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Abstract

In a population-based cross-sectional study, we examined effects of sex and age on bone
microstructure at the wrist using high-resolution 3-D pQCT. Compared with women, men had thicker
trabeculae in young adulthood and had less microstructural damage with aging. These findings may
contribute to the virtual immunity of men to age-related increases in wrist fractures.

Introduction— Although changes in bone microstructure contribute to fracture risk independently
of BMD, it has not heretofore been possible to assess this noninvasively in population-based studies.

Materials and Methods—We used high-resolution 3-D pQCT imaging (voxel size, 89 um) to
define, in a random sample of women (n = 324) and men (n = 278) 21-97 years of age, sex and age
effects on bone microstructure at the wrist.

Results— Relative to young women (age, 20-29 years), young men had greater trabecular bone
volumef/tissue volume (BV/TV; by 26%, p = 0.001) and trabecular thickness (TbTh; by 28%, p <
0.001) but similar values for trabecular number (TbN) and trabecular separation (ThSp). Between
ages 20 and 90 years, cross-sectional decreases in BV/TV were similar in women (—27%) and in men
(—26%), but whereas women had significant decreases in ToN (—13%) and increases in TbSp (+24%),
these parameters had little net change over life in men (+7% and —2% for TbN and ThSp, respectively;
p <0.001 versus women). However, ThTh decreased to a greater extent in men (—24%) than in women
(—18%; p = 0.010 versus men).

Conclusions— Whereas decreases with age in trabecular BV/TV are similar in men and women,
the structural basis for the decrease in trabecular volume is quite different between the sexes. Thus,
over life, women undergo loss of trabeculae with an increase in ThSp, whereas men begin young

adult life with thicker trabeculae and primarily sustain trabecular thinning with no net change in TbN
or ThSp. Because decreases in TbN have been shown to have a much greater impact on bone strength
compared with decreases in ThTh, these findings may help explain the lower life-long risk of fractures
in men, and specifically, their virtual immunity to age-related increases in distal forearm fractures.
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INTRODUCTION

Whereas area BMD (aBMD) using DXA has been extremely useful for defining sex and age
effects on bone mass and as a clinical tool for the prediction of fracture risk,(1) an inherent
limitation of DXA is its inability to separate trabecular from cortical bone or to assess bone
microstructure. Both central and peripheral QCT have been used in population studies to assess
sex and age effects on trabecular and cortical bone,(2) but the limited resolution of standard
peripheral (pixel size ~ 350 um) or central (pixel size ~ 750 ym) CT instruments does not
permit an evaluation of trabecular microstructure. Because changes in trabecular structure may
impact bone strength independently of bone mass,(3) there is increasing clinical interest in
assessing bone microstructure, with the ultimate goal of improving the prediction of fracture
risk. However, until recently, this had only been possible using the invasive technique of bone
biopsy followed by relatively tedious bone histomorphometric(4-6) or ex vivo uCT(7)
analyses, which are not amenable for application either in population studies or for routine
clinical use. The recent development(8) and validation(9-11) of high resolution 3-D pQCT
instrumentation with a pixel size of <200 um, and more recently <100 um, has paved the way
for evaluating trabecular microstructure noninvasively, at least at the wrist. Thus, in this study,
we used 3-D pQCT imaging to define, in a relatively large (n = 602) population-based sample
of women and men spanning a broad age range (21-97 years), sex and age effects on bone
microstructure at the wrist. Our findings both provide novel insights into sex differences in
alterations in trabecular structure with aging and establish the use of this technology in
population studies.

MATERIALS AND METHODS

Study subjects

We recruited subjects from an age-stratified, random sample of Rochester, MN, residents who
were selected using the medical records linkage of the Rochester Epidemiology Project.(12)
This population is highly characteristic of the United States white population, but blacks and
Asians are under-represented. The sample spanned ages from 21 to 97 years and included 324
women and 278 men. Reflecting the ethnic composition of the community, 98% of the subjects
were white. There were 110 premenopausal women and 214 postmenopausal women,; of the
postmenopausal women, 76 were on estrogen therapy, 4 were on bisphosphonates, and 2 were
on a selective estrogen receptor modulator. Of the 278 men, 2 were on bisphosphonates, 1 was
on a selective estrogen receptor modulator, and 1 was on testosterone therapy.

3-D pQCT analysis

The nondominant wrist (or in the case of a prior wrist fracture, the nonfractured wrist) was
scanned using a high-resolution 3-D pQCT device (a prototype of the Xtreme CT; Scanco
Medical AG, Bassersdorf, Switzerland). The in vivo measurement protocol included the
acquisition of a 3-D stack of 116 high-resolution CT slices at the distal end of the radius, as
indicated in Fig. 1A, using an effective energy of 40 keV, slice thickness of 89 um, field of
view of 90 mm, image matrix of 1024 x 1024 pixels, and pixel size of 89 um. Figure 1B shows
representative cross-sectional images, with a 3-D representation shown in Fig. 1C.

The processing and analysis of the images has been extensively described and validated(9-
11,13) and is summarized briefly here. The first step involves the determination of trabecular
volumetric BMD (vBMD, mg/cm?3) as the average mineral density within the trabecular region.
From this, the trabecular bone volume/tissue volume (BV/TV) is derived, assuming a mineral
density of fully mineralized bone of 1.2 g hydroxyapatite/cm3. Recognizing that individual
trabeculae will not be resolved at their correct thickness because of partial volume effects, a
thickness-independent structure extraction is used to assess trabecular microarchitecture. To
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this end, the 3-D ridges (the center points of the trabeculae) are detected in the gray-level images
as described in detail in Laib et al.(9) Trabecular number (TbN, 1/mm) is taken as the inverse
of the mean spacing of the ridges.(10) Combining TbN and BV/TV, trabecular thickness (TbTh,
mm) is then derived as (BV/TV)/TbN, and trabecular separation (TbSp, mm) is derived as (1
- BV/TV)/TbN, as is done in standard histomorphometry.(14) The validity of this approach
has been rigorously tested by comparing the 3-D pQCT methodology with 28-um resolution
pCT.(11) In this comparison, the correlation coefficients between the 3-D pQCT values for
BV/TV, TbN, TbTh, and ThSp and the respective measures using uCT (n = 15 specimens)
were 0.99, 0.96, 0.97, and 0.98, respectively (all p < 0.0001). Note that the older 3-D pQCT
device used in that analysis had a voxel size of 165 um (compared with the newer scanner used
in this study, which has a voxel size of 89 um), so the results represent a conservative bias.
The key point here, and the major reason this methodology can be used to obtain the types of
correlations with pCT noted above, is that the resolution here has to be sufficient to adequately
resolve the distance between the trabecular ridges (1/TbN, or ~300-500 um), and not
necessarily to resolve individual trabeculae (~100 um or less). In addition to the trabecular
parameters, cortical measures, including cortical vBMD (mg/cm3), bone area (BA, mm?2),
endocortical area (EnA, mm2), and cortical thickness (CTh, mm) are also obtained.(10) To
assess the short-term precision of the measurements, 20 volunteers (age, 19-40 years) were
scanned twice on the same day after repositioning, and the following CVs were observed for
the various parameters: cortical vBMD, 1.3%; CTh, 5.1%; BV/TV, 1.2%; TbN, 2.2%; ThTh,
1.8%; ThSp, 3.4%.

Statistical analyses

RESULTS

All results were analyzed with and without the inclusion of the 78 postmenopausal women
who were receiving estrogen or a selective estrogen receptor modulator and the 6 subjects who
were receiving bisphosphonate therapy. Because analysis with and without the inclusion of
these subjects gave similar results, all were included. The relationships between the 3-D pQCT
output parameters and age were studied using Pearson correlation and least squares regression,
where age was modeled using natural splines. Each model was compared with a linear
relationship, and the simplest model was used for analysis. Changes in variables between ages
20 and 90 years were based on predicted values from these models. Differences in changes
over life between men and women were tested using an age-sex interaction term in a regression
model. Variables in Table 2 were examined using a split point model where the slope was
allowed to differ before and after age 50. An adjustment for the effect of differences in bone
size on bone area was made by dividing the original values by height. The need for this
adjustment was determined by a significant correlation of a given variable with height among
subjects 20-39 years of age. The Student’s t-test was used to compare the mean values for
young women (age, 20-29 years) versus young men. The S-plus function lowess,(15)
essentially a type of moving average, was used to explore the data in Fig. 2.

Table 1 describes the age- and sex-specific changes over life for the 3-D pQCT measurements
in the trabecular and cortical compartments of the distal forearm. Where appropriate (see the
Materials and Methods section), both the unadjusted values and those divided by height are
provided. Table 1 provides means and SD for the absolute values for variables in women (n
=17) and men (n =19) 20-29 years of age. It also provides the absolute (in units of the variable)
and relative (percentage) changes with age between 20 and 90 years as well as the significance
of the age regression and of the differences between women and men.

As is evident, relative to young women, young men had higher values for BV/TV (by 26%;
p=0.001), TbTh (by 28%; p < 0.001), BA (by 51%; p < 0.001), and EnA (by 57%; p < 0.001),
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but similar values for TbN, TbS, and CTh. Dividing by height still resulted in higher values
for BA/ht (by 37%; p < 0.001) and EnA/ht (by 42%; p < 0.001) in the young men. Cortical
vBMD was slightly, but significantly, higher in the young women (by 5%; p = 0.005).

Table 1 also shows that, over life, changes in BV/TV were similar in women and in men.
However, whereas TbN declined (by 13%) and ThSp increased (by 24%) in the women, both
parameters remained unchanged in the men when considering values between ages 20 and 90
years. In contrast, ThTh decreased to a greater extent in men compared with women (-24%
versus —18%, respectively; p = 0.010). BA increased similarly in men and women (by 11%),
but EnA increased to a somewhat greater extent in women (by 27% versus 19%; p = 0.713),
whereas neither of these changes were different in women versus men; CTh (which represents
the net difference between increases in BA and EnA) decreased to a greater extent in women
compared with men (by 52% versus 38%; p = 0.001), as did cortical vBMD (by 22% versus
16%; p < 0.001).

We also examined in more detail the age- and sex-specific changes in the trabecular bone
microstructural variables. As shown in Fig. 2A and Table 2, trabecular BV/TV, while higher
in men compared with women at every age, declined similarly in both sexes. However, the
pattern of change in TbN was quite different in women and men. Thus, in men, TbN increased
by 13.6% between ages 20 and 49 years, whereas it remained stable in women at these ages
(—1.5%; Fig. 2B; Table 2). In contrast, ToTh decreased more than twice as much in men
between ages 20 and 49 years compared with age-matched women (—25.9% versus —11.5%,
respectively; p = 0.002), as shown in Fig. 2C and Table 2. This increase in TbhN and decrease
in ThTh was associated with a significant decrease in ThSp in men between ages 20 and 49
years (—8.2%), whereas ThSp remained relatively stable in comparable aged women (4.1%;
Fig. 2D; Table 2). In contrast to these differential changes in trabecular microstructure in
women versus men between ages 20 and 49 years, these parameters changed very similarly in
women and men between ages 50 and 90 years (Fig. 2; Table 2).

The above data suggested that, between ages 20 and 49 years, men may be converting thick
trabeculae into more numerous, thinner trabeculae (resulting in the observed increase in TbN
and decrease in ThTh over that age range). To visually assess this, we examined a number of
3-D reconstructions of scans from young versus middle-aged men and women, and Fig. 3
provides representative examples of these reconstructions. As indicated by the arrow in the
scan from the 24-year-old man in Fig. 3, young men tended to have significant areas of apparent
plate-like structures that were largely absent in young women or in middle-aged men or women.
Figure 3 also shows representative reconstructions of scans from elderly men and women,
showing the clear trabecular microarchitectural deterioration in the elderly woman, with less
dramatic changes in the elderly man.

Table 2 also shows that, in contrast to BV/TV, CTh and cortical vBMD did not change
significantly in women or in men between ages 20 and 49 years, and both decreased markedly
in both sexes after age 50 years, with greater decreases in women compared with men.

Finally, we also examined whether we could detect an acceleration of changes in trabecular
microstructure in women associated specifically with the menopause. However, in this cross-
sectional analysis, replotting the data in Fig. 2 based on years since menopause did not provide
any clear evidence of a menopause effect beyond the overall age-related changes already shown
in the figure (data not shown).

DISCUSSION

To our knowledge, this study represents the first application of noninvasive, high-resolution
in vivo imaging to define, in a population-based sample, sex and age effects on bone
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microstructure. We found that, compared with young women, young men began adult life with
indices of trabecular structure that predict stronger bones and a greater resistance to fracture.
(3) Moreover, whereas BV/TV declined similarly in men and women over life, the
microstructural basis for the decrease in trabecular volume differed between the sexes. Thus,
in women, there appeared to be loss of trabeculae (resulting in the observed decrease in TbN
and increase ThSp), whereas in men, the primary mechanism for the decrease in BV/TV was
trabecular thinning. This, in turn, is likely to have a significant impact on age-related changes
in bone strength, because based on finite element modeling, reductions in TbN have a 2- to 5-
fold greater impact on bone strength compared with reductions in TbTh that result in similar
decreases in bone volume.(16)

Even though we assessed trabecular microstructure noninvasively at the ultradistal radius, our
results in women are consistent with the seminal findings of Parfitt and colleagues(4,6) on
changes in bone histomorphometric indices in transiliac biopsies from pre- versus
postmenopausal women. Thus, similar to our data, these investigators showed that, compared
with premenopausal women, postmenopausal women had significant reductions in BV/TV,
and this was associated primarily with reductions in ToN and increases in ThSp. This has
formed the basis of the plausible hypothesis that menopause-associated increases in
osteoclastic activity lead to losses of entire trabeculae, converting the continuous trabecular
network characteristic of young women into the discontinuous network found in older women.
(4,17) Whereas we were able to show similar changes in women over life at the radius using
high-resolution 3-D pQCT, our cross-sectional study examined a broad age range, and we could
not specifically resolve an effect of menopause on this process. It is likely that longitudinal
analyses, which we are currently performing, will be necessary to directly show an effect of
menopause on changes in trabecular structure in women. It should be noted that a relatively
small study (n = 10 subjects) using uCT analysis of paired iliac crest biopsies from women
going through menopausal transition(18) found relatively greater decreases in ThTh (—3.5%)
than in TbN (=1.6%). In contrast, a second uCT study involving pCT analysis of iliac crest
biopsies from early postmenopausal women in the placebo arm of a bisphosphonate trial (n =
12)(19) found fairly comparable decreases in TbTh (—=12%) and in ToN (-=14%). Thus, some
of the uCT findings are discordant with the bone histomorphometry data,(4,6) highlighting the
need for further longitudinal studies of changes in trabecular structure in women across the
menopausal transition.

Our findings in men are also consistent with a previous study by Aaron et al.(5) using cadaveric
transiliac bone biopsies. These investigators found, as we did, parallel decreases in BV/TV
with age in men and women, and similar to our data, that study also found a significant decrease
in TbN over life in women but not in men. Moreover, consistent with our findings at the wrist,
ThTh at the iliac crest was higher in young men compared with age-matched women, but
decreased more over life in men compared with women.(5) The concordance of our findings
at the radius using 3-D pQCT with the previous work using bone histomorphometry at the iliac
crest does suggest that the pattern of changes we observed at the radius in trabecular and in
cortical bone may be generalizable to other skeletal sites, although further studies are clearly
needed to address this issue definitively.

Whereas our findings using high-resolution pQCT at the radius are generally consistent with
previous work using bone histomorphometry at the iliac crest, perhaps the most novel aspect
of our data is the previously unrecognized increase in TbN and a decrease in ThSp in men
between the ages of 20 and 49 years, which appeared to offset subsequent age-related decreases
in TbN and increases in TbSp. In addition, between ages 20 and 49 years, ThTh also decreased
markedly in men (more than twice as much as in women), and this was the principal reason
for the greater overall decrease in TbTh over life in men compared with women. The most
plausible explanation for these findings is that young adult men have thicker trabeculae than
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those present in young women, and that between ages 20 and 49 years, these thick trabeculae
are converted into more numerous, thinner trabeculae, resulting in the observed marked
decrease in ThTh, increase in TbN, and decrease in TbSp over that age range. Why this occurs
in the men and not in the women, as well as the possible biomechanical or hormonal factors
driving these changes, is unclear at this point.

In addition to better trabecular microstructure, men also have the obvious biomechanical
advantage of larger bones (higher BA) and smaller age-related decreases in CTh. The latter is
caused principally by somewhat smaller increases in EnA in men compared with women. Thus,
because of the combined advantages in bone structure and size at the wrist in young adulthood,
as well as less microstructural damage (in particular, preservation of ToN and ThSp) with
aging, elderly men have better overall indices of trabecular and cortical bone than elderly
women. This is reflected clinically in the virtual absence of an age-related rise in distal forearm
(Colles”) fractures in men compared with the marked increase in these fractures in older
women.(20)

The relatively continuous decrease in BV/TV over life in men and in women, which seems to
begin in young adulthood, is similar to our recent findings on cross-sectional age-related
changes in trabecular vBMD using lower-resolution central and pQCT.(2) Thus, we reported
there that decreases in trabecular vBMD at multiple sites also began in young adulthood in
both men and women,(2) and we have now confirmed these cross-sectional findings with
longitudinal data on changes in trabecular vBMD at the wrist using pQCT.(21) The findings
from this study and our previous work(2,21) are consistent with the study of Meier et al.,(22)
who also found substantial decreases in vertebral trabecular vBMD not only in older men, but
also in young men <50 years of age. In addition, Yu et al.(23) also showed significant decreases
in vertebral trabecular vBMD in young and elderly women and men. Using peripheral and
central QCT, Ito and colleagues(24,25) found that trabecular bone loss clearly increased during
the menopausal years, with values in late (>5 years) postmenopausal women returning to levels
close to those present in premenopausal women at most sites. In contrast to these findings in
trabecular bone, CTh and vBMD in this study and cortical vBMD at multiple sites in our
previous cross-sectional(2) and more recent longitudinal(21) studies remained relatively
constant in men and in women until age 50 years, and all decreased subsequently with age.

It is likely that decreases in CTh and vBMD after age 50 years are driven largely by the
menopause in women and, at least in part, by the age-related decrease in bioavailable sex
steroids that begins in men around 50 years of age.(26) However, the cause(s) of the continuous
decrease in trabecular BV/TV and vBMD even in young adult life remain unclear. These
individuals, by definition, have “normal” sex steroid levels. We have previously suggested that
cortical bone may be much more sensitive to estrogen than trabecular bone (i.e., that the
“threshold” for estrogen deficiency in cortical bone is considerably lower than the threshold
in trabecular bone),(27,28) and the present findings would be consistent with that notion. Thus,
in the context of that hypothesis, estrogen would be able to prevent bone loss in cortical bone
until midlife in women and in men, but the decline in bioavailable estrogen levels thereafter
would result in the observed bone loss. In contrast, because of the postulated lower sensitivity
of trabecular bone to estrogen, even “normal” estrogen levels in young adult life may be
insufficient to completely prevent decreases in trabecular BV/TV and vBMD. Whereas the
available evidence is consistent with this hypothesis, we recognize the limitations of our cross-
sectional data, and these concepts clearly need to be tested in longitudinal studies. In addition,
large population-based studies using other imaging techniques to assess bone microstructure,
such as MRI,(29) should done to independently test the findings from the 3-D pQCT
technology.
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In summary, our study shows the use of high-resolution 3-D pQCT imaging for analyses of
bone microstructure in population studies and potentially for the clinical assessment of fracture
risk. We find that, relative to women, men begin adult life with better trabecular microstructure
and have less microstructural damage with aging. Collectively, these findings may help explain
the lower life-long risk of fractures in men, and specifically, their virtual immunity to age-
related increases in wrist (Colles”) fractures.
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(A) Radiograph showing the site of imaging at the distal radius. The white line indicates the
beginning of the joint space and the red lines indicate the section of bone over which images
are acquired. (B) Representative cross-sectional images from the stack of CT slices from
proximal (top left) to distal (bottom right). (C) Representative 3-D image.
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FIG. 2.
Age-related changes in trabecular bone microstructural variables at the wrist in Rochester, MN,
women and men. (A) Bone volumef/tissue volume (BV/TV). (B) Trabecular number (TbN).
(C) Trabecular thickness (TbhTh). (D) Trabecular separation (TbSp). Curve fitting was done
with a smoother function. Individual values and smoother lines are given for women using
open circles and dashed lines and for men using closed circles and solid lines.
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24 year old male 24 year old female

A

BVTV Th TbTh  ThSp BV/TV TbN  TbTh  TbSp
0.166 2.39/mm 0.070 mm 0.349 mm 0142 2.70/mm 0.052 mm 0.18 mm
48 year old male 46 year old female

BV/TV  ThN ThTh ThSp BV.JTV TbN TbTh TbSp
0.161 3.22/mm 0.050 mm 0.260 mm 0.146 2.78/mm 0.053 mm 0.308 mm

73 year old male

BVITV  TbN ThTh Tbsp BV/TV  TbN TbTh ThSp
Q135 2.50/mm 0.034 mm (.347 mm 0,103 244/mm 0.042 mm 0,367 mm

FIG. 3.

Representative 3-D reconstructions of images from young, middle-aged, and elderly men (left)
and women (right). Also indicated are the values for trabecular microstructural variables in
each of these subjects. The arrow at the top left indicates prominence of apparent plate-like
trabeculae in the young man, which are absent or considerably less prominent in the other
images.
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