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Abstract

The risk of hip fracture rises rapidly with age, and is notably higher in women. After falls and
prior fragility fractures, the main clinically recognized risk factor for hip fracture is reduced bone
density. To better understand the extent to which femoral neck density and structure change with
age in each sex, we have carried out a longitudinal study in subjects not treated with agents known
to influence bone mineral density to investigate changes in regional cortical thickness, as well as
cortical and trabecular bone mineral density at the mid-femoral neck. Segmental QCT analysis
was used to assess bone measurements in two anatomic sub-regions, the supero-lateral (superior)
and infero-medial (inferior). A total of 400 older individuals (100 men and 300 women, aged 66—
90 years) who were participants in the AGES-Reykjavik study, were studied. Participants had two
QCT scans of the hip over a median follow-up of 5.1 yr. (mean baseline age 74 yr.). Changes in
bone values during follow-up were estimated from mixed effects regression models. At baseline
women had lower bone values in the superior region than men. At follow-up all bone values were
lower in women, except cortical vBMD inferiorly. The relative losses in all bone values estimated
in the superior region were substantially (about threefold) and significantly greater compared to
those estimated in the inferior region in both sexes. Women lost cortical thickness and cortical
vBMD more rapidly than men in both regions; and this was only weakly reflected in total femoral
neck DXA-like results. The higher rate of bone loss in women at critical locations may contribute
materially to the greater femoral neck fracture incidence among women than men.
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Introduction

The number of hip fractures is increasing worldwide, in part due to rapidly aging
populations with greater survival (1). There is a long-standing interest in femoral bone loss
with advancing age because of its association with hip fracture, the most clinically serious
osteoporotic fracture in the elderly which can lead to permanent disability and death (2).
While trochanteric fractures are clearly associated with low bone mass (3, 4), femoral neck
fractures may have a somewhat different etiology. We previously found evidence that
cortical thinning in the superior surface of the mid-femoral neck was important in
determining resistance to femoral neck fracture in vivo (5).

Bone is lost from all parts of the skeleton with advancing age but to different degrees. Both
cross-sectional and longitudinal studies have reported age-related bone loss in men and
women (6-11). The loss of bone begins earlier and proceeds faster in women than men.
Longitudinal studies have also shown a progressive loss of bone with age at the femoral
neck in the elderly (12, 13). Marked thinning of the mid-femoral neck cortex with advancing
age has been described in cross-sectional studies, both ex-vivo and in-vivo (14-16). In an
ex-Vivo cross-sectional study, trabecular bone mineral density (BMD) declined
asymmetrically with age at the mid-femoral neck with the greatest change in the superior
half (in an antero-posterior projection) (17). In another study, the same region of the neck
displayed marked trabecular micro-architectural weakness in elderly women who had
sustained a femoral neck fracture (18). These changes are important because in normal gait,
the greatest stresses occur in the sub-capital and mid-femoral neck region, where maximum
compressive stresses occur inferiorly. Superiorly, smaller magnitude tensile stresses occur
during walking (19). On the other hand, during a sideways fall onto the greater trochanter
the greatest compressive stresses and strains occur in the superior femoral neck while the
lower tensile ones occur in the inferior region (19, 20).

No previous quantitative computed tomography (QCT) study has examined longitudinal
change in regional cortical thickness and BMD measurements at the mid-femoral neck in
both older men and women. We found in our cross-sectional study that variations in cortical
thickness with age showed considerable sex differences (5). Women appeared to lose
cortical thickness whereas men apparently maintained theirs. The bone decrement with age
seemed to be different according to location within the femoral neck and appeared to be
more substantial in the superior region. However, we could not exclude the possibility that
these apparent changes with age were due to so-called cohort effects rather than age or time
itself.

In this longitudinal study our primary aim was to investigate, using multi slice CT, change
over 5 years in regional cortical thickness and cortical and trabecular BMD, each measured
separately. We also assessed total (i.e., cortical plus trabecular) BMD and simulated-DXA-
like changes at this location since QCT has been shown to be capable of reasonably accurate
DXA simulation (21). The study cohort consisted of 100 men and 300 women aged 66-90
years from the population-based AGES-Reykjavik study with available two-hip QCT-scans
taken 5 years apart. Segmental QCT analysis of the mid-femoral neck was applied to
estimate cortical thickness and BMD measurements in the superior and inferior regions of
the mid-neck, using an image analysis protocol that has been shown to be highly
reproducible in location and not subject to anatomical drift with age (16).
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Materials and methods

Study participants

Individuals were participants in the Age Gene/Environment Susceptibility-Reykjavik Study
(AGES-Reykjavik), a single-center prospective population study of Icelandic men and
women. Design and recruitment have been described in detail (10, 22). Baseline CT scans of
5500 individuals from this cohort were obtained between 2002 and 2006. Approximately
3300 individuals were rescanned about 5 years after the baseline measurements (2007-
2011). Scans of a subset of 400 (100 men and 300 women) individuals were randomly
selected for detailed quantitative analysis from the subgroup who had two QCT scans of the
hip, had not sustained a hip fracture and not using medications known to affect bone density
(see below). Otherwise there were no exclusions. The median follow-up time was 5.1 (SD:
0.15) years.

At the baseline visit, height and weight were measured and participants were asked to bring
all medications used in the previous 2 weeks to the clinic representing current usage.
Medications known to affect bone density: including estrogen replacement therapy, tibolone,
antiepileptics, systemic glucocorticosteroids and agents for the treatment of osteoporosis
(raloxifene, calcitonin or bisphosphonates), were identified. At baseline 8% (24) of women
and 11% (11) of men suffered from type 2 diabetes mellitus. The weight was measured
again at follow-up. At both baseline and follow-up, the time to walk 6 m at the participant's
usual pace was recorded and in this study the average of baseline and follow-up walking
time was used to represent the individual’s physical performance during the follow-up
(Greater walking time is interpreted as a reduced physical performance). All participants
provided written informed consent, and the study was approved (VSN 00-063) by the
National Bioethics Committee in Iceland as well as the Institutional Review Board of the
Intramural Research Program of the National Institute of Aging.

Quantitative computerized tomography (QCT) scanning and analysis

Imaging of the hips with CT was performed using a 4-row detector CT system (Sensation,
Siemens Medical Systems, Erlangen, Germany), as described before in (5). To calibrate CT
Hounsfield units to equivalent bone mineral concentrations, all subjects lay on a calibration
phantom (Image Analysis, Columbia, KY, USA), which extended from a position superior
to the L1 vertebral body to the mid-femoral shaft. The phantom contained calibration cells
of 0, 75 and 150 mg/cm? equivalent concentration of calcium hydroxyapatite. Scans were
acquired using a standardized protocol and encompassed the proximal end of femur from a
level 1 cm superior to the acetabulum to a level 3-5 mm inferior to the lesser trochanter at
settings of 120 kVp, 140 mAs, 1-mm slice thickness, pitch=1, pixel size of 0.977 mm and
512x512 matrix in spiral reconstruction mode using the standard kernel with a 50-cm
reconstruction field of view (FOV). The imaging centre uses highly stringent and
reproducible daily quality assurance tests to monitor scanner stability based on a phantom
test including measurements of slice geometry, spatial uniformity, density linearity, spatial
resolution and noise. In addition the imaging centre performs weekly measurements to
monitor density linearity of the calibration phantom described above. The scanner was
calibrated monthly against water.

QCT-derived femoral neck measures

The CT images were processed to extract measures of volumetric BMD (vBMD), areal
BMD (aBMD, DXA equivalent) and bone structure at the femoral neck using QCT PRO
CTXA software (Mindways, Austin, Texas) according to a protocol described in more detail
previously (5, 16) and briefly described below.
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Bone segmentation

Automated segmentation of bone from soft-tissue voxels generated axial, coronal and
sagittal reconstructions of the hip followed by 3D rendering and femoral neck axis
placement. A region-growing algorithm classified each pixel as either “bone” or “not bone”
using an adaptive classifier. A graphical user interface allowed the operator to optimize the
reconstructed images in 3 planes of section: first to properly position the hip for cortical
thickness and BMD measurements; then to trim excessive soft tissue pixels, fill artifactual
bone holes and optimize the femoral neck axis on the 3D surface-rendered image. The
baseline scan and the follow-up scan for each individual were analyzed together to ensure
that the hip was properly positioned in both analyses. The analysis was done by a single
observer.

Regional cortical thickness

A scripting command, written to extract automatically six contiguous cross-sectional slices
of 1 mm thickness of the mid-femoral neck from a reproducible location for measurements,
was used with the QCT PRO Bone Investigational Toolkit (BIT2) software (Mindways,
Austin, Texas). The mid-femoral neck cross-section placement was automatically directed
perpendicular to the femoral neck axis where the approximate ratio of maximum to
minimum diameters equaled to 1.4: slice 6 in Fig. 1. Studies have shown that where the ratio
of the distances between the superior to inferior (maximum) and anterior to posterior
diameters (minimum) is 1.4, this region of the femoral neck has the lowest cross-sectional
area and can be considered the mid-neck (23, 24). Five further slices were extracted at 1 mm
intervals medially. The extracted images had an interpolated pixel size of 0.488 mm.
Estimated cortical thickness (Est Ct.Th) at the mid-femoral neck was determined in two
anatomical surfaces. The centre of area was the internal reference point, with 16 equal
sectors defined by equal angles (22.5°) (to simulate anatomical stance) and the first sector
boundary defined by a vertical line; see Fig. 1. In QCT PRO analysis, the anterior surface of
the femur on the sagittal plane image is positioned vertically (to ensure reproducibility in a
limited scan field). However, the anterior surface of the whole femur is canted anteriorly in
stance (giving a mean angle of incidence of 22.5 degrees to the vertical) (25). Thus region
division boundaries on cross sections of the mid-femoral neck required clockwise rotation
(by 22.5 degrees, or one sector viewed towards the acetabulum) to ensure anatomic
relevance when considering the femurs in “stance” (see Fig. 1, image to right). This resulted
in two anatomical regions (Fig. 1): the superior surface (S: from sectors 14, 15, 16, 1, 2, 3, 4,
5), and the inferior surface (I: 6, 7, 8, 9, 10, 11, 12, 13). The cortical bone threshold was
chosen at 450 mg/cm?3 because this minimized differences from cortical thickness estimates
made by higher resolution CT and histological methods (16, 26). Est Ct.Th was calculated
for each of the 16 sectors as follows; the cortical area was measured automatically (by pixel
counting) on each cross-sectional image. In each sector, the cortical bone mass was assumed
to be evenly distributed between the two surface boundaries (periosteal and endosteal). The
boundaries were approximated as concentric arcs of constant curvature, enclosing the
cortical centre of mass. The software automatically selected two radii of curvature centred at
the intersection point of the sector lines (one periosteal, the other endosteal) that matched the
pixel counted cortical area. Est Ct.Th by superior and inferior surfaces was averaged across
corresponding sectors and the data from the 6 cross-sections were used to derive a single
mean estimate for each region.

To assess the in vivo reproducibility of our measurements, nine participants underwent a
repeated CT scan after they got off the table and were then repositioned. The intra-observer
variability of the Est Ct. Th measurements by regions was estimated using coefficient of
variation (CV). The CVs were 4.8% for S Est Ct.Th and 1.9% for | Est Ct.Th.
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vBMD measurements, DXA-equivalent femoral neck aBMD, and geometric measures

Volumetric BMD (VBMD) measurements (in mg/cm3) were derived for each segment.
Cortical vBMD (Ct.vBMD) was calculated from the voxels classified as being within the
cortex and trabecular vBMD (Th.vBMD) from the remaining pixels interior to the endosteal
cortical boundary. The total vBMD (Tt.vBMD), Ct.vBMD and Th.vBMD values for the
superior and inferior regions was averaged across corresponding sectors and the data from
the 6 cross-sections were used to derive a single mean estimate for each region. The mean
total vBMD for the mid-femoral neck (FN vBMD) was also estimated. The mean cross-
sectional area (CSA) of the mid-femoral neck was estimated from the 6 cross-sections and
defined as the area enclosed by the external bone perimeter. The mean density-weighted
maximum and minimum cross-sectional moment of inertia (CSMI i, With respect to the
longer axis; CSMIyax, With respect to the shorter axis) was estimated for the mid-femoral
neck (total bone). CSMI is defined by the integral sum of the products of individual bone
pixel cross-sectional areas with the squares of their distances from the centroid. CSMI is
proportional to the capacity of a cross-section to resist bending. DXA-equivalent BMD (in
mg/cm?) for the total femoral neck aBMD (FN aBMD) was determined by the software. The
CVs for these variables across the 6 cross-sections were 7.7% for S Tt.vBMD, 2.0% for |
Tt.vBMD, 2.2% for S Ct.vBMD, 0.6% for | Ct.vBMD, 10.2% for S Th.vBMD, 9% for |
Th.vBMD, 1.1% for FN Tt.vBMD, 2% for CSA and 0.8% for FN aBMD.

Statistical analyses

Since we aimed to measure rates of loss or gain of our measured variables in units of
measurement and also to compare rates of change between regions with considerably
different mean values, as well as between the two sexes, we performed linear regression
analysis both on the untransformed and on natural log-transformed data. Random effects
regression models were used to determine the average amount of change in study variables
during follow-up for each participant. These random effects models accounted for between-
subject variation and adjusted for within-subject correlations between repeated
measurements. Thus each participant had a subject-specific intercept and slope. Time was
modeled as time between the two measurements. The fixed effect in the models included the
mean of baseline age and follow-up age. Changes are reported both as absolute changes and
percent changes. The significance of difference between the sexes was tested by assessing
the interaction between sex and time in each model. The effect of baseline height, baseline
weight and weight change during follow-up was tested by adjusting for each variable
separately in the models. Their interactions with time were also tested, but since these
interactions were not significant and they did not affect the estimated average changes the
results are not shown.

A participant was considered to have maintained or increased in Est Ct.Th and BMD during
follow-up if the difference between follow-up and baseline measurement was =0. Student’s
t-test was used to test for difference between those who maintained or increased and those
who lost bone. The percentage loss in | Est Ct.Th across the weight change quartiles is
reported graphically and the difference by quartiles was analyzed by one-way analysis of
variance (ANOVA). The baseline and follow-up measurements for S Est Ct.Th, | Est Ct.Th
and FN vBMD for each individual’s visits were plotted to provide a graphical representation
of the variability in the loss. The partial correlation coefficients were estimated from linear
regression. The percent difference between the sexes was estimated using linear regression
analysis of the natural log-transformed outcome and having sex as a factor variable (table 1).
The programs R 2.13.2 (R Foundation for Statistical Computing, Vienna, Austria) and SAS
9.2 (SAS Institute Inc, Cary, North Carolina, USA) were used for statistical analyses.
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Baseline and follow-up values

Characteristics of the cohort at baseline (dates 2002—-2006) and at follow-up (2007-2011)
are summarized in Table 1. The median time between baseline and follow-up was 5.1 years.
Men and women were of similar age at baseline and as expected men were on average taller
and heavier than women. At baseline men had on average higher bone values than women
except at the inferior region of the mid-femoral neck, where Est Ct.Th, Tt.vBMD and
Ct.vBMD were similar. At follow-up all bone values were lower in women with the striking
exception of Ct.vBMD in the inferior surface. Men and women had similar total mid FN
vBMD at baseline but total FN DXA-like was 13% lower in women at baseline. Body
weight change during the follow-up was similar among men and women. Mid-FN cross-
sectional area was unchanged during follow-up in both sexes.

Estimated changes in cortical thickness and bone mineral density at femoral neck

Longitudinal changes per year for men and women are summarized in table 2. All mean
cortical thickness and BMD measurements declined significantly from baseline in both
sexes, except Ct.vBMD in the inferior surface among men and Th.vBMD in the inferior
region in both men and women. The relative losses in Est Ct.Th and vBMD were substantial
and significantly greater in the superior region compared to the inferior region in both sexes
(p<0.02). Average changes in S Est Ct.Th were —1.6 %/year in men and —3.3%/year in
women, contrasting with —0.5%/year and —0.9%/year respectively in | Est Ct.Th. The
relative change in Th.vBMD in the superior region was on average about threefold greater
than the change in Ct.vBMD in the same region in both sexes. Changes in regional
Tt.vBMD were broadly similar to changes in regional Est Ct.Th (Table 2). The relative
decline in the mean density-weighted CSMI (total bone) for the mid-FN was 0.7-0.9 % per
year and similar in both sexes.

Women lost relatively more cortical thickness and vBMD than men in both surfaces except
for Th.vBMD in the inferior region. This was also true for absolute changes with the
exception of Est Ct.Th and Tt.vBMD in the superior region. The average change in FN
Tt.vBMD was slightly higher in women but was similar for FN aBMD in men and women,
about —1 %/year. The baseline body weight was positively associated with | Est Ct.Th and
FN aBMD but it was not associated with the estimated loss in each variable.

Type 2 diabetes was not an effect modifier for the estimated average change in any of the
variables for either men or women (p>0.05)

Comparison between those who maintained or increased bone and those who lost bone

The baseline and follow-up value for every individual in cortical thickness in inferior and
superior surfaces and FN vBMD are shown in Fig. 2. Among men, 25 participants (25%)
maintained or increased S Est Ct.Th during follow-up, 34 (34%) maintained or increased |
Est Ct.Th and 20 (20%) maintained or increased FN vBMD. Fifty-six women (19%)
maintained or increased S Est Ct.Th, 68 (23%) maintained or increased | Est Ct. Th and 27
(9%) maintained or increased FN vBMD during follow-up. The maintenance of Est Ct.Th
and FN vBMD in men was not significantly (p>0.15) associated with any of the following:
baseline age; baseline weight; baseline height; or weight change during follow-up.
Maintenance of | Est Ct.Th among women was associated with weight gain (p<0.02), those
who maintained | Est Ct.Th increased on average their weight by 0.24 kg (SD=6.0) and
those who lost | Est Ct.Th decreased their weight by —1.4 kg (SD=5.0). Percent | Est Ct.Th
loss among women during follow-up is presented by quartiles of weight change during
follow-up in Fig. 3 a (p for trend = 0.01). Maintenance of S Est Ct.Th was not significantly
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(p>0.21) associated with any of the following; baseline age; baseline weight; baseline
height; or weight change during follow-up in either sex.

Correlation between percentage changes in bone variables and individual’s physical
performance

Table 3 shows the partial correlation coefficients between percentage changes in bone
variables and the average walking time (used to represent an individual’s physical
performance) when corrected for baseline age, height and weight. The correlation between
changes in bone variables and walking time were inverse; and when statistically significant
ranged from —0.13 to —0.26. Among women, | Est Ct.Th, S Tt.vBMD, S Ct.vBMD and FN
vBMD were negatively correlated with average walking time. In men, S Tt.vBMD, FN
vBMD and FN aBMD were negatively correlated with average walking time. Percent | Est
Ct.Th loss among women during follow-up is presented by quartiles of average walking
time in Fig. 3 b.

Correlation between changes in superior and inferior region and between changes in
cortical and trabecular bone in the same region

Table 4 shows the partial correlation coefficients between changes in superior and inferior
region for Est Ct.Th, Tt.vBMD, Ct.vBMD and Th.vBMD when corrected for baseline age,
height and weight among men and women. The coefficients of correlation ranged from
0.23-0.41 and were similar in men and women. The strongest correlation was between S
Tt.vBMD and | Tt.vBMD. In addition the correlation coefficients between changes in
cortical and trabecular bone in the same region are shown in table 3. The correlation
between variables in superior region was higher in men than women. The correlation
between changes in | Ct.vBMD and | Th.vBMD was inverse, statistically significant, but
similar in both sexes. There was no correlation between changes in | Est Ct.Th and |
Th.vBMD.

Discussion

This study presents longitudinal changes in cortical thickness, cortical vBMD, trabecular
vBMD as well as total vBMD in specific regions of the mid-femoral neck. Elderly women
lost cortical thickness, total vBMD and cortical vBMD more rapidly than elderly men while
in both sexes the relative losses were significantly greater in all variables in the superior
region compared to the mechanically loaded inferior region. The loss in trabecular vBMD
was similar in each sex and restricted to the superior region. At baseline, women had lower
bone values in the superior region than men and these differences increased; yet they were
only weakly reflected in the total femoral neck DXA-like results generated by the standard
software. It seems plausible that these higher rates of bone loss at critical locations may
contribute materially to the greater risk of femoral neck fracture seen in elderly women.

The losses in all bone variables in the superior region correlated low to moderately with
those seen inferiorly. This might indicate different determining factors. In normal gait, the
maximum compressive stresses occur inferiorly and smaller magnitude tensile stresses occur
superiorly (19). It has been postulated that an adaptive bone remodelling response to the
typical strains from bipedal locomotion causes increasing asymmetry of the femoral neck
cross-section during life (27-29) and results in faster thinning of cortex and decrease in
volumetric BMD superiorly. While walking usually continues into advanced old age, the
femoral necks of the elderly are rarely subjected to “odd impact” and “high impact” loads
that are associated with a more uniformly thickened femoral neck cortex (30).
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Change in body weight and change in BMD have previously been shown to be associated in
both sexes (31-33). In the present study, higher baseline weight was slightly associated with
greater | Est Ct.Th and FN aBMD at both baseline and follow-up in women. Also in women,
maintenance of | Est Ct.Th was associated with maintenance of body weight. Reid (34)
concluded that both fat mass and lean mass contribute to maintenance of bone mass, though
in postmenopausal women the importance of fat mass had been demonstrated more
consistently. Mechanically and biologically, fat and bone are linked by a multitude of
pathways including the effects of soft tissue mass on skeletal loading, the association of fat
mass with the secretion of bone active hormones from the pancreatic beta cell (including
insulin, amylin, and preptin), and the secretion of bone active hormones (35) (e.g. estrogens
and leptin) from adipocytes. We found marked individual variations in the amount of bone
lost in both men and women, which may imply that underlying mechanisms differ between
subjects. Since BMD and Est Ct. Th are strongly associated with fracture risk in both men
and women (5, 36, 37), understanding the source of these variations is important.

There is limited evidence suggesting that physical activity has positive effects on elderly
bone (38). Cousins et al. (39) found that bone strength and physical activity in men was
associated through greater total bone area but not volumetric density; and other studies have
shown reduction of fracture rates in older people who exercise (40). Our findings show that
reduced physical performance was associated with more bone loss. This is consistent with
previously published data from this elderly population showing that continuing physical
activity helps maintain bone health in the elderly (41).

To our knowledge, this is the first 3-dimensional study to report longitudinal changes in
specific regions of the mid-femoral neck. In agreement with previous DXA studies, our
results showed that elderly men and women lose about 1.0 % of total femoral neck aBMD
per year (7, 8), confirming that BMD loss progresses with age at the femoral neck in the
elderly (12, 13). This longitudinal study, while verifying our previous cross-sectional results
suggesting that losses in cortical thickness differed considerably between men and women
and were markedly different according to location within the femoral neck (5), has shown in
addition that cortical thickness also decreases with advancing age in men.

We found a two-fold higher rate of loss in the inferior region in our age-group compared to
the estimate from a cross-sectional study using similar methodology (16); which emphasizes
the need to make direct measurements of rates of loss. In a longitudinal study of 59 Japanese
women (aged 54-84 years) followed for the shorter interval of 2 years, the cortical thickness
in the femoral neck decreased by 1.1% per year but the cortical vBMD was unchanged (42).
Riggs et al (43) suggested in a cross-sectional study that decreases in trabecular vBMD
begin before midlife, whereas cortical vBMD decreases start later. We found that whereas
the loss in trabecular BMD was similar among men and women and only significant
superiorly, women lost more cortical vBMD in both regions than men, men only losing
cortical vBMD superiorly.

It has been hypothesized (44) that endosteal bone loss precedes periosteal apposition, which
adapts to maintain whole bone strength (45). Kaptoge et al found with DXA that the width
of the elderly femoral neck in the antero-posterior projection gradually increased over time
(46). But in our study mid-femoral neck cross-sectional area was unchanged, in agreement
with the results of Ito et al (42). In the MrOS study, the total cross-sectional area of the neck
was minimally related with age in men (47) while in the cross-sectional AGES study the
neck CSA slightly increased with age, by about 2% per decade in both men and women
(10). To be able to detect such a small increase in CSA with advancing age would have
required a longer follow-up in this cohort.
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Lobstein defined osteoporosis 150 years before bone densitometry by the increased size of
cortical pores (48, 49) and in hip fracture very large pores develop from merging of two or
more haversian canals, potentially leading to trabecularization of the cortex (27). This might
have led to the inverse associations we observed between | Th.vBMD and | Ct.vBMD
(Table 4), although there are other possible explanations including thresholding errors
between cortical and trabecular bone due to partial volume effects.

Maximal compressive strain from a sideways fall occurs superiorly in the neck (15, 19, 20).
In load-to-failure ex-vivo testing in a sideways fall simulation, cadaveric femurs often began
to fracture at the thin superior cortex (50) as previously predicted (15, 17). Cortical thinning
in the superior surface of the mid-femoral neck has been shown to be associated with
femoral neck fracture in vivo (5, 51). In an ex-vivo study the superior region of the mid-
neck displayed marked trabecular micro-architectural weakness in elderly female femoral
neck fracture cases (18). It has been argued that the importance of trabecular bone for
fracture resistance is greater if the femoral neck cortex fails through local buckling rather
than through materials failure in which the superior cortex is crushed (17). Our study
showed that the relative loss of Est Ct.Th was threefold greater superiorly than inferiorly
whereas trabecular vBMD only declined in the superior region.

As longevity increases our findings are potentially important, even though the mechanical
implications of these densitometric and geometric changes of the femoral neck are still
somewhat conjectural. To estimate age-related changes in stress and strain distribution in the
cortical and the trabecular bone, separately, in both stance and sideways fall configurations
is desirable but requires further investigation. The voxel-based finite element techniques that
have been applied in population based studies so far have only been validated to estimate
whole bone strength (fracture load).

This study has several important strengths such as the inclusion of both men and women, the
longitudinal study design, which eliminates the cohort effects that confound cross-sectional
studies, and the spatial resolution 1 mm thickness QCT-scans being made and analyzed at a
single center. Our detailed information on medication allowed exclusion of subjects on
medications that influence bone. This study also has some limitations. All of our subjects
were Caucasian, and our results may therefore not be applicable to other ethnic groups.
There are certain technical limitations to the measurement of cortical bone in vivo, which
have been discussed in previous reports (5, 16). What we have measured with the BIT2
technique cannot be considered an accurate estimate of the thickness of the cortex in the thin
superior zones, due to the partial volume effect. For simplicity in application, we used a
single threshold to delineate cortex from trabecular bone. The difficulties of resolving thin
bone cortices in the femur using a thresholding technique were documented (52). The partial
volume effect tends to make trabecular bone close to the endosteal boundary appear more
dense and cortical bone less dense than they really are (53, 54). These effects lead to cortical
thickness overestimation particularly in the inferior region of the femoral neck cortex.
Downward bias can also occur when true cortical thickness approaches the pixel size,
especially for highly porous cortices (53) and this might affect our results more in women
than men because of thinner cortices among women. Higher apparent cortical density in the
inferior regions compared to the superior regions appeared exaggerated compared to direct
measurements made with a scanning electron microscope (SEM) technique (55).
Nevertheless, by average adjacent Est Ct. Th measurements and along the femoral neck axis
to increase the precision, the CVs are comparable to those obtained in 2D Hip Strength
Analysis (56) and with the architectural variables derived by HR-pQCT (57, 58) while
remaining equal to or larger than CVs for 2D BMD (59). An additional technical limitation
might be that the image registration method was not fully automated. The correlation
coefficients in table 4 might be underestimated by 20-30 % in men because of measurement
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imprecision leading to regression dilution, especially for total vBMD and trabecular vBMD,
and this might affect our results more in men than women because they lost less bone.

In conclusion, we have shown that age-related losses of bone tissue were about threefold
greater in the superior region than in the inferior region of the mid-femoral neck in both
sexes. Older women lost cortical thickness and cortical BMD more rapidly than men,
especially superiorly and this was only weakly reflected in the DXA-like results. Since
fractures may initiate superiorly (50), the increased rate of superior femoral neck bone loss
in women may contribute materially to the greater risk of femoral neck fracture in elderly
women than men. Excess endocortical resorption and possibly enlargement of intracortical
cavities leading to trabecularization of the cortex may be key processes leading to increased
bone fragility in the elderly femoral neck. Because of the marked difference in regional bone
loss between individuals and also between the two sexes, better understanding of the so far
undetermined mechanisms regulating localized bone loss in the elderly proximal femur is an
important topic for future research.
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Figure 1.

3D CT rendering (left) showing ROIs and Slice Position. Shape of FN at max/min ratio 1.4
(right) showing the superior and inferior region (note the clockwise shift of one sector due to
sagittal positioning). The contours show the cortex.
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Figure 2.

Individual change in estimated cortical thickness in superior (A) and inferior (B) surfaces
and mid-femoral neck vBMD (C) in men and women during a median of 5.1 yr of follow-
up. Each dot line represents a single participant. The solid line represents the average loss.
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Figure 3.

a. Percentage loss in inferior estimated cortical thickness during a median of 5.1 yr of
follow-up by quartiles of weight change during follow-up in women. Cut-points for weight
change quartiles are as follows: <-4.0 kg, -4.0 kgto < -1.0 kg, -1.0kgto < 1.8 kgand > 1.8
kg. Significantly different from quartile four, p=0.01. Error bars indicate 95% confidence
intervals.

b. Percentage loss in inferior estimated cortical thickness during a median of 5.1 yr of
follow-up by quartiles of baseline walk time in women. Cut-points for baseline walk speed
quartiles are as follows: <5.4 sec, 5.4 sec to < 6.0 sec, 6.0 sec to < 6.8 sec and = 6.8 sec.
Significantly different from quartile four, p=0.007. Error bars indicate 95% confidence
intervals.
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Table 2

Estimated longitudinal changes in CSA, CSMI, Est Ct.Th and BMD at femoral neck during the 5-year follow-
up. Absolute changes per year (95CI) and percent changes per year (95%Cl) are provided and are bold if the
changes are significantly different from zero.

Men (N=100) Women (N=300)

Absolute change per
year (95CI)

% change per year  Absolute change per year % change per year Mean
Mean (95%Cl) (95CI) (95%Cl)

AS Est Ct.Th (mm/%)
Al Est Ct. Th (mm/%)

-0.020 (-0.026 to -0.014)  -1.6 (-2.1 to —-1.1)
-0.013 (-0.018 t0 -0.007)  -0.5 (~0.7 to -0.3)

-0.023 (-0.026 to ~0.020)
-0.024 (-0.028 to

-3.3(-3.8t0 —2.8)*
-0.9 (-1.0 to —0.8)*

ACSA (cm?/%)

CSMI min (mg/cm3 cm*/%)
CSMI max (mg/cm? cm*/%)
AS Tt.vBMD (mg/cm3/%)

Al TtvBMD (mg/cm3/%)

AS Ct.vBMD (mg/cm3/%)

Al Ct.vBMD (mg/cm®/%)

AS Th.vBMD (mg/cm3/%)
Al Th.vBMD (mg/cm3/%)
AFN vBMD (mg/ cm?3/%)

AFN aBMD (mg/cm?/%)

-0.012 (~0.019 to 0)

-21 (~26 to -15)
-29 (37 to -21)
-2.2(-2.7t0-17)
-1.0 (-1.5 to -0.4)
-2.8(-3.910-1.6)
-05 (-1.410 0.5)

-1.2 (-1.6 t0 -0.9)
-0.4 (0.9 10 0.0)
-1.6 (-1.9to -1.2)

-6.3 (-9.7 to -3.0)

-0.2 (-0.2,0.0)
-0.7 (-0.9t0 ~0.5)
-0.7 (-0.9 to ~0.5)
-22(-2.710 -1.6)
-0.4 (-0.6t0 -0.2)

-0.6 (-0.3,-0.8)

-0.1(0.1,-0.2)
-2.4(-4510-0.2)

-0.4(-0.810 0.0)
-0.7 (-0.8 t0-0.5)

-0.8 (-1.2 t0 -0.5)

-0.020)*
0.004 (~0.002 to 0.01)

-13 (-15t0 -11) *
-17 (20 to -14) *
-2.6 (-2.9t0 -2.3)
-25(-30t0-2.1)"
-4.7(-5510-3.9)"
-24(-30t0-1.8)"
-1.4 (-1.6t0 -1.2)
-0.6 (-0.8 t0 -0.3)
—24(-2710-2.2)"
-9.3 (11510 -7.1)

0.0 (0.0,0.1)
-0.9 (-1.0 to -0.7)

-0.8 (0.9 to -0.7)

-3.4(-3.81t0-3.0)"
-1.0(-1.2t0-0.9) "
-12(-1.410-0.9)"
-0.4(-05t0-0.3)"
-3.0 (-3.8t0-2.3)
-0.4 (-1.310 0.6)
-11(-12t0-1.0)"
-1.3 (-1.5 to -1.0)

p<0.05 Significant sex difference.
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Correlation between the percent changes in various variables with average walking time (physical
performance). All partial correlation coefficients are adjusted for baseline age, height and weight.

Table 3

Men

Women

Partial correlation

Partial correlation

coefficient coefficient
AS Est Ct.Th (%) NS NS
Al Est Ct.Th (%) NS

AS Tt.vBMD (%)

Al TLVBMD (%)
AS CtvBMD (%)
Al CtyBMD (%)
AS Th.vBMD (%)
AFN vBMD (%)

AFN aBMD (%)

-0.26 (-0.44, —0.06) ™
NS

-0.22 (-0.40 t0 -0.02) *

NS

-.24 (-0.42, -0.04) "

*

-0.24 (-0.42, —0.04)

-0.13 (-0.24, —0.02) *

-0.14 (-0.25, -0.02) *
NS

*

-0.18 (-0.29, —0.06)
NS
NS

-0.17 (-0.28, —0.05) *
NS

Heok kA

p<.0001,

Aok

*
p<.001,

*ok

<.01,

*
p<0.05

NS: correlation not signficant
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Table 4

Page 20

Relationship between changes in superior and inferior region for Est cortical thickness, total vBMD, cortical
vBMD and trabecular vBMD among men and women. In addition, relationship between changes in cortical
and trabecular bone in the same region. All partial correlation coefficients are adjusted for baseline age, height

and weight.

Men (N=100)

Women (N=300)

Relationship between changes in superior and inferior region

| Est Ct.Thvs. S Est Ct.Th

| TtLvBMD vs. S Tt.vBMD
| Ct.vBMD vs. S Ct.vBMD
| Tb.vBMD vs. S Th.vBMD

S Ct.vBMD vs. S Th.vBMD
| Ct.vBMD vs. | Th.vBMD
SEst Ct.Thvs. S Th.vBMD

Partial correlation coefficient (95%CI) p on gender
difference
0.26 (0.07 to 0.43) 0.40 (0.30 to 0.49) 0.48
0.41 (0.23 to 0.56) 0.38 (0.28 t0 0.47) 0.76
0.21 (0.01 to 0.39) 0.33(0.23 t0 0.43) 0.27
0.23 (0.04 to 0.41) 0.28 (0.17 t0 0.38) 0.65
Relationship between changes in cortical and trabecular bone in the same region
Partial correlation coefficient (95%Cl) p on gender
difference
0.35 (0.16 to 0.51) 0.13 (0.02 to 0.24) 0.04
-0.48 (-0.62 t0 -0.31) -0.44 (-0.53t0-0.34) 0.66
0.47 (0.30 t0 0.61) 0.17 (0.06 to 0.28) <0.0001
0.00 (-0.20 to 0.20) -0.01(-0.12t00.10)  0.93

| Est Ct.Thvs. | Th.vBMD
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