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ABSTRACT: Loss of bone strength underlies osteoporotic fragility fractures. We hypothesized that hormone
interventions significantly improve the structural geometry of proximal femur cross-sections. Study partici-
pants were from the Women’s Health Initiative hormone intervention trials: either the conjugated equine
estrogen (CEE) only (Nplacebo � 447, NCEE � 422) trial or the estrogen (E) plus progestin (P) (Nplacebo � 441,
NE+P � 503) trial, who were 50–79 yr old at baseline and were followed up to 6 yr. BMD scans by DXA were
conducted at baseline, year 1, year 3, and year 6. Femur geometry was derived from hip DXA scans using the
hip structural analysis (HSA) method. Mixed effects models with the intent-to-treat analysis approach were
used. There were no significant differences in treatment effects between the E-alone and the E + P trial, so
the analyses were conducted with participants combined from both trials. Treatment benefits (p < 0.05) on
femur geometry were observed as early as 1 yr after the intervention. From baseline to year 6, section modulus
(a measure of maximum bending stress) was preserved, and buckling ratio (an index of cortical instability
under compression) was reduced by hormone interventions (p < 0.05); the differences in the percent changes
from baseline to year 6 between women on hormone intervention versus women on placebo were 2.3–3.6%
for section modulus and –5.3% to – 4.3% for buckling ratio. Hormone interventions led to favorable changes
in femur geometry, which may help explain the reduced fracture risk observed in hormone interventions.
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INTRODUCTION

A DRAMATIC DECLINE in endogenous female hormone
levels after menopause has been linked to a greater

loss of BMD and a heightened risk of fractures with aging.
Whereas estrogen therapy in postmenopausal women has
been shown to reduce rates of all fractures by >20% and hip
fractures by >30%,(1,2) the potential for elevated risk of
breast cancer and stroke contradicts its use in osteoporosis
prevention. Nevertheless, further evaluations of existing
study data on estrogen effects on bone may clarify mecha-
nisms of interventions using similar biological pathways.

One important question is why the 2–4% treatment effect
on BMD measured by DXA seems to be inconsistent with
the larger effect on fracture incidence. This disconnect
seems to be shared by other antiresorptive therapies; in-
deed, the meta-analysis of Delmas and Seeman(3) showed
no relationship between treatment effects on fracture rates
and change in BMD.

At the simplest level, an effective treatment could reduce
fractures by making falls less likely or by making bones
stronger so that fractures are less likely when falls do occur.
Hormone therapy does seem to have effects that might
reduce the likelihood of falls. For example, estrogen treat-
ment improves preservation of body lean mass after meno-
pause,(4) increases muscle strength,(5) and improves pos-
tural balance.(6,7) However, the magnitudes of these effects
are also quite small. On the other hand, there is a wealth of
animal and human data showing that bone strength declines
with estrogen depletion and is improved by restoration.(8)

Although a useful clinical surrogate, BMD is not itself a
property that governs mechanical strength, although it cer-
tainly correlates in a general way with the strength of oste-
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oporotic bones. It may be that underlying dimensional
changes alter bone strength in ways that are not always
apparent in BMD.

Bone strength (see glossary for more details) is the force
required to cause mechanical failure. It cannot actually be
measured on bones within individuals but can be predicted
from engineering models. Basically, an engineering model
is a simulation using dimensions of an object (geometry)
and information about its material to predict behavior un-
der load. At present, noninvasive methods cannot evaluate
tissue material properties, so models must assume constant
values from ex vivo experiments. It is also difficult to image
the complex internal geometry of bones for simulations,
especially the fine structural details that can only be imaged
with sufficient resolution at peripheral sites. Even when
imaged with adequate resolution, engineering simulations
with an accurate level of structural detail are prohibitively
complex even for current computational resources.(9) Prac-
tical engineering methods applied to bones in vivo generally
assume simplified geometric models that can be reasonably
well specified from current CT methods. Those higher ra-
diation dose methods are not often used in large clinical
trials, and most studies have even more restricted informa-
tion on skeletal effects. For example, the bulk of the in
vivo evidence on estrogen effects comes from completed
studies that mainly evaluated treatments with DXA BMD.
Whereas not sufficient for 3D engineering models, it is pos-
sible to extract limited geometric information to provide
insights into strength effects by reanalyzing archived DXA
scans with special software.

The hip structure analysis (HSA) software used in this
study has been used to evaluate treatment effects on the
proximal femur in clinical trials and observational stud-
ies.(10–12) Although the specific effects of hormone therapy
on femur geometry are not completely clear, positive ef-
fects have been reported from an observational study(13)

and a small clinical trial of older women.(10) One advantage
of the method is that it presents both the conventional
BMD and the geometry of three selected cross-sections
through the proximal femur. Thus, the changes in outer
dimensions or in the amount of bone that can indepen-
dently alter BMD in a cross-section can be teased apart,
and the distribution effects that influence bending proper-
ties can also be evaluated. These data from a larger Wom-
en’s Health Initiative (WHI) placebo-controlled trial with a
longer follow-up and including younger postmenopausal
women should permit a clearer picture of hormone therapy
on femur BMD and on the underlying geometric strength at
a site where the most costly osteoporotic fractures occur.

MATERIALS AND METHODS

The WHI study

The WHI is the largest women’s health study in the
United States. Details regarding the inclusion and exclusion
criteria, recruitment procedures, participants characteris-
tics, hormone intervention regimens, randomization, blind-
ing, and follow-up can be found in the previously published
papers.(1,2,14)

Briefly, U.S. women who were 50–79 yr old, postmeno-
pausal, and not likely to change residence or die within 3 yr
at the time of enrollment were recruited from 40 clinical
centers nationwide between 1993 and 1998. The WHI is
made up of an observational study, two hormone trials (es-
trogen alone or estrogen plus progestin), a calcium and
vitamin D supplement trial, and a dietary modification trial.
The study protocol and consent forms were approved by
the institutional review boards for all participating institu-
tions.

WHI hormone trials

The two WHI hormone trials evaluated estrogen plus
progestin (E + P) or estrogen alone (E alone) interventions.
To be eligible for the hormone trials, the women had to be
free of cancer within the preceding 10 yr except for non-
melanoma skin cancers. In addition, if women were using
hormones at initial screening, a 3-mo washout period was
required before randomization.

In the E + P trial, 16,608 postmenopausal women with an
intact uterus were randomized by clinical center into either
an intervention group (conjugated equine estrogen 0.625
mg/d and medroxyprogesterone acetate 2.5 mg/d) or a pla-
cebo group. These women were followed for an average of
5.2 yr through May 31, 2002. The E + P intervention was
terminated ∼3 yr before the planned date because of an
adverse effect on breast cancer and a global index showing
that the risks exceeded benefits.(2)

In the E-alone trial, 10,739 postmenopausal women with
prior hysterectomy were randomly assigned by clinical cen-
ter to receive either 0.625 mg/d conjugated equine estrogen
(CEE) or placebo. Results from interim data analysis by the
WHI Data and Safety Monitoring Board suggested that
CEE increases stroke and decreases the risk of hip fractures
but does not provide overall benefit for chronic disease
prevention in postmenopausal women who had hysterec-
tomy. Hence, the E-alone trial was terminated by February
2004 after an average follow-up time of 6.8 yr, 1 yr before
the scheduled closeout date (March 2005).(1)

Participants in this study

This study included a subgroup of participants (n �
1813) in the WHI hormone trials who were recruited from
three WHI BMD clinical centers (Pittsburgh, PA, USA;
Birmingham, AL, USA; and Tucson/Phoenix, AZ, USA)
and who received total body, spine, and hip bone scans by
DXA (QDR 2000, 2000+, or 4500W; Hologic, Waltham,
MA, USA). The BMD centers were chosen to enrich the
data with information on minority women.

DXA scans and HSA

DXA scans were conducted at baseline and at years 1, 3,
and 6 during the intervention. Standard protocols for posi-
tioning and analysis were used by technicians who were
trained and certified by the DXA manufacturer and by the
WHI DXA coordination center at the University of Cali-
fornia at San Francisco. The ongoing quality assurance pro-
gram monitored spine and hip phantom scans and reviewed
a random sample of all subject scans and flagged those with
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specific problems. Hardware and software changes were
tracked with in vitro and in vivo cross-calibrations and by
scans of calibration phantoms across instruments and clini-
cal sites.

HSA was conducted on archived scans at the Johns Hop-
kins University under the supervision of TJB. A separate
cross-calibration was conducted on all WHI BMD sites us-
ing a special phantom provided by TJB.

In a DXA image, pixels are expressed in grams per
square centimeter and represent mineral in grams summed
along the X-ray path to the pixel location. Conventional
BMD simply averages pixels over a defined region after
excluding values below a certain threshold. The strength of
an object is typically evaluated using measurements of the
load supporting surface of cross-sections through sites
where fractures are likely. The HSA software uses a prin-
ciple first described by Martin and Burr(15) that a line of
pixel values in a bone mass image is a projection of the
mineral in the cross-section. Assuming that the mineral is
distributed as it is in adult cortical bone, the profile integral
is a measure of the total bone surface, thus its resistance to
axially directed loads. The distribution of the bone surface
along the profile can then be used to derive the cross-
sectional moment of inertia (CSMI) for resisting bending in
the frontal plane of the hip. The CSMI can be used to
evaluate bending stress at any point within the cross-section
but one is usually interested in the maximum bending stress
which is always on the surface at the point farthest from the
center of mass (dmax). Maximum bending stress is inversely
related to the section modulus (SM), computed as CSMI/
dmax. The HSA program computes geometry from five par-
allel lines one pixel (∼1 mm) apart traversing the bone axis
at each of three femur cross-sections that are then aver-
aged. Analysis sites include the narrow neck (NN) across
the femur neck at its narrowest point; the shaft, across the
shaft at a distance of 1.5 times minimum neck width distal
to the intersection of the neck and shaft axes; and the in-
tertrochanter (IT) along the bisector of the angle produced
by neck and shaft axes. The HSA program also computes
conventional BMD, bone outer diameter (OD), and the
location of the center of mass of each cross-section, as well
as femur neck length and neck shaft angle. The preceding
parameters are directly measured from the mass profiles,
but an estimate of buckling ratio (BR) is also generated as
an index of susceptibility to local cortical buckling under
compressive loads. First, an estimate of mean cortical thick-
ness (CT) is computed using circular (NN or shaft) or el-
liptical annulus models of the cross-section with a fixed
proportion of the measured CSA in the cortical shell (i.e.,
60%, 70%, and 100% for NN, IT, and shaft, respectively).
The scan-plane outer diameter of the shaft is used as the
minor axis outer diameter of the IT ellipse model for BR.
Whereas admittedly crude, the estimated BR has been
shown to provide a mechanical explanation for the predic-
tive value of low BMD in elderly bones.(16,17) The centroid
position generated in computing the CSMI has been shown
to be of some value because it is shifted medially with ad-
vancing age caused by greater bone loss in the lateral cor-
tex, and this effect is greater among hip fracture cases.(17,18)

For the purposes of display, the parameter is expressed as

the ratio of distance from the centroid to the medial cortex
over outer diameter (result is dimensionless).

Data collection for other covariates

Questionnaires were used at baseline and follow-up to
collect information on age, years since menopause, race/
ethnicity, smoking, recreational physical activities, energy
intake, and alcohol use. Age at menopause was defined as
the minimum age at which the participant last reported any
menstrual bleeding, had a bilateral oophorectomy, or began
using postmenopausal hormone therapy. Caloric intake was
assessed using a validated food frequency questionnaire
based on instruments previously used in large-scale dietary
intervention trials.(19,20) Recreational physical activity was
assessed by questions on the frequency and duration of
several types of recreational activity, and metabolic equiva-
lent task (MET) scores (defined as the ratio of work meta-
bolic rate to a standard resting metabolic rate, with 1 MET
roughly equivalent to the resting metabolism while sitting
quietly) were computed as the product of days per week,
minutes per day, and MET value for each activity.(21) Physi-
cal function was measured using the 10-item Medical Out-
comes Study Scale(22) for which a higher score indicates
better physical function. Weight was measured to the near-
est 0.1 kg on a balance beam scale with the participant
dressed in indoor clothing without shoes. Height was mea-
sured to the nearest 0.1 cm using a wall-mounted stadiom-
eter. Body mass index (BMI) was calculated as weight (kg)/
height (m)2.

Statistical analysis

Descriptive analyses and group comparisons (t-test for
continuous variables or �2 test for categorical variables)
were conducted by intervention for selected characteristics
of the study participants at baseline. The intent-to-treat
principle was used in the analyses to test intervention ef-
fects on BMD and geometry measurements by each hor-
mone trial and for a combined cohort of both trials.

Mixed effects models (random effects models) were used
to test the average differences in hip BMD and geometry
and in differences in the slope of change with time between
the intervention and the placebo groups. A preliminary
analysis showed no significant differences in the interven-
tion effects between the E and E + P trials; hence, data were
combined in the final analysis. In evaluation of potential
confounding factors and interaction terms, models exam-
ined baseline age, height, weight, BMD, ethnicity, previous
hormone use, years since menopause, smoking, alcohol use,
fracture history, osteoporosis history, hip replacement his-
tory, total calcium consumption, total vitamin D consump-
tion, physical function, diabetes, and total body percent
lean soft tissue mass from DXA. Marginal analyses were
used to evaluate each covariate separately, and variables
with p < 0.1 were examined in the models with other co-
variates.

Sensitivity analyses were conducted by including only
women who had taken 80% of their assigned pills during
the trials. Analyses were also conducted after excluding all
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ethnicities other than non-Hispanic white women to con-
firm the findings from the complete cohort.

Scans conducted 6 mo after stopping the trial were ex-
cluded from all the analyses and, because few women had
year 9 follow-up information, we used only the first 6 yr of
follow-up data. All statistical analyses were conducted us-
ing STATA (version 9.2).

RESULTS

Characteristics of the study participants at baseline

Participants’ baseline characteristics are presented by in-
tervention assignment in Table 1. A total of 441 and 503
women were from the placebo and the intervention arms of
the E + P, respectively. In the E-alone trial, 447 women
from the placebo and 422 from the intervention arm were
included. In the E + P trial, the percentage of black women

was higher in the placebo arm than in the intervention arm
(11.3% versus 7.6%). In contrast, the percent of Hispanic
women was lower in the placebo arm than in the interven-
tion arm (4.5% versus 7.2%; p � 0.039). No significant
differences in other measures were observed between the
intervention and the placebo arm in either the E + P or
E-alone trials.

Baseline BMD and femur geometry measures were simi-
lar between the intervention and the corresponding placebo
group in both trials, but there were significant differences in
BMD and femur geometry between the two trials.

Changes in BMD and geometry caused by
interventions

The average follow-up time was 4.4 ± 2.2 yr for the par-
ticipants included in this analysis; the E + P trial stopped
earlier than the E-alone trial, resulting in an average follow-

TABLE 1. BASELINE CHARACTERISTICS OF THE STUDY PARTICIPANTS [MEAN ± SD OR N(%)]

E + P E alone

Placebo
(N = 441)

Treatment
(N = 503) p

Placebo
(N = 447)

Treatment
(N = 422) p

Age at screening (yr) 63.7 ± 7.0 63.4 ± 7.3 0.589 63.5 ± 7.6 63.4 ± 7.7 0.878
Years since menopause 14.2 ± 8.1 14.3 ± 9.4 0.877 19.4 ± 10.1 19.4 ± 10.0 0.943
Height (kg) 161.5 ± 5.9 161.4 ± 5.9 0.724 161.5 ± 6.1 160.9 ± 6.3 0.122
Weight (cm) 73.9 ± 16.2 73.1 ± 14.4 0.406 77.8 ± 15.6 77.8 ± 15.6 0.970
Body mass index (kg/m2) 28.3 ± 5.8 28.1 ± 5.2 0.491 29.8 ± 5.6 30.0 ± 5.6 0.478
Dietary energy (kcal) 1696.0 ± 713.4 1717.0 ± 700.9 0.655 1673.0 ± 767.6 1679.6 ± 740.9 0.900
Total expenditure from physical activity (METS) 12.2 ± 14.7 10.9 ± 13.2 0.223 9.4 ± 11.5 10.0 ± 13.0 0.501
Total calcium intake (mg) 1036.5 ± 33.1 1029.7 ± 30.4 0.880 922.7 ± 28.1 956.6 ± 32.1 0.427
Total vitamin D intake (�g) 8.9 ± 0.4 8.7 ± 0.3 0.71 7.8 ± 0.3 8.0 ± 0.3 0.723
Total body lean mass (kg) 38.2 ± 5.5 37.7 ± 5.1 0.150 38.8 ± 5.6 38.5 ± 5.5 0.442
Total body percent fat (%) 43.5 ± 7.3 43.8 ± 7.2 0.515 45.7 ± 6.5 46.1 ± 6.7 0.396
Hologic total body BMD (g/cm2) 0.99 ± 0.10 0.99 ± 0.10 0.769 1.01 ± 0.11 1.00 ± 0.11 0.549
Hologic spine BMD (g/cm2) 0.95 ± 0.16 0.94 ± 0.15 0.261 0.98 ± 0.17 0.97 ± 0.16 0.622
Hologic hip BMD (g/cm2) 0.84 ± 0.14 0.83 ± 0.12 0.374 0.86 ± 0.15 0.86 ± 0.13 0.852
Ethnicity

White 363 (82.3%) 418 (83.1%) 0.039 317 (70.9%) 317 (75.1%) 0.123
Black 50 (11.3%) 38 (7.6%) 93 (20.8%) 67 (15.9%)
Hispanic 20 (4.5%) 36 (7.2%) 32 (7.2%) 31 (7.4%)
Native American 6 (1.4%) 3 (0.6%) 4 (0.9%) 3 (0.7%)
Asian/Pacific Islander 0 (0.00%) 4 (0.8%) 1 (0.2%) 0 (0.0%)
Other 2 (0.5%) 4 (0.8%) 0 (0.0%) 4 (1.0%)

Smoking
Never 225 (52.7%) 269 (53.9%) 0.797 238 (54.0%) 239 (56.9%) 0.686
Past 160 (37.5%) 177 (35.5%) 151 (34.2%) 135 (32.1%)
Current 42 (9.8%) 53 (10.6%) 52 (11.8%) 46 (11.0%)

Physical function
<90 263 (61.7%) 302 (60.9%) 0.792 310 (70.5%) 302 (73.8%) 0.272
�90 163 (38.3%) 194 (39.1%) 130 (29.6%) 107 (26.2%)

Hormone use
Never 347 (78.7%) 397 (79.1%) 0.851 281 (62.9%) 251 (59.5%) 0.130
Past 76 (17.2%) 88 (17.5%) 133 (29.8%) 149 (35.3%)
Current 18 (4.1%) 17 (3.4%) 33 (7.4%) 22 (5.2%)

Duration of prior hormone use
None 347 (78.7%) 397 (78.9%) 0.922 281 (62.9%) 251 (59.5%) 0.867
<5 yr 70 (15.9%) 81 (16.1%) 99 (22.2%) 105 (24.9%)
5 to <10 yr 13 (3.0%) 14 (2.8%) 32 (7.2%) 33 (7.8%)
10 to <15 yr 8 (1.8%) 6 (1.2%) 14 (3.1%) 14 (3.3%)
15+ yr 3 (0.7%) 5 (1.0%) 21 (4.7%) 19 (4.5%)
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up time of 4.2 ± 2.2 versus 4.5 ± 2.2 yr for the E-alone trial.
E-alone and E + P trials were combined in all the analysis
because no significant difference in treatment effects be-
tween the two trials was found (data not shown). BMD and
femur geometric measures from baseline to year 6 are
shown in Table 2. Group t-tests were used to examine the
differences in HSA measures between the hormone inter-
vention and the placebo group at each visit. The results
showed that BMD was increased and that the underlying
geometry of femur cross-sections was altered in the direc-
tion of greater strength with the hormone intervention.
Starting at year 1 of the intervention, BMD, cortical thick-
ness, cross-sectional area (CSA), and section modulus at all
three femoral sites became higher in the intervention arm in
comparison with the placebo arm, although not all the dif-
ferences reached the statistical significance at � � 0.05.
Outer diameters were slightly narrower in the intervention
group, but the differences between the intervention and the
placebo group were very small, and none of them were
statistically significant. BRs at all regions became signifi-
cantly smaller in the intervention arm in comparison with
the placebo arm, with the exception at year 3 at the inter-
trochanter and shaft region. Centers of mass (centroids) of
each cross-section were displaced significantly toward the
center of the bone (value closer to 0.5) with treatment,
indicating that the distribution of bone tissue in cross-
sections was altered to be more symmetrical.

Figure 1 compares the differences in the percent changes
from baseline to year 6 between women on hormone inter-
vention versus women on placebo. These data suggested
significant positive intervention effects (p < 0.05) from
baseline to year 6 on all measures with the exception of the
outer diameter at the femoral narrow neck and intertro-
chanter regions. With the exception of shaft outer diameter,
overall effects of hormone interventions seemed to be
greater in magnitude at the intertrochanter region in com-
parison with the other two femoral regions.

Longitudinal data analysis on intervention effects

Mixed effects models were used to examine intervention
effects on the geometric parameters and BMD in the three
femoral regions. For the longitudinal data analysis, each
measure from the HSA program was the dependent vari-
able in the corresponding random effects model. The inde-
pendent variables were hormone treatment, visit (0, 1, 3, 6),
and the interaction term between hormone treatment and
visit. Figure 2 shows the intervention effect on BMD and
geometry at the femur narrow neck. The predicted values
from the mixed effects model indicated that women who
received hormone interventions had higher BMD, CSA,
cortical thickness, and section modulus and lower BR com-
pared with their placebo counterparts. The effects on femur
BMD and geometry at the intertrochanter and shaft regions
were similar to the narrow neck region (data not shown).
Results from these longitudinal models confirmed signifi-
cant hormone effects on most of the HSA parameters ex-
cept for outer diameter.

No significant confounding factors were identified for the
relationship between hormone intervention and femur

BMD or geometry. Adding age, ethnicity, height, weight,
total body percent lean mass, and smoking did not alter the
findings of these mixed effects models, although model fit-
ness was modestly improved (data not shown). Intervention
effects were not significantly different by ethnic group as
indicated by nonsignificant interaction terms between eth-
nicity and treatment (data not shown).

Sensitivity analysis

Sensitivity analyses were conducted by restricting the
analysis to women who had taken at least 80% of the as-
signed study pills. Results from the sensitivity analyses
showed the same direction but stronger treatment effects
(data not shown), supporting the findings of the intent-to-
treat analyses.

DISCUSSION

As in other studies,(23–25) we showed modest improve-
ments in femur BMD caused by treatment with conjugated
equine estrogen either alone (E-alone) or in combination
with progestin (E + P) when contrasted with placebo. None
of the effects on BMD or on the underlying geometry dif-
fered significantly between E-alone and E + P, suggesting
that the treatment effects were exclusively caused by estro-
gen. The geometric changes underlying the increase in fe-
mur BMD were significant but were also both subtle and
complex.

Our data suggested that diameters of femur cross-
sections in treatment groups expanded more slowly with
time (Figs. 1 and 2), but differences only reached signifi-
cance at the shaft. Femur cross-sections in treatment groups
did show significant increases in the amount of bone surface
as well as an alteration of the distribution of the material
within cross-sections evident as a shift in the centroid. Our
interpretations of these effects and their mechanical signifi-
cance are as follows.

Indirect effects on bone strength

It is well established that bone tissue responds to me-
chanical load and that the load is primarily mediated by
muscle forces. Because estrogen has positive effects on
muscle strength,(26) it might stimulate a positive skeletal
adaptation response independent of its direct effects on
bone tissue. If geometry effects were eliminated by adjust-
ing for body lean mass, this would suggest that the skeletal
effects were entirely indirect. Correction for percent lean
mass did not eliminate the geometry effect. Hence, we con-
clude that treatment effects of hormone therapy are mainly
caused by a direct influence on bone rather than to an
adaptation to a treatment induced increase in muscle load.

Estrogen and load sensitivity

Mechanostat theory holds that bone geometry adapts to
ensure that maximum tissue strains (deformations) from
prevalent loads remain within certain limits.(27) Strains are
proportional to stresses, which under a given loading con-
dition are determined by geometry. A number of investi-
gators,(28) Frost among them,(29) have speculated that es-
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trogen influences mechanostat thresholds, perhaps by
altering the sensitivity of bone cells to mechanical stimuli. A
bone cell culture assay by Bakker et al.(30) showed that, in
the presence of estradiol, cultures produced higher signal
levels under equivalent mechanical stimulus. Higher signal
levels for a given stimulus should effectively reduce the
level of strain necessary for an osteogenic effect; thus, the
response should alter geometry so that maximum stresses
are reduced for a given load (assuming no effect on the
elastic modulus that could not be measured). Our observa-
tion that section moduli are higher in women on hormone
therapy suggests that their bending stresses are lower when
subjected to an equivalent muscle load. This is consistent
with the conjecture that estrogen increases the load sensi-
tivity of bone tissue and is worthy of further study.

Effects on centroid position

Several studies have shown that bone loss in the aging
proximal femur is not uniform and tends to be greater on
the superior-lateral than on the inferior medial regions of
cross-sections. Indeed, the cross-sectional analysis of ca-
daver femur necks by Mayhew et al.(18) could not show any
age trends in cortical thinning on the inferior-medial sur-
faces of the femoral neck in either men or women. One
effect of preferential bone loss from lateral regions is
that the center of mass of the cross-section shifts toward the
medial cortex. A medial shift in the centroid position was
evident in the NHANES survey of the U.S. population in
both men and women.(18) The effect was greater in femo-
ral necks of women with fractures of the hip(31) and
in femoral neck biopsies of fracture cases(18) than unfrac-
tured controls. A treatment-induced lateral shift in the
centroid position reduces maximum distance to the outer
cortical surface (dmax), causing positive effects on SM and
on BR.

Effects on susceptibility to local buckling

The generalized expansion of femur diameter accompa-
nying the aging process seems to preserve bending strength
(SM) in the presence of net bone loss, but it is achieved with

progressively less bone mass (thinner cortices) as diameter
increases. If carried too far, strength begins to be compro-
mised by susceptibility to local buckling under compressive
loads. In smooth thin-walled hollow tubes, this occurs when
the ratio of outer diameter to wall thickness (BR) exceeds
a factor of 10.(32) BR can only be crudely estimated from
DXA data by combining measured dimensions with a
model and, because proximal femurs are not strictly hollow,
it is uncertain what values estimated by this method are
actually unstable. If local buckling does contribute to
strength loss, a treatment-induced reduction in susceptibil-
ity should supplement positive treatment effects on CSA
and section modulus. A definitive conclusion on the
strength contribution of local buckling would require more
sophisticated 3D engineering methods(33) than are possible
to construct from 2D DXA data. Nevertheless, DXA esti-
mates of BRs seem to explain why low BMD is predictive
of hip fracture and why men fracture at higher BMD levels
than women.(16,34) The observation that hormone therapy
significantly reduces BR suggests that treatment improves
cortical stability in the proximal femur, supplementing its
positive effects on CSA and SM. It may be important to
note that, although BRs are reduced with treatment at early
time points, they return to baseline after 6 yr, whereas val-
ues in untreated individuals continue to rise. This may sug-
gest that hormone therapy produces an age displacement in
the onset of fragility, but consistent with the epidemiologi-
cal evidence, does not prevent it entirely.

Comparison with results from other studies

The results from this study support previous findings on
positive effects of hormone interventions on femur geom-
etry from an observational study(13) and from a 3-yr inter-
vention study.(10) Despite the differences in age groups and
duration of interventions, our results are similar to the 3-yr
study Greenspan et al. in older women, suggesting signifi-
cant treatment effects by hormones on bone CSA, SM, CT,
and BR in the femoral narrow neck, intertrochanter, and
shaft regions, although there were some differences in re-
sults. For example, whereas BRs after treatment were sig-
nificantly smaller in all regions than placebo in this study,
the smaller study on an older cohort by Greenspan et al. did
not observe a positive effect at the NN and IT regions
where buckling would be likely. We also note that consis-
tent with the report of Greenspan et al.,(10) geometric ef-
fects of hormone therapy were greatest at the IT region in
comparison with the NN and shaft. Interestingly, this was
also evident in the alendronate cohort of Greenspan et al.
and with both alendronate and denosumab treatments in a
report on postmenopausal women by Beck et al.(35) The
greater effect may have something to do with the interac-
tion between treatment and load response at that highly
stressed site and may be worthy of further study.

This is the first study of this kind that included multi-
racial/ethnic groups. This paper is also unique in its study
population, interventions, measurements, and longitudinal

FIG. 1. Difference in percent change in hip BMD and geometry
between the intervention and placebo groups from baseline to
year 6. All p < 0.01 except ap > 0.05 and bp < 0.05 for the differ-
ence in percent changes between the hormone intervention and
the placebo group.
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analysis approach for evaluating effects on femur geometry
in a large cohort of postmenopausal women.

Study limitations

Our primary interest was in delineating treatment effects
on femur geometry, but there are limitations to the DXA-
based methodology for that purpose. Because the geometry
is derived from a 2D image, the method can only evaluate
resistance to bending in the plane of the DXA image, and
one cannot be certain that treatment effects are equivalent
with respect to bending in other directions. Difficulties in
achieving consistent positioning of the femur in that plane
make the method relatively imprecise.(36) Although we
suspect that hormone therapy has a small suppressive effect
on periosteal apposition, the imprecision of this method is
likely behind our inability to definitively conclude that
this is so. One possible confounder is that the HSA algo-
rithms assume that bone tissue mineralization is that of
normal adult bone tissue, and this may have an effect on the
results. The magnitude of the effect of hormone therapy on
mean tissue mineralization based on biopsy data seems to
be small,(37) but if femurs of untreated postmenopausal
women are undermineralized, the HSA method may over-
estimate the geometric change caused by treatment. Note
that the mineralization effect would not influence treatment
changes in outer diameter or location of the centroid, which
do not require the assumption.

We should also point out that experience with HSA in
large observational studies indicate that predictive models
using femur geometry only equal the performance of BMD
on the same population.(16,17) The problem with BMD is it
is nonspecific, because a given value may be produced by
several different underlying factors. Furthermore BMD has
been far less useful in treatment monitoring than in fracture
prediction.(3,38) The HSA method extends the value of the
DXA data by providing mechanical insights into the under-
lying effects that alter the BMD as well as into the changes
in bone tissue distribution that are not evident in BMD.

The study showed that both E-alone and E + P signifi-
cantly improved femur strength as estimated from hip struc-
ture analysis in age and ethnically diverse postmenopausal
women during an intervention lasting >5 yr. Intervention
effects were very similar between the two hormone trials,
although the study participants differed in some baseline
characteristics and in baseline BMD and femur geometry.
With multiple time points of measurements during the in-
tervention, this study showed that the magnitude of the
hormone intervention effects on hip geometry may vary
with time as suggested by a significant interaction term of
intervention assignment and years of intervention. Never-
theless, the differences in rates of changes were small be-
tween time points and should be interpreted with caution.
We were able to examine a large number of covariates
including age, race/ethnicity, BMI, baseline hormone use,
and body composition as confounding factors and effect
modifiers. The results from this study indicate that the in-

FIG. 2. Predicted proximal femur geometry by intervention based on the random effects model (mean and SE). “Predicted value” is
the predicted mean of HSA measurement based on the random effects model. �, fixed effects parameters; �, random effects parameters;
e, residual error. *p < 0.05, **p < 0.01.
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tervention effects of hormones on femur geometry were not
significantly confounded or modified by these covariates in
this WHI cohort.

Conclusions

A geometric assessment of the effects of hormone inter-
vention on the proximal femur indicated significant in-
creases in the amount of bone tissue in measured cross-
sections that should improve resistance to axially directed
loads. There were also significant treatment effects on the
scan plane distribution of that tissue. Medial shifts in the
center of mass associated with preferential bone loss on
lateral surfaces were reversed with treatment. This had
positive effects on resistance to bending loads and on esti-
mates of susceptibility to local bucking. We were only able
to detect suppressed periosteal apposition by hormone
therapy at the proximal femur shaft but not at the narrow
neck and intertrochanter regions, where the effect might
further reduce buckling susceptibility. Overall, there were
positive effects of hormone therapy on the structure of the
femur underlying the changes in BMD.

ACKNOWLEDGMENTS

This study was funded by NIAMS/NIH: R01 AR049411.

REFERENCES

1. Anderson GL, Limacher M, Assaf AR, Bassford T, Beresford
SA, Black H, Bonds D, Brunner R, Brzyski R, Caan B,
Chlebowski R, Curb D, Gass M, Hays J, Heiss G, Hendrix S,
Howard BV, Hsia J, Hubbell A, Jackson R, Johnson KC, Judd
H, Kotchen JM, Kuller L, LaCroix AZ, Lane D, Langer RD,
Lasser N, Lewis CE, Manson J, Margolis K, Ockene J,
O’Sullivan MJ, Phillips L, Prentice RL, Ritenbaugh C, Rob-
bins J, Rossouw JE, Sarto G, Stefanick ML, Van Horn L,
Wactawski-Wende J, Wallace R, Wassertheil-Smoller S 2004
Effects of conjugated equine estrogen in postmenopausal
women with hysterectomy: The Women’s Health Initiative
randomized controlled trial. JAMA 291:1701–1712.

2. Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ,
Kooperberg C, Stefanick ML, Jackson RD, Beresford SA,
Howard BV, Johnson KC, Kotchen JM, Ockene J 2002 Risks
and benefits of estrogen plus progestin in healthy postmeno-
pausal women: Principal results From the Women’s Health
Initiative randomized controlled trial. JAMA 288:321–333.

3. Delmas PD, Seeman E 2004 Changes in bone mineral density
explain little of the reduction in vertebral or nonvertebral frac-
ture risk with anti-resorptive therapy. Bone 34:599–604.

4. Chen Z, Bassford T, Green SB, Cauley JA, Jackson RD, La-
Croix AZ, Leboff M, Stefanick ML, Margolis KL 2005 Post-
menopausal hormone therapy and body composition—a sub-
study of the estrogen plus progestin trial of the Women’s
Health Initiative. Am J Clin Nutr 82:651–656.

5. Taaffe DR, Newman AB, Haggerty CL, Colbert LH, de Rek-
eneire N, Visser M, Goodpaster BH, Nevitt MC, Tylavsky FA,
Harris TB 2005 Estrogen replacement, muscle composition,
and physical function: The Health ABC Study. Med Sci Sports
Exerc 37:1741–1747.

6. Naessen T, Lindmark B, Lagerstrom C, Larsen HC, Persson I
2007 Early postmenopausal hormone therapy improves pos-
tural balance. Menopause 14:14–19.

7. Naessen T, Lindmark B, Larsen HC 1997 Better postural bal-
ance in elderly women receiving estrogens. Am J Obstet Gy-
necol 177:412–416.

8. Wronski TJ, Cintron M, Doherty AL, Dann LM 1988 Estrogen

treatment prevents osteopenia and depresses bone turnover in
ovariectomized rats. Endocrinology 123:681–686.

9. Van Rietbergen B, Huiskes R, Eckstein F, Ruegsegger P 2003
Trabecular bone tissue strains in the healthy and osteoporotic
human femur. J Bone Miner Res 18:1781–1788.

10. Greenspan SL, Beck TJ, Resnick NM, Bhattacharya R, Parker
RA 2005 Effect of hormone replacement, alendronate, or com-
bination therapy on hip structural geometry: A 3-year, double-
blind, placebo-controlled clinical trial. J Bone Miner Res
20:1525–1532.

11. Uusi-Rasi K, Beck TJ, Semanick LM, Daphtary MM, Crans
GG, Desaiah D, Harper KD 2006 Structural effects of raloxi-
fene on the proximal femur: Results from the multiple out-
comes of raloxifene evaluation trial. Osteoporos Int 17:575–
586.

12. Uusi-Rasi K, Semanick LM, Zanchetta JR, Bogado CE, Erik-
sen EF, Sato M, Beck TJ 2005 Effects of teriparatide [rhPTH
(1-34)] treatment on structural geometry of the proximal femur
in elderly osteoporotic women. Bone 36:948–958.

13. Beck TJ, Stone KL, Oreskovic TL, Hochberg MC, Nevitt MC,
Genant HK, Cummings SR 2001 Effects of current and dis-
continued estrogen replacement therapy on hip structural ge-
ometry: The study of osteoporotic fractures. J Bone Miner Res
16:2103–2110.

14. The Women’s Health Initiative Study Group 1998 Design of
the Women’s Health Initiative clinical trial and observational
study. Control Clin Trials 19:61–109.

15. Martin RB, Burr DB 1984 Non-invasive measurement of long
bone cross-sectional moment of inertia by photon absorptiom-
etry. J Biomech 17:195–201.

16. Rivadeneira F, Zillikens MC, De Laet CE, Hofman A, Uitter-
linden AG, Beck TJ, Pols HA 2007 Femoral neck BMD is a
strong predictor of hip fracture susceptibility in elderly men
and women because it detects cortical bone instability: The
Rotterdam Study. J Bone Miner Res 22:1781–1790.

17. Kaptoge S, Beck TJ, Reeve J, Stone KL, Hillier TA, Cauley J,
Cummings SR 2008 Prediction of incident hip fracture risk by
femur geometry variables measured by hip structural analysis
in the study of osteoporotic fractures. J Bone Miner Res (in
press).

18. Mayhew PM, Thomas CD, Clement JG, Loveridge N, Beck TJ,
Bonfield W, Burgoyne CJ, Reeve J 2005 Relation between age,
femoral neck cortical stability, and hip fracture risk. Lancet
366:129–135.

19. Block G, Woods M, Potosky A, Clifford C 1990 Validation of
a self-administered diet history questionnaire using multiple
diet records. J Clin Epidemiol 43:1327–1335.

20. Patterson RE, Kristal AR, Coates RJ, Tylavsky FA, Riten-
baugh C, Van Horn L, Caggiula AW, Snetselaar L 1996 Low-
fat diet practices of older women: Prevalence and implications
for dietary assessment. J Am Diet Assoc 96:670–679.

21. Ainsworth BE, Haskell WL, Leon AS, Jacobs DR Jr, Montoye
HJ, Sallis JF, Paffenbarger RS Jr 1993 Compendium of physi-
cal activities: Classification of energy costs of human physical
activities. Med Sci Sports Exerc 25:71–80.

22. Ware JE Jr, Sherbourne CD 1992 The MOS 36-item short-
form health survey (SF-36). I. Conceptual framework and item
selection. Med Care 30:473–483.

23. The Writing Group for the PEPI 1996 Effects of hormone
therapy on bone mineral density: Results from the postmeno-
pausal estrogen/progestin interventions (PEPI) trial. JAMA
276:1389–1396.

24. Komulainen M, Kroger H, Tuppurainen MT, Heikkinen AM,
Alhava E, Honkanen R, Jurvelin J, Saarikoski S 1999 Preven-
tion of femoral and lumbar bone loss with hormone replace-
ment therapy and vitamin D3 in early postmenopausal women:
A population-based 5-year randomized trial. J Clin Endocrinol
Metab 84:546–552.

25. Heikkinen J, Kyllonen E, Kurttila-Matero E, Wilen-
Rosenqvist G, Lankinen KS, Rita H, Vaananen HK 1997 HRT
and exercise: Effects on bone density, muscle strength and lipid

HORMONE THERAPY IMPROVES BONE STRENGTH 1943



metabolism. A placebo controlled 2-year prospective trial on
two estrogen-progestin regimens in healthy postmenopausal
women. Maturitas 26:139–149.

26. Jacobsen DE, Samson MM, Kezic S, Verhaar HJ 2007 Post-
menopausal HRT and tibolone in relation to muscle strength
and body composition. Maturitas 58:7–18.

27. Frost HM 1996 Perspectives: A proposed general model of the
“mechanostat” (suggestions from a new skeletal-biologic para-
digm). Anat Rec 244:139–147.

28. Jarvinen TL, Kannus P, Sievanen H 2003 Estrogen and
bone—a reproductive and locomotive perspective. J Bone
Miner Res 18:1921–1931.

29. Frost HM 1999 On the estrogen-bone relationship and post-
menopausal bone loss: A new model. J Bone Miner Res
14:1473–1477.

30. Bakker AD, Klein-Nulend J, Tanck E, Albers GH, Lips P,
Burger EH 2005 Additive effects of estrogen and mechanical
stress on nitric oxide and prostaglandin E2 production by bone
cells from osteoporotic donors. Osteoporos Int 16:983–989.

31. Kaptoge S, Jakes RW, Dalzell N, Wareham N, Khaw KT,
Loveridge N, Beck TJ, Reeve J 2007 Effects of physical activity
on evolution of proximal femur structure in a younger elderly
population. Bone 40:506–515.

32. Young W 1989 Elastic stability formulas for stress and strain.
In: Crawford HB, Thomas S (eds.) Roark’s Formulas for Stress
and Strain, 6th ed. McGraw-Hill, New York, NY, USA, p. 688.

33. Schafer BW 2002 Local, distortional, and Euler buckling in
thin-walled columns. J Struct Eng 128:289–299.

34. Duan Y, Beck TJ, Wang XF, Seeman E 2003 Structural and
biomechanical basis of sexual dimorphism in femoral neck fra-
gility has its origins in growth and aging. J Bone Miner Res
18:1766–1774.

35. Beck TJ, Lewiecki EM, Miller PD, Felsenberg D, Liu Y, Ding
B, Libanati C 2008 Effects of denosumab on the geometry of
the proximal femur in postmenopausal women in comparison
with alendronate. J Clin Densitom 11:351–359.

36. Khoo BC, Beck TJ, Qiao QH, Parakh P, Semanick L, Prince
RL, Singer KP, Price RI 2005 In vivo short-term precision of
hip structure analysis variables in comparison with bone min-
eral density using paired dual-energy X-ray absorptiometry
scans from multi-center clinical trials. Bone 37:112–121.

37. Boivin G, Vedi S, Purdie DW, Compston JE, Meunier PJ 2005
Influence of estrogen therapy at conventional and high doses
on the degree of mineralization of iliac bone tissue: A quanti-
tative microradiographic analysis in postmenopausal women.
Bone 36:562–567.

38. Cummings S 2002 How drugs decrease fracture risk: Lessons
from trials. Musculoskelet Neuronal Interact. 2:198–220.

Address reprint requests to:
Zhao Chen, PhD, MPH

University of Arizona
1295 N Martin, Room 230

Tucson, AZ 85724-5211, USA
E-mail: zchen@u.arizona.edu

Received in original form March 19, 2008; revised form June 10,
2008; accepted July 25, 2008.

APPENDIX 1: GLOSSARY OF TERMS

Centroid: location of the center of mass of the hard tissue in the
cross-section and where bending stresses are zero (also called
neutral axis); measured by HSA from the mineral mass profile.
Used in computing the CSMI and SM, but also useful in evaluat-
ing the symmetry of a cross-section, because fragile NN and IT
cross-sections are more asymmetric because of greater differences
in cortical thickness on opposite margins.

Cross-sectional area (CSA): total bone surface in a cross-
section, exclusive of soft tissue spaces and pores. Forces directed

along a long bone (axial forces) are distributed over the CSA;
hence, axial compressive stress varies inversely with CSA.

Cross-sectional moment of inertia (CSMI): The cross-sectional
surface weighted by the square of distance from the center of mass
of the cross-section. Bending stress within a cross-section depends
inversely on the CSMI divided by the distance from the center of
mass.

Geometric strength: that component of strength that governs
stresses and not the ability of the material to withstand them
(which currently cannot be measured by noninvasive methods). A
method that evaluates only geometry (HSA and CT-based meth-
ods) can only assess geometric strength.

Geometry or structural geometry: the dimensions of the sup-
porting material within an object, expressed in engineering terms
especially within cross-sections.

Local buckling: A failure mode where thin, relatively flat re-
gions of a structure under compressive loads may bend (fold or
crumple) locally leading to complete failure.

Section modulus (SM): maximum bending stress in a cross-section
is located at maximum distance from the center of mass (dmax) and
is thus inversely related to the SM, where SM � CSMI/dmax.

Strength: the loading force applied under a specific condition
that causes internal stresses to exceed the material limits. Two
material endpoints are commonly used: ultimate strength is the
force that causes complete material failure, whereas yield strength
is the force that causes permanent material damage to initiate.
The latter is usually used in predictive models because of the large
variability in behavior of complex objects like bones between
yield and complete failure.

Stress: force concentrations (per unit area) within an object
from applied loads. Types of stress (i.e., tension, compression,
torsion and shear) depend on how loads are applied, but magni-
tudes depend entirely on geometry of the object.
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Research Center, Seattle, WA) Shirley Beresford; (George Wash-
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(University of Minnesota, Minneapolis, MN) Karen Margolis;
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Health Science Center, San Antonio, TX) Robert Brzyski; (Uni-
versity of Wisconsin, Madison, WI) Gloria E. Sarto; (Wake For-
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