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ABSTRACT

Given prior work showing associations between meling and external bone size, we tested
the hypothesis that wide bones would show a greagative correlation between whole-bone
strength and age compared with narrow bones. Cadawvale radii ( = 37 pairs, 18 to 89 years
old) were evaluated biomechanically, and samples werted into narrow and wide subgroups
using height-adjusted robustness (total area/bemgth). Strength was 54% greatex(0.0001)
in wide compared with narrow radii for young adks40 years old). However, the greater
strength of young-adult wide radii was not obserfeedlder wide radii, as the wid&{= 0.565,

p = 0.001), but not narrowRf = 0.0004 p = 0.944) subgroup showed a significant negative
correlation between strength and age. Significasttiye correlations between age and
robustnessf¢ = 0.269,p = 0.048), cortical area (Ct.AR’= 0.356,p = 0.019), and the
mineral/matrix ratio (MMR?= 0.293,p = 0.037) were observed for narrow, but not wid#ira
(robustness®?= 0.015,p = 0.217; Ct.ArRF= 0.095 p = 0.245; MMR:R?= 0.086,p = 0.271).
Porosity increased with age for the narréf< 0.556,p = 0.001) and wideR¢ = 0.321,p =
0.022) subgroups. The wide subgropp<(0.0001) showed a significantly greater elevatiba
new measure called the Cortical Pore Score, whieimiifies the cumulative effect of pore size
and location, indicating that porosity had a magketerious effect on strength for wide
compared with narrow radii. Thus, the divergergrsgth—age regressions implied that narrow
radii maintained a low strength with aging by irasimg external size and mineral content to
mechanically offset increases in porosity. In casiirthe significant negative strength—age
correlation for wide radii implied that the deleters effect of greater porosity further from the
centroid was not offset by changes in outer bone @i mineral content. Thus, the low strength
of elderly male radii arose through different biamanical mechanisms. Consideration of
different strength—age regressions (trajectoriesm) mform clinical decisions on how best to
treat individuals to reduce fracture risk. © 201@dican Society for Bone and Mineral
Research
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Introduction

The decline in bone strength with aging increabkesrisk of fracturing’ and compromises
overall health, wellness, and independéfdeThus, reducing fragility fractures remains an
important public health go&. The reduced bone strength of elderly individuaises from
modeling and remodeling events that affect bonephmogy, microstructure, and material
properties®™® Many of these structural and material changes aaptured clinically as
reductions in areal bone mineral density (aBMD)e Tdyge-related decline in strength varies
between sexes and among ethniciti&s® However, little is understood about why some
individuals within the same sex and ethnicity shqneater losses in bone strength than others,
and whether this interindividual variation in boskeength decline is influenced by peak bone
traits.

Recently, we reported that 14-year changes in famoeck mass and structure differed
significantly among midlife women, depending ondla external bone sizE) Women with
narrow femoral necks showed small reductions in BNdGt large increases in bone area,
whereas women with wide femoral necks showed laegkictions in BMC, but only small
compensatory increases in bone area. Similar adgwts between baseline bone area and age-
related changes in mass and area have also besterefor med!® These studies, which were
limited to data derived from hip DXA images, didtmeport the structural changes contributing
to the differences in BMC loss or test whetherdkternal-size dependent changes in BMC and
area lead to different bone strength-decline ttajézs. The greater loss in BMC for wide bones
was consistent with prior work showing a positigs@ciation between remodeling and external
bone sizé*"* The mechanism responsible for the associationdertwemodeling and external
bone size remains unknown. However, because reingdetderlies age-related bone 1§8¢%
we postulated that increases in porosity and rémhgin bone strength with aging would depend
on external bone size. Herein, we tested the hgsattthat wide human long bones would show
a greater negative correlation between whole-bdrength and age compared with narrow

bones. We also examined morphological and mateéréals to identify the biomechanical



mechanisms that would explain the different strestgcline trajectories.
Materialsand M ethods
Samples

Unfixed cadaver radiin( = 37 pairs) from white male donors with no knowredical
conditions that would affect bone aging were aaglifrom the University of Michigan
Anatomical Donations Program (Ann Arbor, MI, USAgience Care (Phoenix, AZ, USA), and
Anatomy Gifts Registry (Hanover, MD, USA). Humaastile use and handling was approved by
the Institutional Biosafety Committee and declaea@mpt by the Institutional Review Board.
The diaphysis was examined because the tubulactgteu allowed us to use engineering
principles to derive biomechanical mechanisms Ugidey changes in bone strength. Left radii
were assessed for cross-sectional morphology, wimle mechanical properties, and bone
length (Le), which was measured from the distatcaldr surface to the proximal point of the
radial head. Right radii were cut with a diamonated pathology saw (Exakt 312; Exakt
Technologies, Oklahoma City, OK, USA) into five Bmithick sections immediately proximal to
the midshaft to assess porosity, ash content, amgasition (Raman spectroscopy). A 60-mm-
long section of the right radius located distalthe midshaft was used to assess tissue-level
mechanical properties. One donor had only a sirgglaus available for testing; this radius was
used to assess porosity and composition, resultir®y samples for composition and porosity
and 36 samples for whole-bone mechanical testing.

Because handedness of the donors was unknowneftheahd was used to assess whole-
bone strength, as the nondominant hand is oftedh clggcally for diagnostic purposes and given
the prevalence of right-handed individuals. The destructive assessment of morphology by
pQCT was conducted on the left radii. Destructests (ashing, porosity, Raman spectroscopy,
tissue-level mechanical properties) were conduotedhe right radii. This strategy minimized
the impact of handedness when assessing the aamdribof morphology to whole-bone
strength. Although bone morphology is affected bpdednes$? it is less clear whether tissue-

level material properties and composition are afg@dy handedness. It was not practical to



conduct all analyses on the left radii given timat destructive assays would have had to be done
after the bones were fractured, which can affeatyndd the traits examined (eg, Raman, tissue-

level mechanical properties).

Cross-sectional morphology

Cross-sectional morphology and cortical tissueardh density (Ct. TMD) were quantified
from 2D images acquired at the midshaft of the taffii using pQCT (XCT 2000L, Stratec
Medizintechnik, Pforzheim, Germany) and analyzedngisimage¥> and MomentMacro
(Momentmacro.J; www.hopkinsmedicine.org/fae/ mmadxtro) *® Images were acquired at a
161-micron pixel size and thresholded to delingaire from nonbone voxels. Morphological
traits included total area (Tt.Ar), cortical are@t.Ar), marrow area (Ma.Ar), and the area
moments of inertia about the anteroposterigs) (knd mediolateral axesy(l). Robustness (a
measure of external bone size) was calculated .As/0¢. Graysale values were converted to
Ct.TMD for each sample using calibration constaAtslaily quality assurance scan confirmed

that the difference between measured and calibosgesity values was less than 1%.

Whole-bone mechanical properties

Left radii were loaded to failure in four-pointrméing in the medial (ulnar) to lateral (radial)
direction (lateral quadrant in tension), which @ied with the natural curvature of the
radius®*®?”) Sample rotation during testing was prevented byesiding the metaphyses in
acrylic resin-filled square channels, aligning tiaees of the squared-ends using a custom-
machined fixture, and testing the samples betwaenatalls that were parallel to the test fixture.
The lower loading points were located at 25% an& &8 bone length, and the upper points
were set at 33% and 67% of the lower span lengbneB were preloaded to 40 N, subjected to
three preyield load—unload cycles of 400 N to 50 Nettle the bone into the test fixture, and
then loaded to failure at 0.1 mm/s. Whole-bone raeial properties were calculated from the

load-deflection curves and adjusted for text fietgeomet}®) to generate the bending stiffness



(El, Nn?), maximum bending moment (Nm), postyield defleuti®YD; 1/m) , and work-to-
fracture (N). Yield was defined as the point whar&0% reduction of the stiffness regression
line intersected the load-deflection curve. Whobed strength refers to the maximum bending
moment®® The loading protocol was validated by subjectihgrénum cylinders to the same
load conditions and confirming that the derived enat modulus was within 1% of textbook

values.

Porosity

The age-related remodeling process that is redgengor increases in porosity varies
radially within a cross-sectid?>® The region adjacent to the endocortical surfacavsharge
pores reflecting increased osteoclastic resorptioajescence of adjacent pores, and little to no
osteoblastic infillind®® In contrast, pores in the midcortical region témghow a slight increase
in size with aging, reflecting the early phase mtfacortical bone loss. To address this spatial
bone loss pattern, we first quantified porositytfoe entire cross-section because these measures
should reflect the overall increase in porosityhwélging and should be related to changes in
whole-bone strength. Second, we quantified pordsitythe midcortical region to test if there
was evidence that these pores were larger in tde Wwones compared with the narrow bones.
The sections used for porosity were macerated glgrin a warm, oxidative detergent solution
(OxiClean, Church & Dwight Co., Trenton, NJ, USA)remove fat and soft tissues, then rinsed
and sonicated with PBS, and dried to constant weigB7°C. The sections were scanned using a
nanoCT system (nanotom-s; phoenix|x-ray, GE Sen&inigspection Technologies, GmbH,;
Wunstorf, Germany) with consistent acquisition dtods (tungsten target, 0.3-mm aluminum
filter, 2000-ms timing, three averages, one skif) kV, 140 pA). Images were reconstructed at
6-um voxel size using datos|x reconstruction 2Aomix|x-ray, GE Sensing & Inspection
Technologies, GmbH). Three cross-sections spanthieg5-mm thick image volume were
analyzed for each sample using Imad&Jwhich included contrast enhancement, thresholding

(auto local threshold macro, v1.6), and stray preghoval. Lacunae were excluded by filtering



voids less than 5 pixels in size. Voids that we@868surrounded by bone and open to the
endosteal surface were manually closed to captimeamy pores associated with the remodeling
process as possible (Figh)1

The area and locatiox<y coordinates of the geometric centroid) were detegthfor each
pore. Derived measures for the entire cross-sectimiuded pore density (number of
pores/cortical area), average pore area, and pyr{tstal pore area/cortical area). Overall
porosity measures were averaged over the threes-sextions. The second set of porosity
measures was assessed for eight Feiroular midcortical ROIs that were located atdtgyree
radial intervals relative to the anterior, posterimedial, and lateral axes. Midcortex porosity
was assessed for a single cross-section and irtthates that were located fully within the ROI,
thereby excluding the large pores located neaetid@steum.

A new parameter called cortical pore score (GRS ZA; d°) was developed to quantify the
cumulative effect of pores on bone strength (FA). Because whole-bone strength is related to
the third power of bone width, the impact of indiwal pores on whole-bone strength depends on
pore area (A and the distance of the pore to the bending pldhewhich was calculated as the
neutral axis based on standard beam theory,£P8as assessed on an absolute basis and as a
percentage of the moment of inertia calculatedr aflepores were filled (Jisiied). TO test how
CPS calculated relative to a bending plane (fRScorrelated with CPS calculated without
assuming a loading direction, we also calculate&,cPwhere ¢was measured as the distance
of each pore centroid to the geometric centroithefbone cross-section, which was calculated
relative to the thresholded cross-section, inclgdmarrow and pores. A validation study
comparing the processed image with the originalgenéor four bone regions (2-mm-wide
swaths located along th&, P, M, and L axes and extending from the periosteal to the
endocortical surfaces) from 3 donors revealed thimtmethod led to false-positive and false-
negative rates of 5.4% and 6.0%, respectively. false-positive and false-negative pores were
very small (~4 to 6 pixels in size) and near theshold for minimum pore size. As such, our

processing method affected pore number modestlybboause of the very small size of the



pores was expected to minimally affect measurgmajsity and CPS.

Ash content

Sections used to assess ash content were defattéghed while submerged in distilled
water (submerged weight), centrifuged at 8)@® remove adherent water and weighed in air
(hydrated weight), dried to constant weight andglved (dry weight), then ashed at 600°C and

weighed (ash weight). Ash content was calculateti@sish weight/hydrated Weid?ﬂ).

Raman spectroscopy

Cross-sections were thawed, cleaned of marrow, @olidhed on silicon carbide paper.
Raman spectra were acquired under hydrated consliticsing a stainless-steel MultiRxn-
immersion fiberoptic probe attached to a portabéenBnRxnl spectrometequipped with a
near-infrared laser (Invictus NIR laser 785 nm,70rfumerical aperture), a 256 x 1024 front
illuminated CCD detector (cooled to -40°C), andaaral-transmissive spectrograph fitted with a
50 um slit (+ 4 crit spectral resolution; Kaiser Optical Systems, Anok, MI, USA)®Y
Midcortical spectra were acquired using the AndalisSSoftware (Andor Technologies, Belfast,
Northern Ireland) using 6 x 10 s acquisition tinfleser spot size = ~100 um, power output =
~87 mW). Duplicate spectral measurements were ggdjfiiom the lateral, medial, anterior, and
posterior quadrants.

Spectroscopic data were processed and calibratied) gcustom written MATLAB scripts
(The MathWorks, Natick, MA, USA). Spectra were imjeal into GRAMS/AI software (Thermo
Fisher Scientific, Waltham, MA, USA) for spectravesaging, baseline correction, and
normalization®® For curve-fitting, second derivative and constdirGaussian deconvolution
functions were applied to the following spectrajioms: 802 to 894, 900 to 990, 1215 to 1360,
and 1534 to 1721 cf Select band height ratios were used to calculage following
spectroscopic measures: mineral/matrix ratio (MMF0/853 crif), hydroxyproline/proline

ratio (hyp/pro ratio; 875/853 chy, lipid/matrix ratio (1299/1340 ct), collagen disorder/order



ratio (1246/1269 cif), and collagen crosslinks ratio (Xlinks; 1665/168&i'). Collagen
disorder/order ratio relates to the amount of @derhelical collagen conformations in bone,
including collagen orientatiofi*>** Mineral crystallinity was calculated as the ineecs the full
width at half maximum (1/FWHM) of the Gaussiandittv;PO, band at 960 cih All

measurements were averaged to provide a meanfealaach specimen.

Tissue-level mechanical testing

Rectangular beams (55-mm long, 5-mm wide, 2.5-mick} were successfully milled from
the diaphyseal sections of 35 samples using amigtd CNC (computer numerical controlled)
router (Velox VR-1414 CNC; Velox CNC, Orange, CASA). Beams were machined from the
midcortex, closer to the periosteal surface. Thant®ewere loaded to failure at 0.05 mm/s in
four-point bending while submerged in 37°C PBS witded calciunt® as described
previously®® Load and deflection were converted to stress &mihsusing bending equations
that take yielding into considerati®i Tissue-level mechanical properties, which included
tissue-modulus, strength, postyield strain (PY8)Y anergy-to-failure, were averaged if more
than one sample was machined from the radius. &iuel strength, which differs from whole-

bone strength, refers to the maximum stress caémlifar the beams.

Statistical analysis

Whole-bone mechanical properties of the male radiie been previously report&d, but
are being examined herein in the context of sulgnalysis and biomechanical mechanisms
that were not tested previously. Traits that failde® D’Agostino and Pearson Omnibus
Normality Test were logarithm-transformed. First,partial linear regression analysis was
conducted between each porosity measure and r@ssstwhile accounting for age to test
whether male radii showed associations betweenspgrand external bone size similar to
previous studie€’? Second, the data were sorted into narraw=(18) and wider( = 19)

subgroups using height-adjusted robustness, wtdcthe residual calculated from a linear



regression between robustness and height. Onlyswimgroups were examined to maximize
statistical power. The data were rank-ordered &glit-adjusted robustness and the middle three
samples of each subgroup were excluded from thistgtal analysis to delineate the two
subgroups on a practical and statistical basiseX¢tuded these samples because designating the
middle samples as narrow or wide appeared someavhitary as it depended on the number of
samples that were included in the study or whetthersamples were rank ordered based on the
absolute value of robustness rather than heighiséel] robustness. Linear regression analyses
were conducted between all properties and agetrendlope ang-intercepts of the narrow and
wide subgroups were compared using ANCOVA (GraphPas v. 7.04; GraphPad Software,
La Jolla, CA, USA). A sensitivity analysis was caoited by repeating the regression analyses
with the data segregated into tertiles (comparing harrow and wide tertilesand by
systematically excluding 0, 1, 2, or 3 rank-ordesathples from each subgroup.

A multivariate regression analysis was conducteddentify a set of traits that predicted
whole-bone strength using the entire dataset (SR&8&stics v. 24.0; IBM Corp., Armonk, NY,
USA). The multivariate regression model was syst@aldy reduced by eliminating traits that
did not contribute significantly to whole-bone simeh until the adjusted?® value was
maximized and all variance inflation factors (VIRggre below 5% We used this systematic
approach rather than a stepwise regression andlgsisuse engineering principles provide a
prescribed assemblage of factors that contributevitole-bone strength (Fig.Bl and the
variable-reduction process provides insight inte thlative importance of individual traits to
whole-bone strength. The model was initiated byosiitg morphological and material traits
from among the three categories shown in Fgj. Age and height were included in all models.
Weight contributes significantly to bone morpholodyring growth, resulting in adults and
subadults showing strong associations between weigh bone morpholods® " However,
weight was not considered a reliable adjustmertofdor our analysis of bone strength across
the lifespan because the weight reported at timdeath is highly variable, depending on the

nature and length of prior illness, and may noletfthe weight magnitude that defined bone



morphology and strength during growth. Howevergheremains relatively constant and more
invariant to lifestyle changes and illness. As sumbdy-size adjustments included measures of
bone length and body height. For whole-bone mechaproperties, PYD was included because
reductions in PYD are associated with reduced gtré¥*? For morphology, robustness and
Ct.Ar were included instead of moment of inertiaatlow us to break out specific aspects of the
morphology (eg, external size, the amount of bdoejnore systemically investigate why the
strength—age regressions differ between the namoa wide subgroups. Moment of inertia,
although highly correlated with strength, is a mooenplicated morphological trait as it reflects
both the external size of bone and the amount népalbeit in nonlinear ways (ie, external size
is more heavily weighted in the calculation of mamnef inertia than the amount of bone). For
tissue-level mechanical properties, we includesugsstrength, porosity, MMR, and Xlinks ratio
because these traits are thought to contribute lolesbone strength. Alternate traits were
substituted when one existed (eg, tissue-level M¥S substituted for whole-bone PYD, ash
content was substituted for MMR, etc.) to test Wwketthe multivariate regression outcomes

(adjusted??, VIFs) were sensitive to omitted variables.

Results
Associations between porosity and external boree siz

Donor ages and anthropometric traits are givehalble 1. A partial regression analysis was
conducted to test whether porosity measures weeceded with robustness while controlling
for age (Table 2). Pearson correlation coefficiantse significant § < 0.05) or borderline
significant p < 0.10) for all porosity measures except pore itfgnsdicating that narrow radii
tended to have a lower overall porosity, lower roitical porosity, smaller pore area, ans
smaller CP§ane and CP&in, but no difference in pore density compared wittdevradii.
Log(CPSiang correlated significantly with log(CR&w) (R*=0.981,p < 0.001; data not shown),
suggesting that calculating CPS without assumingpeading plane (CR&.) was highly

correlated with calculating CPS relative to the exipental bending plane used in this study



(CPSyane-

Associations between external bone size and bady si

Male radii showed a nonsignificant correlationviEn robustness and heigRf € 0.007,p
= 0.611; data not shown), even when adjusting der@ = 0.014,p = 0.484). Rank ordering the
samples without adjusting for height resulted i samples that flipped from being designated
as narrow versus wide. This outcome motivated ®odusion of the middle six samples for all

regression analyses so the outcomes would be itigerts the choice of body-size adjustment.

Whole-bone strength

Radii were loaded to failure in four-point benditg assess whole-bone strength (ie,
maximum bending moment). A nonsignificant assocratwas observed between whole-bone
strength and age when all the data were includedsimgle regression (FigA2 The data were
sorted into narrow and wide subgroups using heaglsted robustness. The average age
(narrow: 45.2 + 23.2 years; wide: 59.6 + 21.9 ypprs 0.087), weight (narrow: 80.4 + 20.7 kg;
wide: 90.7 + 33.6 kgp = 0.317), BMI (narrow: 25.7 + 6.0 kgfmwide: 28.5 + 9.9 kg/f p =
0.354), and height (narrow: 1.77 £ 0.09 m; widg81+ 0.10 mp = 0.698) were not statistically
different between subgroups (Studerit®st). A significant negative correlation was obed
between whole-bone strength and age for the widenbuthe narrow subgroup (FigBR The
slopes differed significantly between the subgroyps= 0.017, ANCOVA), which was
confirmed with a sensitivity analysis that variée humber of rank-ordered samples that were
excluded from the analysis from zero to three pdgsoup and when segregating the data into
tertiles and comparing the most narrow and widiéesr Comparing strength values of young (<
40 years) and older males (> 65 years) betweenrsupg by two-way ANOVA showed
significant effects because of age £ 0.022), robustnes® (< 0.0001), and the interaction
between age and robustnegs=(0.005). The strength of young wide radii (70£33.10 Nm,n =
5) was 54% greatep(< 0.0001, Tukey post hoc test) compared with yooggow radii (45.78



+ 9.72 Nm,n = 8). In contrast, the strength of older wide rgs8.21 + 3.15 Nmn = 6) was not
significantly different p = 0.647, Tukey post hoc test) compared with otterow radii (47.93
+5.72 Nm,n = 4).

Bone morphology

Midshaft morphological traits were assessed anttqul against age to compare the trait—age
regressions that may imply different structuralndies between the narrow and wide subgroups.
Significant positive correlations were observedalaein age and robustness, Ct.Ar, aad fbr
the narrow but not the wide subgroup (Fig. 3). Mal#l not correlate significantly with age for
either subgroup. The slope wintercept of the linear regressions differed betmvthe subgroups

for each of the morphological traits shown in Bg.

Porosity

Porosity measures were plotted against age angharawoh to determine if the amount and
location of pores differed between the narrow andewsubgroups. Overall porosity and
midcortical porosity correlated positively with afyer the narrow and wide subgroups (Fié\, 4
B). Significant and borderline significant corretats were found between pore area and age for
the narrow and wide subgroups, respectively (Hg). Neither subgroup showed a significant
correlation between pore density and age (harf@w: 0.031,p = 0.531; wideR? = 0.039,p =
0.466; data not shown). The regression betweerCRg(nd and log(overall porosity) differed
significantly between narrow and wide subgroupsy.(D), indicating that CPgspne Was
significantly greater for a given porosity in widempared with narrow radii, as expected. A
significant positive correlation was found betwdeg(CPSand and age for the narrow but not
the wide subgroups (FigE}, with the wide subgroup showing a significanthea&tery-intercept
compared with the narrow subgroup. This was comfdmnwvhen CPgne was expressed as a
percentage ofmsied, Which is the moment of inertia relative to theplggad bending loads

calculated with all pores filled (Fig.F}. CPSiane accounted for 2.7% to 9.5% afil for the



elderly narrow subgroup and 5.0% to 25.5% wfikg for the elderly wide subgroup (data not

shown).

Matrix composition

Raman spectroscopic measures were plotted agajasind compared to determine if matrix
composition differed between the narrow and widegsoups. Linear regression analysis showed
significant correlations with age for log(collagdisorder/order ratio) and lipid/matrix ratio for
both subgroups (Fig.A B). Significant positive associations between MMRI dog(hyp/pro
ratio) and age were found for the narrow but netuhde subgroup (Fig.G D). A significant
correlation between ash content and age for thewaR’ = 0.355,p = 0.019) but not wideRf =
0.026,p = 0.567) subgroups (data not shown) confirmed NMR outcomes. A significant
negative correlation was found between log(Xlirktsa) and age for the wide but not the narrow
subgroup (Fig. B). Finally, mineral crystallinity did not correlatgignificantly with age for

either subgroup (Fig.F.

Tissue-level mechanical properties

Tissue-level mechanical properties were assessedllfsamples and the linear regressions
were compared to test whether the wide subgrougdsvhow a significantly greater decline in
the strength-age regression compared with the wastdbgroup, similar to that observed at the
whole-bone level. Tissue stiffness (modulus) ditl stiow a significant correlation with age for
either subgroup (Fig. 6). However, tissue strengtidl energy-to-failure showed significant
negative correlations with age for the wide but that narrow subgroup. A significant negative

correlation was found between tissue PYS and agaokh subgroups.

Multivariate regression analysis
A multivariate regression analysis was conducteddentify the significant predictors of

whole-bone strength. The initial group of traitegicted whole-bone strength with an adjusted



R? of 0.768 p < 0.0001; model 1, Table 3), but several VIFs edeel 5. Replacing height with
either weight or BMI resulted in both terms beidignenated in the first round as neither were
significant predictors of strength. Systematicaljliminating traits with nonsignificant
contributions resulted in a model with age, heigbibustness, porosity, and MMR (model 5, adj.
R? = 0.803,p < 0.0001) and VIF below 2.7. Replacing MMR andqgsity with Ct. TMD (model

6), which can be assessed noninvasively, improvedrtodel (adjR? = 0.907,p < 0.0001) with

all VIFs below 1.6. The sensitivity of the modelttee choice of traits was tested by replacing
traits (eg, PYS for PYD, ash for MMR) or includiognitted traits (eg, lipid/matrix ratio). This
analysis resulted in models with similar adjust®l values, but with slightly different
components (data not shown). In general, the madeladed measures of external bone size,

porosity, and mineralization in addition to age &egyht.

Discussion

The results of this study support the hypothdsas wide radii would show a more negative
correlation between whole-bone strength and agepaced with narrow radii (Fig.B). Male
radii were sorted into narrow and wide subgroupsguieight-adjusted robustness to minimize
body-size effects, consistent with our prior wifk.The 54% greater strength of young adult
wide radii compared with narrow radii was expeced is thought to result from limitations in
the adaptive process that occurs during bone grdfAfi*>**This strength gradient may help
explain why young adults with increased fracturskrtend to have narrow bonés:*®
Importantly, the greater strength of young adulieviadii was lost with age, as both subgroups
converged toward similar strength values after &y of age. Thus, the low strength of elderly
male radii arose through different strength-declirsgectories: The narrow radii showed low
strength for young adults was maintained with agegreas the wide radii showed high strength
for young adults, much of which was lost with a@éhole bone strength of elderly individuals
varies with many factors such as §85 ethnicity/racé®® weight loss and frailt{’¥ and rates

of bone los$® The current study provided evidence that extehuale size also affects the



strength of elderly male radii by influencing baste=ngth-decline trajectories.

The biomechanical mechanisms that define howttral and material changes contributed
to the different strength-decline trajectories (Hy were constructed based on the outcomes of
the trait—age regressions (Figs. 3 through 6) &ednultivariate regression analysis (Table 3),
and contextualized with known associations amongsiphl traits and whole-bone strenéffi.
The nonsignificant correlation between strength agd for the narrow subgroup appeared to
result from increases in robustness, Ct.Ar, andenalization (MMR) that mechanically offset
increases in porosity. Thus, it appeared that patesize and composition were adjusted to
maintain strength in narrow radii across the agggeaexamined. In contrast, the negative
correlation between strength and age for wide raljieared to occur because external size did
not increase to mechanically offset increases nogty and reductions in tissue strength. Thus,
differences in the amount of periosteal expansygmeared to be a critical factor explaining the
different strength-decline trajectories of the narrand wide subgroups. Although the strength-
decline trajectories were limited to data derivezhf cadaveric tissue, the different robustness—
age regressions observed for the male radii wemsistent with those reported for the femoral
neck based on an analysis of longitudinal data viomer™ and meft®. This outcome
suggested that there are biological factors thatusate periosteal expansion in narrow bones,
but either suppress or fail to stimulate perioste@ansion in wide bones.

Periosteal expansion is a critical structural geathat helps maintain bone strength with
aging®®>® and is generally thought to be stimulated by blass, which occurs in the form of
increased porosity for long bone diaphy$&sHowever, the distance of pores to the geometric
centroid may also affect how age-related increasg®re size affect whole-bone strength. This
effect was captured by a new measure called théc@bPore Score, which we developed to
assess the cumulative impact of individual poressiand their location on bone strength. To
maintain strength with aging, wide bones theordticaeed to show a greater amount of
periosteal expansion compared with narrow bonesusec the large, subendocortical pores

associated with age-related bone $5<9 are located proportionally further from the gearicet



centroid®® However, the opposite was found for the male rakhie wide subgroup showed a
nonsignificant association between robustness gedwhereas the narrow subgroup showed a
significant positive association (Fig. 3). Neittke amount nor the location of pores explained
the differences in periosteal expansion betweem#now and wide subgroups. First, wide radii
tended to have larger pores compared with narrali (&able 2), consistent with previous
work.t"~29 second, the two subgroups did not show differesbeiations between porosity and
age (Fig. 4), suggesting that the greater basglamnesity of wide bones did not confer greater
age-related bone loss in the male radius. The elgéed increase in porosity resulted from an
increase in pore size, but not pore density, fothbsubgroups, consistent with work by
others®®®®V) The similar porosity—age regressions for the smbgs contradicted prior work,
including our own, showing that bone width is pesity associated with measures of
resorption™>161921 aAdditional research is needed to understand hawatsociation between
remodeling and external size varies with anatomsit@l, sex, and age. Third, the age-related
increase in porosity accounted for a greater foactif the moment of inertia in wide bones (Fig
4F), confirming that the greater distance of the pdmethe geometric centroid exacerbated the
deleterious effects of porosity on strength. Theatgr CPS of wide radii may have contributed
to the strength decline, but did not appear to e periosteal expansion to offset bone loss.
Thus, our subgroup analysis indicated that perbstgpansion may not be simply coupled to
bone loss, as is generally thoufffit?

Whole-bone strength is also influenced by tisswell mechanical properties, which are
defined by tissue composition and porosity. Thiswanfirmed in the multivariate regression
analysis. Tissue strength decreased with age iwithe but not narrow subgroup, although both
subgroups showed similar declines in postyield irstreRaman spectroscopy identified
compositional traits that showed similar correlasiowith age for both subgroups (mineral
crystallinity, collagen disorder/order ratio, amoid/matrix ratio) and traits that showed positive
(MMR, hyp/pro ratio) or negative (Xlinks ratio) eetations with age in only one subgroup. The

significant positive correlation between MMR ancedgr the narrow subgroup (Fig. 5) was



consistent with the slightly lower midcortex potgsmeasures for the narrow subgroup (Fig.
4B), which may indicate a lower amount of remodelimghe region where Raman spectroscopy
was conducted. In general, bone with low remodelegivity retains more complete
mineralization of secondary boffé. Thus, the age-related increase in mineralizationarrow
bones appears to have offset the increase in dyEnaisity, resulting in similar tissue-strength
values across the age range examined for this supgiThe dependence of bone strength on
collagen crosslink conteff? porosity® and mineralizatio®®™ could explain why whole-bone
strength declined with age for the wide subgroupe Tontribution of additional matrix (eg,
advanced glycation endproducts) and microarchitattparameters (eg, osteon size) on bone
strength can be examined in future work.

There are several clinical implications of the d#tat are worth noting. The lack of
differences in strength between the narrow and veidiegroups for elderly males may help
explain inconsistencies among studies reporting thdividuals with fractures range from
having more narrow bon€&°” to wider bone$®®®"Y compared with nonfracture cohorts.
Although further investigations are needed to bettederstand individual strength-decline
trajectories and how they relate to fracture inctde the concept that strength-decline
trajectories differ among individuals could makalifficult to identify a single trait or a single
combination of traits that predicts fracture riskass a population. The specific morphological
and material changes underlying the different giferage trajectories may provide targets for
these treatment strategies. For example, treatmiatis suppress remodeling may benefit
individuals with wide bones given that the furtHecation of the pores from the geometric
centroid may exacerbate the deleterious effec{goadsity on strength. We stratified our donor
samples into two subgroups based on height-adjustaastness, not an underlying disease or
fragility fracture status. We suspect that othetdes that are known to influence bone strength
and morphology within a single sex and ethnicitglsas disease, weight change, estrogen
replacement therapy u§€, and hormone levéf§) may be superimposed on this underlying

morphological effect and would contribute to theiaton in strength within each subgroup. We



were not able to test for these additional factven the limited life-history information of the
donors. Studying strength changes using longitldiatabases would be needed to refine these
additional effects and to test for interactiondwdtseline external bone size.

The biomechanical mechanisms derived from thislystare limited to how well trait—age
regressions of cadaveric tissue reflect longitudotenges in bone. As previously noted, the
robustness—age regressions observed in the custedy were consistent with those from
longitudinal studies of the femoral neétk!® suggesting that the biomechanical mechanisms
derived herein may provide important clues to intividual differences in skeletal aging. The
current study was limited to the radial diaphysiswiite males, and it is unclear if similar
strength—age trajectories and biomechanical mestmsnwill be observed for other skeletal sites,
women, or other ethnicities. Finally, the curretidy was powered to test for differences in
strength—age regressions, which may have limitedpthwer to detect significant differences in
porosity. There was sufficient power to detectistiatl differences among the primary outcome
variables like strength, robustness, cortical aaea, most of the tissue-level traits. However, a
couple of the porosity variables showed borderlthiferences iny-intercepts between the
narrow and wide subgroups (eg, midcortical poroSif?Siandlmisiea). FoOr these variables, a
power analysis using a significance level of 0.08 @ower of 0.8 confirmed that confirmed
sample sizes of 18 to 25 would be needed to dsigeificant differences between regressions
for the narrow and wide subgrou8. Thus, our study was appropriately powered for whol
bone strength but not for all of the porosity valés.

In conclusion, our study showed that elderly whitgle radii arrived at similar low strength
values through fundamentally different biomechaniecgechanisms. This outcome provided
evidence that more than one strength-decline ta@jgexists within a single sex and ethnicity.
The different biomechanical mechanisms illustrateBlig. 7 argue that the associations between
strength and morphology will vary among elderly iduals depending on their baseline
external bone size and strength-decline trajeétdnand that fracture-outcome studies may

benefit from testing for multiple biomechanical ipatys leading to fracture ri$f®
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Fig. 1. (A) Schematic illustrating the two ways that the Cortical Pore Score was calculated from
the nanoCT images (left: CPSpiane, right: CPSy.in). Inset illustrates how voids adjacent to the
marrow space were manually closed so they were included in the porosity analysis (arrows). (B)
The flow chart shows known associations between physical bone traits and whole-bone
strength. These associations helped inform decisions on the selection of traits used in the
multivariate regression analysis and for establishing the biomechanical pathways responsible
for different strength-decline trajectories. The flow chart shows three trait categories that
contribute to bone strength. These include whole-bone mechanical properties, morphology, and
tissue-level mechanical properties. The wide borders indicate the traits used in the multivariate
regression analysis.

Fig. 2. (A) A nonsignificant association was found between maxn bending moment (whole-
bone strength) and age when all the data werededlun a single regressiorB)(Sorting the

data based on height-adjusted robustness (excludiitfile 3 rank-ordered subjects per
subgroup) showed a significant association for wide not narrow radii and a significant

difference between the slopes of the two regresql@NCOVA).

Fig. 3. Linear regressions betweeA)(robustness,B) cortical area, @) marrow area, )

moment of inertia {}.) and age differed between the narrow and wide reuipg.

Fig. 4. Linear regressions betweeh) (overall porosity and ageB) midcortical porosity and age,
(C) average pore area and ade) CPSiane and overall porosity,H) CPSjane and age, and-

CPSiandImuiiled @nd age for the narrow and wide subgroups.

Fig. 5. Linear regressions betweeA) (collagen disorder/order ratioB) lipid/matrix ratio, C)

mineral/matrix ratio (MMR), D) hydroxyproline/proline (hyp/pro) ratioE) collagen crosslinks

(Xlinks) ratio, and ) mineral crystallinity and age for the narrow amde subgroups.

Fig. 6. Linear regressions betweeA) (tissue-modulus,B) tissue-strength,Q) tissue postyield



strain, D) tissue energy-to-failure and age for the narrad &ide subgroups.

Fig. 7. Schematic illustrating the different structuraldamaterial changes contributing to the
biomechanical mechanisms that help explain theewfft strength—age regressions between

narrow and wide subgroups.
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