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Abstract

Wemade longitudinal measurements of bone mineral density
(BMD) in 139 normal women(ages 20-88 yr) at midradius (99%
cortical bone) and lumbar spine (-70% trabecular bone) by sin-
gle- and dual-photon absorptiometry. BMDwas measured 2-6
(median, 3) times over an interval of 0.8-3.4 yr (median, 2.1 yr).
For midradius, BMDdid not change (+0.48%/yr, NS) before
menopause but decreased (-1.01%/yr, P < 0.001) after meno-

pause. For lumbar spine, there was significant bone loss both
before (-132%/yr, P< 0.001) and after (-0.97%/yr, P = 0.006)
menopause; these rates did not differ significantly from each
other. Our data show that before menopause little, if any, bone
is lost from the appendicular skeleton but substantial amounts
are lost from the axial skeleton. Thus, factors in addition to
estrogen deficiency must contribute to pathogenesis of involu-
tional osteoporosis in women because about half of overall ver-

tebral bone loss occurs premenopausally.

Introduction

Osteoporosis is a common problem among the elderly and is
associated with a high incidence of skeletal fractures, especially
of the vertebrae and hip (1). Womenare more susceptible than
men (1). Bone densitometric studies suggest that osteoporosis is
the result of a long period of slow bone loss, and the patterns
may differ between cortical bone and trabecular bone (2, 3).
Precise methods for measuring bone loss in the predominantly
cortical bone of the appendicular skeleton have been available
for almost 20 yr, and a number of cross-sectional and longitu-
dinal studies have defined the pattern of cortical bone loss and
the factors that influence it (2, 4). By contrast, reliable methods
for measuring bone loss from the predominantly trabecular bone
of the axial skeleton have become available only recently (4).
Thus, the longitudinal pattern of axial skeletal loss is less well
understood and is more controversial.

To define the pattern of age-related bone loss in women, we

assessed rates of loss from the appendicular and axial skeletons
by making repeated measurements over time in a large group

of normal womenwhose ages ranged from 20 to 88 yr. To define
the relationship with estrogen deficiency, we compared rates of
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bone loss before and after menopause and assessed the correlation
with serum concentrations of sex steroids.

Methods

Experimental subjects and protocol. We made bone mineral density
(BMD)' measurements at the midradius and lumbar spine in 139 normal
Caucasian women who were residents of Rochester, MN. Of these, 92
women were from a stratified random sample of the community pop-
ulation (as part of an ongoing epidemiologic study) and the remainder
were local volunteers. The median age was 52 yr (range, 20-88 yr). Nor-
mality was assessed by interview, by review of each patient's medical
records, and by laboratory testing. All subjects were ambulatory. None
had vertebral fractures on roentgenograms of the spinal column or a
history of hip fracture. None were taking corticosteroids, anticonvulsant
medication, thiazide diuretics, vitamin D in pharmacologic doses, or
calcium supplements at dosages >500 mg/d. None of the postmenopausal
womenwere taking estrogen replacement therapy. None had any evident
medical disease known to affect calcium metabolism.

Menopause was defined as absence of menses for at least 6 moand
serum level of estradiol <50 pg/ml. There were 29 womenwho had had
previous hysterectomy; for the 7 of these who had had bilateral oopho-
rectomy, the date of menopause was taken as the date of this operation.
For the remaining 22 womenwho had had only a hysterectomy or hys-
terectomy plus unilateral oophorectomy, postmenopausal status was de-
fined by the serum estradiol level (<50 pg/ml). Values of serum estradiol
below this level were chosen arbitrarily as indicating decreased residual
ovarian function, but the date of onset of menopause in such women
was indeterminate. By these definitions, 59 womenwere premenopausal
and 80 were postmenopausal at baseline.

Fasting-state blood samples were drawn for determination of serum
sex steroid levels. For the premenopausal women, the blood sample was
obtained between days 7 and 10 of the menstrual cycle. Bone densitometry
was repeated on one or more occasions, and the interval between the
first and last measurement ranged from 0.8 to 3.4 yr (median, 2.1 yr).
The number of measurements per subject ranged from 2 to 6 (me-
dian, 3).

All subjects gave their informed consent. The experimental protocol
was reviewed and approved by the Mayo Institutional Review Board.

Laboratory methods. BMDof the midradius was measured by single-
photon absorptiometry as described elsewhere (5) except that the scanner
was modified to permit rectilinear scanning. The recorded value was the
mean of five scan passes made at intervals of 0.1 cm. Reproducibility
(SD/mean of repeat measurements X 100) was 1%. BMDof the lumbar
spine was measured by dual photon absorptiometry (6); reproducibility
was 2.2%. The approximate composition of bone is 99% cortical for the
midradius and >70% trabecular for the lumbar spine (3).

Serum estrone, estradiol, testosterone, androstenedione, and dehy-
droepiandrosterone were measured by previously described radioim-
munoassay techniques (7). Serum sex hormone-binding globulin was
assayed by the ammonium sulfate precipitation technique as described
by Rosner (8). A partial correction was made for differences in total
serum concentrations of sex steroids due to differences in sex hormone

1. Abbreviations used in this paper: BMD, bone mineral density.
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binding by dividing the former by the concentration of the binding glob-
ulin.

Statistical methods. To assess rates of bone loss at either scanning
site, a straight-line regression for BMDon age was fitted separately for
each subject by the method of least squares. The dependent variable (y)
was BMDand the independent variable (x) was time, in years, from
baseline measurement. The slope at midradius was expressed in units of
g/cm per yr and at lumbar spine, in units of g/cm2 per yr. Each slope
was divided by its y-intercept at baseline and multiplied by 100 to obtain
an estimate of percentage change per year. The changes in rate of bone
loss with age were assessed by successively fitting linear, parabolic, cubic,
and quartic polynomial equations on age. The significances of the regres-
sion coefficients were then examined. Variables affecting rates of bone
loss were evaluated by multiple linear regression analysis. The relationship
of several independent variables to the dependent variable of rate of
bone loss was assessed by standard statistical methods for multiple linear
regression. Two- and one-sample t tests also were performed. All P values
were two-tailed. The Statistical Analysis System (9) was used to carry
out all statistical computations.

Results

Bone densitometry. The results obtained by expressing the slopes
in absolute terms (in g/cm per yr or g/cm2 per yr) and in relative
terms (in %/yr) were found to be highly correlated (r = 0.99 for
midradius and r = 0.985 for lumbar spine). Thus, we elected to
express results as %/yr for the sake of simplicity.

For the midradius, the rate of change in BMDwith age was
best described by a linear function (Fig. 1). Considering all sub-
jects, for the lumbar spine, the rate of bone loss did not vary
with age; overall mean rate of change was - 1.12%/yr (P < 0.001).

Inspection of densitometric values for midradius and lumbar
spine showed that, when the subjects were grouped according
to years of study, there was a progressive decrease in variability
between subjects of these longitudinal rates of change with in-
creases in study interval (from -1 yr [range, 0.8-1.3 yr] to -2
yr [range, 1.4-2.7 yr] to -3 yr [range, 2.8-3.4 yr]). Thus, the
variation in rate of change about the lumbar spine regression
line with age (Sy X) was 4.1, 2.6, and 1. 1%/yr, respectively, for
the measurement intervals of - 1, 2, and 3 yr. Accordingly, the
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Figure 1. Rate of change in BMDof midradius (%/yr) in 139 normal
women plotted against age at time of first BMDmeasurement. Sub-
jects are identified by time on study. Age regression was best fitted
with linear equation (y = 2.806 - 0.064x-, Sy.x = 2.30; r2 = 0.15).
Center line denotes age regression; upper and lower lines denote 95%
confidence limits. Broken line indicates zero rate of change in BMD.
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Figure 2. Rate of change in BMDof lumbar spine in 139 normal
women plotted against age at time of first BMDmeasurement. Sub-
jects are identified by time on study: (A) I yr (y = -0.71; SDy
= 4.11); (B) --2 yr (y = 10.110 - 0.403x + 0.003x2; Sy.,, = 2.62; r2
= 0.08); (C) '-3 yr (y = 5.039 - 0.280x + 0.003x2; Sy.., 1.13; r2
= 0.23). When all data were analyzed, mean bone loss occurred across
life. Whenonly subjects in the groups having mean scan intervals of
-2 yr or -3 yr were analyzed, however, age regression was best fitted
with the parabolic equation. Center line denotes age regression and
upper and lower lines denote 95% confidence limits for this equation.
Broken line shows zero rate of change in BMD.

women were categorized by length of time on the study and
their data were reanalyzed. For the lumbar spine, the parabolic
fit was significantly better than the linear fit for subjects in the
2-yr (P < 0.01) and 3-yr (P < 0.001) intervals but not in the 1-

yr interval; rates of bone loss were maximal during middle life
(Fig. 2).

The effect of the menopause on bone loss was assessed by
comparing rates of change in premenopausal and postmeno-
pausal women. For midradius, there was no significant associ-
ation between rate of change and age in the premenopausal
women (r = -0.19, NS), whereas a significant linear trend was
observed for the postmenopausal women(r = -0.24, P< 0.05).
When the mean rates of change for the midradius were com-
pared, there was greater (P < 0.001) bone loss in the postmeno-
pausal than in the premenopausal women. Using all women,
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Table L Rates of Change in BMDGrouped by Interval of Study and Menopausal Status

Rate of change in BMD

Overall I -yr Interval -2-yr Interval - 3-yr Interval

Pre Post Pre Post Pre Post Pre Post
(n= 59) (n = 80) (n= 22) (n = 16) (n= 13) (n= 50) (n= 24) (n = 14)

percent/yr percent/yr percent/yr percent/yr percent/yr percent/yr percent/yr percent/yr

Midradius
Mean +0.48 -1.15§ +0.93 -2.15* +0.85 -0.87t -0.14 -1.03*
SD 1.69 2.75 2.18 4.50 1.71 2.29 0.79 1.15
Range -2.49 to -8.49 to -2.49 to -8.49 to -2.49 to -5.31 to -1.71 to -3.10 to

+5.75 +6.07 +5.75 +6.07 +3.37 +3.43 + 1.30 +0.85

Lumbar spine
Mean -1.32 -0.97 -1.88 +0.89* +0.17 -1.35 -1.61 -1.76
SD 2.61 3.08 3.44 4.52 2.50 2.67 1.22 1.33
Range -9.07 to -9.04 to -9.07 to -6.03 to -3.50 to -9.04 to -3.36 to -4.22 to

+4.59 +7.08 +4.59 +7.08 +4.59 +4.14 +1.24 +0.44

Pre, premenopausal; post, postmenopausal. * P <0.05; t P < 0.01; and
postmenopausal groups.

mean rates of change for lumbar spine BMDwere significantly
less than zero for both the premenopausal (mean, -1.32%/yr,
P < 0.001) and the postmenopausal (mean, -0.97%/yr, P
= 0.006) women. Mean rates of change for lumbar spine before
and after menopause were not significantly different. Table I
gives rates of change in BMDfor all subjects and subgroups by
time on study and menopausal status.

Values of BMD(g/cm) at midradius and lumbar spine (g/
cm2) were highly correlated (r = 0.72, P < 0.001) at baseline.
The rates of change (%/yr) at these two sites, however, differed
markedly and there was no evidence of a correlation (r = -0.04,
NS). These relationships are displayed in Figs. 3 and 4.

Sex steroids. Table II presents the correlation coefficients
for levels of serum sex steroids with age. Serum estrone and
estradiol decreased from high to low levels following menopause;
however, there was no decrease before menopause. Fig. 5 gives
individual values for serum estradiol in menstruating and non-
menstruating women. Multiple regression analysis was used to
determine if levels of sex steroids could predict the rates of change
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§ P < 0.001, for significance of difference between premenopausal and

in BMDafter adjustment for the effect of age. Because of the
possibility that the total serum levels of sex steroids were affected
by changes in serum levels of sex-hormone binding globulin, we
also entered into the equation the quotients of serum total con-
centration of estradiol, estrone, or testosterone divided by the
concentration of serum sex hormone-binding globulin. With one
exception, after adjusting for age, no variable or combination
of serum sex steroids was found to predict the rate of bone loss
at either midradius or lumbar spine when analyzed separately
for premenopausal, for postmenopausal, or for all subjects. The
one exception was a marginally lower (P = 0.03) ratio of levels
of serum estrone/sex hormone binding globulin in those post-
menopausal women with greater bone loss at midradius.

Discussion

As previously reported (2, 10), we found that levels of BMDin
the appendicular and axial skeletons correlated well in normal
women. The correlation with the radius, however, explains only
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Figure 3. Relationship between baseline BMDvalues of lumbar spine
(>70% trabecular bone) and midradius (99% cortical bone) in 139
normal women. Correlation is highly significant (y = 0.175 + 0.982x,
SYx= 0.13; r = 0.72, P <0.001).
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Figure 4. Relationship between longitudinal rates of change in BMD
of midradius (99% cortical bone) and lumbar spine (>70% trabecular
bone) in 139 normal women. There is no suggestion of a relationship
(r = -0.04, NS).
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Table II. Serum Sex Steroid Concentrations in 110 Normal Women* and Correlation with Age

Overall (n = 110) Premenopausal (n = 54) Postmenopausal (n = 56)

Serum sex steroidt Mean (±SD) r§ Mean (±SD) r Mean (±SD) r

E -log1o 1.51±0.28 -0.45** 1.69±0.24 0.41T 1.33±0.18 0.11

E1/SHBG-1ogj0 0.76±0.33 -0.46** 0.95±0.27 0.09 0.58±0.27 0.03
E2-logo0 1.50±0.53 -0.62** 1.91±0.43 0.26 1.09±0.23 -0.14
E2/SHBG-logjo 0.75±0.55 -0.65** 1.17±0.40 0.10 0.34±0.32 -0.14
TEST-log1o 2.30±0.21 -0.251 2.34±0.18 -0.31l1 2.26±0.23 -0.09
TEST/SHBG-loglo 1.55±0.26 -0.281 1.59±0.25 -0.50§ 1.51±0.26 -0.13
ANDR-1og10 2.76±0.28 -0.66** 2.94±0.23 -0.281 2.59±0.21 -0.3611
DHEA-log1o 0.44±0.33 -0.48** 0.58±0.31 -0.32 0.32±0.30 -0.29
SHBG 5.98±2.40 0.14 5.83±2.43 0.341 6.12±2.38 0.06

* The 29 patients who had surgical menopause are not included in these data. t El, Estrone (pg/ml); SHBG, Sex hormone binding globulin
X I0-8 M; E1/SHBG, ratio of El to SHBG; E2, Estradiol (pg/ml); E2/SHBG, ratio of E2 to SHBG; TEST, Testosterone (pg/ml); TEST/SHBG,
ratio of TEST to SHBG; ANDR, Androstenedione (pg/ml); DHEA, dehydroepiandrosterone. § Linear correlation coefficient with age.
II.¶.** Refers to P < 0.05, P < 0.01, and P < 0.001, respectively for the test of the null hypothesis of no correlation.

about half of the variance of the lumbar spine. By contrast, we
found no significant relationship between rates of change of BMD
in these two skeletal regions. This suggests the need for direct
measurements to determine the rates of bone loss from the ver-
tebrae.

In the most widely accepted model for age-related bone loss,
there is no change in BMDin women from ages 25 to 40 yr;
BMDthen decreases minimally until the menopause, when large
losses occur for at least a decade followed by a slowing of the
rate of loss (2, 11, 12). This model has been based almost entirely
on BMDmeasurements in the predominantly cortical bone of
the appendicular skeleton. Most workers have assumed that the
pattern of bone loss from the predominantly trabecular bone of
the axial skeleton follows a pattern that is qualitatively similar,
although perhaps quantitatively greater.

For the midradius, our findings are consistent with this tra-
ditional model. Wefound no significant bone loss before age 50
yr, or the menopause, but large losses thereafter. For the lumbar
spine, we found that substantial premenopausal bone loss oc-
curred. Mathematical fitting of the individual data points sug-
gested bone loss throughout much of life with a trend toward
midlife acceleration. Using all data, rates of bone loss were similar
in the premenopausal and the postmenopausal women. Thus,
our findings for the lumbar spine differ from those for the mid-
radius and do not conform to the traditional model.
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Figure 5. Baseline values for serum levels of estradiol plotted by age at

first BMDmeasurement in 53 normal menstruating women (o) and
57 womenwho had had no menses for 6 moor longer (e). Subjects
who have had hysterectomy are not shown.

These findings, however, are consistent with previous cross-
sectional densitometric studies in normal women that showed
a linear (6) or curvilinear (13, 14) decrease in BMDof the lumbar
spine with aging and an onset well before midlife. Also, anatomic
studies have shown a linear decrease in trabecular bone mass
beginning in young adulthood, assessed either by iliac crest biopsy
(15-17) or by postmortum examination of the vertebrae (18,
19). However, in a cross-sectional study, Aloia et al. (20) found
that BMDof lumbar spine did not decrease in womenuntil after
age 50 yr. Ruegsegger et al. (21) found no significant loss of
trabecular bone from the distal radius or tibia (as assessed by
computed tomography) over a 24-mo period in 12 premeno-
pausal women. Their finding suggests that patterns of trabecular
bone loss in the appendicular and axial skeletons may differ.

A large body of data documents that menopause increases
bone loss. After oophorectomy, accelerated bone loss that can
be prevented or diminished by estrogen replacement has been
demonstrated for both appendicular skeleton (22-24) and lum-
bar spine (25). Thus, bone loss over life from the axial skeleton
may be the summation of estrogen-dependent and estrogen-in-
dependent mechanisms. Based on a densitometric comparison
of a group of women (oophorectomized in young adulthood)
with perimenopausal and postmenopausal control groups, we
concluded previously that estrogen deficiency was the cause of
most of age-related bone loss (26). From our new data it is clear
that the experimental design of that study was inadequate because
the perimenopausal control group had already undergone sub-
stantial bone loss before menopause. Also, it is possible that
oophorectomy induces greater bone loss in young women in
whombone turnover is more active than in older women.

At present, we cannot explain why we did not detect accel-
erated postmenopausal bone loss from the lumbar spine. This
was not attributable to our densitometric method that has a
precision as good as or better than that of other methods of
vertebral measurement and, using it, we were clearly able to
detect premenopausal bone loss. Because we defined menopause
in terms of both menstrual status and serum estrogen levels, we
could control for the possibility that a gradual onset of estrogen
deficiency associated with natural menopause resulted in a grad-
ual onset in the postmenopausal acceleration of bone loss. We
found that serum concentrations of estrone and estradiol did
not decrease until after menopause, despite substantial vertebral
bone loss in the premenopausal women. Wecannot exclude the
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possibility, however, that small decreases in circulating sex ste-
roids before menopause might have been detected had we as-
sessed integrated serum concentrations over the entire menstrual
cycle or assessed production rates.

Webelieve the most likely explanation is that the duration
and extent of accelerated bone loss from the axial skeleton after
menopause is less than has been generally believed and thus
could not be detected by our study protocol. When Genant,
Cann, and co-workers (25, 27) used computed tomography to
measure BMDof the entire lumbar vertebra (which gives values
comparable to those we obtain with dual-photon absorptiome-
try), they found the rate of integral bone loss was 6%/yr for the
first year after oophorectomy and 2.5% for the second year. Only
two of our subjects were followed transmenopausally and only
four had baseline measurements made in the second year after
menopause when vertebral bone loss may have already fallen
from the high first-year rate to a rate only about twice that we
observed in premenopausal women.

Thus, the rate and duration of accelerated bone loss following
menopause may differ for the axial and for the appendicular
skeleton. For the former, there may be large losses initially, which
soon decline to approach the underlying premenopausal rate of
bone loss after only a few years. For the latter, the accelerated
phase of postmenopausal bone loss may have an initial rate that
is less but a duration that is more prolonged. More experimental
studies are needed to validate this hypothesis; in particular, lon-
gitudinal densitometric measurements of the axial and appen-
dicular skeleton in women followed across natural menopause.

In conclusion, our longitudinal studies have demonstrated
striking differences in the patterns of appendicular and axial
bone loss over life in women. Only a small amount of cortical
bone in the appendicular skeleton is lost before menopause, but
large amounts are lost thereafter. By contrast, vertebral bone
loss begins well before menopause and continues into old age
with a trend toward midlife acceleration. Because our data show
that almost half of the total bone loss occurs before serum es-
trogen levels decline, the menopause cannot be the only cause
of vertebral osteoporosis. These findings suggest a need to identify
factors responsible for premenopausal bone loss and, ultimately,
to begin prophylactic intervention well before the menopause.
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