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ABSTRACT

Trabecular Microarchitecture, Endplate Failure, and the Biomechanttsnoén Vertebral
Fractures

by
Aaron Joseph Fields
Doctor of Philosophy in Engineering — Mechanical Engineering
University of California, Berkeley
Professor Tony M. Keaveny, Chair

Knowledge of the biomechanical behavior of the human vertebra darfuental to improving
clinical assessment of vertebral fracture risk and diagnosistebporosis. In this context, the
focus of this dissertation is to enhance the current understandirtheobiomechanical
mechanisms of vertebral strength and the etiology of vertebral fractures

Combining the latest advances in micro-computed tomography, highdiea finite element
modeling, and biomechanical testing, we found that variation in vattebrength across
individuals was primarily due to the variation in the bone volume @madaif vertical trabeculae.
This is because the major load paths were parallel columns tafallgroriented bone. A new
microarchitecture parameter, the vertical tissue fraction,deasloped to reflect these findings.
Whereas the role of traditional microarchitecture parametersrtebral strength was mediated
by bone mass and density, the role of this new parameter waseitit of bone mass and
density. From a biomechanics perspective, the vertical tisaatioim thus represents a
mechanistic aspect of trabecular microarchitecture with & potential for microarchitecture
analysis of bone strength.

The work presented in this dissertation has also provided substangat inso the etiology of
vertebral fractures. We found that due to the variation in failueharesms between porous and
dense vertebrae, the amount of tissue yielding that occurred d@unmeghanical overload of the
vertebra was up to 5 times lower in porous vertebrae than in densbraertThis illustrates a
new aspect of vertebral fragility: as bone density decreasgksaging and disease, not only is
the vertebra becoming weaker, but it is also becoming much kessusally robust. Unique
evidence was also obtained to help explain why the endplates eayeeffitly involved in
osteoporotic vertebral fractures. A detailed comparison of the bluanéal behavior of the
endplates, cortical shell, and trabecular bone revealed that the eadphaiat the highest risk of
failure due to the development of high tensile strains, and that théopeent of such high
tensile strains is directly associated with the material behavior aftdreertebral disc.



In closure, this dissertation answers fundamental questions ragatainrole of trabecular
microarchitecture in explaining the variation in vertebral stitenacross individuals, and
provides new insight into the etiology of age-related vertebrelures. This work also outlines
areas of research to further advance our understanding of vertedwtlrd etiology and
describes a systematic approach for identifying architdatietearminants of bone strength that
could be used at other anatomic sites.

Tony M. Keaveny
Dissertation Committee Chair



TABLE OF CONTENTS

A B ST RACT ettt ettt ettt ekt e h b e e e be e e e b e e e e be e e e b e e e e R R e e e aRe e e e Ree e e Re e e eRe e e ene e e nne e e aneeeas 1
T ABLE OF CONTENTS ..ttiiuttetieeteesteaaseestesssseesseaasseessessaseeaseaanseeaseesasessaeeansessseesaneesseesnsesssnns |
L IST OF FIGURES ... .utiiiiite ettt ettt e s e e e enn e e s enn e e snneesneeas I
L IST OF TABLES. ...eiiitiieitee ettt et ettt be e s b e e s ae e s bt e e s be e e sabe e e sabe e e sabe e e snne e e snneeeanneas Y
ACKNOWLEDGEMENTS..c.veutetetetesestestesesessessessssessesessessessesessessessssessessssessessessssessessssessenes VI
L. INTRODUCTION iiitiiiiieeeaiteeesieeesiseesssseesasseesasseesasseesanseesnseesneeesaneeesabeeesaneeeanneeesnneesanneas 1
1.1 Structureand composition Of DONE..........ccooiiiiriiie e 2
1.2  Anatomy of the VEItelra ... 3
1.3 Mechanical behavior of the vertebra...........ccoccoeerieienenceee s 4
1.4 Trabecular MiCroar ChItECIUN @ .......coouviieieieeereeie e 5
1.5 Finite element modeling of the vertebral body...........coceeiiiieiiniiiiereceeees 6
1.6 Objectives and scope of the diSSertation ............cocevererrenieseere e 8

2. ROLE OF TRABECULAR MICROARCHITECTURE IN WHOLE-VERTEBRAL BODY

BIOMECHANICAL BEHAVIOR ..uiiiiiiiei ettt 15
220 R 1 0o U Tox 1 o o RS 15
2.2 MENOAS ... et ae e 16
2.3 RESUILS....coeeeee et ae e 18
2.4 DISCUSSION.....tiiuiiitietieiiesteeeesieesteete st esbeseesteesbesseesse e besaeesseesbesnsesbeenbesneesseensens 19

3. INFLUENCE OF VERTICAL TRABECULAE ON THE COMPRESSIVE STRENGTH OF THE HUMAN
RV = == = 28

Bl TN OQUCTION . nnmnmnnnnn 28



T2 Y, 1< {070 o TR 28

TG = == U (T 30

I B K= o 01 o) o T 31

MECHANISMSIN THE HUMAN VERTEBRA .....oiiiitiiiiieiiiee sttt 40
2 R 1 011 o L8 o (o o RSP 40
4.2 MEINOOS ......oeeeeeeeeeee et et b e b ns 41
G T = U KRS 42
A4 DISCUSSION....eueiueeieeiesseesteetesseesseansesseesseetesseesseesesseesbessessessseesesseesseensesnessaes 42
5. MECHANISMSOF INITIAL ENDPLATE FAILURE IN THE HUMAN VERTEBRA .............. 49
o300 R 1 01 0o [F o1 o o PSR 49
5.2 MENOGS ... e ae s 49
5.3 RESUITS.....eeeeeee et ettt neere s 51
5.4 DISCUSSION. ..c.utiueitieutesieesteeeesseasteeaesseesseesesseasbesstesseesseasesseesbesnsessesssesnsessenssens 52
5. CONCLUSIONS......eieutieiueeeteesiteeteesseeeseesaeessbeesseeeseesseeeaseaaseeeseesaeesnseesaeeanseeaneesareeannesnnas 61
B AN 22 = | TP RO 65

7.1 Influence of element size on predictions of vertebral strength and tissue yielding using

high-resolution finite element analysis with geometric and material nonlinearities

7.2 Validity of predictions of vertebral strength from high-resolution finite element
analysis with geometric and material nonlinearities.........cccoccvvceeveecciecceenee, 65
7.3 Effects of disc properties on endplate defor mation and failure mechanisms... 65

8. REFERENCES. ...ceeeeetttee et eeeeteeetaeaaaeeeeeeeeeee i aaassseeseeeessnassseeesseaesnnnssssesesenennnnasssseesennnnnn 70



Li1sT oF FIGURES

Figure 1-1: Hierarchical structures of bone from the sub-micron length scale to tiraetel

1= o 11 IS ox= 1= PSSR 9
Figure 1-2: High-resolution renderings of human and bovine trabecular bone from various
Lo 1 (0] 101 (oIS (=2 PP PPPPPPPPPPR 10
Figure 1-3: Vertebral body compartmentalized into the cortical shell, trabeculauocgrand
=TT ] = 1S PSSR 11
Figure 1-4: Vertebral body fracture classification and severity grading .............cccceeeeeeee. 12
Figure 1-5: Mid-frontal sections of human T9 vertebrae from young and elderly donors
illustrating the effects of aging and disease on bone density and argleitect............ 13

Figure 1-6. Mid-sagittal cutaway from a human T9 vertebral body showing the distribution of
von Mises stress predicted by finite element analysis. ..........cccoooiiiiiiiiiiiiiccc 14
Figure 2-1: Example micro-CT rendering of a human T9 vertebral body with largestahter
cuboid of trabecular bone isolated for microarchitectural analysis ............ccccooeeeiiiiiiinee. 25

Figure 2-2: Combined contributions of microarchitecture, morphology, and bone mass in
stepwise multiple regression models for predicting vertebral stiffness getnat strength

............................................................................................................................................ 26
Figure 2-3: Fittedversus measured vertebral strength for regression models with and without
MICrOarChiteCture PrediClOrS ........coiiiieieeeee et e e e e e e e e e e e e e e eeeesaneennnnas 27
Figure 3-1: Relationships between vertebral strength and the bone volume fractions @i vertic
trabeculae and all trabECUIAE ..............uuiiiiiiiiii e 36
Figure 3-2: Relationship between vertebral strength and vertical tissue fraction............. 37
Figure 3-3: Variations in vertebral stiffness for the intact vertebra and for thecuidye
compartment versus the bone volume fraction of vertical trabeculae. .............................. 38
Figure 3-4: Mid-sagittal sections from a human T9 vertebra showing the typical load pagins w
the vertebra is virtually compressed with and without the shell....................cccoooei i, 39
Figure 4-1: Dependence of the amount of yielded tissue in the vertebra on bone volume fraction
of the trabecular COMPAartMENt ... e 45

Figure 4-2: Mid-sagittal sections from six human T9 vertebrae showing the distribution of
yielded tissue in compression and in tension at the apparent yield point of eacladértebr
Figure 4-3. Dependence of the relative amounts of yielded tissue in the trabecular bone and i
the cortical shell on bone volume fraCtion ..............ueeiiiiiiiiiii e 47
Figure 4-4: Dependence of the ratio of the amount of tissue yielded in compression to the
amount of tissue yielded in tension in the trabecular bone and in the cortical shell on bone

(V01181 a =N = Tox 1o o O PTTRRPSPPPIN 48
Figure5-1: Rendering of a human T9 vertebral body compartmentalized into the endplates,
cortical shell, and trabecular DONE ... 56

Figure5-2: Mid-sagittal cutaway from a human vertebral body showing the typistitiition
of highly strained tissue in tension and in compression predicted by finite elemlgstsana

Figure 5-3: Comparison of the relative proportion of bone tissue highly strained in tension and
in compression between the endplates, trabecular bone, and cortical shell....................... 58



Figure 5-4: Distribution of highly strained tissue in tension and in compression within the
superior endplate of a human vertebral body when loaded via simulated interVelisswnath

and WithOUt POISSON ©XPANSION ......uiiiiiiiei ettt e e e e e e e a b e e e e e e e eaaeas 59
Figure 5-5: Comparison of the effect of suppressing the Poisson expansion of the disc on the
amount of highly-strained tissue in tension and in compression between the endpla&esatrab
bone, and cortiCal ShEll ... 60
Figure 7-1: Relationship between experiment-measured vertebral strength andl&@mene

predicted Yield SIrENQEN. .. ... e e e e e 68
Figure 7-2: Analysis of the effect of Poisson expansion on the in-plane stress components within
regions of interest defined in the central portion of the superior endplates.............ccc....... 69



LiIST OF TABLES

Table 2-1: Donor, whole bone morphometry, cortical shell, trabecular microarchitecture, and

biomechanical data for human T9 vertebral bodies...........ccoiiiiiiiiiii e, 22
Table 2-2: Independent role of trabecular microarchitecture, cortical shell traskaad
vertebral morphology on whole-vertebral biomechanical properties ............ccccccveeeeieiennns 23
Table 2-3: Pearson’s correlation coefficient between bone mass, trabecular wiitecture,
E=Talo [ o o] o] aTo] (o]0 V20U 24

Table 3-1: Orientation-related morphology parameters for human T9 vertebral bodies. .34
Table 3-2: Independent effect of the orientation-related morphology parameters omreteas
vertebral strength, intact vertebral stiffness, and trabecular ssiffnes....................... 35
Table 5-1: Maximum and minimum principal strain limits for bone tissue in the endplate,
trabecular bone, and cortical Shell. ... 55
Table 7-1: Effect of suppressing the Poisson expansion of the disc on the in-plane stress
components within the region of interest of the superior endplate. ..............cccoevvvvvirinnnnnns 67



ACKNOWLEDGEMENTS

First and foremost, | would like to thank my advisor, Professor Toegv&ny, for
mentoring me during my graduate career at Berkeley. His gwedaas been truly invaluable;
moreover, | greatly admire Tony’s dedication to his studentshandfectious enthusiasm for
research. | feel incredibly fortunate to have embarked on os@arthe field of Orthopaedic
Biomechanics under his tutelage.

Second, | would like to thank the past and present members of the Oditopae
Biomechanics Laboratory for creating a fun and collaborativeogthrere. Among all of the
OBLers, | would especially like to thank Sarah Easley. She has @eeonderful friend and
colleague, and | cannot thank her enough for the endless hours of discbssibreaearch and
coursework (and cooking and backpacking!). That | am really goimgigs her companionship
in the research lab is an understatement. | owe a greabid#enks to Grant Bevill, Senthil
Eswaran, and Carolyn Sparrey—they were always eager to aiil tmeeibleshooting problems
and to provide advice for navigating the often-murky waters of gradghtel. Thanks also to
John Christiansen, Wes Jackson, Mike Jekir, Shashank Nawathe, Jawir AReav Sanyal,
and Jesse Woo for their help and support. Three undergraduate students—@&egeémein
Nagarathnam, and Thanos Rossopoulos—assisted me with various aspleetinite element
modeling, and it was a pleasure getting to know them and workingtiath. | would like to
acknowledge the expertise of Ed Guo and Sherry Liu, with whom | codidabfor the work
involving trabeculae segmentation. Thanks also to Michael Liebschnéusfdrelp micro-CT
imaging.

Third, | would like to acknowledge the funding sources for this reBe&unding was
provided by the National Institutes of Health (NIH AR049828, AR043784, and AR051376).
Computational resources were provided by the National Partnership Aftwvanced
Computational Infrastructure (UCB-266) and in part by the Natiociah8e Foundation through
the TeraGrid program (TG-MCAOONO019). Along these lines, | any geateful for the folks
working behind the scenes in San Diego and Austin—the ticketmadhetis.dédication is what
really makes finite element analysis in the cloud possible.

On a more personal note, | would like to thank Sara Atwood for hem&ss and
friendship throughout my time here. Her students are incredibly ltmwkyave her as their
professor.

Finally, 1 am eternally grateful to my family—to my parerfts their love and

encouragement, and to my sister for always watching out for tierdiother. To Heidi—your
love and friendship over the years has influenced my life in more ways than siabeloke

Vi



1. I NTRODUCTION

The healthy human skeletal system is well adapted to performimgde range of
activities. A critical aspect governing skeletal adaptation isebmemodeling: continuous
remodeling and turnover of the bone tissue at the cellular levalesne bone structure is most
suited to the external loads. However, imbalance in bone remodeling éGging and disease
can compromise skeletal integrity. Osteoporosis is a metabaeask characterized by an
imbalance in bone turnover that results in accelerated bone loss amtbrdgon of bone
microarchitecture. This low bone mass and deteriorated microatcindecauses a reduction in
bone strength and an associated increase in fracture risk.dikagdo the National Osteoporosis
Foundation, over 2 million osteoporosis-related fractures occur annnalheiUnited States.
The most common locations for fracture are the vertebral body (700d0@lky), distal radius
(400,000 annually), and proximal femur (300,000 annually) [1]. The estimatexatt dir
expenditures for these fractures is $19 billion, and both the incidence of osteopottiie faad
the associated costs are expected to increase as the #imeeabderly population continues to
grow. All told, osteoporosis is currently considered a major publitrh#aeat for an estimated
44 million American women and men.

Given the clinical significance of osteoporosis, it is critibta accurately identify
individuals who are at risk of fracture. Osteoporosis is currenfipate by the World Health
Organization (WHO) as a bone mineral density measurementdual energy X-ray
absorptiometry (DXA)—termed a t-score—that is 2.5 standard dengbelow the normal level
for sex-matched young individuals [2]. While DXA works reasonab®yl for predicting hip
fractures, it is less successful at predicting vertebraturas [3]. For example, bone mineral
density alone has difficulty differentiating between patievith and without vertebral fractures
[4]. Another recent study indicated that only 44% of women and 21%eaf presenting with
non-vertebral osteoporotic fractures had DXA t-scores in the ostapoange [5]. This
suggests that over half of those individuals who eventually fractwenar classified as
osteoporotic by WHO guidelines. These high-risk individuals often do ective drug
treatments, which have been shown to reduce fracture risk by 6@} Together, these
findings have incited in the field of osteoporosis research the taeego beyond bone mineral
density as the means of assessing fracture risk [10].

One major obstacle in improving vertebral fracture risk assegsimdhe incomplete
nature of our understanding of the biomechanical mechanisms obnra¢rsgrength and the
etiology of vertebral fractures. Specifically, a number of fundaahegtuiestions remain
unanswered. What are the relative roles of the various vertetmgbactments in vertebral
biomechanical behavior? Where do the highest stresses and st@insn the vertebra and how
well do the variations in these highly-stressed or highly-statissues explain variations in
vertebral strength across individuals? What are the failurdéanesms in the vertebra and how
do these failure mechanisms depend on an individual’s bone morphology?

In addressing these issues, the goal of this dissertation imhanee the current
understanding of the biomechanical mechanisms of vertebral strangththe etiology of
vertebral fractures. Understanding the biomechanical mechanssimgportant for improving
vertebral strength prediction and fracture risk assessmantatly; understanding fracture
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etiology is important for elucidating the effects of aging amkase. The remainder of this
chapter will establish a foundation in whole-vertebral biomechatas will be useful in
understanding the material presented in subsequent chapters of sagatin. First, the
structure and composition of bone will be briefly summarized, fokbiae detailed discussions
of the anatomy and mechanical behavior of the human vertebra. Nelbrtasection will
describe various measures of trabecular microarchitecture. fifth section will address
contemporary issues regarding finite element modeling of the verlididinal section contains
an outline of the objectives and scope of this dissertation.

1.1 Structureand composition of bone

Bone is a hierarchical composite material composed of strgctiia¢ vary in size from a
few nanometers to tens of millimeters (Figure 1-1). Bygheithe constituent materials of bone
are inorganic ceramic materials (primarily hydroxyaeat60%), organic materials (primarily
type-I collagen, 30%), and water (10%). At the smallest size;stta¢ hydroxyapatite crystals
may resemble small plate-like structures 55 x 40 nm). These crystals are surrounded by
woven collagen fibrils (~30 nm in diameteB00 nm in length). At the next size-scale (+1h0),
the mineralized collagen fibrils are arranged in one of twas$. In the first form, the fibrils
randomly orient to form a structure often termed woven bone. In tleagdorm, the fibrils
assemble into sheets called lamellae, which then stack togetterers with alternating fiber
angles between layers.

Lamellae are arranged in five different structures at the next silee sc

1. Trabecular bone, a highly porous structure (>60% porous in humans) is ahaahe
organized lattice of lamellar packets. Trabecular bone occupies the ehddarfg bones
and the vertebral centrum; the trabecular lattice resemabl@sterconnected network of
rod-like and plate-like struts with substantial variabilitycssr anatomic sites and species
(Figure 1-2). Trabecular thickness is variable, but generallgesatetween ~100-250
um.

2. Osteonal or Haversian bone consists of 10-15 lamellae arramgeacentric cylinders
(~200 um in diameterx 2 mm in length) about a central Haversian canal. These canals
contain blood vessels, capillaries, nerves, and bone cells. The substratttine
concentric lamellae is termed an osteon. Osteons are the pdmargte units of human
cortical bone.

3. Primary lamellar bone is wrapped circumferentially in a 2-8 mayer around the
diaphysis of long bones such as the femur and tibia.

4. Woven bone is found in areas of rapid growth such as at locations of fracture.

5. Laminar bone consists of a series of concentric laminae (aatghae is ~0.1-0.2 mm
thick) around a marrow cavity. Sandwiched between adjacennmdamis a two-
dimensional network of blood vessels.

The underlying bone tissue that forms trabecular and cortical isowery similar.
Differences arise from the manner in which the two types of homeemodeled. Remodeling in
trabecular bone occurs at the free surfaces of the rods and plaiels,is greater than on the

" Portions of this section were adapted in part ffbj.



internal surfaces of the Haversian canals within cortical bose r&sult, trabecular bone is less
mineralized than cortical bone. The details of trabecular andabntiorphology in the vertebra
will be addressed in the next section.

Bone remodeling is crucial for skeletal adaptation. At thileellevel, this process is
carefully orchestrated through the resorption of existing boneixriagr osteoclasts and the
formation of newly mineralized material by osteoblasts. Contintemasdeling ensures the bone
structure is most suited to the external loads being appliedodding also results in constant
fluctuations in local levels of tissue mineralization and in ové@tle mass. Imbalance between
the resorption and formation phases of the remodeling process due targjitigease—such as
osteoporosis—are thought to cause a net bone loss. Osteocytes dhatcediside in lacunae (5-
8 um in diameter) within and between lamellar packets. Thelie @ee capable of sensing
mechanical stimuli via primary cilia [12] and are thought to comatgi the remodeling process
through gap junction-based signaling [13].

1.2 Anatomy of thevertebra’

The human spinal column is composed of thirty-three vertebrae tszbaby
intervertebral discs. Each vertebra consists of four principaic stural components: the
trabecular centrum, the endplates, the cortical shell—all parteeotertebral body (Figure
1-3)—and the posterior elements.

At the inferior and superior surfaces of the vertebra, the pormpates support stresses
imposed by the intervertebral discs and act as a nutrient pathetaveen the disc and the
vertebra [15]. The microstructure of the endplates (~0.4-0.8 mm thickLFl$,more closely
resembles that of condensed trabeculae than of Haversianakdrtioe [17-19]. Endplate
thickness depends on spinal level and position in the endplate [16, 20]: thaesdpathinner
in the center than in the periphery [16] and at a given spinal laystrier endplates are also
thinner than inferior endplates [20].

The cortical shell forms the periphery of the vertebral bodywBight, the thin, porous
shell (0.25-0.4 mm thick [16, 17, 21, 22]) amounts to ~10-20% of the bone itissedebral
body [23]. Shell thickness varies transversely—it is thickest tieaendplates and thinnest in
the mid-transverse region [16].

The trabecular bone is located in the interior of the vertédmdy. The volume fraction
of trabeculae varies with location in the vertebral body [24-2@] with spinal level [27, 28].
Trabecular microarchitecture, which will be discussed in subseqeenobrss of this chapter,
refers to the structure, interconnection, and spatial organization dfabeculae. Vertebral
trabecular bone has a highly porous (>80% porosity), rod-like architecture (Eigre

The posterior elements are boney processes that extend frqguostieeior aspect of the
vertebral body. Two pairs of facet (apophyseal) joints connecteadjaertebrae in the inferior

" Portions of this section were adapted in part ffb4j.



and superior directions. In the lower thoracic and lumbar spine, ths fasest transverse shear
and restrict excessive motion in the torsion and extension [29].

1.3 Mechanical behavior of thevertebra’

Unlike osteoporotic hip fractures, which are attributable to arfapproximately 90% of
all cases [30, 31], many osteoporotic vertebral fractures resutt hon-traumatic loading
conditions [32, 33]. This makes it difficult to diagnose vertebral fractures singcendnginitially
be asymptomatic and often, do not present as sudden, discrete &§@Rjrd&/ertebral fractures
are commonly grouped into three morphological cases: anterior wddigencavity, and
compression fractures [34](Figure 1-4). Anterior wedge frac{@#sand compression fractures
[35] are the most common types of vertebral fractures. Understaneiy and how failure
occurs in the different compartments—endplates, cortical shdlledudar bone—during an
overload of the vertebra is a fundamental issue in diagnosing osteopardgbral fractures,
which remains a controversial topic [36].

Substantial changes occur to the vertebra with aging (FigureL b€y of bone density
and deterioration in bone microarchitecture with age are thooghe tthe primary cause of
decreases in vertebral strength [37]. One study estimatewvdftabral strength decreases by
about 12% per decade from ages 25-85 [38]. Aging is also accompaniedtdmarthritic
changes around the intervertebral disc and endplates [39], includindedjsneration, and there
are likely adaptive alterations of the bone within the vertebrasponse to these changes [26].
While age accounts for about 60% of the variation in bone strengthif@8jiduals can exhibit
much stronger or weaker bones than would be predicted by their ageBdomedensity can be
thought of in a conceptually similar manner—even though densityaceount for much of the
variation in bone strength, individual measures of strength canygexated or fall short of the
expected value at a given density. This issue underscores thetangsowof developing an
improved understanding of the failure mechanisms in the vertebra aratwhizing the relative
structural contributions from the trabecular microarchitecture and theatcttiell.

The contribution of variations in trabecular microarchitecturédnéofailure mechanisms
in the vertebra remains a source of much uncertainty. For examgtdecular buckling has long
been proposed as one of the mechanisms by which small changes in density tectlasan.
thinning and fenestration of trabeculae, result in disproportionate chamgertebral strength
[40, 41]. Trabecular bending and buckling has been observed in isolatedespseof trabecular
bone [42], and variations in trabecular microarchitecture parameisigces that describe the
physical characteristics of the trabeculae such as thekness, separation, and connectivity—
can explain variations in such large deformation-type failure amesims [43-45]. In the whole
vertebra, however, the failure mechanisms are unclear, a isefpendence on trabecular
microarchitecture. Given the clinical interest in using tralsaulicroarchitecture to supplement
bone mineral density for fracture risk assessment [46, 47], dategrthe role of trabecular
microarchitecture in whole-vertebral biomechanical behavior is dritica

" Portions of this section were adapted in part ffb4j.



The structural contribution of the cortical shell is also an impbresearch topic. Recent
advances in micro-CT imaging and high-resolution finite elemendeling have provided a
precise means for quantifying cortical-trabecular load sanithe elderly spine [48, 49]. These
studies predict that the cortical shell caries ~38-55% of xie¢ eompressive load at the mid-
transverse plane of the vertebra and substantially less (~11-26%&) ne the endplates [49].
Perhaps even more striking is the structural contribution of #letshwhole-bone behavior: the
stiffness of the shell alone is <10% of the stiffness of trecintertebra, but removing the shell
leads to >50% reduction in vertebral stiffness [48]. Experimemntigies have found that the
shell supports anywhere from 10% [50] to 75% [51] of the axial casapme load. Clearly, the
cortical shell is an important load-bearing structure in tieeliea; however, the role of the shell
in explaining thevariations in vertebral strength across individuals as well as how it rol
compares to the role of trabecular microarchitecture are open questions.

Despite the endplates’ functional role in transmitting loads dxstwthe intervertebral
disc and the vertebra, the endplates remain an understudied anagioicin the spine. The
stresses along the endplates depend on the level of degenerdtieradfacent discs. A healthy
disc has a gelatinous nucleus pulposis [52, 53], and applied compressiom@iesdoad to the
center of the endplates [54-57]. In contrast, a degenerated discitegluid-like behavior [58,
59] and applied compression concentrates load to the ring apophysis adtitted shell [56,
57, 60]. Endplate-disc interactions may even be an important deterroimagrtebral strength.
For example, a recent study which observed frequent endplate daiduned that variations in
disc properties were highly associatefl #r 0.70) with variations in vertebral strength [25],
although the link between variations in disc properties and the menhasfi endplate or
vertebral failure was unclear. The frequent involvement of the eedplabsteoporotic vertebral
fractures [61-64] warrants further study of the mechanistic between disc properties and the
biomechanical behavior of the endplates.

1.4 Trabecular microarchitecture

The spatial arrangement and interconnection of individual traleemutarmed trabecular
microarchitecture. Several parameters have been developed tobelegarious aspects of
trabecular microarchitecture. In this dissertation, the trabeoutaparchitecture parameters are
used as a tool for understanding the relationship between the stratthe trabecular bone and
the behavior of the vertebra.

Microarchitecture parameters that will be used include: trddedhickness (Tb.Th),
trabecular separation (Tb.Sp), trabecular number (Th.N), structacalel index (SMI),
connectivity density (Conn.D), and degree of anisotropy (DA). Th.Trefisell as the average
thickness of a trabecular object and Th.Sp is defined as the aveiageess of a pore space.
Th.N can be thought of as the average number of times per unih ldreg any random line
drawn through the volume of interest intersects a trabeculacto§kll is used to quantify the
structural appearance of trabecular bone by relating the conwxitye structure to a type of
model [65]. Flat, plate-like structures have an SMI of zero and @dadrical rods have an
SMI of three. Conn.D is defined per unit volume and is related tantds@mal number of
branches that can be broken before a structure is separatasvonfzarts [66]. Finally, DA
guantifies the presence or absence of preferential alignioggt @ particular directional axis. A
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perfectly isotropic structure has a DA of one and increasahges of DA represent increasing
degrees of anisotropy. All of the microarchitecture measuesepted in this dissertation will be
evaluated using the three-dimensional distance transformation appreattie so-called “direct
approach” [67]. This approach makes a@riori assumptions about the structure type of the
trabeculae.

In the context of micro-CT-derived microarchitecture pararsgtsone volume fraction
(BVITV) is often used to describe the apparent density of the bam= Bolume fraction is the
fraction of the total volume that is occupied by the trabeculad hiasue. As many of the
microarchitecture parameters are highly correlated with bonemeoffraction, it has generally
been difficult to characterize microarchitecture in a manndr @éRplains variations in bone
strength not accounted for by variations in bone volume fraction. Thet eff¢he correlations
between microarchitecture parameters and bone volume fraction ebraérstrength will be
addressed in this dissertation.

Microarchitecture analysis is often coupled with high-resolutioiefielement modeling
of trabecular bone. Since tissue material properties and boundaryia@mhditthe finite element
models are prescribed explicitly, any predicted variationgpaent- or tissue-level mechanical
behavior across models are attributed solely to variations in nubitecture. In this
dissertation, microarchitecture analysis will be coupled with -héglolution finite element
modeling of the whole vertebra. The association between variatiosysecific aspects of the
microarchitecture and the mechanical properties will be diehtusing statistical regression
techniques.

1.5 Finiteelement modeling of the vertebral body

Finite element analysis is a powerful computational tool for shgating the
biomechanical behavior of bone. This technique allows investigatorsfaryméwirtually real”
experiments that have several advantages over gold-standard bioroalchests. First, the
technique is non-destructive, so the effects of variables such as boanddpbading conditions
[44, 48, 68] or material properties [69-71] can be evaluated in contradleehted measures-type
parameter studies. Second, the technique can provide detailed img@hdtriess and strain
distributions within the vertebra [49, 72, 73] (Figure 1-6), whereas loloamécal testing only
yields information about the apparent-level mechanical behaviot s about local stresses
and strains on the surface of the vertebra using strain gitdjesPerhaps the greatest benefit
of finite element modeling in bone mechanics research lieonmbining the technique with
biomechanical testing in order to leverage the individual strergftieach approach. In this
manner, for example, researchers have gained substantial img@hissue-level mechanical
properties [75, 76] and failure mechanisms [43].

This dissertation reports on the use of high-resolution finiteerié modeling of whole
vertebral bodies. These finite element models are constructednffora-CT images (3Qum
spatial resolution) of vertebral bodies by converting each voxéleinniages to an eight-node
brick element [76]. Hence, the models implicitly capture thetiapa heterogeneous
microarchitecture, the thin cortical shell, and the porous endplatbe oertebra (Figure 1-3).
By accurately capturing the physics of these microstructuhes,nodels can be used to
understand the micromechanics of the vertebral body and to resolve sssieas the effect of
the cortical shell in obscuring the role of trabecular microtachire in whole-vertebral
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behavior. In addition to addressing this issue, this dissertation alsthadggh-resolution finite
element models to elucidate the failure mechanisms in the tlabdmone, cortical shell, and
endplates including how these failure mechanisms vary—both quantitane qualitatively—

across individuals exhibiting a wide range of bone morphologies.

In contrast to continuum-level finite element models based on quaet@T images (1-
3 mm spatial resolution) in which each element is assigned aediffiematerial property based on
its CT-derived density [60, 77-82], high-resolution finite element nsodgpically use
homogeneous and isotropic material properties. This enables smpavétthe effects of
variations in microarchitecture from the effects of variationsaterial properties. Additionally,
apparent-level predictions of mechanical properties as wetlsage-level stress and strain
distributions from high-resolution finite element models with homogeneout isotropic
material properties have correlated well with experimentasen@s providing some level of
validation for this modeling approach [43, 83-87].

Computationally, high-resolution finite element modeling of the whoteekiea requires
both state-of-the-art software and hardware. In the pastregghdtion finite element models of
trabecular bone have traditionally been solved with the iteratieenesit-by-element (EBE)
preconditioned conjugate gradient (PCG) method [73, 76, 83, 85]. This methoemeryn
efficient and the work per iteration and per degree of freedaonistant. However, because the
number of iterations required to reduce the residual by a constaniné using the EBE-PCG
method rises dramatically as the problem size increasssmitthod is inefficient for solving
larger problems, such as those involving the whole vertebra. The modetsote vertebrae
typically contain on the order of 300 million degrees of freedom, anéftne, the analyses
require more efficient solvers [88, 89] and substantial parallepating capacity. By dividing
the global finite element mesh into sub-domains and spreading theoaariVer thousands of
processors that perform the computations in parallel, previously tetbtacproblems can be
solved in minutes. The work in this dissertation utilizes a highiyabte, implicit finite element
framework QOlympus [88]) implemented on some of the world’s fastest and most addance
parallel supercomputers. In particular, the work utilizes impfat®ns ofOlympus on two
supercomputing platforms: 1) an IBM SP4 machine with 2,048 processomvand TB of
memory (Datastar; San Diego Supercomputing Center, San Didgd®JSA); and 2) a Sun
Constellation cluster with 62,976 processors and 123 TB of memory (Rdmey&s Advanced
Computing Center, Austin, TX USA).

In addition to their large size, high-resolution finite elementets of whole vertebrae
represent a significant computational challenge due to their rmaheamplexity. For example,
performing fully nonlinear analysis involves both material and gedecnainlinearities. Material
nonlinearities are necessary in order to capture the tension-essigr strength asymmetry of
the bone tissue [45, 86]. Geometric nonlinearities—which involve updatingfitfress matrix
based on changes to the orientation of the structure—are requicagttoe the deformation
mechanisms such as large-deformation bending and buckling [43, 90]. Dwedonputational
challenge of simulating these nonlinearities, past studies on wedkbrae have focused only
on linear analysis [48, 49, 72, 73]. However, recent advances in supercomputing tgghnolo
combined with efficient solver algorithms [88] have finally maidpossible to perform fully
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nonlinear, high-resolution finite element analysis of whole vertebrae. Apwh of this

dissertation is devoted to such analyses—the first of their kind Fmlewbones— and in
particular, to understanding how the failure mechanisms in the huntabraeduring an isolated
overload depend on bone volume fraction and architecture.

1.6 Objectivesand scope of the dissertation

The overall goal of this dissertation is to enhance the currentratadding of the
biomechanical mechanisms of vertebral strength and the etiologyrtebral fractures. The first
objective is to investigate the role of trabecular microarctitedn the variations in vertebral
strength, stiffness, and failure mechanisms. In addition to idewdifthe microarchitectural
characteristics of the trabecular bone that are the beskénsaiof variations in whole-vertebral
biomechanical behavior, these studies will also quantify possibégaations between the
cortical and trabecular compartments. The second objective difisisrtation is to investigate
the mechanisms of endplate failure.

The first study presented in this dissertation (Chapter two) exarhieeslé of trabecular
microarchitecture in whole-vertebral biomechanical behavior. \dambined experimental and
computational approach, this work also provides a direct assessmieaffidietity of the linearly
elastic finite element models that are used to make biomeahagniedictions in subsequent
studies. While the role of trabecular microarchitecture has bemlied extensively in isolated
specimens of trabecular boresg. cylinders and cubes, its role in whole-vertebral behavior has
not been previously addressed due to the challenge of performing botittbarahitecture and
biomechanical assays on the same vertebrae.

Once the combined experimental and computational approach for micteecitata
analysis of biomechanical behavior has been established, the combineachppill be used to
study the effects of trabeculae in different orientations (@ndptee). This study also proposes
a new microarchitecture parameter for assessing vertebeaigth based on insight gained
directly from the finite element models.

Chapter four determines the contribution of variations trabecutesitgieand architecture
to the tissue-level failure mechanisms in the vertebra. Owirtheaumerical complexity of
simulating both geometric and material nonlinearities in higbluéisn finite element models of
whole bones, characterizing the failure mechanisms in this maepessents a significant
challenge in the field of computational bone mechanics. Indeed, the nonhigdaresolution
finite element analyses in this chapter are the first of their kind for wiedlebrae.

Chapter five explores the mechanisms underlying the failure afritiplates. Vertebral
fractures often involve failure of the endplates; however, the reastims remains up in the air.
Elucidating the mechanisms of endplate failure is important amdy for improving our
understanding of the etiology of vertebral fractures, but is a&rifior developing objective
criteria to identify vertebral fractures as well.

Finally, Chapter six provides concluding remarks and suggests futurdiatiee of
research.
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Figure 1-1: Hierarchical structures of bone from the sub-midength scale to the millimeter length scale [11].



Figure 1-2: High-resolution renderings of trabecular bone franbovine proximal tibia; b) human proximal tipia
¢) human femoral neck; d) human vertebra [91].
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Figure 1-3: Vertebral body compartmentalized (from left tohtijginto the cortical shell, trabecular centrumd an
endplates.

11



Mormal
[Grade 0]

Biconcave deformity

Mild defarmity
[Grade 1]

Moderate deformity
[Grade 2]

Severe deformity
[Grade 3]

Figure 1-4: Vertebral body fracture classification and seyegitading [34].
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Figure 1-5: Mid-frontal sections of human T9 vertebrae fromys@r old (left) and 82-year old (right) donors.
Aging and disease result in substantial loss oelioass and deterioration in trabecular bone michit@cture.
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Figure 1-6: Mid-sagittal cutaway from a human T9 vertebral ypatiowing the distribution of von Mises stress
predicted by finite element analysis.

14



2. ROLE OF TRABECULAR MICROARCHITECTURE IN WHOLE-VERTEBRAL BobDY
BIOMECHANICAL BEHAVIOR

2.1 Introduction

The inability of DXA to accurately predict osteoporotic fraes [5] or fully account for
decreases in fracture risk associated with anti-resorpgagntent [7, 9] has magnified clinical
interest in parameters related to bone quality [92, 93]. Of panticntarest is trabecular
microarchitecture given its demonstrated role in the mechapétalvior of isolated specimens
of trabecular bone [67, 83, 94, 95]. However, the influence of trabeculavarchitecture on
whole-vertebral strength and stiffness is not well understood apdenabscured by potentially
dominant morphological factors such as vertebral size, vertebral, shagall bone mass, and
the presence of the cortical shell. Understanding the relationships betwaearchitectural and
morphological indices and the biomechanical properties of the human aerbelnty may
therefore help elucidate the mechanisms by which trabeculaoametitecture contributes to
vertebral fracture etiology.

Several factors contribute to a vertebra’s biomechanical behawbrding bone mineral
content and density [24, 28, 55, 96], cortical shell thickness [49], and gepsieér and shape
[27]. Despite the fact that the trabecular bone in the antartsaperior regions of the lumbar
vertebra is less dense and connected than in the posterior and irggrams [25, 97], it was
recently reported that using measures of microarchiteétane a single region provided no
additional predictive capability for strength compared to the usehole-vertebral measures
[25]. This raises questions about possible interaction effects betweabecular
microarchitecture, the cortical shell—which has a substantiatamgplex load-bearing role in
the human vertebra [49, 73, 98]—and vertebra size (reflected in part tajl dane mass) in
terms of contributions to vertebral strength. It is possible, famele that the role of trabecular
microarchitecture in vertebral strength is influenced by the cortichlshgy bone mass.

The overall goal of this study was to investigate the roleatietular microarchitecture
in whole-vertebral biomechanical behavior, accounting also for sutbréaas vertebral mass,
cortical shell morphology, and indeed the presence of the cottietlitself. We addressed this
issue using a combination of cadaver biomechanical testing, ésghuition micro-CT imaging,
and micro-CT-based finite element modeling. Specifically, ourctibgs were to: (1) assess the
individual effects of trabecular microarchitecture, corticaglistthickness, vertebral cross-
sectional area, and bone mass on vertebral strength and stifedetermine the combined
effects of these parameters on vertebral strength andessitf and (3) determine whether the
physical presence of the shell alters the relation htwieabecular microarchitecture and
vertebral stiffness. This study is the first to relate itiividual and combined effects of
vertebral morphology, trabecular microarchitecture, cortical morglgokind the presence of the
cortical shell to the biomechanical behavior in which all assag performed on the same
human vertebrae.
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2.2 Methods

Fresh-frozen human spine segments were obtained from willedgnogsams subject to
exclusion of any donors having a documented history of metabolic boneejesga metastatic
cancer or hyper and hypothyroidism. Anterior-posterior and latena radiographs of accepted
specimens were then examined to identify and exclude any T9 a&tsbowing evidence of
pre-existing vertebral fractures or scoliosis. Twenty-two T9ebeae ( = 11 male;n = 11
female; age range: 53-97 years, me&8D = 81.5+ 9.6 years) were thus obtained.

After removing the posterior elements, each isolated T9 vertbbdy was micro-CT
scanned using a 30m voxel size (Scanco 80; Scanco Medical AG, Brittisellen, Suatzd)
and a number of bone morphology and microarchitecture variables wesergtdrom these
scans. Bone mineral content (BMC) for each vertebra wasastilhased on the measured bone
volume and the assumption of constant tissue density (2.05 g/cc [#&¢hraque that performs
well when compared to DXA-derived BMC [100]. Model-independent tnalbec
microarchitectural parameters were measured for the targemal cuboid region of trabecular
bone, typically about 15 mm 15 mmx 10 mm (Figure 2-1). The microarchitecture variables
investigated were measured using the Scanco software and sedndrone volume fraction
(BVITV), mean trabecular thickness (Tb.Th), mean trabecular nu(ilbeN), mean trabecular
separation (Th.Sp), structural model index (SMI) [65], connectivity de(Sbnn.D) [66], and
degree of anisotropy (DA).

To characterize biomechanical properties, destructive comprdssigewere performed
after micro-CT scanning for a subset of 16 vertebnae 10 malen = 6 female; age range: 53-
97, 77.5+ 10.1 years; the remaining six vertebrae were unavailable tiegewvere used in a
different type of biomechanical testing experiment). The spEwmvere cleared of soft tissues,
placed between molds of polymethylmethacrylate bone cement to @tenoeparallel ends [80,
101, 102], and tested at room temperature to failure in displacemenbl caneither 0.50%
strain/sec [102] or 0.06% strain/sec [77] following pre-conditioning [182]ine-soaked gauze
was used to keep the samples moist throughout the experiments.a@uoutcome parameter,
vertebral strengthH(;;), was defined as the peak force achieved during the loadag [d02],
which occurred typically at a strain of about 1.8%. Vertebrdhstt was not measured because
we did not use specimen-attached extensometers and thus machpi@moeneffects would
confound the resulting deformation measures. Although the strength bebbwoth cortical
and trabecular bone depend on strain rate when strain rate is va&gednany orders of
magnitude [103, 104], the effect of strain rate is negligiblhénrange used herp € 0.91; 0.1
vs. 1.0% strain/sec [103]). Thus, our data were not adjusted for anyedits in applied strain
rate.

In addition to this biomechanical testing, we performed finigeneint (FE) analysis on
each of then = 22 vertebral bodies to estimate vertebral compressive stiffmés and without
the cortical shell. For each vertebra, two finite element medathe intact and one with the
cortical shell virtually removed—were created using previousported methods [48, 49, 72].
Briefly, the scans were region-averaged to 80 voxel size and segmented using a global
threshold value. A custom algorithm (IDL 6.2; ITT Visual InforroatSolutions, Boulder, CO
USA) using moving averages [48, 49] was used to identify the absinell. Each 6@um cubic
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voxel was then converted into an 8-noded element to create a famtergl model of the entire
vertebral body. Since the cortical shell is often describecbadensed trabeculae [17-19], all
cortical and trabecular bone elements in the models were a$stppesame hard tissue
properties (elastic modulus 18.5 GPa and Poisson’s ratio of 0.3). Polymethylmetiea@igstic
modulus 2.5 GPa and Poisson’s ratio of 0.3 [105]) layers were addsalitderior and superior
endplates of the vertebral body to mimic experiments. In order ¢ondiee how the presence of
the shell influences the role of trabecular microarchitectukeitebral biomechanical behavior,
a second finite element model without the cortical shell waated for each specimen, and
stiffness was computed for this model while keeping all other mogats the same as in the
intact model.

The resulting finite element models had up to 80 million elemmmdsover 300 million
degrees of freedom and required highly specialized software andanarttw analysis [88]. To
simulate compressive loading, the superior surface of each maueldigplaced to 1.0%
apparent level strain in the inferior-superior direction while tiferior surface was fixed to
mimic experimental testing protocols. All analyses were waimg custom code—including
parallel mesh partitioner and algebraic multigrid solver [88]—orBah Power4 supercomputer
(Datastar; San Diego Supercomputer Center, San Diego, CA, @8d required a maximum of
880 processors in parallel and 1800 GB of memory.

These analyses provided a number of outcome parameters. Vest#iimass Kintact)
was defined as the ratio of the reaction force generated anfeérer surface to the applied
displacement. A similar calculation was used to define thdnet$ of the trabecular
compartmentKap) but using instead the results from the vertebra model witheushell. The
contribution of the trabecular compartment to whole-vertebral stgfnan indicator of load
sharing between the cortical and trabecular bone, was quantifitite matio Ky ap/Kintact: The
region-averaged 6(m models were also used to calculate the average thicknessaafrtical
shell (Ct.Th) in the transverse region excluding the endplates $4@eh as a ratio of cortical
shell mass to whole bone mass—cortical mass fraction (Ct.MjinMim vertebral cross-
sectional area (CSA) was determined using a moving average for 1-mm dhieketrse slices.

The independent roles of trabecular microarchitecture, corticdl $hekness, and
vertebral morphology in the biomechanical outcomes were quantifiliebyearson correlation
coefficient. All explanatory variables were also correlatath wach other to explore cross-
correlation effects. The combined roles of trabecular microaathite, morphology and BMC in
strength and stiffness were quantified using stepwise mulin@ar regressions (JMP 7.0; SAS
Institute Inc., Cary, NC USA), which sequentially add the migstificant explanatory variable
to the model until the unexplained variability in the dependent paracetaot be reduced. To
determine if the presence of the cortical shell altersrtie of microarchitecture, stiffness-
architecture relationships were determined using intact andctiabestiffness as the outcome.
The statistically significant intact and trabecular stiffnaschitecture relationships were then
compared using atest on the regression slopes. All regressions and tests talea as
significant afp < 0.05.
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2.3 Reaults

The average value of bone volume fraction was less than 10% @-ablendicating the
low-density nature of the vertebrae analyzed. Consistent with this, strealges (1420-6570 N)
were typical of an elderly cohort with low bone mass [55].

Of all measured explanatory variables, BMC (r = 0.76) and $MI-(.76) displayed the
highest associations with vertebral strength, whereas BMCmesd highly associated with
vertebral stiffness (r = 0.90, Table 2-2). Overall, the remainiagetrular microarchitectural
parameters displayed modest correlations with either vertsiveaigth or stiffness|¢|= 0.21-
0.66), with significant correlations only occurring for SMI and BVI/TAs expected from
previous studies [79], finite element-computed whole-vertebral stgfia@d compression test-
measured vertebral strength were highly correlated (r = 0.8éjtebral strength and stiffness
were weakly correlated with donor age (r = -0.50 and r = -0.66, tesggrbut not with donor
body mass.

Results from the multiple regression analyses indicatedrtizdular microarchitecture
was strongly associated with vertebral strength and stéfrisut its role was mediated by BMC
(Figure 2-2). Combined measures of trabecular microarchite¢gd and Tb.Th)—when
considered without data on BMC and cortical morphology—could explaapareciable degree
of variability in vertebral strength (R 0.76) and stiffness @R= 0.62). However, when BMC
was added to the model, the architecture variables in the mukigtession model changed
(strength: DA and BV/TV; stiffness: DA) and the degree ofalation increased (strength and
stiffness: R= 0.85). Scatter plots of the regression models with BMC alone ahdBMC plus
microarchitecture as predictors of vertebral strength (FigtBeand a comparison between the
changes in the residuals for the weaker half(8) versus the stronger hali € 8) of the
specimens revealed significantly greater reductions for #eker group (Wilcoxon rank-sum
test,p = 0.04). This indicates that including microarchitecture parasiéethe model had a
greater effect on the low-strength specimens. Variationsomical morphology were not
associated with vertebral strength after accounting for either mibitecture or BMC.

One-way correlations between the explanatory variables demodstatamber of
moderately strong cross-correlation effects (Table 2-3). kample, BMC was correlated r(|
> ~0.5) with the structure and density of trabecular bone (SMIBWIV, respectively),
cortical shell morphology (Ct.Th and Ct.M), and vertebral size (CSA).

Relationships between each of the microarchitecture paranaeteérsertebral stiffness
with the shell removed were similar to those with intact vealeftiffness t-test on regression
slopesp = 0.09-0.63), indicating that the physical presence of the corticlhldsthenot alter the
relationships between trabecular microarchitecture and valteftiffness. The unique
mechanical contribution of the trabecular bdRgy/Kinact, Varied from 36% to 73% of the intact
vertebral stiffness and was most significantly associatddtive relative amounts of cortical and
trabecular bone (Ct.M, r = -0.85). Of the microarchitecture pams)ahere was an association
between the stiffness contribution of the trabecular compartmenharulate-like nature of the
trabeculae (SMI, r = -0.54).
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2.4 Discussion

Taken together, these results show that trabecular microatahgétewvas highly
associated with vertebral strength and that its role wasateeldby bone mass but not by cross-
sectional area or the cortical shell. This mediation effe ehge in part to significant cross-
correlations between bone mass and trabecular microarchiteAtura.result of these cross-
correlation effects, different microarchitecture parametgese associated with measured
vertebral strength when included in a multiple regression modél mone mass (DA and
BV/TV) than when included in a model without bone mass (SMI and ThBdne volume
fraction is related to porosity (= 1-BV/TV) and can be considesdragate of volumetric bone
density rather than a strict measure of microarchitecturaes,Twhile SMI and Tb.Th together
appear to be the most important microarchitecture parametershehenmass and trabecular
density are not available, the degree of anisotropy appears tdhebemost important
microarchitecture parameter when bone mass and density datavaalabla. Further, our
findings suggest that the role of microarchitecture may beenmaportant in low-strength
specimens.

One unique feature of this study was our use of the finirmegilemodeling technique to
virtually remove the cortical shell—a task that would have bedficui to perform
experimentally—in order to test whether its physical presealmrs the role of trabecular
microarchitecture on whole-vertebral stiffness. This provided har@stic insight into the
multiple regression analyses. We also performed all assaybeosatme specimens, thereby
eliminating scatter due to the use of neighboring vertebraepeaipheral sites for
microarchitecture and  biomechanical analyses. In addition, model-imdieme
microarchitectural parameters were determined from micres€ins at 3um resolution to
reduce partial volume effects on measurement accuracy [10@&knhs of external validity, this
elderly cohort spanned a range of equivalent QCT-BMD valuesdbecular bone (determined
using a linear relationship between apparent density and QCT-BMD) [A6tA abover{ = 11)
and below 1t = 11) a reported clinical fracture threshold of 110 mg/cc [108], &and t
represented a population at risk for vertebral fracture.

The most important limitation of this study was the modest sarsige, which may
prevent the extension of our findings to a wider range of bone phenotydasdjngcyounger
individuals with higher bone volume fractions. Additionally, the loadiogditions used for the
biomechanical assays were chosen to provide controlled boundary condibimmso in
laboratory cadaver testing, but as a result were not fullgseptative ofn vivo loading. Under
more physiological loading conditions, the endplates should experiegee $trains than those
observed here [54, 72], and thus it is not clear how our results would ciidhgevertebrae
were compressed via intervertebral discs. However, a previous [&bijdgn functional spine
units (which allowed loading via a disc) reported only a moderatelaton (f = 0.38;p =
0.003) between yield strength and endplate thickness. Moreover, bmamrtical shell is
loaded less during compression through the disc, the role of theishedrtebral strength,
including any tendency to obscure trabecular contributions, may besmadler than reported
here. Associated with this issue is the effect of any added bemaimgnt—possibly arising due
to forward flexion—on the relative contributions of the trabecular anticabicompartments
compared to the case of uniform compression. Thougivo loads on the vertebral body during
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flexed postures are not well understood, preliminary studies suggest peripherahdangréater
role under bending loads [109] and that less optimal stress tranafepccur in osteoporotic
trabecular bone [73]. Further investigation is required to address this issue.

A more technical caveat of our approach is that the absencdfrudésst data from the
mechanical tests prevented us from correlating FE predictidhsewperimental results. Unlike
in our models, stiffness is difficult to measure in the experimér several reasons. First, the
force-deformation curve is not linear; therefore, experimenedsures of stiffness are highly
sensitive to the region of the curve analyzed. Second, due to machipdacce and the
possible presence of soft tissue or gaps between the PMMAnaipthtes, stiffness measured
from crosshead displacement is not reflective of the actutdest# of the vertebra—a challenge
since the FE models contain an idealized interface between tNARMd bone. However, the
high correlation between FE-predicted and experimentally meastifétess [83] found
previously for trabecular cores lends support to the validity of matets. Additionally, element
size was determined from a numerical convergence analysis3#@k we applied the same
linear modeling technique to all specimens, relative predicbbstffness as well as the role of
microarchitecture should be robust.

One clinical limitation is that a lack of DXA or QCT data this cohort did not allow us
to compare against those modalities. At the time of these seendid not have a standard
calibration of the tissue density detected by the micro-€nrser. However, a recent study
comparing DXA-derived BMC with micro-CT estimates using @alssumption of constant tissue
density revealed excellent agreemeht=(p.96, slope of 1) between these two techniques [100].
Moreover, the coefficient of variation in mean tissue mineealsity for human trabecular bone
is <2.5% [110] and thus, the error in BMC estimates associatbdwitassumption of constant
tissue density should not be appreciable. Since we did not have DX&, sea have no
information on the role of microarchitecture in the presence of d¥dved areal BMD data for
the spine. Clinically, such BMD data would likely be combined wittabecular
microarchitecture measurements from the spine or from periplsged, both at lower
resolutions. Our findings are consistent with results from a presioaly that found trabecular
microarchitecture parameters in the spine, particularly &Ml BV/TV, were highly indicative
of vertebral fracture risk [46]. At peripheral sites, trabecutacroarchitecture is weakly
correlated with that of the spine [111], and clinical studies usiolgitacture from peripheral
sites to differentiate vertebral fracture patients from maotfire controls have had mixed
success [47, 82]. Additional research is required to elucidateldef microarchitecture from
peripheral sites in vertebral fracture risk.

The results of this study are consistent with and complementary to previdies tn the
role of microarchitecture in vertebral strength [25, 100, 112], and taigather suggest that
improvements in vertebral strength prediction are best achievedigtihrconsidering the
trabecular microarchitecture of the vertebra of interest. Qme-w8trength-architecture
relationships were in close agreement with those found by otR&is ihdicating that a
vertebra’s strength does indeed depend on its trabecular microciuoi@iteYet, the role of
trabecular microarchitecture was only marginal in the streofythneighboring vertebra [112].
The current results can thus be thought of as a best-camgieder the use of microarchitecture
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measures to predict vertebral strength. Volume fraction acctuuritse fact that larger vertebrae
are less dense than smaller specimens with the same BMCbane size and quantity effects,
the remaining differences in vertebral strength were mgsifisantly associated with variations
in the degree of trabecular anisotropy. Pooled results froetent monkey study showed a
comparable increase (from 67% to 88%) in prediction of measuest)dtrby including Th.Sp,
SMI, and bone surface-to-volume ratio with BMC of the same spesifi€®]. Bone volume
fractions were approximately ~26-32% in that study. It remamse seen whether the
microarchitecture parameters most associated with humarrarserength after accounting for
bone mass are the same for both low- and high-density vertebrae.

Our results demonstrated that the physical presence of the shell does aot@phange
the role of trabecular microarchitecture in vertebral stiSn@ne implication of this unexpected
result is that the insight gained from studying the effectanafroarchitecture in isolated
specimens of trabecular bone may extend to whole-vertebral behalong with the stiffness-
architecture relationships, strength-architecture relationsimpg too be unaffected by the
presence of the shell since microarchitecture and cortiogbhmlogy had similar independent
effects on both vertebral stiffness and strength. Another ittegeBnding was that cortical
morphology was not associated with vertebral strength in mutigleession. One hypothesis is
that the failure behavior of the vertebra is more sensitive tiereinces in trabecular
microarchitecture that reflect the bone’s susceptibility to bogk{e.g. Tb.Th and SMI) [41]
rather than to differences in cortical shell morphology. Giventie#'s substantial contribution
to vertebral strength [51, 113] and stiffness [48, 49,ar@] that a recent clinical study using
finite element analysis of QCT scans indicated a potentrajiprtant role of the peripheral bone
on vertebral fracture risk [82], further research is recomnteimde the independent role of the
cortical shell for vertebral strength prediction and clinicattiure risk assessment. The current
data are not inconsistent with those findings; instead, they sugegshe roles of the cortical
shell and trabecular microarchitecture are largely independental¥é note that the plate-like
nature of the trabeculae was individually predictive of the stiéfleesitribution of the trabecular
compartmentiya/Kinacr), but that the effect was secondary compared to the relatis® ohdhe
cortical and trabecular bone. While this supports the argument dhgiressive load sharing
may primarily involve vertically aligned bone tiss[#8], additional research is required to
understand the contributions of horizontal and vertical trabeculae to wérbéral
biomechanical behavior [114].

In summary, our findings demonstrate that trabecular microacthie was highly
associated with whole-vertebral biomechanical behavior and thatetsvas mediated by BMC
but not by vertebral cross-sectional area or the cortical $hether, it appears that the role of
trabecular microarchitecture, when considered in conjunction with iataymon bone mass and
density, was more accentuated in low-strength vertebrae and invobsdy rthe degree of
anisotropy.
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Table 2-1: Donor, whole bone morphometry, cortical shellp&eular microarchitecture, and biomechanical data f
the 22 human T9 vertebral bodies included in thidw

Mean SD  CV* (%) Range

Donor
Age (yr) 81.5 9.6 11.8 53-97
Body mass (kg) 59.9 12.2 20.3 38.6 -86.4
Whole bone mor phol ogy
BMC (g) 8.16 3.01 36.9 3.7-135
CSA (cm) 8.49 1.59 18.7 58-11.3
Cortical shell
Ct.Th (mm) 0.38 0.09 24.5 0.25-0.54
Ct.M (%) 14.5 3.3 22.9 8.9-215
Trabecular microarchitecture
BVITV (%) 9.8 1.8 18.9 7.2-141
Th.N (mmni®) 0.99 0.10 10.3 0.78-1.14
Th.Sp (mm) 0.98 0.11 115 0.82-1.21
Tbh.Th (mm) 0.16 0.02 13.8 0.12-0.22
DA 1.42 0.08 5.7 1.27-1.60
Conn.D (mr) 3.02 0.80 26.6 1.16 — 4.48
SMI 2.19 0.30 13.6 1.34-2.72
Biomechanical properties
Vertebral strengthiy; (N) ** 3250 1420 43.7 1420 - 6570
Vertebral stiffnessiinae (KN/mm) 44.9 17.6 39.2 19.4-79.6
Trabecular stiffnesa, (KN/mm) 26.4 13.7 51.9 8.4-57.1
Kiran/Kintact (%0) 56.6 10.8 19.1 35.7-73.2

* CV = SD/mean; SD = standard deviation
** \ertebral strength measured for 16 vertebrae
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Table 2-2: Independent role (Pearson’s correlation coeffigigh of trabecular microarchitecture, cortical hbickness, and vertebral morphology on
biomechanical properties € 22 vertebral bodies, unless otherwise noted).

BMC CSA CtTh CtM BV/TV Tbh.N Th.Sp Tb.Th DA  Conn.D SMi

4

Fu* 076 048 050 -045 068 -028 0.21 0.31 0.46 -0.35 -0°76
Kintact 09¢ 066 066 -049 06F -036 0.28 0.39 0.35 -0.38 -0%7
Kirab 087 069 046 -064 062 -031 024 0.33 0.35 -0.31 -0°73
Ko/ Kintact 053 050 -0.10 -0.85 0.40 -0.02 <0.01 0.01 0.13 0.07 -0.54
p<0.05

®p<0.01

°p<0.001

* Vertebral strength measured for 16 vertebral bsdi



ve

Table 2-3: Pearson’s correlation coefficient (r) between BM@pecular microarchitecture, and morphology pa&tans as measured by micro-O7 £ 22

vertebral bodies).

BMC CSA CtTh CtM BV/TV TbN ThSp TbTh DA Conn.D
BMC -

CSA 0.83 -

Ct.Th 0.66 0.33 -

Ct.M 048 -0.44 0.16 -

BV/TV 058 03F 050 -0.17 -

Th.N 023 -0.34 -0.10 0.08 0.28 -

Tb.Sp 019 034 006 -006 -037 -098 -

Th.Th 030 029 028 0.07 0.29 -0’52 0.45 -

DA 018 0.06 0.08 -024 -005 -0%9 0.65 0.45 -

Conn.D -0.26 -0.32 -0.21 <0.01 0.10 091 -085 -0.7Ff -0.76 -
SMI 068 -047 -042 034 -069 0.11 -0.08 0.04 -0.19 0.08
¥p<0.05

bp<0.01

Cp<0.001



Human T9 Vertebral Body Largest Internal Trabecular
Region of Interest (ROI)

Figure 2-1: Example micro-CT rendering of a human T9 vertelimadly (left) with largest internal cuboid of
trabecular bone isolated for microarchitecturallysia (right).
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Figure 2-2: R?values for combined contributions of microarchiteet morphology, and BMC in stepwise multiple
regression models for FE-predicted vertebral st = 22 vertebral bodies) and experimentally measured
vertebral strengthn(= 16 vertebral bodies). Microarchitecture considalt: BV/TV, Th.N, Tb.Sp, Tb.Th, DA,
Conn.D, and SMI. Morphology considers all: CSA,T®t and Ct.M.
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12900).
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3. INFLUENCE OF VERTICAL TRABECULAE ON THE COMPRESSIVE STRENGTH OF THE
HUMAN VERTEBRA

3.1 Introduction

Osteoporosis decreases vertebral strength due to loss of bonandassterioration of
bone microarchitecture. Osteoporosis also increases the anisofroipy trabecular structure
[115, 116]since more horizontal trabecular bone is lost than vertical tralveooihe [117]. The
relative role of vertical versus horizontal trabecular bone on vaftstrength remains poorly
understood and may provide new insight into the etiology of age- andedistaied vertebral
fractures and could ultimately lead to improved prediction of veltsti@ngth and assessment
of fracture risk. Previous work on isolated specimens of trabebolae found that the bone
volume fraction of vertical trabeculae better predicted overathar@cal behavior than did the
bone volume fraction (BV/TV) of the entire specimen [118]; vertic#eculae also failed in the
greatest number [119]. However, extrapolation of those findings twhlb&e vertebral body is
not obvious because the biomechanical behavior of the whole vertebrashastantial and
complex contribution from the cortical shell [48, 49, 51, 73, 98, 113], which could alter the effect
of vertical trabeculae. Based on our previous findings that the obldse cortical shell and
trabecular microarchitecture—such as bone volume fraction—magrdpelyt independent [23],
we hypothesized that vertebral strength is better explaingtiebipone volume fraction of the
vertical trabeculae than by the bone volume fraction of all ¢ctdbe, and that the cortical shell
does not alter the effect of vertical trabeculae on the biomechanical behavieeftebra.

3.2 Methods

Sixteen whole thoracic ninth (T9) vertebrae were obtained fregbn from human
cadaver spines (age = 77.5 + 10.1, 53-97 years;10 male,n = 6 female) with no history of
metabolic bone disorders. As described elsewhere in more detailti23posterior elements
were removed and each isolated vertebral body was micraz&ihed with a 3@m voxel size
(Scanco 80; Scanco Medical AG, Bruttisellen, Switzerland). Thesseare coarsened to Gt
voxel size and the hard tissue and marrow were segmented ugjlodpad threshold value
(Scanco). The bone tissue in the trabecular compartment waslitelly isolated from the
cortical shell and endplates using a custom script (IDL 6.2; ITdualization Information
Solutions, Boulder, CO USA) described in detail elsewhere [48, 72fl\Brthe script uses a
moving average of the thickness of the cortical shell anbdeo&hdplates to account for the thin
and porous nature of these structures and to determine the boundarynlib®geestructures and
any adjacent trabeculae.

Morphological analyses were performed to classify the orientatidrabeculae in the
trabecular compartment. Individual trabeculae were identifieggusie Individual Trabeculae
Segmentation (ITS) technique [118] and classified by orientatitin nespect to the superior-
inferior anatomical axis: vertical (0-30 oblique (31-60), or horizontal (61-9%). We evaluated
the following orientation-related morphology parameters fortthleecular compartment: bone
volume fraction (BV/TV); bone volume fraction of vertical trabecu(ja®V/TV); bone volume
fraction of oblique trabeculae (0BV/TV); bone volume fraction of horlortabeculae
(hBVITV); vertical tissue fraction (vBV/BV), the volume of viedl trabeculae divided by the
volume of all trabeculae; oblique tissue fraction (0BV/BV), the volwheblique trabeculae
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divided by the volume of all trabeculae; and horizontal tissuadra¢hBV/BV), the volume of
horizontal trabeculae divided by volume of all trabeculae. Weealaluated two variants of the
vertical tissue fraction: vBV/BVW:rTesra the volume of vertical trabeculae divided by the total
volume of bone tissue in the vertebral bods,trabecular bone + cortical shell + endplates; and
vBVverTesra/BVverTEBRA the VOlume of vertical bone tissue in the vertebral bodyyertical
trabeculae + cortical shell, divided by the total volume of bone tissue in the akltedy.

To characterize the biomechanical properties of the vertebral bodestructive
compression testing was performed after micro-CT scanningiletahe biomechanical tests
are described elsewhere in more detail [23, 77, 102]. Briefly, thgsriments were conducted
using a screw-driven load frame with a lockable ball joint tovalthe top platen of the load
frame to rest flat on the vertebrae during compression. The \aztalare first placed between
PMMA endcaps to ensure plano-parallel ends [80, 101]. The compressionveze performed
in displacement control at a slow strain rate (~0.05-0.5% styraftér cyclic preconditioning
[23]. Vertebral strengtlt;, was defined as the peak force achieved during the loading cycle.

To identify the load-bearing tissues and to examine the ini@nalsétween the cortical
shell and the trabeculae in each orientation, we performed hsghitien finite element
analysis. Two finite element models—one model of each intactbvarssnd one model of each
vertebra with the cortical shell virtually removed—were @ddrom the coarsened micro-CT
scans [23, 72]. Each §om cubic voxel in the scans was converted into an eight-noded brick
element to create a finite element model of the entire veitebdy. Element size was chosen
based on a numerical convergence study [72]. Linear finite eleamahtsis was conducted for
each model to 1% apparent compressive strain via simulated #Hypatymethylmethacrylate
(PMMA,; elastic modulus 2.5 GPa and Poisson’s ratio of 0.3 [105]) augdhntke inferior and
superior endplates. All bone elements were assigned the same homogerkea@eropic hard
tissue material properties: elastic modulus 10 GPa fg8$son’s ratio of 0.3. To determine the
effect of the cortical shell, a second finite element moded&ah vertebra with the cortical shell
removed was analyzed while keeping all other model inputs unchangeeld\tontained 25-80
million elements. A highly scalable, implicit parallel finkéement framework@lympus [88])
was used for all analyses. These analyses were performenl i@MaPower4 supercomputer
(Datastar; San Diego Supercomputer Center, San Diego, CA USAYyeguired up to 880
processors in parallel and 1800 GB of memory.

A number of outcomes from the finite element analyses were tosekaracterize the
biomechanical behavior of the vertebral bodies. Vertebral stiffofedse intact vertebrak{qtact)
and of the trabecular compartmeHi {,) were defined as the ratio of the reaction force to the
applied displacement in the models with and without the corticdl, skepectively. Stress
distributions in the models were used to identify the major loadrdgetissues in the vertebrae.
These load-bearing tissues were defined as the elements kamidises stress above the75
percentile in each model [120]. Varying the cutoff between tffedr5 percentiles did not alter
our conclusions.

The independent effects of the orientation-related morphology p&esmnon measured
vertebral strength and finite element-predicted vertebréhati$ were assessed with the Pearson
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correlation coefficient. To quantify the interaction between tivéical shell and the trabeculae
in each orientation, relationships between stiffness and bone volaot®ifir were determined
with intact stiffness and trabecular stiffness as the outcdrhe. statistically significant
relationships were then compared using pairéelsts on the regression slopes and on the
predicted residuals. The percentage of load-bearing tissue am@sared across orientations
using pairedt-tests with Bonferroni adjustments for multiple comparisons. Multipiear
regression analysis was also used to investigate the combiesdf bone volume fraction and
vertical tissue fraction in vertebral strength. All stateititests (JMP 7.0; SAS Institute Inc.,
Cary, NC USA) were taken as significanpat 0.05.

3.3 Reaults

Over half of the trabecular tissue was vertically oriented gnttwain twice the proportion
of trabecular tissue that was either obliquely or horizontallgnted (Table 3-1). Due to the
highly porous nature of the cohort (BV/TV = 14% * 3%; mean + S[®)ptine volume fraction
of vertical trabeculae (vBV/TV) ranged from just 4% to 11%.

The variation in both experiment-measured vertebral strength ang fhement-
predicted vertebral stiffness was most associated with the vmloene fraction of vertical
trabeculae (Table 3-2). Compared with the bone volume fraction dfabkculae, the bone
volume fraction of vertical trabeculae accounted for substantmatlye of the variation in
vertebral strength {&= 0.83vs. r* = 0.59, Figure 3-1) and had significantly lower residupls: (
0.005 paired-test on residuals, Figure 3-1). The bone volume fractions of oblique amdrital
trabeculae were not associated with vertebral strength amdweakly associated with vertebral
stiffness. As expected, the bone volume fraction of vertical, obliaqugeharizontal trabeculae
were each correlated with total bone volume fractids (.90, f= 0.80, f= 0.51, respectively).

After accounting for the variation in total bone volume fraction /[BX}, the vertical
trabeculae remained most strongly associated with vertefpeagth by way of variations in
vertical tissue fraction (vBV/BV:“r= 0.81, Table 3-2, Figure 3-2). Expressing the vertical
trabeculae as a fraction of all of the bone tissue in the valtbbdy worsened the correlation
(VBV/BV verTesra: 2 = 0.56,p < 0.001), as did including the cortical shell in the measure of
vertically-oriented bone tissue (VB¥krtesra/BVverTEBRA: r? = 0.17,p = 0.12). The vertical
tissue fraction (vBV/BV) was only weakly correlated with total bone voluaetibn (BV/TV: ¢
= 0.28;p = 0.04). In a multiple linear regression model with vertebrahgtreas the outcome,
both the vertical tissue fraction (vBV/BY;< 0.0001) and total bone volume fraction (BV/T/;
< 0.0005) were significant predictors (BV/TV alone=10.59; BV/TV and vBV/BV: B= 0.93).

Results from the finite element models revealed that the qgatysiesence of the cortical
shell did not appreciably alter the degree of association betweebone volume fraction of
vertical trabeculae and vertebral stiffness (Figure 3-3}hd\t the shell, the vertebral bodies
were less stiff (downward shift in the regression data), buinteeaction between the cortical
shell and the bone volume fraction of vertical trabeculae varige &tross individuals (no
difference in residualgp = 0.92; similar regression slopgs= 0.07). Similarly, removing the
shell had no significant effect on the relationship between the boomedraction of oblique
trabeculae and vertebral stiffness (no difference in residual€.23; no difference in regression
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slopes:p = 0.50). The bone volume fraction of horizontal trabeculae was nofficigriy
associated with the stiffness of the vertebra without the shell.

The stress distributions from the finite element models reddhdd the major load paths
in the vertebrae were vertically oriented (Figure 3-4). Oftiémue that was stressed in thd' 75
percentile, 41.2 + 6.3% was composed of the vertical trabecular bone and 26% was
composed of the cortical shell. By comparison, significantly lesseofissue stressed in the"75
percentile resided in the oblique (10.4 + 1.8%¢% 0.0001) and horizontal trabeculae (8.6 *
2.2%;p < 0.0001). Removing the cortical shell did not alter the verticalr@aif the load paths
(Figure 3-4); as expected, it mainly resulted in unloading of the periphadvattlae [48].

3.4 Discussion

These results confirmed our hypothesis, demonstrating that vaimatwentebral strength
across individuals was primarily due to variations in the bone voluawidn of vertical
trabeculae. This is because the major load paths in the vertelraeparallel columns of
vertically-oriented bone—the vertical trabeculae and the cosiwl. Whereas variations in the
amount of vertical trabeculae had an important role in vertedtrahgth, variations in the
amount of cortical tissue had a minor role [23]. Moreover, the ebrsicell did not alter the
association between the bone volume fraction of vertical trabeaotherertebral stiffness. As
with many microarchitecture parameters [23, 121], the bone volunotiofraof vertical
trabeculae was highly associated with total bone volume fractiomeriove any influence of
variations in total bone volume fraction, we introduced a new paeameertical tissue fraction
(vBV/BV). Most interestingly, this new parameter was only wegadsociated with total bone
volume fraction and yet it retained its high correlation wititelmal strength. Further, both the
vertical tissue fraction and total bone volume fraction remainedyhgbhificant in a multiple
linear regression model to predict vertebral strength. As suclcaldi$sue fraction represents a
new indicator of bone quality [92, 93]. While requiring confirmationlarger studies, these
collective findings demonstrate a new and potentially powerfulaaichitectural determinant of
vertebral strength.

Our earlier work on isolated specimens of trabecular bone showedng sissociation
between vertical trabeculae and biomechanical behavior [118, 119]—thesesdts extend
those previous findings to whole vertebrae. In addition to the orientatiensttucture of
individual trabeculaee.g. plate vs. rod, may also have an important effect on biomechanical
behavior [87, 118, 122]. Liet al. predicted that more vertical plates fail than vertical rods
during axial compression of vertebral trabecular bone [119]. Sinceeffeet of vertical
trabeculae reported here includes both plates and rods, it is pakaibé®nsidering the amount
of vertical plates may further improve predictions of vertelrahgth. This remains a topic of
ongoing research, and may require analyzing images with a hgperal resolution to
accurately characterize the rod-like trabeculae [123]. Thellext agreement between vBV/TV
derived from images with a 2&m voxel size compared to a coarsenedifOvoxel size =
0.99 and slope = 0.94 for= 19 samples of tibial trabecular bone; data not shown) suggests that
analyzing images with a higher spatial resolution is unlikeghenge our conclusions regarding
the effect of vBV/TV on vertebral strength.
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These findings have potentially important clinical implicatidos microarchitecture
analysis of bone strength. Compared to the role of the traditiocabarchitecture parameters
(Tb.Th*, Th.Sp*, Th.N*, SMI, DA) that we evaluated previously for this samieort [23] and
that has been evaluated by others [25, 121], the vertical tissimifr parameter, vBV/BV, was
more highly associated with vertebral strength and stiffnesadt, vBV/BV was as good a
predictor of vertebral strength as the finite element modets Qr76, Kinaq Vs. Fui)—although
this may be specific to the compressive loading conditions. This,new parameter may
represent an aspect of microarchitecture with the most sigmiféc from a biomechanical
perspective. Of those same microarchitecture parametessadspreviously [23], only SMI was
associated with vBV/BV {r= 0.64;p < 0.001). Previous studies have shown that trabecular
microarchitecture assessed in the spine [46, 124] and at perigitesl[47, 125, 126] is
associated with osteoporotic fracture in the spine. It remaindetoseen if this new
microarchitecture parameter, whether measured in the spineperipleral sites, can improve
fracture risk assessment.

Another issue related to the importance of trabecular microacthite is the relative role
of vertical vs. horizontal trabeculae. It is thought that horizontal trabecula@sastabilizing
cross braces to the vertical trabeculae that undergo bending and buckling [40, 41, 119]rHoweve
across individuals, we found that variations in the relative amount olndéal trabeculae were
not associated with variations in vertebral compressive strehftls, despite their theoretical
importance, variations in the amount of horizontal trabeculae aardssduals appear to be
much less important than variations in the amount of vertical tnéden terms of accounting
for observed variations in vertebral strength. We did not addrassviettebral variations in
thickness or spacing of either the vertical or the horizontal dudde [117, 127-129]. It is
unclear whether considering such variations can further improve sas=d®s of vertebral
strength.

A notable feature of this study design was our combined ewpetal and computational
approach, which allowed us to explain the mechanisms associatedhei high statistical
correlation observed between the amount of vertical trabecuidevertebral strength. The
repeated-measures analysis of the finite element moddisssvitvithout the thin cortical shell
provided a statistically powerful and unique means of understandirngirbution of the shell
to this aspect of whole-vertebral biomechanical behavior. Regarditegnal validity, the
consistency of our findings across a cohort with a wide rangeoaidwhanical properties and
morphologies suggests that our findings should apply quite generally, dtboofirmation in
larger and younger cohorts is required. For example, we found thatwwhasronly a small effect
of variations in the cortical shell, which may have been due tonttadl sariation in cortical
mass fraction observed across individuals (mean = SD = 14.6% + 3t7&)possible that a
larger cohort with younger individuals may have greater variaiionke cortical shell, which
may increase its role.

We focused on compressive loading since functional loads in the spin@iragily
compressive in nature [130]. For compression, the stresses inrtbleraeare vertically oriented.
Since many osteoporotic vertebral fractures are wedge feacf@84], the response to forward
flexion may have additional clinical relevance. Forward fexis not well understood in terms
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of how the extra bending moment is distributed between the spinal mwseuhnd the vertebral
body [130]. If some of the bending moment is taken up directly by ttebral body, we would
still expect the major load paths to remain vertically oriestade the bending moment would
not introduce any multi-axial loads but would instead produce a non-undatmbution of
vertically-oriented stress. This non-uniform distribution would likedgult in higher stresses
anteriorly [131, 132]. In that case, it is possible that measuresrti€al tissue fraction in an
anterior region of interest may have additional clinical relegaiklowever, since predictions of
vertebral strength in compression and in bending are correlated [7B)%81133], any benefits
of limiting measures of vertical tissue fraction to an anterior region oksttare not obvious.

One technical issue related to the loading was the mannédrich we implemented the
uniform compression. We compressed the vertebrae via thin layekMARpplied over each
endplate. This ignores any possible influence of the intervertelsal \While the disc condition
has a significant influence on vertebral strength [25, 55], unigdlear whether this influence
alters the association between the amount of vertical trabesmdbeertebral strength. Hulnee
al. reported a similar correlation as reported here between liota volume fraction and
vertebral strength for spine segments of similar age thiag e@mpressed biomechanically via a
disc [25]. This suggests that the presence of the disc may notiappyealter the association
between bone volume fraction and vertebral strength. Moreover, our fitidihthe major load
paths were parallel columns of vertically-oriented bone is cems$isith previous work [48, 73,
118, 134] and reflects the overall vertical nature of the loadihgr#éihan an artifact of loading
via PMMA endcaps. Our previous work suggests that the PMMA endcagecrthe vertebral
endplates from experiencing high strain [72]. While compressingvéinebra via a disc is
expected to place greater loads on the central region of theatslpind on the underlying
trabecular bone, the anisotropic structure of the trabecular bone innatiobiwith the vertical
nature of the loading suggests that the vertical trabeculae wemwlain the most structurally
important trabeculae and therefore still explain best thetiwargin vertebral strength. Clearly,
additional studies are required to resolve this issue.

In summary, our findings show that variation in vertebral strergtisa individuals was
primarily due to variations in the bone volume fraction of vertigdeculae. This is because the
major load paths in the vertebrae were parallel columns ataiytoriented bone. The vertical
tissue fraction—a new indicator of bone quality—is a potentially pawenicroarchitectural
determinant of vertebral strength.
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Table 3-1: Orientation-related morphology parametersrfer 16 human T9 vertebral bodies.

Mean SD CV (%) Range

Trabecular bone volume fraction

Total, BVITV (%) 13.5 3.3 24.4 7.8-18.7

Vertical, vBV/ITV (%) 7.2 2.2 30.6 39-114

Oblique, oBV/TV (%) 3.1 0.7 22.6 19-45

Horizontal, hBV/TV (%) 3.2 0.8 25.0 19-45
Trabecular tissue fraction

Vertical, vBV/BV (%) 52.7 5.2 9.9 45.0-64.3

Oblique, oBV/BV (%) 22.2 2.3 10.4 14.5-28.3

Horizontal, hBV/BV (%) 24.1 3.8 15.8 19.2-26.5
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Table 3-2: Independent effect (Pearson’s correlation coeffitir) of the orientation-related morphology

parameters on measured vertebral strerfgil),(intact vertebral stiffnesK(), and trabecular stiffnes&,,) for
n = 16 vertebral bodies.

I:ult Kintact Ktrab
Trabecular bone volume fraction
Total, BVITV 0.77 0.93 0.90
Vertical, vBV/TV 0.9 0.97 0.95
Oblique, oBV/TV NS 0.72 0.68
Horizontal, hBV/TV NS 0.53 NS
Trabecular bone tissue fraction
Vertical, vBV/BV 0.9¢ 0.77 0.75
Oblique, oBV/BV -0.5% NS NS
Horizontal, hBV/BV -0.76 -0.58 -0.62
¥p<0.05
b p<0.01
°p<0.001

NS, not significant
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Figure 3-1: Variations in measured vertebral strength weralipted better by variations in the bone volume
fraction (BV/TV) of vertical trabeculae than by iations in the BV/TV of all trabeculae. (A) StrehgBV/TV
regressions for total BV/TV and vertical BV/TV. Dl lines show the 95% confidence bands for edigt fiine.
(B) Residuals from predicted strength using the BXbf vertical trabeculae as the predictor (absohgsidual =
0.5+ 0.3 kN) were 20% lower, on average< 0.005, paired-test), than the residuals from predicted strengihg
the BV/TV of all trabeculae as the predictor (8.@.5 kN).
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Figure 3-2: Variations in measured vertebral strength were@ated with variations in vertical tissue fractiethe
bone volume of vertical trabeculae divided by tbadvolume of all trabeculap € 0.001).
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Figure 3-3: Variations in FE-predicted vertebral stiffness floe intact vertebra and for the trabecular conmpant
were associated with variations in the bone volinaetion of vertical trabeculae.
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INTACT

Figure 3-4: Mid-sagittal section, left, from a human T9 vergelshowing the typical load paths—the bone tissue
with von Mises stress in the highest quartile, rguledicted by finite element analysis. In this vierée ~48% of the
load paths belonged to the vertical trabecular b&®moving the cortical shell, right, did not altee vertical
nature of the load paths.

39



4, CONTRIBUTIONS OF BONE VOLUME FRACTION AND ARCHITECTURE TO THE FAILURE
MECHANISMSIN THE HUMAN VERTEBRA

4.1 Introduction

Understanding the failure mechanisms in the human vertebra—anthbgwlepend on
the cortical shell and trabecular microarchitecture—is fundaahemunderstanding the etiology
of the almost 700,00 age-related vertebral fractures that oacbryear in the U.S. [1] and as
many as 1.4 million that occur each year worldwide [135]. Despiehigh incidence of
vertebral fractures, the failure mechanisms in the vertebraimestusive. Part of the reason for
this has been the long-standing technical challenge of measiregs and strain within the
vertebra and quantifying the cortical morphology and trabecular anaridecture so that these
measures can be correlated with the failure mechanisms ofame vertebrae. In past
biomechanical studies, it was only possible to evaluate strairibdigins in thin sagittal
sections using texture correlation [54] or to use continuum-type #hement models for stress
analysis of the whole vertebra [60, 77-80]. These types of continuum dél@inent models do
not have adequate spatial resolution to capture the thin cortidhlosh@ny aspects of the
trabecular microarchitecture; thus, they are not best suitetuftyiisg failure mechanisms. One
way to overcome these technical limitations is to use higlsetutton analysis techniques that
can accurately capture the microstructural features of thebvarand thereby provide detailed
insight into the failure mechanisms.

Recent improvements in micro-CT imaging enable the developmemglefresolution
finite element models that explicitly capture the thin coltishell and spatially varying
trabecular architecture [49, 72, 73], and advances in supercomputing c@pagitle the means
to analyze multiple vertebrae and thereby account for the bialolgaterogeneity seen across
individuals. However, geometrically nonlinear finite element analgsist be performed to in
order to describe certain failure mechanisms in trabecular boné—easudarge deformation
bending and buckling of trabeculae—which can have an apprecialde afthe apparent yield
point [43, 90]. Moreover, this effect is larger in low-density, vertebrabecular bone [43],
which fails due to excessive bending [42, 44, 45, 91] and buckling [136] of rotidikeculae.
The importance of these failure mechanisms in the whole vertébchuding any potential
dependence on bone volume fraction and architecture [40, 41]—remains Uubetzarse
vertebral strength and load sharing include a substantial lmatndn from the cortical shell [48,
51, 113].

Addressing this issue, we employed the latest advances i-@ilc scanning and
supercomputing technology to elucidate the failure mechanisms of thaenhwertebra.
Specifically, our objective was to quantify the independent contributiddomé volume fraction
(BVITV) and architecture to the failure mechanisms of the vertebra.
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4.2 Methods

Twelve whole T9 vertebrae were obtained fresh-frozen from humdaver spines (age
=76.9 £ 10.8, 53-97 yeams;= 9 malen = 3 female; BV/TV = 0.14 = 0.03). None of the donors
had a history of metabolic bone disease and all vertebrae showediographic evidence of
damage or bone pathologies. The posterior elements were renmavedeh isolated vertebral
body was micro-CT scanned with a 3@n voxel size (Scanco 80; Scanco Medical AG;
Bruttisellen, Switzerland). The scans were coarsened farn6@oxel size and the hard tissue and
marrow were segmented using a global threshold value. The booe bsfonging to the
trabecular compartment, cortical shell, and endplates was iderdiie digitally tagged using a
custom algorithm (IDL 6.2; ITT Visualization Information SolutionguBler, CO USA) [72].
Standard microarchitecture measures—trabecular thickness (ThiuBlpgcular separation
(Tb.Sp), trabecular number (Tb.N), structural model index (SMI), amgedeof anisotropy
(DA)—were calculated (CTan software; SkyScan, Kontich, Behjiusing the 6Qum images.
The average thickness of the cortical shell (Ct.Th) was detedrin the transverse region
excluding the endplates [49, 72, 73].

High-resolution finite element models of each whole vertebral eshe created from
the coarsened micro-CT scans by directly converting eagim6@ubic voxel into an eight-node
brick element [23, 72]. A numerical convergence study indicated tthat element size
accurately captured the inter-specimen variations in yieldgitieand in the amount of yielded
tissue (Appendix 7.1). Materially and geometrically nonlinear fistement analysis was
conducted for each model to 1% apparent compressive strain via sihditers of
polymethylmethacrylate (PMMA,; elastic modulus 2.5 GPa and Possatio of 0.3 [105])
placed on the inferior and superior endplates, mimicking boundary conditiomaanly used in
laboratory compression testing of cadaver vertebrae [80, 101, 102].né8lItissue was modeled
using a rate-independent elasto-plasticity model [43, 137, 138] and hoeoogetissue material
properties: elastic modulus 10 GPa [68], Poisson’s ratio of 0.3, anuisvel yield strains of
0.33% and 0.81% (tension and compression, respectively) [43]. Models contai@@driiion
elements and were solved using a highly-scalable [88], implicit pdiiaitel element framework
(Olympus). The nonlinear solution algorithm was an inexact Newton method whesah
Newton iteration was solved using a parallel algebraic multigolder. All analyses were
performed on a Sun Constellation cluster supercomputer (Ranger; Aéxasced Computing
Center, Austin, TX USA) and required up to 2048 processors in paaatiest TB of memory.
CPU time was 6,000-18,000 hours per analysis (137,000 hours total for &jsemha
Visualization of the resulting datasets was performed usingalgdavisualization tool (Vislt;
Lawrence Livermore National Laboratory, Livermore, CA USA).

Tissue strain distributions were evaluated at the apparentpo@iti for each vertebra to
characterize the failure mechanisms. The apparent yield poindetasnined from the apparent
force-strain curve of each vertebra using the 0.2% offset metho@dpgaent stiffness being
obtained from the first step of the analysis. A validation studycated that variations in the
apparent yield point were highly associat€d=(10.85,p < 0.0001) with variations in measured
vertebral strength for the same vertebrae, suggestingérall validity of the models was good
(Appendix 7.2). Our main outcome parameter was the amount of yielded:tihe percentage
of the total number of gauss points in the vertebra that had reaithed the compressive or

41



tensile tissue-level yield strain. The calculation was alsdopeed separately for each
compartment—either cortical shell or trabecular bone—and tissueylielding mode (tension
or compression). Linear regression was used to assess tihenstligts between the amount of
tissue yielded and trabecular bone volume fraction and architecture.

4.3 Results

The amount of yielded tissue was lower in the low-bone volumeidra¢BV/TV)
vertebrae than in the high-BV/TV vertebrae. At the apparent pialat of the vertebra, the total
percentage of tissue exceeding either the compressive oeteéssile yield strain varied fivefold
across vertebrae and increased linearly with BV/TV from gust 3% to more than 17% K
0.005, Figure 4-1). The percentage of tissue yielding in compres®imsus tension also
increased linearly with BV/TV, the slope for compressiveufailbeing over four times larger
than for tensile failure. The ratio of the amount of tissue thatyfelded in compression to the
amount that had yielded in tension increased linearly with BV[A'¥ 0.005, Figure 4-1) such
that at low bone volume fractions, the tissue yielding in compressiortesasion was nearly
equal (1:1 ratio) and was localized to opposite sides of slendetjkeodrabeculae that
underwent excessive bending (Figure 4-2). For stronger, high-bone volactierfrvertebrae,
the tissue yielding in compression was up to four fold greater thatension, and was
widespread throughout the vertical, load-bearing trabeculae and the irélial

Substantially more of the yielded tissue belonged to the trabeloate than to the
cortical shell, and the relative amounts of tissue that ydeldleeach compartment depended on
BV/TV. Of the tissue that had yielded in compression at the app@sddtpoint of the vertebra,
the percentage belonging to the trabecular bone 64.2%) was over three-fold greater, on
average, than the percentage of tissue belonging to the cortitta|26h4 + 4.2%;p < 0.0001
pairedt-test). Similarly, the overwhelming majority of the tisshatthad yielded in tension also
belonged to the trabecular bone (73.8.7%vs. 8.6 £ 2.3% in the cortical shellp < 0.0001
pairedt-test). On a relative basis, between ~10-35% of the trabecular dad ~5-35% of the
cortical shell yielded, and in both compartments, the total amounklofey tissue increased
with BV/TV (Figure 4-3). In the low-BV/TV vertebrae, the amounts yieldgsle in tension and
in compression were nearly equal in both compartments. In the highvBXértebrae, the ratio
of yielded tissue in compression-to-tension was almost four tgrester for the cortical shell
than for the trabecular bone (Figure 4-4).

Of all the microarchitecture parameters, only trabecular nuifnbe0.60,p < 0.05) and
structural model index (r = -0.54, = 0.07) were correlated with the total amount of yielded
trabecular tissue. The ratio of the amount of trabecular tisstibdtayielded in compression to
the amount that had yielded in tension was not significantly caecelatith any of the
microarchitecture parameterp € 0.14-0.57). The tissue yielding outcomes derived for the
cortical shell were not significantly correlated with anytted microarchitecture parameteps<
0.10-0.94).

4.4 Discussion

The results of this study showed that trabecular bone volume fra@MfiV) and
architecture have an appreciable effect on vertebral stremayttheir contribution to the failure
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mechanisms in the vertebra. Low-BV/TV vertebrae failed duedalized bending of slender,
vertical trabeculae, which led to concentrated yielding at tlseditevel. Thus, only a small
percentage of the tissue yielded when the bone reached the appelcmoint. In contrast,
more tissue yielded in the high-BV/TV vertebrae because widadpmaterial yielding in the
cortical shell and vertical trabeculae preceded trabebelading. Taken together, these findings
illustrate a new aspect of vertebral fragility: as bone volinaetion decreases with aging and
disease, not only is the vertebra becoming weaker, but it ibatsmming much less structurally
robust and more susceptible to overloads.

Previous efforts to characterize the failure mechanisms inuiman vertebra using high-
resolution finite element modeling were limited to linearlgstéc behavior; here, fully nonlinear
modeling enabled us to characterize the failure mechanismsgdami isolated overload. Load
sharing between the cortical shell and the trabecular compdrtthdower compressive loads
involved the vertical trabeculae [48, 139], which supported the highestheatdshe endplates
[49, 72, 73]. In low-BV/TV vertebrae, there were fewer of thesacatbad paths, and our new
findings showed that at higher loads, the strain field localizedetslender, vertical trabeculae
and to their horizontal supports. The yielding of tissue within thegealetrabeculae and the
lack of alternative load paths may help explain why reductiomeriebral strength following an
isolated overload tend to be greater in low-density vertebrae [102].

Earlier work on isolated specimens of trabecular bone showed thaitéhe@mount of
yielded tissue and the relative amounts of compressivensile yielding depended on the bone
volume fraction and architecture of the trabecular bone [44, 45]—thesecralts extend those
previous findings to whole vertebrae. The compressive and tensliiing predicted for the
vertical and horizontal trabeculae, respectively [119], is alsastens with the present findings
for whole vertebrae. These collective findings suggest that dsepce of the cortical shell may
not appreciably alter the failure mechanisms in the trabebtdae; indeed, the roles of the
cortical shell and the trabecular bone in vertebral failure behappear to be largely
independent.

This study is the first to use fully nonlinear, high-resolutiontdéirelement analysis of
whole vertebral bodies to assess vertebral strength. As expectedofevious studies using
human vertebral trabecular bone [79, 140], variation in predicted yieddgsh was highly
associated with experiment-measured ultimate strength fowtioée vertebral bodies. Direct
comparisons of yield strength between the models and the experweretsiot possible since
strain measurements—which are sensitive to machine compliangmssille gaps between the
PMMA and endplates—were unavailable from the experiments. Convérgngeasurements of
ultimate strength to yield strength (Ultimate strength =*1Y2eld strength [79]) revealed that
the models overestimate yield strength by a factor of twaddition to possible errors related to
discretization [141, 142] and coarsening [143, 144], subtle differencéseshblding can also
result in substantial errors in finite element-derived mechampicglerties for trabecular bone
[68]. High-resolution finite element models of trabecular bone atelyr predict yield strength
when the images are thresholded to match experimental measwahbohe volume fraction
[43, 86]. A similar metric for choosing the threshold may improve the accuracy efdieinent-
derived strength predictions of whole bones. Nevertheless, the higilaton between the
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model predictions and experimental measurements as well as thetajive and qualitative
similarities between the trends for tissue yielding reported dedethose reported for isolated
specimens of trabecular bone that were thresholded to match bone JVichatizn [44, 45]
suggests that the current modeling approach should capture ttieerekiations in failure
mechanisms.

The main novelty of this study was the application of fully nonlineah-resolution
finite element modeling to a modestly sized cohort of whole vettdiwdies. These finite
element models had material nonlinearities to account for teegsh asymmetry of the bone
tissue and geometric nonlinearities to simulate the eftéddrge deformations. Identifying the
thin cortical shell allowed us to compare for the first tithe relative failure behavior of the
cortical and trabecular compartments. In its use of high-resolaticro-CT imaging, high-
performance supercomputing, validated material constitutive modeld$, efficient solver
algorithms, this study represents the state-of-the-art in catingmel modeling of whole-bone
failure behavior.

Despite these overall strengths, certain limitations in canlaing approach should be
noted. Most important, the finite element analyses ignored anybposadiuence of variations in
tissue mineralization. While inter-individual variations in tissugaeral density are small [110]
and intra-individual variations have only a modest influence on apparehelasgc properties
[145, 146], the effect of these variations on the tissue-level strstiibdtions at apparent-level
yield remains unknown. A second limitation of the finite element aealyvas the absence of
damage or softening behavior in our constitutive model. Recent wgdests that damage and
softening may be important for predicting post-yield behavior [147]. Meweur focus here
was on the failure mechanisms that lead to the onset of eapipyelding, and the lack of
observed micro-fracture of trabeculae at the apparent yield [85ntl48, 149] suggests that
including such behavior should not be important in our models.

An additional limitation was that the vertebrae were loadednraaner that is not fully
representative oin vivo loading. Compressing the vertebrae via PMMA endcaps ignores any
possible influence of the intervertebral disc. Although the disc conditam a significant
influence on vertebral strength [25, 55], it is unclear whetherinfiisence alters the failure
behavior of the cortical shell and the trabecular bone. Previous worksssggat the PMMA
endcaps preferentially load the cortical shell and that loadingetftebra via a disc may increase
the stresses on the trabecular bone [72]. In that case, loadingettebra via a disc would
decrease the amount of yielded tissue in the cortical sheiet#er, the loads on the trabecular
bone would still be vertically oriented, and thus, the trabecular bone wxhiloit similar failure
mechanisms—including the dependence on BV/TV—as those reported hemy,Gdditional
studies are required to address this issue, and more complex loadimgas combined
compression and flexion [131, 132] should also be considered.
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Figure 4-1: Amount of yielded tissue in the vertebra dependedone volume fraction (BV/TV). (A) The total
amount of yielded tissue (< 0.005), as well as the amounts of yielded tisaueompressionp( < 0.005) and in
tension p < 0.01) increased with BV/TV. (B) The ratio of tlaenount of tissue yielded in compression to the
amount of tissue yielded in tension increased ligegith BV/TV (p < 0.005).
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5. MECHANISMSOF INITIAL ENDPLATE FAILURE IN THE HUMAN VERTEBRA

5.1 Introduction

Osteoporotic vertebral fractures frequently involve the endplatelseofdrtebral body
[61-64, 150, 151]. It has been suggested that the involvement of the emdplayeeven
distinguish a vertebral fracture from a vertebral deformity.[88]derstanding the mechanisms
of endplate failure may therefore provide insight into the etiologpstéoporotic vertebral
fractures.

The mechanisms underlying endplate failure remain unclear. Despaell direct
compressive loading of the vertebra by the intervertebral tthise is evidence that appreciable
levels of tensile strain can develop at the endplates [152, 153], perhaps thee fluid-like
behavior of the intervertebral disc [57, 72]. The development of larglé strain is significant
biomechanically because bone tissue is weaker in tension thampression [68, 86, 154] and
thus any factors—such as the material behavior of the intebrattdisc—that contribute to the
development of high tensile strain in the endplates may have an imtposta in vertebral
fragility. However, the relative magnitude of the tensile sgan the endplates versus that of the
cortical shell and trabecular centrum has never been quantified, ntirehgelative magnitude of
tensile and compressive strains in the vertebra been comparedllgefiérus, it is not clear if
the development of high tensile strains in the endplate is an impdaetor that might
predispose the vertebral body to early failure and what roéyif the disc may have on this.
Addressing this issue, we sought to determine the location of the highest tieasitevgithin the
vertebral body and the influence of the material behavior of the disc on such strains.

5.2 Methods

Since measuring tissue-level strains in the endplates, costielll and trabecular bone
would be very difficult to perform using direct biomechanical testwe assessed tissue-level
strains by performing high-resolution, micro-CT-based fintement analysis on 22 elderly
human vertebral bodies in which the vertebral bodies were virtuallypressed through
simulated intervertebral discs. To determine the regions withimdhebra that are likely to fall
in tension and compression, we used the finite element analysishobedebra to identify the
most highly strained tissues by type—either tension or compressioth compared the amount
of highly-strained tissue of each type across the differenpadments: endplates, cortical shell,
and trabecular bone. Since the tissues having the highest stringspect to the tensile and
compressive yield strains are likely to fail first, we atempared the relative magnitudes of the
highest tensile and compressive tissue strains across therediff compartments after
normalizing these strains to their respective yield strains. iffleence of Poisson-type
expansion of the disc on these results was determined by virtaatypressing the vertebral
bodies a second time in which the Poisson expansion was suppressethaigein the amount
of highly-strained tissue within each compartment after supipiggghe Poisson expansion was
calculated for all of the vertebral bodies.

Twenty-two human T9 whole vertebral bodies were obtained fresh-ffoa@ncadavers
(n = 11 male;n = 11 female; age range: 53-97 years, me&@D = 81.5+ 9.6 years) with no
medical history of metabolic bone disorders. As described elsey2i®, the posterior elements
were removed and each isolated vertebral body was micro-@hestaising a 3Qm voxel size
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(Scanco 80; Scanco Medical AG, Bruttisellen, Switzerland). Thesseare coarsened to Gt
voxel size and the hard tissue and marrow were segmented ugjlodpad threshold value
(Scanco). The bone tissue in the resulting images was then ¢oraptlized (Figure 5-1) using
a custom algorithm (IDL 6.2; ITT Visual Information Solutions, Boulder, CO UBi#) moving
averages to identify the endplates and the cortical shell [49, 72].

High-resolution finite element models of each vertebral body wesated from the
coarsened micro-CT scans [23, 72]. Briefly, eaclu®Bsized cubic voxel in the coarsened scans
was converted into an 8-noded finite element and tagged with a uniogquidiedeorresponding
to its compartment: endplates, cortical shell, and trabecular boree Be transition from the
endplates to the cortical shell is inexact, the bone tissugeatarner regions of the vertebral
body was also tagged [72] and excluded from further analysisintér@ertebral discs adjacent
to each vertebral body were simulated by virtually adding discthe superior and inferior
endplates. Thoracic discs have the most uniform height [53] and tiss, laeight of 5 mm was
modeled for each vertebra using symmetry boundary conditions atidkteamsverse plane of
the disc [49, 72].

Material properties in the finite element models were assigoased on whether the
element belonged to the bone tissue within the vertebral body or thessoé within the discs.
All bone tissue belonging to the vertebral body was given homogemdastsc and isotropic
material properties (elastic modulus of 10 GPa [68] and Poissdigfé.3) since the cortical
shell is often described as condensed trabeculae [17-19] and sirmeidbiopy of trabecular
tissue has only a minor role on trabecular behavior [84]. Furtherrtimse assumed material
properties were used for all vertebrae since the coefficiemardtion in mean tissue mineral
density—one determinant of differences in tissue elastic modulus amomtividuals—for
human trabecular bone is less than about 2% [110]. For the soft tissumibhg to the
intervertebral disc, we assigned homogeneous elastic and isotrai@dahproperties typical of
a semi-degenerated disc that still retains its fluid-lilapprties (elastic modulus of 8 MPa [155]
and Poisson’s ratio of 0.45 [56, 156, 157]) since the mean age of the cadase82 years and
since degenerated discs are more uniform than are healthy discs [58, 59].

Loads on the vertebral bodies were simulated in the finiteegiemodels to mimic
compressive loading. In all of the models, the top surface of 8w wias displaced in the
superior-inferior direction. The magnitude of the applied displacema&snta constant percentage
(1%) of the original height of the model to facilitate compariebthe results across multiple
vertebrae exhibiting considerable heterogeneity in size and shalber-tigpe constraints at the
mid-transverse plane of each disc were used to model the symmetry boundargreandi

The resulting finite element models had up to 80 million elemmmdsover 300 million
degrees of freedom and required specialized software and hardaarandlysis. All
computations were performed using custom code—including parallel mestiopar and
algebraic multigrid solver [88]—on an IBM Power4 supercomputer (DataSan Diego
Supercomputing Center, San Diego, CA USA). Typical hardware reaqants for a single
analysis comprised 880 processors and 1800 GB total memory. TlagaPU time was 115
hours (11 minutes in real-time).
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To determine the effect of the Poisson expansion of the disc otrdhes sn the bone, a
second finite element analysis was performed for eachbvaria which we suppressed such
behavior. The Poisson expansion of the disc under compression arisedrionpats high water
and proteoglycan content, which pressurizes the nucleus [52]. With@sbRa@xpansion, a disc
under axial compression would not expand transversely. We simulatdcahdition by
compressing the vertebrae via discs with a Poisson’s raticerof Rather than model the
physiological condition of the disc, our goal was to create a large chatigedisc’s behavior to
determine how the strains in the vertebra are sensitive to such a change.

A number of outcomes from the finite element analyses weretasdéntify the most
highly strained bone tissue in the models. Th& @@rcentile limits of the maximum and
minimum principal strains were first calculated for each ealebody [72]. Any bone element
having either its maximum principal strain or minimum principataist beyond the
corresponding strain limit for that vertebra was classifiethaghly-strained”. The proportion of
highly-strained tissue in tension and in compression within each ctmgrdr(.e. endplates,
cortical shell, and trabecular bone) was expressed as aage®f the total amount of highly-
strained tissue in that compartment. To compare the magnitude® dfighest tensile and
compressive strains across the various compartments, theeggentile limits of the maximum
and minimum principal strains were calculated separately ®etidplates, cortical shell, and
trabecular bone. A higher strain limit for one compartment is onedtatithat the highest tissue
strains within that compartment are greater than the higissae strains within a compartment
having a lower strain limit. To identify the tissues with thieagest risk of initial failure, the
strain limits for each compartment were normalized by esémof the effective yield strains for
vertebral bone tissue (tension = 0.34%; compression = -0.69% [68]).

The proportion of highly-strained tissue in tension and in compressiorcomagared
across compartments using paitadsts with Bonferroni adjustments for multiple comparisons.
Similarly, paired t-tests with Bonferroni adjustments were also used to companmssac
compartments the mean values of the maximum and minimum printigad Bmits and the
risks of initial failure. The change in the amount of highhgised tissue in tension and in
compression in each compartment due to suppression of Poisson expantiendsfc was
determined twofold: 1) a single-groupgest with Bonferroni adjustment to determine if the
change was statistically different from zero, and 2) a paitest with Bonferroni adjustments to
determine if the change was statistically different acoasspartments. All tests were taken as
significant atp < 0.05.

5.3 Reaults

During the simulated compressive loading of the vertebral bodynthgates were more
highly strained in tension than were the trabecular bone and theatstiell, whereas the latter
two were more highly strained in compression (Figure 5-2). Aalb2? vertebrae, an average
(mean+ S.D.) of 96.6+ 1.2% of the highly-strained tissue within the endplate was strained
tension (Figure 5-3), which was more than twice the proportion of hgjtdyaed tissue in
tension in the trabecular bone (45.61.0%) and cortical shell (30% 11.8%). With respect to
anatomical location, the highly strained tissue in the endplates iseah@r larger amount of the
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tissue belonging to the superior endplate (277.7.7%) than to the inferior endplate (2Q:8
6.6%;p < 0.002 paired-test).

The bone tissue within the endplates, which had higher absolute valigesitd strains
than either the bone tissue within the trabecular bone or the caitielyl also had the greatest
risk of initial failure (Table 5-1). The 0percentile compressive strain limit was higher for the
bone tissue within the trabecular compartment than for the bone tigue the other two
compartments, but when the magnitude of the tensile and compressire Istits was
normalized by the assumed magnitude of the yield strains imote@sd in compression,
respectively, the tissue belonging to the endplates that was H&ghlped in tension had the
greatest risk of initial failure (Table 5-1). Initial faiiof tissue in compression was not likely in
the endplates but was most likely in the trabecular bone. Thesds tseere similar when
different assumed values of the yield strains were used (ten€iat0%; compression = -0.62%
[68]).

The development of these high tensile strains in the endplatedingagy associated
with the Poisson-type expansion of the intervertebral disc (Fliydie When Poisson expansion
was virtually suppressed, the amount of highly-strained endplate tisgension decreased by
79.4+ 11.3% (Figure 5-5). Removing this behavior increased the amount of/-sighined
tissue in tension belonging to the trabecular bone and cortical sithlithe effect being two-
fold greater for the latter. For the endplates, suppressing the ssipgréoisson expansion of
the disc reduced the total amount of highly-strained tissue madne superior endplate (-80t6
12.3%) than in the inferior endplate (-73.15.0%;p=0.005 paired-test).

5.4 Discussion

These findings support the concept that endplate failure may beokuyiet factor in
osteoporotic vertebral fracture. Specifically, our findings indictitat initial failure of the
vertebra is associated with the development of high tensile swéima the endplate, which in
turn is influenced by the material behavior of the disc. Our previark hhas shown that the
general behavior of the endplates during compressive loading opithe is sensitive to the
material properties of the intervertebral disc [72]. In cadaagreriments which observed
frequent endplate failures, variations in proteoglycan content adititewere associated” (¢
0.70) with variations in vertebral compressive strength [25], but thebkhkeen the variations
in disc properties and the mechanism of endplate or vertebraefalas unclear. Our new data
provide a mechanistic link between endplate failure, initial veatefarflure, and the material
behavior of the disc.

One notable element of this study was our use of high-resoluticno+@iT-based finite
element modeling to estimate the tissue-level strains witlenhuman vertebral body. This
approach enabled us to probe the mechanisms of initial failure ohdpdage using a repeated
measures-type study design in which changes in tissue-leaigisstvere directly attributable to
virtual suppression of the fluid-like properties of the disc. Furthermore, weedjbis technique
to a moderately sized cohort of human vertebrae, thus accountingpfoal tvariations in
vertebral morphology in the elderly and providing a reasonable elefjexternal validity to our
results. For example, the remarkable consistency in the pimpat highly-strained endplate
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tissue in tension across all 22 vertebrae analyzed—97% on avathgestandard deviation of
only 1.2%—suggests that this trend is likely to persist in the gepegilation of elderly
vertebrae.

One limitation of this study is that by performing lineaalgses, we could address only
regions of initial failure, which may not represent the locatioinénal failure at the point of
structural collapse of the vertebra. Comparison of the regiomsit@ failure from a linear
analysis with regions of failure computed using fully non-lineadeting [72] did confirm the
validity of the former. However, localized large-deformatioreet [43, 90, 158] may cause the
tissue in slender trabeculae to fail before the tissue in thickbeculae fails [90, 136], and
hence, the total amount and distribution of tissue failure that oatwes a vertebra’s strength is
exceeded may depend on the morphology of the bone [45, 159]. Thus, furtharsimgykon-
linear modeling carried out to relatively large apparent str&ti®%) is required in order to
extend these findings to the structural collapse of the vertebra.

An additional limitation is that we assumed a homogeneous etslicsotropic model
for the intervertebral disc. The material behavior of the disomsplex, including material non-
linearity, time dependence, and intra- and inter-specimen heteiogdg160-162]. Previous
finite element analyses of bone-disc complexes have accountsainfier of this complexity, but
have omitted inter-specimen heterogeneity and have treatedrtbleraen a relatively simplistic
fashion [56, 57, 155, 163]. Here, we chose instead to model the bone in d&tailwe were
interested in understanding how the tissue-level strains in trebvenvere influenced by some
of the dominant material characteristics of the disc. Ourrigndhat the central endplates are
highly strained in tension and that these tensile strains aveiassl with the material behavior
of the disc is consistent with results from more sophisticated Imadethe disc [56, 57].
Moreover, our finding that the superior endplate was more vulnetzdotethe inferior endplate
is in agreement with Bagt al. and Zhaoet al. who accounted for the effects of intra- and
interdiscal variations in disc behavior via direct biomechaniesting. Together, these
similarities suggest that our simple disc model was sufficientexploring general trends
regarding the role of disc behavior on the mechanisms of vertebhadef Further work is
required to integrate sophisticated modeling of both the bone and theQiisaesults indicate
that such analyses may provide new insight into the interactioreéetthie bone and the disc as
it pertains to vertebral strength.

The results of this study are consistent with and complemetdgryevious work that
associated disc health with endplate failure in the etiologyrbélwel fractures [25, 55, 72, 164]
and taken together, this body of work suggests disc material propagiesfluence vertebral
strength via their effect on the development of high tensilénstia the endplates. Endplate
strength is negatively influenced by the proteoglycan contehtnatihe nucleus of the disc [25].
The high concentration of proteoglycans in the nucleus of healthy pisssurizes the central
region of the disc [52, 53]. During axial loading, the pressurizecensdirects the load to the
center of the endplates [54-57]—the thinnest [20] and weakest [165] region. Canfdemour
results showed that the central region of the endplates isytsgllined in tension, a loading
mode in which bone is biomechanically weak. As the disc degeneratesntrast, our results
predict a shift in load from the endplates to the cortical shilis shift in load agrees with
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previous findings [56, 57, 60] and may contribute to stress shieldinigeoanterior vertebra
[131, 132] and explain the observed increases in vertebral strength with discrdegef25].

Our finding that the endplates were highly strained in tension &blebecause bone
tissue is weaker in tension than in compression, and because thef tgmsile strains in the
endplates may be more harmful than those in the other comparttdarasial tension occurs in
the axial trabeculae and cortices that bend under the appliedressive loads and in the
transversely trabeculae that resist such bending. In contraggiledi@nalysis of the endplates
revealed thabiaxial tension exists in the plane of the endplate due to the Poisson expainsion
the disc (Appendix 7.3). Little is known about the failure behavior of limsee in biaxial
tension; one hypothesis is that biaxial tension is particularlyntohr because existing
microdamage may be less able to “escape” the crack-pabpggeffects of this type of loading
compared to uniaxial tension. Further work is recommended to understand the faiaviehef
the endplates in biaxial tension and its dependence on the behavior of the intervegebral di

In summary, our findings reveal two striking characteristicghefendplates that help to
explain their frequent involvement in osteoporotic vertebral frastubee endplates are at the
highest risk of initial failure due to the development of high terséikns, and the development
of such high tensile strains is directly associated with taeemal behavior of the intervertebral
disc.
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Table 5-1: Maximum and minimum principal strain limits (8Qpercentiles) for bone tissue in the endplate,
trabecular bone, and cortical shell.

Endplate Trabecular Bone Cortical Shell
Maximum Principal Srain
o8 Percentile gstrain) 836+ 2373 600+ 139" 437+ 111
Risk of Initial Failure 0.25+ 0.07 0.18+ 0.04 0.13+ 0.03
Minimum Principal Strain
od Percentile gstrain) ~ -525+ 1262 -1085+ 232° -861+ 162
Risk of Initial Failure 0.08+ 0.02 0.16+ 0.03 0.12+ 0.02

Data given as meahSD (h = 22 vertebral bodies)

%p < 0.0001vs. trabecular bone

®p < 0.0001vs. cortical shell

° The maximum and minimum principal strain limits {9percentiles) were normalized by the respectivédyie
strains (tension = 0.34%; compression = -0.69%)[68Hetermine the relative risk of initial failur€ompared to a
lower number, a higher number indicates a grealative risk of initial failure. Pairwise comparisobetween each
of the risks of initial failure were significantljifferent ( < 0.0001) except for the comparison between thle of
initial failure in the cortical shell in tension@m compression.
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HUMAN T9 VERTEBRAL BODY

TRABECULAR BONE

Figure 5-1: Micro-CT rendering of a human T9 vertebral bodpjtcompartmentalized into the endplates (bottom,
left), cortical shell (bottom, center), and trabacione (bottom, right). Donor information: 82 yedéd male.
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Figure 5-2: Mid-sagittal cutaway from a human vertebral botlgwing the typical distribution of highly strained
tissue in tension (red) and in compression (bluefioted by finite element analysis. The bone #skahind the
para-sagittal slice (1 mm thick) and below the sigpeendplate has been removed from the imageléwity.
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Figure 5-3: Comparison of the relative proportion of boneuesdighly strained in tension and in compression
between the endplates, trabecular bone, and dostietl. All comparisons were significantly differte(p < 0.0001).
Error bars show 95% Ch(= 22 vertebral bodies).

o
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LOADING VIA DISC LOADING VIA DISC
(NO POISSON EXPANSION)

Figure 5-4: Distribution of highly strained tissue in tensi¢red) and in compression (blue) within the superior
endplate of a human vertebral body when loadedsiiaulated intervertebral disc (left). Removing tReisson
expansion of the disc led to a 96% reduction in tiital amount of highly-strained endplate tissudefiior +

superior) for this vertebral body (right).
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Figure 5-5: Comparison of the effect of suppressing the Paigsgansion of the disc on the amount of highly-
strained tissue in tension and in compression kextviiee endplates, trabecular bone, and corticdll e change

in the amount of highly-strained tissue in tensieas significantly different between the three go{p< 0.0001).
The change in the amount of highly-strained tissusompression was significantly different for thedplates only
(p < 0.0001 endplatess. cortical shell and endplates. trabecular bone). Error bars show 95% I€£(22 vertebral
bodies).
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6. CONCLUSIONS

The overall goal of this research was to enhance the current tamdigng of the
biomechanical mechanisms of vertebral strength and the etiologertdbral fractures. The
findings of this research are both scientifically and clitycaignificant. From a basic science
perspective, substantial insight was gained into the failure mischa of the vertebra and the
relative roles of the cortical and trabecular bone. Moreover, thik wavided an important
mechanistic link between vertebral strength, endplate failurethrendhaterial behavior of the
intervertebral disc. From a clinical perspective, the resoiltshis research have provided
relevant, new insight regarding microarchitecture assessmenttebnra strength and diagnosis
of vertebral fractures.

Combining the latest advances in micro-CT imaging, high-raealuinite element
modeling, and biomechanical testing, we compared for the first themeelative roles of the
cortical shell and trabecular microarchitecture in explaimiagiations in whole-vertebral
strength, stiffness, and load sharing (Chapter two). Whereas prewaks quantified the
relative load-carrying capacities of the cortical shetl &#abecular bone [48, 49, 72], the extent
to which variations in these compartments were associated widtimas in vertebral strength
across individuals was unknown. We found that variation in trabecular mubresture was
highly associated with vertebral strength and that its rolem&Bated by bone mass and density
but not by cross-sectional area or the cortical shell. Fangbea variation in structural model
index (SMI) and trabecular thickness (Tb.Th) together explained ~@b%e observed
variations in vertebral strength. However, there were signifioasis-correlations between these
trabecular microarchitecture parameters and bone mass and (dearsitythus, different
parameters were important predictors after accounting forticausain vertebral strength due to
bone mass and density first. In that case, only the degree ofrapis@DA) of the trabecular
bone had a significant (but small) role. This suggests that rthéitional trabecular
microarchitecture parameters may have a limited abditynprove vertebral strength prediction
and clinical fracture risk assessment beyond the current measures of hera density.

In Chapter three, the individual trabeculae within the vertebrae wlassified by their
anatomical orientation, and a combination of high-resolution finitenei analysis and
biomechanical testing was used to study the influence of traleeicutdifferent orientations on
vertebral strength. Not only did the finite element analysesigle mechanistic insight into the
results from the biomechanical tests, but they also led to thelogewent of a new,
biomechanics-based predictor of vertebral strength. The resuttsGhapter three demonstrated
that variation in vertebral strength across individuals was piynduie to variation in the bone
volume fraction of the vertical trabeculae. This is because ther tead paths were parallel
columns of vertically-oriented bone—the vertical trabeculae and dhecal shell. Whereas
variations in the amount of vertical trabeculae had an importantimoleertebral strength,
variations in the amount of cortical tissue had a minor role. A nenoarchitecture parameter,
the vertical tissue fraction, was developed to reflect thesknfis. Unlike the microarchitecture
parameters evaluated in the previous chapter, the vertical tisstien was nearly independent
of bone density and was a significant predictor of vertebraigitnebefore and after accounting
for the variation in vertebral strength due to variation in bone derSityn a biomechanical

61



perspective, this new parameter represents an aspect of trabeari@architecture with the
greatest potential for non-invasive, microarchitecture analysis obvaltrength.

The research presented in Chapter three represents a novel approach takbet lvi”
concept: high-resolution finite element analysis is first useilentify the structures with the
highest stressj.e. the weakest links in the vertebrae, morphological analysis id tse
characterize the inter-individual variation in certain aspects thaise structures, and
biomechanical testing is used to assess the predictive ahltitpugh this systematic method of
identifying the structural determinants of bone strength was qplieal to a single loading
condition in the vertebra, the method should also apply generally to monggezotoading
conditions and to bone strength at other anatomic gitggpoximal femur).

In Chapter four, the biomechanical mechanisms of vertebral dtrevege studied in a
cohort of elderly vertebrae. This study is the first to applyhdegolution finite element
modeling with geometric and material nonlinearities to whole boness, Twhereas previous
work using linear analysis was limited to the behavior of théelbea under small loads, the
research in this chapter using nonlinear analysis provided nevhtinistg the behavior of the
vertebra in response to an isolated overload. Due to the variatiornlsiie faechanisms between
porous and dense vertebrae, significantly less tissue yieldoamganied an overload of the
more porous vertebrae than the more dense vertebrae, illustrating aspect of vertebral
fragility: as bone volume fraction (density) decreases withgagind disease, not only is the
vertebra becoming weaker, but it is also becoming much lesgwstlly robust. The findings
could help explain why overloads tend to cause greater strength ioeduct low-density
vertebrae [102] and may also have clinical implications in teonshe associated bone
remodeling response and the effects of treatment.

The results from the research combining high-resolution finiteexie modeling with
cadaver biomechanical testing (Chapters 2-4) have practipitations regarding the relative
importance of corticals. trabecular bone fom vivo, microarchitecture analysis of vertebral
strength and fracture risk. Although the cortical shell has a siuisdtbbad-bearing role in the
vertebra [48, 49, 73, 98, 113], new findings from this dissertation indicatedahations in
cortical thickness and the relative mass of the cortical sl small and were only weakly
associated with variations in vertebral strength across indigid@ar findings also indicated
that the role of trabecular microarchitecture was medibjedone mass and density vivo,
microarchitecture assessment of vertebral strength and #actkrshould therefore focus on the
aspects of the vertebral microarchitecture that satisfy thieia: 1) They are important from a
biomechanical perspectivee. they reflect the biomechanical behavior of the vertebra; 2) They
exhibit wide variations across individualand 3) They are significant predictors of vertebral
strength even after adjusting for bone density. In light of thiesinfs, we suggested a new
microarchitectural determinant of vertebral strength thasfeest these criteria: vertical tissue
fraction. Apart from the clinical significance of these findintjgee analysis of the deformation
and failure mechanisms in the vertebra is an important step instewaiging the etiology of
vertebral fractures.

Chapter five focused on the mechanisms of initial endplate faib@gpite their frequent
involvement in osteoporotic vertebral fractures [61-64, 150, 151], the meclsanrserlying
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endplate failure were unclear. A detailed investigation into i#8se revealed two striking
characteristics of the endplates that help to explain thejuérg involvement in osteoporotic
vertebral fractures: the endplates are at the highest risktiaf failure due to the development
of high tensile strains, and the development of such high tensile strains iy dissotciated with
the material behavior of the intervertebral disc. The tensiondénatlops in the plane of the
endplates is notable not only because bone tissue is weaker ontdresn in compression, but
also because the type of tension in the endplabesdal tension—is particularly aggressive
compared touniaxial tension which occurs elsewhere (and less frequently) in ¢niebra.
Together, these findings support the concept that endplate failuréenary etiologic factor in
osteoporotic vertebral fracture and that radiological evidenchasfges in the endplates should
be an essential part of the definition of vertebral fracture [36]a Iprevious study which
observed frequent endplate failures during cadaver experimentsjovexiat disc properties
explained a remarkable 70% of the variations in vertebrhgtin [25], but the link between the
variations in disc properties and the mechanism of endplate obradrfailure was unclear.
Eswaranet al. predicted that the endplates were highly strained [72], although ithemthe
relative magnitude of the strains nor the type of the stramggnsionvs. compression) in the
vertebra was compared, so the importance of the high endplate stesinsiknown. The new
data in this dissertation thus provide a mechanistic link between enégalare, initial vertebral
failure, and the material behavior of the intervertebral disc. Kee challenge for spine
researchers will be to measure intra- and inter-individual v@mgin disc material behavior and
to determine the effect of these variations on endplate failu@hanesms. The techniques
described in this research combined with biomechanical testing aftéreertebral disc should
provide new and important insight into the biomechanical interactionelketithe endplates and
the intervertebral disc.

There are several strengths of this research. First,ebgmarch used both high-resolution
finite element modeling and biomechanical testing in order to expiitinique capabilities of
each technique. This combined approach provided mechanistic instghtvhole vertebral
biomechanical behavior, a feature that differentiates the robsdaom recent work that
considered only statistical correlations when studying struétunetion relationships in the
whole vertebra [25, 121, 128]. Second, we studied multiple vertebrae exhaitiide range of
bone morphologies, thereby accounting for biological heterogeneitprandling a reasonable
degree of external validity to the results. Third, the fully nonlirseelysis of whole vertebrae
(up to 1.5 billion degrees of freedom) incorporating the latest advancefficient solver
algorithms [88] and state-of-the-art supercomputing technology lttie research at the
forefront of current efforts in computational bone mechanics. Fouréhp&rformed high-
resolution micro-CT imaging (30@m spatial resolution) to reduce partial volume effects on the
accuracy of microarchitecture measurements [106] and utiliaechovel method for
characterizing the morphology of individual trabeculae [118]. Relat#ud, a notable feature in
the analysis of trabeculae with various orientations was the dsgtefelement models with and
without the cortical shell, a unique advantage of using high-resolutioputational analysis.
Removing the thin cortical shell enabled us to test the hypotlinedishe effects of the vertical
trabeculae on vertebral stiffness were independent of the catiellland its variations. This
approach may be especially important for future studies igedisig the response of the
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vertebra to forward flexion—a loading mode where the shehasight to play a greater role
[109].

There are two areas of future research necessary to fuxfeeidethe relevance of the
work presented in this dissertation. The first area is assdcowte nonlinear finite element
analysis of whole bones. The current findings are limited tolmadtéehavior up to the point of
apparent yielding; however, the post-yield and ultimate behavior ofbraris also relevant.
Modification of the tissue constitutive model to include damage otersafy behavior is
recommended for predicting post-yield behavior [147]. Changes in thentumodeling
approach related to thresholding are also recommended to improvectiracy of vertebral
strength predictions, since subtle differences in thresholding calt resubstantial errors in
micro-CT-derived mechanical properties [68], and because theueréntly no objective way of
thresholding images of whole bones. Finally, this dissertation only ddcus uniform
compressive loading. Since many osteoporotic vertebral frachneeanterior wedge fractures
[34], the response to combined compression and anterior bending is aftapracal interest
requiring additional work.

The second area of future research is motivated by the studyntlestigated the
mechanisms of initial endplate failure (Chapter 5). The endpdagean understudied anatomical
region and are rich for future scientific discovery since the bibam@cal interaction between
the endplates and the intervertebral disc is critical withesto both vertebral fractures and
discogenic back pain. In terms of vertebral fractures, estaigistie endplates’ general
dependence on the material behavior of the intervertebral disc teetiftdure work to assess
specific variations in disc behavior concomitant with disc deg¢ioa and the mechanisms of
influence on vertebral strength. In terms of discogenic back pairpidkegical implication of
high tensile strains in the endplates is unclear at this point equires future study. For
example, the effect of high tensile strains on the permeabilithe endplates is unknown.
Endplate permeability is thought to be a critical regulator @ruartebral disc health. If high
tensile strains lead to a biological response that reducesasngermeability, then this could be
an important cause of disc degeneration and source of back pain. étplite is known about
the relationship between the biomechanical behavior of the endplaigs eadplate
permeability—or about the interaction between the endplates andctdreertebral disc in
general—and thus, this is an exciting topic for future work.

In closure, this research answers fundamental questions regdrdingleé of trabecular
microarchitecture in explaining the observed variations in vettsbength across individuals,
and provides new insight into the etiology of age-related vertélarelures. The studies on
trabecular microarchitecture (Chapters two and three) iden@fiedvel, biomechanics-based
determinant of vertebral strength. The studies on failure mecharesmd fracture etiology
(Chapters four and five, respectively) illustrated a new aspewertebral fragility and a
mechanistic link between the failure mechanisms of the verésgiordhe material behavior of the
intervertebral disc. This dissertation also outlines areas efanmds to further advance our
understanding of vertebral fracture etiology and describes ensgst approach for identifying
micoarchitectural determinants of bone strength that could be used at othern@saésm
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7. APPENDI X

7.1 Influence of element size on predictions of vertebral strength and tissueyielding using
high-resolution finite element analysis with geometric and material nonlinearities

To verify the accuracy of our reported trends for tissue yieldimg, performed a
convergence study comparing 30n-resolution meshes to 6@m-resolution meshes. Five
vertebrae ranging in BV/TV from 0.08 to 0.19 were selected. UBiHg nonlinear finite
element analyses, the apparent yield strength and the percehtagieed tissue were compared
between the 3@m and 60um models. The largest of these models contained up to 1.6 billion
degrees of freedom and required over 135,000 hours of CPU time.

Compared to the 30dm models, the 6(um models over-predicted yield strengih <
0.01 paired-test) and the percentage of yielded tisgue (.05 paired-test) but the effect was
constant (3Qum vs. 60 um vyield strength: slope = 0.95, offset = 0; 3® vs. 60 um yielded
tissue: slope = 0.88, offset = 3;7 0.99 for both outcomes). Based on these results, we conclude
that the finite element models with @@n element size accurately capture the inter-specimen
variations in yield strength and in the amount of yielded tis$wss, using the models with this
larger element size should not alter our conclusions.

7.2 Validity of predictions of vertebral strength from high-resolution finite element
analysiswith geometric and material nonlinearities

To assess model validity, finite element predictions of the appgidt strength were
compared with measurements of vertebral strength from a ponaing series of biomechanical
experiments. Details of the biomechanical experiments areiliegalsewhere [23, 77, 102].
Briefly, the vertebral bodies were placed between PMMA endcaygs compressed in
displacement control at a slow strain rate (0.05-0.5% straiftes) eyclic preconditioning.
Vertebral strength was defined as the peak force achieved during the logding

The fully nonlinear finite element analyses accurately prediga@riations in measured
vertebral strength. Predicted yield strength explained 85% oftiegtions in measured vertebral
strength for the same vertebrage< 0.0001, Figure 7-1), indicating the overall validity of the
models was good. Variation in vertebral strength was also hagsgciated fr= 0.79) with
variations in finite element-predicted stiffneps<(0.0001). Despite the high correlation between
finite element-derived measures of strength and stiffnéssq199), the residuals from predicted
strength using the finite element-derived yield strength agrédictor (absolute residual = G:4
0.3 kN) were 20% lower, on average< 0.01, paired-test), than the residuals from predicted
strength using the finite element-derived stiffness as the predickar (.4 kN).

7.3 Effectsof disc properties on endplate defor mation and failure mechanisms

To further understand the effect of Poisson-type expansion ofgbeodithe stresses in
the endplates, we analyzed the stress state within a sigialh i@ the superior endplate of each
vertebra. A 1 mm x 1 mm transverse region of interest wasatkthrough the thickness of the
central endplate (Figure 7-2A). The bone in this location had thdegteeoncentration of
highly-strained tissue and its orientation was approximately oaplaith respect to both the
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local x-y plane and the transverse anatomical plane. For each vertelanzerige stress at every
inferior-superior position in the region of interest was normalizethé maximum stress in that
region of interest. The mean value of the normalized stresschtinferior-superior position was
then computed for all vertebrae. While the deformation of a beaempdified by a stress
profile that varies linearly through the thickness of the beaguf€& 7-2B), stress profiles in the
anterior-posterior and medial-lateral directions (Figure 7-2C dgdrd- 7-2D, respectively)
indicated the presence of tensile stresses throughout the tlsickhdbe endplates in both
directions. This in-plane biaxial tension through the thickness dafritiplate is more consistent
with the stretching of a membrane (Figure 7-2B). However, sugipgeghe Poisson expansion
of the disc mitigated the tensile stresses in the anteridenmsand medial-lateral directions in
the regions of interest (Figure 7-2C and Figure 7-2D, respbgtimad Table 7-1). Taken
together, these results suggest that the endplates both stretch and bend uredect@appliessive
loads and that a state of biaxial tension arises due to the@PR@sgansion of the intervertebral
disc.
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Table 7-1: Effect of suppressing the Poisson expansion ofdtee on the in-plane stress components within the
region of interest of the superior endplate.

With Poisson expansion  Without Poisson expansion

Anterior-posterior stressy, (MPa) 3.93£1.81 0.32£0.40
Medial-lateral stressy, (MPa) 2.81+1.53 -0.10: 0.28
Maximum principal stressy; (MPa) 5.76+1.52 0.80:0.70
Minimum principal stressz, (MPa) 0.98+1.97 -0.58t 0.69
Maximum shear stres$ymax (MPa) 2.39+0.94 0.69 0.63
Principal angle*9 (degrees) 1.01+6.61 2.8 10.23

Data given as meahSD ( = 22 vertebral bodies)
* Angle measured clockwise with respect to x-y choate system shown in Figure 7-2

All comparisons were statistically significami € 0.0001, paired-test) except for the effect of suppressing the
Poisson expansion on the principal angle
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VERTEBRAL STRENGTH (kN)
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Figure 7-1: Variations in experiment-measured vertebral sttemgere highly associated® @ 0.85) with variations
in finite element-predicted yield strength.
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Figure 7-2: (A) lllustration of a transverse region of intdar€s mm x 1 mm) through the thickness of the sugeri
endplate. The top and bottom surfaces of the regfanterest represent the superior and inferiofamgs of the
endplate, respectively. (B) Theoretical stress if@®fin regions of interest deforming like a beamd dike a
membrane. The location of the neutral axis is iaid by the position of the horizontal axis. (CfeEf of
suppressing the Poisson expansion of the disc mmianposterior (A-P) stress profiles within treggion of interest.
The mean stress in the models loaded via discs Rdlsson expansion was greater than the mean strebe
models loaded via discs without this behavipr<(0.05, paired-test) at all inferior-superior locations withineth
region of interest except for the superior surfgee 0.63), and was significantly different than zguae< 0.01) at all
inferior-superior locations. (D) Effect of suppriegsthe Poisson expansion of the disc on medialdht(M-L)
stress profiles within the region of interest. Thean stress in the models loaded via discs witksBaiexpansion
was greater than the mean stress in the modelsdoad discs without this behavigr € 0.01, paired-test) at all
inferior-superior locations within the region ofténest except for the superior surfage  0.06), and was
significantly different than zerg(< 0.05) at all inferior-superior locations excépt the top and bottom surfaces.
Error bars show 95% Ch( 22 vertebral bodies).
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