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Abstract

Cortical bone porosity is a major determinant of strength, stiffness, and fracture toughness of
cortical tissue. The goal of this work was to investigate changes in spatial distribution and
microstructure of cortical porosity associated with aging in men and women. The specific aims
were to: 1) develop an automated technique for spatial analysis of cortical microstructure based on
HR-pQCT data, and; 2) apply this technique to explore sex- and age-specific spatial distribution
and microstructure of porosity within the cortex. We evaluated HR-pQCT images of the distal
tibia from a cross-sectional cohort of 145 individuals, characterizing detectable pores as being in
the endosteal, midcortical, or periosteal layers of the cortex. Metrics describing porosity, pore
number, and pore size were quantifiedwithin each layer and compared across sexes, age groups,
and cortical layers. The elderly cohort (65-78 years, n=22) displayed higher values than the young
cohort (20-29 years, n=29) for all parameters both globally and within each layer. While all three
layers displayed significant age-related porosity increases, the greatest difference in porosity
between the young and elderly cohort was in the midcortical layer (+344%, p < 0.001). Similarly,
the midcortical layer reflected the greatest differences between young and elderly cohorts in both
pore number (+243%, p < 0.001) and size (+28%, p < 0.001). Females displayed greater age-
related changes in porosity and pore number than males. Females and males displayed comparable
small to non-significant changes with age in pore size. In summary, considerable variability exists
in the spatial distribution of detectable cortical porosity at the distal tibia, and this variability is
dependent on age and sex. Intracortical pore distribution analysis may ultimately provide insight
into both mechanisms of pore network expansion and biomechanical consequences of pore
distribution.
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Introduction

Cortical bone microstructure is vital to the mechanical competence and fracture resistance of
long bones. Cortical bone porosity, in particular, is a major determinant of strength,
stiffness, and fracture toughness of cortical tissue [1-3]. One recent study using HR-pQCT
identified significant differences in cortical porosity in the ultradistal radius between young
and elderly subjects matched for areal bone mineral density (aBMD) [4], suggesting that
porosity contributes to the aBBMD-independent effect of age on bone fragility and fracture
risk [5]. This is supported by a second recent HR-pQCT study at the ultradistal radius in
which cortical porosity predicted prevalent fractures independent of aBMD [6]. In addition
to porosity, measures of pore structure including size, shape, orientation, and distribution
may be critical in understanding fracture incidence [7,8].

Early studies of cortical pore distribution showed that porosity is not spatially
uniform[9,10]; however, a lack of automated tools has limited the widespread
implementation of spatial distribution analysis. More recent studies have used semi-
automated techniques to analyze porosity distribution from microradiograph [11-14] and
synchrotron [15] data of cadaveric bone specimens. In vivo quantification of cortical bone
microstructure is now possible using high-resolution peripheral quantitative computed
tomography (HR-pQCT). This technology permits, for the first time, visualization and
quantification of longitudinal changes in cortical porosity. While the resolution of HR-
pQCT does not allow for the depiction of cortical porosity at the level of the smallest canals,
pores on the order of 100 pmin diameter and larger are detectable [16]. HR-pQCT data
provide reproducible and accurate bone microstructure and strength data [16-19]. While
cortical microstructure parameters derived from HR-pQCT images have primarily been
reported as values averaged over the entire cortical compartment, recent HR-pQCT studies
have confirmed that cortical bone microstructure is heterogeneous [20-22] and that regional
analysis of cortical bone microstructure increases sensitivity in detecting age-related
changes [22].

Characterization of cortical microstructure within concentric layers, or laminar regions, may
provide important information about the processes accompanying aging. ldentification of
micro-structural changes at the endosteal border would clarify longitudinal shifts in
trabecular and cortical compartment boundaries [23]. Identification of changes near the
periosteal border may detect altered mechanical resistance to bending loads [10,24]. Further,
determination of microstructure distributions — and longitudinal changes in distributions —
could help to elucidate mechanisms of pore network expansion. For example, a longitudinal
increase in porosity concentrated near the endosteal border could indicate a process driven
by expansion of the marrow space and ‘trabecularization’ of the cortical compartment, while
an increase in porosity that is uniform throughout the cortical compartment could indicate a
process driven by expansion of the vascular network. Moreover, determining microstructure
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distribution may prove helpful in assessing fracture risk and providing personalized
pharmacologic interventions.

The overall goal of this work was to investigate spatial distributions of microstructural
changes in the cortical compartment associated with aging in males and females. The
specific aims were to: 1) develop an automated technique for laminar analysis of cortical
microstructure based on HR-pQCT data, and; 2) apply this technique to explore sex- and
age-specific distribution of porosity within the cortex. To address these aims, we evaluated
HR-pQCT images of the distal tibia from a cross-sectional cohort of 145 males and females
ranging in age from 20 to 78, characterizing detectable pores as being in the endosteal,
midcortical, or periosteal layers of the cortical compartment. Metrics describing porosity,
pore size, and pore number were quantified within each layer and compared across sexes,
age groups, and cortical layers. Laminar analysis of cortical microstructure provides a
framework for localizing and characterizing the influence of sex and aging on the cortical
pore network.

For this study, baseline examinations from a longitudinal study were considered (Table 1).
HR-pQCT image data were acquired from 145 subjects aged 20 to 78 years (92 females, age
=47.8 £ 15.7 years; 53 males, age = 45.5 + 16.3 years). Of the women aged less than 50, 1
was postmenopausal. This represents 1 of 14 (7%) of the 40-49 year age group. Of the
women aged 50 and over, 1 was premenopausal. This represents 1 of 21 (5%) of the 50-59
year age group. The ethnic composition of the subjects reflected the diversity of the San
Francisco Bay Area: 47% Caucasian, 44% Asian, 6% Hispanic, and 3% African-American.
Ethnic distribution was similar across sexes and age groups. History or evidence of
metabolic bone disease, as well as chronic treatment with pharmacological agents affecting
bone metabolism were exclusion criteria for this 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 using the XtremeCT HR-pQCT system (Scanco Medical AG,
Bruttisellen, Switzerland) using the manufacturer’s standard in vivo protocol [25,26]. Two
operators acquired the scans, using identical procedures and protocols. For each subject, the
ankle was immobilized in a carbon fiber cast fixed within the gantry of the scanner to
minimize motion during imaging. The scan region was composed of 110 slices, spanned
9.02 mm in length, and was defined on a single dorsal—-palmar projection image of the distal
tibia. This region started 22.5 mm from the mid-jointline and extended proximally. For
tomography, 750 projections were acquired over 180° with a 100-ms integration time at
each angular position. 82-um voxels were obtained from a 12.6-cm field of view (FOV)
reconstructed across a 1536 x 1536 matrix using a modified Feldkamp algorithm [27]. The
total scan time was 2.8 min with an equivalent dose of approximately 3 pSv for each site
scanned. Images were inspected for motion-related artifacts, and subjects were rescanned if
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necessary. All scans included in this study were of quality grading < 2 based on the
manufacturer’s qualitative grading scheme [28]. A single operator determined the quality
grading and performed image analysis.

Cortical segmentation

Initial contours of the cortical compartment were generated using a three-stage semi-
automated image processing chain. A detailed discussion of this algorithm has been
presented by Burghardt et al. [17]. In the first stage, an autocontouring process identifies the
periosteal and endosteal boundaries. Qualitative inspection of the automatically generated
contours is performed for quality assurance, and minor adjustments are made where
necessary. In the second stage, resolved intracortical porosity is distinguished from other
features (e.g., erosions or artefactual surface roughness). In the final stage, the segmented
cortical compartment and porosity masks are combined to generate a refined image of the
cortical compartment. All image analysis was performed in a customized Image Processing
Language (IPL v.506a-ucsf, Scanco Medical AG) that includes in-house functionality.

Separation into three layers

After the initial segmentation, the refined cortical compartment was divided into three
laminar layers of equal thickness: the endosteal, midcortical, and periosteal layers (Fig. 1).
For each slice, the inner and outer boundaries of the midcortical layer were generated as
follows. First, endosteal and periosteal boundaries were discretized. Starting from an initial
point on each boundary, each pixel was iteratively recorded in a clockwise direction.

Second, every point ( x* . v ) on the endosteal boundary was paired with the closest

endor * endo
point on the periosteal boundary ( X,’,fm», Yp’;i). Note k enumerates the number of points on
the endosteal boundary. Because the number of discretized points on the periosteal boundary
is larger than on the endosteal boundary, not all points on the periosteal boundary are
matched. Third, points one-third and two-thirds of the distance dX between points

k k
( Xendo’ Yendo)
and Xl’jm, Yp’fm- mark points on the inner and outer boundaries of the midcortical layer,
respectively. That is, a point on the inner midcortical boundary was calculated as

ko dk ko, dE . . .
(Xendo+ ””/3 » Yendot y/3> and a point on the outer midcortical boundary as

ko 2dF k,2dF . . . ) .
(Xendo+ “”/3 s Yendot y/g) Finally, continuous midcortical boundaries were generated
by performing dilations and erosions to join the discrete midcortical boundary points.

Assighment of pores to layer

Once the cortical compartment was separated into endosteal, midcortical, and periosteal
layers, each cortical pore was assigned to a layer using the following procedure (Fig. 1).
First, a skeletonization routine deconstructing the cortical pore network into individual
elements was applied [29]. Briefly, this skeletonization routine is a medial surface, topology
preserving technique based on the MB-3D algorithm of Manzanera et al. [30]. Following
skeletonization, each pore element was assigned to a layer according to the location of its
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skeleton on a slice-by-slice basis. The entire area of the pore was assigned to the layer in
which its skeleton resided, even in the case that some area of the pore crossed a border into a
different layer. If the pore element had a planar morphology, or if a tube-like pore was
oriented along the slice plane, multiple skeleton points existed for a single pore on a single
slice. In this case the center of mass of multiple skeleton points was used to define the pore
location.

Quantification of laminar analysis cortical porosity metrics

Within each layer, three metrics to quantify cortical porosity were computed: total pore area
(TPA, mm2/mm?2), total pore number (TPN, mm~2), and average pore area (APA, mm?).
Pore pixels assigned to each layer were summed at each slice and converted to per-slice total
pore area. Similarly, individual pores (as determined by the skeletonization algorithm)
assigned to each layer were summed at each slice to generate per-slice total pore number.
The area of each pore was recorded and per-slice average pore area was calculated for each
layer. Both pore area and pore number were then normalized by layer area on a slice-by-
slice basis. TPA, TPN, and APA within each layer were then calculated as means across all
slices of per-slice total pore area, total pore number, and average pore area, respectively. All
laminar analysis calculations were performed in MATLAB (R2012a-Student, The
MathWorks, Inc.).

Reproducibility of laminar analysis cortical porosity metrics

To evaluate the reproducibility of the metrics quantified from cortical laminar analysis,
existing reproducibility datasets were retrospectively analyzed. The reproducibility scans
were performed on 15 female subjects (age = 60 £ 7 years) with two repeat acquisitions at
the distal tibia. Scans were included in the analysis if their quality grading did not differ by
more than 0.5, based on the grading system devised by the manufacturer [28]. The entire
image processing workflow, including cortical segmentation and laminar analysis, was
repeated for each data set. Root mean square coefficient of variation (RMSCV) of the paired
scans was calculated for each metric of laminar analysis.

Statistical analysis

Mean and standard deviations were calculated for all cortical indices globally and within
each layer. Values were calculated for the entire cohort and for subgroups of sex and age. To
evaluate age-related trends, participants were grouped by decade as well as divided into
young (20-29 years) and elderly (65-78 years) subgroups (sample sizes provided in Table
1). Because Shapiro—Wilk W tests revealed that parameters were not all distributed
normally, non-parametric comparison tests were administered. Wilcoxon tests, with
Bonferroni correction as appropriate, were used to compare values among layers, between
sexes, and across age groups. Statistical analysis comparing values in young vs elderly
cohorts was performed on both absolute and percent differences. To test if there were age-
related differences in each parameter, as well as to test if these differences varied among
layers, analysis of variance (ANOVA) was performed with layer as a within factor and age
(grouped into decades) as a between factor. Because the data was unbalanced, post-hoc tests
accounting for the unequal variances between groups were performed. For all comparisons,
the desired level of statistical significance was set to a < 0.05. All reported p-values are
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Bonferroni-corrected values Peorrected = NPuncorrected: Where N is the number of comparisons
made. All statistical tests were performed using R (v.2.13.0, The R Foundation for Statistical
Computing).

Results

Reproducibility of laminar analysis cortical porosity metrics

Reproducibility data are presented in Table 2. RMSCV values for TPA, TPN, and APA
within the midcortical layer were similar to previously published RMSCV for Ct.Po (3.9%)
in a reproducibility cohort of the same sex and age [17]. Higher RMSCV values were found
in the endosteal and periosteal layers, where boundary definition is more influential.
Reproducibility in the younger subjects was not quantified. However, because our analysis
is applied to the precise pore segmentation described by Burghardt et al. [17] we expect
RMSCV values to be higher in the younger group, just as Burghardt et al. found for Ct.Po.

Spatial distribution in the combined cohort

Significant heterogeneity between layers was observed within the cohort considered as a
whole. The lowest TPA was found in the periosteal layer, with endosteal and midcortical
layers displaying 42% and 43% higher TPA values, respectively (p < 0.001 for both
comparisons). While no significant difference in TPA between the endosteal and midcortical
layers was observed, the nature of the porosity in these layers differed. Endosteal pores were
more numerous than midcortical and periosteal pores, with 9% (p < 0.01) and 37% (p <
0.001) higher TPN values, respectively. In contrast, midcortical pores were larger than
endosteal and periosteal pores, with 9% and 23% higher APA, respectively (p < 0.001 for
both comparisons).

Spatial distribution by age
Spatial distribution of porosity varied with age. When only the young cohort was
considered, the endosteal layer displayed the highest TPA, 80% (p < 0.01) and 168% (p <
0.001) higher than midcortical and periosteal layers, respectively. High endosteal TPA was
accompanied by high endosteal TPN, 73% and 117% higher than midcortical and periosteal
layers, respectively (p < 0.001 for both comparisons). Lower spatial variation was observed
in APA within the young cohort; endosteal APA was similar to midcortical APA (p > 0.05)
and only 21% (p < 0.001) higher than the periosteal layer.

In contrast, when only the elderly cohort was considered, the midcortical layer displayed the
highest values for all parameters. Midcortical TPA in the elderly cohort was 36% (p < 0.01)
and 122% (p < 0.001) higher than endosteal and periosteal values, respectively. Pores in the
midcortical layer were both more numerous and larger than those in other layers.
Midcortical TPN was 16% (p < 0.05) and 74% (p < 0.001) higher than endosteal and
periosteal values, and midcortical APA was 14% (p < 0.05) and 30% (p < 0.001) higher than
endosteal and periosteal values.

The elderly cohort displayed higher values than the young cohort for all parameters both
globally and within each layer. While all three layers displayed significant age-related
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differences in TPA, the midcortical layer was most sensitive to age (+344%, p < 0.001).
Similarly, the midcortical layer showed the greatest increase with age in both TPN (+243%,
p < 0.001) and APA (+31%, p < 0.001). The endosteal layer showed the least sensitivity to
age in all three parameters, with TPA increasing by 81% (p < 0.001), TPN by 70% (p <
0.001), and APA by 14% (p < 0.05). The periosteal layer showed intermediate increases in
all three parameters (TPA +198%; TPN +147%; APA +21% all p < 0.001). Comparisons
among layers hold for both percent and absolute differences between elderly and young
cohorts. Global values reflect intermediate increases with age similar to the periosteal
values.

Spatial distribution by age and sex

Porosity distribution changes associated with aging varied substantially when considering
female and male subjects as separate cohorts (Tables 3 & 4; Fig. 2). The midcortical layer
was most sensitive to age for TPA in both females and males. However, the female cohort
displayed a 710% (p < 0.001) increase midcortically with age (vs. 299% p < 0.001 globally),
while males displayed a 172% (p < 0.001) increase midcortically with age (vs. 118% p <
0.001 globally). Females experienced larger changes with age compared to males within the
endosteal and periosteal layers as well. Similarly, females displayed greater age-related
changes in TPN within every layer. In contrast, females and males displayed comparable
small to non-significant changes with age in APA. Comparisons of age-related changes
between sexes hold for both percent and absolute differences.

Figs. 3-5 provide a decade-by-decade analysis of age-related changes in males and females
for TPA, TPN, and APA. Significant differences between decades were detected in females
between the 40-49 group and the 50-59 group. Midcortical TPA was higher in the 50-59
group by 126% (p < 0.05). Midcortical and periosteal TPN were higher in the 50-59 group
by 128% (p < 0.001) and 79% (p < 0.05), respectively.

Considering only the young cohort, females displayed lower TPA values than males both
globally and within each layer. Female TPA was 22% (p < 0.05) lower endosteally, 62% (p
< 0.001) lower midcortically, and 54% (p < 0.01) lower periosteally, compared to 46% (p <
0.01) lower globally. In the young group, sex differences in TPA were associated with
significant differences in TPN. Female TPN was 33% (p < 0.05) lower endosteally, 64% (p
< 0.001) lower midcortically, and 54% (p < 0.001) lower periosteally, compared to 48% (p <
0.01) lower globally. No significant sex differences in APA were found globally or within
layers.

In contrast, when only the elderly cohort was considered, females displayed lower TPA
values only within the periosteal layer (20% lower than males, p < 0.05). No significant sex
differences in TPN were found globally or within layers. Females displayed lower APA
values only within the endosteal layer (16% lower than males, p < 0.05).

Discussion

We have developed a technique for the localization and characterization of intracortical pore
distribution from in vivo HR-pQCT data. In this study, we demonstrated that considerable
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variability exists in the spatial distribution of detectable cortical porosity at the distal tibia,
and that this variability is dependent on age and sex. Specifically, we found that endosteal
porosity is dominant in young males and females while midcortical porosity is dominant in
the elderly, particularly in females. Accordingly, the dramatic acceleration in intracortical
porosity documented during aging in women occurs predominantly in the midcortical layer.
Intracortical pore distribution analysis may provide insight into differential mechanisms of
pore network expansion as well as biomechanical consequences of pore distribution.

Our results confirm that cortical porosity increases with age, consistent with earlier reports
[31,32]. Porosity increases more dramatically with age in women than in men, with the
largest increase occurring during the early post-menopausal decade. The results of this study
localize this dramatic increase in detectable porosity to the midcortical layer. This outcome
is of course dependent on boundary definitions. The endocortical boundary definition used
in this analysis may exclude zones of trabecularized cortex, particularly in elderly subjects
[23]. Excluding these zones means that we are limited to evaluating intracortical porosity
distribution within the compact cortex. This approach provides conservative estimates of
porosity near the endosteal border. This approach may also result in the analysis of
nonhomologous layers when comparing young versus elderly subjects; the periosteal and
midcortical layers of the elderly individual may correspond to the periosteal layer (alone) of
the younger individual. However, the laminar analysis technique described here could
certainly be applied with alternate endosteal boundary definitions. In a longitudinal study the
baseline endosteal boundary could be mapped forward to the follow-up time-points to
examine the role of endocortical trabecularization on pore distribution [33,34].

Our finding of elevated midcortical porosity in elderly females contradicts microradiography
studies conducted on bone samples from the femoral diaphysis [9,12], which found
increasing gradients of porosity from the periosteum to the endosteum in young and elderly
males and females. The inconsistency in findings could be due to two important differences
between these anatomic sites. First, endosteal boundary morphology differs between these
sites. At the distal tibia metaphysis large pores at the endosteal surface may merge into the
trabecularized zone over time and therefore be excluded from laminar analysis of the
intracortical region, as described above. At the femoral diaphysis this effect is less likely.
Second, sexual dimorphism differs between these sites, evidenced by the fact that females
display higher cortical porosity than males at the femur [12,35,36] in contrast to the trend
observed at the tibia in our study and others [31,32]. Additionally, the contradiction in
results could be influenced by differences in the scale of porosity detected. In this HR-pQCT
study detectable porosity includes large osteonal canals or resorption cavities, but excludes
the smallest pores. The microradiography studies, in contrast, detect smaller pores. Large
and small pores may differ in spatial distribution and progression.

Increased porosity can be driven by increased number of pores, increased size of pores, or
both. Our results suggest that at the tibia, age-related porosity increase is driven primarily by
pore number rather than pore size. This is in agreement with some ex-vivo studies [37,38],
but contradictory to others [14,35]. Again, it is important to note that the current study
evaluates a different anatomic site and different scale of porosity compared to published ex
vivo studies. It is likely that unique biological processes drive porosity at these various sites
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and length-scales. It is also possible that, due to the limited resolution of HR-pQCT,
increased pore number in elderly subjects is actually reflective of small pores enlarging to
the detection threshold. This phenomenon may be biasing our interpretation of relative
trends in pore number and size. The laminar analysis workflow can be applied to higher-
resolution images, for example those acquired by micro-computed tomography. A high
resolution ex vivo study of distal tibia specimens from donors of a range of ages would
provide insight into these questions.

Spatial distribution of intracortical porosity may provide insight into differential
mechanisms of pore network expansion. In a recent study evaluating the development of
pathological porosity during a period of disuse [39], we found that porosity increased
uniformly throughout the cortex. In contrast, the results of this cross-sectional study indicate
that age-related increases in porosity are most extreme in the midcortical layer. We
hypothesize that unique processes of pore network expansion are acting in disuse versus
aging, which are reflected in the spatial distribution of cortical pores.

Spatial distribution of porosity may also reveal important biomechanical characteristics. As
detailed by Burr [24], the relationship between porosity and stiffness or strength under a
bending load depends heavily on the distribution of porosity. Pores located in the endosteal
layer will have a less detrimental effect than those located in the midcortical or periosteal
layer. Accordingly, Squillante and Williams reported elevated periosteal relative to
endosteal porosity in the femoral neck cortex of elderly fracture patients but not of elderly
non-fracture patients [10]. While the data in this work are limited to the distal tibia, the
laminar analysis technique presented here may be applied to other cortical regions, including
those experiencing primarily bending loads. Computational and biomechanical validation is
necessary to determine the utility of HR-pQCT-based pore distribution metrics in predicting
biomechanical properties.

The results presented here must be interpreted in the context of three important limitations.
First, as noted above, HR-pQCT scanning cannot resolve pores smaller than approximately
100 pum in diameter. The measures described in this manuscript are directly derived from the
pore segmentation previously described in the literature [16,17,22, 40]. This pore
segmentation has been validated by ex vivo studies that found good agreement between HR-
pQCT and higher resolution micro-CT (UCT) quantification of porosity [16,41]. Second, this
work relies on a cross-sectional rather than longitudinal study design. Third, sample sizes —
in particular for sex-specific comparisons — are small and therefore our findings should be
confirmed through a larger population-based study.

In conclusion, we have demonstrated the existence of significant variability in the amount of
porosity and structure of the pore network in the cortex of the tibia. The laminar analysis
technique allows for localization of pores to one of three cortical layers: endosteal,
midcortical, or periosteal. Furthermore, pore characteristics are analyzed to determine
whether porosity is driven primarily by pore number or pore size. Quantification of these
parameters within each layer provides increased sensitivity in analyzing sex- and age-related
differences in the cortical pore network and motivates hypotheses around the mechanisms of
porosity development. Laminar analysis may be an important step towards providing more
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rsonalized pharmacologic interventions, particularly in understanding the underlying

pathophysiology behind pathological porosity and bone fragility.
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(1) Intracortical region

is segmented into
three laminar layers.

(2) Pores are skeletonized

(3) Skeletons are assigned
to a laminar layer

(4) Pores are assigned
to a laminar layer by the
location of their skeleton

{

Fig. 1.
An overview of cortical layers and the pore assignment techniqu
shown in black (top panel in inlay). Pores are assigned to one of

e. Unassigned pores are
endosteal, midcortical, or

periosteal layers (shown in red, blue, and green respectively). This assignment is done
according to the location of the pore’s skeleton (second and third panels in inlay). Pores are
assigned wholly to a layer; no individual pore is split between layers (bottom panel in inlay).
(For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 2.
Gender-specific variation in the evolution of total pore area (TPA, mm2/mm?), total pore

number (TPN, mm~2), and average pore area (APA, mm?2) with age. Data shown are mean *
95% Cl in each cohort grouped by age and gender. Boxed values indicate differences
between young (20-29) and elderly (65-78) cohorts.
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Fig. 3.

Dgcade-by—decade total pore area (TPA, mm2/mm?2) by layer for males (top) vs. females
(bottom). Data shown are the mean + 95% CI. Females display a significant increase in
porosity between the fourth and fifth decades (consistent with the onset of menopause),
while males show a more gradual increase. Accelerated age-related porosity increase is most

1duosnue Joyiny

1duosnuey Joyiny

extreme in the midcortical layer in the female cohort.
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Decade-by-decade analysis of total pore number (TPN, mm™2) by layer for males (top) vs.
females (bottom). Data shown are the mean + 95% CI. The female cohort undergoes a more
drastic increase in TPN with age than the male cohort. Age-related TPN increase is most

extreme in the midcortical layer in the female cohort.
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Decade-by-decade analysis of average pore area (APA mm?) by layer for males (top) vs.

females (bottom). Data shown are the mean + 95% CI.
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Table 2

Reproducibility (RMSCV) of cortical porosity laminar analysis metrics.

RMS-CV (%)

TPA

Endosteal 9.35
Midcortical 3.82
Periosteal 6.09
TPN

Endosteal 6.42
Midcortical 3.04
Periosteal 5.27
APA

Endosteal 5.77
Midcortical 3.94
Periosteal 4.37
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Global and regional TPA, TPN, and APA for the entire female cohort, the young female cohort (20-29), and

the elderly female cohort (65-78). All table entries report means + SEM.

TPA TPN APA

Females mm2/mm? mm~2 mm2
Entire cohort Endosteal 0.045+0.002 1.012+0.05 0.043 +0.001
Midcortical  0.049 +0.005 0.955+0.08 0.048 +0.001
Periosteal 0.026 £0.002 0.613+0.04 0.039 +0.001
Global 0.039+0.003 0.826+0.05 0.045+0.001
Young cohort  Endosteal 0.033+0.006 0.721+0.12 0.041 £+ 0.002
Midcortical  0.013+0.003 0.280+0.06 0.042 +0.003
Periosteal 0.010+£0.002 0.264 +0.04 0.035+0.001
Global 0.017 £0.003 0.397 £0.05 0.041 +0.001
Elderly cohort  Endosteal 0.068 +0.003 1.481+0.05 0.046 +0.001
Midcortical  0.102+0.012 1.860+0.15 0.053 +0.003
Periosteal 0.040 £0.005 0.891+0.09 0.042 +0.002
Global 0.069 £0.006 1.374+0.08 0.049 +0.002
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Global and regional TPA, TPN, and APA for the entire male cohort, the young male cohort [20-29], and the

elderly male cohort (65-78). All table entries report means = SEM.

TPA TPN APA

Males mm2/mm?2 mm™2 mm2
Entire cohort Endosteal 0.059+0.004 1.248+0.08 0.044 +0.001
Midcortical  0.057 £0.005 1.088+0.09 0.049 £ 0.001
Periosteal 0.035+0.004 0.837£0.08 0.039 +0.001
Global 0.048 £0.003 0.999 £0.07 0.047 +0.001
Young cohort  Endosteal 0.048 £0.007 1.068+0.16 0.045 + 0.002
Midcortical 0.034 £0.005 0.786 +£0.13 0.042 + 0.002
Periosteal 0.021£0.003 0.577£0.09 0.035+0.001
Global 0.032+£0.004 0.767£0.11 0.042 +0.002
Elderly cohort  Endosteal 0.078 £0.008 1.496+0.12 0.046 +0.001
Midcortical  0.091 +0.014 1.559+0.21 0.049 + 0.002
Periosteal 0.050+0.008 1.152+0.18 0.040 +0.001
Global 0.070 £0.008 1.334+£0.07 0.053 +0.003
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