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ARTICLE INFO ABSTRACT

Keywords: Region-specific differences in age-related bone remodeling are known to exist. We therefore hypothesized that
B'one . the decline in tissue-level strength and post-yield strain (PYS) with age is not uniform within the femur, but is
Bm,meChamcs driven by region-specific differences in porosity and composition. Four-point bending was conducted on anterior,
&gel;lg posterior, medial, and lateral beams from male cadaveric femora (n = 33, 18-89 yrs of age). Mid-cortical
Femora porosity, composition, and mineralization were assessed using nano-computed tomography (nanoCT), Raman
Porosity spectroscopy, and ashing assays. Traits between bones from young and elderly groups were compared, while
Composition multivariate analyses were used to identify traits that predicted strength and PYS at the regional level. We show

that age-related decline in porosity and mechanical properties varied regionally, with highest positive slope of
age vs. Log(porosity) found in posterior and anterior bone, and steepest negative slopes of age vs. strength and
age vs. PYS found in anterior bone. Multivariate analyses show that Log(porosity) and/or Raman 1246,/1269
ratio explained 46-51% of the variance in strength in anterior and posterior bone. Three out of five traits related
to Log(porosity), mineral crystallinity, 1246,/1269, mineral/matrix ratio, and/or hydroxyproline/proline (Hyp/
Pro) ratio, explained 35-50% of the variance in PYS in anterior, posterior and lateral bones. Log(porosity) and
Hyp/Pro ratio alone explained 13% and 19% of the variance in strength and PYS in medial bone, respectively.
The predictive performance of multivariate analyses was negatively impacted by pooling data across all bone
regions, underscoring the complexity of the femur and that the use of pooled analyses may obscure underlying
region-specific differences.

1. Introduction

Bone strength in midlife and older adults is contingent on accrual of
bone mass during late childhood through early adolescence and subse-
quent loss of bone mass following peak accrual (Rizzoli et al., 2010).
Bone strength is also derived from material properties. Material prop-
erties, in turn, are a function of porosity, which increases with age from
4 to 5% in young adults to ~11% by the eighth decade (Bell et al., 2001),
and is mediated through intracortical remodeling (Goldman et al., 2014;
Jepsen et al., 2011; Zebaze et al., 2019). Small increases in porosity can
disproportionately reduce bone strength (Ramchand and Seeman, 2018;
Turner, 2002) and fracture toughness (Granke et al., 2016; Yeni et al.,
1997). Porosity may have clinical relevance in explaining the variance

in bone strength not captured by DXA (Choksi et al., 2018). Porosity
changes in human femora can contribute ~76% of the variance in age-
related decline in ultimate tensile stress, with a steeper decline in
women than in men (McCalden et al., 1993).

Bone adapts to its local mechanical loading environment (Ruff et al.,
2006), thus age-related changes in tissue mechanics or porosity are ex-
pected to be bone or region-specific. Human tibiae and femora exhibit
differential age-related decline in ultimate tensile strain of 5 and 7% per
decade, respectively (Burstein et al., 1976). Regional porosity differ-
ences in human femora have also been reported, with posterior bone
exhibiting the highest porosity (Malo et al., 2013; Thomas et al., 2005).
Regional porosity differences may reflect regional differences in the
magnitude and mode of strain (Skedros et al., 2013). Osteons and
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Haversian canal diameters (related to porosity) become smaller and
osteon density larger in regions of high strain (Schlecht et al., 2012;
Skedros et al., 2013; van Oers et al., 2008). Other studies report regional
differences in the amount of diffuse microcracking and microdamage
density, with anterior bone exhibiting more diffuse microcracking than
posterior bone under compression (Reilly et al., 1999), and highest age-
related microdamage density in anterior bone (Norman et al., 1997).

While correlations between select cortical bone composition pa-
rameters and age or mechanics have been studied for specific regions
across the male femora (Yerramshetty and Akkus, 2008; Yerramshetty
et al., 2006), comprehensive comparison of multiple human femoral
bone traits related to porosity, composition, and tissue-level mechanical
properties by region and age, and analysis of traits predictive of regional
declines in strength and ductility with age have yet to be performed.
Identifying regional predictors of tissue-level strength and post-yield
strain (PYS) has clinical relevance as fractures are often regional in
athletes (DeFranco et al., 2006). We hypothesize that age-related decline
and variance in strength and PYS is not uniform throughout the male
femora, but is driven by region-specific differences in porosity and
composition. To test this hypothesis, we performed four-point bending
tests on bone beams of anterior, posterior, medial, and lateral regions of
the femoral midshaft, while porosity, ash content, and composition were
analyzed from adjacent sections. Tissue-level mechanics, composition,
and porosity between young and elderly men were compared. Multi-
variate regression models were used to identify trait(s) that best
explained variance in strength and PYS for each region and after pooling
data from all regions.
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2. Materials and methods
2.1. Specimens

Cadaveric femora from 33 white male donors (18-89 yrs of age) were
obtained through the University of Michigan Anatomical Donations
Program (Ann Arbor, MI), Science Care (Phoenix, AZ), and Anatomy
Gifts Registry (Hanover, MD). Males between 66 and 69 yrs of age were
excluded to obtain a gap between young (n = 20, 18-63 yrs) and elderly
(n = 13, 70-89 yrs) groups since elderly men > 65-yrs exhibit acceler-
ated bone loss and increased fractures (Court-Brown and McQueen,
2016; Gielen et al., 2011; Szulc and Delmas, 2001). Donors had no
known metabolic bone diseases. Right femora were cut to obtain 5 mm
(proximal-to-midshaft) and 60 mm (distal-to-midshaft) thick-sections
(Fig. 1). Tissue use was approved by the University of Michigan Insti-
tutional Biosafety Committee and declared exempt by the Institutional
Review Board.

2.2. Four-point bending

Single rectangular beam (2.5 mm x 5 mm x 55 mm) was milled from
each anterior, posterior, medial, and lateral quadrant (Fig. 1) using a
customized computer-controlled mill. Beams were loaded to failure in
four-point bending (Bigelow et al., 2019) whilst kept in a 37 °C bath of
PBS with added calcium. Lower and lower span lengths were 42 mm and
18 mm, respectively. Load and deflection were converted to stress and
strain using bending equations, taking yielding into consideration
(Tommasini et al., 2005). Tissue-level strength (maximum stress) and
post-yield strain (PYS, strain from yield-point to failure) were calculated
from stress-strain curves (Jepsen et al., 2015). Fig. S3-4 show the
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Fig. 1. Schematic illustrating the allocation of male femoral sections for ash and four-point bending tests and analysis by Raman spectroscopy and nanoCT. *Section

not used in this study.
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representative stress-strain curves for all four bone regions.
2.3. Ash content, Raman spectroscopy, and nanoCT

Ash, water, and organic content were measured (Bigelow et al.,
2019; Tommasini et al., 2008). 5 mm-sections were analyzed using a
Raman probe (Bigelow et al., 2019). Mid-cortical spectra were obtained
under hydrated conditions using 6x10s acquisition times. Duplicate
measurements were acquired from anterior, posterior, lateral, and
medial regions (Fig. 1). Spectra were processed in MATLAB® and im-
ported into GRAMS/AI™ for curve-fit analysis. Regional deconvoluted
amide-I spectra can be found in Fig. S1-2. Select ratios were calculated:
960/1665 (mineral/matrix ratio, MMR), 875/853 (hydroxyproline/
proline or Hyp/Pro), 1246/1269, 1665/1246, 1665/1691, and 1665/
1631 ecm™'. 1665/1691 were used as measures of mature-trivalent to
immature-divalent crosslinks (XLinks) (Mandair et al., 2021). Hyp/Pro
is an indirect measure of post-translational modifications to collagen
fibrils (Burke et al., 2016; Unal et al., 2018). 1246/1269 and 1665/1246
provide information on collagen orientation (Falgayrac et al., 2010;
Mandair et al., 2021). 1665/1631 is a variant of 1670/1640, which
measures amount of helical order in collagen (Unal et al., 2016). Mineral
crystallinity (XLS) is inverse of v1PO4 bandwidth at ~960 cm™ L. Our
mean mid-cortical measurements reflect spectral contributions from
both osteonal and interstitial features, but relative Raman property
differences between osteonal and interstitial bone are presumed to be
constant for a given specimen and parameter, and any deviations be-
tween young and elderly groups due to spatial differences within a group
would be small.

After Raman analysis, 5 mm-sections were scanned by nanoCT. Each
section was scanned at 13 um voxel size (Bigelow et al., 2019; Bolger
et al., 2020). Scans were reconstructed and regional porosity with 2-
mm? ROIs examined (Fig. 1). Porosity was the total area of the pores
divided by the area of the bone. Pore density was the number of pores
divided by the area of the 2-mm? ROL

2.4. Statistical analysis

Statistical analyses were performed in SPSS and results presented as
mean + SDs. Normality was examined by Shapiro-Wilk tests in an age-
specific manner. Porosity exhibited a non-normal distribution and was
Logarithm-transformed. Adjusted (Adj.) R%-values, slopes, and y-in-
tercepts of age-related linear regressions by bone region are reported,
with significance set at p < 0.05. Age-specific differences in slopes of
regression lines between regions were determined by ANCOVA (Bigelow
et al., 2019). Holm-Bonferroni method was used for post-hoc statistical
comparisons.

Independent-samples t-tests at the p < 0.05 level were used to
compare donor age, weight, or height between young and elderly co-
horts. Mixed-model statistics was used for side-by-side comparisons of
traits between young and elderly cohorts by bone region. Repeated-
measures ANOVA was used to compare trait differences between bone
regions for each age group. For mix-model and repeated-measures
ANOVA tests, significance was set at p < 0.05, which included Bonfer-
roni corrections.

Age sensitivity analyses were performed where the size of the
younger age group (18-63 yrs, n = 20) was incrementally reduced to one
of the following: (1) 27-63 (n = 18), (2) 29-63 (n = 16), (3) 27-58 (n =
13), (4) 29-58 (n = 11), and (5) 18-45 (n = 11).

Multivariate regression analyses were performed to determine vari-
ance in strength or PYS, with variations in the independent traits for a
given bone region and after pooling results across all regions (denoted
by ‘All’ label). Systematic variable selection was used to identify 5-inde-
pendent traits that explained variance in strength or PYS, they included:
Log(porosity), MMR, XLS, Hyp/Pro, and 1246/1269. Backward selec-
tion was used to eliminate traits with p > 0.05 and variance inflation
factor (VIF) > 5 (Bigelow et al., 2019). Standardized p-coefficient values

Journal of Biomechanics 139 (2022) 111144

for each of the independent traits used in the models are reported,
together with accumulative model constant p-value, percent-adjusted R?
(% Adj. R?), regression p-value, and VIF.

3. Results

3.1. Donor characteristics and age-trait trajectory comparisons by bone
region

Ages of young and elderly male cohorts were 43.0 + 14.8-yrs and
80.0 + 6.3-yrs, respectively (Table 1). Significant difference in age be-
tween young and elderly men (p < 0.001) was found, but not in weight
(p > 0.419) or height (p > 0.321).

Representative nanoCT slices obtained from 35- and 78-yr old donors
(Fig. 2A) show how porosity increased with age and bone region. Sig-
nificant positive Log(porosity) vs. age regressions were found for ante-
rior and posterior bones (R = 0.158, p = 0.013 and R? = 0.382, p <
0.001, respectively), but not for lateral or medial bones R?= 0.031,p=
0.876 and R? = 0.014, p = 0.462, respectively) (Fig. 2B, Table 2). Log
(porosity) vs. age regressions between regions were significantly steeper
in posterior than in medial or lateral bones (p = 0.0071 and p = 0.0013,
respectively), while only significantly steeper in anterior than in lateral
bone (p = 0.0175) (Table 3).

Significant negative regressions between strength and age were
found for anterior, posterior, and lateral bones, but not for medial bone
(R? = 0.333, p = 0.001; R? = 0.360, p < 0.001; R? = 0.214, p = 0.009;
and R? = 0.006, p = 0.368, respectively) (Fig. 2C, Table 2). Strong
negative regressions between post-yield strain and age were found for
anterior and posterior bone (R? = 0.362, p < 0.001; R% = 0.616, p <
0.001), but not for lateral or medial bone R%= 0.047,p =0.143; and R?
= 0.079 and p = 0.076; Fig. 2D, Table 2). Strength vs. age declined
significantly faster anteriorly than medially (p = 0.0050, Table 3). While
PYS vs. age declined faster anteriorly (Fig. 2D), it was not statistically
significant (p = 0.0386, Table 3). All PYS measurements were in the
range 0.01-0.025, which is consistent with other studies of cortical bone
(Cowin, 2001). Although fractographic analyses were not performed,
bones had observable post-yield displacement and did not fracture
catastrophically upon yielding.

3.2. Age and regional differences in porosity and tissue-level mechanical
properties

Significant increase in Log(porosity) was found in elderly compared
to young men in posterior bone (Fig. 3A, p < 0.05). Posterior Log
(porosity) was significantly higher than medial or lateral in both young
and elderly men (p < 0.001 for all comparisons). In elderly men, anterior
Log(porosity) was significantly higher than in lateral bone (p = 0.028).
Posterior pore density was significantly lower than in medial bone in
young men (Fig. 3B, p = 0.018). Strength was significantly higher in
anterior bone of young vs. older men (Fig. 3C, p < 0.05), while PYS was
significantly higher in anterior and posterior bones of young men
(Fig. 3D, p < 0.01 for both). Strength did not vary across bone regions in
young men, but anterior strength was significantly lower than medial
and lateral strength in elderly men (Fig. 3C, p = 0.001 and p = 0.021,

Table 1

Age and anthropometric traits for young and elderly men.
Trait Young (n = 20) Elderly (n = 13) p-value

Mean + S.D. Mean =+ S.D.

Age Range (years) 18-63 70-89 -
Age (years) 43.0 £ 14.8 80.0 £ 6.3 <0.001
Weight (kg) 90.6 + 29.3 81.4 +£18.7 0.419
Height (m) 1.78 £ 0.09 1.75 £ 0.07 0.321

Significant differences based on Independent-samples t-test (p < 0.05). Abbre-
viations: S.D., Standard Deviation.
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Fig. 2. (A) 2D transverse nanoCT slices of 35- and 78-year-old male femora with quadrantal landmarks (Ant = anterior, Lat = lateral, Post = posterior, Med =
medial). Age-related linear regressions for (B) Log(porosity), (C) Tissue-level strength, and (D) Post-yield strain by bone quadrant. See Table 2 for linear regression

Adj. R? values.

Table 2

Regression analysis showing the linear relationship between age and Log(porosity), Tissue-level strength, and Post-yield strain. Notes: Ant = anterior; Post = posterior;
Lat = lateral; and Med = medial. Significant correlations are indicated in bold (p < 0.05).

Site Age-Log(porosity) Age-Tissue-level Strength Age-Post-yield Strain

Adj R? y-Int Slope p-value Adj R? y-Int Slope p-value Adj R? y-Int Slope p-value
Ant 0.158 —1.500 0.007 0.013 0.333 186.5 —1.180 0.001 0.362 0.0259 —0.00019 <0.001
Post 0.382 —1.486 0.010 <0.001 0.360 168.6 —0.774 <0.001 0.616 0.0248 —0.00016 <0.001
Lat 0.031 —1.344 —0.000 0.876 0.214 161.1 —0.507 0.009 0.047 0.0205 —0.00008 0.143
Med 0.014 —1.415 0.001 0.462 0.006 145.8 —0.229 0.368 0.079 0.0198 —0.00007 0.076

Table 3 was significantly higher in elderly men in lateral bone (Fig. 4B). Ash

able

Age-trait slope comparisons between regressions of two bone quadrants
(ANCOVA). The t-test and unadjusted p-values are listed, and bold indicates
statistical significance according to the Holm-Bonferroni post hoc multiple
comparison test.

Slopes Age-Log(porosity) Age-Tissue Strength ~ Age-PYS
Compared
t-test p-value  t-test p-value  t-test p-
value

Med vs. Ant 1.8547 0.0660  —2.8691 0.0050 —2.0940 0.0386
Med vs. Post 2.7369 0.0071 —1.6338 0.1052 —-1.6017 0.1122
Med vs. Lat —0.5546  0.5802 —0.7812  0.4364  —0.0817  0.9351
Ant vs. Post —0.8821  0.3794 1.2436  0.2164  —0.4894  0.6255
Ant vs. Lat 2.4093 0.0175 1.9320 0.0560 —1.9078 0.0591
Post vs. Lat 3.2914 0.0013 —0.4894 0.6255 —1.4412 0.1525

Notes: Ant = anterior; Post = posterior; Lat = lateral; Med = medial. See Fig. 2
and Table 3 for age-trait regressions by bone quadrant.

respectively). Significant slope age vs. trait differences between bone
regions were found after incrementally narrowing the age range of the
younger group (Table S1).

3.3. Age and regional differences in compositional traits

Ash content was significantly higher in elderly men compared to
young men in posterior and medial bone (Fig. 4A, p < 0.05 or less). MMR

content was significantly higher medially than anteriorly in both young
and elderly men (p = 0.036 and p = 0.003, respectively), and higher
posteriorly in elderly men (p = 0.002). Lateral ash content was higher
than posterior and anterior bone in young and elderly men (p < 0.001
for both), while anterior ash content was higher than posterior bone in
young men (p < 0.001). No significant differences were found in XLS
(Fig. 4C).

Compared to elderly men, water content was significantly higher in
young men in all regions (between p < 0.01 and p < 0.05, Fig. 5A).
Anterior water content was significantly higher than in medial or lateral
bones in young men (p < 0.001 and p = 0.017, respectively), but
significantly lower than in posterior bone (p < 0.001). Posterior water
content was significantly higher medially or laterally in young men (p <
0.001 and p = 0.004, respectively) and medially in elderly men (p =
0.043). Posterior Hyp/Pro was significantly higher in elderly men
(Fig. 5B, p < 0.01) and anterior 1246,/1269 was significantly higher in
young men (Fig. 5C, p < 0.05). Posterior Hyp/Pro was significantly
reduced compared to lateral bone in young men (Fig. 5B, p = 0.037) and
anterior 1246/1269 was significantly higher than posterior bone in
young men (Fig. 5C, p = 0.013). No significant differences were found in
1665/1691 (Fig. 5D) or 1665/1631 (Fig. S5A). A non-significant in-
crease in 1665/1631 (Fig. S5B) was found across all bone regions in
elderly men. From age sensitivity analyses, significant multiple trait
differences between young and elderly groups by bone region were still
found, and consistent with changes in the originally used cohort
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Fig. 3. Comparison of (A) Log(porosity), (B) Pore density, (C) Tissue-level strength, and (D) Post-yield strain between age groups and quadrant (Ant = anterior, Lat
= lateral, Post = posterior, and Med = medial). Mixed-model age-related statistically significant differences were considered at the p < 0.05 (*) and p < 0.01 (**)
levels. Connecting lines indicate regional differences with a significance threshold of p < 0.05. All statistical analyses include Bonferroni multiple comparison

corrections.

(Table S2).

3.4. Predictors of tissue-level strength and PYS

Multivariate models were used to identify which 5-traits (Log
(porosity), MMR, XLS, Hyp/Pro, and/or 1246/1269) contributed
significantly to the prediction of strength and PYS by bone region. Sig-
nificant predictors were judged by strength of p-coefficient(s) for each
trait(s) used in the models, including overall strength of the % Adj. R*-
value and VIF < 2. For strength, Log(porosity) + 1246/1269 explained
46.7% of the variance for anterior bone (Table 4, regression p < 0.001)
compared to 50.5 and 13.1% by Log(porosity) for posterior and medial
bones, respectively (regression p < 0.001 and p = 0.036, respectively).
No traits significantly explained variance of strength for lateral bone
(Table 4). For PYS, a combination of traits: (1) Log(porosity) + XLS +
1246/1269; (2) MMR + XLS + Hyp/Pro; or (3) MMR + Hyp/Pro +
1246,/1269) significantly explained 46.3, 49.6, and 34.8% of variance
for anterior, posterior, and lateral bones, respectively (Table 5, regres-
sion p < 0.001, p < 0.001, and p = 0.005, respectively). Hyp/Pro alone
significantly explained 18.5% of variance of PYS for medial bone
(regression p = 0.011). When locations were pooled, only Log(porosity)
significantly explained 27.1 and 8.4% of variance in strength (Table 4)
and PYS (Table 5), respectively (regression p < 0.001 and p = 0.001,
respectively). Pore density, water content, collagen XLinks, 1665/1246,
and 1665/1631 were not predictive of strength or PYS.

3.5. Discussion

Age-related increase in porosity and decline in tissue-level mechan-
ical properties is not uniform throughout the human male femora.
Greatest increase in porosity with age occurred in posterior and anterior
bones (Fig. 2B, Table 2), and greatest decrease in strength and post-yield
strain occurred in anterior bone (Fig. 2C-D, Table 2). Porosity and/or

certain aspects of composition explained 47-51% of variance in strength
and PYS in the multivariate models of anterior and posterior bone (Ta-
bles 4 and 5) compared to 13% of variance in strength for medial bone
and 19-35% of variance in PYS for medial and lateral bone. No traits
adequately explained variance in strength for lateral bone.

Our findings of increased porosity and decreased strength and PYS in
posterior and anterior bone with age (Figs. 2-3, Table 3) are consistent
with an asymmetrical skeletal loading mechanism (Chan et al., 2007;
Martin et al., 1998), where differential loading distribution across the
femur may result in regional variations in remodeling and porosity.
Lower differential loading along the anterior-posterior axis of the male
femora may have contributed to the greater variation in porosity
compared to the medial-lateral axis. Regional femoral differences have
also been reported in adult sows, with anterior and posterior regions
being more actively remodeled (Raab et al., 1991). In this study, age vs.
Log(porosity) correlation values of R? = 0.158 determined for anterior
bone (Table 2) were within the R? range of 0.135-0.461 reported in
other studies (Bousson et al., 2001; Cooper et al., 2007). Strongest age
vs. Log(porosity) correlation of R? = 0.382 was found for posterior bone
(Table 2). This is the first age vs. Log(porosity) correlation reported for
posterior bone.

Strength did not vary significantly between bone regions in men
18-65 yrs old (Fig. 3C). However, slope of the strength vs. age regression
line for medial bone was significantly different from anterior bone
(Fig. 2C, Table 3, p < 0.005) and values were lower for medial bone for
ages < 45-yrs. The trajectory was reversed above 45-yrs, with a steeper
decline in strength in anterior bone with age compared to medial bone.
Similar non-significant trend was also found for PYS vs. age regression
lines between anterior and medial bones (Fig. 2D, Table 3, p = 0.0386).
Reversal in age vs. strength and age vs. PYS trajectories between bone
regions has not been reported before and may explain the higher in-
cidences of medial and posteromedial femoral stress fractures reported
in young athletes (DeFranco et al., 2006). It is believed that young
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Fig. 4. Comparison of (A) Ash content, (B) Mineral/Matrix ratio, and (C)
Mineral crystallinity between age groups and quadrant (Ant = anterior, Lat =
lateral, Post = posterior, and Med = medial). Mixed-model age-related statis-
tically significant differences were considered at the p < 0.05 (*) and p < 0.01
(**) levels. Connecting lines indicate regional differences with a significance
threshold of p < 0.05. All statistical analyses include Bonferroni multiple
comparison corrections.

athletes are at higher risk of fatigue-related stress fractures due to bone
being subjected to repetitive loads over a short period of time (Abbott
et al., 2020; Romani et al., 2002). Elderly men are susceptible to both
fatigue and insufficiency fractures (Iundusi et al., 2013; Romani et al.,
2002). Overall, regions with the highest porosity (e.g. posterior and
anterior bones) in elderly men (Fig. 2B, 2A) experience the greatest
negative impact on strength. This may explain why the trajectory of the
age vs. strength regression line was steeper for anterior bone compared
to medial bone at ages above 45-yrs (Fig. 2C).

Medial bone exhibited a significantly higher pore density compared
to posterior bone in young men (Fig. 3B), which has not been observed
before in human femora. One study showed that pore density was
similar between bone regions at the femoral midshaft in men (Cooper
et al., 2007), while the finding of posterior bone having the lowest pore
density (Fig. 3B) is consistent with another study (Malo et al., 2013).
Although, water content was higher in posterior bone than in anterior
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bone in young men, the water content in both regions was significantly
higher than in medial and lateral bones in young and elderly men
(Fig. 5A). Decline in water content in elderly men (Fig. 5A) suggests that
water bound to collagen and mineral is lost with age (Burr, 2019). Water
content was inversely-related to ash content between regions and age
groups (Fig. 5A, Fig. 4A). High ash content found in medial and poste-
rior bones in elderly men was supported by similar trends in MMRs
(Fig. 4B).

Despite the potential for increased heterogeneity introduced into our
analyses by using a broader age range, significant slope age vs. Log
(porosity), strength, or PYS differences between bone regions were still
found (Table 3). Significant differences in multiple traits were also found
between young (18-63 yrs) and elderly (70-89 yrs) age groups in spite
of the greater perceived heterogeneity (Figs. 3-5). A 65-yr cutoff was
used to define our two age groups because men > 65 yrs of age exhibit
accelerated bone loss and increased incidence of fractures (Court-Brown
and McQueen, 2016; Gielen et al., 2011; Szulc and Delmas, 2001). In
actuality, the cutoff in our study was 63-yrs, which is similar to other
studies (Karasik et al., 2003; Singleton et al., 2021). Even after nar-
rowing the age range of the young group of 18-63 yrs (n = 20, Table 1)
to 29-58 or 18-45 yrs (n = 11, Table S1), significant slope age vs. trait
differences between bone regions were still found. Reducing the size of
the young age group did not affect multiple-trait differences between the
two age groups (Tables S2-5). These age sensitivity analyses show that
our primary findings and interpretations were not impacted by using a
broader young group age range.

Raman 1246/1269 was significantly increased in anterior bone
compared to posterior bone in young men (Fig. 5C). The 1246/1269
ratio is related to the relative orientation of collagen fibrils in bone
(Mandair et al., 2021). High 1246/1269 ratios exhibited by anterior
bone compared to posterior bone could be due to changes in relative
distribution of longitudinally and transversely aligned collagen fibrils
with age. This interpretation is supported by a light polarization study in
which bone from young male femora contained collagen fibrils pre-
dominately orientated longitudinally as opposed to transversely in older
males (Goldman et al., 2003).

No significant differences in collagen 1665/1691 (XLinks), 1665/
1246 (orientation), or 1665/1631 (helical order) were found between
bone regions or age groups (Fig. 5D, Fig. S5A, and Fig. S5B, respec-
tively). Lack of significant regional differences in XLinks is consistent
with an HPLC study, where mature-to-immature crosslink ratios were
not significantly different between medial and lateral bones (Gauthier
etal., 2018). In our earlier study (Bigelow et al., 2019), XLinks remained
unchanged with age in narrow radii, but decreased in wide radii, sug-
gesting that age-composition relations are not simple and can be
mediated by other factors like external bone size (Bolger et al., 2020).
This may account for the large standard deviations seen in some amide-I
parameters (Fig. 5D and Fig. S5). We suspect that the amide-I compo-
nent of 1665/1246 contains contributions from trivalent collagen
crosslinks (Bart et al., 2014) and thus may explain why this parameter
underperformed compared to 1246/1269 (Fig. 5C).

This study sought to identify independent traits that contributed to
strength and post-yield in each bone region and to determine local
mechanics-composition relations. From the strength of B-coefficients
values (Tables 4-5), 1-3 independent traits related to Log(porosity),
mineral crystallinity (XLS), mineral-to-matrix ratio (MMR), Hydroxy-
proline/Proline (Hyp/Pro), collagen crosslinks (XLinks) and 1246,/1269
ratios made significant contributions to the multivariate models by bone
region. For anterior bone, 47% of variance in strength and PYS was
explained by Log(porosity) + 1246,/1269, while Log(porosity) explained
51% of variance in strength in posterior bone. We posit that the pre-
diction of strength and PYS by 1246/1269 is related to the observation
that bone under tension (e.g. anterior bone), is more dependent on
collagen orientation than bone under compression (e.g. posterior bone)
(Meardon and Derrick, 2014; Ramasamy and Akkus, 2007).

Prediction of PYS in posterior bone was more complex, with 50% of
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Fig. 5. Comparison of (A) Water content, (B) Hydroxyproline/Proline (Hyp/Pro) ratio (C) mature to immature cross-link ratio (1246/1269), and (D) Collagen
crosslinks ratio between age groups and quadrant (Ant = anterior, Lat = lateral, Post = posterior, and Med = medial). Mixed-model age-related statistically sig-
nificant differences were considered at the p < 0.05 (*) and p < 0.01 (**) levels. Connecting lines indicate regional differences with a significance threshold of p <
0.05. All statistical analyses include Bonferroni multiple comparison corrections.

Table 4
Multivariate regression models predicting tissue-level strength by bone region. Standardized p-coefficients shown for each trait(s). Accumulative Constant p, % Adj. R%,
Regression p, and VIF values shown for each row.

Region Standardized p-Coefficients p-value (Constant) % Adj. R? p-value Max VIF
R .
Log (Porosity) MMR XLS Hyp/Pro 1246/1269 (Regression)

Ant —0.463 - - - 0.374 0.028 46.7 <0.001 1.227
Post —0.723 - - - - <0.001 50.5 <0.001 -

Lat - - - - - - - - -

Med —0.405 - - - - <0.001 13.1 0.036 -

All ~0.527 - - - - <0.001 27.1 <0.001 -

Notes: Ant = anterior; Post = posterior; Lat = lateral; Med = medial; All = data pooled across all bone sites; Hyp/Pro = hydroxyproline/proline ratio; MMR = mineral/
matrix ratio, XLS = mineral crystallinity, and VIF = variance inflation factor.

Table 5
Multivariate linear regression models predicting post-yield strain (PYS) by bone region. Standardized p-coefficients shown for each trait(s),. Accumulative Constant p,
% Adj. R%, Regression p, and VIF values shown for each row.

Region Standardized p-Coefficients p-value (Constant) % Adj. R? p-value VIF
R .
Log (Porosity) MMR XLS Hyp/Pro 1246/1269 (Regression)

Ant —0.375 - 0.320 - 0.414 0.004 46.3 <0.001 1.231
Post - —0.363 0.513 —0.581 - 0.320 49.6 <0.001 1.035
Lat - —0.670 - —0.350 —0.595 0.002 34.8 0.005 1.490
Med - - - —0.463 - 0.004 18.5 0.011 -

All —0.303 - - - - <0.001 8.4 0.001 -

Notes: Ant = anterior; Post = posterior; Lat = lateral; Med = medial; All = data pooled across all bone sites; Hyp/Pro = hydroxyproline/proline ratio; MMR = mineral/
matrix ratio, XLS = mineral crystallinity, and VIF = variance inflation factor.

variance explained by XLS + MMR + Hyp/Pro. Only 35% of variance in toward lower PYS exhibited by lateral bone in elderly men (Fig. 4B,
PYS in lateral bone could be explained by MMR + Hyp/Pro + 1246/ Fig. 3D). Basis for the low PYS exhibited by posterior bone in elderly
1269. Highly mineralized older bone permits only small post-yield men is unclear, as both XLS and MMR were similar between young and
deformation (Currey, 2004; Paschalis et al., 1997; Yerramshetty and elderly men. Hyp/Pro also contributes to the variance in PYS in poste-
Akkus, 2008). Lower PYS is consistent with the higher MMR and trend rior, lateral, and medial bones, which indicates possible post-



G.S. Mandair et al.

translational modification of collagen (Mandair et al., 2021). Lack of
traits that explain variance of strength in lateral bone is unclear, but
suggests that lateral bone is less response to daily mechanical loads
compared to other regions. This interpretation is based on a physical
activity study, where tibial lateral and medial mass distributions were
similar between active and non-active co-twins, while anterior and
posterior mass distributions only increased in active co-twins (Ma et al.,
2009).

Multivariate models of data pooled from all regions did not improve
the prediction of strength or PYS (Tables 4-5), with only Log(porosity)
persisting in the models. Given that porosity was a significant predictor
in anterior and posterior multivariate models, inclusion of data from
medial and lateral bones reduced the predictive power in the pooled
model. Low variance explained by pooled models underscores the
complexity of trait analysis of bone function. Variance not explained by
our models may be attributed to traits not examined in this study (e.g.
external bone size or muscle forces).

In conclusion, our study supports the hypothesis that age-related
increases in porosity and declines in tissue-level strength and post-
yield strain are region-specific, with the most pronounced decline
found in anterior and posterior bones. This behavior is attributed to the
non-uniform distribution of skeletal load across the midshaft. Conse-
quently, prediction of bone mechanical properties varied, with porosity
and/or traits related to composition explaining 46-51% of variance in
strength and post-yield strain for anterior and posterior bone compared
to 0-35% for lateral and 13-19% for medial bone. Predictive perfor-
mance of our multivariate models was negatively impacted by pooling
data from all bone regions, which underscores the complexity of the
femur and that pooled analyses may obscure underlying region-specific
differences. A combined approach of region and pooled analyses may
provide a more complete assessment of the complex relationship be-
tween tissue mechanics, porosity, and composition. Results of this study
may have implications in the clinical prediction or prevention of
regional femoral stress fractures in young athletes.
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