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Abstract

Regional variation in trabecular structure across axial sections is often obscured by the conventional
global analysis, which takes an average value for the entire trabecular compartment. The objective
of this study is to characterize spatial variability in trabecular structure within a cross-section at the
distal radius and tibia, and gender and age effects using in vivo HR-pQCT.

HR-pQCT images of the distal radius and tibia were acquired from 146 healthy individuals aged 20—
78 years. Trabecular bone volume fraction (BV/TV), number (Th.N), thickness (Th.Th), separation
(Th.Sp), and heterogeneity (Th.1/N.SD) were obtained in a total of 11 regions — the entire trabecular
compartment (the global means), inner, outer, and 8 defined subregions. Regional variations were
examined with respect to the global means, and compared between women and men, and between
young (20-29 yo) and elderly (65-79 yo) adults.

Substantial regional variations in trabecular bone structure at the distal radius and tibia were revealed
(e.9. BVITV varied —40% to +57% and —59% to +100% of the global means, respectively, for elderly
women). The inner-lateral (IL) subregion had low BV/TV, Th.N, and Th.Th, and low Th.Sp and Tb.
1/N.SD at both sites; the opposite was true in the outer-anterior (OA) subregion at the distal radius
and the outer-medial (OM) and -posterior (OP) subregions at the distal tibia. Gender differences were
most pronounced in the inner-anterior (IA) subregion compared to the other regions or the global
mean differences at both sites. Trabecular structure correlated with age and differed between young
and elderly adults predominantly in the inner-posterior (IP) subregion at the distal radius and in the
IL and 1A subregions at the distal tibia; on the other hand, it remained unchanged in the OA subregion
at the distal radius and in the OM subregion at the distal tibia for both women and men.

This study demonstrated that not only the conventional global analysis can obscure regional
differences, but also assuming bone status from that of smaller subregion may introduce a
confounding sampling error. Therefore, a combined approach of investigating the entire region, each
subregion, and the cortical compartment may offer more complete information.
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INTRODUCTION

Bone quality is a key component for fracture risk assessment and is determined by complex
features such as mineralization, architecture, turnover, collagen cross-link and damage
accumulation [1]. Bone strength is determined by the quality and quantity of the mineralized
skeletal bone tissue. As bone mineral density (BMD) reflects both bone volume and the degree
of mineralization, it has been regarded as a surrogate measure for bone strength. Areal BMD
measured using dual x-ray energy absorptiometry (DXA) is primarily used for the routine
diagnosis of osteoporosis. However, BMD only explains up to 70% of bone strength [1]. A
variety of morphologic parameters have been introduced to quantitatively characterize the
structural properties of trabecular bone. These indices include, but not limited to, bone volume-
fraction (BV/TV), and metric indices such as trabecular thickness (Tb.Th), number (Tbh.N),
and separation (Th.Sp).

With the emergence of high-resolution imaging modalities such as high-resolution peripheral
quantitative computed tomography (HR-pQCT), isotropic nominal resolutions of 82 um can
be achieved, enabling in vivo assessment of these structural indices for trabecular bone at
peripheral sites (specifically at the distal radius and tibia). Their accuracy has been validated
against uCT-obtained values [2—4]. Structure indices obtained from HR-pQCT images have
also been compared to results of mechanical testing and finite element analysis [5]. In addition,
the discriminatory power of HR-pQCT-obtained cortical and trabecular structure indices for
disease [6] and fracture [7-9] states has been demonstrated, showing its feasibility as a non-
invasive tool for assessing skeletal status.

Density and structural indices of trabecular bone calculated from HR-pQCT images are usually
reported as average values for the entire trabecular compartment of interest. However,
trabecular density and structure can vary substantially throughout cross-sections of the distal
radius and tibia (Figure 1). In fact, Lai et al imaged cores of trabecular bone using uCT and
found that trabecular bone in the posterior region of the distal tibia exhibits significantly higher
BMD, BV/TV, Th.N, Th.Th, and degree of anisotropy, as well as lower Th.Sp and structure
model index compared to the anterior region (all p < 0.01) [10]. This is most likely the result
of adaptation to the habitual loading pattern [10] as the posterior part of the distal tibia is subject
to substantial compressive and shear forces from the ground reaction and internal muscle forces
during gait [11,12]. Such regional differences are obscured by global averaging of the entire
trabecular compartment. The standard deviation of trabecular separation (denoted either as Th.
1/N.SD or Th.Sp.SD) is often regarded as a measure of heterogeneity in trabecular bone
distribution. While this indicates the degree to which the structure is heterogeneous across the
entire trabecular region, it does not provide spatial information.

Regional analysis, by subdividing the HR-pQCT images of the radius and tibia cross-section,
provides complementary information about the intrinsic structural heterogeneity of trabecular
structure that is related to the underlying biomechanical conditions. We hypothesize that
trabecular bone structure varies spatially across the trabecular compartment at the distal radius
and tibia, and the degree of differences due to gender and age depend on the region. The
objective of this study is to use in vivo HR-pQCT to investigate regional variations in trabecular
structure at the distal radius and tibia and its differences due to gender and age.
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MATERIALS AND METHODS

Subjects

Healthy volunteers aged between 20 to 78 years — 93 women (mean age 48.1 + 15.8 yr) and
53 men (mean age 44.7 = 16.7 yr) — were recruited through public fliers posted locally as a
part of ongoing effort to build a normative database. Persons with no known disease conditions
or received no chronic treatment that may affect bone metabolism were enrolled. All subjects
gave written informed consent prior to participation. Out of 93 women, 43 were
postmenopausal, who had complete cessation of menses for at least six months prior to entrance
into the study. Among a total of 79 individuals with DXA measurements (54 women and 25
men), 15 women and 10 men were classified as osteopenic (—1 < T-score < —2.5 at either L1-
L4 or total femur), and 7 women and 3 men were classified as osteoporotic (T-score <-2.5).
46% of the subjects were Asian, followed by 46% Caucasian, reflecting the ethnic composition
of San Francisco Bay Area. The study protocol was approved by the University of California
San Francisco Committee on Human Research.

HR-pQCT Image Acquisition

Analysis

The distal radius and tibia of each subject were imaged using an in vivo HR-pQCT scanner
(XtremeCT, Scanco Medical, Bruttisellen, Switzerland). HR-pQCT image acquisitions were
performed by a total of 5 operators over the 3-year course of the study. Each subject’s forearm
and lower leg were immobilized in corresponding carbon-fiber molds, and fixed to the scanner
to minimize motion during acquisition. A 9-mm-long section of the radius and tibia was imaged
9.5 mm and 22.5 mm proximal to the distal endplate, respectively. The non-dominant side was
scanned unless there was a history of fracture, in which case, the contra-lateral side was
scanned. The x-ray source potential was 60 kVp with a current of 900 pA. A two-dimensional
detector containing 3072 x 256 CCD elements was used to acquire 750 projections at a 100
ms integration time per projection. The 12.6 mm field of view was reconstructed across a 1536
x 1536 matrix, yielding 82 pm isotropic voxels. Image acquisition time was 3 minutes per scan.
Images were immediately reviewed for motion artifacts and repeated if obvious artifacts were
detected. Five radius images were excluded due to motion artifacts despite repeated acquisition.
The final dataset consisted of 142 radius and 146 tibiae images. The effective dose was < 3
uSV per measurement [13].

Attenuation values were converted to equivalent hydroxyapatite density (mg HA/cm3) using
a linear relationship based on a phantom containing cylinders of HA-resin mixtures with five
different concentrations (0, 100, 200, 400, and 800 mg HA/cm3) (QRM, Moehrendorf,
Germany). For quality control, the linear attenuation values of the phantom were monitored
daily.

The images were segmented and processed in accordance to the standard patient-style analysis
protocol using Image Processing Language (Scanco Medical AG, Briittisellen, Switzerland)
as described elsewhere [6,14-20]. First, a semi-automated edge-defining algorithm was applied
to the original grayscale image to contour the periosteal surface. The cortical and trabecular
regions were segmented automatically by the analysis protocol as described in detail by Laib
etal [17]. The following process for defining subregions was performed on the trabecular mask
automatically using Matlab at every slice. The trabecular compartment was first divided into
two concentric circular regions (inner and outer subregions), where the area of the inner
subregion was 60% of the entire trabecular region. This was consistent with the definition of
inner and outer subregions where density measurements were obtained as a part of the standard
patient analysis [20,21]. Furthermore, the inner and outer trabecular compartments were
divided into angular quadrants at each slice based on the defined reference line. For the radius,

Bone. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sode et al.

Page 4

the major axis of the radius cross-section (the longest diameter through the centroid) was used
as a reference, as the angle between the major axis of the radius and a line connecting the
centroids of the radius and ulna cross-sections moved substantially within a scanned span (~
3¢ for radius as opposed to 0.5° for tibia). The quadrants were placed 45° to the reference line.
For the tibia, a line connecting the centroids of the tibia and fibula cross-sections was used as
areference. The quadrants were placed 0° to the reference line. A total of 8 subregions resulted,
as shown in Figure 2. Each subregion is denoted in a combination of two letters based on
anatomic location — I and O denote inner and outer subregions, respectively; and M, P, L, and
A denote medial, posterior, lateral and anterior, respectively.

Calculation of the trabecular densitometric and structural indices from HR-pQCT images has
been described [17], validated [3,22,23] and employed in many studies [6,14-16,18-20]. In
addition to the trabecular bone volume fraction (BV/TV), number (Th.N), thickness (Th.Th),
separation (Th.Sp), standard for the patient analysis, the standard deviation of trabecular
separation (Th.1/N.SD, um) was taken as a measure of heterogeneity in trabecular distribution
[24]. These trabecular structural indices were calculated for the entire trabecular compartment
(the global means), as well as for the inner, outer, and all 8 subregions. The reproducibility of
the trabecular structure indices obtained from in vivo HR-pQCT images is < 5.8% at the radius
and < 1.5% at the tibia [15].

Statistical analysis

RESULTS

Our dataset contained 125 left and 17 right radii and 125 left and 21 right tibiae but no
significant difference in any of the structural indices was detected, therefore, they were pooled.
The Shapiro-Wilk W test was used to test the normality of the data. As some indices (especially
Th.Sp and Th.1/N.SD) were not normally distributed, non-parametric methods were employed
for all statistical analyses.

To test the significance of differences in the calculated structural indices in each subregion
compared to the global means calculated for the entire trabecular compartment, as well as
between 8 subregions, multivariate analysis of variance with the subregion as a repeated
measure (RMANOVA) was performed for young and elderly women and men. Subsequently,
to identify subregions with significantly different values, post-hoc contrast tests with
significance level of o = 0.005 were performed in order to control for the experiment-wise
probability of making a Type I error. The significance of differences in the structural indices
between women and men as well as between young and elderly adults in each region were
determined using Mann-Whitney U test with o, = 0.05. To examine the age-related changes in
the trabecular structure indices in each region, linear regression analyses were performed for
women and men of all ages and Spearman’s coefficient, p, was obtained for the correlation.
To further illustrate age-related changes in trabecular structure, two subsets of the population
were compared: young adults aged 20-29 years and elderly adults aged 65-79 years. This age
categorization was used in order to be consistent with previously published work by Khosla et
al. and to provide a basis for comparison [16]. The significance of differences in the structural
indices between young and elderly adults was determined using Mann-Whitney U test with
a = 0.05. All statistical tests were performed using JMP (version 7.0, SAS Institute Inc., Cary,
NC).

Regional analysis was performed on HR-pQCT images of the distal radius and tibia of 146
healthy individuals (93 women and 53 men). Table 1 summarizes the general description of
the entire study population, as well as of the subsets (young and elderly women and men),
including DXA-derived anthropometric data (height and weight), HR-pQCT-derived standard
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density measurements (vBMD, Th.vBMD for the entire trabecular region, and the inner and
outer subregions).

Regional variations

Table 2 shows the mean values for BV/TV and Th.N for young and elderly women and men
in each region at the distal radius and tibia. Trabecular structure in the inner subregion had
lower BV/TV, Th.N, Th.Th, and higher Th.Sp and Th.1/N.SD compared to the outer trabecular
subregion at both distal radius and tibia regardless of gender and age. The mean values for BV/
TV and Th.Th in the outer subregion were approximately twice as the value of the inner
subregion at both distal radius and tibia for elderly adults (e.g. BV/TV =0.163 £ 0.028 in the
outer subregion vs. 0.078 £ 0.023 in the inner subregion at the radius for elderly women; p <
0.001). Th.N and Th.1/N.SD, however, were not significantly different between the inner and
outer subregion at both distal radius and tibia regardless of gender and age group.

Figure 3 displays the mean percent differences from the global means in each subregion for
all measured parameters for elderly women at their distal radius and tibia. In elderly women,
BV/TV ranged from —40% in the IL subregion to +57% in the OP subregion with respect to
the global mean at the distal radius, and from —59% in the IL subregion to +100% in the OM
subregion at the distal tibia. Low BV/TV, Th.N, and Th.Th and high Th.Sp and Th.1/N.SD
were found in the lateral subregions at the distal radius and in both IL and 1A subregions at the
distal tibia. In contrast, high BV/TV, Th.N, and Th.Th and low Th.Sp and Th.1/N.SD were
found in the OA subregion at the radius and in both OM and OP subregions at the distal tibia.
These trends were spatially similar but with slightly reduced magnitudes at both radius and
tibia for young adults and for men.

Gender-specific regional variations

In general, women tended to have lower BV/TV, Th.N and Th.Th and higher Tb.Sp and Th.1/
N.SD (e.g. globally, in elderly women, BV/TV, Th.N and Th.Th were 15%, 10%, and 7%
lower, than elderly men and Th.Sp and Th.1/N.SD were 15% and 28% higher, respectively, at
the distal radius (p = NS except for BV/TV (p < 0.05) (Table 2); with similar to smaller
magnitudes at the distal tibia). Gender differences in trabecular structure were stronger between
young women and men compared to elderly adults at both distal radius and tibia. The
differences in Th.N, Th.Sp and Tbh.1/N.SD were not significant except between young women
and men at the distal tibia.

Figure 4 displays the mean percent differences in the trabecular structure indices for elderly
women compared to elderly men in each subregion at the distal radius and tibia. Some regions
showed larger differences in trabecular structure between women and men compared to the
other regions. For instance, at the distal radius, while BV/TV was 15% lower for elderly women
globally (p = 0.048), it was 28% lower in the 1A subregion (p < 0.05) but only 6% lower in the
OP subregion (p = NS). Similarly at the distal tibia, while BV/TV tended to be lower for elderly
women by 14% globally (p = NS), it was 29% lower in the 1A subregion (p < 0.05) but only
0.2% lower in the IP subregion (p = NS) (Table 2 and Figure 4).

Age-related variations

Table 3 shows the correlations between the trabecular structure indices and age in each
subregion for both women and men. In general, at both distal radius and tibia, BV/TV, Th.N
and Th.Th correlated negatively with age while Th.Sp and Th.1/N.SD correlated positively.
Trabecular structure in some regions had stronger and more significant correlations with age
compared to the other regions. At the distal radius, the correlations tended to be stronger in the
posterior and lateral subregions for women (|p| < 0.47) and in the posterior subregions for men
(Ip| < 0.56), but weaker in the OA subregion for both women and men (Jp| = 0.01-0.12; all p
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= NS) (Table 3). At the distal tibia, the correlations between trabecular structure and age were
stronger in the 1A subregion for women and IL subregion for men (|p| = 0.22-0.59; all p <
0.03), but weaker in the outer subregions for both women and men (|p| = 0.05-0.44) (Table 3).

In order to further illustrate the difference in regional variation of trabecular bone structure
between young and elderly adults, Figure 5 maps the mean percent difference in the trabecular
structure indices for elderly women compared to young women in each subregion at the distal
radius and tibia. In general, elderly adults had lower BV/TV, Th.N and Th.Th and higher Th.Sp
and Th.1/N.SD compared to young adults. Elderly adults had larger ranges of BV/TV and
Th.Th compared to young adults at both radius and tibia. For instance at the distal radius, BV/
TV ranged from —40% in the IL subregion to +57% in the OP subregion with respect to the
global mean for elderly women (Figure 3), while it ranged from —33% to +48% in the respective
subregions for young women. The ranges of other indices remained comparable between
elderly and young adults. Trabecular structure at some regions showed larger differences
between young and elderly adults. At the distal radius, while BV/TV tended to be lower for
elderly women by 16% globally (p = NS), it was 24% lower in the IP and IL subregions (p <
0.05 and NS, respectively) but 3% higher in the OA subregion (p = NS) compared to young
women (Table 2 and Figure 5). At the distal tibia, while BV/TV was 25% lower for elderly
women globally (p < 0.001), it was 42% lower in the 1A subregion (p < 0.001) but only 15%
lower in the OM subregion compared to young women (p < 0.01) (Table 2 and Figure 5).
Similar patterns and degrees of differences in other trabecular structure indices between young
and elderly adults were observed at both radius and tibia (Figure 5).

DISCUSSION

The results of this study highlight the substantial regional variability of trabecular bone
structure in the distal radius and tibia, which is obscured by the conventional analysis that
reports only the global average value and the standard deviation across the entire trabecular
compartment. BV/TV, Th.N, Th.Th, Th.Sp, and Th.1/N.SD were examined regionally from
the HR-pQCT images of the distal radius and tibia of 146 healthy individuals aged from 20—
79 years. Our major findings are (1) trabecular bone structure varies dramatically across the
cross-section at the distal radius and tibia (e.g. —40% to +57% and —59% to +100% of the
global means in BV/TV at the distal radius and tibia, respectively, for elderly women), (2) the
gender differences in trabecular structure are more prominent in the 1A subregion at the radius
as well as tibia compared to the other regions or the global mean differences, and (3) the age-
related differences are more prominent in the IP subregion for the radius and in both IL and
IA subregions for the tibia compared to the other regions or the global mean differences.

The cross-sectional variations between the subregions observed in this study were substantially
larger than the longitudinal variations along the 9-mm span of the scanning section at the distal
radius and tibia [25]. For example for elderly women at the distal radius, Th.N varied from 8%
less than the global value (in the IL subregion) to 16% more (in the OM subregion), with the
net mean difference of 0.39 mm™71; at the distal tibia, Th.N varied from 16% less than the global
value (in the 1A subregion) to 24% more (in the OM subregion) with the net mean difference
of 0.59 mm~1. The difference in the global mean of Th.N between the proximal and distal ends
of the scanning section, however, is roughly 0.05 mm™1 [25] and 0.17-0.23 mm™ at the distal
radius and tibia, respectively [25,26]. One implication of this result is the importance of a
careful and standardized procedure for selecting a region to take virtual bone biopsy [27,28]
for meaningful comparison across cross-section and between subjects. Assuming bone status
of a larger region from that of its smaller subregion using may introduce a confounding
sampling error.
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One possible explanation for the observed regional variability is the local biomechanical
environment, particularly for the tibia as it is a site that is habitually loaded. During gait, the
peak force is experienced at the heel [29]. Consequently, substantial compressive and shear
forces are imposed on the medial and posterior part of the distal tibia due to the ground reaction
force as well as internal muscle forces [11,12,30]. Wolff’s law dictates that the bone mass and
structure adapt to the mechanical loading patterns it is under [31-35]. In addition, trabecular
structural indices correlate well with the tissue-level mechanical property [5,36-39]. As
trabecular compartment carries 35-71% of axial loads at this distal section [5], trabecular bone
structure is, therefore, expected to have adapted to meet the local biomechanical environment.
Indeed, the OM and OP subregions featured greater trabecular bone volume with more
numerous, thicker trabeculae with reduced separation and heterogeneity (Figure 3). It also
coincides with the area of high compressive strength measured using osteopenetrometer [40],
as well as the most frequent sites for stress fracture among runners [41-44].

As an application, the results of regional analysis can provide additional information that was
obscured using the conventional global approach. For example, for fall that typically results
in a Colles’ fracture, the ground reaction force results in a considerable dorsal and lateral
compressive to the distal radius [45]. Consequently, strain energy density is elevated at the
medial and posterior (dorsal) regions [39]. Coincidentally, the results of this study revealed
that trabeculae in the IM and IP subregions are structural vulnerable, particularly for women
and elderly adults. Indeed, fracture initiation is observed at these regions under simulated axial
and off-axis loading [46], respectively. In combination with fall kinetics measurements,
regional analysis can bring underlying local bone property, thereby contributed in elucidating
the fracture risk as well as developing preventive strategy.

This study contributed in understanding of the age-related alteration in bone structure by
providing spatial and anatomical information. Because the inner trabecular subregion has
substantially lower BV/TV and Th.Th compared to the global mean values regardless of
gender, age group or site (Table 2 and Figure 3), it is not a surprise that the age-related
deterioration of trabecular structure is more apparent in this region than the outer subregion.
The effect is particularly severe for women, as reduced estrogen levels upon menopause leads
to loss of bone mass by decreases in BV/TV, Th.Th, and Th.N as well as an increase in Th.Sp
[47-53]. Our results are consistent with pronounced bone deterioration in the inner subregion
observed in ovariectomized rats [54,55]. For men, on the other hand, age-related alterations in
trabecular structure were site-dependent, partially in agreement with Khosla et al [16]. At the
distal radius, the age-related decrease in BV/TV was driven by strong overall trabecular
thinning particularly in the IP and IL subregions. At the distal tibia, on the other hand, it was
driven by trabecular disruption evenly across the trabecular compartment. In fact, there exists
disagreement in the literature with regard to the age-related alteration in trabecular bone
structure at the distal radius and tibia for men: Mueller et al [7,26] reported significant negative
correlations with age for both Th.N and Th.Th at the distal radius; Dalzell et al [14] reported
a lack of correlation with age for any trabecular structure indices at either site. These
discrepancies may be attributed to the complex hormonal interplay involving estrogen [56—
58], serum bioavailable estradiol [51], and IGF-I levels [50]. The study design such as in
Vivo versus ex vivo images, use of a prototype HR-pQCT [26], and the difference in the study
populations, along with many other factors likely contribute to the significant variability in the
measures. Clearly, further investigation on the gender difference in age-related changes of
trabecular structure at the distal tibia and radius is called for.

There are some limitations in the study design that are worth mentioning. First, the definition
of regions employed in this study was arbitrary. However, it was systematic, consistent with
anatomical coordinate system, and unaffected by patient positioning. The measurement
location was set with a fixed distance (9.2 mm for radius and 22.5 mm for tibia) from the
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endplate consistent with the standard in vivo protocol regardless of bone length. These locations
are known to have variable proportions of cortical and trabecular bone [59] and load sharing
[5] for both radius and tibia. As cortical bone is an integral part, regional variations in cortical
density and structure are expected. In fact, substantial regional variations in cortical vBMD
along the shaft of the tibia measured by the pQCT have been reported [60,61]. Thorough
investigation of the regional variation in cortical vBMD, thickness, and area, as well as regional
variation in load sharing using finite element analysis on the same dataset using HR-pQCT are
currently in progress. In addition, acquiring images at the fixed distance from the endplate
disregards individual body size, which has a substantial effect on bone property [1,6]. Sekhon
et al [62] reported substantial errors in density measures calculated from HR-pQCT images,
related to the cortical geometry and trabecular density. This may be due to beam hardening
and scatter. Such effect may confound region-wise comparisons, though this is likely limited
to differences between inner and outer sub-regions. The cross-sectional study design in a multi-
ethnic population with relatively small sample sizes may compromise the statistical power. In
the future, regional differences in age-related changes of trabecular structure at the distal radius
and tibia need to be examined in a larger cross-sectional and a longitudinal studies.

In conclusion, this study has provided a basis for understanding the regional variation of
trabecular bone structure at the distal radius and tibia. Knowing such intrinsic variability in
trabecular structure is critical in interpreting data. As demonstrated in this study, the
conventional global analysis can obscure regional differences. Similarly, assuming bone status
of a larger region from that of its smaller subregion using virtual bone biopsy [28] may
introduce a confounding sampling error. Therefore, a combined approach of investigating the
entire region, each subregion, and the cortical compartment may offer more complete
information. Applying the proposed regional analysis can provide additional spatial and
anatomical information to understanding of the bone status.
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Figure 1.

Representative HR-pQCT images of cross-sections of human distal left radius (top) and tibiae
(bottom) with low Th.1/N.SD (more homogenously distributed) (left) and high Th.1/N.SD
(more heterogeneous distributed) (right). Notice that not only the distribution but also the
thickness of trabeculae varies from subregion to subregion.
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Figure 2.

The region definitions at the distal radius (left) and tibia (right) used in this study. A total of 8
subregions were defined at each slice as follows. The trabecular compartment was divided into
two concentric circular regions (inner and outer subregions) where the area of inner subregion
was 60% of the entire trabecular region. The trabecular compartment was further divided into
angular quadrants based on the defined reference line (dashed). The major axis of the cross-
section was used as a reference for radius, and the quadrants were placed 45° to it. The line
connecting the centroids of the tibia and fibula cross-sections was used as a reference for tibia,
and quadrants were placed 0° to it.
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Figure 3.

The mean percent difference from the global means in each subregion for each structure index
for elderly women at the distal radius (top) and tibia (bottom). Similar patterns were observed
for elderly men and young adults. Significant difference from the global mean with 2 p <
0.005; P p < 0.001 determined by multivariate RMANOVA and post-hoc contrast test.
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elderly men P
Figure 4.

The mean percent difference in the trabecular structure indices for elderly women (N = 13)
compared to elderly men (N = 9) in each subregion at the distal radius (top) and tibia (bottom).
Significant difference from elderly men with 2 p < 0.05;  p < 0.01; ¢ p < 0.001 using Mann-
Whitney U test.
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Figure 5.

The mean percent difference in the trabecular structure indices for elderly women (N = 13)
compared to young women (N = 17) in each subregion at the distal radius (top) and tibia
(bottom). Significant difference from young women with @ p < 0.05; ° p < 0.01; ¢ p < 0.001
using Mann-Whitney U test.
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