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ABSTRACT: Using QCT, we made a longitudinal, population-based assessment of rates of bone loss over life
at the distal radius, distal tibia, and lumbar spine. Cortical bone loss began in perimenopause in women and
later in life in men. In contrast, trabecular bone loss began in young adulthood in both sexes.

Introduction: Although conventional wisdom holds that bone loss begins at menopause in women and later
in life in men, this has not been examined longitudinally in population-based studies using precise technology
capable of distinguishing cortical and trabecular bone.
Materials and Methods: In an age- and sex-stratified population sample (n � 553), we measured volumetric
BMD (vBMD) of trabecular and cortical bone by QCT annually for up to 3 yr at the distal radius (DR) and
distal tibia (DT) (n � 552) and trabecular vBMD at baseline and 3 yr at the lumbar spine (LS) (n � 474).
Results: Substantial cortical bone loss began in middle life in women but began mainly after age 75 in men.
In contrast, substantial trabecular bone loss began in young adult women and men at all three skeletal sites
and continued throughout life with acceleration during perimenopause in women. Women experienced 37%
and men experienced 42% of their total lifetime trabecular bone loss before age 50 compared with 6% and
15%, respectively, for cortical bone. Median rates of change in trabecular bone (%/yr) were −0.40, −0.24, and
−1.61 in young adult women and −0.38, −0.40, and −0.84 in young adult men at the DR, DT, and LS,
respectively (all p < 0.001). The early trabecular bone loss did not consistently correlate with putative causal
factors, except for a trend with IGF-related variables at DT in women. However, in postmenopausal women
and, to a lesser extent, in older men, higher rates of cortical and trabecular bone loss were associated with
lower levels of biologically-active sex steroids and with higher levels of follicle-stimulating hormone and bone
turnover markers.
Conclusions: The late onset of cortical bone loss is temporally associated with sex steroid deficiency. However,
the early-onset, substantial trabecular bone loss in both sexes during sex steroid sufficiency is unexplained and
indicates that current paradigms on the pathogenesis of osteoporosis are incomplete.
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INTRODUCTION

OSTEOPOROSIS IS ONE of the most important diseases af-
fecting the aging population.(1) It has been generally

believed that the bone loss leading to osteoporosis begins at
menopause in women (caused principally by sex steroid
deficiency) and later in life in men (caused by age-related
factors).(2–4) This is consistent with most cross-sectional ob-
servational studies using DXA at either central or periph-
eral scanning sites.(5) However, in an early population-

based, longitudinal study in women, Riggs et al.(6) found
that the rate of bone loss from the predominantly trabecu-
lar bone of the lumbar spine as assessed by DXA was simi-
lar before and after 50 yr of age, whereas bone loss from the
predominantly cortical bone of the peripheral skeleton, as-
sessed by single-energy photon absorptiometry, did not be-
gin until midlife. In a longitudinal study in women using
DXA at multiple scanning sites, Slemenda et al.(7) failed to
find bone loss until after menopause, except for a small
amount of loss at the proximal femur in the 5 yr before
menopause. However, the possibility of early trabecular
bone loss was not excluded by that study because DXAThe authors state that they have no conflicts of interest.
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measures total bone, and the proximal femur and radius
consist of predominantly cortical bone; even in the verte-
brae, the cortical rim is made up of a substantial amount of
its total mass.(8) More recently, Nordstrom et al.(9) con-
ducted an 8-yr longitudinal study of BMD assessed by
DXA in young adult men, 17–25 yr of age. They found that,
after achieving peak bone mass at age 19, there was a pro-
gressive decrease in BMD of ∼1.5%/yr from the hip, but
peak BMD was maintained for measurements at the lum-
bar spine and total body. Finally, Aaron et al.(10) showed
that trabecular bone volume decreased linearly with age in
both sexes in iliac biopsy samples from cadavers of subjects
20–90 yr of age, but this study was limited by its cross-
sectional design and sampled a trabecular site not typically
associated with osteoporotic fractures. These results raise
the possibility of an earlier onset of trabecular bone loss
than was evident from DXA measurements.

It is important to resolve when bone loss begins because
current strategies for prevention of osteoporosis assume
negligible bone loss before midlife and because the docu-
mentation of early trabecular bone loss could elucidate a
new and important mechanism(s) in the causation of osteo-
porosis in both sexes. This resolution now is possible be-
cause cortical and trabecular volumetric BMD (vBMD) can
be assessed independently with QCT. In a recent cross-
sectional study using central and peripheral QCT at mul-
tiple scanning sites, we found that decreases in vBMD of
trabecular bone began in young adulthood in both women
and men, whereas decreases in vBMD of cortical bone did
not begin until middle life.(11) An early loss of trabecular
bone at the lumbar spine has also been suggested by other
cross-sectional studies using QCT.(12,13) However, rates of
bone loss estimated from cross-sectional studies may be
biased by secular changes in skeletal size and other con-
founders. Longitudinal studies of the central and peripheral
skeleton using QCT are therefore required to establish
whether young adults do, in fact, have substantial trabecu-
lar bone loss. We addressed this important issue by making
longitudinal measurements of trabecular vBMD at the lum-
bar spine (LS) and of trabecular and cortical vBMD at the
distal radius (DR) and distal tibia (DT) in a relatively large,
population-based sample of men and women.

MATERIALS AND METHODS

Study subjects

We studied an age-stratified, random sample (n � 700)
of the adult population of Rochester, MN, 21–97 yr of age,
as described previously.(11) This community is highly char-
acteristic of United States residents, except that minority
populations are underrepresented. The sample included
375 women and 325 men. Reflecting the ethnic composition
of the community, 96% of the men and 99% of the women
were white. Thirty-two percent of the men and 29% of the
women were obese (>30% of the ideal weight for their
height). Age-groups were defined at the time of the last
visit. QCT measurements were made at baseline and then
annually at the DR and DT and at baseline and again at 3
yr at the LS. Blood samples for hormone measurements

were obtained only at baseline. One hundred nineteen sub-
jects (114 women and 5 men) were excluded from this
analysis because they were being treated with drugs (estro-
gens, selective-estrogen receptor modulator [SERMs], or
bisphosphonates) known to affect rates of bone loss. After
these exclusions, there remained 553 unique subjects. Of
those, 552 (243 women and 309 men) had repeat measure-
ments at peripheral sites for at least 1 and up to 3 yr, and
474 subjects (214 women and 260 men) who had 3 yr of
follow-up including repeat spiral QCT measurements of the
LS at 3 yr.

Bone densitometry

The methods of central and peripheral QCT have been
previously described in detail.(11) All baseline LS CT mea-
surements were made with a four-channel multidetector-
row scanner (LightSpeed QX/i; General Electric Medical
Systems, Waukesha, WI, USA). Patients were positioned
over a quantitative CT calibration phantom (Mindways
Software, Austin, TX, USA) to allow accurate conversion
of measured CT numbers into BMD. We analyzed a single
slice obtained at the midportion of the L1, L2, and L3 ver-
tebrae. Slice width was 2.5 mm, and the in-plane voxel size
was 0.74 mm. The trabecular vBMD of the LS was mea-
sured in each slice across the entire vertebral body exclud-
ing the cortical rim. To validate our image processing algo-
rithm, we made 10 scans of the European spine phantom
(ESP; QRM, Möhrendorf, Germany), which is composed of
hydroxyapatite. The correlation between BMD results de-
termined by our algorithm and that of the ESP was r �
0.998.

During the study interval, a conversion was made from
the MindWays Model 2 Liquid Calibration Phantom to the
MindWays Model 3 Solid Calibration Phantom. Conver-
sion accuracy was confirmed using the ESP. For the 3-yr
repeat measurements, 65 subjects were restudied on the
original machine, whereas 409 subjects were crossed-over
to an eight-channel system (LightSpeed Ultra; General
Electric Medical Systems). The X-ray tube and filtration,
detector material and dimensions, and scanner geometry
were identical between these systems, and we maintained
the image width and acquisition mode for both systems.
Throughout the study period, the Mindways (Mindways
Software) quality assurance procedure was performed
regularly to maintain CT system calibration of both ma-
chines. The ESP was scanned daily for 10 days with the
Mindways Model 2 liquid calibration phantom in the QX/I
scanner and with the Mindways Model 3 solid calibration
phantom in the Ultra scanner. All scans were performed
using the table positioning and energy specifications of the
patient protocol, and all images analyzed using the patient
measurement program with the appropriate calibration al-
gorithm and historical quality assurance information for
each scanner and phantom. This analysis revealed a system-
atic difference between the responses of the two systems
that could be corrected by a linear transformation. This
correction was applied to all patient images collected on the
QX/i scanner. Statistical corrections for small differences in
machine characteristics, drifts over time, and uniformity of
CT numbers across the field of measurement were made
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based on monthly scans of quality assurance reference
phantoms. Both machines were maintained according to
manufacturer specifications, state and federal regulations,
and our more stringent in-house quality assurance require-
ments.

Peripheral QCT measurements were made using the
Densican 1000 instrument (Scanco, Bassersdorf, Switzer-
land). This method has been previously described in de-
tail.(11,14,15) From a digital image (scout view) of the lower
forearm or lower leg, the joint space is visualized and a
reference point is set electronically at the intersection of the
joint space with the radius–ulnar junction for the forearm
and the tibial–fibular junction for the distal leg. From this
line, an automated program selects a more distal and a
more proximal scanning site at both the distal radius and
distal tibia. For the DR, the trabecular site (the more distal
of the two scanning sites) and the cortical site (the more
proximal scanning site) were located 7–20 and 48–55.5 mm,
respectively, from the reference line in the joint space (see
Fig. 1 for the relationship of these scanning sites to skeletal
anatomy). For the DT, the more distal trabecular site was
located 20–33.5 mm and the more proximal cortical site was
located 63–70.5 mm from the reference line. Ten consecu-
tive slices were obtained at the trabecular sites and six con-
secutive slices at the cortical sites. For repeat measure-
ments, the manufacturer’s software program compared the
slices by shape and contour to the baseline scan to obtain
the closest possible match.(11,14,15) Trabecular vBMD were
obtained at the central 50% of bone at the trabecular sites.
Cortical vBMD was determined at the cortical sites, after
the cortex was identified by a surface detection program
and the outer 10% was excluded to avoid volume averaging
artifacts.

Biochemical analyses

Fasting serum samples were obtained at the time of the
baseline visit (and during the first 7 days of the menstrual
cycle for premenopausal women). Sex steroids were mea-

sured by liquid chromatography-tandem mass spectrometry
(LC-MS/MS, API 5000; Applied Biosystems-MDS Sciex,
Foster City, CA, USA). Testosterone (T) was prepared by
acetonitrile precipitation and high-throughput liquid chro-
matography (HTLC) extraction. This was followed by
analysis on the LC-MS/MS equipped with a heated nebu-
lizer ion source. For the 17�-estradiol (17�-E2) measure-
ments, an organic extraction of serum was performed using
methylene chloride to remove water-soluble conjugates and
concentrate the specimen. After derivatization with dansyl
chloride, the specimen was processed by high-pressure liq-
uid chromatography (HPLC) and passed into the LC-MS/
MS. Deuterated 17�-E2-d5, and d3-testosterone served as
internal standards. Values as low as 1 ng/dl for T and 1.25
pg/ml for E2 were detectable by this method. For T values
of 8, 4, 2, and 1 ng/dl, the respective CVs were 7.5%, 2.2%,
6.3%, and 28.8%. For E2 values of 10, 5, 2.5, and 1.25 pg/ml,
the respective CVs were 2.3%, 6.1%, 14.5%, and 13.4%.
The non–sex hormone-binding globulin, biologically active
(Bio) fraction was measured as previously described(16); in-
terassay CVs for each were each <12%. Follicle-stimulating
hormone (FSH) was measured using a sequential two-step
immunoenzymatic (sandwich) assay (Beckman Coulter,
Fullerton, CA, USA; interassay CV < 10%). Serum IGF-I
and IGF-II were measured by two-site radioimmunometric
assays after separation from its binding proteins with a
simple organic solvent extraction (Diagnostic Systems
Laboratories, Webster, TX, USA; interassay CV, 6%). Se-
rum IGF binding protein-3 (IGFBP-3) was also measured
by double antibody immunoassay (Diagnostic Systems
Laboratories; interassay CV, 16%). We did not obtain sex
steroid or serum FSH measurements on the 44 premeno-
pausal women who were receiving contraceptive hormones.
Bone turnover was assessed by serum aminoterminal pro-
peptide of type I collagen (P1NP), an index of bone forma-
tion, and by serum C-telopeptide of type I collagen (CTX),
an index of bone resorption. Serum PINP was measured by
RIA (DiaSorin, Stillwater, MN, USA) with an interassay
CV of <9%. Serum CTX was measured by a one-step
ELISA (interassay CV < 8%; Osteometer BioTech, Herlev,
Denmark).

Statistical analysis

The Wilcoxon signed-rank test was used to test whether
the rates of bone loss were different from zero, and the
Wilcoxon rank-sum test was used to compare the younger
and older age groups. The relationships between the rates
of change measurements and serum levels of reproductive
hormones and growth factors were studied using the Spear-
man correlation. A generalized additive model with a cubic
B-spline was used to explore the data in the figures. Those
segments of the sex-specific age regression with 95% CIs
that did not overlap with zero had significant rates of
change in vBMD.

RESULTS

For assessing the effect of aging on rates of change in
vBMD, these values are plotted against the age of the sub-
ject at the time of the last bone densitometry exam. Table
1 provides the rates of cortical and trabecular bone loss at

FIG. 1. Illustration of the location of the reference line in the
joint space and the trabecular and cortical scanning areas at the
distal radius. An analogous process was used for the distal tibia.
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the DR and DT and rates of trabecular bone loss at the LS
for in premenopausal and in postmenopausal women. Re-
sults are similar in women if plotted before and after age 50
(data not shown). Table 2 provides analogous information
for adult men before and after age 50 yr. Table 3 shows the
median and interquartile range for these rates of change by
decade in women and in men.

In premenopausal women, there was highly significant
trabecular bone loss at all three scanning sites. However,
the rate of loss was 4- to 6-fold higher at the LS than at the
peripheral sites. For postmenopausal women, rates of tra-
becular bone loss were similar to that of premenopausal
women at the peripheral scanning sites but were ∼60%
higher at LS. There was no significant cortical bone loss in
the premenopausal women at the DR or DT site. Cortical
bone loss was substantially higher in postmenopausal
women at both the DR and DT.

Men also had highly significant rates of trabecular bone
loss before age 50 yr. These rates of loss were similar to or
larger than those in men �50 yr at the peripheral scanning
sites, but at the LS, the rates of loss were >2-fold greater in
the older men. For cortical bone, men had low, but signifi-
cant, rates of bone loss before age 50. The cortical bone loss

increased 2- to 4-fold after age 50, and this increase began
in the fifth decade, especially at the DT. The amount of
trabecular bone loss before 50 yr of age (mean of the three
skeletal sites) accounted for ∼37% of lifetime bone loss in
women and for ∼42% of it in men. In contrast, the amount
of cortical bone lost before 50 yr of age represented only
6% in women and 15% in men.

The patterns of bone loss are shown in Figs. 2–4, in which
sex- and age-specific rates of change are plotted as smooth-
ing splines with 95% CIs. Figure 2 plots the age-specific
changes for cortical bone at the DR and DT scanning sites
in women (Fig. 2A) and in men (Fig. 2B). In postmeno-
pausal women, they are plotted as a function of years after
menopause, although the pattern was very similar when
plotted as a function of age (data not shown). In premeno-
pausal women, there was minimal cortical bone loss at ei-
ther the DR or DT scanning sites until the perimenopausal
interval as indicated by the inclusion of zero in the 95% CIs
over that range (Fig. 2A) and by the lack of significance
until the fifth decade in the decade-by-decade comparison
(Table 3). An exception was the moderate cortical bone
gain in the third decade at the DT scanning site. Statistically
significant bone loss occurred thereafter, with a relatively

TABLE 2. MEDIAN AND INTERQUARTILE RANGE (IQR) FOR RATES OF CHANGE OF CORTICAL AND TRABECULAR vBMD FOR MEN

FROM 21 TO 49 AND �50 YR OF AGE AT DIFFERENT SCANNING SITES

21–49 yr
(n = 108)

50+ yr
(n = 201)

Median %/yr (IQR) p Median %/yr (IQR) p

Distal radius
Trabecular −0.38 (−0.99, −0.09) <0.001 −0.38 (−0.81, −0.13) <0.001
Cortical −0.07 (−0.28, 0.09)* 0.001 −0.32 (−0.52, −0.11) <0.001

Distal tibia
Trabecular −0.40 (−1.09, −0.08)* <0.001 −0.17 (−0.39, 0.00) <0.001
Cortical −0.08 (−0.28, 0.09) <0.001 −0.15 (−0.40, 0.03) <0.001

Lumbar spine
N 86 174
Trabecular −0.84 (−1.96, 0.04)* <0.001 −1.85 (−3.34, −0.81) <0.001

See the Materials and Methods section for details of scanning sites. p values from signed rank tests are reported for difference from zero. Rank sum p
value (*p < 0.001) indicates that men <50 and �50 yr of age are significantly different.

TABLE 1. MEDIAN AND INTERQUARTILE RANGE (IQR) FOR RATES OF CHANGE OF CORTICAL AND TRABECULAR vBMD FOR WOMAN

DURING PREMENOPAUSE AND POSTMENOPAUSE AT DIFFERENT SCANNING SITES

Premenopausal women
(n = 103)

Postmenopausal women
(n = 141)

Median %/yr (IQR) p Median %/yr (IQR) p

Distal radius
Trabecular −0.40 (−0.98, −0.02) <0.001 −0.55 (−1.27, −0.23) <0.001
Cortical −0.04 (−0.21, 0.15)* 0.408 −0.48 (−0.89, −0.10) <0.001

Distal tibia
Trabecular −0.24 (−0.70, 0.12) <0.001 −0.24 (−0.95, 0.05) <0.001
Cortical 0.00 (−0.20, 0.18)* 0.891 −0.36 (−0.68, −0.06) <0.001

Lumbar spine
N 91 123
Trabecular −1.61 (−2.47, −0.69)* <0.001 −2.60 (−4.42, −1.55) <0.001

See the Materials and Methods section for details of scanning sites. p values from signed rank tests are reported for difference from zero. Rank sum p
value (*p < 0.001) indicates that values in premenopausal and postmenopausal women are significantly different.
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constant subsequent rate of loss. In young adult men, there
was a low, but significant, rate of cortical bone loss before
age. This loss continued at a relatively constant rate until
∼75 yr of age, after which the cortical bone loss underwent
a progressive acceleration (Fig. 2B; Table 3).

Figure 3 plots the corresponding changes for trabecular

vBMD with age and menopausal status at the DR, DT, and
LS in women, and Fig. 4 plots these changes in men. In
women, trabecular bone loss appeared to begin in the third
decade and was continuous over life, with an apparent ac-
celeration during the perimenopausal interval, especially at
the LS. Of interest, at the DR and DT, but not at the LS,

TABLE 3. MEDIAN (INTERQUARTILE RANGE) FOR RATES OF CHANGE (%/YR) AT VARIOUS SCANNING SITES BY DECADES AS A

FUNCTION OF AGE AND SEX

Age (yr) N

Distal radius Distal tibia

N
Lumbar spine
(trabecular)Trabecular Cortical Trabecular Cortical

Women
20–29 15 −1.01 (−2.43, −0.16)* 0.16 (−0.05, 0.55) −0.76 (−1.77, −0.05)† 0.25 (0.05, 0.45)* 9 −1.75 (−2.28, −1.42)†

30–39 33 −0.14 (−0.57, 0.15)† 0.06 (−0.13, 0.27) −0.52 (−1.01, 0.03)† −0.02 (−0.18, 0.21) 28 −1.16 (−2.46, −0.03)*
40–49 49 −0.34 (−0.65, 0.00)* −0.08 (−0.26, 0.06)* −0.08 (−0.41, 0.26) 0.02 (−0.20, 0.11) 49 −1.60 (−2.14, −1.03)*
50–59 46 −0.99 (−1.35, −0.45)* −0.42 (−0.80, −0.11)* −0.11 (−0.50, 0.16) −0.41 (−0.66, −0.09)* 43 −2.97 (−4.58, −2.00)*
60–69 34 −0.65 (−1.26, −0.40)* −0.58 (−1.15, −0.22)* −0.15 (−0.75, 0.13)† −0.31 (−0.71, −0.21)* 30 −2.50 (−3.44, −1.79)*
70–79 31 −0.37 (−0.81, −0.03)† −0.25 (−0.66, −0.01)* −0.30 (−0.71, −0.00)* −0.32 (−0.58, −0.12)* 30 −2.20 (−3.79, −1.17)*
80+ 35 −0.35 (−1.47, 0.15)† −0.57 (−1.59, −0.18)* −0.76 (−1.96, −0.08)* −0.50 (−1.38, −0.04)* 24 −2.64 (−3.98, −1.55)*

Men
20–29 8 0.18 (−0.23, 0.35) −0.09 (−0.37, 0.21) −0.02 (−0.26, 0.31) 0.04 (−0.14, 0.18) 6 −0.98 (−2.13,1.72)
30–39 50 −0.25 (−0.72, −0.05)* −0.03 (−0.12, 0.12) −0.68 (−1.48, −0.10)* −0.05 (−0.23, 0.10) 39 −0.79 (−1.96, 0.31)*
40–49 50 −0.46 (−1.27, −0.23)* −0.12 (−0.36, 0.01)* −0.34 (−0.82, −0.12)* −0.18 (−0.31, 0.02)* 41 −0.89 (−1.95, −0.43)*
50–59 55 −0.38 (−0.84, −0.30)* −0.22 (−0.40, −0.04)* −0.25 (−0.49, −0.03)* −0.17 (−0.39, −0.01)* 50 −1.72 (−2.82, −0.35)*
60–69 46 −0.47 (−0.92, 0.00)* −0.23 (−0.40, −0.07)* −0.22 (−0.39, 0.00)* −0.10 (−0.31, 0.07)* 42 −1.78 (−3.26, −0.75)*
70–79 51 −0.32 (−0.57, −0.04)* −0.26 (−0.53, −0.00)* −0.13 (−0.35, 0.03)* −0.03 (−0.24, 0.14) 47 −1.77 (−3.97, −1.03)*
80+ 49 −0.51 (−0.93, −0.19)* −0.59 (−0.98, −0.35)* −0.14 (−0.38, 0.00)* −0.39 (−0.86, −0.02)* 35 −2.46 (−5.35, −1.67)*

N, number of subjects in each sex- and age-specific decade.
For significance of difference from zero: *p < 0.005 and †p < 0.05.

FIG. 2. Age-specific changes in vBMD at
cortical scanning sites at DR and DT in (A)
women and (B) men. Data are shown with a
smoothing spline and the 95% CI. Premeno-
pausal women (solid lines) are plotted
against age in years, whereas postmeno-
pausal women (broken lines) are plotted
against years since menopause. Flaring of
confidence limits at beginning and end of re-
gression plots is a statistical artifact caused
by smaller numbers of subjects at these ages.
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the rate of trabecular bone loss was maximal in the third
decade and declined until midlife, when it again acceler-
ated. In elderly women, the trabecular bone loss waned at
the DR and DT, but not at the LS, where the rate of tra-

becular bone loss remained relatively constant until late in
life when there was a suggestion of acceleration. Before 50
yr of age, in men, but not in women, trabecular bone loss at
the DR and DT accelerated and then decelerated (spoon-

FIG. 3. Age-specific changes in vBMD at
trabecular scanning sites in women at the (A)
DR, (B) DT, and (C) LS. Data are shown
with a smoothing spline and the 95% CI. Pre-
menopausal women (solid lines) are plotted
against age in years, whereas postmeno-
pausal women (broken lines) are plotted
against years since menopause.

FIG. 4. Age-specific changes in vBMD at
trabecular scanning sites in men at the (A)
DR, (B) DT, and (C) LS. Data are shown
with a smoothing spline and the 95% CI.
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ing), with a maximal loss rate occurring around 35–40 yr of
age. After 50 yr of age in men, significant trabecular bone
loss continued at both sites but at a relatively low rate. In
contrast, the rate of trabecular bone loss in men at LS was
apparent in young adulthood, and the rate increased pro-
gressively over life, with a further acceleration after 70 yr of
age.

Table 4 gives the correlations (unadjusted and age-
adjusted) between rates of change in vBMD and serum
levels of biologically active sex steroids, FSH, IGF-I, IGF-
II, IGFBP-3, PINP, and CTX in premenopausal and post-
menopausal women. Table 5 gives analogous values for
adult men, before and after 50 yr of age. Positive correla-
tion coefficients indicate that higher rates of bone loss (i.e.,
more negative rate of change in vBMD) correspond with
lower values for the independent variable. Conversely,
negative correlation coefficients indicate that higher rates
of bone loss correspond with higher values for the indepen-
dent variable. Thus, in postmenopausal women, the corre-
lation coefficient for decreased Bio-E2 and increased bone
loss would have a positive sign and that for increased serum
levels of biomarkers for bone turnover and increased bone
loss would have a negative sign. For premenopausal
women, there were no significant correlations with sex ste-
roid levels, although serum FSH correlated negatively with
trabecular bone loss at the LS. However, there were posi-
tive correlations between serum IGF-I, IGFBP3, and the
IGF-I/IGFBP3 ratio and cortical bone loss at the DT and
with serum IGF-I and cortical bone loss at the DR. There
were also significant or near significant correlations of these
IGF-related indices and trabecular bone loss at the DT, but

interestingly, these were negative correlations. For post-
menopausal women, there were multiple significant corre-
lations of Bio-E, Bio-T, and FSH, with both cortical and
trabecular bone loss at all scanning sites. There was also a
negative correlation between biochemical markers for bone
turnover and rates of bone loss in the postmenopausal
women and a few such correlations in the premenopausal
women.

For men <50 yr of age, however, there were several posi-
tive correlations between biologically active sex steroids,
IGF-I and bone turnover markers, and rate of change in
cortical bone at the DT, but no correlations with rate of
change in trabecular bone at this site. Other than this, there
was only one low level correlation that reached significance
in the young adult men. In the men who were �50 yr of age,
there were significant positive correlations between biologi-
cally active sex steroids and cortical bone loss at DR and
with trabecular bone loss at LS. Bone turnover markers
correlated negatively with cortical and trabecular bone loss
at DR and with trabecular loss at DT. Other significant
correlations were a negative one between FSH and cortical
bone loss at DR and a positive one between IGF-II and
trabecular bone loss at LS. For both sexes, most correla-
tions of variables with skeletal rates of change remained
significant after adjusting for age.

DISCUSSION

The prospective design of our study and the high preci-
sion of the instrumentation used in it have allowed us to
establish the age of onset and relative rates of cortical and

TABLE 4. SPEARMAN CORRELATIONS (UNADJUSTED/AGE–ADJUSTED) IN WOMEN BETWEEN RATES OF CHANGE OF CORTICAL AND

TRABECULAR vBMD (%/YR) AT SELECTED SCANNING SITES AND SERUM LEVELS OF HORMONES AND BONE TURNOVER MARKERS

Women N

Site

Distal radius Distal tibia
Lumbar spine
(trabecular)Trabecular Cortical Trabecular Cortical

PreM Bio-E2* 59 0.07/0.13 −0.04/−0.01 0.06/0.02 −0.04/0.06 0.14/0.13
Bio-T 102 0.16/0.16 −0.04/−0.02 0.13/0.13 0.07/0.08 0.18/0.18
FSH* 59 −0.24/−0.14 −0.11/−0.04 0.06/−0.05 −0.25/−0.04 −0.31†/−0.22
IGF-I 102 −0.14/−0.18 0.21†/0.01 −0.23†/−0.06 0.32‡/0.13 0.19/0.09
IGFBP-3 102 −0.07/−0.08 0.18/0.04 −0.19/−0.07 0.28‡/0.13 0.09/−0.01
IGF-I/IGFBP-3 ratio 102 −0.14/−0.17 0.17/−0.01 −0.21†/−0.06 0.25†/0.07 0.16/0.07
IGF-II 102 0.06/0.06 −0.02/−0.05 0.06/0.09 0.05/0.02 0.08/0.03
CTX (ng/ml) 103 −0.20†/−0.21† 0.07/−0.05 −0.07/0.04 0.16/0.05 −0.06/−0.12
P1NP (�g/liter) 103 −0.16/−0.17 0.08/−0.01 −0.09/−0.01 0.20†/0.11 0.03/−0.00

PostM Bio-E2 137 0.24‡/0.36§ 0.20†/0.21† 0.45§/0.36§ 0.29§/0.28‡ 0.03/0.09
Bio-T 139 0.14/0.18† 0.14/0.13 0.36§/0.32§ 0.16/0.15 0.11/0.12
FSH 133 −0.25‡/−0.31§ −0.24‡/−0.23‡ −0.20†/−0.15 −0.15/−0.14 −0.21†/−0.23†

IGF-I 141 −0.16/−0.11 0.10/0.09 0.18†/0.11 0.08/0.06 −0.15/−0.13
IGFBP-3 141 −0.12/−0.09 0.05/0.04 0.20†/0.15 0.15/0.14 −0.14/−0.13
IGF-I/IGFBP-3 ratio 141 −0.12/−0.08 0.10/0.09 0.10/0.04 0.04/0.02 −0.14/−0.12
IGF-II 141 −0.06/−0.04 −0.06/−0.06 0.09/0.06 −0.04/−0.05 −0.19†/−0.18
CTX (ng/ml) 141 −0.26‡/−0.27‡ −0.20†/−0.20† −0.24‡/−0.25‡ −0.07/−0.07 −0.08/−0.08
P1NP (�g/liter) 141 −0.34§/−0.31§ −0.08/−0.09 −0.13/−0.21† −0.01/−0.03 0.00/0.03

N, number of subjects with data for each serum level of reproductive hormones or other variables.
Women in the sample are divided by menopausal status: PreM, premenopausal; PostM, postmenopausal.
* Premenopausal women on contraceptive hormones did not have Bio-E2 or FSH measured.
For significance of correlation: †p < 0.05; ‡p < 0.01; and §p < 0.001.
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trabecular bone loss in adult women and men with consid-
erable reliability. In women, we found that substantial cor-
tical bone loss did not begin until midlife in association with
menopause, consistent with current belief on the key role of
estrogen deficiency.(3) Our finding of significant correla-
tions between cortical bone loss and serum levels of bio-
logically active sex steroids in aging women suggests that
sex steroid deficiency plays an important role in cortical
bone loss well into the latter decades of life, again consis-
tent with current belief.(17,18)

The pattern of bone loss in men differed from that in
women. A small amount of cortical bone loss began in
young adulthood and continued at a relatively constant rate
until accelerating late in life. Several population-based stud-
ies using DXA have showed that the decrease of BMD in
elderly men is associated with decreases in sex steroids,
especially Bio-E,(16,19,20) and Khosla et al.(21,22) further
showed that more and more elderly men in the seventh and
eighth decade will have in serum Bio-E2 levels that fall
below the threshold that accelerates bone loss. This is con-
sistent with our finding of an acceleration of cortical bone
loss around 75 yr of age and of significant correlations with
serum Bio-E and Bio-T levels at the DR, although not at
the DT in older men. In the young adult men, the inverse
correlations between cortical bone loss at the DT with sex
steroids and with IGF-I are anomalous and could be related
to remodeling at this weight-bearing site.

The most important finding in our study was the demon-
stration that trabecular bone loss begins in young adulthood
in both sexes and continues unabated throughout life. In
women, the apparent attenuation of trabecular bone loss at
the DR scanning site late in life may be caused by depletion

of trabecular bone there. In premenopausal women, tra-
becular bone loss was most rapid in the third decade at the
DR and DT, but not at the LS, scanning sites. The reason
for this pattern is unclear, although it could be related a
redistribution of trabecular bone as part of the completion
of pubertal growth pattern at the end of the long bones. The
acceleration of trabecular bone loss at all three scanning
sites in the perimenopause is consistent with the well-
accepted causal role of estrogen deficiency in inducing tra-
becular bone loss.(23)

Young adult men also underwent early trabecular bone
loss, beginning at least as early as the fourth decade. Of
interest, there was an acceleration of the trabecular bone
loss at the LS around 65 yr of age, when serum levels of
bioavailable sex steroid levels in this cohort begin to de-
crease.(22) We also observed a “spooning” pattern of tran-
sient acceleration of trabecular bone loss in young adult
men at the DR and DT sites. This finding is consistent with
the previous observation by Khosla et al.,(24) who used
high-resolution peripheral QCT (HR-pQCT) to show
changes in trabecular microarchitecture in young adult men
but not women. These investigators further suggested that
thick trabeculae were being converted into more numerous
thin trabeculae and found that this process was associated
with declining serum IGF-I levels.

The significant correlations between Bio-E and Bio-T
and the rates of trabecular bone loss in the postmenopausal
women are consistent with previous studies showing a
causal role for sex steroid deficiency.(23) The failure to show
these correlations in elderly men was probably the result of
their lesser degree of sex steroid deficiency. In the post-
menopausal women, serum FSH correlated inversely with

TABLE 5. SPEARMAN CORRELATIONS (UNADJUSTED/AGE–ADJUSTED) IN MEN BETWEEN RATES OF CHANGE OF CORTICAL (CORT)
AND TRABECULAR (TRAB) vBMD (%/YR) AT SELECTED SCANNING SITES AND SERUM LEVELS OF HORMONES AND BONE

TURNOVER MARKERS

Men N

Site

Distal radius Distal tibia
Lumbar spine
(trabecular)Trabecular Cortical Trabecular Cortical

20–49 yr Bio-E2 108 0.14/0.06 0.17/0.11 0.09/0.10 0.34*/0.32* 0.04/0.01
Bio-T 108 0.04/–0.09 0.07/–0.03 0.00/0.01 0.39*/0.37* 0.05/0.02
FSH 108 –0.07/0.02 –0.08/–0.01 –0.06/–0.07 –0.03/0.00 –0.07/–0.05
IGF-I 108 0.11/0.04 0.11/0.06 –0.05/–0.04 0.24†/0.22† –0.13/–0.15
IGFBP-3 108 0.21†/0.14 0.07/0.00 0.05/0.05 0.17/0.14 0.05/0.03
IGF-I/IGFBP-3 ratio 108 0.01/–0.02 0.08/0.07 –0.08/–0.08 0.18/0.17 –0.17/–0.17
IGF-II 108 –0.13/–0.16 –0.02/–0.03 –0.07/–0.06 0.14/0.13 0.02/0.02
CTX (ng/ml) 108 –0.01/–0.06 –0.00/–0.04 –0.13/–0.13 0.19†/0.17 –0.06/–0.08
P1NP (�g/liter) 108 0.11/0.04 –0.04/–0.10 –0.04/–0.04 0.33*/0.31‡ 0.11/0.09

50+ yr Bio-E2 199 –0.01/0.00 0.23‡/0.10 0.05/0.11 0.06/0.03 0.28*/0.19†

Bio-T 199 –0.08/–0.09 0.33*/0.19‡ –0.11/–0.05 0.10/0.07 0.15/–0.00
FSH 199 –0.01/–0.02 –0.21‡/–0.11 –0.07–0.11 –0.07/–0.05 –0.13/–0.04
IGF-I 201 –0.06/–0.06 0.11/–0.02 –0.10/–0.06 –0.05/–0.08 0.11/0.01
IGFBP-3 201 –0.07/–0.08 0.15†/0.02 –0.02/0.03 0.02/–0.02 0.13/0.02
IGF-I/IGFBP-3 ratio 201 –0.04/–0.04 0.04/–0.04 –0.13/–0.11 –0.08/–0.10 0.01/–0.05
IGF-II 201 –0.03/–0.03 0.02/–0.06 –0.04/–0.01 –0.05/–0.07 0.21‡/0.16†

CTX (ng/ml) 201 –0.19‡/–0.19‡ –0.14†/–0.16† –0.16†/–0.15† –0.12/–0.12 –0.10/–0.12
P1NP (�g/liter) 200 –0.16†/–0.16† –0.14/–0.20‡ –0.11/–0.10 –0.08/–0.10 –0.09/–0.13

N, number of subjects with data for each serum level of reproductive hormones or other variables.
For significance of correlation: * p < 0.001; † p < 0.05; and ‡ p < 0.01.
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rates of trabecular bone loss at all three scanning sites and
with cortical bone loss at DR. In a 4-yr longitudinal trans-
menopausal study, serum FSH correlated inversely with the
LS and hip BMD as assessed by DXA.(25) Moreover, recent
studies in rodents suggest that FSH may directly increase
osteoclastic activity and bone loss independently of estro-
gen deficiency,(26) although this was not confirmed in an-
other study.(27) Thus, whether the correlations between se-
rum FSH and bone loss that we have observed reflect only
the integral effects of decreased serum sex steroids, a direct
role of serum FSH in the causation of the bone loss, or both,
requires further study.

Whereas sex steroid deficiency is strongly implicated in
the causation of cortical and trabecular bone loss in older
women and men, the mechanism(s) responsible for the tra-
becular bone loss in young adult women and men is unclear.
It is not caused by sex steroid deficiency such as occurs in
postmenopausal bone loss and in some aging men because
Bio-E2 and Bio-T remained at “normal” values until
midlife as assessed by the highly accurate method of liquid
chromatography-tandem mass spectrometry and failed to
correlate with the trabecular bone loss.

A potential causal factor is a decrease in one or more of
the components of the IGF-regulatory system. During pu-
berty in both sexes, the IGF regulatory system and sex
steroids act coordinately to facilitate attainment of peak
bone mass, and in young adults, they act tonically to main-
tain bone mass.(3,28,29) In this study, we found that between
the ages of 20 and 50 yr, serum IGF-I decreased by 56% in
women and by 24% in men, whereas serum IGFBP3, a
surrogate for integral growth hormone (GH) secretion,(30)

decreased by 10% in women and by 15% in men. Serum
levels of IGF-II, another component of the IGF regulatory
system, did not change significantly during young adult-
hood. Moreover, we found several significant correlations
between the rate of skeletal changes at the DT and the
circulating components of the IGF regulatory system in the
premenopausal women. Interestingly, however, the corre-
lation coefficients were positive for changes in cortical bone
but were negative for changes in trabecular bone. This may
relate to the rate of trabecular bone loss being highest in the
third decade in the premenopausal women and decreasing
progressively until the perimenopause. There was also a
trend for similar findings at the DR, although only the cor-
relation between IGF-I and changes in cortical bone was
significant. In young adult men, the only significant corre-
lations were positive ones between cortical bone changes at
DT and serum IGF-I and between trabecular bone changes
at DR and IGFBP-3. Although the coefficients for all of
these correlations ranged only between 0.21 and 0.32, this
may reflect the technical difficulties in assessing true rates
of change in vBMD and the 24-h integrated levels of the
hormones. Finally, we cannot exclude the possibility that
decreases in paracrine production of IGF-I or IGF-II by
osteoblasts(30–33) could play a contributing role in the early
trabecular bone loss.

Our study has several limitations. First, the measurement
of rates of loss at the LS is less reliable than those at the
peripheral measurement sites. This was because of the
poorer precision of central CT measurements, to having

only baseline and 3-yr rather than annual measurements,
and to the necessity of crossing-over the majority of sub-
jects in the cohort to a second CT scanner for the 3-yr scans.
In contrast, the peripheral QCT measurements were highly
precise and were made annually on a single instrument.
Thus, because the early trabecular bone loss in the young
women and men was clearly detectable at both of the pe-
ripheral scanning sites, rather than just at the LS scanning
site, this does not seem to be a scanning artifact. Second,
single energy QCT is affected by changes in the ratio of red
to yellow marrow.(34) However, it seems unlikely that there
would be significant change in marrow content over a 3-yr
time interval. Moreover, this would not be an issue for the
DR and DT measurement sites because bone marrow is
yellow there from young adulthood onward,(35) and these
sites clearly showed early trabecular bone loss. Finally, al-
though we used state-of-the-art measurements including
liquid chromatography-tandem mass spectrometry mass
spectrometry for sex steroid measurements, serum hor-
mone levels are subject to wide physiological changes and
can be affected by multiple variables. Thus, we found the
correlation coefficients with circulating hormones to be
relatively low, even for sex steroids and bone loss in the
postmenopausal women.

In summary, the preservation of cortical bone until
midlife in women and until even later in men is consistent
with current paradigms on the role of sex steroid deficiency
and perhaps of other age-related factors in causing age-
related bone loss. However, our longitudinal, population-
based studies provide strong evidence for substantial tra-
becular bone loss in both sexes during young adult life. This
early bone loss accounts for between one third and one half
of total trabecular bone loss over life in both sexes. Indeed,
if the process responsible for the bone loss in young adults
continues beyond midlife, which seems possible, it would
account for even larger proportions. Either way, it undoubt-
edly makes a major contribution to the pathogenesis of
fragility fractures in elderly women and men. Moreover, the
onset of trabecular bone loss soon after the completion of
pubertal growth in both sexes highlights a major gap in the
current conceptual framework for the pathogenesis of age-
related osteoporosis. Identifying the endogenous or exog-
enous factors that may accelerate or ameliorate this seem-
ingly inexorable loss of trabecular bone in young adulthood
could lead to the development of prevention measures in
young adults that result in reduced occurrence of fragility
fractures late in life.
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