (univariate comparison by ¢ test, multivariate by logistic re-
gression).

Regression models were then constructed to predict BMD and
changes in BMD from sex steroids, age, weight, and other variables.
All of these relationships were examined separately for pre-, peri-,
and postmenopausal groups because the large cross-menopausal
changes in sex steroids, particularly estrogens, can induce strong asso-
ciations which may not reflect the activity of estrogens in any single
time period.

Results

Changes in bone mass and sex steroids with age and meno-
pause. The descriptive data are shown in Table 1. Premeno-
pausal women (age < 48 and FSH < 15) had significant bone
loss only from the femoral neck (—0.25%/yr, —0.0021 grams/
cm?yr). The radius (+0.24%/yr, —0.0017 grams/cm%yr) and
spine (+0.32%/yr, 0.0036 grams/cm?yr) were stable or increas-
ing until near menopause. When analyses were limited to only

those women (n = 34) with at least 4 yr of follow-up and eight
or more measurements, the bone loss from the femoral re-
mained statistically significant (—0.35%/yr, —0.0030 grams/
cm?yr). Perimenopausal women lost bone from all sites. Post-
menopausal women also lost bone from all sites, but the rates
of bone loss were generally slower than in the earlier post-
menopausal years (Table I). SHBG, E1, E2, T, and A were
also stable in premenopausal women, but DHEA and DH-
EAS showed linear declines (~ 2%/yr) from ages 35-75. Using
either cross-sectional data or longitudinal rates within individ-
ual subjects yielded similar results with the exception of
SHBG, which was significantly lower among postmenopausal
women (r = —0.19), but showed no significant linear trends
within individuals in any of the three groups (i.e., pre-, peri-, or
postmenopausal). Both estrogens (E1 and E2) and androgens
(T and A) were lower in postmenopausal than premenopausal
women.

Univariate associations among sex steroids. Because there
are strong associations among the sex steroids, and between
sex steroids and SHBG, we next addressed these relationships

Table I1. Correlations among Hormones, and Height and Weight, by Menopausal Status

Ht Wt E1l E2 P T A SHBG DHEA DHEAS
Premenopausal
Age —0.05 0.08 +0.19* 0.15 0.18* —0.18* —-0.28* 0.04 —-0.29% —-0.25%
Ht 0.17* —0.01 —0.03 0.05 -0.13 -0.15 0.14 —0.14 -0.15
Wt 0.07 —0.24% 0.14 0.17 —0.09 —-0.33* —0.24 0.00
E1l 0.711 0.16 0.11 0.08 0.351 0.01 0.00
E2 0.02 -0.13 —0.01 0.521 0.06 -0.10
P 0.00 —0.09 —-0.04 —0.10 0.07
T —0.651 —-0.16 0.521 0.591
A 0.02 0.661 0.671
SHBG 0.12 -0.16
DHEA 0.711
Perimenopausal
Age 0.13 0.21 —-0.25% —0.541 -0.23 —-0.25% —-0.411 —-0.06 —-0.29% —-0.29*
Ht 0.531 -0.17 -0.19 —-0.35% 0.09 —-0.07 -0.26 —0.16 0.19
Wt —0.03 —0.15 0.00 0.17 -0.13 -0.601 —-0.19 —0.03
E1l 0.641 0.511 0.31* 0.45 0.14 0.421 0.381
E2 0.441 0.27¢ 0.37% 0.20 0.31% 0.28*
P 0.09 0.07 -0.12 0.15 0.15
T 0.601 —-0.03 0.451 0.421
A 0.02 0.671 0.601
SHBG 0.04 0.02
DHEA 0.761
Postmenopausal
Age —0.40 —0.03 0.02 —0.01 -0.15 0.10 0.15 -0.07 —0.16 -0.12
Ht 0.07 0.03 0.01 0.18 0.00 0.00 0.11 0.02 —0.06
Wt 0.401 0.43¢ 0.01 0.16 0.14 —0.531 —0.03 0.01
E1l 0.31* 0.34% 0.381 0.371 —0.501 0.29* 027
E2 0.03 0.15 0.08 —0.29* -0.18 -0.17
P 0.07 —0.06 -0.12 0.20* 0.18
T 0.761 —0.20% 0.48 0.51%
A —0.20* 0.681 0.631
SHBG —-0.07 —0.09
DHEA 0.821

All analyses were done using the within-subject mean hormone concentrations, mean height, weight, and age over the entire period of study.

#0.05 < P < 0.10; ¥P < 0.05; *P < 0.01; and "P < 0.001.

16 C. Slemenda, C. Longcope, M. Peacock, S. Hui, and C. C. Johnston



(Table II). The expected strong positive correlations between
E1 and E2 and between T and A were seen in all three groups.
SHBG was negatively correlated with weight (—=0.60 < r <
—0.33) in all groups. However, the correlations between
SHBG and the estrogens differed depending on menopausal
status. SHBG was significantly higher in premenopausal
women with higher E1 (r = +0.35) and E2 (r = +0.52) con-
centrations, but significantly lower in postmenopausal women
with higher E1 (r = —0.50) and E2 (r = —0.29) concentrations.
In premenopausal women there was a negative correlation be-
tween SHBG and unbound T (r = —0.41, P < 0.0001), but a
positive correlation between SHBG and unbound E2 (r =
+0.26, P = 0.01).

Univariate associations, sex steroids with bone mass. The
correlations between BMD (Table IIT) and body size and sex
steroids are shown separately for the pre-, peri-, and post-
menopausal groups. BMD at all sites was associated positively
with weight and negatively with SHBG concentrations, al-
though these correlations varied slightly with menopausal sta-
tus. Among peri- and postmenopausal women BMD was posi-
tively correlated with either E1 or E2, depending on skeletal
site, but no similar associations were seen for the premeno-
pausal group. Combining all women studied, after adjustment
for age, BMD at all sites was higher among those with greater
weights (0.29 < r < 0.39, P < 0.0001) and lower in those with
greater SHBG concentrations (—0.33 < r < —0.17, 0.0001 <
P < 0.05); there were also significant positive correlations be-
tween unbound T and BMD at the spine and hip. Regression
models including weight, SHBG, and menopausal status ac-
counted for between 36 and 41% of the variability in BMD,
depending on skeletal site.

Univariate associations with changes in BMD. The correla-
tions with bone loss (Table IV) were weaker, although peri-
menopausal bone loss from the radius was slower in those with
higher estrogens and androgens, and more rapid in those with

Table I11. Correlations with BMDs, by Menopausal Status

higher OC concentrations, as we have reported previously (7).
Among postmenopausal women bone loss from the hip was
slower among those with greater weight gains and higher un-
bound testosterone concentrations. In these same women,
bone loss from the spine and radius was slower in those with
higher estrogens.

Premenopausal bone loss. Because rates of bone loss in
these younger women were very small, we examined the possi-
bility that there was a subgroup with greater rates of bone loss
where associations with sex steroids might be clearer than in
the larger sample. To determine whether those who lost
greater amounts of femoral neck BMD before menopause dif-
fered from those who did not, premenopausal women who lost
at least 1%/yr (mean change = —0.017 grams/cm%yr =
—2.0%/yr, n = 28) were compared with those with more posi-
tive slopes (mean = +0.3%/yr, n = 68) (Table V). Those who
lost > 1%/yr from the femoral neck had serum T concentra-
tions between 14% (total T, 0.05 < P < 0.10) and 22% (free
T, P < 0.05) lower than those who did not lose bone from the
hip (Table V). Those who lost bone also had slightly less
weight gain than those who did not lose bone (+0.55 vs. 1.32
kg/yr, 0.05 < P < 0.10). Changes in weight were not associated
with sex steroids. There were no other differences between
these two groups, nor did they differ in rates of change in bone
density in the spine or radius. (Similar relationships were ob-
served for older women. Serum total T concentrations were
significantly [20%] lower in those losing femoral neck bone
density at > 1%/yr [n = 55] compared with those with more
positive slopes [n = 46], and those with greater bone loss
gained less weight [data not shown].)

Multvariable associations with bone mass and bone loss. To
test the independence of the predictors of bone mass and bone
loss, models were constructed to predict: (@) BMD at all sites
(Table VI, left side); (b) changes in BMD at all sites (Table VI,
right side); and (c) those who lost femoral neck BMD at a rate

Premenopausal Perimenopausal Postmenopausal
FN SP* R FN SP R FN SP R
n= 92 92 94 28 28 62 73 73 73

Age 0.02 0.08 —0.07 —0.34* —-0.46° —-0.371 —-0.351 —0.12 -0.371
Ht —0.01 0.07 0.421 0.11 —0.04 0.401 0.10 0.12 0.17
Wt 0.461 0.401 0.24% 0.14 0.04 0.401 0.321 0.411 0.18
Ch Wt 0.12 0.07 0.23% 0.32* 0.15 0.27* 0.03 —0.11 0.02
FSH —0.02 0.02 —0.03 —0.30 —0.04 —-0.351 -0.13 -0.18 0.0
E1 0.04 0.08 0.02 0.14 0.13 0.07 0.24% 0.321 0.13
E2 —0.10 0.01 0.09 0.21 0.491 0.331 0.16 0.06 —-0.03
P —0.01 0.02 —0.10 0.29 0.22 —-0.05 0.01 —0.10 0.11
T 0.02 —0.02 —0.01 0.441 0.491 0.25% —0.01 0.02 —0.04
NST|| 0.15 0.10 —0.01 0.531 0.501 0.38* 0.01 0.07 0.09
A 0.03 0.05 —0.01 0.42% 0.521 0.25% —0.09 0.01 -0.11
SHBG —0.321 —0.291 —0.02 —0.09 —0.02 —0.01 —0.421 —0.321 -0.27¢
DHEA —0.08 —0.01 0.02 0.39* 0.471 0.13 —0.10 —0.14 0.02
DHEAS 0.04 0.08 0.01 0.42% 0.441 0.28* —0.07 —0.02 0.10
oC 0.12 0.08 —0.16 —0.14 —0.27 -0.29* -0.25% -0.11 —-0.321

BMDs were the mean values over the entire period of study. Hormone and OC concentrations, height, weight, and age were also the mean values.
Change in weight is the slope of body weight over time (i.e., the change in kg/yr). *SP = L2-L4; ¥0.05 < P < 0.10; P < 0.05; TP < 0.01; and INST, T
not bound to SHBG.
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Table IV. Correlations with Changes in BMDs, by Menopausal Status

Premenopausal Perimenopausal Postmenopausal
FN Sp* R FN SP R FN SP R
n= 92 92 94 28 28 62 73 73 73
Age 0.04 0.17 0.12 —0.02 —0.08 —0.42 0.05 0.19 -0.37*
Ht -0.14 —0.03 0.05 —0.03 —0.04 0.10 0.15 —0.06 —0.02
Wt —0.03 —0.05 0.02 —0.08 —0.13 —0.11 0.10 —0.07 0.13
Ch Wt 0.01 0.04 0.19% 0.17 0.09 —0.14 0.51* 0.02 —0.14
FSH 0.01 0.13 0.09 —0.11 —0.27 —0.38* 0.18 0.02 0.01
El 0.02 0.10 0.14 0.08 0.14 —0.03 0.04 0.35% 0.07
E2 0.01 0.06 0.08 0.17 0.07 +0.23% —0.02 0.18 0.241
P —0.09 0.04 —0.04 0.07 0.20 0.05 0.12 0.281 —0.11
T 0.16 0.05 —0.16 0.07 0.12 0.35* 0.16 0.22% 0.13
NST! 0.16 0.05 —-0.20% 0.0 —0.02 0.32% 0.241 0.201 0.04
A 0.09 -0.11 -0.01 -0.16 —0.08 0.44* 0.16 0.07 0.17
SHBG —0.06" 0.05 0.11 0.23 0.31 0.02 —0.231 —0.16 —0.08
DHEA 0.211 -0.13 —0.08 —0.03 —0.01 0.16 0.17 0.05 —0.02
DHEAS 0.211 0.01 -0.15 0.18 0.07 0.301 0.09 0.10 0.03
oC —0.09 -0.15 —0.04 —0.04 -0.18 -0.51% 0.03 0.01 —0.32¢

Changes in BMD are the within-subject slopes calculated in grams/cn?/yr. Hormone concentrations, OC, height, weight, and age are mean values cal-
culated over the entire period of study. Change in weight is the slope of body weight over time (i.e., change in weight in kg/yr). *SP = L2-14; ¥0.05 <

P <0.10;"P < 0.05; *P < 0.01; and INST, T not bound to SHBG.

of 1%/yr or greater (Table VII). Among the variables related
to sex steroids, only SHBG consistently predicted BMD, al-
though both T and E2 were associated positively with BMDs
in perimenopausal women. Weight, age, and SHBG together

Table V. Premenopausal Women Only

FN change

<-1% >—-1%

n =28 n =68
Age (yr) 41.7 41.7
BMD change (grams/cm?/yr)
FN -0.017 +0.003*
Trochanter —0.006 +0.001%
Spine +0.003 +0.004
FSH (mIUl/liter) 8.8 8.7
Wt change (kg/yr) +0.55 +1.32°%
Weight (kg/yr) 65.8 68.2
Height (cm) 163 165
E1 (pg/ml) 45.6 47.9
E2 (pg/ml) 47.5 47.5
P 0.19 0.16
T (ng/ml) 0.20 0.23¢
NST (ng/ml)1 0.066 0.079*
FrT (ng/ml) 0.0033 0.0042!
A (ng/ml) 1.05 1.17
DHEA (ng/ml) 2.07 2.26
DHEAS (pg/ml) 1.46 1.67
SHBG (nM/liter) 63.4 63.1
OC (ng/ml) 9.9 9.1

IT not bound to SHBG; *Statistical significance not tested, defined as
no overlap; $0.05 < P < 0.10; P < 0.05; and # P < 0.01.
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accounted for between 37 (SP) and 47% (FN) of the variability
in BMD when all women were combined (data not shown).

Serum T concentrations were lower among those losing
femoral neck BMD more rapidly (Table VII), and the effect
size (i.e., regression coefficient) is approximately the same in
all three groups. Consistent with the logistic regression analy-
sis, T concentrations predicted rates of premenopausal bone
loss from the femoral neck (P = 0.076), in models which also
contained weight, age, and E2. Both E2 and T concentrations
were associated with slower bone loss from the radius in peri-
menopausal women (confirming our previous study results
[7D- In older postmenopausal women, depending on skeletal
site, both higher T and estrogen concentrations were associ-
ated with slower bone loss.

Discussion

Bone loss. The role of sex steroids in the maintenance of the
female skeleton is clear only in narrow circumstances. Estro-
gen deficiency drives menopausal bone loss and can be used
therapeutically to prevent such loss (1, 2). Estrogen deficiency
also plays a primary role in the bone loss associated with men-
strual disturbances in young women (3-6), although there may
be circumstances where the detrimental skeletal effects of es-
trogen deficiency can be avoided (8-11). In the healthy, nor-
mally cycling women recruited for the current study, after 3-5
yr of follow-up, there was evidence of premenopausal bone
loss only from the hip. This magnitude of this loss, ~3% per
decade, is consistent with recent cross-sectional data from the
NHANES III (16) as well as with the databases of the manu-
facturers of densitometers. Taken together, these multiple
sources of data suggest that bone loss from the proximal femur
occurs before menopause, but further prospective studies to
examine the issue of premenopausal bone loss are needed. Al-
though this is a modest rate of bone loss, over the three de-



Table VI. Multivariable Regression Models for BMD and Changes in BMD

Dependent variable BMD
Independent variables SHBG, Ht, Wt, E1, E2,
entered* and unbound T

Change in BMD
Each included E1 or E2,
T or unbound T, Wt, Ch. in Wt, and Age

Predictors (coefficient =SE) Significance

Premenopausal
FN BMD =
SHBG (—0.0014%0.0006) 0.02
Wt (0.0032+0.0010) 0.002
R?=249%
SP BMD =
SHBG (—0.0022+0.0007) 0.002
Wt (0.0029+0.0011) 0.01
R? =25.6%
Mid-radius BMD =
Wt (0.00070.00035) 0.058
Ht (0.00280.0008) 0.0004
R?=204%
Perimenopausal
FN BMD =
Unbound T (1.64+0.58) 0.01
R?=352%
SP BMD =
Unbound T (1.91+0.65) 0.008
E2 (0.20£0.08) 0.02
R? = 47.7%
Mid-radius BMD =
Wt (0.0021+0.0011) 0.07
E2 (0.083+0.033) 0.02
R? = 43.8%
Postmenopausal
FN BMD =
SHBG (—0.0018%0.0007) 0.008
R?=231%
SPBMD =
Wt (0.0038+0.0018) 0.04
R?=22.5%
Mid-radius BMD =
SHBG (—0.0013+0.0006) 0.02
R?=133%

Predictors (coefficient =SE) Significance

Change in FN BMD =
Unbound T (0.078=0.44) 0.076
R2=7%
Change in SP BMD =
None
Change in mid-radius BMD =
E1 (0.0072x0.0041) 0.085
R?=6%
Change in FN BMD =
None
Change in SP BMD =
None
Change in mid-radius BMD =
Unbound T (0.065%+0.031) 0.047
E2 (0.0093+0.0037) 0.02
R?=42%
Change in FN BMD =
Ch in Wt (0.00330.0007) 0.001
Unbound T (0.057%0.028) 0.045
R?2=28.5%
Change in SP BMD =
Wt (=0.00035+0.00018) 0.057
E1 (0.021£0.008) 0.01
R?=18%

Change in mid-radius BMD =
E2 (0.0067+0.0037) 0.07
Age (0.0006:£0.0002) 0.001
R2=19%

*Units are as indicated in previous tables.

cades between the end of femoral neck bone acquisition
(about age 15-20) and menopause there would be approxi-
mately a 1 SD decline in BMD, and thus, a corresponding two-
to threefold increase in risk of femoral neck fracture (17).
This loss was weakly associated with lower androgen con-
centrations and reduced weight gains, but these accounted for
only a small fraction of the variability in rates of change in the
femoral neck, suggesting that these are only minor determi-
nants of changes in the skeleton of premenopausal women,
and there must be other more important determinants of pre-
menopausal bone loss from the femoral neck. It is possible that
the decline in physical activity common in early adult life plays
arole, but a more intensive study of exercise patterns would be
needed to address this. It should also be noted that the mea-

surements of sex steroids in this study were all made in the
early follicular phase of the menstrual cycle, and therefore
may not adequately represent sex steroid concentrations for
premenopausal women throughout the menstrual cycle, partic-
ularly with respect to the estrogens and progesterone. It is pos-
sible that multiple blood samples over the course of the men-
strual cycle may be necessary to adequately characterize the
associations between estrogens and skeletal health in pre-
menopausal women. It should also be noted that there were
significantly positive slopes for the changes in bone mass in the
spine and radius of premenopausal women, although there is
little independent support for gains in BMD at these sites be-
yond ages 25-30. Because all of these rates of change in BMD
are small, caution in interpretation is required. However, the
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Table VII. Logistic Regression Models

Dependent variable-FN bone loss > 1%/yr
Independent variables entered-SHBG, E2, T, Change in Wt., and Age*

Predictors (coefficient+=SE) Significance
Premenopausal T (—0.98+0.58) 0.09
Perimenopausal T (—1.11x0.82) 0.17
Postmenopausal T (—0.97%0.49) 0.049
Change in Wt.  (—0.38%+0.19) 0.049

*Units areas are as indicated in previous tables.

potential importance of premenopausal bone loss from the
proximal femur, if confirmed, is great, given the implications
for increasing fracture risk.

In perimenopausal women both testosterone and estrogen
concentrations were lower in those losing radial bone mass at
greater rates, consistent with our previous observations in a
slightly larger group of women (7), both in terms of the magni-
tude of the effect and the statistical significance of the predic-
tors. Also consistent with our previous observations, serum os-
teocalcin concentrations were greater in those with greater
declines in radius BMD, reflecting the increased skeletal turn-
over associated with menopausal declines in estrogen concen-
trations. There were no significant predictors of changes in
BMD at the spine or hip in perimenopausal women, but this
was quite a small sample of women (n = 28) because of limita-
tions in the bone mass measurements. In addition, declines in
sex steroid concentrations were not associated with declines in
BMD (i.e., identification of a rate of change in sex steroids
which triggered bone loss was not possible).

In older postmenopausal women (age > 60 yr), as with
women closer to menopause, estrogen concentrations were
higher among those losing bone mass at slower rates from the
spine and radius. Testosterone concentrations were associated
with bone loss only from the hip. Increasing body weight also
provided some protection against bone loss from the hip, as it
did in premenopausal women. In older women, however, the
effect was stronger, with each 5-1b gain in weight associated
with a 1%/yr slower rate of femoral neck bone loss. Long-term
weight gain has been associated recently with a reduced risk of
femoral neck fracture (18), and it is plausible that slower rates
of bone loss from the hip provide some fracture protection, in-
dependent of the beneficial effect of higher bone mass, per-
haps through the preservation of the trabecular structure of
the femur.

Bone mass. In addition to age, weight and SHBG were
strong independent predictors of BMD. These three variables
together accounted for nearly half of the variability in BMD in
the radius and hip, and 37% of that in the lumbar spine. The
role of SHBG in the determination of BMD is uncertain. This
association is present before bone loss has begun, as has been
reported previously (12) and changes little with advancing age,
and, thus, may reflect processes that occurred during growth
and which are simply maintained through the rest of life. Al-
though the precise role of sex steroids in bone growth during
puberty is not well understood, there is little doubt that dimin-
ished availability of sex steroids at this time is detrimental (3,
6), and the presence of high concentrations of SHBG at this
stage of life might contribute to smaller peak adult bone mass.
Although it is probable that the SHBG/BMD association is in-
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direct, reflecting either the biological activity of sex steroids or
some other intermediate variable, further exploration of this
concept is needed.

If SHBG diminishes peak bone mass through indirect ef-
fects mediated by lowered concentrations of sex steroids, these
effects are more likely caused by diminished androgens rather
than estrogens, because premenopausal women with higher
SHBG concentrations have higher concentrations of both total
and free E2, in contrast to the negative association between
SHBG and unbound T in this group. Only studies in growing
children can address this directly.

Summary. In multiple analyses of bone density and bone
loss across a broad spectrum of age, both estrogen and andro-
gens appear to play important roles in skeletal health. How-
ever, for premenopausal bone loss these effects are confined to
androgens and are relatively small. In the perimenopausal pe-
riod and later, estrogens and androgens act independently to
slow bone loss. SHBG is consistently associated negatively
with BMD, but not with bone loss. The mechanism of this ef-
fect is unknown and may reflect processes occurring earlier in
life. Together, SHBG and the sex steroids account for a sub-
stantial proportion of the variance in BMD and a smaller pro-
portion of the variance in bone loss. The effects of both estro-
gens and androgens on bone loss are mainly confined to
estrogen-deficient women.
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