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ABSTRACT

Effects of Osteoporosis Therapies on Bone Biomechanics
by
Sarah Kathleen Easley
Doctor of Philosophy in Engineering — Mechanical Engineering
University of California, Berkeley

Professor Tony M. Keaveny, Chair

Anti-fracture therapies for the treatment of osteoporosis haae sgfeown clinically
to reduce the incidence of fracture; however, standard clinicasunements of bone
density cannot sufficiently explain these large reductions. Theretloe overall goal of
this research is to develop a better understanding of the mechanisogh which anti-
fracture therapies improve bone strength — a critical determiofafriacture risk —
which should lead to improved assessment of treatment efficacy.

Combining the latest advances in micro-computed tomography anddsghtion
micro-CT-based finite element modeling, we used repeated resaaad parameter
variations to isolate specific biomechanical effects of varlmuse characteristics that
can be altered by disease and treatment. Specifically, we fdusid simulated
microcavities in trabecular bone from a wide range of bone volunaioinaand
microarchitecture reduced the strength and altered the rela@pdmstween strength and
bone volume fraction. While this effect was greater in low-dgrsine and when the
microcavities were targeted to regions of high tissue straiappreciable biomechanical
effect persisted for all types of bone. Since previous work witirezsorptive-treated
canine bone did not find such an effect, questions remain regarding accurat
representation of the morphology and micromechanics of actual reserpduced
cavities. Despite these uncertainties, our results provide newhtiristp the clinical
relevance of stress risers caused by resorption cavities, ssinggéhat antiresorptive
therapies may be most effective via mitigation of stressiin a subset of patients with
low bone volume fraction and high bone turnover.

Studying vertebrae from treated rats revealed that aagntent-induced changes in
intra-specimen variations in tissue mineralization, as detdgsteplantitative micro-CT,
had a negligible biomechanical effect at the whole bone levelraimblated trabecular
bone. Intra-specimen variations in tissue mineralization did haveleain general
biomechanical behavior, but this role was remarkably uniform athes®ur different
treatment groups: sham control, ovariectomized (OVX), OVX+PTH, and



OVX+raloxifene. Finite element results showed that biomecharnieatment effects
were dominated by treatment-induced changes in geometry and micrecttoeit

This research also produced an efficient pre-clinical framewarktaracterizing
bone quality which should provide considerable insight into the mechanisms of
biomechanical effects in a broad range of bone research applicatiolsling aging,
diseases, and pharmaceutical and genetic therapy. The apprkesiadsantage of the
hierarchical structure of bone by evaluating the most biomechanicalbvant
characteristics at each physical scale to isolate dhece of bone quality effects and
prescribing subsequent analysis only when such effects are fosimg). this framework,
we found that neither ovariectomy nor PTH treatment had a net efidbone quality of
rat vertebrae during compressive loading suggesting that thevebdsehanges in
vertebral strength were primarily due to changes in bone quantity.

In closure, this dissertation research has increased knowlexgeding the
mechanisms through which osteoporosis therapies improve bone strengthutwit
appreciably increasing bone mass. Further, it provides new methogsetatinical
assessment of treatment efficacy. This dissertation alsmesithreas of research to
further advance our understanding of the effects of disease agdhémapies on bone
biomechanics in human bone.
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1. I NTRODUCTION

Osteoporosis is a skeletal disease characterized by low b@seamé deteriorated
microarchitecture with a consequent increase in bone fragility reskd of fracture
resulting from an imbalance in bone remodeling. The World Healthn@aigon defines
osteoporosis by an areal bone mineral density (BMBeasurement — made with dual
energy X-ray absortiometry (DXA) — that is 2.5 standard deviati@hsw that of a sex-
matched healthy young adult. Osteoporosis is a major public healtleqmrob0% of
women and 25% of men over age 50 will have an osteoporotic fractimeir remaining
lifetime [1]. According to the National Osteoporosis Foundation, inUhied States,
there are more than 2 million osteoporotic fractures annually antassociated health
cost of $19 billion, and these numbers are expected to rise as ¢hefdize aging
population grows [1]. Fracture patients experience a decreasedy qufalife, often
requiring long-term care, and one in four hip fracture patientsany@50 die within the
year following fracture.

Osteoporosis can be treated with a variety of pharmaceuticalsgvlaovwhe
biomechanical mechanisms through with these treatments work isetlotirvderstood.
These treatments act by altering the bone remodeling proméssr suppressing bone
resorption to prevent further bone loss [2, 3] or increasing bone turtm¥erm new
bone [2, 4, 5]. Drug therapy has been shown to reduce the incidence agoostie
fracture by about 50%-(gure 1-1) [6, 7], however, the associated small increase in areal
BMD — 6-8% as measured by DXA — does not adequately explairatigis reduction
[8-10]. This observation has generated research interest in “batig/t[11-17]. Bone
quality is defined as the characteristics of a bone that infuggscesistance to fracture,
but are not accounted for with measures of bone quantity or densityg128]. It has
been suggested that drug treatments reduce fracture risk withgeitcllanges in bone
density by improving bone quality. A better understanding of théhamesms of fracture
risk reduction should improve means of evaluating treatment effiaadymay even
provide insight for new therapy development.

While many bone characteristics have been hypothesized as gatdhtences of
bone strength and fracture efficacy [11-15], in practice, difficult to separate the
biomechanical effects of bone mass, geometry, microstructure, aediaharoperties
because of the complex hierarchical nature of bone. As a resuly, shadies rely on
correlation analysis between measures of various bone chatcteand bone strength
[19-22]. However, because many characteristics are crosdatedravith measures of
bone quantity [20], the actual mechanisms of strength and efficacy remain unknown.

In this context, the overall goals of this dissertation are teeldp a better
understanding of the effects of osteoporosis drug treatments on dheedhianical
behavior of bone — a key determinant of fracture risk — using expetah and
computational techniques. The initial focus of this dissertation is omdmhanical
consequences of changes to the bone that directly result fromn@ltére bone
remodeling process. Then, the focus moves to the development of aatistgproach

! Areal bone mineral density (BMD) is not a true signmeasurement. It is calculated as the bonenaiine
content divided by thareaof the scan, producing a measurement in unitgaoiry
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for a comprehensive characterization of biomechanical bone quelitgh may improve
pre-clinical evaluation of drug therapies.

The remainder of this chapter provides a basic foundation in bone biahogy a
biomechanics necessary to understand the material presented dmssleidation. First,
the composition and structure of bone will be presented, followed bycapdes of the
bone remodeling process and how it is affected by aging and osispadn the third
section, an overview of the mechanical behavior of bone is provided. Then,
mechanisms of action of common osteoporosis drug treatments aresédsclibis is
followed by a description of current trends in computational modelingook, and
finally an outline of the scope and objectives of this dissertation will be given.

1.1 Composition and Structure of Boné

Bone is a composite material comprising inorganic and organic camstuBy
weight, bone tissue is made of about 50-70% ceramic crystallineray 20-40%
organic material, and 5-10% water. The mineral is an impure fortnyarfoxyapatite
(Cao(POy)s(OH),); mineral crystals typically form as tiny plates 2-5 nrh5xnm x 20-50
nm in size. The organic material is primarily Type | collagen (~90%l, svitall amounts
of minor collagens and noncollageneous proteins. The triple-helix-shapee |
collagen molecules arrange in parallel with gaps betweenmaldtule. Mineralization
is thought to begin in these gaps before spreading to form nmeeralollagen fibrils
(20-40 nm in diameter) — the basic building blocks of bone tissue.

The structure of bone is hierarchical in natdrggre 1-2). At the submicron level,
bone tissue is a composite of mineralized collagen fibrils. h&t next level (~10
microns), these fibrils arrange either in thin sheets of umiidmal fibrils — called
lamellae — which stack together with alternating fiber diogst in each layer to form
lamellar bone, or in random orientations to form woven bone, the latieg Ibess
common and typically occurring in situations of rapid growth or @r&cthealing.
Lamellae organize into various forms on the next level (~500 micréwgshe highest
level (>1 mm), bone is composed of cortical and trabecular bagaré 1-3). Cortical
bone is made of tightly packed lamellar, Haversian, laminar oewd»one. Haversian
bone consists of 10-15 lamellae arranged in concentric cylindevst aa central
Haversian canal that contains blood vessel capillaries, nervebpardcells; this entire
substructure is termed an osteon and represents the primagtaliseit of cortical bone.
In contrast, trabecular bone is made of packets of less well-oeglalamellae which
form a highly porous network of plate-like and rod-like trabecslaeounded by marrow
space. The primary difference between cortical and trabecularibgueosity. Where
the porosity of cortical bone is less than 30%, and typically niesdin healthy bone,
the porosity of trabecular bone is greater than 60% and can beacdhisas 95% in an
elderly vertebra.

2 This section was adapted in part from [23].



1.2 Mechanical Behavior of Bone

The mechanical behavior of bone is determined by bone quantity, siapeal
and trabecular microstructure, and mechanical properties diahe tissue. Bone is a
highly heterogeneous material which results in large variattoapparent-level strength
and elastic modulus across anatomic sites, individuals, and spbedsrin “apparent”
refers to properties of bone measured at the continuum level andctmumts for both
material properties and structure, as opposed to “tissue” propedesured on the scale
of a individual trabeculae). Measures of bone mass or density, susbnasmineral
density (BMD) or trabecular bone volume fraction, are very good gicedi of bone
strength [24-28] but are not able to completely describe variatiofmne strength.
Factors that contribute to bone strength but are not accountey bmne mass or density
are termed bone quality factors [15]. Two bones with the same bongy drrgifferent
strengths would be considered to have different bone quBlgyre 1-4). As mentioned
above, much research has been generated on the concept of bone quality to work toward a
better understanding of the mechanisms through which osteoporosisreatments
improve bone strength — thereby reducing fracture risk — beyondasinge bone
density. A large number of potential bone characteristics htesirchical levels — from
the molecular level to the whole bone level — have been proposed as ghgtenti
important bone quality factors [11-15[gble 1-1); a selection of these will be addressed
in detail in subsequent chapters of this dissertation.

The stress-strain behavior of bone is qualitatively similacdotical and trabecular
bone and across the range of densities and microarchitecturesadpuitudes can vary
substantially. Because of its composite nature and complex mnicse, bone is an
anisotropic material. Cortical bone is approximately transweisetropic, meaning that
it is has a primary axis — the longitudinal direction, paratbethe osteons — and is
isotropic in the plane perpendicular to that axis. The bone is strandestiffer along the
primary axis. Trabecular bone is also anisotropic; it isestiffand strongest in the
direction of the primary trabecular orientation. Mechanical pt@se are typically
reported for loading along the primary axis since this is thextim of habitual loading.
In addition to anisotropy, bone also displays strength asymmetry. iB@teonger and
more ductile in compression than in tension.

Trabecular bone biomechanical properties depend on bone volume fraction and
microarchitecture [29-32] and different mechanisms govern therdaof low- versus
high-density trabecular bone [33, 34]. Trabecular bone with a high bommedtaction
(greater than about 20%) and with more a plate-like structure, such as th#tdrbip, is
appreciably stiffer and stronger than trabecular bone with a lowmame fraction and
a more rod-like structure, such as that from the spine [23, 32]. Funtbh-density bone
fails due to wide-spread tissue damage while low-density bone teridi due to large
deformations (e.g. bending and buckling) of a few trabeculae [34]thathess tissue
overall is damaged at apparent failure [35]. These differerosgdte the heterogeneity
within an individual and highlight that effects seen in one anatomeiarsay not extend
to another anatomic site.

The mechanical properties of bone tissue depend on the constitu¢imstisue,
including the degree and distribution of mineralization [36-38], alysity [39],
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characteristics of the collagen network [40, 41], and microdamage [#8]dé&gree of
mineralization is directly related to the microhardness [43] iffdess of bone tissue
[36], while the collagen matrix provides tensile strength and glastcity [40].

Meanwhile, microdamage accumulation decreases stiffness, stiddgthnd fracture
toughness [45]. Due to the complex hierarchical composite nature of issne, tthe
specific roles of each of these characteristics in bone meethgmioperties remain
unclear.

The relative roles of the cortical and trabecular compartmeriisne strength and
how these roles are affected by aging, disease, and treaarenalso not well
understood. Due to technical difficulty in removing the thin cortiball40.25-0.4 mm
thick [46-49]), experiments have not been able to provide consistentsr§StH52].
High-resolution (about 40-60 microns) micro-CT-based finite eleraealysis of human
vertebral bodies which include geometric detail of the thin @rsbell and individual
trabeculae showed that the cortical shell carries a subst@dalduring compression
[53, 54]. At the mid-transverse plane of the vertebra, the fractidneoload carried by
the cortical shell was maximum, being about 45% [54]. Importatiily,load fraction
taken by the cortical shell did not depend on any densitometric or mogahplroperties
of the vertebra [54] indicating that the load-sharing mechanigweke the cortical and
trabecular compartments is complex and can not be determined Isyngiey factor. In
addition to an appreciable load-bearing role, the cortical shelsalyes to maximize the
load-carrying capacity of the trabecular compartment, quaatily with the peripheral
trabeculae, such that removal of the cortical shell decreasdsbnatr stiffness
appreciably more than by the stiffness of the shell itself. [BB¢vious studies of the
cortical shell have focused on untreated elderly human vertebradi, tbosins unclear
how the role of the cortical shell is altered with osteoporosis and treatments.

1.3 Bone Remodeling

Bone is a remarkable material, able to adapt to a changing meahenvironment
and replace old or damaged tissue through bone modeling and remodsimey is
continually renewing itself, though rate of remodeling depends onespegiatomic site,
age, disease, and drug therapy [56]. Bone remodeling is a sequential action t¢dsigteoc
bone cells and osteoblastic bone cells that is regulated by arket embedded
osteocyte cells that may sense strain or some other mechstimuali [57] — the exact
process through which sites are selected for remodelingneraaclearKigure 1-5A).
First, osteoclasts attach to bone surfaces and, over a periodwfweéks, produce an
acid to dissolve existing collagen-mineral matrix, creatingowiships lacunae” or
resorption cavities Higure 1-5 B). Following resorption, osteoblasts synthesize new
collageneous organic matrix — called osteoid — which experiencesapal
mineralization phase followed by a secondary mineralization phase over a pehodf a
six months. The net result of each remodeling cycle is a as®on. The process is
essentially the same in cortical and trabecular bone, exceptbtm remodeling
produces cylindrical tunnels through cortical bone while producingesshaped
cavities on the surfaces of trabecular bone [58]. Since therers m@modeling on the
surfaces of trabecular bone than on internal surfaces of Haveesials of cortical bone,
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and newly formed bone is less mineralized than mature bone, trabboue tends to
have a lower mean mineral density than cortical bone. Fusirere remodeling is
initiated at different sites at different times, and mingeation of the new tissue occurs
over several months, there can be large intra-specimen spatial variatioeralrdensity
within bone tissue, with surfaces having a lower mineral dermsaty older, internal bone
(Figure 1-5C).

Osteoporosis results from an imbalance between bone resorption and bone
formation [59]. The difference between the volume of bone removed andhdtais
replaced during the remodeling cycle is called bone balancegatime bone balance
results in a gradual thinning of cortices and trabecufagi(e 1-6). A gradual thinning
occurs with aging, but is accelerated by osteoporosis. To dne#tinning, osteoporosis
therapies act by altering the bone remodeling process. The mmsalsaof action of
various osteoporosis therapies and the consequent effects of akeniodeling on bone
are discussed in the next section.

1.4 Mechanisms of Action of Osteoporosis Therapies

While there are a number of drug therapies approved for the @&ettof
osteoporosis, they can be classified into two basic categanégesorptive agents and
anabolic agents [60]. These two classes of agents act through opffesite on the bone
remodeling process. Antiresorptive agents suppress bone remodelingsttipgsng
further bone loss and also preventing new bone formation; in cordregiplic agents
stimulate bone remodeling to create new bone formation.

Antiresorptive agents, such as bisphosphonates, estrogen, and raloXifiehd)it
osteoclast-mediated bone loss, thereby reducing bone turnover [12, 6BaGS].
resorption is inhibited sooner than bone formation, improving the bone balance by
providing a period in which bone volume is increased due to filling ih@fresorption
cavities [64, 65]. Further, since there are fewer skeletal rdmgdates, thus less new
bone being formed, the secondary mineralization phase continues fotidtiegetissue
[66] causing an increase in the degree of mineralization and dedresissue mineral
heterogeneity [67-69]. This filing in of the remodeling space andreased
mineralization associated with antiresorptive treatment leasimiall increases in areal
bone mineral density (BMD) [70-72] — the primary clinical metfor osteoporosis
diagnosis and treatment evaluation.

Anabolic agents, such as parathyroid hormone (PTH, the only approvedakkel
anabolic agent), stimulate bone formation earlier and to a greatent than bone
resorption to create a positive bone balance [7, 73, 74]. This inecrebsae formation
causes an increase in tissue mineral heterogeneity [75]. Furtree geometry can be
altered and trabecular microarchitectural reconstructed [5, 76]. hMdably, trabeculae
are thickened and there is a conversion from a more rod-like structure to platetike
structure, typical of healthy bone [76]. It is thought that incieasetrabecular bone
volume may come at the expense of cortical bone through increasedidalgorosity
[77-79]. However, effects of any increases in porosity could betoffg increases in
cortical area and cortical thickness [77]. Increases in bone volpangcularly in the
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trabecular compartment, associated with PTH treatment leatiatorely large increases
in areal BMD, especially in the spine [7, 73].

Despite observed increases in areal BMD with treatmens, difficult to make
conclusions about the associated effects on the biomechanical pspérbene, and
ultimately fracture risk, because of the poor relationship betweeeases in areal BMD
and decreases in fracture incidence [8-10]. Mechanisms that riagt done
biomechanical properties disproportionately to changes in areal BiilCbe classified
into three categories: 1) alterations to tissue-level propert® alterations to
microarchitecture; and 3) alterations to the size or shape diahe. This dissertation
will address aspects of each of these categories.

Alterations to bone tissue characteristics including degre€9pand distribution
[75] of mineral density, collagen cross-linking [80, 81], crystallip&y, 82], and micro-
damage [83, 84] may contribute to treatment efficacy throughrattie of the
mechanical properties of the bone tissue. While treatment-inducedjeshan these
various tissue characteristics have been measured in clinicanandl studies, further
research is necessary to determine the biomechanical effettisse observed changes
and what, if any, net effects on whole bone properties exist.

Alterations to trabecular microarchitecture, including filling of resorption
cavities [85] and prevention of trabecular perforation [86] have been ptbpssmssible
mechanisms through with antiresorptive therapies increase bonengthtr
disproportionately to the changes in areal BMD. One theory sughestthe effect of
antiresorptives is due primarily to the elimination of the disrupéffect of perforative
resorption since there is theoretical evidence that trabecsleondinuity resulting from
perforation accentuates reduction in bone biomechanical propertieshanra tiniform
thinning of trabeculae [86]. A competing theory proposes that a resoqatwty acts as
a “stress riser” and represents a focal weakness that pursleeula at greater risk of
failure, particularly when supporting horizontally oriented trabexhiave been resorbed
away, and that complete perforation is not necessary [85]. Sincesanptives result in
fewer and smaller resorption cavities [87, 88], this “stress"reffect may be reduced
with treatment. Simulations have shown that high stresses develapdaobserved
resorption cavities [89] and that bone may be weakened disproportiomatie ¢thange
in bone volume [90], however no stress rise effect was found in a canine study agmpari
control and antiresorptive-treated bone [91]. Thus, the stresshesmytremains poorly
understood.

Alterations to the size or shape of a bone may also affedbiotmechanical
properties. One possibility is an increase in cortical thicknessltmg from either a
greater reduction in endocortical bone resorption than in perideteahtion, as might
occur with antiresorptive therapy [92], or from increased peribstese formation from
anabolic therapy [77]. Related, changes in the relative volume téatand trabecular
bone may alter the load-transfer characteristics in a bdmeseTmechanisms have not
been demonstrated, and pre-clinical studies should be used to test their validity.

Because of the complex hierarchical nature of bone, it is difftouguantify the
biomechanical effects associated with alterations to spdwfie quality characteristics.
Biomechanical experiments are well suited for assessing beéieatts on whole bone
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properties, but it is not possible to separate the effects ofgebato geometry and
microstructure from those of material properties. Thus, expatsreone have limited
use in identifying specific mechanisms of treatment effeats bone strength.
Computational modeling provides a method for isolating the biomecharfieatseof
individual bone quality characteristics through parameter studies.

1.5 High-resolution Finite Element Modeling of Bone

Computational modeling has become a valuable tool for studying various aspects of
bone biomechanics. One type of computational modeling is high-resolution fertersl
modeling named because it is based on micro-scale images oftb@selations on the
order of 5-60 microns generated from serial milling [93] or mioraging techniques
(e.g micro-computed tomography or magnetic resonance imagingbuBying models
from micro-scale images, they explicitly capture the micoastral detail of the bone.
Image voxels are directly converted into 8-noded brick elements ssinvgxel-
conversion technique to generate a finite element mesh [94]. Depeamlihg resolution
of the images, these models can have a few million to hundreddliohsndegrees of
freedom. Due to the size of these models, typically lineaefelément analysis is used
to predict bone stiffness and provide initial tissue strains [29, 95H@6}ever, with the
use of specialized hardware and software, materially and geocatigtmonlinear high-
resolution finite element analysis can be used to predict yield dtrangdttissue strains at
failure [34].

The material properties of the bone tissue can be assigribd elements in either
a simplified fashion or in a way that more closely represér@srue heterogeneity of
bone tissue. Typically, material properties are approximatedisagopic and
homogeneous, where the single value assigned to all elementsencapstant across all
specimens or may be specific to each specimen. Recent devetepmemicro-CT
scanning technology has enabled mapping of grayscale values talndieesity through
use of a calibration phantom [97, 98]. This enables the mineral derfisigch image
voxel to be used to assign heterogeneous (isotropic) material fEepleased on an
assumed modulus- or strength-density relationship for bone tissue [99A1€)¥pter of
this dissertation is dedicated to investigating whether inclusion efdggineous material
properties is important for capturing differences in bone progeatieoss individuals and
for evaluating treatment effects.

Experimental testing remains the gold standard for measuradpiomechanical
properties of bone, however, finite element analysis provides seadvahtages over
experiments. First, finite element analysis is nondestructieesame specimen can be
tested in a number of configurations which can reduce the large nwhbpecimens
needed to account for biological heterogeneity [101]. Related, filgtaeat analysis
enables parametric variations to models such that the direett eff individual
parameters on bone properties can be evaluated in ways not pegtibexperiments
alone [55, 90, 102-104]. Further, finite element analysis permits prohimg
guantification of tissue-level stress and strain distributions lwlc@n be useful for
determining failure mechanisms and locations at highest riklofe [96, 99, 105, 106].
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High-resolution finite element models have been shown to predict eappavel
properties and tissue-level stress and strain distributions thavell correlated with
those measured experimentally, providing some validation for thisitpe [34, 95,
107, 108]. Another benefit lies in combining finite element analysib @iperimental
testing to leverage the strengths of each technique to gain ingiglsuch characteristics
as tissue-level mechanical properties [109] and failure mechanisms [34]

The computational requirements for performing high-resolution fieleEment
analysis are enormous, particularly when analyses include geonagid material
nonlinearities. As such, specialized hardware and software atlyprequired. In this
research, all analyses were conducted with a highly scalabpdiciinfinite element
framework (Olympus [110]) implemented on parallel supercomputers. The coiopailtat
cost of these analyses is offset by the benefit of studyamg micromechanics at a very
high level of detail, critical for accounting for micro-scakléects such as changes to the
remodeling space or intra-specimen variations in mineralizaidf bone tissue — two
bone characteristics that were studied in this dissertation research.

1.6 Objectives and Scope

The overall goals of this dissertation research are to irereaswledge of the
effects of osteoporosis drug therapies on the biomechanical behavimmefand to
identify mechanisms that may improve bone strength disproportioriatéhe increases
in bone mass. The initial focus is on biomechanical consequencearafes to the bone
that directly result from altering the bone remodeling procefis pharmaceuticals. A
second goal of this dissertation is to develop a framework for aradutreatment effects
on biomechanical bone quality. Apart from providing a basic science stadéing of
the mechanisms through which drug therapies improve bone strengthsthdies will
provide insight into potential improvements in evaluating treatmefitaey. A
combination of biomechanical experiments and high-resolution micrbaS&d finite
element modeling will be used on human and treated animal bone to astothpke
goals.

The first study presented (Chapter two) addresses the tHeairguppression of
resorption cavities is a mechanism of increasing trabecular bweegth without
appreciably increasing bone mass by reducing the numberess sisers in the bone.
Since it is possible that the stress-riser effect mahiglely sensitive to bone volume
fraction and microarchitecture, trabecular bone from multiple anatsites and species
will be used to address this issue. Because of the technidaliligs in identifying
resorption cavities — which are on the order of a few hundred microns wide and tess tha
50 microns deep — in an experimental setting, microcavities wlihelated and their
biomechanical effects will be assessed with nonlinear highutesol finite element
analysis.

In Chapter three, the contribution of treatment-induced changes tontitae i
specimen spatial variation in mineralization of bone tissue to thelbbéomechanical
effect of treatment will be addressed. In order to achieve a wadge of tissue
mineralization phenotypes, vertebrae from rats from four distieatrhent groups — a
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sham-operated control, an ovariectomized osteopenic control, and ovariectqriz
either an antiresorptive or anabolic treatment — will be exainiAeaepeated-measures
study design of high-resolution finite element analysis of mifamages calibrated for
mineral density measurements will enable (1) the separatithre dfiomechanical role of
the spatial variation in mineralization from those of the mean degfrenineralization
and microarchitecture; and (2) the determination of the biomechaoleaof treatment-
induced changes in mineralization in the trabecular compartment cainjgathe whole
vertebra.

In Chapter four, a framework for characterizing the effectssdadie and treatment
on biomechanical bone quality is presented. The specific advantdlyes afpproach is
that it integrates treatment-induced effects at all htbareal scales into a clinically-
relevant result. The approach is applied to vertebra from thraemeat groups to
demonstrate its use and evaluate its performance.

Finally, Chapter five provides concluding remarks and suggests fditgetions
for this research. The primary novelty of this work is its o$esophisticated high-
resolution micro-CT-based finite element modeling, incorpordtieglatest advances in
guantitative imaging technology, in a repeated-measures approachiress questions
regarding biomechanical mechanisms of action of osteoporostméras. Identifying
such mechanisms was previously intractable because the compicHieal nature of
bone prevented the isolation of specific biomechanical effecthariges to individual
bone quality characteristics.



Table 1-1: Some proposed characteristics of bone that malyeintée biomechanical bone quality,
categorized by physical scale.

Scale (m) Bone Characteristics

>10° Whole bone size and shape
Spatial distribution of bone density

10°-10° Microarchitecture
Porosity
Cortical shell thickness
Lacunar number and morphology
Resorption cavity number, size, and distribution

10°-10° Mineral and collagen distribution and alignment
Microdamage type, amount, distribution

>10° Collagen structure and cross-linking
Mineral type and crystal alignment
Collagen-mineral interfaces

Adapted from [15].
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Figure 1-1: Compared to placebo, alendronate (left, data frleenFracture Intervention Trial involving
3658 osteoporotic women [6]) and recombinant PTB{L{right, data for 1637 postmenopausal women
[7]) therapies significant reduced the incidencefratture in women. Data for alendronate studyt)lef
reports incidence of fracture for the vertebra,, lapd wrist; data from the PTH study (right) report
incidence ofnonvertebralfractures such as the hip, wrist, and ankle<0:05 alendronate vs. placebo.

Statistics not available for PTH vs. placebo.
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Figure 1-2: The hierarchical structures of bone from a subomcscale to several millimeters (adapted
from [23]).
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TRABECULAR BONE

CORTICAL BONE

VERTEBRAL BODY

PROXIMAL FEMUR

Figure 1-3: Cross-sections of a human proximal femur (hip) atidoraric vertebral body (spine) show the
typical arrangement of cortical and trabecular bame illustrate the large variation in trabeculan®
volume fraction and microarchitecture across anataites.
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Figure 1-4: Hypothetical strength-density relationships formal bone and bone from two different
treatment group. Bone treatment groups show the $acnease in strength. However the bone in treattme
group 1 has the same density as the normal borthduelationship between strength and densityahas
increased slope indicating improved bone qualitycantrast, the strength-density relationship tierthone

in treatment group 2 is the same as for the cobtok indicating that the increase in strengttuis t the
increase in density rather than improved bone tyu@dapted from [15]).

14



A

Osteoclast (OC) Osteoblast (OB)

precursors precursors
" © 5 _BONE MARROW
Lining (e ) © Lining
cells .. E-J OBs cells

aryas), o
(R Sa A,

N

Activation \\\ 4”—_ d ,~.--§Mfi e,a"z‘;ﬁon ::-'_/_/
BONE Cement line Cement line l
Resting Initial Reversal Osteoid Completed
surface excavation synthesis osteon
Resorption phase Formation phase
~2-4 weeks ~4-6 months

7 100 um

Figure 1-5: A cartoon representation of the timeline of thedooemodeling process in trabecular bone,
shown in two-dimensions (A, adapted from [60]). BEM image shows a cavity formed in a vertebral
trabecula during remodeling (B, from [111]). Quatitie backscattered electron imaging shows the
variation in mineralization within a trabecula risg from bone packets (osteons) being deposited o
time (C, [38]). Darker gray means lower mineralteoth — indicative of newer bone — while brighter

gray means higher mineral content.
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OSTEOPOROTIC

Figure 1-6: A comparison of frontal slices through the vergebf a healthy individual and one from an

elderly, osteoporotic individual illustrates thecdease in bone mass and deterioration in micrasathire

that occurs with osteoporosis.
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2. BIOMECHANICAL EFFECTS OF SIMULATED RESORPTION CAVITIES IN
TRABECULAR BONE ACROSS AWIDE RANGE OF BONE VOLUME FRACTION

2.1 Introduction

Despite the success of antiresorptive therapies in reduciagposbtic fracture
risk, there is an incomplete understanding of the underlying biomeahanechanisms
since fracture risk reductions are not commensurate with obsdraedes in areal bone
mineral density (BMD) [8, 9]. One interesting theory is that seggon of resorption
cavities, which occurs as a result of antiresorptive theramyces “stress risers” in
individual trabeculae, thus increasing bone strength without appneamibasing bone
mass [85]. However, this mechanism has never been demonstratedl ibone and
remains poorly understood. Supporting the stress-riser effect, -Qicimased finite
element studies have shown high stresses around observed resorptiogs caviti
individual trabeculae [89] and reductions in overall strength of cobdew-density
human trabecular bone in the presence of simulated microcavities H80lever,
refuting any stress-riser effect, a study on high-detisityecular bone from dogs treated
with risedronate — a bisphosphonate expected to reduce the numberrity eé\wtress
risers — found no treatment effect on the relationship betweemgsh and bone volume
fraction [91]. One possible explanation for these conflicting findisgshat the stress-
riser effect may be highly sensitive to the bone volume &maind microarchitecture of
the trabecular bone, and thus may only have an appreciable biomatke#eict in low-
density human bone. It is also possible that this effect may betee by the location of
the microcavities within the trabecular bone [90]. Our goal in this simulatioly svas to
test these hypotheses and in that way provide new insight insiréss riser theory as a
mechanism for fracture efficacy of antiresorptive therapies.

2.2 Methods
Study design

We used micro-CT-based nonlinear finite element analysis, with vaithout
simulated microcavities, to assess the strength behavioxai$ed cubes of canine
vertebral trabecular bonen<10) and elderly human vertebrah=16) and proximal

femoral ©=14) trabecular bone, which together spanned a wide range of

microarchitecture and bone volume fraction (BV/TV). For each babe,chree cavity
scenarios were considered by repeated-measure parameteecfement analysis: 1) no
cavities (“suppressed”), 2) cavities distributed randomly, anda8jties located in
regions of most highly strained tissue. Each model was virtaattypressed to failure to
estimate the strength of the specimen for each of the ¢chkaty scenarios. The effect of
the microcavities on strength and strength-volume fraction eakdtips versus the model
without cavities was then compared across the three groups.

Specimen preparation and imaging
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Vertebrae were harvested from intact female beagle aeg® (spines, T-10, age:
2-3 years) that belonged to the control group in a one-year antiresdrpatment study
[83]. Each canine vertebra was imaged with micro-@TT 80, Scanco Medical AG) at
18-micron voxel size, and then this image was thresholded using@natetl adaptive
threshold algorithm (Scanco Medical AG) to separate bone tfssmethe surrounding
material. A cube (4 mm per side, BV/TV (mean + SD): 22.6 + 2.9¢4s digitally
removed from the vertebral body, avoiding the basivertebral foramen and #se cort

Additionally, cylindrical cores (8 mm diameter) of cadaveric hant@becular
bone from the vertebral bodg<16 spines, L4 or L5, 9 female/7 male, age range: 54-90
years, mean £ SD: 72.9 + 11.7 years) and femoral meckd(hips, 8 female/6 male, age
range: 58-85 years, mean = SD: 70.4 £ 10.1 years) were excedd frem separate
donors with no documented history of metabolic bone diseagenfetastatic cancer,
hyper- or hypothyroidism). Each bone specimen was imaged witlo1@itr(uCT 40,
Scanco Medical AG) at 22-micron voxel size. The resulting tdr@ensional image was
thresholded and then a cube (5 mm/side, BV/TV (mean = SD) vertebdst 11.2 +
3.7%, femoral neck: 22.5 + 5.9%) was digitally removed from the cehtke cylinder.
All cubes were aligned along the principal trabecular oriemtatUsing the original
images, various trabecular microarchitectural parametere vwmeeasured (CTAnN,
SkyScan) for each specimen: trabecular thickness (Tbh.Th), trabeawinber (Th.N),
trabecular separation (Tbh.Sp), and structure model index (SMI).

Resorption cavity models

Each image of then=40 trabecular bone cubes was used to make three high-
resolution finite element models by converting image voxels ttyreto 8-noded brick
elements (18- or 22-micron edge length), resulting in a &dta20 finite element models
(Figure 2-1). For each specimen, the first model was made from the orignaaje to
represent cavity suppression because, although some naturally-foewigds likely
exist, the cavities added to the other two models were not presesuppressed) in this
original model. The second and third models were made from imeageshich
microcavities were digitally added to the bone surfaces usougt@am software [90]. In
the second model, the microcavities were distributed randomlygithird model, the
microcavities were targeted to regions of greatest magnitudeigal strain as
determined with a preliminary linear elastic finite element aralysi

The size, shape, and number of the microcavities added to the bons \werge
based on measurements reported for human bone samples. Microcagrgesaucer-
shaped with a surface size of about 500 microns long by 200 micron$58idelL2] and
a maximum depth of 44 microns [113] — two finite elements atelelution of these
images Figure 2-1). A total of 6% of the original volume of bone tissue was removed
from each bone cube by the addition of these microcavities [87]. Cavitiealeaved to
overlap, but not completely disconnect any trabeculae.

Evaluation of bone strength
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The 0.2% offset yield strength was estimated by virtually cesging each cube to
failure in the direction of the principal trabecular orientati®@ing nonlinear finite
element analysis. In these analyses, both material and geometricearities were
included to account for local tissue failure and large deformatibtise trabeculae since
these may be important mechanisms behind the effect of resorptitles$35]. The
bone tissue was modeled using a validated finite plasticity mbdeiricluded tension-
compression asymmetry [34, 114]. Each element in the models wgaeaksi tissue
modulus reported previously for the respective anatomic site: 10f@Rhe human
vertebral bone [104], and 18.5 GPa for the canine bone [91] and the human teoneral
[34, 104]. Poisson’s ratio of 0.3 and tissue-level tensile and compressigestrains of
0.33% and 0.81% [34], respectively, were assigned to all canine and hwdals nttach
finite element modelnE120 total) contained between 0.6 and 4.3 million elements,
depending on the volume fraction of each specimen, and was solved ugistpm@ c
highly scalable, implicit finite element code [110] on a supercompilatastar, San
Diego, CA or Ranger, Austin, TX). Using 16-56 processors in pagsieanalysis, the
total time required for all analyses was approximately 550 hours.

Outcomes and statistics

To test our hypothesis, we compared the effect of microcavitisg@mgth and the
strength-volume fraction relationship across the three anatateg Specifically, we
tested for a relationship between the percent reduction ingtrelne to the simulated
cavities and trabecular bone volume fraction, as well as thectidabbenicroarchitectural
parameters. Then, we evaluated the effect of introducing microcavities otatienship
between vyield strength and volume fraction for each anatongc using repeated
measures analysis of covariance in which bone volume fractiothwaovariate (SPSS
Statistics v18, SPSS Inc.). We also defined a normalized dtreedtiction metric to
quantify the effect of microcavities on strength beyond thecefbf reduced volume
fraction (AS/ASgv/Tv, Figure 2-2). All tests were performed for both the random and
high-strain cavity-placement schemes. Statistical significemeported fop<0.05.

2.3 Results

Simulated microcavities reduced the yield strength of the tuddoebone for the
three different anatomic sitep<0.0001) although the magnitude of this effect depended
on how the cavities were distributed within the bone and on bone voluat®rirand
trabecular microarchitecture Fiure 2-3). The effect for randomly-distributed
microcavities was relatively constant (18.0 + 2.1%40.43 vs. BV/TV) across the range
of volume fractions (5-36%) regardless of anatomic site; thadl siariation that did exist
was associated with variation in trabecular thickngss0.0001). The effect for
microcavities targeted to highly-strained tissue was alagger than that for random
cavities, and was greater in more porous (BV/#¥0.0001) and more rod-like bone
(SMI p<0.0001). Thus, the difference in strength between specimens having
microcavities placed in random locations compared to the samemspescihaving
microcavities placed in regions of high-strain was greater in lower déxtsity.
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The addition of microcavities also decreased the slope of the ththarigme
fraction relationship — indicating reduced bone quality — in all cgse&@01), and this
decrease was larger for cavities targeted to highly-sttaiissue and for low-density
bone Figure 2-4, Table 2-1). When cavities were randomly distributed, the decrease in
the slope of the strength-volume fraction relationship was aunédé&o) regardless of
anatomic site; the normalized strength reductdd®ASgy v, indicated that the change in
strength was about 70% larger than expected for the change in vehohenf and this
also did not depend on anatomic sipe(.52, Figure 2-5). In contrast, when cavities
were targeted to highly-strained tissue, the slope of the #trenfme fraction
relationship decreased by 21% and 19% in the high-density canine akeetrhuman
femoral neck bone, respectively, compared to 28% in the low-densitarhuertebral
bone Table 2-1). Importantly, the normalized strength reduction indicated the change
strength was 3-4 times larger than expected for the changeumedraction and this
also depended on anatomic sip={.01, Figure 2-5). These results indicate that there
was an independent effect of the microcavities on strength in @uduai the effect
associated with removing 6% of the bone volume, and the size efffincs depended on
the location of the simulated microcavities and on anatomic site.

2.4 Discussion

In our previous micro-CT-based finite element analysis otbeal trabecular bone
excised from dogs either treated or not treated with high ddsésedronate, we found
no effect of treatment on the relationship between the predireth of the bone and
bone volume fraction [91]. In that study, we used the same typecod-@ir-based finite
element analysis as in this current study, but we did not aientihe placement of any
microcavities — instead we relied on the actual morphology of the foomethe treated
and untreated animals as observed from the micro-CT scans. Onsikeobadhose
findings, and our other prior study [90] in which we simulated maviies in only low-
density human vertebral bone we expected to find in this new studttleas riser
effects caused by resorption cavities do not exist in high-gdmsite. However, our new
results refute this. We infer from these collective findings tta type of simulation used
in this study does not properly represent the morphology and/or midnamies of
resorption-induced cavities. At this juncture, however, the true biomeehaffects of
stress risers are not known. It may be that appreciable ssess exist in low-density
bone, for example, if the microcavities occur in regions of higluéistrain; or, it may be
that microcavities in fact have no appreciable biomechanicaltetfgardless of bone
volume fraction, for example, if the microcavities are not tathéberegions of high
tissue strain or if they occur in only very thin (and thus perhapensequential)
trabeculae. Thus, while our new results suggest that microcavitighave the greatest
biomechanical effect when they occur in regions of high straimmiow-density bone,
the stress riser theory remains an enigma. Further ressatfobréfore recommended to
either support or refute this interesting theory.

In interpreting our results, one possible confounding issue is our assartipt
the morphology and prevalence of resorption cavities are the sararime @and human
bone. The size, shape, and number of cavities in all our simulationsbaseel on
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measurements reported for trabecular bone from postmenopausal wom&i, [2&2,
113] because such measurements have not been reported for canicelarabene.
Histomorphometric analysis of canine trabecular bone suggesthehaepth of cavities
is similar to that in humans [88, 115, 116]. However, measurements icatdine —
which are more straightforward to make than measurementsabectular bone and
therefore provide more reliable data [58] — found the diameter oéidean remodeling
sites were smaller in canine bone [117] than human bone [118]. If thdarce
mechanisms associated with remodeling are largely the sangertical and trabecular
surfaces [58], then these measurements suggest that the depth miforesm@mvities in
trabecular bone may also be smaller in canine than human bone.if tha, then the
biomechanical effects of such different cavities would also rd#fifece micro-CT-based
finite element simulations have shown that shallower cavities eeduabecular strength
less than deeper cavities [119, 120]. Further, if there are feavéres in canine bone
than in bone from postmenopausal women, then this too would reduce the maghitude
any stress riser effect. It is possible therefore thastifess riser effect does not exist in
canine bone because cavities are smaller or fewer than aksumar simulation study.
If this can be confirmed, then our current results would suggestrthegbpreciable stress
riser effect may exist in low-density postmenopausal bone, plarig if the stress risers
are targeted to regions of high strain.

Another possibly confounding effect in interpreting these reseltes to the
fidelity of the finite element model, specifically in itbility to correctly model the stress
field around any assumed microcavity. One important technicalrfecthe size of the
finite elements relative to the size of the cavities and indiViclabeculae. In this study,
cavity depth (about 40-45 microns) corresponded to a depth of two cubidslt@ape
noded finite elements. Therefore, the geometric detail of thidgesawas limited, as was
the ability of such 8-noded brick elements to model complex diedds. Recent work
using very high resolution (0.7-microns in-plane) serial millingges of rat vertebrae
found that resorption cavities could not be reliably identified whenitilages were
coarsened to a voxel size greater thanx1144 x 5.0-microns. At such resolutions, finite
element models of the specimen sizes used in this study wouldncorta a billion
elements, which represents a challenging numerical problem. Howbeefindings in
our previous canine bisphosphonate study [91], which used finite elementsmattel
the same element size as in this current study, were @ntsigth experimental results
showing no effect on the relationship between compressive strengédreaidBMD in
canine vertebrae after treatment with the same bisphosphonate [bR%]. iif remains
unclear at this juncture if the element size in those fingeeht analyses was sufficient
to capture any resorption cavities in the canine bone, or,afptsn cavities simply do
not have an appreciable biomechanical effect in canine bone such that théoresgdue
was not relevant in that (or this) study. Any future studies aduohg stress risers should
consider these factors related to morphology of microcavities amcherical
convergence.

Despites these limitations, one major strength of the fingeneht-based cavity
simulation technique is that it enables precise control over e sumber, and
placement of microcavities and thus this study does provide umgight into the effect
of microcavities on trabecular strength. Another strength of tbdyswas its use of a
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repeated-measures study design to understand the importance abnlocdt
microcavities,i.e., whether randomly placed or targeted to regions of high tissaia.str
The statistical tests used with this type of study designvatl powered to detect even
subtle changes in bone strength and strength-volume fractidiomstaps. A further
notable aspect of this study was its use of fully-nonlinearav@dr-based finite element
analysis, including both material and geometric nonlinearities. tE€olsnique has been
well validated for assessment of strength in human trabecular B4n84]. Regarding
external validity, the bone samples included in this study spannediea range of
densities, tissue morphologies, and donor ages indicating thateaialg tobserved from
this set should extend to a larger population.

Despite the remaining uncertainty of our overall understandintyexfssrisers as a
mechanism by which antiresorptive treatments reduce fractske aur findings
nevertheless provide new insight into the possible clinical relevamncstress risers.
Based on our finding that microcavities have their greatest biomieahaffect when
they occur in highly-strained bone tissue in low-density bone, it toay that
antiresorptive therapies are most effective via stresseffest primarily in osteoporotic
patients with a high rate of turnover and perhaps also in a subgsteopenic patients
who have high bone turnover and low bone volume fraction. High turnover would be
associated presumably with a greater number of stressbefere treatment — and thus
a higher risk of fracture due to compromised bone strength — andremager reduction
in the number of stress risers as remodeling is suppressedebwantiresorptive.
Consistent with this concept, high bone turnover is a known risk famtéraicture [122-
126], and there is some evidence that patients with the highest tdvpistreatment
turnover respond best to antiresorptive treatment [127-129], though fueearch is
needed to determine the exact relationship between turnover, bone demns$itreatment
efficacy [130].

These simulations also provide insight into the mechanisms by whiclsteess
riser effect may be greater in low-density bone. Our resudticate that any volume
fraction- and anatomic site-dependent biomechanical effectapboavities is likely due
to a combination of factors. One factor is the difference inraimechanisms between
low- and high-density bone. Low-density bone is more likely to daig to excessive
bending and buckling of trabeculae [34] than high-density bone. Supportindaajsve
found that suppressing large deformations of trabeculae reduceceffibet of
microcavities in low-density bone but not in high-density bone, suchhéadffect of the
cavities was more similar across the range of densiippendix 7.1). This indicates
that the larger stress riser effect in low-density bone isidlysart to the presence of
microcavities increasing the susceptibility of trabeculaeaib lfy excessive bending.
Another factor that likely contributes to the volume fraction- ateldgpendent effect of
microcavities is the relative difference between cavige,swhich remains about the
same, and typical trabecular morphology, which varies in low- véngisdensity bone
and across anatomic sites and species. This was supported bydiug that the effect
of random cavities was slightly larggr<0.0001) in the canine bone than the low-density
human vertebral bone because the canine bone had thinner trabeculagp€th0D01),
even though the bone volume fraction was comparable to the highydiemsdral neck
bone.
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In summary, our results suggest that if any stress ridecteéxists due to
resorption cavities in trabecular bone, that it is a relativeijnpticated effect that
depends on a number of factors including species, anatomic site, bone Waation,
and trabecular microarchitecture as well as the location ofieawwvithin the tissue.
However, whether or not stress risers play a role in fraafireacy of antiresorptive
treatments remains an enigma, and further research is reco®théo address this
interesting issue.
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Table 2-1: Relationship between predicted strength and basleme fraction for the three cavity-
placement schemes per specimen.

Canine vertebra Human vertebra Human femoral neck
(n=10) (n=16) (n=14)
S=m@BV/TV)+b $=m (BV/TV)+b $=mBV/TV)+b
Cavity placement m b m b m b
None 117.1(36.5) -13.0(8.3) 25%(6.8) -0.97 (0.79) 100°915.9) -9.1(3.7)
Random 10738(30.6) -12.2(6.5) 23%06.1) -0.89 (0.67) 92°¢15.1) -8.2(3.3)
High-strain 92.83(34.9) -11.2(7.5) 18%(5.9) -0.77 (0.65) 81%715.4) -8.6 (3.4)

Data shows parameter estimate means (x95% Cl)n@lrehas units of MPa. Multiple comparisons
performed using the Bonferroni adjustmemtdenotes the number of bone specimens per growh ea
specimen was analyzed assuming three differenstypeavity placement.

#p<0.01 vs. both other cavity-placement schemes.

24



HUMAN VERTEBRA  HUMAN FEMORAL NECK
n=10 n=16 n=14

TISSUE LABELED AS
CAVITY

TISSUE REMOVED

HIGH-STRAIN

ORIGINAL

Figure 2-1: Micro-CT images of cubes of trabecular bone froamice vertebrae, human vertebrae, and
human femoral necks were each converted into tHimge element models containing simulated
microcavities: 1) original model (no cavities adyjed) cavities distributed randomly; and 3) cawtie

targeted to regions of most highly-strained tissue.
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Figure 2-2: A normalized reduction in strengti\$/ASgzyrv) was defined to quantify the effect of
microcavities on strength beyond the effect of oeduvolume fraction. First, the strength-volumectien
relationship (line 1-2) for each original model iftal) was used to predict strength after a 6% ctdn in
volume fraction (point 2). Then the actual strenggbuction computed for each cavity scheme (point 1
minus point 3) was normalized by this predicte@rggth reduction (point 1 minus point 2). A normetiz
strength reduction value of one indicates that rduction is entirely due to the reduction in voum
fraction, while a value greater than one indic#as there is some additional effect of the micwities.
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Figure 2-3: The percent reduction in yield strength associatéti adding microcavities to trabecular
bone, compared to the case without cavities, deggbth bone volume fraction (4<0.0001,n=40) and
SMI (B, p<0.0001) when microcavities were targeted to regimihighly-strained tissue but not when they
were distributed randomlyp#$0.43). When microcavities were distributed randgrtthe percent reduction

in yield strength associated with adding such @witdepended on mean trabecular thickness (C,

p<0.0001).
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Figure 2-4: Strength-volume fraction relationships were alielog the addition of random and high-strain
microcavities in trabecular bone from canine vedeb human vertebrae, and human femoral necks. All
comparison <0.001. Dashed boxes in the left and right plotsasthe boundary of the center plot
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Figure 2-5: The reduction in strength after normalizing foe gffect of the 6% decrease in volume fraction
(AS/IASgyry, seeFigure 2-2) depended on anatomic site when microcavities wargeted to highly-
strained tissue®(<0.05 vs. canine vertebra) but not when they wéstilbuted randomly. A value of one
indicates the change in strength is due entiretii¢ochange in volume fraction. Data given as n¥e85%

Cl.
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3. CONTRIBUTION OF THE |INTRA-SPECIMEN VARIATIONS IN TISSUE
M INERALIZATION TO THE PTH- AND RALOXIFENE -INDUCED CHANGES IN
STIFFNESS OF RAT VERTEBRAE

3.1 Introduction

Whole-bone strength, a critical element of osteoporotic fraciskeis determined
by such factors as overall bone mass and 3D bone geometry, thel eotideabecular
microarchitecture, and the mechanical properties of the bonee.ti3he mechanical
properties of the bone tissue are influenced by the spatially n@ranvariations in
mineralization within a bone [11, 13, 100, 131-134]. Such intra-specimen spatial
variations in mineralization are the result of normal remodelir@p,[ 136] and can be
altered by osteoporosis treatments [68, 75, 137, 138]. Since remodelasy arat
generally greater in trabecular bone than in cortical bone 6] treatment effects on
the spatial variations in mineralization may also be greatethe trabecular bone.
Understanding such treatment effects may have clinical fisignce if these effects
account for an appreciable proportion of the overall treatment-inducetheshan
mechanical behavior at the whole-bone level.

Despite a number of studies that have addressed the role of rdrspatimen
spatial variation in mineralization on the mechanical behavior bett@ar bone [100,
131-134], we are aware of no biomechanical studies that have addtessmaent
effects. Addressing this issue, we sought in this study to rdieierhow treatment-
induced changes in the spatial variation in mineralization of rélwae altered overall
mechanical behavior of the vertebrae. We also sought to deterntiveebfomechanical
role of treatment-induced changes in the spatial variation in atiretion was indeed
greater for the trabecular compartment than for the whole vertebral body.

3.2 Methods
Study design

We used micro-CT imaging and micro-CT-based finite elemeaiysis of
excised L2 vertebrae from 40 rats that had been either shamtegpdr=10 rats) or
ovariectomized, the latter treated with either vehicle, pgraid hormone (PTH) or
raloxifene (=10 rats per group). The micro-CT imaging, at 6 micron vexat, was
used to characterize the intra-specimen spatial variationnearatization Appendix 7.2
and the micro-CT-based finite element modeling, also at 6 microsl 8@e, was used to
characterize mechanical behavior. Since the anabolic agent Riidlasés bone
remodeling and increases the percentage of newly formed bone with howveral
density [75], this treatment was anticipated to increase theobeteeity of the tissue
mineralization. Conversely, since the selective estrogen recepiulabor raloxifene
suppresses bone remodeling, it was anticipated to increase themmeaalization and
decrease the heterogeneity of mineralization [139]. Comparechép ahtiresorptives,
raloxifene was chosen because it was found in a dog study tasectength more than
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it increased areal BMD [140], which may have resulted fromratibns to the tissue
mineralization (among other factors).

A critical component of the study design was its ability toassie any
biomechanical effects associated with treatment-induced chamgjes spatial variation
in mineralization —i.e. the intra-specimen variation in mineral density at the 5-10
micron scale as measured by micro-CT — from those efésstsciated with changes in
the mean degree of mineralization or whole-bone geometry or mmiwtse. Since
separating out such effects using a traditional statistioalysis of results from
biomechanical testing of excised animal bones would require a pragijpiarge sample
size, we instead relied on virtual biomechanical testing basedit& élement analysis
of the micro-CT scans. The use of a relatively small sasipée(40 rats total) was made
possible by our ability to vary the finite element model of eactebea in a systematic
way in order to either virtually include or exclude the micro-@Berved spatial
variation in mineralization Kigure 3-1). This strategy resulted in multiple, repeated
measures of overall bone stiffness for each bone analyzed in whicmlthdifference
between the repeated measures was the presence or absencmigcfdi@T-observed
mineral variations.

To separate out spatial variation versus mean mineralizatiartsfiee considered
three virtually-altered mineralization cases per vertebra: spatially varying
mineralization throughout the bone as measured directly with theitatisatmicro-CT,;
2) homogeneous mineralization assigned to all bone tissue in a gitebragusing the
specimen-specific mean value of mineralization determined fnengaantitative micro-
CT analysis for that vertebra; and 3) homogeneous mineralizasong a constant
reference mineralization value for all bone tissue in all besie Figure 3-1). To
determine if the contribution of mineralization to treatment-indudganges in stiffness
differed in the trabecular compartment compared to the whole vérbetahy these three
mineralization cases were evaluated for both the whole vertebdsl and the virtually
isolated trabecular compartmefidure 3-1). This resulted in six simulations for each of
the 40 vertebral specimens (240 simulations total). All microadd finite element
analyses were performed blinded to treatment code.

Animals and treatments

The 40 female Sprague Dawley rats were sham-openatd@) or ovariectomized
(OVX, n=30) at 16 weeks of age. After surgery, all rats were lefteated for eight
weeks to allow any OVX-induced bone loss to occur. For eight weeksaftex, the
sham group was treated with vehicle (placebo) and the OVX grougstreated with
either vehicle =10), hPTH(I-34) ¥=10, 40 ug/kg by subcutaneous injection 5
days/week), or raloxifenen£10, 3 mg/kg by oral gavage 5 days/week). The treatment
dosages administered for PTH and raloxifene were selected baseptimal efficacy
demonstrated in previous OVX rat model studies for osteopenic agstof141] and
osteopenic prevention [142], respectively. All animals were sacrifice?l \aesks.
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Specimen preparation

After sacrifice, the L2 vertebra was excised from each drandhthe discs and soft
tissue were removed. To isolate the vertebral bodies and deilitrtual compression
testing, the posterior elements and endplates were also removed;infgl common
protocols used in experimental and finite element preclinical styifite 140, 143-146].
First, the posterior elements were removed with bone clippers. Thegaudal end of
each isolated vertebral body was embedded in epoxy and mountedsitom ¢twlder of
a diamond blade precision saw (IsoMet 1000, Buehler, Lake Bluff, IL,)USranial and
caudal endplates were removed by cutting segments of approxirhatety from both
ends of the vertebral bodies, producing specimens with heights 6f(B8mm (meart
SD) and plano-parallel end surfaces.

Quantitative micro-CT imaging

All specimens were imaged with quantitative micro-@CT 40, Scanco Medical
AG, Brttisellen, Switzerland) to non-destructively measwssug mineral density and
characterize cortical and trabecular microstructure. Imagiag done using a 55 kVp
source potential and 145 mA current. Projection images were raguest across a
20482048 matrix spanning a 12.3 mm field-of-view, resulting in an isotropicl\sze
of 6 microns. Attenuation values were converted to hydroxyafatA¢ density using a
calibrated linear relationship and beam hardening correction thigsri based on a HA-
resin wedge phantom of 200 mg HARnthat minimize the influence of specimen
geometry on reconstructed linear attenuation values. Details afatligation process
and its validation have been reported previously [97, 98].

The reconstructed 3D grayscale images of the vertebra wasieechto remove the
background from the bone (IPL v5.01lc-ucsf, Scanco Medical AG). The maska
binary image of the bone generated using a fixed thresholdimgre [97] where the
cortical and trabecular threshold values were determined mansdhpse that produced
the best delineation of bone surfaces and voids when visually compatieel @riginal
images. These masked grayscale images were used to teatoiriaralization parameters
for each vertebra, specifically, the mean mineral density lnddefficient of variation
of mineral density. The coefficient of variation of mineral dgngiovides an indication
of heterogeneity and was defined as the standard deviation of hdeesity within a
vertebra normalized by its mean. To calculate these minatialn parameters, the outer
two voxel layers (about 15% of the total bone volume) were temppoeaidtied from the
bone surfaces (IDL v6.2, ITT) to minimize any effects of voluameraging. Using the
original binary images, the manufacturer's software was usedotopute various
microstructural indices: cortical thickness (Ct.Th), trabecular bepleme fraction
(BVITV), bone surface-to-volume ratio (BS/BV), trabecular numbédr.NJ, trabecular
separation (Th.Sp), trabecular thickness (Tb.Th), connectivity dgi@myn.D), degree
of anisotropy (DA), and structure model index (SMI).

Finite element analyses
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As noted above, six high-resolution finite element models wereragedeper
vertebra to separate the contributions of the intra-specimetialspariation in
mineralization, mean mineralization, and geometry and microsteutduthe stiffness of
the whole vertebral body and the trabecular compartniggtre 3-1). Finite element
models were constructed from each micro-CT scan using 6-nsailed- cube-shaped
elements. The models had from 28-71 million elements, refledimdatge variation in
overall bone mass that resulted after the various treatmentsoftieal and trabecular
compartments were identified by manually tracing the endostetace of the cortex in
every 40 slices (0.24 mm) of each scan and then extrapolating betveesiices using
the manufacturer’s software (IPL v5.01c-ucsf, Scanco Medical AG).

We considered three cases of mineralization for each whole radrbedaly and its
trabecular compartment, for which the cortex had been digitattyoved. In the first
case, we applied the voxel-specific mineral density directly irdda from the
guantitative micro-CT scan to each element in each vertebréctdata stiffness. This
stiffness measure includes all effects of mineral densitiati@ns within and across
specimens. In the second case, we applied the specimen-spexaficimneral density
uniformly to all elements in each vertebra to calculaten&t#Kyean. This stiffness
measure includes effects of only the mean mineral densitysaspesimens and did not
include any intra-specimen variation in mineralization. In thelthase, we applied a
reference mineral density — chosen to be the average minestydef all specimens
(1133 mg HA/cm, n=40 rat vertebrae) — uniformly to all elements in all Verae to
calculate stiffnes&grer. This stiffness measure does not include effects of diftesem
either the spatial variation in mineralization within a specimen or the megeralization
across specimens. By eliminating such effects, it accountbdar overall vertebral
stiffness is influenced only by the geometry and microstructutieeoboneg.g cortical
morphology and trabecular microarchitecture.

High-resolution, linearly elastic, finite element analysisswesed to simulate a
uniform compression test. Each element was assigned a Youndidua based on its
mineral density, using a power-law relationship, as previously step)¢36], between
mineral density and tissue modulus from a fit to a compilation ef fdam the literature
[147-152] Figure 3-2)

Eyeee=1.127-10*TMD ™

in which tissue modulusE(ssyd is in GPa and tissue mineral density (TMD) is in mg
HA/cm®. All elements were assigned a Poisson’s ratio of 0.3. Uniagiapression
loading was applied with the cranial and caudal end surfaces fixgldne. The overall
stiffness was calculated as the ratio of the total reafttiwe at the inferior surface to the
applied displacement. Stiffness was computed in this way foradatle six models per
bone for all 40 bones.

Contribution of Intra-Specimen Variation in Mineralization to Treatmewoiuted
Changes in Stiffness
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To quantify the contribution of the intra-specimen mineral variatiortseatment-
induced changes in stiffness, we defined additional outcomes based on roarypri
measures of bone stiffness. To adjust for the effects of geparadrmicrostructure, we
computed a first normalized stiffnelk&rer. To adjust for the effects of the mean degree
of mineralization in addition to geometry and microstructure, wepcoed a second
normalized stiffnes&/Kyean. These adjustments were made for both the whole vertebra
and trabecular compartment models.

Statistical analysis

Following finite element analysis, the data were unblinded. To digtertine effect
of treatment on the various outcomes, we used a one-factor ANOWADwiitnett’spost
hoctest. Despite the small sample size per group, paramedtgwere used because the
data did not violate the normality assumptiop>Q.09, Shapiro-Wilk test). The
independent associations between the contribution of the intra-speaimeeral
variations to stiffness and mean mineralization, coefficienaahtion of mineralization,
cortical thickness, and trabecular microarchitecture were ifjednby the Pearson
correlation coefficient. All statistical analyses were daseng JMP (Version 7.0, SAS
Institute Inc., Cary, NC). For all tess50.05 was considered statistically significant.

3.3 Results

As expected, ovariectomy and treatments had an appreciableg efi overall
stiffness, as estimated by the finite element analysegure 3-3). For example,
compared to sham, the stiffness of the trabecular compartmentedased by 52%
(p<0.0001) and 40%p€E0.001) in the OVX and raloxifene groups, respectively, but was
unchanged for the PTH group=0.063). The treatment effects on stiffness were
relatively larger for the trabecular compartment than for thelevvertebral body, just
missing statistical significance for the lattp=Q.055). The OVX surgery itself reduced
overall bone mass, trabecular bone volume fraction, and trabecular manabeesulted
in a more rod-like structurd @ble 3-1). Unlike treatment with raloxifene, treatment with
PTH after OVX restored bone mass and bone volume fraction to shaetfs land
thickened remaining trabeculae. Cortical thickness was not altered byeatment.

Although the analysis of the quantitative micro-CT data reveatedll sbut
significant effects of treatment on the intra-specimen dpadi@ation in mineral density
(Table 3-2), the finite element analyses indicated that these treainmunted changes in
mineral variations had a negligible biomechanical role in tesmfreatment-induced
changes in stiffnesggure 3-4). The coefficient of variation in mineral density only
varied from 10.8-11.2% in the whole vertebral bopy0(004 overall treatment effect)
and from 11.1-11.6% in the trabecular compartmpn0.02 overall treatment effect),
and the mean mineral density was unchanged across gp@p$3). After adjusting in a
specimen-specific manner for the treatment-induced changegeometry and
microstructure by calculation of th&Krer parameter, there were no treatment effects on
normalized stiffness for either the whole vertebpx(0(23, Figure 3-4 A) or the
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trabecular compartmenp%£0.15, Figure 3-4 B). After additionally adjusting for any
changes in intra-specimen mean mineralization by calculatidmedf/Kyean parameter,
statistically significant effects on normalized stiffnessrevdetectedp&0.02) — but
these effects were on the order of only 1-2%. These tiny effeete statistically
detectable because of the very tight confidence intervals for e mmeasures of
normalized stiffness for each treatment group. The confidence ilstemesie so small
because the stiffness measures obtained for each of the Vaiten¢lement modelsK
Kvean, Kre) wWere very highly correlated with each othef>(99). These high
correlations indicate that the biomechanical role of the intressi@® mineral variations
was almost constant across specimens for any given treatment.

Comparison of the stiffness measures obtained for each of the variantl&mene
models K, Kuean, Krep) With each other also revealed that the intra-specimemakpat
variations in mineralization accounted for up to about 12% of the ovéffess of the
bone Table 3-3. As noted above, this contribution depended on treatment in a
statistically significant but minor way, but this contributionsvedoout two-fold greater in
the trabecular compartment than in the whole vertebra. Removing tied 8paations in
mineralization from the finite element models always resuhiedigher bone stiffness
than in either of the homogenized mineralization modas K was always higher than
eitherKyean Or Krer. Correlation analysis indicated that the size of this effexeased
with decreasing coefficient of variation in mineralization, icaitthickness, and various
measures of trabecular microarchitecture, most notably the eabeisickness (Th.Th),
and increased with increasing bone-surface-to-bone-volume ratio (BET4BE 3-4).

3.4 Discussion

These results demonstrate that any treatment-induced charigesntra-specimen
spatial variations in mineral density — at the 5-10 micron scalededected by
guantitative micro-CT — had a negligible biomechanical effedhese rat vertebrae at
the whole bone level and in the isolated trabecular compartment.e Whé
biomechanical role of the mineral distribution reduces overdihes$ compared to what
it would be if such intra-specimen variations did not exist, that wale remarkably
uniform across specimens within any treatment group and was leergdaby treatment
in a minor way. At least for the rats studied here, all bionréchhtreatment effects as
estimated by the finite element modeling were dominated bytrsatment-induced
changes in trabecular microstructure and were negligibly imflee by the subtle
changes in intra-specimen mineral variations.

Despite the minor role of intra-specimen mineral variations obdenese, our
results do signal an advance in terms of quantitatively assessing thelwgoncal role of
intra-specimen mineral variations for other treatments or dgisgases. One unexpected
finding was our ability to detect the very small (<2%) tmeant effects on the
biomechanical role of intra-specimen mineral variations on oveaae stiffness. This
was due to two factors. The first was the nearly constant liweneal role of intra-
specimen mineral variations that we observed within each group. akisnanifested by
the very narrow confidence intervals in the normalized stiffrdets and the high
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correlations betweeK, Kvyean and Kger. The second factor was the highly sensitive
repeated-measures study design, in which the finite element snedet varied in a
systematic manner for each specimen. That study design enabliednormalize the
overall stiffness outcome, on a specimen-specific basis, fectefof bone geometry,
microstructure, and even mean mineralization. Because of bothf#utses, this study
design could be useful in evaluating or detecting disease statéxcim large changes in
the mineral distribution can occur, for example with osteomalaéd]. In such disease
states, the ratio df/Kyean or K/IKrer may differ substantially from that observed in this
study, or, the correlations betwe€nKyean andKrer may be relatively weak.

From a biomechanical computational modeling perspective, the rebthis study
suggest that, under some conditions, it may be important to includetitiespecimen
variations in mineral density in finite element analyses of bbfust high-resolution
micro-CT-based finite element studies of human cadaver andcabbone assume a pre-
assigned homogeneous bone tissue modulus, such asHKgg@unodels. Homogeneous
finite element models which exclude the mineral variations overats mechanical
behavior of bone; this finding was consistent with previous work on cubtesbeicular

bone [100, 132-134]. The amount by which homogeneous models overestimated

mechanical properties was relatively constant in these ke#s,aeross treatment groups.
If this trend persists in human bone and for other treatments, theasshenption of
tissue homogeneity would have little impact on conclusions from stutieE make
relative comparisons of finite element outcomes. However, fsgnaption may have a
less trivial effect on studies in which absolute magnitudes of fithiee element
predictions are important. For example, effective properties of hieseet that are
determined by calibrating finite element predictions with expents [104, 109] may be
slightly underestimated by neglecting the mineral variations within a bone

While we used treatments that spanned the range of possiblertissralization
and microarchitecture phenotypes of most current anti-fraceséntents, our results do
not apply directly to human studies. The various treatments exploredditkproduce
statistically significant differences in the coefficiaftvariation in mineral density that
were consistent with the literature [75, 139]. Bone mass and nubitenture were also
appreciably different across the groups. The large reduction (~30%) inviotumae
fraction in the OVX group was consistent with findings from othediss in which rats
were young — 4 months old in this current study — at the timevafiectomy [144,
154, 155]. However, it is difficult to determine the clinical relevamnd the dosages
administered, which were higher than approved for human clinical usaydeeof
differences in pharmacokinetics, pharmocodynamics, and metabolismatsinversus
humans. Further, it is not clear if the effects of treatno@nthe biomechanical role of
intra-specimen mineral variations would differ in elderly hurtrabecular bone, which
generally has a much lower bone volume fraction than the bahéesistudy, and which
may have different spatial variations in mineralization. Extansif the techniques used
in this study to human biopsies represents an interesting future study.

One technical caveat of this study is that we used lineatielfinite element
analyses which enabled us to compute stiffness, but not stresgém autcome. For
finite element analysis of bone, estimates of stiffness amshgih are both highly
correlated with experimentally measured values of strength984.108]. Thus it is
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unlikely that we would have reached any different conclusions hagerfermed the
much more computationally expensive nonlinear modeling for estimatictrerigth.
That said, it is possible that the actual strength of trdaiard may be affected differently
than any finite element-calculated strength value if ssa@lle effects not included in the
micro-CT scans or our finite element models actually play @oregiable role in
treatment-induced changes in strength. Such effects might énatoideral crystal
characteristics, collagen cross-linking, micro-damage acctionilaor stress-risers
associated with the remodeling space [11, 13, 90, 156, 157]. While noneettfexds
have yet been shown to have any appreciable influence on treatichectd changes of
strength in any animal models [15], these factors may have ralmeance in elderly
human bone and thus this unresolved issue remains an area of ongoing research.

Another technical issue is that the relationship between elasiitilus and bone
mineral density at the voxel level has not been well establiskqdiring us to make
assumptions regarding its nature. Rather than use any sehgfien from the literature,
our approach was to use one based on a compilation of all availatdéutestudies.
Although there was appreciable scatter for that assumedorsihip (R=0.48), our
preliminary work found that the use of linear versus nonlinear (up re dinder power
law, Figure 3-2) modulus-density relationships in one specimen altered vertebral
stiffness by less than 10%. This modest level of sensitivithgoassumed relationship,
and our finding that the biomechanical treatment effects for-gme@imen mineral
variations were so small, suggests that use of an alternat@nship between density
and modulus at the voxel level would not have altered our main findings.

We also emphasize that our model effects here were based moarami
measurements taken using micro-CT, and thus there are inherentioeswsues that
should be considered when interpreting our results. First, becausextiesize of the
micro-CT scans was 6 microns, the resulting mineralizaticesorements do not reflect
any possible treatment-induced changes at smaller scales tbe tmineral crystals
themselves [156-158]. Second, measurements of mineral density anhtheurtaces are
confounded by volume averaging and beam hardening artifacts [97, 98, 159-163]. To
mitigate these artifacts, we used beam hardening correctgmritams known to
appreciably improve the accuracy of micro-CT measurements rdrabi density [98,
161] and we excluded the outer two layers of voxels affected by vaueraging in the
calculations of mineralization parameters. Micro-CT measuremeiniineral density
using such corrections have been shown to be underestimated but a@rmekdted with
synchrotron radiation micro-CT and measured ash densities, paljidatespecimens of
similar geometries [97, 162], as in this study. Any remaining beanchening artifacts are
expected to occur randomly, and thus should not impact relative ceopatietween
treatment groups. The effect of volume averaging depends on the aofoonetvly
formed bone present in the surface voxels, and could result in undetestiof group
differences in mineralization parameters and overestimatéseotontribution of the
intra-specimen mineral variations to stiffness. Higher resolgiadies are required to
confirm such bias did not exist in this study, although given thel $reatment effects
observed, it is unlikely that any such bias would have an appreciabledsianical
effect.
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In summary, despite a role in the general biomechanical behavior of bone,dhe intr
specimen spatial variations in tissue mineralization, as uneédy quantitative micro-
CT, did not appreciably contribute to ovariectomy-, PTH-, or raloxifadaeed changes
in stiffness of the whole bone or the trabecular compartment in these ratagrtebr
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Table 3-1: Effect of treatments on mass, cortical thicknassl, trabecular microarchitecture.

Measure Sham + Vehicle OVX + Vehicle OVX + PTH G\Raloxifene
Mass (mg/mm) 71+1.1° 57+1.7 6.6+ 0.7 5.6+£1.3
Ct.Th (mm) 0.24+ 0.02 0.22+ 0.03 0.23t 0.02 0.22+ 0.03
BV/TV 0.31+0.04 0.21+ 0.04 0.29+ 0.08’ 0.24+ 0.04
BS/BV 0.32+0.02 0.35+ 0.03 0.28+ 0.03" 0.33+ 0.03
Th.N (mni?) 4.18+ 0.35 3.07+ 0.46 3.43+ 0.45 3.30+ 0.37
Th.Sp (mm) 0.24+ 0.02 0.33+ 0.06 0.31+ 0.05 0.31+0.03
Tb.Th (mm) 0.078+ 0.006 0.07% 0.006 0.09% 0.01%* 0.077+ 0.005
DA 1.77+ 0.06 1.82+ 0.07 1.80t 0.10 1.81 0.07
Conn.D (mn) 108+ 21° 85+ 27 93+ 22 75+ 14
SMI 0.05+0.32 0.93+0.17 0.63+ 0.47F 0.64+ 0.37

Data are means SD for 10 rats per treatment group.
#p < 0.05 vs. sham + vehicle.
< 0.05 vs. OVX + vehicle.

Table 3-2: Effect of treatments on the mean mineral dengity the coefficient of variation in mineral
density.

Sham + OVX + OVX + OVX +

Mineralization Vehicle Vehicle PTH Raloxifene
Whole Vertebra

Mean mineral density (mg HA/Gn 1134 + 10 1141 +9 1140+ 12 1145+ 11

CV in mineral density (%) 11.2+6¢3 10.8+0.3 11.2+0.3 10.9+0.3
Trabecular Compartment

Mean mineral density (mg HA/Gn 1081 #+ 11 1084 + 10 1084 + 13 1089 + 8

CV in mineral density (%) 11.6+04 11.1+04 11.6 + 0.4 11.2 +0.4

Data are means SD for 10 rats per treatment group. Mineralizapamameters measured from
guantitative micro-CT scans with two voxel layezsmoved from the surfaces. CV: coefficient of vaoiat
(SD/mean, in %) of the mineral density within acpen.

#p < 0.05 vs. sham + vehicle.

< 0.05 vs. OVX + vehicle.
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Table 3-3: Effect of treatments on the contribution of thiarspecimen mineral variations to stiffness.

Sham + Vehicle OVX + Vehicle OVX+ PTH OVX + Rilne

Whole Vertebra
Contribution toK (%) -5.4+0.6 -6.0+0.8 5.2+ 0% -5.6+0.3

Trabecular Compartment
Contribution toK (%) -10.9+0.7 -11.9+0.8 -9.8+1.1*" -11.0+0.8

Data are means SD for 10 rats per treatment group. Negative gigicates that stiffness decreases when
the intra-specimen mineral variations are includdee contribution of the intra-specimen variatian i
mineralization to stiffness was defined as the @atrchange in stiffness when only the mean
mineralization was included compared to when th&ispecimen variation in mineralization was inédd
in the model.

#p < 0.05 vs. sham + vehicle.

< 0.05 vs. OVX + vehicle.

Table 3-4: Independent correlations (r) between the contidnubf intra-specimen mineral variations to
stiffness and the mineralization and microstrudtpesameters.

Mean CVin
mineraf mineraf Ct.Th BV/TV BS/BV Tbh.N Th.Sp Th.Th SMI

Whole Vertebra
KIKvean -0.01 -0.48 -050¢ -0.33 048 -0.22 0.18 -0.43 0.15

Trabecular Compartment
KIKvean -0.19 -0.40 -0.16 -059 077 -03F 030 -0.7t 0.28

Values are Pearson’s correlation coefficient (r)40 rats, all treatment groups pooled. CV: codfit of
variation (SD/mean) of the mineral density withiegecimen.
a
p < 0.05.
®p<0.01.
¢ measures made separately for the whole verteloréhartrabecular compartment.
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Figure 3-1: Each micro-CT scan was used to generate six felgenent models per rat vertebra: three
mineralization cases for the whole vertebral bodyg three for its isolated trabecular compartmetie T
first case included the spatial variation in mihatansity within a specimen measured directly frihra
micro-CT scan. The second case included only thennneineral density measured for that specimen. The
third case included a constant reference minenasitefor all specimens. This was done for 40 \mde
from 40 treated rats (10 rats per group). Trangvsestions are shown.
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Figure 3-2: A relationship between bone tissue elastic mod(Hygs) and tissue mineral density (TMD)
was fitted to a compilation of data from studies@npassing a range of species, anatomic sites and
techniques for measuring modulus and mineral der(®) nanoindentation and micro-CT of sagittal
sections from 8 porcine mandibular condyles [152)) tensile tests and colorimetric measures of caiciu
concentration of 249 cortical specimens from 22outer species [149];4) compression tests and QCT
density of 80 cortical specimens from 9 human fenj@48]; (X,<) scanning acoustic microscopy and
synchrotron micro-CT of transverse sections fronfhdhan radii [150] and 10 murine femora [151]; and
(+) tensile tests and ash content of 10 corticaligpets from bovine tibia and femora [147]. The
horizontal bar shows the typical range of densitigbese vertebrae. The dashed lines show alternat
modulus-density relationships considered in a seitgistudy.
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Figure 3-3: Effect of treatment on finite element-predicteiffreéss of the whole vertebral body and
trabecular compartment. Bars show mee36% confidence intervals for 10 rats per gréyp< 0.05 vs.
sham + vehicle® p < 0.05 vs. OVX + vehicle.
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4., BIOMECHANICAL CHARACTERIZATION OF BONE QUALITY

4.1 Introduction

Bone quality is defined as the characteristics of a bone that influence hemead
behavior and resistance to fracture, but are not accounted for waburee of bone
quantity or density [12, 15, 18]. Since increases in clinical measireseal bone
mineral density (BMD) do not adequately explain reductions in osteapdratture
incidence with drug treatment [8-10], much interest has been gem@natinderstanding
the effects of treatments on biomechanical bone quality chasticeto better evaluate
treatment efficacy [11-17]. A number of structural and matect@éracteristics at
hierarchical physical scales — from the whole bone level toniblecular level — have
been suggested as potentially important components of biomechanicajuzbime [11-
17]. Currently, the typical approach used in pre-clinical studies figcus on evaluating
treatment effects on a limited number of bone quality charattsri[83, 91, 121, 146,
164]. However, changes at a smaller scale do not necessanbfate to changes at a
larger scale, so by measuring bone quality characterigticdative isolation from other
characteristics, potentially important treatment effects on lopidity may be missed.
Thus, there remains a need for a systematic approach to intggrataitment effects at
all scales into a clinically relevant characterization of l@ohanical bone quality. To
address this need, we present an approach that combines experaméramputational
techniques to characterize structural and material bone qualitpclading strength-
density relationships, the strength-to-stiffness ratio, cortickness and trabecular
microarchitecture, the contribution of the cortical and trabecwarpartments to whole
bone biomechanical behavior, and elastic modulus of the bone tissue — and the
associated effects on biomechanical behavior of human or animal bone.

4.2 Methods
Overview of approach

Herein we present a framework for integrating disease- aadntent-induced
effects at all hierarchical scales into a clinicallexgnt characterization of
biomechanical bone quality. We applied this approach to excised t&bxes from 30
rats that had been sham-operated or ovariectomized, thetla#ttad with either vehicle
or PTH f=10/group), to test its effectiveness.

This approach combines experimental and computational techniques. &atst, e
bone is micro-CT imaged at high resolution — on the order of 5-20 micrerts
measure cortical thickness and trabecular microarchitechdepeovide geometry for
subsequent finite element modeling. Then, vertebral strength afmestifis measured
during biomechanical compression tests following protocAfgpéndices 7.3 and 74
designed to minimize the effects of machine compliance and tt$terg artifacts [165].
Micro-CT-based finite element analysis of the same bonesiviéra imaged and tested
are used to predict vertebral stiffness and then the elastic usoduthe bone tissue is
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calibrated for each specimen such that the finite elemedieped stiffness matches the
measured stiffness [109]. Finally, two additional finite elensaralyses per bone — the
isolated cortex and the isolated trabecular compartment — dm@rped to determine
the contribution of each of these compartments to mechanical behavioe @fhole
bone. Relationships between strength and bone mass or density i® wseduate net
effects on bone quality [15]; the subsequent analyses are usedite thel source of any
net effects.

We compared the various outcomes across the three groups \artetirae to
determine the effects of OVX and PTH on biomechanical bone yuale also
performed a statistical power analysis to guide future use of this approac

Animals and treatments

The 30 female Sprague Dawley rats were sham-openatd@) or ovariectomized
(OVX, n=20) at 16 weeks of age. After surgery, all rats were lefteated for eight
weeks to allow OVX-induced bone loss to occur. For 12 weeks theregesham
group was treated with vehicle (placebo) and the OVX groups weaed with either
vehicle 6=10) or hPTH(I-34) =10, 20ug/kg by subcutaneous injection 5 days/week).
The treatment dosage administered for PTH was selected basegtioml efficacy
demonstrated in a previous OVX rat model study for osteopenioragenh [141].
Animals were sacrificed at 36 weeks. All experiments andyses were performed
blinded to treatment code.

Specimen preparation

After sacrifice, the L2 vertebra was excised from eagimal and prepared for
subsequent analysis. Since the precision of subsequent calculatiofiscb¥ee tissue
modulus depend on the precision of the measurements of vertebralsstff- a measure
that is particularly sensitive to any misalignments or ccoangk in the biomechanical
testing set-up — it was critical to prepare the specimertstbat they were uniform and
had plano-parallel ends. After removing the discs and soft tissuppsterior elements
and endplates were removed, following a specialized protocol, simildwose used in
other experimental and finite element preclinical studies [55, 14014@3-Specifically,
the posterior elements were embedded in bone cement (polymetatmyédte) and this
cement block was used to mount the vertebra in a custom holdediafmand blade
precision saw (IsoMet 1000, Buehler, Lake Bluff, IL, USA). Cranial and candalaes
were removed such that the mid-50% of the original heightiredaThen, the posterior
elements were cut with bone clippers, isolating vertebral Bpdgimens with heights of
3.7+ 0.2 mm (meat: SD) and plano-parallel end surfaces.

Micro-CT imaging
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All prepared specimens were imaged using quantitative micrQ+CT 40, Scanco
Medical AG, Brittisellen, Switzerland) at an isotropic voxelesaf 6 microns to
characterize cortical and trabecular microstructure andreate image datasets for
subsequent finite element analysis. To segment bone tissue framwhrspace, each
image was binarized using a fixed thresholding scheme [97] wheredrtical and
trabecular threshold values were determined manually as thosproldaiced the best
delineation of bone surfaces and voids when visually compared to theabiigages.
Using these binary images, the manufacturer's softwareused to compute various
microstructural indices: cortical thickness (Ct.Th), trabecular bemleme fraction
(BVITV), trabecular number (Tb.N), trabecular separation (Th.Sahetular thickness
(Tb.Th), structure model index (SMI), connectivity density (Conn.D), andedegf
anisotropy (DA). Bone mineral content (BMC) was estimated basdtie bone volume
as measured from the images and assuming a constant tissue density of Z.0B§lcm

Biomechanical testing

After imaging, uniaxial compression tests were conducted usimgvahg/draulic
load frame (858 Mini-Bionix, MTS, Eden Prairie, MN) to measure strengtmestd, and
the strength-to-stiffness ratio. Each vertebral body was casguebetween platens that
had been lubricated so that boundary conditions could be more accurptefjuced in
the subsequent finite element analyses. To minimized any efffiectachine compliance,
apparent strain was measured using a 25 mm gage length extems@a2i&1F-20,
MTS, Eden Prairie, MN) attached directly to the platens. Testduded 5
preconditioning cycles to 0.3% strain followed by a final ramp to 8%énsat a rate of
0.5% strain/sec. To further reduce any testing artifactsnthgiit introduce artifactual
compliance, stiffness was defined as the maximum slope of e displacement curve;
strength was defined as the maximum force sustained duringsthel'be strength-to-
stiffness ratio was subsequently calculated to quantify aagntent effects that altered
strength beyond any effects on stiffness.

Tissue modulus calculations

These experimental data were used in combination with finiteegleamalysis to
estimate the elastic modulus of the bone tissue for each veri®dralD9]. As defined in
detail elsewhere [94], finite element models were built frbenkinary micro-CT images
of each vertebral body by converting each voxel into an 8-noded britlerievith 6-
micron edge-length, producing models with an average of 46 + libmélements per
model, depending the bone volume. Assuming homogeneous tissue propettias wi
each bone, each element was assigned a reference tissue moddlusRaf and a
Poisson’s ratio of 0.3. Linear elastic analyses using roller boundary conditiomsitats
the compression experiments were performed using a custom cae |[BM Power4d
supercomputer (DataStar, San Diego, CA). Then, the finite elgmeditcted vertebral
stiffness was calibrated to the experimentally-measureéhbrattstiffness to provide an
averaged measure of tissue modulus for each vertebra, termedtiVeftissue modulus”
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[167]. This calculation assumes that the cortical and trabedsfaret have the same
specimen-specific tissue modulus.

Contribution of cortical and trabecular compartments to bone stiffness

To determine the contribution of the cortical and trabecular comeatsnto
whole bone stiffness, two additional finite element models were atexlefor each
specimen. First, the cortical and trabecular compartments ideméfied in each image
by manually tracing the endosteal surface of the cortex iry é@eslices (0.24 mm) and
then extrapolating between the slices using the manufactuoéimsase (IPL v5.01c-ucsf,
Scanco Medical AG). Then, each compartment was digitally isblagng image
processing software (IDL v6.2, ITT) to create a model of theek@lone and a model of
the trabecular compartment alonEBigure 4-1). The same finite element analysis
parameters used on the whole bones were applied to each isolatpdrtooent to
calculate cortical stiffnes¥Kfory and trabecular stiffnes&{rag, and the ratio of each
of these to whole vertebral stiffnes&br7Kvs, KrradKvp).

Statistical analysis

Following all finite element analyses, the data were unblinded aalyzed to
determine the effect of treatment on vertebral strengthnpgttreo-stiffness ratio,
effective tissue modulus, microstructural parameters, and biomeahaantributions of
the cortical and trabecular compartments. One-factor ANOV#A te Tukey-Kramer
post hoctest was used for these purposes. The combined roles of BMC, itisslugus,
and cortical and trabecular microstructure in vertebral strengtte \uantified with
stepwise multiple linear regression analysis. Since efed¢tssue modulus calculations
are more sensitive to experimental noise than the other mesnise we performed a
power analysis to determine the minimum detectable differemea the variation in the
data for a power of 0.9; we provide sample sizes necessary foe &tudies given a
desired minimum detectable difference. To assess net treaffesis on biomechanical
bone quality, we tested for group differences in the relationship betateength and
bone mineral content (BMC) and between trabecular stiffness abeéctrlar bone
volume fraction (BV/TV). All statistical analyses were damgng JMP (Version 7.0,
SAS Institute Inc., Cary, NC). For all testp<0.05 was considered statistically
significant.

4.3 Results

As expected, compared to sham, vertebral strength and stiflrgsse( 4-2) as
well as bone mass, cortical thickness and trabecular microseguEigure 4-3) were
altered by OVX and OVX+PTH treatment. OVX reduced vertelirahgth and stiffness
by 32% and this was accompanied by reduced bone mass, cortical thicknes
trabecular bone volume fraction, with fewer, thinner, and more rod+edtulae that
had fewer interconnections. OVX+PTH treatment increased velrtstioeagth by 24%
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and stiffness by 21% compared to sham, and this was accompaniectdnsed bone
mass and bone volume fraction and restored or increased trabeariaarohitecture,
where the primary effect was a 41% increase in trabeculgknigs Figure 4-3). The
ratio of vertebral strength to stiffness (mean + SD: 0.043 + 0.0@Y did not depend on
treatment 1§=0.98, Figure 4-2 C) indicating that there were no treatment effects on
vertebral strength beyond those that occurred for vertebral stiffness.

Despite changes in overall mechanical behavior of the vertetitheOVX and
PTH treatment, the material properties of the bone tissuerasmi@kably uniform across
the three groupg{gure 4-4). Effective tissue modulus (mean + SD: 13.0 £ 2.5 GPa) did
not depend on treatmend=0.90) and was not correlated with mass or any microstructure
parameter measured>0.13). Here, with 10 animals per group, the minimum detectable
difference for effective tissue modulus was 3.8 GPa for a power9; larger sample
sizes would be needed to detect more subtle changes in tissue mddglue 4-5).
Multiple regression analysis showed that variations in effedtssue modulus across all
animals explained 3% variability in vertebral strength aftepanting for bone mass and
volume fraction Table 4-1). This indicates that, as expected, variations in the elastic
modulus of the tissue did have a role in between-specimen variatiousrtebral
strength, though this role was minor relative to that of mass and volume fraction.

Separating the cortical and trabecular compartments revealédiréa@ments
affected these compartments differentliyiglire 4-6). As expected, regardless of
treatment, the stiffness of the trabecular compartment anantsitution to vertebral
stiffness was much lower than that of the cortex becauseabectilar bone makes up
only about 30% of the total volume of bone tissue in these rat t@vae. Compared to
sham, OVX decreased the stiffness of the trabecular compartmgei@B8% and its
contribution to vertebral stiffness by 67% — consistent with theridested trabecular
bone volume fraction and microarchitecture — such that the cortex ladea role in
vertebral stiffness than in the sham or OVX+PTH groups. The OVX+Reatment
resulted in a 29% stiffer cortex but the relative biomechanatas$ rof each compartment
were not different than the sham group. It should be noted that the cootribat each
compartment to vertebral stiffness do not sum to one because tlaetiote between the
peripheral trabeculae and the cortex is lost when the compartments aateskpa

Although a number of bone characteristics were altered by OVR\OX+PTH
treatment, or both, the relationship between measured vertebrajtstend bone mass
(BMC) was not altered by either treatmeptQ.9, Figure 4-7 A). Similarly, at the
trabecular level, the relationship between finite element-pestiictrabecular
compartment stiffness and trabecular bone volume fraction wastex@daby treatment
(p=0.5, Figure 4-7 B). Thus, overall biomechanical bone quality was not affected by
these treatments in these animals, indicating that changesvedbsm individual
characteristics had little independent biomechanical effest afcounting for changes in
bone mass and bone volume fraction.
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4.4 Discussion

We have presented and tested a systematic approach for iegplaatange of
structural and material bone quality characteristics and bi@inechanical effects. This
approach combines experimental, imaging, and computational techniquigisiémtey
measure strength, stiffness, strength-to-stiffnes,ratortical thickness, trabecular
microarchitecture, effective tissue elastic modulus, and the lootitms of the cortical
and trabecular compartments to whole bone behavior. Relationships roebaree
biomechanics and bone quantity are used to assess group differermesath bone
quality, while group differences in individual characteristics elueittee mechanisms of
biomechanical effects. The primary benefit of this approach isithases efficient,
established techniques to provide a framework for consistent, compreh@valuation
of biomechanical bone quality. It takes advantage of the facbtra is a hierarchical
structure by evaluating the most biomechanically relevant ctesistics at each physical
scale; depending on the goals of the study, post-hoc analysis caridseeéd to further
isolate the source of the bone quality changes. The approach pidserges well suited
for use in a variety of applications from determining the mechanisf treatment
efficacy to studying mechanisms of biomechanical effects of various borsekse

The results of our approach when applied to vertebrae from owemieed and
PTH-treated rats were consistent with results from prestudies [168-171], providing
some level of validation to our methods. The biomechanical testinghemd-CT-based
microarchitectural analysis are well-established techniques, the methods for
estimating tissue material properties and the biomechanicailbedituns of the cortical
and trabecular compartments are less common and have not been prevseadshy
evaluate treatment effects. We found that despite treatment-thdheages to apparent
mechanical properties, there were no differences in effecéisedimodulus and strength-
to-stiffness ratio, indicating that ovariectomy or PTH treatintkd not alter the elastic
and failure material properties of the bone tissue of thésergbrae. This finding was
consistent with reports from a previous study using nanoindentation fmuddference
in tissue modulus of cortical bone from rat vertebrae between,sanX, and
OVX+PTH treated groups [168]; further, the values reported forcabmnodulus were
very similar to those calculated in this current study (13.4-14.8).ARterestingly, in
that study, nanoindentation of trabecular bone found that PTH treadiexetased tissue
modulus compared to sham and OVX controls, however, since our meastiienan
average for the bulk tissue, and cortical bone composes about 70%aththHeone, the
properties of the cortical bone dominate the behavior of theseenabrae. Effects of
treatments on load sharing between the cortical and trabecular compart@ag not been
previously reported, but our findings were consistent with expectaticesl lsa cortical
thickness and trabecular microarchitectural effects.

There are a number of advantages of this approach that makiel&ah method for
pre-clinical evaluation of the effect of drug therapies on bone yudlitprovides a
systematic approach to characterizing biomechanical bone gfrahtythe whole bone
level down to the tissue level and by compartment. By taking advanfaggatively
common micro-CT imaging analysis and biomechanical testindgpnigees and
previously-validated high-resolution finite element methodology [34, 95, 107, e8], t
method is both robust and efficient. It utilizes novel biomechanicalysiaaiechniques
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that enable measurement of tissue material properties andatthalistribution between
the cortical and trabecular compartments which are difficult taimkéxperimentally.
Further, the approach can easily be updated to include additional ereasts for
specific applications.

A few limitations of this approach should be mentioned. First, it doeprovide a
direct measurement of bone tissue properties. Nanoindentation can be uskd tlireta
measurements on localized areas of exposed bone surfaces [172], vas repgdialized
equipment, is destructive, and is very time consuming. Nanoindentatiatl isuited for
mapping properties on a spatially-resolved basis [168, 173], but it deasthow these
localized measures translate to mechanical properties obuhe tissue. Also, the
effective tissue modulus is a volume-averaged value and does not acroamy fntra-
specimen variation in tissue properties; however, intra-specimeatigarin modulus
was shown to have a relatively constant biomechanical role acposol and treated
groups in rat vertebrae [174] and thus is not expected to be an impudahanism in
fracture risk reduction. Further, the amount of variation in tissue modulwbether due
to natural biological heterogeneity or to noise in the experimentsiay necessitate
larger sample sizes if subtle treatment effects are wetected; for example, about 30
specimens per group would be required to detect a difference of i @§s1e modulus.
It is always important to consider expected variations in datanwiesigning an
experiment, but typically, the other characteristics medstere have less variation
relative to the size of treatment effects and thus diffe®ican be detected with smaller
sample sizes.

It should also be noted that measurements of nanoscopic and molegellar-le
characteristics [175] are not included in this approach, primédéyause they are
typically more time consuming to make, require specialized equiprmeare destructive
in nature. However, if biomechanically relevant changes oddhisalevel, there should
be a net effect at a higher physical scale [15], such as duetiproperties or bone
strength. The approach presented here prescribes the use of tioasigia between
measures of bone strength and bone density to assess whether netiddipesffects
exist. If a net effect is found and there is evidence that mialetevel changes exist,
additional analysis can be performed post-hoc on the yielded saon@eégacent bones,
depending on the tests, to determine the source. If there is ndewtt #fen such small
scale changes are likely not important mechanisms of biomechdebalvior and
subsequent tests can be neglected.

In summary, we have presented a systematic approach for chanagte
biomechanical bone quality that integrates changes at all phgsiales into a clinically
relevant result which may help elucidate the mechanisms of bi@meal alterations by
diseases and treatments.
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Table 4-1: Multiple regression analysis on biomechanicallyameed vertebral strength.

Model® re p-value
Mass 0.87 <0.0001
Mass+BV/TV 0.89 0.013
Mass+BV/TV+E. 0.92 0.013

@ Groups pooled for analysia<30 rats).
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VERTEBRA TRABECULAR CORTEX
COMPARTMENT

Figure 4-1: Three finite element models were built from themiCT image of each bone: the whole
vertebra, the isolated trabecular compartment tlh@dsolated cortex.
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Figure 4-2: Results from biomechanical testing. Compared &shvertebral strength (A) and stiffness

(B) were decreased by OVX and increased by OVX+BEHtment. The strength-to-stiffness ratio (C) was
not altered by either treatment indicating thatehsere no effects of treatment on vertebral stieng
beyond those for vertebral stiffness. Data showamie95% CI fon=10 rats per group<0.05 vs. sham,

® p<0.05 vs. OVX.
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Figure 4-4: Compared to sham, the effective elastic modulub®bone tissue was not altered by OVX or
OVX+PTH treatmentf=0.9). Data shows mean + 95% CI ferl0 rats per group.
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5. CONCLUSIONS

The overall goals of this research were to improve understanditing @fffects of
osteoporosis therapies on the biomechanical behavior of bone. Substesigial was
gained into the mechanisms through which drug therapies might iadveas stiffness
and strength, particularly with regards to alterations of ¢#meodeling space and bone
tissue mechanical properties. From a clinical perspective ethdts of this dissertation
have provided new pre-clinical approaches for evaluating diseaseeatichént effects
on various aspects of bone quality.

The theory that suppression of resorption cavities with antiregerplierapy
improves bone strength by reducing stress risers has been arpthmdey in the
literature [85, 176] but previous studies have produced inconsistent [88UIgl], due
in part to the limited representation of specimen heterdtyernie those studies.
Hypothesizing that stress risers primarily affect low-dgndione, we simulated
microcavities in trabecular bone with a wide range of bone volumaetidn and
microarchitecture. We found that strength and the relationshigebatatrength and bone
volume fraction were both altered by the addition of microcavitdsle this effect was
indeed greater in low-density bone and also when the microcaviées targeted to
regions of high tissue strain, an appreciable biomechanical p#esisted in all types of
bone. Since this was not consistent with our expectations based on previdusn
bisphosphonate-treated canine bone which showed no stress riser affdus thigh-
density bone [91], we conclude that this type of simulation does not [yoppresent
the morphology or micromechanics of resorption-induced cavities andtrées riser
theory remains an enigma. Thus, future work should focus on analyzingnhuma
trabeculae with and without resorption-induced cavities to deterthen€ircumstances
— if any — under which stress risers have an appreciable biomeahafiect. A
combination of biomechanical tests and image-based finite elementlimgoat
individual trabeculae is recommended to confirm if these typesxidl-based models
sufficiently represent the micromechanics of the stresssrig¥spite these remaining
uncertainties, our findings nevertheless provide new insight hreopbssible clinical
relevance of stress risers suggesting that antiresorpigrapies may be most effective
via stress riser-suppression in patients with low bone volumednaeimd high bone
turnover.

Using the latest advances in micro-CT imaging, the biomechartslof intra-
specimen spatial variations in mineralization was quantitatastessed in vertebra from
rats from four different treatment groups. We found that anyneatinduced changes
in the intra-specimen variations in mineralization had a negligible biomigeth&ffect in
these rat vertebrae at the whole bone level and in the isolateet@ilar compartment.
Variations in mineralization did have a role in overall bone st8ne- being about 5%
in the whole vertebra and 10% in the trabecular compartment — lsutrdle was
remarkably uniform across all specimens in all treatmeotipgg considered. Thus, we
conclude that biomechanical treatment effects are dominated ebyment-induced
changes in trabecular microstructure and are negligibly méee by the subtle changes
in intra-specimen mineral variations. These findings imply tds&oporosis treatments
— at least those analyzed here — act primarily through atterafibone geometry and
microstructure; it would be interesting to extend this studyétude a bisphosphonate
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because this class of pharmaceuticals has a stronger suppreBemnoa bone
remodeling which may result in larger increases in degreeirtdratization and tissue
uniformity [38, 67]. If the findings of this study extend to human bone, tlegiecting
intra-specimen tissue heterogeneity in finite element aisalgf bone from human
biopsies should not obscure any biomechanical effects when comparimysvar
treatments.

A secondary but important finding in this mineralization study weast bur
approach — using high-resolution micro-CT-based finite elemenysisah a repeated
measures study design — provided the ability to detect very gri2db) treatment
effects on the biomechanical role of intra-specimen mineral tiargaon overall bone
stiffness. This approach could be useful in evaluating or deteskilgtal disease states
in which large changes in the mineral distribution can occur [28],ekample with
osteomalacia [153], in either a research setting or on bone bidpsiegatients in a
clinical setting.

Chapter four focused on establishing and testing a framework foaoteazing
bone quality that integrated disease or treatment effect physical scales into a
clinically relevant result. Using a combined experimental-coatfmrtal approach, the
results of this approach enable a systematic approach to evaliaingomplex
hierarchical structure of bone. This “road map” represents faiest pre-clinical
approach that seeks to reduce time and efforts by providing & sdrigrdered tests
whose outcomes dictate subsequent steps. For example, if thediirBhds that there is
no effect on the relationship between strength and bone mass l@yarsameasures), it
can be concluded that there is no net bone quality effect, andgsebsdests are not
necessary. If a net bone quality effect is found, then the “road map” duettsrftests to
isolate the source. By applying this approach to treatederatbrae, we found that,
compared to the control, neither ovariectomy nor parathyroid hormaatenget altered
bone quality despite changes in bone strength during compression |cEung.may be
loading scenarios, such as shearing, multiaxial or cyclic loasinghich biomechanical
bone quality is altered by these treatments since theredisreé that failure mechanisms
of trabecular bone depends on loading mode [103]. Using the same appdubitibinal
loading modes, such as torsion, can be modeled for the same bones iratadrepe
measures analysis [91] to determine the sensitivity to loadode. The models used do
not include microdamage and therefore would not be appropriate fogaefatnalysis
without adaptation. This framework is suitable for a number of pnézali applications
ranging from aging and skeletal diseases, to pharmaceutidafjenetic therapies and
could be readily adapted for analysis of human biopsies from Eatefre and after
treatment.

There are a number of strengths of this research. First, pleitex the capabilities
of finite element modeling to implement repeated measures stadigns, which
provided statistical detection of very small biomechanical effeahd to perform
parametric perturbations, which provided direct effects of changesndividual
characteristics. Related, the use of finite element modelsrtebvae with and without
the cortical shell — a unique advantage of micro-CT-based mgdel enabled us to
determine the biomechanical role of each compartment andathieats preferentially
affected trabecular bone versus the cortex. Second, we studiedfabes @f both
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antiresorptive and anabolic therapies since each class of ¢rgaaiters bone strength
through different mechanisms of action on bone remodeling. Third, weporated the
latest advances in micro-CT imaging into high-resolution (@en voxel size) finite
element modeling to spatially resolve actual mineral dgnsitiations onto the detailed
microstructure of each specimen through the use of a calibrationtopmaand
sophisticated artifact-correction algorithms [97, 98]. Fourth, we dpeédl a protocol for
precise preparation and biomechanical testing of rat vertdbraminimize machine
compliance and end artifacts [165] in measurements of stiffness metric that is
particularly sensitive to such experimental artifacts. Fmalle used relatively large
sample sizes with specimens that spanned a wide range of bomeevbfactions,
microarchitectures, and mineralization phenotypes to account for Indtotagical
heterogeneity and provide a reasonable degree of external validity estitts.r

The study on the effects of resorption cavities raised importastigng about the
suitability of using a non-ovariectomized canine model for studiesoat turnover
suppression, highlighting the need for the development of an animal maitel w
remodeling characteristics more similar to osteoporotic human bosed Ba our results
showing that the stress riser effect depends on bone densitiica esspect of an ideal
animal model would be a baseline bone volume fraction similar &lglduman bone,
as well as having resorption cavities of a similar size apslapence to human bone.
Nevertheless, existing canine models, as well as other larg@alamodels, can still be
used to study other aspects of treatment effects — suclsas-kevel material properties
and microdamage — and represent an important part of pre-clplh@imaceutical
evaluation.

Future research is recommended to address remaining questions laadextend
the relevance of the results presented in this dissertation. mpwtant area will be
determining the circumstances under which suppression of resorptiorsaviproves
bone strength beyond any changes in bone mass. Since simulatedamii@s as
prescribed in this work do not appear to represent the morphology or motrames of
actual resorption-induced cavities, a more accurate represantditresorption cavities
and their variation across anatomic sites and species is needetkcBanical testing
combined with finite element modeling based on nano-scale imégiggb00-1000 nm
voxel size) of excised individual trabeculae with and without obsersatption cavities
should provide substantial closure to this issue. The first stepevith validate the finite
element models against the experiments and to make any mualifscéo capture the
physics of the stress risers. Then the validated modelsecaseldl to compare stress riser
effects across trabeculae from human biopsies before and afteusvdreatments.
Additionally, characterizing the size, depth, and prevalence @irp#sn cavities in
common animal models, such as dog and rat, using three-dimensional imaging techniques
[177] and comparing such measures to those known for postmenopausal women,[58, 112
113] should help interpret pre-clinical study results.

Another area of future research is regarding the role of miratiah in treatment
efficacy. The clinical relevance of the current resulténisted since the rat model used
may be more homogeneous than the general population. A natural @xtehsiis work
will be to apply the techniques described in this dissertation to bsjdibone from
patients before and after antiresorptive or anabolic drug thefapyer, nonlinear finite
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element models with heterogeneous tissue properties should benenpdel to confirm
the role of mineralization variations in yield behavior.

Future research is also recommended to apply the frameworof@ quality
characterization to bone from animals or human biopsies from etyaif treatments.
Compared to PTH, other treatments, such as bisphosphonates, caarpaveffects on
bone tissue [67] and have the opposite effect on bone remodeling. Thus,ingrbpae
quality effects and the sources of any changes across argatshould provide insight
into the differences in their biomechanical mechanisms of action naayl guide
treatment-specific evaluation of efficacy in patients.

In closure, this dissertation research has increased knowlexdgeding the
mechanisms through which osteoporosis therapies improve bone strength without
appreciably increasing bone mass. In particular, it appearsupptession of resorption
cavities may substantially increase bone strength by rirtggatress risers, but only in a
subset of patients with low bone volume fraction and high bone turnovestUdies on
treated rat bone revealed that biomechanical effects of tnetsnaee dominated by
geometric and microarchitectural changes and that tissueatwa¢ion changes had only
a subtle biomechanical effect. This research also produced amerdffpre-clinical
framework for characterizing bone quality which should produce considenadight
into the mechanisms of biomechanical effects in a broad rangeomd research
applications. Using this framework, we found that neither ovariectowmy PTH
treatment had a net effect on bone quality of rat vertebrae dewimgressive loading.
This dissertation also outlines areas of research to further advanceldnig §idy.
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7. APPENDIX

7.1 The Role of Large Deformations in the Effect of Microcavities on Bone
Strength

To determine the role of large deformations in the effect ofaoavities on bone
strength, we analyzed a subset of human trabecular bone specimamagparange of
bone volume fractions (VBn=3, BV/TV=0.05, 0.07, and 0.08; FM=2, BV/TV=0.28
and 0.36). We used the same procedure as described in the Methods(8etextept
that we did not include geometric nonlinearities in the finite etgnanalysis, thereby
suppressing large deformations of the trabeculae. We found thatffdue ef the
simulated cavities on strength was reduced by 1.4-18% in the lowydspscimens, and
there did not appear to be any clear pattern in the sizeioeffect Figure 7-1). In
contrast, in the high-density specimens, suppressing large defummatiid not
appreciably alter the effect of simulated cavities on stre(xf.6%). We conclude that
the increased susceptibility of trabeculae to large deformasarsee mechanism through
which microcavities weaken low-density bone, and since large deformaave little
effect in high-density bone, this contributes to the density-depeneiett of
microcavities on bone strength.
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Figure 7-1: Percent change in effect of simulated microcavitie bone strength due to suppressing large
deformations in the analyses of a subset of humadrecular bone from the vertebra and femoral neck.
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7.2 Standard Operating Procedure for Preparing Micro-CT Images for Firite
Element Analysis of Bone using Heterogeneous Tissue Modulus

University of California Berkeley
Orthopaedic Biomechanics Laboratory
Standard Operating Procedure

Preparing Micro-CT Images
for Finite Element Analysis of Bone using
Heterogeneous Tissue Modulus

SOP #, Version 1
Date: August 13, 2010

Authors: Sarah Easley and Narges Kaynia
Principle Investigator: Tony M. Keaveny

Summary: The following SOP explains the necessary steps and procedures for preparing
a calibrated micro-CT image for a finite element analysis of bone usiegg@beneous

tissue modulus. IDL is the program used for image processing. The SOP covers the
preprocessing of the image including using a mask that is fitted on the imatgr twut

the background and removing ring artifacts from the image. Then the steps of oconverti
the final edited image into the finite element input file is covered. Some basic
understanding of IDL and conducting homogeneous FE analyses with Olympus is
assumed. This procedure was developed from Sarah Easley’s lab notebook “Rfizer Ra
1"

Key Words: Image processing, Heterogeneous tissue modulus, IDL, Mask fitting, Ring
artifacts, Converting into FE-file

. PREPROCESSING IMAGE

1. Get/move the image file and unzipping
The file sent from UCSF (or other scanning facility) will likely be in fivenat
XXXX.aim.gz where XXXX is the file name given to the specimen by tlaarser.

1.1 Example of moving the files to folder “GeneralTesting”:
[kaynia@biomech8 ~]$ Is
bin C0004839_CONCAT_SEG.AIM.gz Deskto p
learnunixstuff
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C0004839.aim.gz connect idl
[kaynia@biomech8 ~]$ mkdir GeneralTesting

kaynia@biomech8 ~]$ mv C0004839* GeneralTestin
y g

[kaynia@biomech8 ~]$ Is

bin connect Desktop GeneralTesting idl learnun
Tutorial

[kaynia@biomech8 ~]$ cd GeneralTesting/
[kaynia@biomech8 GeneralTesting]$ Is
C0004839.aim.gz C0004839_CONCAT_SEG.AIM.gz

1.2 Example of unzipping the files:

[kaynia@biomech8 GeneralTesting]$ gunzip C0004839*

[kaynia@biomech8 GeneralTesting]$ Is
C0004839.aim C0004839_CONCAT_SEG.AIM

Converting the file into IDL-format

Tutorial

ixstuff

Open IDL from the folder the file is in and convert it into IDL-format. Use IDL
function read_aini (at least v020) which prints a log containing micro-CT scanning
information and then loads the images into an IDL variable, for examplevhich

can then be saved into a file with extensiomf.

2.1 Example of converting the image file using the IDL function “read_aim”:

IDL> read_aim,vol,/log
Volume filename [image.aim]:C0004839.aim

2.2 Important information from the log file printed out during AIM-file conversion

(see example below):

- Section 4: Provides grayscale-to-density calibration information. @iees
slope and intercept of the linear relationship between the grayscale vakiedx-
and the density (y-value). Also gives mu_scaling needed in conversion.
Specifically, to convert grayscale values into tissue mineral density:

linear_attenuation = 16-bit_grayscale_value / mu_scaling

density = m * linear_attenuation + b

- Section 6: Gives the size and position of the image in voxels (X, y, z values) and

the size (resolution) of each voxel in mm.

Reading AIM v020...
I

I Processing Log
I
|

Created by ISQ_TO_AIM (IPL)

Time 22-MAY-2007 11:01:27.
Original file
dkO:[microct.data.00003227.00004956]c0004839.isq
I

Patient Name Keaveny Rat Spines; L
Index Patient 32
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Index Measurement 49 56
| e mmmmmmmmmmeee e

Site 4

Scanner ID 40 09

Scanner type 10

Position Slice 1 [um] 617 53

No. samples 40 96

No. projections per 180 10 23

Scan Distance [um] 122 88
Integration time [us] 2000 00
Reference line [um] 0
Reconstruction-Alg. 3

Energy [V] 550 00

Intensity [uA] 1 44
Angle-Offset [mdeg] 0
Default-Eval 0
O,
Mu_Scaling 40 96
Calibration Data 55 kVp, BH: 200 mg HA /ccm, Scaling
4096

Calib. default unit type 2 (Density)

Density: unit mg HA/ccm

Density: slope 2.62261993e+ 02

Density: intercept -1.54682999%e+ 02

HU: mu water 0.547 10
O,
Parameter name Linear Attenuation

Parameter units [1/cm]

Minimum value -4.110 35
Maximum value 7.999 76

Average value 1.605 16

Standard deviation 1.682 10

Scaled by factor 40 96

Minimum data value -16836.00 000
Maximum data value 32767.000 00

Average data value 6574.723 63

Standard data deviation 6889.864 75

| mmmemmememmmmmmmmmmmmmmmmmmmmmmmmmm—————————
Input volume dimensions: 730 612 491
Input volume position: 707 886 59

Input volume offset: 0 0 0

Input volume element size: 0.00600000 0.0060000 0 0.00600000

Reading 16bit image data...

3. Making/Saving the image as a 16-bit file.
Use ‘scanvol,vdl to view the image volume. Note that the image will be in 16-bit
format which contains more grayscale values than the computer monitor cag,displa
S0 you have to usdytscl(vol) to temporarily convert it into an 8-bit image so that
it can be viewed. Usewtite_intdat,’file_name’,vélto save the file in a 16-bit
format. When defining the new file name, specify: the name of the specimen, 16bit,
and the volume’s voxel dimensions.

3.1 Example of making the image stored in variaktd™into a 16-bit image:
79



IDL> scanvol,vol
IDL> scanvol, bytscl(vol)
IDL> write_intdat,'C0004839.16b.730.612.491.vol',vo I

. PREPROCESSING MASK

4. Opening and saving the mask.
We will put a mask on top of the 16-bit picture to separate out the grayscale bone
from the background of the picture which is made black. In general, this mask is the
typical segmented.é. thresholded) image, which may be created locally with IDL
by either choosing a threshold value to match the bone volume fraction of the image
to an experimental measure (preferred) or by visually matching thés adténe
bone geometry in the segmented image to those in the original grayscale image, or
with the Scanco software at UCSF (as was the case in this example, because
experimental volume measurements were not available; here, the segmeaged i
contained two grayscale values — one for the cortex and the other for the trabecular
compartment — and was named “XXXX_CONCAT_SEG.AIM").

4.1 Example of opening a mask created with Scanco software and giving it the
arbitrary IDL variable nam&vol2” . The scanner log file follows; again, the volume
voxel dimensions and resolution are given near end of log file. Note: if mask is
created from segmented image created locally, you can skip this step.

IDL> read_aim,vol2, /log

% Compiled module: READ_AIMV16.

Volume filename [COO0XXXX.AIM]:C0004839 CONCAT_SEG. AIM
Reading AIM v020...

Processing Log
U,

Created by ISQ_TO_AIM (IPL)

Time 22-MAY-2007 11:01:27. 35
Original file

dkO:[microct.data.00003227.00004956]c0004839.isq

| mmmm——————m————
Patient Name Keaveny Rat Spines; L V-2 101
Index Patient 32 27
Index Measurement 49 56

| ————— ————
Site 4
Scanner ID 40 09
Scanner type 10
Position Slice 1 [um] 617 53

No. samples 40 96

No. projections per 180 10 23
Scan Distance [um] 122 88
Integration time [us] 2000 00
Reference line [um] 0
Reconstruction-Alg. 3
Energy [V] 550 00
Intensity [uA] 1 44
Angle-Offset [mdeg] 0
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Default-Eval
|

Mu_Scaling 40

Calibration Data 55 kVp, BH: 200 mg HA

4096

Calib. default unit type 2 (Density)

Density: unit mg HA/ccm

Density: slope 2.62261993e+

Density: intercept -1.54682999%e+

HU: mu water 0.547

I

Parameter (before) name Linear Attenuation

Parameter units [1/ecm]

Minimum value -4.110

Maximum value 7.999

Average value 1.605

Standard deviation 1.682

Scaled by factor 40

Minimum data value -16836.00

Maximum data value 32767.000

Average data value 6574.723

Standard data deviation 6889.864

I

Procedure: D3P_SupGaussThres()

sigma 1.200

support

Wished Unit of thresholds

low_th_input 450.000

low corresponds to data value 147

and low to mu value (if mu) 3.599

and low to dens value 789.421
densinunits mg HA/ccm

and low to HU value 5579.882

upp_th_input 1000.000

upp corresponds to data value 327

and upp to mu value (if mu) 7.999

and upp to dens value 1943.349

and upp to HU value 13622.109

in_range_value 1

Parameter (before) name Segmented Objects

Parameter units [object]

Minimum value 0.000

Maximum value 127.000

Average value 24.049

Standard deviation 49.758

Scaled by factor

Minimum data value 0.000

Maximum data value 127.000

Average data value 24.049

Standard data deviation 49.758

I

Procedure: D3P_GobjOrAimMaskAimP

Gobj File:

dkO:[microct.data.00003227.00004956]c0004839.gobj

Cutborder False

Peel Iterations

Gobj: Rel. Vol. of set AIM 0.166933

96
/ccm, Scaling

00
45
85
75

32
00
67
76
00
38
27

00
00
18
24
1
00
00
18
24

eel_OW()
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Gobj: of Set Vol(dim-2*off) of AIM 724
487

Parameter (before) name Segmented Objects
Parameter units [object]
Minimum value 0.000
Maximum value 127.000
Average value 47.025
Standard deviation 61.325
Scaled by factor 1.000
Minimum data value 0.000
Maximum data value 127.000
Average data value 47.025
Standard data deviation 61.325

I

Procedure: D3P_Multiply_Constant
Multiplication with -1.000
Parameter (before) name Segmented Objects
Parameter units [object]
Minimum value 127.000
Maximum value 0.000
Average value 47.025
Standard deviation -61.325
Scaled by factor -1.000
Minimum data value -127.000
Maximum data value 0.000
Average data value -47.025
Standard data deviation 61.325

I

Procedure: D3P_Multiply_Constant
Multiplication with -1.000
Parameter (before) name Segmented Objects
Parameter units [object]
Minimum value 0.000
Maximum value 127.000
Average value 47.025
Standard deviation 61.325
Scaled by factor 1.000
Minimum data value 0.000
Maximum data value 127.000
Average data value 47.025
Standard data deviation 61.325

I

Procedure: D3P_Concatenate()

Add (False = Overlay) False

Common Region only False

Shift of in2 0

Turn Angle of in2 0.00000
Turnpoint (global) of in2 0

I

Parameter name Segmented Objects
Parameter units [obje
Minimum value -1.000
Maximum value 127.000
Average value 46.261
Standard deviation 61.910
Scaled by factor 1.000
Minimum data value -1.000

608

ct]
00
00
03
18
00
00
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Maximum data value 127.000 00

Average data value 46.261 03

Standard data deviation 61.910 18

| —————— m————
Input volume dimensions: 724 608 487

Input volume position: 710 888 61

Input volume offset: 0 0 0

Input volume element size: 0.00600000 0.0060000 0 0.00600000

4.2 View the maskvol2” with “scanvol,vol2, and save it usingairite_bindat:
IDL> scanvol,vol2
IDL> write_bindat,'C0004839.8b.724.608.487.vol',vol 2

5. Apply the mask to the grayscale image.
We will fit the mask so that it is placed on top of the 16-bit image to produce a
filtered grayscale image of the bone in which the background is made biguke(
7-2); note that it is important that the two images are positioned such that they
exactly overlap. This may involve cropping and/or shifting one image, depending on
how the mask was developed. For example, if the mask was created with the Scanco
software, as in this example, position information is given imghd_aimlog files
that can be used to align the two images. Use IDL custom fungray ‘filter?’;
the command is given in the following way:

gray_filter2, ‘name of 16b image file’, size, position, ‘name of mask file’, size,
position, m,b

wherepositionindicates those given in each of the thad_aimlog files,mis the

slope and is the intercept of the density-grayscale relationship given in the scanner
log file printed fromread_aimof the grayscale image. Theay_filter2function
automatically shifts the images to align their positions. If the mask image

created locally, such that the positions are equivalent, just@ft@as the position

for both images. Thgray_filter2 function prints out summary statistics for the 16-bit
grayscale values in the filtered image, and calculates the mean tissralrdensity
(with no voxels eroded).

5.1 Example of fitting the mask on the image:

IDL>
gray_filter2,'C0004839.16b.730.612.491.vol', 730,612 ,491,707,886,
59,'C0004839.8b.724.608.487.vol',724,608,487,710,88 8,61,'assembl
edvol',2.62261993e+02,-1.54682999e+02

3 724 608 487 2
214373504

3 724 608 487 1
214373504
fraction of negative voxels: 3.45266e-08
voxels: 40594530, max: 32767.0, mean: 19973.4, min: 67.000
,sd: 2427.55

density:  1124.19
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Figure 7-2: The same transverse slice of a rat vertebra béifeftgand after (right) applying the mask with
the “gray_filter2” IDL function.

6. Renaming and loading files into IDL
We give the filtered image file (the image after the mask is applied) aaew, so
that it contains the size etc. Opening IDL and loading the new file giving it
temporary arbitrary variable narfsol3”.

6.1 Example of giving image file a new name (Note: this step can be omitted if the
full name is provided in thgray_filtercommand, i.e., instead of ‘assembledvol’,

you could directly prescribe ‘assembledvol.16b.724.608.487.vol’:
[kaynia@biomech4 GeneralTesting]$ Is
assembledvol C0004839.8h.724.608.487.vol ManualSteps~
C0004839.16b.730.612.491.vol ManualSteps
[kaynia@biomech4 GeneralTesting]$ mv assembledvol
assembledvol.16b.724.608.487.vol
[kaynia@biomech4 GeneralTesting]$ Is
assembledvol.16b.724.608.487.vol C0004839.8b.724.6 08.487.vol
ManualSteps~ C0004839.16b.730.612.491.vol ManualSteps

6.2 Example of loading 16-bit file into IDL:
[kaynia@biomech4 GeneralTesting]$ IDL
IDL Version 6.2 (linux x86_64 m64). (c) 2005, Resea rch Systems,
Inc.
Installation number: 213000.
Licensed for use by: UC Berkeley
IDL>
read_intdat,'assembledvol.16b.724.608.487.vol',vol3 ,724,608,487
IDL> scanvol,bytscl(vol3)

7. Creating an 8-bit image from 16-bit image
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The maximum number of materials that we can use in our finite element models is
254 (since material 255 is automatically mapped to material 1 for use in
homogeneous analyses of segmented binary images). As such, we must convert the
16-bit filtered image file into an 8-bit image, specifying that the ugpeyscale

limit is 254. Afterwards, we can print out image statistics to find the mean, 8D, m
max, etc. of the grayscale values in the image. Save the 8-bit image under a new
name, following the same naming convention.

7.1 Example of converting into 8-bit:
IDL> vol4=bytscl(vol3,TOP=254)
IDL> scanvol,vol4
IDL> nonzeromask= vol4 ne O
IDL>
image_statistics,vol4,COUNT=elementno,MASK=nonzerom ask,MAXIMUM=vo
lumeMax, MEAN=VolumeMean, MINIMUM=VolumeMIN,STDDEV=vsd,
VARIANCE=vvar

IDL> print, elementno, volumeMax,VolumeMean,VolumeM IN,vsd,vvar
40594529 254.000 154.933 5.00000 18.8936 356.969
IDL> write_bindat,'assembledvol.8b.724.608.487.vol' ,vol4

[Il. FINAL EDITING OF THE IMAGE

Removing ring artifacts

Some images have ring artifacts that result from the scanning pfapgssr as
lines/circlesFigure 7-3 A) that should be removed or minimized before the FE
analysisNote that the function described in this section could be modified to
operate on the 16-bit image prior to converting into an 8-bit image.

8.1 Aring artifact may be either brighter or darker than the surrounding bone.
The general approach here is to identify ring artifacts, and then replace the
artificially high or low grayscale values with a value that is an aeeoag
the surrounding tissue. To do this, custom IDL functioagjfact” and
“artifact2’ (for bright and dark artifacts respectively), have been written.
Use the function as follows:

artifact,'grayscale.8bit.vol',vol,x,y,z-size,artifa ct-
threshold,max-affected-vol-fraction,'output.8bit.vo I

First, plot histograms of ONE slice affected by an artifact (it belleasier to

see what grayscale values the artifacts are occurring at in onthalictr

the entire volume) and find the second small local peak(s) that represents the
artifact Figure 7-3B). Choose a value that clearly thresholds out this

second peak (typically, a value of about 230 for bright artifacts or about 80
for dark artifacts); also choose a maximum volume fraction that you will
accept as being modified by the script (typically about 0.005 is accepted).
These are inputs to the IDL function.
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Example of making histogram of the filtered image (black background) from
which to select the threshold values for removing the artifacts:

IDL> h=histogram(vol(*,*,slice#),min=1,max=255)

IDL> plot,h

00T T T T T T T T T T T T T T[T T T

1500 —
1008 —

500[—

& L L L I 1 L 1 i L 1 1 1 1 L L L ' 1 " L
o 50 100 150 200 Lo 300

Figure 7-3: A transverse slice of a rat vertebra containinighirring artifacts (left) and the histogram of
that slice (right).

8.2 There are two functions that edit the grayscale values of voxels in the
volume. The function “artifact” removes points above a given value (bright
artifacts). The file “artifact2” removes points below a given valuek(da
artifacts). The function prints out the number of slices in the volume that
were modified and the mean and standard deviation of the grayscale values
in the modified volume. We call the last result file “final....... ”

Example of removing the artifacts when threshold values are 230 and 80.

IDL>
artifact,'assembledvol.8b.724.608.487.vol',vol5,724 ,608,487,2
30,0.005,'output.8h.724.608.487.val'
number of affected slices: 0
new mean +/- SD (range): 154.933, 18.89 36 (
5.00000-

254.000)
IDL>
artifact2,'output.8b.724.608.487.vol',vol6,724,608, 487,80,0.0
05,'final.8b.724.608.487.vol'
number of affected slices: 0
new mean +/- SD (range): 154.933, 18.89 36 (
5.00000-

254.000)

VI. PREPARING FOR FE-ANALYSIS
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9. Connecting the image.
We want to get rid of all disconnected voxels so that the image is connected and
the finite element analysis can be performed without any instability preblem

9.1 Example of connecting our final file using tlw®inect program
[kaynia@biomech4 GeneralTesting]$ $HOME/bin/connect -V
final.8b.724.608.487.vol -x 724 -y 608 -z 487 -0
final.8b.724.608.487.vol.connect
nbytes=214373504
nelements = 40594529

Element sweeping algorithm
maximum number of sweeps set to: 2172

Table 1lI: voxel groups
group | #sweeps | #voxels
+ +
2| 10| 40584250 40584250
Largest group found, search ended

Table IV: Results voxel sweep
largest group | 2
number of bone voxels in this group| 40584250
number of non-connected bone voxels| 10279

40584250 elements
Assigning boundary conditions: Done
Writing final.8b.724.608.487.vol.connect: Done

9.2 Example of loading the FINAL file into IDL and viewing it for check:
[kaynia@biomech4 GeneralTesting]$ idl
IDL>
read_bindat,'final.8b.724.608.487.vol.connect',vol7 ,724,608,48
7
IDL> scanvol,vol7

10. Creating an FE input file (feap) with the node code for analysis with

Olympus
As with homogeneous models, the node code (aafdé new_softlay8ris
used to generate the input filée@p for Olympus. The only difference between
the heterogeneous and homogeneous models for this step is the number of
materials. Here, the number of materials will be equal to the maximum gi&aysc
value in the image (typically, this will be 254), regardless of whether there ar
actually voxels with every value up to 254.

Sample header fromfieapfile showing that there are 254 materials in model:

FEAP xyconstrained_1%compression_ratVB
11830999 10031656 254 3 3 8
<remainder of file omitted for brevity>
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11. Creating material file ‘mate’ before running the analysis in Olympus
The remaining part is running the finite element analysis using the pidpaak
image-file. The onlymportant difference from a regular homogenous FE
analysis is mainly in the MATERIAL FILE (hate, see page 54 in Sarah
Easley’s labnotes). In arfaté€ file for a homogeneous analysis, there is only
one material defined. For the heterogeneous analysesndié file will have
up to 253 materials (material #2-254), where the grayscale values in the image
will be directly mapped to that material number (note that the materials rumbe
muststart at 2 and be sequential up to the maximum valyeeven if there are
no materials defined for certain grayscale values).

It is straightforward to convert the grayscale values to tissue densityths
calibration information given with the scanner; see section 2.2. However, the
relationship between the tissue density and the tissue modulus is not well
established. There is a relationship in Sarah Easley’s labnotes derived by
plotting data from the literature for a variety of testing methods, speones, a
anatomic sites and taking a power-law fit (this was used in Easley et al, Bone
2010). Depending on the application, and as new data is developed, an updated
relationship may be more appropriate.

To create arhat€ file with 253 materials (2-254), use a custom Python script
(e.g. treateMateLin6.pythat was used for analyses in Easley et al. Bone,
2010). The script combines the grayscale-to-density and the density-tousiodul
relationships in one operation and automatically writes outrtia€’ file. Note
that there are variables containing the scanner calibration data that witbnee
be updated for a different batch of scans.

Sample faté file:

mate,2

solid
elastic,isotropic,1000*0.001,0.3

mate,3
solid
elastic,isotropic,1000*0.001,0.3

<mate 4-252 omitted for brevity>
mate,253

solid
elastic,isotropic,1000*61.009,0.3
mate,254

solid
elastic,isotropic,1000*61.464,0.3

V. CALCULATING TISSUE MINERAL DENSITY
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12. Removing outer layers of voxels for calculations of tissue mineral density.
The grayscale values in the calibrated micro-CT scan scan are usethtieesti
tissue mineral density in the specimen (note that this measure is sosnedifad
TMD — tissue mineral density — or DMB — degree of mineralization of bone
— in the literature). In addition to using this information to assign elastic modulus
to each element in the FE model, this can also be used to determine the mean
TMD, standard deviation (SD) of the TMD, and coefficient of variation (CV) of
TMD, as well as other summary statistics for each specimen. Becausznof b
hardening and volume averaging artifacts, the outer two layers of voxels are
typically eroded from the bone surfaces before making these measurements.

The custom IDL functionérodesurfs2calculates the mean, standard deviation,

and coefficient of variation of the density for a 16-bit filtered (black backgound)
volume file for O, 1, and 2 voxel layers eroded from the surfaces. You must
supply the density calibration information from the scanner. Note that there are
additional scripts, érodesurfs3and "erodesurfs4 that take in a an 8-bit

trabecular compartment and cortex, respectively, to be used as masks to calculate
the density in those compartments only if they have been separated, as was the
case in this example. A Python scrigetDensity2 exists to recursively extract

the density information from a series of specimen folders after running
"erodesurfsXto make compiling in a spreadsheet more efficient.

For more detailed information about the distribution of the density within a bone
specimen, custom IDL functiorhisto_erodé&and "quant_histé were developed

to calculate characteristics of the histogram of the grayscale yvakidsscribed

in Roschger et al 2008. This includes the mean, peak, width at half height. Again,
this is done for 0, 1, and 2 voxels eroded from the surfaces. Currently, this
function operates on an 8-bit grayscale image with black background (not a 16-bit
image, though this could be updated).
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7.3 Standard Operating Procedure for Specimen Preparation of Whole Rat
Vertebrae for Biomechanical Testing

University of California Berkeley
Orthopaedic Biomechanics Laboratory
Standard Operating Procedure

Specimen Preparation of Whole Rat Vertebrae for
Biomechanical Testing

SOP #, Version 1
Date: 4/12/07

Author:
Principle Investigator: Tony M. Keaveny

Summary: This document summarizes the method of embedding the rat VB and
removing the endplates to obtain a specimen with planoparallel ends that is
approximately the middle 50% of the original VB and is parallel to the long axie of t
original VB.

Key Words: Rat vertebral bodies, embedding, PMMA, Isomet

Materials:

Rat VB's, Scissors

Jig, Rubber-tipped tweezers,
Laboratory stand (4), Loctite 401,

Burette clamp (4), SS swivel pad MSC P/N
Bosworth Fastray powder and liquid, Digital camera
Peel-A-Way plastic embedding molds VWR P/N ,  Scalpels with #22 blades
Forceps with roughened tips, Set of standard Allen keys
Base-mounted tweezers with rubber tips (4), 3/8” crescent wrench

4" |somet blade P/N , Nail clippers

Absorbent pads, Gauze

Digital calipers, Sharpies

Several 0.625” dia x 0.08” thick discs of 304 SS 1.5 oz. specimen containers
Ultrasonic cleaner Glass vials
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I. PROCEDURE

1.0 Dissection and Cleaning

1.0  Thaw specimens if needed.

1.1 Use a scalpel and forceps to remove as much soft tissue as possible.

1.2 Place 6 specimens in glass vials filled with DI water and place in ultchbatin
for 10 min.

1.3  Water jet each specimen for 1-2 min at moderate pressure. Use sudlpel a
tweezers to remove any loose tissue.

1.4 Repeat steps 1.2-1.3 until specimen is sufficiently clean for embedding€8 cy
total should suffice). Use fresh DI water each time.

2.0 Embedding

2.1  Set up four stations with the base-mounted tweezers hanging verticaliyhhérom
burette clamp attached to the stand.

2.2 Place an embedding mold on each jack below the base-mounted tweezers.

2.3  Affix a VB in each pair of tweezers such that the long axis of each VB is

horizontal.

2.4 Mix equal amounts of Bosworth Fastray powder and liquid for 75 seconds.

2.5 Pour the mixture up to the top of each mold and QUICKLY raise the each jack so
that the posterior elements of the VB are mostly submerged in the mixture. The
body of the VB should not make contact with the surface of the mixture.

2.6 Place a tiny roll of saline-soaked gauze on top of each VB inside the twaazers
leave specimen for 1 hour to let the PMMA harden.

2.7 Remove each specimen from the tweezers, wrap saline-soaked gauze around each
VB and store overnight in refrigerator°’(@) to allow PMMA to finish curing.

3.0 Cutting

3.1 Cut six slices off a dressing stick @ 175 rpm to sharpen the saw blade.

3.1  Screw the swivel pad into the jig and glue the swivel pad to the center of the SS
disc using Loctite.

3.2 Remove gauze from first specimen and check that specimen is firmly ewhbedde

3.3 Remove disc material from each VB with a scalpel.

3.2  Take three measurements of length ati@rvals. Calculate average height, H.

3.3 Place specimen in jig with inferior side towards Isomet arm.

3.3  Adjust the four allen screws so that the rat VB is horizontal and perpendicular to
the Isomet arm.

3.3 Move blade to against inferior side of VB and zero the position.

3.3 Raise Isomet arm and move blade to the right H/4 mm.

3.4  Adjust speed to 250 rpm and make one cut all the way through the VB.

3.3 Raise Isomet arm and move blade (H/2 + BW) to the right, where BW = Blade
Width = 0.26 mm= 0.3 mm

3.3 Make a second cut at 250 rpm.
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3.4

3.3

3.3

7.4

Remove desired portion and measure height 4 times with calipefsiateddals.
Calculate the mean.

Calculate maximum percentage variation in specimen height to determine
planoparallelism. Value should be les than 1.5% of mean height.

Repeat steps 3.3 to3.xx for all other VBs.

Standard Operating Procedure for Compressive Testing of Whole Rat
Vertebrae on the MTS

University of California Berkeley
Orthopaedic Biomechanics Laboratory
Standard Operating Procedure

Compressive Testing of Whole Rat Vertebrae on the
MTS

SOP #, Version 2
Date: 4/12/07

Author:
Principle Investigator: Tony M. Keaveny

Summary: This document summarizes the method for compressive testing of whole rat

vertebral bodies with the endplates removed.

Key Words: Rat vertebral bodies, mechanical testing, MTS

Materials: Rat VBs, MTS test frame, top and bottom platens, adapter plate, absorbent

pads, 1” extensometer, 250-Ib load cell, calipers, rubber-tipped tweezers

I. PROCEDURE
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Before beginning this procedure, ensure that the MTS platens are aligmadliypdnd
the crosshead is at the optimal height. Start and warm up MTS (see SOH &iiitke
System Startup”).

1.1 Divide mean specimen height by 25.4. Use this ratio to calculate extensometer
strain or strain rate values corresponding to 0.3%, 8% and 0.5%/s.
1.2 In TestWare, program 5 preload cycles to 0.3% specimen strain and a ramp to 8%
specimen strain, all at a rate of 0.5% specimen strain per second.
1.3 Place VB on bottom platen.
1.4  Lower top platen to just above top of VB. Change displacement range to 10 mm.
1.5 Go to displacement control and zero load.
1.6  Lower top platen onto the specimen VERY SLOWLY until load reads ~5 N.
1.7  Add extensometer, remove pin, zero strain value and check eftsiés€t should
be < 7%).
1.8 Go to load control, zero displacement, then return to displacement control.
1.9 Check interlocks: Load value is +/- 800N, strain is +/- 4%, all others disabled.
1.10 Turn on scope.
1.11 Check procedure and file name in TestWare, then execute test.
1.12 Check that strain has returned to zero, insert extensometer pin and remove
extensometer.
1.13 In Testware, close data file, control -> reset. Repeat entire procedescfor
specimen.
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DATE:

TestStar File Path:

TestWare File Path:

Specimen #

H1 H2 H3 H4 Have

0.003 0.005 0.08

Initial load Peak Load? Pre-test
Pin out? Interlocks? Offsets?
Comments

Specimen #

H1 H2 H3 H4 Have

0.003 0.005 0.08

Initial load Peak Load? Pre-test
Pin out? Interlocks? Offsets?
Comments
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