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Age- and Gender-Related Differences in Cortical Geometry and
Microstructure: Improved Sensitivity by Regional Analysis
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Burghardt!, and Sharmila Majumdarl:3

IMusculoskeletal Quantitative Imaging Research Group, Department of Radiology and
Biomedical Imaging, University of California, San Francisco; San Francisco, CA USA

2University of California, Berkeley; Berkeley, CA USA

3Joint Graduate Group in Bioengineering, University of California, San Francisco and Berkeley;
San Francisco and Berkeley, CA USA

Abstract

Objective—While the importance of cortical structure quantification is increasingly underscored
by recent literature, conventional analysis techniques obscure potentially important regional
variations in cortical structure. The objective of this study was to characterize the spatial
variability in cortical geometry and microstructure at the distal radius and tibia using high
resolution peripheral quantitative computed tomography (HR-pQCT). We show that spatially-
resolved analysis is able to identify cortical sub-regions with increased sensitivity to the effects of
gender and aging.

Methods—HR-pQCT scans of 146 volunteers (92 female/54 male) spanning a wide range of
ages (20 - 78 years) were analyzed. For each subject, radius and tibia scans were obtained using a
clinical HR-pQCT system. Measures describing geometry (cortical bone thickness (Ct.Th)),
microstructure (porosity (Ct.Po), pore diameter (Ct.Po.Dm), pore size heterogeneity (Ct.Po.Dm
SD)), and cortical bone density were calculated from the image data. Biomechanical parameters
describing load and stress distribution were calculated using linear finite element analysis. Cortical
quadrants were defined based on anatomic axes to quantify regional parameter variation. Subjects
were categorized by gender, and age, and menopausal status for analysis.

Results—Significant regional variation was found in all geometric and microstructural
parameters in both the radius and tibia. In general, the radius showed more pronounced and
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significant variations in all parameters as compared with the tibia. At both sites, Ct.Po displayed
the greatest regional variations. Correlation coefficients for Ct.Po and Ct.Th with respect to load
and stress distribution provided evidence of an association between regional cortical structure and
biomechanics in the tibia. Comparing women to men, differences in Ct.Po were most pronounced
in the anterior quadrant of the radius (36% lower in women (p<0.01)) and the posterior quadrant
of the tibia (27% lower in women (p<0.01)). Comparing elderly to young women, differences in
Ct.Po were most pronounced in the lateral quadrant of the radius (328% higher in elderly women
(p<0.001)) and the anterior quadrant of the tibia (433% higher in elderly women (p<0.001)).
Comparing elderly to young men, the most pronounced age differences were found in the anterior
radius (205% higher in elderly men, (p<0.001)) and the anterior tibia (190% higher in elderly men
(p<0.01)) All subregional Ct.Po differences provided greater sensitivity to gender and age effects
than those based on the global means.

Conclusion—These results show significant regional variation in all geometric and
microarchitectural parameters studied in both the radius and tibia. Quantification of region-
specific parameters provided increased sensitivity in the analysis of age- and gender-related
differences, in many cases providing statistically significant differentiation of groups where
conventional global analysis failed to detect differences. These results suggest that regional
analysis may be important in studies of disease and therapeutic effects, particularly where
microstructural parameters based on global analyses have thus far failed to identify a response in
bone quality.

Keywords

Cortical bone structure; geometry; porosity; HR-pQCT; regional analysis; age; gender

Introduction

Cortical bone strength is critical to skeletal integrity, particularly at appendicular sites where
the cortex is responsible for the majority of axial load transfer [1-2]. Both geometry and
microstructure of the cortical compartment are important in determining strength and
fracture resistance [3-7]. Highlighting the importance of cortical geometry, cortical thinning
has been shown to result in increased fracture incidence in postmenopausal women [8-9].
Cortical porosity, the main microstructural feature of the cortex, is greater at the femoral
neck in hip fracture patients than in age-matched controls, and disruption of the normal
spatial distribution of cortical porosity is associated with fracture incidence [10-11]. Further,
age-related increases in cortical porosity account for more than 75% of the concomitant
reduction in cortical strength [12]. Additionally, cortical bone geometry and microstructure
are responsive to disease, therapy, and metabolic alterations. For example, increased cortical
porosity is associated with chronic kidney disease [13], parathyroid hormone treatment [14],
and reduced weight-bearing [15]. Therefore the investigation of cortical geometry and
microstructure is an important aspect of understanding biological, pathoetiological, and
biomechanical processes occurring within the skeleton.

High resolution peripheral quantitative computed tomography (HR-pQCT) enables 3D
visualization of cortical and trabecular structure at the distal radius and tibia at an isotropic
nominal resolution of 82 wm. This resolution permits consideration of indices that quantify
densitometric, geometric, and microstructural properties of both compartments. Though HR-
pQCT cannot resolve cortical porosity at the level of the smallest Haversian and VVolkmann
canals, the accuracy [16], reproducibility [17], and discriminatory power [16, 18-19] of HR-
pQCT cortical indices including thickness and porosity have demonstrated its viability as a
tool for evaluation of cortical bone quality. Furthermore, mechanical indices derived from
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micro-finite element modeling (FE) based on HR-pQCT data have also shown high
reproducibility in previous studies [20].

While the importance of cortical structure quantification is increasingly underscored by
recent literature, conventional analysis techniques obscure potentially important regional
parameter variations. To address this, regional analysis can be used to explore anatomic
distribution of geometric and microstructural features. Analyses focusing on variation along
the length of the bone have found considerable variation in geometry and microarchitecture
measures [21-22], as well as correlation between these measures and mechanical
competence of bone [22]. In site-specific analyses focused on the trabecular compartment,
regional analysis has improved sensitivity to morphologic changes associated with age and
gender differences [23] as well as those effected by antiresorptive therapy [24]. Regional
analysis has also been used to detect a spatial association between cortical area and stress
fracture prevalence at the tibia [25].

In this context, the goal of this study is to characterize the spatial variability in cortical
geometry and microstructure at the distal radius and tibia using HR-pQCT. We show that
spatially-resolved analysis is able to identify cortical sub-regions with increased sensitivity
to the effects of gender and aging.

HR-pQCT image data from the baseline examinations of an ongoing longitudinal patient
study were evaluated for this study (Table 1). The subjects consisted of 146 volunteers (92
females age 47.8 £ 15.7 years/54 males age 45.5 + 16.3 years). Of the 92 women, 46 were
post-menopausal. The diversity of the San Francisco Bay Area was reflected in the ethnic
composition of the subjects: 47% Caucasian, 44% Asian, 6% Hispanic, and 3% African-
American. No bone mineral density (BMD) inclusion/exclusion criteria were used. Subjects
with a history of or evidence of metabolic bone disease, as well as those receiving chronic
treatment that may affect bone metabolism, were excluded from the study. The study
protocol was approved by the UCSF Committee on Human Research, and all subjects gave
written informed consent prior to participation.

HR-pQCT imaging

All subjects were imaged in a clinical HR-pQCT system (XtremeCT, Scanco Medical AG,
Bruttisellen, Switzerland) using the manufacturer’s standard in vivo protocol, described in
detail in previous publications [8, 26-27]. The subject’s forearm and ankle were
immobilized in a carbon fiber cast that was fixed within the gantry of the scanner to
minimize motion during imaging. The scan region, spanning 9.02 mm in length and
composed of 110 slices, was defined on a single dorsal-palmar projection image of the distal
radius/tibia. This region was fixed starting at 9.5 mm for the radius and 22.5 mm for the
tibia proximal from the mid-jointline and extending proximally. For tomography, 750
projections were acquired over 180° with a 100-ms integration time at each angular position.
The 12.6-cm field of view (FOV) was reconstructed across a 1536 x 1536 matrix using a
modified Feldkamp algorithm, yielding 82-pm voxels [28]. Total scan time was 2.8 minutes
with an equivalent dose of approximately 3 pSv. Images were inspected for motion-related
artifacts, and scans were repeated if necessary. One tibia scan and 6 radius scans were
excluded due to excessive motion (quality grading >2 based on the manufacturer’s
qualitative grading scheme) and/or subject discomfort.

Bone. Author manuscript; available in PMC 2014 February 01.
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Segmentation algorithm

Image analysis was performed in a customized version of Image Processing Language (IPL
v5.08b, Scanco Medical AG) that includes in-house functionality. In this section a
segmentation technique used to delineate periosteal and endosteal cortical boundaries is
described briefly. Further details on this extended cortical analysis technique can be found in
Burghardt et al. [17]. The automated image processing chain is composed of three stages.
First, an autocontouring process demarcates the cortical bone compartment. In this stage, a
periosteal contour, which separates mineralized bone from extra-osseal soft tissue, and an
endosteal contour, which delineates the endocortical boundary from the trabecular
compartment, are generated based on an algorithm applying a series of morphological
operations. Qualitative inspection of the automatically generated contours is always
performed for quality assurance. If a contour visibly deviated from the apparent periosteal or
endosteal boundary, minor adjustments are made to the affected region, leaving the
remainder of the contour unaffected. In the next step, resolved intra-cortical porosity is
distinguished from other features (e.g. erosions or artefactual surface roughness). Finally,
the segmented cortical bone and porosity images are combined to generate a refined image
of the cortical compartment.

Quantitative Cortical Bone Analysis

Standard measures describing cortical bone density, geometry, and microarchitecture were
derived based on the cortical segmentation described above. Apparent cortical bone mineral
density (Ct.BMD) is defined as the mean mineralization value for all voxels in the cortical
compartment volume of interest (VOI) following a surface erosion of 2 voxels. Cortical
tissue mineral density (Ct. TMD) is calculated similarly, but considers only voxels belonging
to the mineralized phase. Mean cortical thickness (Ct.Th) is calculated through a 3D sphere
filling algorithm [29], neglecting intracortical pore surfaces in local distance calculations.
Intracortical pore volume (Ct.Po.V) is the integral volume of all voxels defined as
intracortical pore space. Intracortical porosity (Ct.Po) is defined as Ct.Po.V normalized by
cortical volume. Finally, the mean cortical pore diameter (Ct.Po.Dm) and standard deviation
(Ct.Po.Dm.SD) are calculated from the intracortical pore segmentation by direct 3D
methods using maximal spheres [29].

Cortical quadrants were defined based on anatomic axes (Fig. 1), and the associated regional
VOI maps were constructed in MATLAB (The MathWorks, Inc., Natick, MA, USA). For
the tibia, the reference line connecting the centroids of the tibia and fibula was defined for
each slice. The quadrants were placed at a 0° offset to this reference line. For the radius,
because the line connecting the centroids of the radius and ulna shifted dramatically within
the scanned 9mm span, a different strategy was developed. In this case, the major axis of the
radius cross-section was used as the reference line. The radius quadrants were oriented at a
45° offset to the reference line to more appropriately mirror anatomic axes. To obtain
parameter values for each quadrant, binary masks of each VVOI were overlaid onto maps of
cortical metrics calculated from the entire cortical compartment.

MFE Analysis

Linear LFE analysis was applied to calculate apparent biomechanical properties under
uniaxial compression. Using a voxel conversion technique [30], the binary image of each
radius and tibia was converted to a mesh of isotropic brick elements, each of which was
assigned an elastic modulus of 6.8 GPa and a Poisson ratio of 0.3 [31]. To facilitate load
distribution calculations, the predefined regions (four cortical quadrants and the trabecular
compartment) were labeled as different materials with identical material properties. The
models were composed of 1,970,000 elements for the radius and 4,610,000 elements for the
tibia, on average. An iterative solver (Scanco FE Software Version 1.12, Scanco Medical)
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was used to compute reaction forces at the superior and inferior faces using a uniaxial
compression test with an applied strain of 1%. Computations were performed at the UCSF/
QB3 Shared Computing Facility, a mixed-architecture Linux HPC grid consisting of 4300
processor cores. No models were excluded due to convergence limitations.

For each model, two metrics were reported for each compartment: 1) mean voxel-level
principal stress in the supero-inferior direction and 2) load fraction at the proximal (superior)
face. Load fraction was reported as a percent, and denotes the fraction of load in each
cortical VOI with relation to the whole segment (four cortical quadrants plus trabecular
compartment). For comparison between regional trabecular microstructure and cortical
biomechanics, trabecular parameters were calculated using quadrants which consisted of the
combination of inner and outer layers for each of four trabecular subregions as created in
Sode et al. [23]. These trabecular subregions correspond to the same anatomical axes as our
cortical quadrants.

Statistical Analysis

Results

Subjects were categorized by gender, and age, and menopausal status. The elderly cohort
included all subjects 65 and older (radius n=9/11 M/F, tibia n=9/13 M/F) while the young
cohort included subjects 20 to 29 years of age (radius n=11/14 M/F, tibia n=13/16 M/F).
Representative images from each group are provided in Figure 2. Means and standard
deviations were calculated for all cortical indices considered and compared by VOI, gender,
age, and menopausal status. Using the Shapiro-Wilk W test, it was determined that some
indices were not normally distributed. For this reason, non-parametric methods were used
for all statistical analyses.

To test the significance of differences between regional parameters and global means,
analysis of variance (ANOVA) was performed with subregion as a repeated measure.
Subsequently, post-hoc contrast tests were utilized. Specifically, the Wilcoxon rank-sum test
for pairwise comparisons with a = 0.05 was used to identify the subregions which displayed
significant differences. To account for errors due to multiple comparisons, a Bonferroni
correction was applied. A Wilcoxon rank-sum test (a = 0.05) with Bonferroni correction
was also utilized to determine significant differences within each ROI due to gender, age,
and menopausal status. The level of statistical significance was set to p<0.05. To illustrate
the relationship of cortical metrics with age and biomechanical parameters, linear regression
analyses were performed, and Spearman’s rank correlation coefficients p were calculated.
All statistical tests were performed using R (v.2.13.0, The R Foundation for Statistical
Computing).

Regional Analysis: Spatial Variations in Geometric, Microstructural, and Biomechanical

Parameters

Significant regional variation in all geometric and microstructural parameters was found in
both the radius and tibia (Table 2, Fig. 3). Males and females displayed the same pattern of
regional variation for each parameter. The specific subregions found to have mean values
significantly different from the global mean were also generally consistent between genders.
Therefore the comparisons described in this section will refer to data inclusive of all
subjects. In general, the radius showed more pronounced and significant variations in all
parameters as compared with the tibia. At both sites, Ct.Po displayed the greatest regional
variations. Ct.BMD displayed the smallest regional variations, on the order of 0 to 3% from
the global mean, and therefore is not depicted in Figure 3 nor discussed in relation to age or
gender. No significant regional variations in Ct. TMD were observed.

Bone. Author manuscript; available in PMC 2014 February 01.
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In the radius, the anterior compartment displayed the lowest Ct.Po (—-37% from the global
mean (p<0.001)), while the medial compartment displayed the highest Ct.Po (+37% from
the global mean (p<0.001)). Mean values of Ct.Po in the medial region were more than
double the values in the anterior subregion (p<0.001). Ct.Po.Dm and Ct.Po.Dm.SD both
followed a pattern similar to that of Ct.Po, with the anterior subregion displaying the
smallest and least heterogeneous pore size. Ct.Th was lowest in the lateral (=19% from the
global mean (p<0.001)), and highest in the anterior and posterior quadrants (+9% (p<0.05)
and +10% (p<0.01) from the global mean, respectively). Ct. BMD was lowest in the lateral
quadrant (—3% from the global mean (p<0.001)), and highest in the posterior quadrant (+2%
from the global mean (p<0.05)).

In the tibia, the anterior compartment displayed the lowest Ct.Po (-30% from the global
mean (p<0.001)), while the posterior-lateral compartments displayed the highest Ct.Po
(+17% (NS) and +12% (NS) from the global mean). Mean Ct.Po in the posterior region was
66% higher than Ct.Po in the anterior subregion (p<0.001). As in the radius, Ct.Po.Dm and
Ct.Po.Dm.SD mirrored the pattern of Ct.Po. Ct.Th was lowest in the anterior region (-14%
from the global mean (NS)) and highest in the lateral region (+9% from the global mean
(p<0.001)) with a significant 13% difference between the two subregions (p<0.001). In the
tibia, no significant regional variation in Ct. BMD was detected.

Biomechanical parameters exhibited regional variation on a lesser scale than the geometric
and microstructural indices. In the radius, mean principal stress ranged from —16% from the
global mean (medially, p<0.001) to +16% from the global mean (posteriorly, p<0.001).
Cortical load fraction was highest in the medial quadrant (26% of total bone load) and
lowest in the anterior quadrant (15% of total bone load). In the tibia, mean principal stress
ranged from —10% from the global mean (posteriorly, p<0.001) to +6% from the global
mean (anteriorly, p<0.001). Cortical load fraction was highest in the lateral quadrant (19%
of total bone load) and lowest in the posterior quadrant (15% of total bone load).

Spearman rank correlation coefficients indicated a minimal but significant correlation
between Ct.Po and Ct.Th (p = —0.12, p<0.001). Correlation coefficients for Ct.Po and Ct.Th
with respect to load and stress distribution provided evidence of an association between both
regional cortical and trabecular structure and cortical biomechanics in the tibia (Table 3).
Cortical load distribution correlated negatively with trabecular number (Tb.N) (p = —0.28,
p<0.001) and positively with heterogeneity of trabecular bone distribution (Th.Sp.SD) (p =
0.23, p<0.001), while cortical stress distribution displayed the opposite associations (p =
0.22 with Th.N, p<0.001, and p = -0.21 with Th.Sp.SD, p<0.001). Though trabecular
measures had some effect on biomechanical parameters in the cortex, cortical structure
appeared to play the largest role. In particular, Ct.Po was found to contribute primarily to
mean stress level (p = 0.56, p<0.001) while Ct.Th was found to contribute primarily to load
distribution (p = 0.45, p<0.001). No significant regional associations between structure and
biomechanics were found in the radius.

Regional Analysis: Gender Differences

Overall, women had significantly lower Ct.Po based on the global analysis (-21% in the
radius (p<0.01) and —20% in the tibia (p<0.05)) and lower Ct.Th (-10% in the radius
(p<0.001) and —10% in the tibia (p<0.001)) than men. No significant global differences
between genders were found in Ct.Po.Dm. and Ct.Po.Dm.SD. Considering the entire
population, Ct.Po and Ct.Th were lower in women than in men at all quadrants of the radius
and tibia (Fig. 4). Differences in Ct.Po were most pronounced in the anterior quadrant of the
radius (-36% in women (p<0.01)) and the posterior quadrant of the tibia (—27% in women
(p<0.01)). In both the radius and the tibia, these subregion gender differences were more
pronounced than gender differences based on the global means at the radius (-21% in
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women (p<0.01)) and tibia (—20% in women (p<0.05)). Gender variation in the radius
Ct.Po.Dm.SD mirrored that of Ct.Po, with the anterior quadrant showing the greatest
difference (-16% in women (p<0.05)), while significant gender differences in Ct.Po.Dm
were only found in the lateral radius (=4% in women (p<0.05)). No significant differences
were found in the tibia for either Ct.Po.Dm or Ct.Po.Dm.SD. Gender differences in Ct.Th
were most pronounced in the medial and anterior radial quadrants and the medial tibial
quadrant. Again, these subregional gender differences were greater than those based on the
global means at the radius (=10% in women (p<0.001)) and tibia (-10% in women
(p<0.001)).

Considering only the elderly population (Fig. 4), the same regions show the largest
distinctions in Ct.Po between genders, namely the anterior radius (—60% in women
(p<0.001)) and posterior tibia (-19% in women (NS)). Compared to the entire cohort, the
elderly subset showed lower gender differences in Ct.Po, with the notable exception of the
anterior radius, where gender differences in Ct.Po /ncreased when considering only the
elderly group. The anterior radius also showed the greatest gender differences in Ct.Po.Dm
(—20% in women (p<0.01)) and Ct.P0.Dm.SD (-44% in women (p<0.001)). Global analysis
of gender differences was unable to detect any significant differences in Ct.Po in this elderly
subset. The elderly subset showed greater gender differences in Ct.Th, with the same regions
showing maximal differences — the medial and anterior radius and the medial tibia — as in
the analysis of the entire cohort. Regional Ct.Th in this elderly subset provided increased
sensitivity to gender differences compared to the global analysis at the radius (-16% in
women (NS)) and tibia (-17% in women (p<0.05)).

Regional Analysis: Age Differences

In a pooled analysis of males and females, elderly subjects had significantly higher Ct.Po
based on the global analysis (+131% in the radius (p<0.001) and +181% in the tibia
(p<0.001)) and lower Ct.Th (=13% in the radius (p<0.05) and —12% in the tibia (p<0.01))
than the young cohort. A lower Ct.Po.Dm.SD was found in elderly subjects only in the
radius (-17% (p<0.05)), and there were no significant differences between age groups for
Ct.Po.Dm. Ct.Po and age were positively correlated at both sites (p=0.53 (p<0.001) in the
radius, 0.62 (p<0.001) in the tibia), while Ct.Th and age were negatively correlated (p=-0.30
(p<0.001) in the radius, —0.29 (p<0.05) in the tibia).

Age-related changes were greater in women than in men for all regions at both sites (Table
2, Fig. 5). Comparing elderly to young women, elderly women displayed significantly
elevated Ct.Po and significantly decreased Ct.Th at all quadrants of both radius and tibia.
Porosity differences were most pronounced in the lateral quadrant of the radius (+328% in
elderly women (p<0.001)) and the anterior quadrant of the tibia (+433% in elderly women
(p<0.001)). These subregion Ct.Po changes were more pronounced than those based on the
global means at the radius (+206% in elderly women (p<0.001)) and the tibia (+297% in
elderly women (p<0.001)). Elderly women showed the greatest increase in Ct.Po.Dm and
Ct.P0o.Dm.SD in the lateral radius (+19% for Ct.Po.Dm (p<0.01) and +36% for
Ct.Po.Dm.SD (p<0.01)). Sensitivity to age in women was highest in the lateral tibia for
Ct.Po.Dm (+21% for elderly women (p<0.01)), and in the anterior tibia for Ct.Po.Dm.SD
(+37% for elderly women (p<0.01)). The highest sensitivity to aging in Ct.Th was observed
in the lateral quadrant of both the radius (-22% (p<0.01) in elderly women vs. —20%
globally (p<0.01)) and tibia (—19% (p<0.01) in elderly women vs. —=17% globally (p<0.01)).
Both Ct.Po and thickness were more highly correlated with age in women than in men
(Table 4).

Comparing women by menopausal status, postmenopausal women displayed significantly
elevated Ct.Po and significantly decreased Ct.Th at all quadrants of both radius and tibia.
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Porosity differences were most pronounced in the anterior quadrant of the radius (+126% in
postmenopausal women (p<0.001)) and the anterior quadrant of the tibia (+261% in
postmenopausal women (p<0.001)) These subregional Ct.Po differences were more
pronounced than those based on the global means at the radius (+99% in postmenopausal
women (p<0.001)) and the tibia (+148% in postemenopausal women (p<0.001)).
Differences in Ct.Po.Dm. and Ct.Po.Dm.SD were, similarly to Ct.Po., highest in the anterior
tibia (+11% in Ct.Po.Dm (p<0.001) and +18% in Ct.Po.Dm.SD (p<0.001)). No significant
differences with menopausal status for these parameters were found in the radius. The most
pronounced differences in Ct.Th were found in the posterior radius (-18% (p<0.001) vs.
-17% globally (p<0.001)) and the lateral tibia (-13% (p<0.001) vs. —11% globally
(p<0.001)).

Comparing elderly to young men, increased Ct.Po was evident in every quadrant of the
radius and tibia (Fig. 5) As was seen when comparing women by menopausal status, the
most pronounced age differences were found in the anterior radius (+205% in elderly men,
(p<0.001)) and the anterior tibia (+190% in elderly men (p<0.01)) Again, subregional Ct.Po
changes provided greater sensitivity to age effects than those based on the global means at
the radius (+78% in elderly men (p<0.001)) and tibia (+107% in elderly men (p<0.001)).
The greatest sensitivity to age effects in men for Ct.Po.Dm and Ct.Po.Dm.SD was seen in
the anterior radius (+39% for Ct.Po.Dm (p<0.001) and +77% for Ct.Po.Dm.SD (p<0.001)
and posterior tibia (+29% for Ct.Po.Dm (p<0.01) and +30% for Ct.P0.Dm.SD (p<0.05)).
Increased sensitivity to age was also evident in the regional analysis of Ct.Th, for which the
most pronounced age differences were found in the lateral radius (-11% (NS) vs. —4%
globally (NS)) and tibia (-16% (p<0.05) vs. —6% globally (NS)).

Discussion

This study documented the spatial variability in cortical geometry and microstructure at the
distal radius and tibia using HR-pQCT. Our results illustrate that the investigation of
regional changes provides increased sensitivity to age- and gender-related skeletal
adaptations.

Spatial heterogeneity in porosity was particularly pronounced. Elevated Ct.Po was detected
at the medial radius and the posterior-lateral tibia, both of which are adjacent to the
secondary bone (ulna and fibula, respectively). This phenomenon could be secondary to the
biomechanical influence of load sharing between bones. Decreased cortical bone quality in
response to reduced loading is supported by studies describing increased porosity [15,
32-33] and decreased cortical density [34-38] under conditions of reduced loading. Regional
ILFE analysis did not provide evidence of decreased loading at the medial radius or the
posterior-lateral tibia; however, the wFE models do not incorporate secondary structures or
soft tissues and therefore cannot capture the influence of load sharing on the distribution of
biomechanical parameters. A second consideration is the location of ligament, tendon, and
membrane attachments. Within the scanned regions of the radius and tibia, no ligament or
tendon insertions exist. The interosseous membrane does have a surface attachment within
the scanned region, effecting load transfer between bones. A third consideration in the
interpretation of increased porosity is the distribution of the vasculature. Vessel distribution
in the distal radius and tibia is nonuniform, with the greatest concentration of intracortical
vasculature in quadrants adjacent to the secondary bones [39-42]. A portion of Ct.Po
heterogeneity is likely driven by this vascular anatomy.

Previous studies of cortical bone distribution at the tibia have been restricted to the
evaluation of densitometric and geometric parameters [25, 43-45]. Results from these
studies indicate that cortical BMD is maximal in the posterior region of the tibia, which is
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contradictory to our findings of 1) no significant regional variation in Ct.BMD and 2)
maximal porosity in the posterior tibia. The regional distribution of Ct.Th reported in these
studies also contradicts our findings. Importantly, the scan locations are distinct and likely
account for these discrepancies. While our HR-pQCT measurements are made in the ultra-
distal tibia, the earlier pQCT studies were performed closer to the mid-shaft of the tibia.
Regional distribution of geometric and microstructural properties at the tibia is sensitive to
and must be interpreted in the context of the specific analysis site.

Spatial variability in cortical parameters was, in general, lower than that documented within
the trabecular compartment of the same cohort [23]. Importantly, however, regional
discrimination of gender and age effects (particularly for Ct.Po) were substantially larger
than obtained through trabecular analysis. For example, a 55% difference between elderly
and young women was detected by trabecular heterogeneity, the trabecular structure index
that best differentiated elderly from young women [23]. Our analysis of Ct.Po resulted in a
443% difference between elderly and young women (at the anterior tibia). Similarly, a 48%
difference between genders was detected in the elderly cohort by trabecular heterogeneity
[23], whereas Ct.Po detected a 60% difference between genders (at the anterior radius).
Comparison of correlation coefficients for cortical parameters and age with those for
trabecular parameters and age as reported by Sode et al. corroborates this greater effect size
in cortical parameters.

Gender analysis showed that Ct.Po and Ct.Th are lower in women in every quadrant of both
the radius and the tibia, consistent with prior reports based on global analysis [1, 18, 22].
The finding that women display higher sensitivity to aging in all quadrants is also consistent
with studies considering Ct.Th. in the distal radius [22]. Regional analysis showed that the
anterior radius was particularly sensitive to gender differences in the elderly cohort, whereas
the global analysis could not detect gender differences in this cohort. Increased regional
sensitivity to gender differences in the elderly cohort was driven by porosity acceleration at
the anterior radius in particular in men in the later decades (Fig. 6).

Increased sensitivity to the effects of aging was evident in the anterior radius and anterior
tibia in both men and women. Similarly, in a study of bone response to immobilization, the
anterior tibial diaphysis experienced the largest decrease in cortical density [46]. This
evidence suggests that focused regional analysis — perhaps of the anterior tibia specifically —
may increase sensitivity in the study of biological response and fracture prediction beyond
the context of age- and gender-related differences.

Biomechanical parameters were assessed in an effort to clarify local relationships between
mechanics and bone structure. In the tibia, Ct.Po was positively correlated with tissue-level
stress, suggesting that porosity may act as a local stress riser within cortical tissue. Tissue-
level stress/strain distributions from linear finite element models have correlated well with
observed microdamage [47], indicating that the microenvironment associated with high
Ct.Po may initiate fracture. Load distribution within the cortex, on the other hand, was
primarily driven by Ct.Th. A positive association indicated preferential load distribution
through regions of the cortex with greatest thickness. Given that there exists significant
spatial variation in trabecular structure, regional trabecular microstructure can be expected
to also play a role in cortical biomechanics. Indeed, trabecular measures also correlated with
cortical biomechanical parameters in the tibia, though not quite as strongly as cortical
measures. Trabecular number (Th.N), in particular, was found to have a relatively strong
negative correlation with load distribution and a positive correlation with stress distribution,
while heterogeneity of trabecular bone distribution (Th.Sp.SD) showed the opposite pattern.
A full discussion of regional variations in trabecular geometry and microstructure can be
found in Sode et al. [23]. In the radius, no regional association was found between
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biomechanical parameters and bone structure. The distal radius site has a flared metaphyseal
geometry, with a periosteal perimeter that increases dramatically towards the joint line. It
may be that this feature — more than Ct.Po or Ct.Th - determines load and stress distribution
in the radius.

There are limitations in the study design worth considering. First, the lack of longitudinal
data limits the power of observations related to age effects. However, the cross-sectional
design enabled a large range of ages to be studied and made possible comparisons based on
menopausal status. Second, the region definition described in this study was arbitrary.
However, the orientation of quadrants was systematic, consistent with anatomic axes, and
unaffected by subject positioning. The fact that different anatomic regions showed variable
bone quality response to biological effects suggests that a context- and knowledge-driven
approach to focal analysis should be explored. Third, the endocortical boundary definition
used in this analysis may exclude potential zones of trabeculated cortex, particularly in
elderly subjects. However, exclusion of these zones would provide conservative estimates of
age- and gender-related differences. Were the endocortical boundary to include all
trabeculated cortex, differences between low and high porosity cohorts could be even larger
than reported here.

In conclusion, we found significant regional variation in all geometric and
microarchitectural parameters studied in both the radius and tibia. Quantification of region-
specific parameters provided increased sensitivity in the analysis of age- and gender-related
differences, in many cases providing statistically significant differentiation of groups where
conventional global analysis failed to detect differences. These results suggest that regional
analysis may be important in studies of disease and therapeutic effects, particularly where
microstructural parameters based on global analyses have thus far failed to identify a
response in bone quality.
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Figure 1.

Definition of regions in the distal radius (left) and tibia (right), with anatomic orientation
denoted as A (anterior), P (posterior), M (medial), and L (lateral). Four cortical subregions
were defined for each bone based on a reference axis, shown as a dashed line. For the tibia,
the line connecting the centroids of the tibia and the fibula cross-sections was used as a
reference. For the radius, the major axis of the cross-section was used as the reference, and
the quadrants were placed at a 45° offset.
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Figure 2.
Representative HR-pQCT images of the radius from young (left) and elderly (right) males
(top) and females (bottom).

Bone. Author manuscript; available in PMC 2014 February 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kazakia et al.

Ct. Po. Ct. Po. Dm. Ct. Po. Dm. SD Ct. Th.
-37%° -12%° -19%° +9%2
©« 17%° 11%°
RADIUS N : -3%° ’ -19%°
+37%° \ 1% 5% +1%
+4% +2% 6% +10%"

IBIA

Figure 3.

Page 17

The mean percent difference from the global mean in cortical indices in each subregion in

the distal radius (N=140, top) and tibia (N=145, bottom), inclusive of all subjects.

Significant regional variation was detected in cortical porosity (Ct.Po), mean pore diameter
(Ct.Po.Dm), heterogeneity of pore diameter (Ct.Po.Dm.SD), and cortical thickness (Ct.Th).
Significant differences from the global mean noted as: @ p<0.05, ? p<0.01, ¢ p<0.001 using

Wilcoxon rank-sum tests.
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Figure 4.

The mean percent difference in cortical indices for women compared to men of all ages (left,
N=86/54 M/F for radius, N=92/53 M/F for tibia) and for the elderly cohort (right, N=9/11
M/F for radius, N=9/13 M/F for tibia) in each subregion of the distal radius (top) and tibia
(bottom). Few significant differences in Ct.Po.Dm and Ct.Po.Dm.SD were observed
between genders, but patterns in regional variation were generally similar to those of Ct.Po.
Significant difference between genders noted as: 2 p<0.05, P p<0.01, ¢ p<0.001 using
Wilcoxon rank-sum tests.
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The mean percent difference in cortical indices for the elderly cohort compared to the young
cohort for women (left, N=14/11 Y/E for radius, N=16/13 Y/E for tibia) and men (right,
N=11/9 Y/E for radius, N=13/9 Y/E for tibia) in each subregion of the distal radius (top) and
tibia (bottom). Variation between age groups in Ct.Po.Dm. and Ct.Po.Dm.SD was rarely
significant and with a pattern analogous to that of Ct.Po. Significant difference between
cohorts noted as:  p<0.05, P p<0.01, ¢ p<0.001 using Wilcoxon rank-sum tests.
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Figure 6.

Changes in Ct.Po with age for males (right) and females (left) globally (blue) and in the
anterior quadrant of the radius (red). Women show comparable increases across quadrants in
porosity as they age. Men also show comparable change across quadrants, except in the
anterior radius, where porosity accelerates with age relative to other quadrants. Error bars
denote one standard deviation from the mean.
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Table 3

Spearman correlations between regional cortical structure and biomechanical parameters at the tibia.

Load distribution  Stress distribution

Ct.Th 0.45 -0.31
Ct.Po —0.10P<0.01 0.56
Tbh.BMD  -0.19 0.03N$
Tb.N -0.28 0.22
Th.Sp.SD 0.23 -0.21

Spearman correlations p<0.001 except as noted
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Table 4
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Spearman’s correlation coefficients for cortical structure indices and age in each region for women and men.

Spearman’s  Ct.Po Ct.Th

[ Women Men  Women Men
Radius

N 86 54 86 54
Global 067°  050° -049° 009
Anterior 0.52¢ 0.49¢ —043¢ 003
Posterior 0.36° 020 _g45¢ 012
Medial 062° 033% -043° 013
Lateral 059°  044? -046® 07
Tibia

N 93 53 93 53
Global 069° o577 -—os6? 005
Anterior 073° 049 -038° 010
Posterior 0.64° 050¢ -037¢ 006
Medial 064° 0359 -037° 020
Lateral 073 045 -045° 017

Significant correlations noted as:

4h<0.05

bp<0.01

€n<0.001.
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