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ABSTRACT

The impact of adult bone traits on changes in lsbnesture and mass during aging is not
well understood. Having shown that intracorticahoeleling correlates with external size
of adult long bones led us to hypothesize thatrafgged changes in bone traits also
depend on external bone size. We analyzed hipeheigy X-ray absorptiometry images
acquired longitudinally over 14 years for 198 nfelivomen transitioning through
menopause. The 14-year change in bone mineralroi@®C, R = 0.03,p = 0.015)

and bone are&R{ = 0.13,p = 0.001), but not areal bone mineral density (aBRb=

0.00,p = 0.931) correlated negatively with baseline femhaeck external size, adjusted
for body size using the residuals from a linearesgion between baseline bone area and
height. The dependence of the 14-year changes i@ B bone area on baseline bone
area remained significant after adjusting for regteficity, postmenopausal hormone use,
the 14-year change in weight, and baseline aBMDghteheight, and age. Women were
sorted into tertiles using the baseline bone astghhresiduals. The 14-year change in
BMC (p = 0.009) and bone area£ 0.001) but not aBMDp(= 0.788) differed across the
tertiles. This suggested that women showed siroilanges in aBMD for different

structural and biological reasons: women with narfemoral necks showed smaller



changes in BMC but greater increases in bone am@@ared to women with wide
femoral necks who showed greater losses in BMGnithibut large compensatory
increases in bone area. This finding is opposiexfmectations that periosteal expansion
acts to mechanically offset bone loss. Thus, chemgé&moral neck structure and mass
during menopause vary widely among women and adigied by baseline external
bone size but not aBMD. How these different strradtand mass changes affect
individual strength-decline trajectories remain®éodetermined. © 2017 American
Society for Bone and Mineral Research
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Introduction

Reducing the incidence of bone fragility fractuian important public health gdal.
The increased risk of fragility fractures in thdezly arises in part from variation in adult
bone mineral density (BMD), and changes in BMD, detructure, and material
properties?® Peak BMD accounts for most of the variation in BM@asured for
elderly individuals®” However, little is understood about how variatiomdult bone
traits affects subsequent changes in bone struahdenass during aging, particularly
during the menopausal transition (MT) among wonaelife stage characterized by
declines in BMD® strength indice§’ and periosteal expansiéit***To date,
however, most longitudinal analyses of bone pararadtave been limited largely to
analyses of cross-sectional population mean valilass, a major gap in knowledge is

that we know very little about how changes in BMizldbone structure vary among



individuals and whether the interindividual varatiin bone aging is influenced by peak
bone traits.

We propose that understanding the different wiagstiones are constructed
during growth will provide important insight intbe skeletal traits which contribute to
the variation in peak BMD as well as the age-relateanges in bone structure and mass.
For long-bone diaphyses, it is well established ithdividuals acquire a specific set of
morphological and compositional traits by adulthoegpending on their external bone
size™®which is a mechanically relevant trait that isabtished postnataW‘ZO)and
measured using existing technologies (eg, bonewitdm plain film X-rays, total cross-
sectional area from quantitative computed tomogrgffi]). The skeletal system
coordinately adjusts cortical area, matrix minegglon, and intracortical porosity during
growth, so by adulthood individuals with narrowphgses acquire a set of traits (small
width, high relative cortical area, high mineratiaa, low porosity) that is mechanically
functional but that differs from the set of tragsquired by individuals with wide
diaphyses (large width, low relative cortical adesy mineralization, high porosity).

This phenomenon has been widely studied for disgdiybone and, to a lesser
extent, for fracture prone cortical-cancellousatites such as the hip. For the femoral
neck, negative correlations reported between nedthvand cortical thickness and
trabecular ma$s ¥ suggest that individuals with narrow femoral neteied to have a
proportionally thicker cortex and higher trabecutaass compared to individuals with
wide femoral necks (Fig. 1). aBMD is calculatedfasratio of bone mineral content
(BMC) to projected bone area. Variation in necktwidirectly affects projected bone
area, and also includes the covariation of trdfescéing X-ray attenuation (eg, cortical
area, trabecular mass, mineralization, porosity3} @ffecting BMC. However, how these
coordinately adjusted traits affect aBMD is notwmo Studying how aBMD relates to
these coordinately adjusted traits represents alrapproach to systematically relate
aBMD to bone structure.
<Insert Figure 1>

External bone size, because of its associatiom witacortical remodeling®
may also affect skeletal aging by establishingvittlialized strength-decline trajectories.

The significant positive association between irdracal porosity and external bone size



found for adult tibial diaphyses suggested thatsttedetal system regulates intracortical
remodeling to increase tissue-stiffness in slehdees by decreasing porosity while
minimizing mass in wide bones by increasing poydsit Because age-related increases
in cortical porosity result from increases in pecdume and not pore numbé? we
hypothesize that the association between exteora bize and pore density may result
in wider bones showing greater bone loss with agorgpared to slender bones. This
hypothesis is supported by prior work in cadav&sue showing that wide femoral necks
showed a steeper age-related decline in cortieal and overall bone strength compared
to narrow femoral necké® These different strength-decline trajectoriesadaveric
tissue warrant confirmation using longitudinal diatéiving human populations.

The goals of this study were to: (1) test whetharoral neck traits are
coordinately adjusted relative to external bone snsistent with prior studies, (2)
systematically evaluate how the natural variatiofeimoral neck width and the
accompanying set of traits affect aBMD, and (3) tes hypothesis that age-related
changes in dual-energy X-ray absorptiometry (DXAjrded bone traits (aBMD, BMC,
bone area) depend on baseline external bone dieseTgoals were accomplished using
longitudinally acquired data for women transitiapthrough menopause. Finding
predictable differences in how bone structure ckaragnong women during the MT
would be an important clinical advance for persanal diagnostic and treatment
regimens and for identifying women that may berfeditn early intervention.

Subjects and Methods

Study population

Subjects included women who were enrolled at thistRirgh site of the Study of
Women'’s Health Across the Nation (SWAN), which baen described® Briefly,

SWAN is a multisite, prospective cohort study offraen transitioning through
menopause. Eligibility criterion at baseline in §98cluded 42 to 52 years of age, having
an intact uterus, and at least one menstrual peritte previous 3 months. Women had
approximately 14 annual study visits (visits O 8) that included measurements such as
DXA scans of the hip and spine. A subset of wontghePittsburgh site also had a
clinical quantitative computed tomography (CT) saastudy visit 11 conducted between

2008 and 2009. This subset consisted of all wontem agreed to participate in this



additional substudy. Substudy participants haviendas 2:1 ratio of white to black
women as the Pittsburgh site and also showed sinad&/ethnicity based age, height,
weight, and hip aBMD measures compared to all SWWHNStrength Study
participants?® Among the 213 Pittsburgh SWAN women with a CT saaailable, nine
were excluded due to missing data and six weraudrd because of bisphosphonates use
for more than 1 year of follow-up, leaving 198 wanavailable for the analytic sample.
Informed consent was obtained at each study v fall subjects, and the study was
approved by the University of Pittsburgh institutab review board.

Measures

DXA scans were performed on a QDR 4500 Bone Demster (Hologic Inc.,
Marlborough, MA, USA) using standard protocols teasure aBMD of the proximal
femurs as describedl Briefly, osteodyne positioners were used for femur
measurements. A standard quality-control programdacted in collaboration with
Synarc, Inc. (Newark, CA, USA), included daily ptam measurements, 6-month cross-
calibration with a circulating anthropomorphic spstandard, local site review of all
scans, central review of scans that met probleggiiey criteria, and central review of a
5% random sample of scans. Short-term in vivo nmeasent variability was 0.016 g/ém
(2.2%) for the femoral neck. Hip aBMD, BMC, and jeied bone area were quantified
using the manufacturer’s software.

Clinical CT scans of the proximal femur were acgdion a GE Hi-Speed ZXi CT
system (Milwaukee, WI, USA) with 1-mm slice thiclasefor a subcohort of women
during study visit 11. The CT scans were analyzedipusly for morphology and
strength estimaté&® but were reanalyzed in the current study usinfguifit methods. In
the current study, the region of interest (ROI) s&amdardized to coincide with the
region used to measure hip aBMD from DXA imalj@sThe superolateral corner of the
ROI, which was 1.5 cm wide, was placed at the s&etion of the neck with the medial
face of the greater trochanter. MicroView v2.2 Adead Bone Analysis Application (GE
Healthcare Pre-Clinical Imaging, London, ON, Canadas used to manually segment
the cortical bone and medullary areas, thresha@d®! using the method of Ots®
and calculate the medullary volumetric bone mindeaisity of the medullary space
(Med.vBMD) and the average total cross-sectionah ft.Ar), cortical area (Ct.Ar),



cortical tissue mineral density (Ct.vBMD), and mkahy area (Med.Ar) over the ROI.
Relative cortical area (RCA) was defined as Ct.AAN. The image analysis was
conducted by a single researcher (AK) whose avarag#icient of variation for a
repeatability analysis was 3% to 6% for five rantijoselected scans. Bone density
values were established by using a phantom withvkrensities (Image Analysis, Inc.,
Columbia, KY, USA), which was scanned with eachjsctb

Statistical analysis

Analysis 1 (visit 11)

The first analysis related aBMD data from visittdICT data also collected at visit 11.
Cortical bone and the medullary space could nathably segmented from the CT scans
for 8 women, leaving 190 women available for tmalgsis. Linear regression analysis
was used to examine associations between meadertemal bone size (eg, Tt.Ar from
CT, projected bone area from DXA) and measure®o&bnass (Ct.Ar, Med.vBMD) and
cortical tissue mineral density (Ct.vBMD). Nexteéar regression analysis was used to
test how aBMD depended on each of the CT-derivee iaits (Tt.Ar, Ct.Ar,

Med.vBMD, Ct.vBMD). Finally, multivariate linear ggession analysis was conducted to
test how well the CT-derived traits together presticaBMD measured from DXA.
Analysis 2 (Basdline to visit 13)

To address the hypothesis that age-related cham@2$A derived bone traits (aBMD,
BMC, bone area) depend on baseline external baeewse used linear regression
analysis to test for significant associations betwikeight adjusted baseline bone area
(bone area-height residuals) and the 14-year charig®IC, bone area, and aBMD.
Because taller women tend to have wider bonesastimportant to adjust bone area for
height by using the residuals calculated from ednregression between baseline bone
area and height. The changes in aBMD, BMC, and laoe@ were calculated as the
difference in trait values between baseline anil ¥& which spanned 14.3 years on
average. To minimize the impact of modest fluctuadiin aBMD, BMC, and bone area
on the calculation of 14-year changes in thesesirtiie values of aBMD, BMC, and bone
area at baseline and at visit 13 were estimated &dinear regression of aBMD, BMC,
and bone area as a function of visit number. Inidial aBMD, BMC, and bone area data

points were removed for 12 individuals (17 datanpg)ithat showed a change in aBMD,



BMC, or bone area between adjacent visits of muasa 20%; this magnitude of change
between successive annual visits was 10 timedanelad deviation of the average
annual change and was not be considered part oiotimeal aging process. Multivariate
linear regression was used to confirm whether tneetation between baseline bone area
and the 14-year change in aBMD, BMC, and bone wsza attenuated after considering
the contributions of race/ethnicity, use of hormtmerapy (HT), the 14-year change in
body weight, and baseline aBMD, age, weight, anghteHT-users were identified as
those women that used HT for more than a year endtp visit 11. The rationale for
this decision was that extended use of HT (>1 yearing the first 85% of annual study
visits may affect the calculation of 14-year chanigestructure and mass in the femoral
neck®Y

Finally, women were sorted into tertiles (narraw lieight, intermediate for
height, wide for height) using the baseline boreadreight residuals. Differences in 14-
year changes in aBMD, BMC, and bone area were cadpcross tertiles using
ANOVA and Tukey’s post hoc test. Differences inddag height, weight, and age
among the tertiles were determined using ANOVA, difigérences in race/ethnicity and
HT use were determined using chi-square test. Aigety analysis was conducted by
repeating the tertile analysis after removing H&ras Statistical analyses were
conducted using Prism (version 7; GraphPad Softwardolla, CA, USA), with the
exception of the multivariate analyses which weredticted using Minitab (version
16.2.4; Minitab, Inc., State College, PA, USA).
Results
At baseline, the average age was 45.7 + 2.5 yearslid not differ between black and
white women j§ = 0.130, data not shown). Unadjusted trait vafaesvhite and black
women at visit 11 are shown in Table 1. White wowene less heavy and had lower hip
aBMD, Ct.vBMD, and Med.vBMD, but greater Tt.Ar afhted.Ar compared to black
women.
<Insert Table 1>
Analysis 1 (visit 11)
The relationships among traits measured from imaggsaired from CT and DXA scans

were analyzed for 190 women, of whom 63 were btk 127 were white. Linear



regression analysis confirmed a significant posiigsociation between Tt.Ar and Ct.Ar
(R? = 0.55,p = 0.001, Fig. &) and significant negative associations betweeAr&nd
RCA (R* = 0.17,p = 0.001, Fig. B) and Ct.vBMD R = 0.18,p = 0.001, Fig. ).
Med.vBMD correlated with bone area measured fromA¥R* = 0.10,p = 0.001, Fig.
2D), but not Tt.Ar measured from CR{= 0.01,p = 0.310, data not shown). These
regressions were consistent with the schematictipin Fig. 1, indicating that women
with narrow femoral necks had lower absolute CbAr higher RCA combined with
higher Ct.vBMD and Med.vBMD compared to women witile femoral necks.
<Insert Figure 2>

aBMD did not correlate with Tt.AIRE = 0.01,p = 0.251; Fig. 3), but was
significantly correlated with Ct. A€ = 0.14,p = 0.001, Fig. B), Ct.vBMD (R = 0.10,
p = 0.001, Fig. 8), and Med.vBMD R? = 0.59,p = 0.001; Fig. B). A multivariate
regression analysis showed that the cortical aizetiular traits (Tt.Ar, Ct.Ar, Ct.vBMD,
Med.vBMD) derived from the CT images explained 6@Pthe variation in aBMDg =
0.001, data not shown). Including body weight, heigge, and race/ethnicity in this
regression increased the adjus®do 72% (Table 2); significant independent predisto
included body weight, height, Ct.vBMD, and Med.vBMD
<Insert Figure 3>
<Insert Table 2>
Analysis 2 (Baseline to visit 13)
Linear regression analysis showed interindividugiécences in the way bone structure
and mass changed during the MT. Because the aviédagear change in aBMD (black:
—0.088 + 0.092 g/chwversus white: —0.073 + 0.072 g/gp = 0.185), BMC (black: —0.26
+0.51 g versus white: —0.23 + 0.35pg= 0.673), and bone area (black: 0.19 + 0.18 cm
versus white: 0.16 + 0.17 énp = 0.227) did not differ significantly between btaand
white women, all data were combined to maximizéstteal power. The residuals from a
linear regression between baseline bone area agldtiEig. 4) were used to adjust
femoral neck size relative to body size. The 14-ghange in BMCR = 0.03,p =
0.015) and bone areBi(= 0.13,p = 0.001), but not aBMDR = 0.00,p = 0.931)
correlated negatively with the baseline bone aeght residuals. The dependence of the

14-year changes in BMC and bone area on baselme &i@a remained significant after



considering the effects of ethnicity, HT-use, tdeygar change in body weight, and
baseline aBMD, weight, height, and age (Table 3).
<Insert Figure 4>
<Insert Table 3>

Women were sorted into tertilas £ 66/tertile) using the baseline bone area-
height residuals. Baseline weigpt£ 0.008, ANOVA) but not heighp(= 0.303,
ANOVA) or the 14-year change in body weight< 0.320, ANOVA, data not shown)
differed among the tertiles (Table 4). The tertibenprised of narrow femoral necks had
more black women (45%) compared to the middle (3@f6) wide (26%) tertilep(=
0.044, chi-square test). The age at basepre{.008, ANOVA), but not the percentage
HT-users pp = 0.681, chi-square test), differed among thelésrtBaseline bone arep £
0.001, ANOVA) and BMC§ = 0.017, ANOVA), but not aBMDg(= 0.145, ANOVA),
differed significantly among the tertiles. Importignthe 14-year change in BM® €
0.009, ANOVA) and bone arep € 0.001, ANOVA), but not aBMDp= 0.788,
ANOVA), differed among the tertiles (Fig. 5), camfiing that women with narrow
femoral necks showed smaller changes in BMC butgrencreases in bone area
compared to women with wide femoral necks. Remotdgusers did not change the
significance of the tertile analysis for the 14+yelaange in aBMDg = 0.806), BMC §
= 0.035), and bone arga £ 0.001).
<Insert Table 4>
<Insert Figure 5>
Discussion
Analysis of longitudinally acquired hip DXA and Gmages for perimenopausal women
revealed two important outcomes (Fig. 6); firstymem in our cohort acquired a unique
set of cortical and trabecular traits in the ferhaexk by adulthood, and second, these
individual sets of traits were associated withatighces in the way bone structure and
mass changed across the MT. The MT, which is eafiperiod of change in
reproductive function unique to women, definesahdy phase of bone strength decline
that contributes to sex-differences in many healtitomes32-"including the nearly
twofold greater lifetime fracture risk of women cpaned to mef£® Women show rapid

changes in sex-hormones over a short timeframagitiie MT®**? which have been



associated with declines in population mean valoeBMD,® bone strength
estimate$? and periosteal expansi&if:***YThe current study moved beyond an
analysis limited to reporting only population meeatues by specifically testing for
interindividual differences in how bone changedweaige.
<Insert Figure 6>

The first important outcome of this study was firgdthat cortical area (Ct.Ar),
cortical tissue mineral density (Ct.vBMD), and Mé8MD correlated significantly with
external bone size measured either from CT or DiXAges (Fig. 2). These associations
reflect how the skeletal system coordinately adjtis¢ amount of bone (Ct.Ar,
Med.vBMD) and tissue-mineral density (Ct.vBMD) rela to external bone siz84
These associations were consistent with those texpor prior work for the human
proximal femut*?>*®and the mouse vertebral bd@§7*? Further, the associations
among traits of the femoral neck cortical shell@veonsistent with those reported for
humar*?-**4*~*%and mous@’>? long-bone diaphyses. The CT images examined in the
current study were acquired when women were 53 tge@rs of age. Thus, significant
associations among cortical and trabecular tragieapparent during a period of rapid
bone change and despite external-size—dependé&redies in how BMC and bone area
changed over time (Fig. 5). Because load is shageseen cortical and trabecular
tissue<™ it was not surprising to find increased Med.vBMDsiender bones given that
these bones have a lower cortical area and thusmaypected to shift a greater
proportion of load to the trabecular tissue. Furttiee combination of Ct.Ar, Ct.vBMD,
and Med.vBMD together explained 72% of the varaiimaBMD. The significant
correlations found among cortical and trabecukitdrare clinically meaningful because
they suggest that whole-bone mechanical functi@ulshbe evaluated based on the
particular suite of traits acquired by an indivijueot a single intermediate bone trait.
Consideration of these trait-trait interactions rbayimportant for identifying genetic or
environmental factors that affect whole-bone meizfunction®®

The second major finding of this study was theeobation that 14-year changes
in BMC and bone area varied with baseline exteooak size (Fig. 5). The changes in
BMC and bone area were not reflected in changaBMD, indicating that women

showed similar changes in aBMD for different stanat and thus biological reasons.



Women with narrow femoral necks showed smallerdsss BMC but larger increases in
bone area, whereas women with wide femoral neckseth larger losses in BMC but
smaller increases in bone area. Although women matinow bones were on average 1
year younger at baseline compared to women witle Whes, the nonsignificant
contribution of baseline age to the change in aBRMC, or bone area (Table 3)
suggested that this minor age difference did nobvaat for the differences in the 14-year
changes in structure and mass among the tertifesn&nner in which the 14-year
change in BMC and bone area differed among thi#eteguggested that bone strength
was being maintained or possibly increasing in worvgh narrow bones but decreasing
in women with wide bones. Assessing the impaches$¢ structural and mass changes on
bone strength using the available hip DXA imagesiat been done and would require
modifying the hip structure analysis (HSA) algomiff® to include the significant
negative correlation between the relative propo#giof cortical and trabecular bone
volumes and external bone size (FiB).2

The pattern of change in BMC relative to the cleaimgoone area provided
important new insight into the association betwieene loss and periosteal expansion.
The increased periosteal expansion with agingasght to mechanically offset the age-
related loss in mass and tissue-level mechanicglepties®*"°**5"The stimulus for this
expansion is unknown, but has often been assunmieel tiiggered by endocortical bone
loss®® Our results would be entirely consistent with ¢hierent dogma that a change in
bone area mechanically offsets bone loss if ordyaverage changes in BMC and bone
area were examined. However, segregating the aiataartiles based on height-adjusted
external bone size provided data that contradnissdogma: women with narrow bones
showed greater periosteal expansion despite hawvilyga small loss in BMC, whereas
women with wide bones showed a greater loss in BiMGwithout greater periosteal
expansion. The opposite outcome (ie, narrow bonewisg less periosteal expansion
compared to wide) would be expected from an engimg@erspective when considering
how external size affects periosteal expansionvameh assuming the skeletal system
adapts its structure to maintain strength with @g°® Thus, our data provide new
insight into this important aspect of aging andgasy that the amount of periosteal

expansion depends on external bone size in addditimee amount of bone loss and that



the system may not be acting to maintain strengitoumly across women during the
MT.

Although our results appear to contradict thosahiborg and colleagué® it is
noteworthy to point out that that article reporésgociations between periosteal
expansion and endocortical loss only among postpeargal women. The decrease in
BMC reported herein reflects the net loss of battiical and trabecular tissues in the
region of interest for perimenopausal women. Oméédition of using data derived from
DXA images is that we do not know the anatomiceatmn of resorption leading to age-
related decreases in BMC and whether the amountoaation of resorption also varies
with baseline external bone size. An additionaititmon is that we do not know to what
extent the age-related increase in bone area bated to variation in the decline in
BMC among tertiles. Nevertheless, a similar phenmarteas been reported for elderly
men who also show greater loss in BfffCand aBMD®® with greater baseline bone
area. Interestingly, in the former study, smallesddine bone area was associated with
greater aBMD loss and a greater increase in bareeaver timé®? Although we did not
see differences in the change in aBMD among thghlveidjusted bone area tertiles, our
finding that midlife women having smaller baselbwne area show greater increases in
bone area over time is consistent with this priodg in elderly men.

The fact that women with wide bones showed grdassrin BMC without a
concomitant change in periosteal expansion maydghain why prior work reported
that having wide femoral necks is associated widaggr risk of fragility fractures in
postmenopausal womé&t) Our data suggested that the structural changesnthalead
to increased fragility for women with wide femoredcks are readily observable during
the MT using existing technologies. Thus, the intividual differences in skeletal
changes during the MT may help inform clinical demn-making regarding potential
benefits of early interventiofi Our data suggest that women with wide femoral seck
would benefit from slowing the resorption leadinghe rapid decline in BMC and/or
stimulating greater compensatory periosteal expansi

The difference in 14-year changes in BMC acrosdéitiles confirms similar
size-dependent structural and strength changeswalostor cadaveric femufé?

Although the underlying cellular and molecular lsdsir these differences in bone loss



are not fully understood, work by and otheré*®* showing a significant association
between external size and intracortical remodgdmyides a reasonable explanation for
why the 14-year change in BMC was associated vateline external bone size (Fig. 5).
Because bone loss with aging occurs through expamdiexisting poreS® external

bone size—dependent differences in baseline porgtgenay help explain why the loss
in BMC during the MT was greater for wide bones paned to narrow bones. Much
work remains to better understand these assocsadiba histomorphometric level and to
identify the molecular mechanisms responsibletierassociation between pore density
and external bone size. Further, the associatietveden external bone size and the 14-
year change in bone area and BMC were significahbbly explained 20% to 30% of
the variation when combined with other baselinepeaters (Table 3). Our analysis was
limited to measuring the total change in BMC, banea, and aBMD over 14 years. We
expect to improve the strength of these assocgtioth additional analyses that take
into consideration the nonlinear change in stradtand hormonal parameters relative to
the final menstrual perio&?

A limitation of this study involves how the restin of the DXA and CT images
affected the quantification of cortical and tradactraits. BMC and bone area traits
derived from DXA images were calculated using tl@afacturer’s proprietary
algorithms. We attempted to minimize potential siependent errors by segregating
women into tertiles based on the bone area-heggiduals so there was overlap in the
absolute value of bone area among the tertilesn@dsain bone area from a DXA scan
arise from expansion of the outer (ie, periosteat)e surface because the width of the
ROl is standardized for all scans. Because boreerasasured from DXA is not entirely
reliable and associated with within-subject valliabfsz) follow-up studies using higher-
resolution imaging are needed to confirm the intixiidual differences in bone loss and
periosteal expansion. Internal repeatability staidielicated minimum changes in hip
aBMD of 0.016 g/crhfor the femoral neck, which is consistent withestbtudie$®® and
is well below the changes in aBMD that occurredrmduthe MT. The clinical CT images
were acquired at 1-mm voxel resolution for the entistudy. Similar relationships
among traits were found at 0.16-mm pixel size todaveric femur&® suggesting that

the limited resolution of the current CT images ulad adversely affect the associations



shown in Fig. 2. The limited resolution may havetcibuted to the nonsignificant
association between Med.vBMD and Tt.Ar. Nevertreldsed.vBMD did correlate
significantly with bone area measured from DXA, gesfing that there may be an
association, albeit weak, between the amount bétralar bone and external bone size.
Additional testing of cadaveric tissue using highesolution imaging is expected to
identify more detailed information about the cati{porosity, mineralization) and
trabecular (BV/TV, Th.Th, Th.N) traits that are cdimately regulated relative to external
bone size. Finally, the limited number of indivitkian this study did not allow testing for
race/ethnic differences in how BMC and bone areamgéd during the MT. Analysis of
DXA images across all SWAN study sites is needadgofor the effects of
race/ethnicity and to expand the analysis to ifgatiditional factors (eg, physical
activity, prior medication use, diet) that affegiray in addition to external bone size.

In conclusion, our data showed that women buitkipnal femurs by assembling
different sets of traits that are predictable frexternal bone size but not aBMD, and that
these different sets of traits are associated @liiically important interindividual
differences in how bone structure and mass chamgegithe MT. The interactions
among traits found for the proximal femur contrdmito a growing literature showing
that people build bones differerdf7?® and thus women begin the aging process at
different starting point$® A major outcome of this study was finding that
interindividual differences in how bone structurelanass changed during the initial
phase of bone loss contradicted current dogmademgahow periosteal expansion may
act to mechanically offset bone loss. StudyingrintBvidual differences rather than
limiting the analysis to population mean valuesgasged that the amount of periosteal
expansion relative to the amount of bone loss ne@edd on baseline bone size rather
than a compensatory relationship between periostgansion and bone loss to maintain
strength. Finally, we reported that women with wielmoral necks showed the greatest
loss in BMC without a large compensatory increasgeariosteal expansion; this
structural change may contribute to the greatkraidracturing later in life for a subset
of women that is readily apparent during the MThgsexisting technologies. Thus,
studying interindividual differences provides arpogunity to give a voice to a silent

diseas&® and to open the possibility of identifying woméiatt are losing bone mass



early without compensatory changes in periosteahesion and that may benefit from
early intervention.
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Fig. 1. Schematic showing how the interindividual variatio femoral neck width is
associated with coordinated changes in severdtabdnd trabecular traits that lead to
individuals acquiring different sets of bone trdiysadulthood and that are predictable by
external bone size.

Fig. 2. Linear regression analysis showing associatiohgden measures of external
bone size (Tt.Ar measured from CT images or boea areasured from DXA images)
and @) cortical area,R) relative cortical area() cortical tissue mineral density, arfd)(
medullary vBMD. HA = hydroxyapatite.

Fig. 3. Linear regression analysis showing associatiohgden aBMD from DXA and

(A) total area,B) cortical area,) cortical tissue mineral density, arid) (medullary
vBMD. HA = hydroxyapatite.

Fig. 4. Linear regression analysis showing that bone megsured from DXA increases
with body height at baseline.

Fig. 5. The 14-year changes iA)(@BMD, B) BMC, and C) bone area were compared
across tertiles using ANOVA. Women were sorted tettiles based on the residuals
from a linear regression between bone area andhtigasured at baseline. The result of
post hoc analyses are indicated by the lower edtes; tertiles with different letters
indicatep = 0.05.

Fig. 6. Schematic depicting the differences in how femaoeadk structure and mass
change during menopause for women with narrow fahmecks at baseline compared to

women with wide femoral necks at baseline.

Table 1. Unadjusted Body Size and Femoral Neck Traits fant&/and Black Women
Measured at Visit 11 (2008—2009)

Trait White (n = 127) Black (n = 63) p

Age (years) 572126 56.6 £ 2.3 0.120
Weight (kg) 76.6 £ 16.7 84.1+17.6 0.004
Height (cm) 161.7 £6.1 161.4+£6.3 0.720

DXA-derived traits
#ZaBMD (g/cnf) 0.77 £0.10 0.86 +0.12 0.001



#BMC () 3.79 +0.56 4.15 +0.62 0.001
#Bone area (ch) 4.93 +0.32 4.85 +0.32 0.140
CT-derived traits

S TLAr (cn?) 3.17 £5.61 2.99 +0.79 0.036
ZCt.Ar (cn) 1.25 +2.02 1.27 £2.20 0.682
S RCA 0.40 + 0.04 0.43 +0.06 0.001
#EMed.Ar (cnf) 1.92 +4.17 1.73 + 3.66 0.003
#Ct.vBMD (mg/cm) 4200 + 417 4340 + 471 0.037
#Med.vBMD (mg/cn) 1145 + 313 1389 + 393 0.001

Values are mean + SD. Bold values are significant.

aBMD = areal bone mineral density; BMC = bone mahepontent; Tt.Ar = total area;
Ct.Ar = cortical area; RCA = relative cortical ar€x.Ar/Tt.Ar); Med.Ar = medullary

area; Ct.vBMD = cortical volumetric bone minerahdity; Med.vBMD = medullary

volumetric bone mineral density.

Table 2. Multivariate Regression Analysis Between FemoraclhN aBMD and the

Underlying CT-Derived Traits Measured at Visit 11

Term B coefficient Standard error p

Black race/ethnicity 0.0201 0.0110 0.069
Age (years) 0.0017 0.0019 0.368
Weight (kg) 0.0020 0.0004 0.001
Height (cm) 0.0020 0.0009 0.028
Ct.Ar (cnf) 0.0759 0.0423 0.075
Tt.Ar (cnm) —0.005 0.0167 0.746
Ct.vBMD (mg HA/cn) 0.0001 0.00001 0.001
Med.vBMD (mg HA/cnd) 0.0002 0.00002 0.001

AdjustedR? = 0.72,p = 0.001. Bold values are significant.
Ct.Ar = cortical area; Tt.Ar = total area; Ct.vBMbcortical volumetric bone mineral
density; HA = hydroxyapatite ; Med.vBMD = medullarglumetric bone mineral



density.

Table 3. Multivariate Regression Analysis for 14-Year Ches\gh aBMD, BMC, and

Bone Area
14-Year change in aBMD 14-Year change in BMC

Variable B SE B SE p
Black race/ethnicity 0.073 0.067 0.276 0.051 0.068 0.452
HT-use 0.042 0.060 0.483 -0.018 0.061 0.765
Baseline age 0.062 0.061 0.314 0.086 0.062 0.167
Baseline weight 0.027 0.073 0.711 0.036 0.074 0.624
Baseline height -0.022 0.072 0.762 0.044 0.073 0.549
Baseline aBMD -0.413 0.075 0.001 -0.338  0.077 0.001
Baseline bone area -0.101 0.074 0.175 -0.335 0.075 0.001
14-Year change in weight 0.444 0.059 0.001 0.409 0.061 0.001
AdjustedR? 0.34 0.001 0.31 0.001

Standardized beta coefficients shown. Bold valuesgnificant.

HT = hormone therapy.

Table 4. Baseline Data for Women Segregated Into Tertile@se8 on Bone Area—Height

Residuals
Narrow Intermediate Wide

Trait (n = 66) (n = 66) (n = 66) p
Age (years) 450+2.38 45.7 +2.6 46.4+28 0.008
Height (cm) 163.8+6.6  162.0+65  163.0+7.0 0.303
Weight (kg) 71.9+151 683+14.86 768+17.f  0.008
aBMD (g/cnf) 0.89+0.13 0.86+0.12 0.85+0.13 0.145
BMC (g) 3.97+0.6% 4.07+0.63 4.29+068  0.017
Bone area (cA) 446 +0.28°> 475+0.18° 5.05+0.24° 0.001
Race/ethnicity (% black) 45 30 26 0.044
% Having used HT 47 54 50 0.681

Values are mean + SD.



aberykey post hoc tests for baseline ddia:= 0.05 for narrow versus intermediate
tertiles;°p = 0.05 for narrow versus wide tertilég;= 0.05 for intermediate versus wide
tertiles.

dChi-square test.



