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ABSTRACT 

Trabecular Microarchitecture, Endplate Failure, and the Biomechanics of Human 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 is fundamental to improving 
clinical assessment of vertebral fracture risk and diagnosis of osteoporosis.  In this context, the 
focus of this dissertation is to enhance the current understanding of the biomechanical 
mechanisms of vertebral strength and the etiology of vertebral fractures. 

 
Combining the latest advances in micro-computed tomography, high-resolution finite element 
modeling, and biomechanical testing, we found that variation in vertebral strength across 
individuals was primarily due to the variation in the bone volume fraction of vertical trabeculae. 
This is because the major load paths were parallel columns of vertically-oriented bone. A new 
microarchitecture parameter, the vertical tissue fraction, was developed to reflect these findings. 
Whereas the role of traditional microarchitecture parameters in vertebral strength was mediated 
by bone mass and density, the role of this new parameter was independent of bone mass and 
density. From a biomechanics perspective, the vertical tissue fraction thus represents a 
mechanistic aspect of trabecular microarchitecture with the most potential for microarchitecture 
analysis of bone strength. 

 
The work presented in this dissertation has also provided substantial insight into the etiology of 
vertebral fractures. We found that due to the variation in failure mechanisms between porous and 
dense vertebrae, the amount of tissue yielding that occurred during a mechanical overload of the 
vertebra was up to 5 times lower in porous vertebrae than in dense vertebrae. This illustrates a 
new aspect of vertebral fragility: as bone density decreases with aging and disease, not only is 
the vertebra becoming weaker, but it is also becoming much less structurally robust. Unique 
evidence was also obtained to help explain why the endplates are frequently involved in 
osteoporotic vertebral fractures. A detailed comparison of the biomechanical behavior of the 
endplates, cortical shell, and trabecular bone revealed that the endplates are at the highest risk of 
failure due to the development of high tensile strains, and that the development of such high 
tensile strains is directly associated with the material behavior of the intervertebral disc. 
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In closure, this dissertation answers fundamental questions regarding the role of trabecular 
microarchitecture in explaining the variation in vertebral strength across individuals, and 
provides new insight into the etiology of age-related vertebral fractures. This work also outlines 
areas of research to further advance our understanding of vertebral fracture etiology and 
describes a systematic approach for identifying architectural determinants of bone strength that 
could be used at other anatomic sites.   

 

Tony M. Keaveny 

Dissertation Committee Chair 
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1. INTRODUCTION 

The healthy human skeletal system is well adapted to performing a wide range of 
activities. A critical aspect governing skeletal adaptation is bone remodeling: continuous 
remodeling and turnover of the bone tissue at the cellular level ensures the bone structure is most 
suited to the external loads. However, imbalance in bone remodeling due to aging and disease 
can compromise skeletal integrity. Osteoporosis is a metabolic disease characterized by an 
imbalance in bone turnover that results in accelerated bone loss and deterioration of bone 
microarchitecture. This low bone mass and deteriorated microarchitecture causes a reduction in 
bone strength and an associated increase in fracture risk. According to the National Osteoporosis 
Foundation, over 2 million osteoporosis-related fractures occur annually in the United States. 
The most common locations for fracture are the vertebral body (700,000 annually), distal radius 
(400,000 annually), and proximal femur (300,000 annually) [1]. The estimated direct 
expenditures for these fractures is $19 billion, and both the incidence of osteoporotic fracture and 
the associated costs are expected to increase as the size of the elderly population continues to 
grow. All told, osteoporosis is currently considered a major public health threat for an estimated 
44 million American women and men. 

 
Given the clinical significance of osteoporosis, it is critical to accurately identify 

individuals who are at risk of fracture. Osteoporosis is currently defined by the World Health 
Organization (WHO) as a bone mineral density measurement by dual energy X-ray 
absorptiometry (DXA)—termed a t-score—that is 2.5 standard deviations below the normal level 
for sex-matched young individuals [2]. While DXA works reasonably well for predicting hip 
fractures, it is less successful at predicting vertebral fractures [3]. For example, bone mineral 
density alone has difficulty differentiating between patients with and without vertebral fractures 
[4]. Another recent study indicated that only 44% of women and 21% of men presenting with 
non-vertebral osteoporotic fractures had DXA t-scores in the osteoporotic range [5]. This 
suggests that over half of those individuals who eventually fracture are not classified as 
osteoporotic by WHO guidelines. These high-risk individuals often do not receive drug 
treatments, which have been shown to reduce fracture risk by ~50% [6-9]. Together, these 
findings have incited in the field of osteoporosis research the need to go beyond bone mineral 
density as the means of assessing fracture risk [10]. 

 
One major obstacle in improving vertebral fracture risk assessment is the incomplete 

nature of our understanding of the biomechanical mechanisms of vertebral strength and the 
etiology of vertebral fractures. Specifically, a number of fundamental questions remain 
unanswered. What are the relative roles of the various vertebral compartments in vertebral 
biomechanical behavior? Where do the highest stresses and strains occur in the vertebra and how 
well do the variations in these highly-stressed or highly-strained tissues explain variations in 
vertebral strength across individuals? What are the failure mechanisms 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 is to enhance the current 

understanding of the biomechanical mechanisms of vertebral strength and the etiology of 
vertebral fractures. Understanding the biomechanical mechanisms is important for improving 
vertebral strength prediction and fracture risk assessment clinically; understanding fracture 
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etiology is important for elucidating the effects of aging and disease. The remainder of this 
chapter will establish a foundation in whole-vertebral biomechanics that will be useful in 
understanding the material presented in subsequent chapters of this dissertation. First, the 
structure and composition of bone will be briefly summarized, followed by detailed discussions 
of the anatomy and mechanical behavior of the human vertebra. Next, a short section will 
describe various measures of trabecular microarchitecture. The fifth section will address 
contemporary issues regarding finite element modeling of the vertebra. The final section contains 
an outline of the objectives and scope of this dissertation. 

1.1 Structure and composition of bone* 

Bone is a hierarchical composite material composed of structures that vary in size from a 
few nanometers to tens of millimeters (Figure 1-1). By weight, the constituent materials of bone 
are inorganic ceramic materials (primarily hydroxyapatite, 60%), organic materials (primarily 
type-I collagen, 30%), and water (10%). At the smallest size-scale, the hydroxyapatite crystals 
may resemble small plate-like structures (~5 x 15 x 40 nm). These crystals are surrounded by 
woven collagen fibrils (~30 nm in diameter x 300 nm in length). At the next size-scale (~10 µm), 
the mineralized collagen fibrils are arranged in one of two forms. In the first form, the fibrils 
randomly orient to form a structure often termed woven bone. In the second form, the fibrils 
assemble into sheets called lamellae, which then stack together in layers with alternating fiber 
angles between layers. 

 
 Lamellae are arranged in five different structures at the next size scale. 

1. Trabecular bone, a highly porous structure (>60% porous in humans) is made of an 
organized lattice of lamellar packets. Trabecular bone occupies the ends of the long bones 
and the vertebral centrum; the trabecular lattice resembles an interconnected network of 
rod-like and plate-like struts with substantial variability across anatomic sites and species 
(Figure 1-2). Trabecular thickness is variable, but generally ranges between ~100-250 
µm. 

2. Osteonal or Haversian bone consists of 10-15 lamellae arranged in concentric cylinders 
(~200 µm in diameter x 2 mm in length) about a central Haversian canal. These canals 
contain blood vessels, capillaries, nerves, and bone cells. The substructure of the 
concentric lamellae is termed an osteon. Osteons are the primary discrete units of human 
cortical bone. 

3. Primary lamellar bone is wrapped circumferentially in a 2-3 mm layer 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 (each laminae is ~0.1-0.2 mm 

thick) around a marrow cavity. Sandwiched between adjacent laminae is a two-
dimensional network of blood vessels. 

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

                                                 
* Portions of this section were adapted in part from [11]. 
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internal surfaces of the Haversian canals within cortical bone. As a result, trabecular bone is less 
mineralized than cortical bone. The details of trabecular and cortical morphology in the vertebra 
will be addressed in the next section. 
 
 Bone remodeling is crucial for skeletal adaptation.  At the cellular level, this process is 
carefully orchestrated through the resorption of existing bone matrix by osteoclasts and the 
formation of newly mineralized material by osteoblasts. Continuous remodeling ensures the bone 
structure is most suited to the external loads being applied. Remodeling also results in constant 
fluctuations in local levels of tissue mineralization and in overall bone mass. Imbalance between 
the resorption and formation phases of the remodeling process due to aging and disease—such as 
osteoporosis—are thought to cause a net bone loss. Osteocytes are cells that reside in lacunae (5-
8 µm in diameter) within and between lamellar packets. These cells are capable of sensing 
mechanical stimuli via primary cilia [12] and are thought to coordinate the remodeling process 
through gap junction-based signaling [13]. 

1.2 Anatomy of the vertebra* 

 The human spinal column is composed of thirty-three vertebrae separated by 
intervertebral discs. Each vertebra consists of four principal struc tural components: the 
trabecular centrum, the endplates, the cortical shell—all parts of the vertebral body (Figure 
1-3)—and the posterior elements. 
 
 At the inferior and superior surfaces of the vertebra, the porous endplates support stresses 
imposed by the intervertebral discs and act as a nutrient pathway between the disc and the 
vertebra [15]. The microstructure of the endplates (~0.4-0.8 mm thick [16, 17]) more closely 
resembles that of condensed trabeculae than of Haversian cortical bone [17-19]. Endplate 
thickness depends on spinal level and position in the endplate [16, 20]: the endplates are thinner 
in the center than in the periphery [16] and at a given spinal level, superior endplates are also 
thinner than inferior endplates [20]. 
 
 The cortical shell forms the periphery of the vertebral body. By weight, the thin, porous 
shell (0.25-0.4 mm thick [16, 17, 21, 22]) amounts to ~10-20% of the bone tissue in vertebral 
body [23]. Shell thickness varies transversely—it is thickest near the endplates and thinnest in 
the mid-transverse region [16]. 
 

The trabecular bone is located in the interior of the vertebral body. The volume fraction 
of trabeculae varies with location in the vertebral body [24-26] and with spinal level [27, 28]. 
Trabecular microarchitecture, which will be discussed in subsequent sections of this chapter, 
refers to the structure, interconnection, and spatial organization of the trabeculae. Vertebral 
trabecular bone has a highly porous (>80% porosity), rod-like architecture (Figure 1-2). 

 
 The posterior elements are boney processes that extend from the posterior aspect of the 
vertebral body. Two pairs of facet (apophyseal) joints connect adjacent vertebrae in the inferior 

                                                 
* Portions of this section were adapted in part from [14]. 
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and superior directions. In the lower thoracic and lumbar spine, the facets resist transverse shear 
and restrict excessive motion in the torsion and extension [29]. 

1.3 Mechanical behavior of the vertebra* 

Unlike osteoporotic hip fractures, which are attributable to a fall in approximately 90% of 
all cases [30, 31], many osteoporotic vertebral fractures result from non-traumatic loading 
conditions [32, 33]. This makes it difficult to diagnose vertebral fractures since they may initially 
be asymptomatic and often, do not present as sudden, discrete fractures [32]. Vertebral fractures 
are commonly grouped into three morphological cases: anterior wedge, biconcavity, and 
compression fractures [34](Figure 1-4). Anterior wedge fractures [34] and compression fractures 
[35] are the most common types of vertebral fractures. Understanding why and how failure 
occurs in the different compartments—endplates, cortical shell, trabecular bone—during an 
overload of the vertebra is a fundamental issue in diagnosing osteoporotic vertebral fractures, 
which remains a controversial topic [36]. 
 
  Substantial changes occur to the vertebra with aging (Figure 1-5). Loss of bone density 
and deterioration in bone microarchitecture with age are thought to be the primary cause of 
decreases in vertebral strength [37]. One study estimates that vertebral strength decreases by 
about 12% per decade from ages 25-85 [38]. Aging is also accompanied by osteoarthritic 
changes around the intervertebral disc and endplates [39], including disc degeneration, and there 
are likely adaptive alterations of the bone within the vertebra in response to these changes [26]. 
While age accounts for about 60% of the variation in bone strength [38], individuals can exhibit 
much stronger or weaker bones than would be predicted by their age alone. Bone density can be 
thought of in a conceptually similar manner—even though density can account for much of the 
variation in bone strength, individual measures of strength can greatly exceed or fall short of the 
expected value at a given density. This issue underscores the importance of developing an 
improved understanding of the failure mechanisms in the vertebra and characterizing the relative 
structural contributions from the trabecular microarchitecture and the cortical shell. 
 
 The contribution of variations in trabecular microarchitecture to the failure mechanisms 
in the vertebra remains a source of much uncertainty. For example, trabecular buckling has long 
been proposed as one of the mechanisms by which small changes in density and architecture, e.g. 
thinning and fenestration of trabeculae, result in disproportionate changes in vertebral strength 
[40, 41]. Trabecular bending and buckling has been observed in isolated specimens of trabecular 
bone [42], and variations in trabecular microarchitecture parameters—indices that describe the 
physical characteristics of the trabeculae such as their thickness, separation, and connectivity—
can explain variations in such large deformation-type failure mechanisms [43-45]. In the whole 
vertebra, however, the failure mechanisms are unclear, as is the dependence on trabecular 
microarchitecture. Given the clinical interest in using trabecular microarchitecture to supplement 
bone mineral density for fracture risk assessment [46, 47], determining the role of trabecular 
microarchitecture in whole-vertebral biomechanical behavior is critical. 
 

                                                 
* Portions of this section were adapted in part from [14]. 
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The structural contribution of the cortical shell is also an important research topic. Recent 
advances in micro-CT imaging and high-resolution finite element modeling have provided a 
precise means for quantifying cortical-trabecular load sharing in the elderly spine [48, 49]. These 
studies predict that the cortical shell caries ~38-55% of the axial compressive load at the mid-
transverse plane of the vertebra and substantially less (~11-26%) nearer to the endplates [49]. 
Perhaps even more striking is the structural contribution of the shell to whole-bone behavior: the 
stiffness of the shell alone is <10% of the stiffness of the intact vertebra, but removing the shell 
leads to >50% reduction in vertebral stiffness [48]. Experimental studies have found that the 
shell supports anywhere from 10% [50] to 75% [51] of the axial compressive load. Clearly, the 
cortical shell is an important load-bearing structure in the vertebra; however, the role of the shell 
in explaining the variations in vertebral strength across individuals as well as how its role 
compares to the role of trabecular microarchitecture are open questions. 

 
 Despite the endplates’ functional role in transmitting loads between the intervertebral 
disc and the vertebra, the endplates remain an understudied anatomic region in the spine. The 
stresses along the endplates depend on the level of degeneration of the adjacent discs. A healthy 
disc has a gelatinous nucleus pulposis [52, 53], and applied compression concentrates load to the 
center of the endplates [54-57]. In contrast, a degenerated disc loses its fluid-like behavior [58, 
59] and applied compression concentrates load to the ring apophysis and the cortical shell [56, 
57, 60]. Endplate-disc interactions may even be an important determinant of vertebral strength. 
For example, a recent study which observed frequent endplate failures found that variations in 
disc properties were highly associated (r2 = 0.70) with variations in vertebral strength [25], 
although the link between variations in disc properties and the mechanism of endplate or 
vertebral failure was unclear. The frequent involvement of the endplates in osteoporotic vertebral 
fractures [61-64] warrants further study of the mechanistic link between disc properties and the 
biomechanical behavior of the endplates. 

1.4 Trabecular microarchitecture 

 The spatial arrangement and interconnection of individual trabeculae is termed trabecular 
microarchitecture. Several parameters have been developed to describe various aspects of 
trabecular microarchitecture. In this dissertation, the trabecular microarchitecture parameters are 
used as a tool for understanding the relationship between the structure of the trabecular bone and 
the behavior of the vertebra. 
 
 Microarchitecture parameters that will be used include: trabecular thickness (Tb.Th), 
trabecular separation (Tb.Sp), trabecular number (Tb.N), structural model index (SMI), 
connectivity density (Conn.D), and degree of anisotropy (DA). Tb.Th is defined as the average 
thickness of a trabecular object and Tb.Sp is defined as the average thickness of a pore space. 
Tb.N can be thought of as the average number of times per unit length that any random line 
drawn through the volume of interest intersects a trabecular object. SMI is used to quantify the 
structural appearance of trabecular bone by relating the convexity of the structure to a type of 
model [65]. Flat, plate-like structures have an SMI of zero and ideal cylindrical rods have an 
SMI of three. Conn.D is defined per unit volume and is related to the maximal number of 
branches that can be broken before a structure is separated into two parts [66]. Finally, DA 
quantifies the presence or absence of preferential alignment along a particular directional axis. A 
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perfectly isotropic structure has a DA of one and increasing values of DA represent increasing 
degrees of anisotropy. All of the microarchitecture measures presented in this dissertation will be 
evaluated using the three-dimensional distance transformation approach, i.e. the so-called “direct 
approach” [67]. This approach makes no a priori assumptions about the structure type of the 
trabeculae. 

In the context of micro-CT-derived microarchitecture parameters, bone volume fraction 
(BV/TV) is often used to describe the apparent density of the bone. Bone volume fraction is the 
fraction of the total volume that is occupied by the trabecular hard tissue. As many of the 
microarchitecture parameters are highly correlated with bone volume fraction, it has generally 
been difficult to characterize microarchitecture in a manner that explains variations in bone 
strength not accounted for by variations in bone volume fraction. The effect of the correlations 
between microarchitecture parameters and bone volume fraction on vertebral strength will be 
addressed in this dissertation. 
 Microarchitecture analysis is often coupled with high-resolution finite element modeling 
of trabecular bone. Since tissue material properties and boundary conditions in the finite element 
models are prescribed explicitly, any predicted variations in apparent- or tissue-level mechanical 
behavior across models are attributed solely to variations in microarchitecture. In this 
dissertation, microarchitecture analysis will be coupled with high-resolution finite element 
modeling of the whole vertebra. The association between variations in specific aspects of the 
microarchitecture and the mechanical properties will be quantified using statistical regression 
techniques.  

1.5 Finite element modeling of the vertebral body 

 Finite element analysis is a powerful computational tool for investigating the 
biomechanical behavior of bone. This technique allows investigators to perform “virtually real” 
experiments that have several advantages over gold-standard biomechanical tests. First, the 
technique is non-destructive, so the effects of variables such as boundary and loading conditions 
[44, 48, 68] or material properties [69-71] can be evaluated in controlled, repeated measures-type 
parameter studies. Second, the technique can provide detailed insight into stress and strain 
distributions within the vertebra [49, 72, 73] (Figure 1-6), whereas biomechanical testing only 
yields information about the apparent-level mechanical behavior (or at best, about local stresses 
and strains on the surface of the vertebra using strain gauges [74]). Perhaps the greatest benefit 
of finite element modeling in bone mechanics research lies in combining the technique with 
biomechanical testing in order to leverage the individual strengths of each approach. In this 
manner, for example, researchers have gained substantial insight into tissue-level mechanical 
properties [75, 76] and failure mechanisms [43]. 
 
 This dissertation reports on the use of high-resolution finite element modeling of whole 
vertebral bodies. These finite element models are constructed from micro-CT images (30 µm 
spatial resolution) of vertebral bodies by converting each voxel in the images to an eight-node 
brick element [76]. Hence, the models implicitly capture the spatially heterogeneous 
microarchitecture, the thin cortical shell, and the porous endplates of the vertebra (Figure 1-3). 
By accurately capturing the physics of these microstructures, the models can be used to 
understand the micromechanics of the vertebral body and to resolve issues such as the effect of 
the cortical shell in obscuring the role of trabecular microarchitecture in whole-vertebral 
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behavior. In addition to addressing this issue, this dissertation also uses the high-resolution finite 
element models to elucidate the failure mechanisms in the trabecular bone, cortical shell, and 
endplates including how these failure mechanisms vary—both quantitatively and qualitatively—
across individuals exhibiting a wide range of bone morphologies. 
 

In contrast to continuum-level finite element models based on quantitative-CT images (1-
3 mm spatial resolution) in which each element is assigned a different material property based on 
its CT-derived density [60, 77-82], high-resolution finite element models typically use 
homogeneous and isotropic material properties. This enables separation of the effects of 
variations in microarchitecture from the effects of variations in material properties. Additionally, 
apparent-level predictions of mechanical properties as well as tissue-level stress and strain 
distributions from high-resolution finite element models with homogeneous and isotropic 
material properties have correlated well with experimental measures providing some level of 
validation for this modeling approach [43, 83-87]. 

 
Computationally, high-resolution finite element modeling of the whole vertebra requires 

both state-of-the-art software and hardware. In the past, high-resolution finite element models of 
trabecular bone have traditionally been solved with the iterative, element-by-element (EBE) 
preconditioned conjugate gradient (PCG) method [73, 76, 83, 85]. This method is memory 
efficient and the work per iteration and per degree of freedom is constant. However, because the 
number of iterations required to reduce the residual by a constant amount using the EBE-PCG 
method rises dramatically as the problem size increases, this method is inefficient for solving 
larger problems, such as those involving the whole vertebra. The models of whole vertebrae 
typically contain on the order of 300 million degrees of freedom, and therefore, the analyses 
require more efficient solvers [88, 89] and substantial parallel computing capacity. By dividing 
the global finite element mesh into sub-domains and spreading the workload over thousands of 
processors that perform the computations in parallel, previously intractable problems can be 
solved in minutes. The work in this dissertation utilizes a highly-scalable, implicit finite element 
framework (Olympus [88]) implemented on some of the world’s fastest and most advanced 
parallel supercomputers. In particular, the work utilizes implementations of Olympus on two 
supercomputing platforms: 1) an IBM SP4 machine with 2,048 processors and over 4 TB of 
memory (Datastar; San Diego Supercomputing Center, San Diego, CA USA); and 2) a Sun 
Constellation cluster with 62,976 processors and 123 TB of memory (Ranger; Texas Advanced 
Computing Center, Austin, TX USA). 

 
In addition to their large size, high-resolution finite element models of whole vertebrae 

represent a significant computational challenge due to their numerical complexity. For example, 
performing fully nonlinear analysis involves both material and geometric nonlinearities. Material 
nonlinearities are necessary in order to capture the tension-compression strength asymmetry of 
the bone tissue [45, 86]. Geometric nonlinearities—which involve updating the stiffness matrix 
based on changes to the orientation of the structure—are required to capture the deformation 
mechanisms such as large-deformation bending and buckling [43, 90]. Due to the computational 
challenge of simulating these nonlinearities, past studies on whole vertebrae have focused only 
on linear analysis [48, 49, 72, 73]. However, recent advances in supercomputing technology 
combined with efficient solver algorithms [88] have finally made it possible to perform fully 
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nonlinear, high-resolution finite element analysis of whole vertebrae. A chapter of this 
dissertation is devoted to such analyses—the first of their kind for whole bones— and in 
particular, to understanding how the failure mechanisms in the human vertebra during an isolated 
overload depend on bone volume fraction and architecture. 

1.6 Objectives and scope of the dissertation 

The overall goal of this dissertation is to enhance the current understanding of the 
biomechanical mechanisms of vertebral strength and the etiology of vertebral fractures. The first 
objective is to investigate the role of trabecular microarchitecture in the variations in vertebral 
strength, stiffness, and failure mechanisms. In addition to identifying the microarchitectural 
characteristics of the trabecular bone that are the best “markers” of variations in whole-vertebral 
biomechanical behavior, these studies will also quantify possible interactions between the 
cortical and trabecular compartments. The second objective of this dissertation is to investigate 
the mechanisms of endplate failure.     

The first study presented in this dissertation (Chapter two) examines the role of trabecular 
microarchitecture in whole-vertebral biomechanical behavior. Via a combined experimental and 
computational approach, this work also provides a direct assessment of the fidelity of the linearly 
elastic finite element models that are used to make biomechanical predictions in subsequent 
studies. While the role of trabecular microarchitecture has been studied extensively in isolated 
specimens of trabecular bone, e.g. cylinders and cubes, its role in whole-vertebral behavior has 
not been previously addressed due to the challenge of performing both the microarchitecture and 
biomechanical assays on the same vertebrae. 

 
Once the combined experimental and computational approach for microarchitecture 

analysis of biomechanical behavior has been established, the combined approach will be used to 
study the effects of trabeculae in different orientations (Chapter three). This study also proposes 
a new microarchitecture parameter for assessing vertebral strength based on insight gained 
directly from the finite element models. 

 
Chapter four determines the contribution of variations trabecular density and architecture 

to the tissue-level failure mechanisms in the vertebra. Owing to the numerical complexity of 
simulating both geometric and material nonlinearities in high-resolution finite element models of 
whole bones, characterizing the failure mechanisms in this manner represents a significant 
challenge in the field of computational bone mechanics. Indeed, the nonlinear, high-resolution 
finite element analyses in this chapter are the first of their kind for whole vertebrae. 

 
Chapter five explores the mechanisms underlying the failure of the endplates. Vertebral 

fractures often involve failure of the endplates; however, the reason for this remains up in the air. 
Elucidating the mechanisms of endplate failure is important not only for improving our 
understanding of the etiology of vertebral fractures, but is critical for developing objective 
criteria to identify vertebral fractures as well. 

 
Finally, Chapter six provides concluding remarks and suggests future directions of 

research. 
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Figure 1-1: Hierarchical structures of bone from the sub-micron length scale to the millimeter length scale [11]. 
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Figure 1-2: High-resolution renderings of trabecular bone from: a) bovine proximal tibia; b) human proximal tibia; 
c) human femoral neck; d) human vertebra [91]. 
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Figure 1-3: Vertebral body compartmentalized (from left to right) into the cortical shell, trabecular centrum, and 
endplates. 
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Figure 1-4: Vertebral body fracture classification and severity grading [34]. 
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Figure 1-5: Mid-frontal sections of human T9 vertebrae from 53-year old (left) and 82-year old (right) donors. 
Aging and disease result in substantial loss of bone mass and deterioration in trabecular bone microarchitecture.  
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Figure 1-6: Mid-sagittal cutaway from a human T9 vertebral body showing the distribution of von Mises stress 
predicted by finite element analysis. 
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2. ROLE OF TRABECULAR MICROARCHITECTURE IN WHOLE-VERTEBRAL BODY 

BIOMECHANICAL BEHAVIOR 

2.1 Introduction 

 The inability of DXA to accurately predict osteoporotic fractures [5] or fully account for 
decreases in fracture risk associated with anti-resorptive treatment [7, 9] has magnified clinical 
interest in parameters related to bone quality [92, 93]. Of particular interest is trabecular 
microarchitecture given its demonstrated role in the mechanical behavior of isolated specimens 
of trabecular bone [67, 83, 94, 95]. However, the influence of trabecular microarchitecture on 
whole-vertebral strength and stiffness is not well understood and may be obscured by potentially 
dominant morphological factors such as vertebral size, vertebral shape, overall bone mass, and 
the presence of the cortical shell. Understanding the relationships between microarchitectural and 
morphological indices and the biomechanical properties of the human vertebral body may 
therefore help elucidate the mechanisms by which trabecular microarchitecture contributes to 
vertebral fracture etiology. 
 
 Several factors contribute to a vertebra’s biomechanical behavior, including bone mineral 
content and density [24, 28, 55, 96], cortical shell thickness [49], and geometric size and shape 
[27]. Despite the fact that the trabecular bone in the anterior and superior regions of the lumbar 
vertebra is less dense and connected than in the posterior and inferior regions [25, 97], it was 
recently reported that using measures of microarchitecture from a single region provided no 
additional predictive capability for strength compared to the use of whole-vertebral measures 
[25]. This raises questions about possible interaction effects between trabecular 
microarchitecture, the cortical shell—which has a substantial and complex load-bearing role in 
the human vertebra [49, 73, 98]—and vertebra size (reflected in part by overall bone mass) in 
terms of contributions to vertebral strength. It is possible, for example, that the role of trabecular 
microarchitecture in vertebral strength is influenced by the cortical shell or by bone mass. 
 
 The overall goal of this study was to investigate the role of trabecular microarchitecture 
in whole-vertebral biomechanical behavior, accounting also for such factors as vertebral mass, 
cortical shell morphology, and indeed the presence of the cortical shell itself. We addressed this 
issue using a combination of cadaver biomechanical testing, high-resolution micro-CT imaging, 
and micro-CT-based finite element modeling. Specifically, our objectives were to: (1) assess the 
individual effects of trabecular microarchitecture, cortical shell thickness, vertebral cross-
sectional area, and bone mass on vertebral strength and stiffness; (2) determine the combined 
effects of these parameters on vertebral strength and stiffness; and (3) determine whether the 
physical presence of the shell alters the relation between trabecular microarchitecture and 
vertebral stiffness.  This study is the first to relate the individual and combined effects of 
vertebral morphology, trabecular microarchitecture, cortical morphology, and the presence of the 
cortical shell to the biomechanical behavior in which all assays are performed on the same 
human vertebrae. 
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2.2 Methods 

 Fresh-frozen human spine segments were obtained from willed-body programs subject to 
exclusion of any donors having a documented history of metabolic bone disease, e.g., metastatic 
cancer or hyper and hypothyroidism. Anterior-posterior and lateral view radiographs of accepted 
specimens were then examined to identify and exclude any T9 vertebrae showing evidence of 
pre-existing vertebral fractures or scoliosis. Twenty-two T9 vertebrae (n = 11 male; n = 11 
female; age range: 53-97 years, mean ± SD = 81.5 ± 9.6 years) were thus obtained. 
 
 After removing the posterior elements, each isolated T9 vertebral body was micro-CT 
scanned using a 30 µm voxel size (Scanco 80; Scanco Medical AG, Brüttisellen, Switzerland) 
and a number of bone morphology and microarchitecture variables were measured from these 
scans. Bone mineral content (BMC) for each vertebra was estimated based on the measured bone 
volume and the assumption of constant tissue density (2.05 g/cc [99]), a technique that performs 
well when compared to DXA-derived BMC [100]. Model-independent trabecular 
microarchitectural parameters were measured for the largest internal cuboid region of trabecular 
bone, typically about 15 mm x 15 mm x 10 mm (Figure 2-1). The microarchitecture variables 
investigated were measured using the Scanco software and comprised: bone volume fraction 
(BV/TV), mean trabecular thickness (Tb.Th), mean trabecular number (Tb.N), mean trabecular 
separation (Tb.Sp), structural model index (SMI) [65], connectivity density (Conn.D) [66], and 
degree of anisotropy (DA). 
 
 To characterize biomechanical properties, destructive compressive tests were performed 
after micro-CT scanning for a subset of 16 vertebrae (n = 10 male; n = 6 female; age range: 53-
97, 77.5 ± 10.1 years; the remaining six vertebrae were unavailable since they were used in a 
different type of biomechanical testing experiment). The specimens were cleared of soft tissues, 
placed between molds of polymethylmethacrylate bone cement to ensure plano-parallel ends [80, 
101, 102], and tested at room temperature to failure in displacement control at either 0.50% 
strain/sec [102] or 0.06% strain/sec [77] following pre-conditioning [102]. Saline-soaked gauze 
was used to keep the samples moist throughout the experiments. Our main outcome parameter, 
vertebral strength (Fult), was defined as the peak force achieved during the loading cycle [102], 
which occurred typically at a strain of about 1.8%. Vertebral stiffness was not measured because 
we did not use specimen-attached extensometers and thus machine compliance effects would 
confound the resulting deformation measures. Although the strength behavior of both cortical 
and trabecular bone depend on strain rate when strain rate is varied over many orders of 
magnitude [103, 104], the effect of strain rate is negligible in the range used here (p = 0.91; 0.1 
vs. 1.0% strain/sec [103]). Thus, our data were not adjusted for any differences in applied strain 
rate. 
 

In addition to this biomechanical testing, we performed finite element (FE) analysis on 
each of the n = 22 vertebral bodies to estimate vertebral compressive stiffness with and without 
the cortical shell. For each vertebra, two finite element models—one intact and one with the 
cortical shell virtually removed—were created using previously reported methods [48, 49, 72]. 
Briefly, the scans were region-averaged to 60 µm voxel size and segmented using a global 
threshold value. A custom algorithm (IDL 6.2; ITT Visual Information Solutions, Boulder, CO 
USA) using moving averages [48, 49] was used to identify the cortical shell. Each 60 µm cubic 
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voxel was then converted into an 8-noded element to create a finite element model of the entire 
vertebral body. Since the cortical shell is often described as condensed trabeculae [17-19], all 
cortical and trabecular bone elements in the models were assigned the same hard tissue 
properties (elastic modulus 18.5 GPa and Poisson’s ratio of 0.3). Polymethylmethacrylate (elastic 
modulus 2.5 GPa and Poisson’s ratio of 0.3 [105]) layers were added to the inferior and superior 
endplates of the vertebral body to mimic experiments. In order to determine how the presence of 
the shell influences the role of trabecular microarchitecture in vertebral biomechanical behavior, 
a second finite element model without the cortical shell was created for each specimen, and 
stiffness was computed for this model while keeping all other model inputs the same as in the 
intact model. 

 
The resulting finite element models had up to 80 million elements and over 300 million 

degrees of freedom and required highly specialized software and hardware for analysis [88]. To 
simulate compressive loading, the superior surface of each model was displaced to 1.0% 
apparent level strain in the inferior-superior direction while the inferior surface was fixed to 
mimic experimental testing protocols. All analyses were run using custom code—including 
parallel mesh partitioner and algebraic multigrid solver [88]—on an IBM Power4 supercomputer 
(Datastar; San Diego Supercomputer Center, San Diego, CA USA), and required a maximum of 
880 processors in parallel and 1800 GB of memory. 

 
These analyses provided a number of outcome parameters. Vertebral stiffness (Kintact) 

was defined as the ratio of the reaction force generated at the inferior surface to the applied 
displacement. A similar calculation was used to define the stiffness of the trabecular 
compartment (Ktrab) but using instead the results from the vertebra model without the shell. The 
contribution of the trabecular compartment to whole-vertebral stiffness, an indicator of load 
sharing between the cortical and trabecular bone, was quantified by the ratio Ktrab/Kintact. The 
region-averaged 60 µm models were also used to calculate the average thickness of the cortical 
shell (Ct.Th) in the transverse region excluding the endplates [49] as well as a ratio of cortical 
shell mass to whole bone mass—cortical mass fraction (Ct.M). Minimum vertebral cross-
sectional area (CSA) was determined using a moving average for 1-mm thick transverse slices. 

 
The independent roles of trabecular microarchitecture, cortical shell thickness, and 

vertebral morphology in the biomechanical outcomes were quantified by the Pearson correlation 
coefficient. All explanatory variables were also correlated with each other to explore cross-
correlation effects. The combined roles of trabecular microarchitecture, morphology and BMC in 
strength and stiffness were quantified using stepwise multiple linear regressions (JMP 7.0; SAS 
Institute Inc., Cary, NC USA), which sequentially add the most significant explanatory variable 
to the model until the unexplained variability in the dependent parameter cannot be reduced. To 
determine if the presence of the cortical shell alters the role of microarchitecture, stiffness-
architecture relationships were determined using intact and trabecular stiffness as the outcome. 
The statistically significant intact and trabecular stiffness-architecture relationships were then 
compared using a t-test on the regression slopes. All regressions and tests were taken as 
significant at p < 0.05. 
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2.3 Results 

 The average value of bone volume fraction was less than 10% (Table 2-1), indicating the 
low-density nature of the vertebrae analyzed. Consistent with this, strength values (1420-6570 N) 
were typical of an elderly cohort with low bone mass [55]. 
 

Of all measured explanatory variables, BMC (r = 0.76) and SMI (r = -0.76) displayed the 
highest associations with vertebral strength, whereas BMC was most highly associated with 
vertebral stiffness (r = 0.90, Table 2-2). Overall, the remaining trabecular microarchitectural 
parameters displayed modest correlations with either vertebral strength or stiffness (r= 0.21-
0.66), with significant correlations only occurring for SMI and BV/TV. As expected from 
previous studies [79], finite element-computed whole-vertebral stiffness and compression test-
measured vertebral strength were highly correlated (r = 0.87).  Vertebral strength and stiffness 
were weakly correlated with donor age (r = -0.50 and r = -0.66, respectively) but not with donor 
body mass. 

 
 Results from the multiple regression analyses indicated that trabecular microarchitecture 
was strongly associated with vertebral strength and stiffness, but its role was mediated by BMC 
(Figure 2-2). Combined measures of trabecular microarchitecture (SMI and Tb.Th)—when 
considered without data on BMC and cortical morphology—could explain an appreciable degree 
of variability in vertebral strength (R2 = 0.76) and stiffness (R2 = 0.62). However, when BMC 
was added to the model, the architecture variables in the multiple regression model changed 
(strength: DA and BV/TV; stiffness: DA) and the degree of correlation increased (strength and 
stiffness: R2 = 0.85). Scatter plots of the regression models with BMC alone and with BMC plus 
microarchitecture as predictors of vertebral strength (Figure 2-3) and a comparison between the 
changes in the residuals for the weaker half (n = 8) versus the stronger half (n = 8) of the 
specimens revealed significantly greater reductions for the weaker group (Wilcoxon rank-sum 
test, p = 0.04). This indicates that including microarchitecture parameters in the model had a 
greater effect on the low-strength specimens. Variations in cortical morphology were not 
associated with vertebral strength after accounting for either microarchitecture or BMC. 
 

One-way correlations between the explanatory variables demonstrated a number of 
moderately strong cross-correlation effects (Table 2-3). For example, BMC was correlated (r 
> ~0.5) with the structure and density of trabecular bone (SMI and BV/TV, respectively), 
cortical shell morphology (Ct.Th and Ct.M), and vertebral size (CSA). 

 
 Relationships between each of the microarchitecture parameters and vertebral stiffness 
with the shell removed were similar to those with intact vertebral stiffness (t-test on regression 
slopes, p = 0.09-0.63), indicating that the physical presence of the cortical shell did not alter the 
relationships between trabecular microarchitecture and vertebral stiffness. The unique 
mechanical contribution of the trabecular bone, Ktrab/Kintact, varied from 36% to 73% of the intact 
vertebral stiffness and was most significantly associated with the relative amounts of cortical and 
trabecular bone (Ct.M, r = -0.85). Of the microarchitecture parameters, there was an association 
between the stiffness contribution of the trabecular compartment and the plate-like nature of the 
trabeculae (SMI, r = -0.54). 
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2.4 Discussion 

 Taken together, these results show that trabecular microarchitecture was highly 
associated with vertebral strength and that its role was mediated by bone mass but not by cross-
sectional area or the cortical shell. This mediation effect was due in part to significant cross-
correlations between bone mass and trabecular microarchitecture. As a result of these cross-
correlation effects, different microarchitecture parameters were associated with measured 
vertebral strength when included in a multiple regression model with bone mass (DA and 
BV/TV) than when included in a model without bone mass (SMI and Tb.Th). Bone volume 
fraction is related to porosity (= 1–BV/TV) and can be considered a surrogate of volumetric bone 
density rather than a strict measure of microarchitecture. Thus, while SMI and Tb.Th together 
appear to be the most important microarchitecture parameters when bone mass and trabecular 
density are not available, the degree of anisotropy appears to be the most important 
microarchitecture parameter when bone mass and density data are available. Further, our 
findings suggest that the role of microarchitecture may be more important in low-strength 
specimens. 
 
 One unique feature of this study was our use of the finite element modeling technique to 
virtually remove the cortical shell—a task that would have been difficult to perform 
experimentally—in order to test whether its physical presence alters the role of trabecular 
microarchitecture on whole-vertebral stiffness. This provided mechanistic insight into the 
multiple regression analyses. We also performed all assays on the same specimens, thereby 
eliminating scatter due to the use of neighboring vertebrae or peripheral sites for 
microarchitecture and biomechanical analyses. In addition, model-independent 
microarchitectural parameters were determined from micro-CT scans at 30 µm resolution to 
reduce partial volume effects on measurement accuracy [106]. In terms of external validity, this 
elderly cohort spanned a range of equivalent QCT-BMD values for trabecular bone (determined 
using a linear relationship between apparent density and QCT-BMD [107]) both above (n = 11) 
and below (n = 11) a reported clinical fracture threshold of 110 mg/cc [108], and thus 
represented a population at risk for vertebral fracture. 
 
 The most important limitation of this study was the modest sample size, which may 
prevent the extension of our findings to a wider range of bone phenotypes, including younger 
individuals with higher bone volume fractions. Additionally, the loading conditions used for the 
biomechanical assays were chosen to provide controlled boundary conditions common in 
laboratory cadaver testing, but as a result were not fully representative of in vivo loading. Under 
more physiological loading conditions, the endplates should experience larger strains than those 
observed here [54, 72], and thus it is not clear how our results would change if the vertebrae 
were compressed via intervertebral discs. However, a previous study [25] on functional spine 
units (which allowed loading via a disc) reported only a moderate correlation (r2 = 0.38; p = 
0.003) between yield strength and endplate thickness.  Moreover, since the cortical shell is 
loaded less during compression through the disc, the role of the shell in vertebral strength, 
including any tendency to obscure trabecular contributions, may be even smaller than reported 
here. Associated with this issue is the effect of any added bending moment—possibly arising due 
to forward flexion—on the relative contributions of the trabecular and cortical compartments 
compared to the case of uniform compression. Though in vivo loads on the vertebral body during 
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flexed postures are not well understood, preliminary studies suggest peripheral bone has a greater 
role under bending loads [109] and that less optimal stress transfer may occur in osteoporotic 
trabecular bone [73]. Further investigation is required to address this issue. 
 
 A more technical caveat of our approach is that the absence of stiffness data from the 
mechanical tests prevented us from correlating FE predictions with experimental results. Unlike 
in our models, stiffness is difficult to measure in the experiments for several reasons. First, the 
force-deformation curve is not linear; therefore, experimental measures of stiffness are highly 
sensitive to the region of the curve analyzed. Second, due to machine compliance and the 
possible presence of soft tissue or gaps between the PMMA and endplates, stiffness measured 
from crosshead displacement is not reflective of the actual stiffness of the vertebra—a challenge 
since the FE models contain an idealized interface between the PMMA and bone. However, the 
high correlation between FE-predicted and experimentally measured stiffness [83] found 
previously for trabecular cores lends support to the validity of our models. Additionally, element 
size was determined from a numerical convergence analysis [49]. Since we applied the same 
linear modeling technique to all specimens, relative predictions of stiffness as well as the role of 
microarchitecture should be robust. 
 
 One clinical limitation is that a lack of DXA or QCT data for this cohort did not allow us 
to compare against those modalities. At the time of these scans, we did not have a standard 
calibration of the tissue density detected by the micro-CT scanner. However, a recent study 
comparing DXA-derived BMC with micro-CT estimates using the assumption of constant tissue 
density revealed excellent agreement (r2 = 0.96, slope of 1) between these two techniques [100]. 
Moreover, the coefficient of variation in mean tissue mineral density for human trabecular bone 
is <2.5% [110] and thus, the error in BMC estimates associated with our assumption of constant 
tissue density should not be appreciable. Since we did not have DXA scans, we have no 
information on the role of microarchitecture in the presence of DXA-derived areal BMD data for 
the spine. Clinically, such BMD data would likely be combined with trabecular 
microarchitecture measurements from the spine or from peripheral sites, both at lower 
resolutions. Our findings are consistent with results from a previous study that found trabecular 
microarchitecture parameters in the spine, particularly SMI and BV/TV, were highly indicative 
of vertebral fracture risk [46]. At peripheral sites, trabecular microarchitecture is weakly 
correlated with that of the spine [111], and clinical studies using architecture from peripheral 
sites to differentiate vertebral fracture patients from non-fracture controls have had mixed 
success [47, 82]. Additional research is required to elucidate the role of microarchitecture from 
peripheral sites in vertebral fracture risk. 
 
 The results of this study are consistent with and complementary to previous studies on the 
role of microarchitecture in vertebral strength [25, 100, 112], and taken together suggest that 
improvements in vertebral strength prediction are best achieved through considering the 
trabecular microarchitecture of the vertebra of interest. One-way strength-architecture 
relationships were in close agreement with those found by others [25], indicating that a 
vertebra’s strength does indeed depend on its trabecular microarchitecture. Yet, the role of 
trabecular microarchitecture was only marginal in the strength of a neighboring vertebra [112]. 
The current results can thus be thought of as a best-case scenario for the use of microarchitecture 
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measures to predict vertebral strength. Volume fraction accounts for the fact that larger vertebrae 
are less dense than smaller specimens with the same BMC; after bone size and quantity effects, 
the remaining differences in vertebral strength were most significantly associated with variations 
in the degree of trabecular anisotropy. Pooled results from a recent monkey study showed a 
comparable increase (from 67% to 88%) in prediction of measured strength by including Tb.Sp, 
SMI, and bone surface-to-volume ratio with BMC of the same specimens [100]. Bone volume 
fractions were approximately ~26-32% in that study. It remains to be seen whether the 
microarchitecture parameters most associated with human vertebral strength 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 not appear to change 
the role of trabecular microarchitecture in vertebral stiffness. One implication of this unexpected 
result is that the insight gained from studying the effects of microarchitecture in isolated 
specimens of trabecular bone may extend to whole-vertebral behavior. Along with the stiffness-
architecture relationships, strength-architecture relationships may too be unaffected by the 
presence of the shell since microarchitecture and cortical morphology had similar independent 
effects on both vertebral stiffness and strength. Another interesting finding was that cortical 
morphology was not associated with vertebral strength in multiple regression. One hypothesis is 
that the failure behavior of the vertebra is more sensitive to differences in trabecular 
microarchitecture that reflect the bone’s susceptibility to buckling (e.g. Tb.Th and SMI) [41] 
rather than to differences in cortical shell morphology. Given the shell’s substantial contribution 
to vertebral strength [51, 113] and stiffness [48, 49, 73] and that a recent clinical study using 
finite element analysis of QCT scans indicated a potentially important role of the peripheral bone 
on vertebral fracture risk [82], further research is recommended into the independent role of the 
cortical shell for vertebral strength prediction and clinical fracture risk assessment. The current 
data are not inconsistent with those findings; instead, they suggest that the roles of the cortical 
shell and trabecular microarchitecture are largely independent. We also note that the plate-like 
nature of the trabeculae was individually predictive of the stiffness contribution of the trabecular 
compartment (Ktrab/Kintact), but that the effect was secondary compared to the relative mass of the 
cortical and trabecular bone. While this supports the argument that compressive load sharing 
may primarily involve vertically aligned bone tissue [48], additional research is required to 
understand the contributions of horizontal and vertical trabeculae to whole-vertebral 
biomechanical behavior [114]. 

 
 In summary, our findings demonstrate that trabecular microarchitecture was highly 
associated with whole-vertebral biomechanical behavior and that its role was mediated by BMC 
but not by vertebral cross-sectional area or the cortical shell. Further, it appears that the role of 
trabecular microarchitecture, when considered in conjunction with information on bone mass and 
density, was more accentuated in low-strength vertebrae and involves mostly the degree of 
anisotropy. 



 

 22

 

Table 2-1: Donor, whole bone morphometry, cortical shell, trabecular microarchitecture, and biomechanical data for 
the 22 human T9 vertebral bodies included in this study. 

  

 

 

 

 

 

 

 

 

 

 

 
 
 

* CV = SD/mean; SD = standard deviation 
** Vertebral strength measured for 16 vertebrae 

 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 morphology     
   BMC (g) 8.16 3.01 36.9 3.7 – 13.5 
   CSA (cm2) 8.49 1.59 18.7 5.8 – 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 – 21.5 
Trabecular microarchitecture     
   BV/TV (%) 9.8 1.8 18.9 7.2 – 14.1 
   Tb.N (mm-1) 0.99 0.10 10.3 0.78 – 1.14 
   Tb.Sp (mm) 0.98 0.11 11.5 0.82 – 1.21 
   Tb.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 (mm-3) 3.02 0.80 26.6 1.16 – 4.48 
   SMI 2.19 0.30 13.6 1.34 – 2.72 
Biomechanical properties     
  Vertebral strength, Fult (N) ** 3250 1420 43.7 1420 – 6570 
  Vertebral stiffness, Kintact (kN/mm) 44.9 17.6 39.2 19.4 – 79.6 
  Trabecular stiffness, Ktrab (kN/mm) 26.4 13.7 51.9 8.4 – 57.1 
  Ktrab/Kintact (%) 56.6 10.8 19.1 35.7 – 73.2 
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Table 2-2: Independent role (Pearson’s correlation coefficient, r) of trabecular microarchitecture, cortical shell thickness, and vertebral morphology on 
biomechanical properties (n = 22 vertebral bodies, unless otherwise noted). 

  

 
 
 
 
 
 
 
 

a p < 0.05 
b p < 0.01 
c p < 0.001 
* Vertebral strength measured for 16 vertebral bodies 

 BMC CSA Ct.Th Ct.M BV/TV Tb.N Tb.Sp Tb.Th DA Conn.D SMI 

Fult* 0.76c 0.48 0.50a -0.45 0.66b -0.28 0.21 0.31 0.46 -0.35 -0.76c 
Kintact 0.90c 0.66c 0.66c -0.49a 0.61b -0.36 0.28 0.39 0.35 -0.38 -0.67c 
Ktrab 0.87c 0.69c 0.46a -0.64b 0.62b -0.31 0.24 0.33 0.35 -0.31 -0.73c 
Ktrab/Kintact 0.53a 0.50a -0.10 -0.85c 0.40 -0.02 < 0.01 0.01 0.13 0.07 -0.54b 
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Table 2-3: Pearson’s correlation coefficient (r) between BMC, trabecular microarchitecture, and morphology parameters as measured by micro-CT (n = 22 
vertebral bodies). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a p < 0.05 
b p < 0.01 
c p < 0.001 

 BMC CSA Ct.Th Ct.M BV/TV Tb.N Tb.Sp Tb.Th DA Conn.D 

BMC -          
CSA 0.83c -         
Ct.Th 0.66c 0.33 -        
Ct.M -0.48a -0.44a 0.16 -       
BV/TV 0.58b 0.31a 0.50a -0.17 -      
Tb.N -0.23 -0.34 -0.10 0.08 0.28 -     
Tb.Sp 0.19 0.34 0.06 -0.06 -0.37 -0.98c -    
Tb.Th 0.30 0.29 0.28 0.07 0.29 -0.52a 0.45a -   
DA 0.18 0.06 0.08 -0.24 -0.05 -0.69c 0.65c 0.45a -  
Conn.D -0.26 -0.32 -0.21 < 0.01 0.10 0.91c -0.85c -0.71c -0.76c - 
SMI -0.65b -0.47a -0.42 0.34 -0.69c 0.11 -0.08 0.04 -0.19 0.08 

24   



 

 25

 
Figure 2-1: Example micro-CT rendering of a human T9 vertebral body (left) with largest internal cuboid of 
trabecular bone isolated for microarchitectural analysis (right). 
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Figure 2-2: R2 values for combined contributions of microarchitecture, morphology, and BMC in stepwise multiple 
regression models for FE-predicted vertebral stiffness (n = 22 vertebral bodies) and experimentally measured 
vertebral strength (n = 16 vertebral bodies).  Microarchitecture considers all: BV/TV, Tb.N, Tb.Sp, Tb.Th, DA, 
Conn.D, and SMI.  Morphology considers all: CSA, Ct.Th, and Ct.M.  
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Figure 2-3: Fitted vs. measured vertebral strength. (A) BMC as a single predictor of strength (Strength = BMC*376 
– 196). (B) BMC, DA, and BV/TV as predictors of strength (Strength = BMC*244 + DA*7660 + BV/TV*29700 – 
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 bone mass and deterioration of 
bone microarchitecture. Osteoporosis also increases the anisotropy of the trabecular structure 
[115, 116] since more horizontal trabecular bone is lost than vertical trabecular bone [117]. The 
relative role of vertical versus horizontal trabecular bone on vertebral strength remains poorly 
understood and may provide new insight into the etiology of age- and disease-related vertebral 
fractures and could ultimately lead to improved prediction of vertebral strength and assessment 
of fracture risk. Previous work on isolated specimens of trabecular bone found that the bone 
volume fraction of vertical trabeculae better predicted overall mechanical behavior than did the 
bone volume fraction (BV/TV) of the entire specimen [118]; vertical trabeculae also failed in the 
greatest number [119]. However, extrapolation of those findings to the whole vertebral body is 
not obvious because the biomechanical behavior of the whole vertebra has a substantial 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 roles of the cortical shell and 
trabecular microarchitecture—such as bone volume fraction—may be largely independent [23], 
we hypothesized that vertebral strength is better explained by the bone volume fraction of the 
vertical trabeculae than by the bone volume fraction of all trabeculae, and that the cortical shell 
does not alter the effect of vertical trabeculae on the biomechanical behavior of the vertebra. 

3.2 Methods 

Sixteen whole thoracic ninth (T9) vertebrae were obtained fresh-frozen from human 
cadaver spines (age = 77.5 ± 10.1, 53-97 years; n = 10 male, n = 6 female) with no history of 
metabolic bone disorders. As described elsewhere in more detail [23], the posterior elements 
were removed and each isolated vertebral body was micro-CT scanned with a 30 µm voxel size 
(Scanco 80; Scanco Medical AG, Brüttisellen, Switzerland). The scans were coarsened to 60 µm 
voxel size and the hard tissue and marrow were segmented using a global threshold value 
(Scanco). The bone tissue in the trabecular compartment was then digitally isolated from the 
cortical shell and endplates using a custom script (IDL 6.2; ITT Visualization Information 
Solutions, Boulder, CO USA) described in detail elsewhere [48, 72]. Briefly, the script uses a 
moving average of the thickness of the cortical shell and of the endplates to account for the thin 
and porous nature of these structures and to determine the boundary between these structures and 
any adjacent trabeculae. 

 
Morphological analyses were performed to classify the orientation of trabeculae in the 

trabecular compartment. Individual trabeculae were identified using the Individual Trabeculae 
Segmentation (ITS) technique [118] and classified by orientation with respect to the superior-
inferior anatomical axis: vertical (0-30°), oblique (31-60°), or horizontal (61-90°). We evaluated 
the following orientation-related morphology parameters for the trabecular compartment: bone 
volume fraction (BV/TV); bone volume fraction of vertical trabeculae (vBV/TV); bone volume 
fraction of oblique trabeculae (oBV/TV); bone volume fraction of horizontal trabeculae 
(hBV/TV); vertical tissue fraction (vBV/BV), the volume of vertical trabeculae divided by the 
volume of all trabeculae; oblique tissue fraction (oBV/BV), the volume of oblique trabeculae 
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divided by the volume of all trabeculae; and horizontal tissue fraction (hBV/BV), the volume of 
horizontal trabeculae divided by volume of all trabeculae. We also evaluated two variants of the 
vertical tissue fraction: vBV/BVVERTEBRA, the volume of vertical trabeculae divided by the total 
volume of bone tissue in the vertebral body, i.e. trabecular bone + cortical shell + endplates; and 
vBVVERTEBRA/BVVERTEBRA, the volume of vertical bone tissue in the vertebral body, i.e. vertical 
trabeculae + cortical shell, divided by the total volume of bone tissue in the vertebral body. 

 
To characterize the biomechanical properties of the vertebral bodies, destructive 

compression testing was performed after micro-CT scanning. Details of the biomechanical tests 
are described elsewhere in more detail [23, 77, 102]. Briefly, these experiments were conducted 
using a screw-driven load frame with a lockable ball joint to allow the top platen of the load 
frame to rest flat on the vertebrae during compression. The vertebrae were first placed between 
PMMA endcaps to ensure plano-parallel ends [80, 101]. The compression tests were performed 
in displacement control at a slow strain rate (~0.05-0.5% strain/s) after cyclic preconditioning 
[23]. Vertebral strength, Fult, was defined as the peak force achieved during the loading cycle. 

 
To identify the load-bearing tissues and to examine the interaction between the cortical 

shell and the trabeculae in each orientation, we performed high-resolution finite element 
analysis. Two finite element models—one model of each intact vertebra and one model of each 
vertebra with the cortical shell virtually removed—were created from the coarsened micro-CT 
scans [23, 72]. Each 60 µm cubic voxel in the scans was converted into an eight-noded brick 
element to create a finite element model of the entire vertebral body. Element size was chosen 
based on a numerical convergence study [72]. Linear finite element analysis was conducted for 
each model to 1% apparent compressive strain via simulated layers of polymethylmethacrylate 
(PMMA; elastic modulus 2.5 GPa and Poisson’s ratio of 0.3 [105]) augmented to the inferior and 
superior endplates. All bone elements were assigned the same homogeneous and isotropic hard 
tissue material properties: elastic modulus 10 GPa [68], Poisson’s ratio of 0.3. To determine the 
effect of the cortical shell, a second finite element model for each vertebra with the cortical shell 
removed was analyzed while keeping all other model inputs unchanged. Models contained 25-80 
million elements. A highly scalable, implicit parallel finite element framework (Olympus [88]) 
was used for all analyses. These analyses were performed on an IBM Power4 supercomputer 
(Datastar; San Diego Supercomputer Center, San Diego, CA USA) and required up to 880 
processors in parallel and 1800 GB of memory. 

 
A number of outcomes from the finite element analyses were used to characterize the 

biomechanical behavior of the vertebral bodies. Vertebral stiffness of the intact vertebra (Kintact) 
and of the trabecular compartment (Ktrab) were defined as the ratio of the reaction force to the 
applied displacement in the models with and without the cortical shell, respectively. Stress 
distributions in the models were used to identify the major load-bearing tissues in the vertebrae. 
These load-bearing tissues were defined as the elements having von Mises stress above the 75th 
percentile in each model [120]. Varying the cutoff between the 75th-90th percentiles did not alter 
our conclusions. 

 
The independent effects of the orientation-related morphology parameters on measured 

vertebral strength and finite element-predicted vertebral stiffness were assessed with the Pearson 
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correlation coefficient. To quantify the interaction between the cortical shell and the trabeculae 
in each orientation, relationships between stiffness and bone volume fraction were determined 
with intact stiffness and trabecular stiffness as the outcome. The statistically significant 
relationships were then compared using paired t-tests on the regression slopes and on the 
predicted residuals. The percentage of load-bearing tissue was compared across orientations 
using paired t-tests with Bonferroni adjustments for multiple comparisons. Multiple linear 
regression analysis was also used to investigate the combined roles of bone volume fraction and 
vertical tissue fraction in vertebral strength. All statistical tests (JMP 7.0; SAS Institute Inc., 
Cary, NC USA) were taken as significant at p < 0.05. 

3.3 Results 

Over half of the trabecular tissue was vertically oriented, more than twice the proportion 
of trabecular tissue that was either obliquely or horizontally oriented (Table 3-1). Due to the 
highly porous nature of the cohort (BV/TV = 14% ± 3%; mean ± SD), the bone volume fraction 
of vertical trabeculae (vBV/TV) ranged from just 4% to 11%. 

 
The variation in both experiment-measured vertebral strength and finite element-

predicted vertebral stiffness was most associated with the bone volume fraction of vertical 
trabeculae (Table 3-2). Compared with the bone volume fraction of all trabeculae, the bone 
volume fraction of vertical trabeculae accounted for substantially more of the variation in 
vertebral strength (r2 = 0.83 vs. r2 = 0.59, Figure 3-1) and had significantly lower residuals (p < 
0.005 paired t-test on residuals, Figure 3-1). The bone volume fractions of oblique and horizontal 
trabeculae were not associated with vertebral strength and were weakly associated with vertebral 
stiffness. As expected, the bone volume fraction of vertical, oblique, and horizontal trabeculae 
were each correlated with total bone volume fraction (r2 = 0.90, r2 = 0.80, r2 = 0.51, respectively). 

 
After accounting for the variation in total bone volume fraction (BV/TV), the vertical 

trabeculae remained most strongly associated with vertebral strength by way of variations in 
vertical tissue fraction (vBV/BV: r2 = 0.81, Table 3-2, Figure 3-2). Expressing the vertical 
trabeculae as a fraction of all of the bone tissue in the vertebral body worsened the correlation 
(vBV/BVVERTEBRA: r

2 = 0.56, p < 0.001), as did including the cortical shell in the measure of 
vertically-oriented bone tissue (vBVVERTEBRA/BVVERTEBRA: r2 = 0.17, p = 0.12). The vertical 
tissue fraction (vBV/BV) was only weakly correlated with total bone volume fraction (BV/TV: r2 

= 0.28; p = 0.04). In a multiple linear regression model with vertebral strength as the outcome, 
both the vertical tissue fraction (vBV/BV; p < 0.0001) and total bone volume fraction (BV/TV; p 
< 0.0005) were significant predictors (BV/TV alone: r2 = 0.59; BV/TV and vBV/BV: R2 = 0.93). 

 
 Results from the finite element models revealed that the physical presence of the cortical 
shell did not appreciably alter the degree of association between the bone volume fraction of 
vertical trabeculae and vertebral stiffness (Figure 3-3). Without the shell, the vertebral bodies 
were less stiff (downward shift in the regression data), but the interaction between the cortical 
shell and the bone volume fraction of vertical trabeculae varied little across individuals (no 
difference in residuals: p = 0.92; similar regression slopes; p = 0.07). Similarly, removing the 
shell had no significant effect on the relationship between the bone volume fraction of oblique 
trabeculae and vertebral stiffness (no difference in residuals: p = 0.23; no difference in regression 
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slopes: p = 0.50). The bone volume fraction of horizontal trabeculae was not significantly 
associated with the stiffness of the vertebra without the shell. 
 
 The stress distributions from the finite element models revealed that the major load paths 
in the vertebrae were vertically oriented (Figure 3-4). Of the tissue that was stressed in the 75th 
percentile, 41.2 ± 6.3% was composed of the vertical trabecular bone and 27.0 ± 5.6% was 
composed of the cortical shell. By comparison, significantly less of the tissue stressed in the 75th 
percentile resided in the oblique (10.4 ± 1.8%; p < 0.0001) and horizontal trabeculae (8.6 ± 
2.2%; p < 0.0001). Removing the cortical shell did not alter the vertical nature of the load paths 
(Figure 3-4); as expected, it mainly resulted in unloading of the peripheral trabeculae [48]. 

3.4 Discussion 

These results confirmed our hypothesis, demonstrating that variation in vertebral strength 
across individuals was primarily due to variations in the bone volume fraction of vertical 
trabeculae. This is because the major load paths in the vertebrae were parallel columns of 
vertically-oriented bone—the vertical trabeculae and the cortical shell. Whereas variations in the 
amount of vertical trabeculae had an important role in vertebral strength, variations in the 
amount of cortical tissue had a minor role [23]. Moreover, the cortical shell did not alter the 
association between the bone volume fraction of vertical trabeculae and vertebral stiffness. As 
with many microarchitecture parameters [23, 121], the bone volume fraction of vertical 
trabeculae was highly associated with total bone volume fraction. To remove any influence of 
variations in total bone volume fraction, we introduced a new parameter—vertical tissue fraction 
(vBV/BV). Most interestingly, this new parameter was only weakly associated with total bone 
volume fraction and yet it retained its high correlation with vertebral strength. Further, both the 
vertical tissue fraction and total bone volume fraction remained highly significant in a multiple 
linear regression model to predict vertebral strength. As such, vertical tissue fraction represents a 
new indicator of bone quality [92, 93]. While requiring confirmation in larger studies, these 
collective findings demonstrate a new and potentially powerful microarchitectural determinant of 
vertebral strength. 

 
Our earlier work on isolated specimens of trabecular bone showed a strong association 

between vertical trabeculae and biomechanical behavior [118, 119]—these new results extend 
those previous findings to whole vertebrae. In addition to the orientation, the structure of 
individual trabeculae, e.g. plate vs. rod, may also have an important effect on biomechanical 
behavior [87, 118, 122]. Liu et al. predicted that more vertical plates fail than vertical rods 
during axial compression of vertebral trabecular bone [119]. Since the effect of vertical 
trabeculae reported here includes both plates and rods, it is possible that considering the amount 
of vertical plates may further improve predictions of vertebral strength. This remains a topic of 
ongoing research, and may require analyzing images with a higher spatial resolution to 
accurately characterize the rod-like trabeculae [123]. The excellent agreement between vBV/TV 
derived from images with a 25 µm voxel size compared to a coarsened 60 µm voxel size (r2 = 
0.99 and slope = 0.94 for n = 19 samples of tibial trabecular bone; data not shown) suggests that 
analyzing images with a higher spatial resolution is unlikely to change our conclusions regarding 
the effect of vBV/TV on vertebral strength. 
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These findings have potentially important clinical implications for microarchitecture 
analysis of bone strength. Compared to the role of the traditional microarchitecture parameters 
(Tb.Th*, Tb.Sp*, Tb.N*, SMI, DA) that we evaluated previously for this same cohort [23] and 
that has been evaluated by others [25, 121], the vertical tissue fraction parameter, vBV/BV, was 
more highly associated with vertebral strength and stiffness. In fact, vBV/BV was as good a 
predictor of vertebral strength as the finite element models (r2 = 0.76, Kintact vs. Fult)—although 
this may be specific to the compressive loading conditions. Thus, this new parameter may 
represent an aspect of microarchitecture with the most significance from a biomechanical 
perspective. Of those same microarchitecture parameters assessed previously [23], only SMI was 
associated with vBV/BV (r2 = 0.64; p < 0.001). Previous studies have shown that trabecular 
microarchitecture assessed in the spine [46, 124] and at peripheral sites [47, 125, 126] is 
associated with osteoporotic fracture in the spine. It remains to be seen if this new 
microarchitecture parameter, whether measured in the spine or at peripheral sites, can improve 
fracture risk assessment. 

 
Another issue related to the importance of trabecular microarchitecture is the relative role 

of vertical vs. horizontal trabeculae. It is thought that horizontal trabeculae act as stabilizing 
cross braces to the vertical trabeculae that undergo bending and buckling [40, 41, 119]. However, 
across individuals, we found that variations in the relative amount of horizontal trabeculae were 
not associated with variations in vertebral compressive strength. Thus, despite their theoretical 
importance, variations in the amount of horizontal trabeculae across individuals appear to be 
much less important than variations in the amount of vertical trabeculae in terms of accounting 
for observed variations in vertebral strength. We did not address intra-vertebral variations in 
thickness or spacing of either the vertical or the horizontal trabeculae [117, 127-129]. It is 
unclear whether considering such variations can further improve assessment of vertebral 
strength. 

 
A notable feature of this study design was our combined experimental and computational 

approach, which allowed us to explain the mechanisms associated with the high statistical 
correlation observed between the amount of vertical trabeculae and vertebral strength. The 
repeated-measures analysis of the finite element models with vs. without the thin cortical shell 
provided a statistically powerful and unique means of understanding the contribution of the shell 
to this aspect of whole-vertebral biomechanical behavior. Regarding external validity, the 
consistency of our findings across a cohort with a wide range of biomechanical properties and 
morphologies suggests that our findings should apply quite generally, although confirmation in 
larger and younger cohorts is required. For example, we found that there was only a small effect 
of variations in the cortical shell, which may have been due to the small variation in cortical 
mass fraction observed across individuals (mean ± SD = 14.6% ± 3.7%). It is possible that a 
larger cohort with younger individuals may have greater variations in the cortical shell, which 
may increase its role. 

 
We focused on compressive loading since functional loads in the spine are primarily 

compressive in nature [130]. For compression, the stresses in the vertebra are vertically oriented. 
Since many osteoporotic vertebral fractures are wedge fractures [34], the response to forward 
flexion may have additional clinical relevance. Forward flexion is not well understood in terms 
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of how the extra bending moment is distributed between the spinal musculature and the vertebral 
body [130]. If some of the bending moment is taken up directly by the vertebral body, we would 
still expect the major load paths to remain vertically oriented since the bending moment would 
not introduce any multi-axial loads but would instead produce a non-uniform distribution of 
vertically-oriented stress. This non-uniform distribution would likely result in higher stresses 
anteriorly [131, 132]. In that case, it is possible that measures of vertical tissue fraction in an 
anterior region of interest may have additional clinical relevance. However, since predictions of 
vertebral strength in compression and in bending are correlated [78, 81, 109, 133], any benefits 
of limiting measures of vertical tissue fraction to an anterior region of interest are not obvious. 

 
 One technical issue related to the loading was the manner in which we implemented the 
uniform compression. We compressed the vertebrae via thin layers of PMMA applied over each 
endplate. This ignores any possible influence of the intervertebral disc. While the disc condition 
has a significant influence on vertebral strength [25, 55], it is unclear whether this influence 
alters the association between the amount of vertical trabeculae and vertebral strength. Hulme et 
al. reported a similar correlation as reported here between total bone volume fraction and 
vertebral strength for spine segments of similar age that were compressed biomechanically via a 
disc [25]. This suggests that the presence of the disc may not appreciably alter the association 
between bone volume fraction and vertebral strength. Moreover, our finding that the major load 
paths were parallel columns of vertically-oriented bone is consistent with previous work [48, 73, 
118, 134] and reflects the overall vertical nature of the loading rather than an artifact of loading 
via PMMA endcaps. Our previous work suggests that the PMMA endcaps “protect” the vertebral 
endplates from experiencing high strain [72]. While compressing the vertebra via a disc is 
expected to place greater loads on the central region of the endplates and on the underlying 
trabecular bone, the anisotropic structure of the trabecular bone in combination with the vertical 
nature of the loading suggests that the vertical trabeculae would remain the most structurally 
important trabeculae and therefore still explain best the variations in vertebral strength. Clearly, 
additional studies are required to resolve this issue. 
 
 In summary, our findings show that variation in vertebral strength across individuals was 
primarily due to variations in the bone volume fraction of vertical trabeculae. This is because the 
major load paths in the vertebrae were parallel columns of vertically-oriented bone. The vertical 
tissue fraction—a new indicator of bone quality—is a potentially powerful microarchitectural 
determinant of vertebral strength. 
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Table 3-1: Orientation-related morphology parameters for n = 16 human T9 vertebral bodies. 

 
 

 

 

 

 

 

 Mean SD CV (%) Range 
Trabecular bone volume fraction     
    Total, BV/TV (%) 13.5 3.3 24.4 7.8 – 18.7 
    Vertical, vBV/TV (%)   7.2 2.2 30.6 3.9 – 11.4 
    Oblique, oBV/TV (%)   3.1 0.7 22.6 1.9 – 4.5 
    Horizontal, hBV/TV (%)   3.2 0.8 25.0 1.9 – 4.5 
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 coefficient, r) of the orientation-related morphology 
parameters on measured vertebral strength (Fult), intact vertebral stiffness (Kintact), and trabecular stiffness (Ktrab) for 
n = 16 vertebral bodies. 

 
 

 

 

 

 

 
a p < 0.05 
b p < 0.01 
c p < 0.001 
NS, not significant 

 Fult Kintact Ktrab 
Trabecular bone volume fraction    
   Total, BV/TV -0.77c -0.93c -0.90c 
   Vertical, vBV/TV -0.91c -0.97c -0.95c 
   Oblique, oBV/TV NS -0.72b -0.68b 
   Horizontal, hBV/TV NS -0.53a NS 
Trabecular bone tissue fraction    
   Vertical, vBV/BV -0.90c -0.71b -0.75c 
   Oblique, oBV/BV -0.55a NS NS 
   Horizontal, hBV/BV -0.76c -0.58a -0.62b 
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Figure 3-1: Variations in measured vertebral strength were predicted better by variations in the bone volume 
fraction (BV/TV) of vertical trabeculae than by variations in the BV/TV of all trabeculae. (A) Strength-BV/TV 
regressions for total BV/TV and vertical BV/TV. Dashed lines show the 95% confidence bands for each fitted line. 
(B) Residuals from predicted strength using the BV/TV of vertical trabeculae as the predictor (absolute residual = 
0.5 ± 0.3 kN) were 20% lower, on average (p < 0.005, paired t-test), than the residuals from predicted strength using 
the BV/TV of all trabeculae as the predictor (0.7 ± 0.5 kN). 
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Figure 3-2: Variations in measured vertebral strength were associated with variations in vertical tissue fraction—the 
bone volume of vertical trabeculae divided by the bone volume of all trabeculae (p < 0.001). 
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Figure 3-3: Variations in FE-predicted vertebral stiffness for the intact vertebra and for the trabecular compartment 
were associated with variations in the bone volume fraction of vertical trabeculae. 
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Figure 3-4: Mid-sagittal section, left, from a human T9 vertebra showing the typical load paths—the bone tissue 
with von Mises stress in the highest quartile, red—predicted by finite element analysis. In this vertebra, ~48% of the 
load paths belonged to the vertical trabecular bone. Removing the cortical shell, right, did not alter the vertical 
nature of the load paths. 
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4. CONTRIBUTIONS OF BONE VOLUME FRACTION AND ARCHITECTURE TO THE FAILURE 

MECHANISMS IN THE HUMAN VERTEBRA 

4.1 Introduction 

Understanding the failure mechanisms in the human vertebra—and how they depend on 
the cortical shell and trabecular microarchitecture—is fundamental to understanding the etiology 
of the almost 700,00 age-related vertebral fractures that occur each year in the U.S. [1] and as 
many as 1.4 million that occur each year worldwide [135]. Despite the high incidence of 
vertebral fractures, the failure mechanisms in the vertebra remain elusive. Part of the reason for 
this has been the long-standing technical challenge of measuring stress and strain within the 
vertebra and quantifying the cortical morphology and trabecular microarchitecture so that these 
measures can be correlated with the failure mechanisms of the same vertebrae. In past 
biomechanical studies, it was only possible to evaluate strain distributions in thin sagittal 
sections using texture correlation [54] or to use continuum-type finite element models for stress 
analysis of the whole vertebra [60, 77-80]. These types of continuum finite element models do 
not have adequate spatial resolution to capture the thin cortical shell or any aspects of the 
trabecular microarchitecture; thus, they are not best suited for studying failure mechanisms. One 
way to overcome these technical limitations is to use higher resolution analysis techniques that 
can accurately capture the microstructural features of the vertebra and thereby provide detailed 
insight into the failure mechanisms. 

 
 
Recent improvements in micro-CT imaging enable the development of high-resolution 

finite element models that explicitly capture the thin cortical shell and spatially varying 
trabecular architecture [49, 72, 73], and advances in supercomputing capacity provide the means 
to analyze multiple vertebrae and thereby account for the biological heterogeneity seen across 
individuals. However, geometrically nonlinear finite element analysis must be performed to in 
order to describe certain failure mechanisms in trabecular bone—such as large deformation 
bending and buckling of trabeculae—which can have an appreciable effect at the apparent yield 
point [43, 90]. Moreover, this effect is larger in low-density, vertebral trabecular bone [43], 
which fails due to excessive bending [42, 44, 45, 91] and buckling [136] of rod-like trabeculae. 
The importance of these failure mechanisms in the whole vertebra—including any potential 
dependence on bone volume fraction and architecture [40, 41]—remains unclear because 
vertebral strength and load sharing include a substantial contribution from the cortical shell [48, 
51, 113]. 

 
 Addressing this issue, we employed the latest advances in micro-CT scanning and 
supercomputing technology to elucidate the failure mechanisms of the human vertebra.  
Specifically, our objective was to quantify the independent contribution of bone volume fraction 
(BV/TV) 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 human cadaver spines (age 
= 76.9 ± 10.8, 53-97 years; n = 9 male, n = 3 female; BV/TV = 0.14 ± 0.03). None of the donors 
had a history of metabolic bone disease and all vertebrae showed no radiographic evidence of 
damage or bone pathologies. The posterior elements were removed and each isolated vertebral 
body was micro-CT scanned with a 30 µm voxel size (Scanco 80; Scanco Medical AG; 
Brüttisellen, Switzerland). The scans were coarsened to 60 µm voxel size and the hard tissue and 
marrow were segmented using a global threshold value. The bone tissue belonging to the 
trabecular compartment, cortical shell, and endplates was identified and digitally tagged using a 
custom algorithm (IDL 6.2; ITT Visualization Information Solutions, Boulder, CO USA) [72]. 
Standard microarchitecture measures—trabecular thickness (Tb.Th), trabecular separation 
(Tb.Sp), trabecular number (Tb.N), structural model index (SMI), and degree of anisotropy 
(DA)—were calculated (CTan software; SkyScan, Kontich, Belgium) using the 60 µm images. 
The average thickness of the cortical shell (Ct.Th) was determined in the transverse region 
excluding the endplates [49, 72, 73]. 

 
High-resolution finite element models of each whole vertebral body were created from 

the coarsened micro-CT scans by directly converting each 60 µm cubic voxel into an eight-node 
brick element [23, 72]. A numerical convergence study indicated that this element size 
accurately captured the inter-specimen variations in yield strength and in the amount of yielded 
tissue (Appendix 7.1). Materially and geometrically nonlinear finite element analysis was 
conducted for each model to 1% apparent compressive strain via simulated layers of 
polymethylmethacrylate (PMMA; elastic modulus 2.5 GPa and Poisson’s ratio of 0.3 [105]) 
placed on the inferior and superior endplates, mimicking boundary conditions commonly used in 
laboratory compression testing of cadaver vertebrae [80, 101, 102]. All bone tissue was modeled 
using a rate-independent elasto-plasticity model [43, 137, 138] and homogeneous tissue material 
properties: elastic modulus 10 GPa [68], Poisson’s ratio of 0.3, and tissue-level yield strains of 
0.33% and 0.81% (tension and compression, respectively) [43]. Models contained 25-80 million 
elements and were solved using a highly-scalable [88], implicit parallel finite element framework 
(Olympus). The nonlinear solution algorithm was an inexact Newton method wherein each 
Newton iteration was solved using a parallel algebraic multigrid solver. All analyses were 
performed on a Sun Constellation cluster supercomputer (Ranger; Texas Advanced Computing 
Center, Austin, TX USA) and required up to 2048 processors in parallel and 4 TB of memory. 
CPU time was 6,000-18,000 hours per analysis (137,000 hours total for all analyses). 
Visualization of the resulting datasets was performed using a parallel visualization tool (VisIt; 
Lawrence Livermore National Laboratory, Livermore, CA USA). 

 
Tissue strain distributions were evaluated at the apparent yield point for each vertebra to 

characterize the failure mechanisms. The apparent yield point was determined from the apparent 
force-strain curve of each vertebra using the 0.2% offset method, the apparent stiffness being 
obtained from the first step of the analysis. A validation study indicated that variations in the 
apparent yield point were highly associated (r2 = 0.85, p < 0.0001) with variations in measured 
vertebral strength for the same vertebrae, suggesting the overall validity of the models was good 
(Appendix 7.2). Our main outcome parameter was the amount of yielded tissue: the percentage 
of the total number of gauss points in the vertebra that had reached either the compressive or 
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tensile tissue-level yield strain. The calculation was also performed separately for each 
compartment—either cortical shell or trabecular bone—and tissue-level yielding mode (tension 
or compression). Linear regression was used to assess the relationships 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 volume fraction (BV/TV) 
vertebrae than in the high-BV/TV vertebrae. At the apparent yield point of the vertebra, the total 
percentage of tissue exceeding either the compressive or tensile tissue yield strain varied fivefold 
across vertebrae and increased linearly with BV/TV from just over 3% to more than 17% (p < 
0.005, Figure 4-1). The percentage of tissue yielding in compression versus tension also 
increased linearly with BV/TV, the slope for compressive failure being over four times larger 
than for tensile failure. The ratio of the amount of tissue that had yielded in compression to the 
amount that had yielded in tension increased linearly with BV/TV (p < 0.005, Figure 4-1) such 
that at low bone volume fractions, the tissue yielding in compression and tension was nearly 
equal (1:1 ratio) and was localized to opposite sides of slender, rod-like trabeculae that 
underwent excessive bending (Figure 4-2). For stronger, high-bone volume fraction vertebrae, 
the tissue yielding in compression was up to four fold greater than in tension, and was 
widespread throughout the vertical, load-bearing trabeculae and the cortical shell. 

 
Substantially more of the yielded tissue belonged to the trabecular bone than to the 

cortical shell, and the relative amounts of tissue that yielded in each compartment depended on 
BV/TV. Of the tissue that had yielded in compression at the apparent yield point of the vertebra, 
the percentage belonging to the trabecular bone (64.2 ± 4.2%) was over three-fold greater, on 
average, than the percentage of tissue belonging to the cortical shell (20.4 ± 4.2%; p < 0.0001 
paired t-test). Similarly, the overwhelming majority of the tissue that had yielded in tension also 
belonged to the trabecular bone (73.3 ± 6.7% vs. 8.6 ± 2.3% in the cortical shell; p < 0.0001 
paired t-test). On a relative basis, between ~10-35% of the trabecular bone and ~5-35% of the 
cortical shell yielded, and in both compartments, the total amount of yielded tissue increased 
with BV/TV (Figure 4-3). In the low-BV/TV vertebrae, the amounts yielded tissue in tension and 
in compression were nearly equal in both compartments. In the high-BV/TV vertebrae, the ratio 
of yielded tissue in compression-to-tension was almost four times greater for the cortical shell 
than for the trabecular bone (Figure 4-4). 

 
Of all the microarchitecture parameters, only trabecular number (r = 0.60, p < 0.05) and 

structural model index (r = -0.54, p = 0.07) were correlated with the total amount of yielded 
trabecular tissue. The ratio of the amount of trabecular tissue that had yielded in compression to 
the amount that had yielded in tension was not significantly correlated with any of the 
microarchitecture parameters (p = 0.14-0.57). The tissue yielding outcomes derived for the 
cortical shell were not significantly correlated with any of the microarchitecture parameters (p = 
0.10-0.94). 

4.4 Discussion 

 The results of this study showed that trabecular bone volume fraction (BV/TV) and 
architecture have an appreciable effect on vertebral strength via their contribution to the failure 
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mechanisms in the vertebra. Low-BV/TV vertebrae failed due to localized bending of slender, 
vertical trabeculae, which led to concentrated yielding at the tissue-level. Thus, only a small 
percentage of the tissue yielded when the bone reached the apparent yield point. In contrast, 
more tissue yielded in the high-BV/TV vertebrae because widespread material yielding in the 
cortical shell and vertical trabeculae preceded trabecular bending. Taken together, these findings 
illustrate a new aspect of vertebral fragility: as bone volume fraction decreases with aging and 
disease, not only is the vertebra becoming weaker, but it is also becoming much less structurally 
robust and more susceptible to overloads. 
 

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

 
Earlier work on isolated specimens of trabecular bone showed that the total amount of 

yielded tissue and the relative amounts of compressive vs. tensile yielding depended on the bone 
volume fraction and architecture of the trabecular bone [44, 45]—these new results extend those 
previous findings to whole vertebrae. The compressive and tensile yielding predicted for the 
vertical and horizontal trabeculae, respectively [119], is also consistent with the present findings 
for whole vertebrae. These collective findings suggest that the presence of the cortical shell may 
not appreciably alter the failure mechanisms in the trabecular bone; indeed, the roles of the 
cortical shell and the trabecular bone in vertebral failure behavior appear to be largely 
independent. 

 
This study is the first to use fully nonlinear, high-resolution finite element analysis of 

whole vertebral bodies to assess vertebral strength. As expected from previous studies using 
human vertebral trabecular bone [79, 140], variation in predicted yield strength was highly 
associated with experiment-measured ultimate strength for the whole vertebral bodies. Direct 
comparisons of yield strength between the models and the experiments were not possible since 
strain measurements—which are sensitive to machine compliance and possible gaps between the 
PMMA and endplates—were unavailable from the experiments. Converting the measurements of 
ultimate strength to yield strength (Ultimate strength = 1.2 * Yield strength [79]) revealed that 
the models overestimate yield strength by a factor of two. In addition to possible errors related to 
discretization [141, 142] and coarsening [143, 144], subtle differences in thresholding can also 
result in substantial errors in finite element-derived mechanical properties for trabecular bone 
[68]. High-resolution finite element models of trabecular bone accurately predict yield strength 
when the images are thresholded to match experimental measurements of bone volume fraction 
[43, 86]. A similar metric for choosing the threshold may improve the accuracy of finite element-
derived strength predictions of whole bones. Nevertheless, the high correlation between the 
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model predictions and experimental measurements as well as the quantitative and qualitative 
similarities between the trends for tissue yielding reported here and those reported for isolated 
specimens of trabecular bone that were thresholded to match bone volume fraction [44, 45] 
suggests that the current modeling approach should capture the relative variations in failure 
mechanisms. 

 
The main novelty of this study was the application of fully nonlinear, high-resolution 

finite element modeling to a modestly sized cohort of whole vertebral bodies. These finite 
element models had material nonlinearities to account for the strength asymmetry of the bone 
tissue and geometric nonlinearities to simulate the effects of large deformations. Identifying the 
thin cortical shell allowed us to compare for the first time the relative failure behavior of the 
cortical and trabecular compartments. In its use of high-resolution micro-CT imaging, high-
performance supercomputing, validated material constitutive models, and efficient solver 
algorithms, this study represents the state-of-the-art in computational modeling of whole-bone 
failure behavior. 

 
 Despite these overall strengths, certain limitations in our modeling approach should be 
noted. Most important, the finite element analyses ignored any possible influence of variations in 
tissue mineralization. While inter-individual variations in tissue mineral density are small [110] 
and intra-individual variations have only a modest influence on apparent-level elastic properties 
[145, 146], the effect of these variations on the tissue-level strain distributions at apparent-level 
yield remains unknown. A second limitation of the finite element analyses was the absence of 
damage or softening behavior in our constitutive model. Recent work suggests that damage and 
softening may be important for predicting post-yield behavior [147]. However, our focus here 
was on the failure mechanisms that lead to the onset of apparent yielding, and the lack of 
observed micro-fracture of trabeculae at the apparent yield point [85, 148, 149] suggests that 
including such behavior should not be important in our models. 
 
 An additional limitation was that the vertebrae were loaded in a manner that is not fully 
representative of in vivo loading. Compressing the vertebrae via PMMA endcaps ignores any 
possible influence of the intervertebral disc. Although the disc condition has a significant 
influence on vertebral strength [25, 55], it is unclear whether this influence alters the failure 
behavior of the cortical shell and the trabecular bone. Previous work suggests that the PMMA 
endcaps preferentially load the cortical shell and that loading the vertebra via a disc may increase 
the stresses on the trabecular bone [72]. In that case, loading the vertebra via a disc would 
decrease the amount of yielded tissue in the cortical shell. However, the loads on the trabecular 
bone would still be vertically oriented, and thus, the trabecular bone would exhibit similar failure 
mechanisms—including the dependence on BV/TV—as those reported here. Clearly, additional 
studies are required to address this issue, and more complex loading such as combined 
compression and flexion [131, 132] should also be considered. 
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Figure 4-1: Amount of yielded tissue in the vertebra depended on bone volume fraction (BV/TV). (A) The total 
amount of yielded tissue (p < 0.005), as well as the amounts of yielded tissue in compression (p < 0.005) and in 
tension (p < 0.01) increased with BV/TV. (B) The ratio of the amount of tissue yielded in compression to the 
amount of tissue yielded in tension increased linearly with BV/TV (p < 0.005). 

 



 

 46

 
Figure 4-2: Mid-sagittal sections from six human T9 vertebrae showing the distribution of yielded tissue in 
compression (blue) and in tension (red) at the apparent yield point of each vertebra. Vertebrae are arranged (from 
left to right and top to bottom) in order of increasing vertebral strength and bone volume fraction. Note that the 
trabeculae, cortical shell, and endplates appear thicker than they actually are because all of the bone tissue in the 1 
mm-thick section is projected onto a single plane. Data given as: vertebral strength, bone volume fraction. Scale bar: 
5 mm. 
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Figure 4-3: The relative amounts of yielded tissue (i.e. amount of yielded tissue in each compartment relative to the 
total amount of tissue in that compartment) for the trabecular bone and in the cortical shell depended on bone 
volume fraction (BV/TV). In the trabecular compartment, the total amount of yielded tissue (p < 0.001), as well as 
the amounts of yielded tissue in compression (p < 0.001) and in tension (p < 0.005) increased with BV/TV. In the 
cortical shell, only the total amount of yielded tissue (p < 0.005) and the amount of yielded tissue in compression (p 
< 0.005) increased with BV/TV. 
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Figure 4-4: The ratio of the amount of tissue yielded in compression to the amount of tissue yielded in tension in the 
trabecular bone (r2 = 0.55, p < 0.005) and in the cortical shell (r2 = 0.58, p < 0.01) increased linearly with bone 
volume fraction (BV/TV). 
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5. MECHANISMS OF INITIAL ENDPLATE FAILURE IN THE HUMAN VERTEBRA 

5.1 Introduction 

Osteoporotic vertebral fractures frequently involve the endplates of the vertebral body 
[61-64, 150, 151]. It has been suggested that the involvement of the endplates may even 
distinguish a vertebral fracture from a vertebral deformity [36]. Understanding the mechanisms 
of endplate failure may therefore provide insight into the etiology of osteoporotic vertebral 
fractures. 

The mechanisms underlying endplate failure remain unclear. Despite overall direct 
compressive loading of the vertebra by the intervertebral disc, there is evidence that appreciable 
levels of tensile strain can develop at the endplates [152, 153], perhaps due to the fluid-like 
behavior of the intervertebral disc [57, 72]. The development of large tensile strain is significant 
biomechanically because bone tissue is weaker in tension than in compression [68, 86, 154] and 
thus any factors—such as the material behavior of the intervertebral disc—that contribute to the 
development of high tensile strain in the endplates may have an important role in vertebral 
fragility. However, the relative magnitude of the tensile strains in the endplates versus that of the 
cortical shell and trabecular centrum has never been quantified, nor has the relative magnitude of 
tensile and compressive strains in the vertebra been compared generally. Thus, it is not clear if 
the development of high tensile strains in the endplate is an important factor that might 
predispose the vertebral body to early failure and what role, if any, the disc may have on this. 
Addressing this issue, we sought to determine the location of the highest tensile strains within 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, cortical shell, and trabecular bone 
would be very difficult to perform using direct biomechanical testing, we assessed tissue-level 
strains by performing high-resolution, micro-CT-based finite element analysis on 22 elderly 
human vertebral bodies in which the vertebral bodies were virtually compressed through 
simulated intervertebral discs. To determine the regions within the vertebra that are likely to fail 
in tension and compression, we used the finite element analysis of each vertebra to identify the 
most highly strained tissues by type—either tension or compression—and compared the amount 
of highly-strained tissue of each type across the different compartments: endplates, cortical shell, 
and trabecular bone. Since the tissues having the highest strains with respect to the tensile and 
compressive yield strains are likely to fail first, we also compared the relative magnitudes of the 
highest tensile and compressive tissue strains across the different compartments after 
normalizing these strains to their respective yield strains. The influence of Poisson-type 
expansion of the disc on these results was determined by virtually compressing the vertebral 
bodies a second time in which the Poisson expansion was suppressed. The change in the amount 
of highly-strained tissue within each compartment after suppressing the Poisson expansion was 
calculated for all of the vertebral bodies. 

 
Twenty-two human T9 whole vertebral bodies were obtained fresh-frozen from cadavers 

(n = 11 male; n = 11 female; age range: 53-97 years, mean ± SD = 81.5 ± 9.6 years) with no 
medical history of metabolic bone disorders. As described elsewhere [23], the posterior elements 
were removed and each isolated vertebral body was micro-CT scanned using a 30 µm voxel size 
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(Scanco 80; Scanco Medical AG, Brüttisellen, Switzerland). The scans were coarsened to 60 µm 
voxel size and the hard tissue and marrow were segmented using a global threshold value 
(Scanco). The bone tissue in the resulting images was then compartmentalized (Figure 5-1) using 
a custom algorithm (IDL 6.2; ITT Visual Information Solutions, Boulder, CO USA) with moving 
averages to identify the endplates and the cortical shell [49, 72].  

 
 High-resolution finite element models of each vertebral body were created from the 
coarsened micro-CT scans [23, 72]. Briefly, each 60 µm-sized cubic voxel in the coarsened scans 
was converted into an 8-noded finite element and tagged with a unique identifier corresponding 
to its compartment: endplates, cortical shell, and trabecular bone. Since the transition from the 
endplates to the cortical shell is inexact, the bone tissue at the corner regions of the vertebral 
body was also tagged [72] and excluded from further analysis. The intervertebral discs adjacent 
to each vertebral body were simulated by virtually adding discs to the superior and inferior 
endplates. Thoracic discs have the most uniform height [53] and thus, a disc height of 5 mm was 
modeled for each vertebra using symmetry boundary conditions at the mid-transverse plane of 
the disc [49, 72]. 
 
 Material properties in the finite element models were assigned based on whether the 
element belonged to the bone tissue within the vertebral body or the soft tissue within the discs. 
All bone tissue belonging to the vertebral body was given homogeneous elastic and isotropic 
material properties (elastic modulus of 10 GPa [68] and Poisson’s ratio of 0.3) since the cortical 
shell is often described as condensed trabeculae [17-19] and since the anisotropy of trabecular 
tissue has only a minor role on trabecular behavior [84]. Furthermore, these assumed material 
properties were used for all vertebrae since the coefficient of variation in mean tissue mineral 
density—one determinant of differences in tissue elastic modulus amongst individuals—for 
human trabecular bone is less than about 2% [110]. For the soft tissue belonging to the 
intervertebral disc, we assigned homogeneous elastic and isotropic material properties typical of 
a semi-degenerated disc that still retains its fluid-like properties (elastic modulus of 8 MPa [155] 
and Poisson’s ratio of 0.45 [56, 156, 157]) since the mean age of the cadavers was 82 years and 
since degenerated discs are more uniform than are healthy discs [58, 59].  
 
 Loads on the vertebral bodies were simulated in the finite element models to mimic 
compressive loading. In all of the models, the top surface of the disc was displaced in the 
superior-inferior direction. The magnitude of the applied displacement was a constant percentage 
(1%) of the original height of the model to facilitate comparison of the results across multiple 
vertebrae exhibiting considerable heterogeneity in size and shape. Roller-type constraints at the 
mid-transverse plane of each disc were used to model the symmetry boundary conditions. 
 
 The resulting finite element models had up to 80 million elements and over 300 million 
degrees of freedom and required specialized software and hardware for analysis. All 
computations were performed using custom code—including parallel mesh partitioner and 
algebraic multigrid solver [88]—on an IBM Power4 supercomputer (Datastar; San Diego 
Supercomputing Center, San Diego, CA USA). Typical hardware requirements for a single 
analysis comprised 880 processors and 1800 GB total memory. The average CPU time was 115 
hours (11 minutes in real-time). 
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To determine the effect of the Poisson expansion of the disc on the strains in the bone, a 
second finite element analysis was performed for each vertebra in which we suppressed such 
behavior. The Poisson expansion of the disc under compression arises in part from its high water 
and proteoglycan content, which pressurizes the nucleus [52]. Without Poisson expansion, a disc 
under axial compression would not expand transversely. We simulated this condition by 
compressing the vertebrae via discs with a Poisson’s ratio of zero. Rather than model the 
physiological condition of the disc, our goal was to create a large change in the disc’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 were used to identify the most 
highly strained bone tissue in the models. The 90th percentile limits of the maximum and 
minimum principal strains were first calculated for each vertebral body [72]. Any bone element 
having either its maximum principal strain or minimum principal strain beyond the 
corresponding strain limit for that vertebra was classified as “highly-strained”. The proportion of 
highly-strained tissue in tension and in compression within each compartment (i.e. endplates, 
cortical shell, and trabecular bone) was expressed as a percentage of the total amount of highly-
strained tissue in that compartment. To compare the magnitudes of the highest tensile and 
compressive strains across the various compartments, the 90th percentile limits of the maximum 
and minimum principal strains were calculated separately for the endplates, cortical shell, and 
trabecular bone. A higher strain limit for one compartment is one indicator that the highest tissue 
strains within that compartment are greater than the highest tissue strains within a compartment 
having a lower strain limit. To identify the tissues with the greatest risk of initial failure, the 
strain limits for each compartment were normalized by estimates of 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 compression was compared 
across compartments using paired t-tests with Bonferroni adjustments for multiple comparisons. 
Similarly, paired t-tests with Bonferroni adjustments were also used to compare across 
compartments the mean values of the maximum and minimum principal strain limits and the 
risks of initial failure. The change in the amount of highly-strained tissue in tension and in 
compression in each compartment due to suppression of Poisson expansion of the disc was 
determined twofold: 1) a single-group t-test with Bonferroni adjustment to determine if the 
change was statistically different from zero, and 2) a paired t-test with Bonferroni adjustments to 
determine if the change was statistically different across compartments. All tests were taken as 
significant at p < 0.05. 

5.3 Results 

During the simulated compressive loading of the vertebral body, the endplates were more 
highly strained in tension than were the trabecular bone and the cortical shell, whereas the latter 
two were more highly strained in compression (Figure 5-2). Across all 22 vertebrae, an average 
(mean ± S.D.) of 96.6 ± 1.2% of the highly-strained tissue within the endplate was strained in 
tension (Figure 5-3), which was more than twice the proportion of highly-strained tissue in 
tension in the trabecular bone (45.6 ± 4.0%) and cortical shell (30.7 ± 11.8%). With respect to 
anatomical location, the highly strained tissue in the endplates comprised a larger amount of the 
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tissue belonging to the superior endplate (27.7 ± 7.7%) than to the inferior endplate (20.8 ± 
6.6%; p < 0.002 paired t-test).   

 
The bone tissue within the endplates, which had higher absolute values of tensile strains 

than either the bone tissue within the trabecular bone or the cortical shell, also had the greatest 
risk of initial failure (Table 5-1). The 90th percentile compressive strain limit was higher for the 
bone tissue within the trabecular compartment than for the bone tissue within the other two 
compartments, but when the magnitude of the tensile and compressive strain limits was 
normalized by the assumed magnitude of the yield strains in tension and in compression, 
respectively, the tissue belonging to the endplates that was highly strained in tension had the 
greatest risk of initial failure (Table 5-1). Initial failure of tissue in compression was not likely in 
the endplates but was most likely in the trabecular bone. These trends were similar when 
different assumed values of the yield strains were used (tension = 0.40%; compression = -0.62% 
[68]).  

 
  The development of these high tensile strains in the endplates was directly associated 
with the Poisson-type expansion of the intervertebral disc (Figure 5-4). When Poisson expansion 
was virtually suppressed, the amount of highly-strained endplate tissue in tension decreased by 
79.4 ± 11.3% (Figure 5-5).  Removing this behavior increased the amount of highly-strained 
tissue in tension belonging to the trabecular bone and cortical shell, with the effect being two-
fold greater for the latter. For the endplates, suppressing the suppressing Poisson expansion of 
the disc reduced the total amount of highly-strained tissue more in the superior endplate (-80.6 ± 
12.3%) than in the inferior endplate (-73.1 ± 15.0%; p=0.005 paired t-test). 

5.4 Discussion 

These findings support the concept that endplate failure may be an etiologic factor in 
osteoporotic vertebral fracture. Specifically, our findings indicate that initial failure of the 
vertebra is associated with the development of high tensile strains within the endplate, which in 
turn is influenced by the material behavior of the disc. Our previous work has shown that the 
general behavior of the endplates during compressive loading of the spine is sensitive to the 
material properties of the intervertebral disc [72]. In cadaver experiments which observed 
frequent endplate failures, variations in proteoglycan content of the disc were associated (r2 = 
0.70) with variations in vertebral compressive strength [25], but the link between the variations 
in disc properties and the mechanism of endplate or vertebral failure was unclear. Our new data 
provide a mechanistic link between endplate failure, initial vertebral failure, and the material 
behavior of the disc. 

 
One notable element of this study was our use of high-resolution micro-CT-based finite 

element modeling to estimate the tissue-level strains within the human vertebral body. This 
approach enabled us to probe the mechanisms of initial failure of the endplate using a repeated 
measures-type study design in which changes in tissue-level strains were directly attributable to 
virtual suppression of the fluid-like properties of the disc. Furthermore, we applied this technique 
to a moderately sized cohort of human vertebrae, thus accounting for typical variations in 
vertebral morphology in the elderly and providing a reasonable degree of external validity to our 
results. For example, the remarkable consistency in the proportion of highly-strained endplate 



 

 53

tissue in tension across all 22 vertebrae analyzed—97% on average with a standard deviation of 
only 1.2%—suggests that this trend is likely to persist in the general population of elderly 
vertebrae. 

 
One limitation of this study is that by performing linear analyses, we could address only 

regions of initial failure, which may not represent the locations of final failure at the point of 
structural collapse of the vertebra. Comparison of the regions of initial failure from a linear 
analysis with regions of failure computed using fully non-linear modeling [72] did confirm the 
validity of the former. However, localized large-deformation effects [43, 90, 158] may cause the 
tissue in slender trabeculae to fail before the tissue in thicker trabeculae fails [90, 136], and 
hence, the total amount and distribution of tissue failure that occurs when a vertebra’s strength is 
exceeded may depend on the morphology of the bone [45, 159]. Thus, further work using non-
linear modeling carried out to relatively large apparent strains (>10%) is required in order to 
extend these findings to the structural collapse of the vertebra.  

 
An additional limitation is that we assumed a homogeneous elastic and isotropic model 

for the intervertebral disc. The material behavior of the disc is complex, including material non-
linearity, time dependence, and intra- and inter-specimen heterogeneity [160-162]. Previous 
finite element analyses of bone-disc complexes have accounted for some of this complexity, but 
have omitted inter-specimen heterogeneity and have treated the vertebra in a relatively simplistic 
fashion [56, 57, 155, 163]. Here, we chose instead to model the bone in detail, since we were 
interested in understanding how the tissue-level strains in the vertebra were influenced by some 
of the dominant material characteristics of the disc. Our finding that the central endplates are 
highly strained in tension and that these tensile strains are associated with the material behavior 
of the disc is consistent with results from more sophisticated models of the disc [56, 57]. 
Moreover, our finding that the superior endplate was more vulnerable than the inferior endplate 
is in agreement with Bay et al. and Zhao et al. who accounted for the effects of intra- and 
interdiscal variations in disc behavior via direct biomechanical testing. Together, these 
similarities suggest that our simple disc model was sufficient for exploring general trends 
regarding the role of disc behavior on the mechanisms of vertebral failure. Further work is 
required to integrate sophisticated modeling of both the bone and the disc.  Our results indicate 
that such analyses may provide new insight into the interaction between the bone and the disc as 
it pertains to vertebral strength.  

 
The results of this study are consistent with and complementary to previous work that 

associated disc health with endplate failure in the etiology of vertebral fractures [25, 55, 72, 164] 
and taken together, this body of work suggests disc material properties may influence vertebral 
strength via their effect on the development of high tensile strains in the endplates. Endplate 
strength is negatively influenced by the proteoglycan content within the nucleus of the disc [25]. 
The high concentration of proteoglycans in the nucleus of healthy discs pressurizes the central 
region of the disc [52, 53]. During axial loading, the pressurized nucleus directs the load to the 
center of the endplates [54-57]—the thinnest [20] and weakest [165] region. Complementary, our 
results showed that the central region of the endplates is highly strained in tension, a loading 
mode in which bone is biomechanically weak. As the disc degenerates, in contrast, our results 
predict a shift in load from the endplates to the cortical shell. This shift in load agrees with 
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previous findings [56, 57, 60] and may contribute to stress shielding of the anterior vertebra 
[131, 132] and explain the observed increases in vertebral strength with disc degeneration [25]. 

 
Our finding that the endplates were highly strained in tension is notable because bone 

tissue is weaker in tension than in compression, and because the type of tensile strains in the 
endplates may be more harmful than those in the other compartments. Uniaxial tension occurs in 
the axial trabeculae and cortices that bend under the applied compressive loads and in the 
transversely trabeculae that resist such bending. In contrast, a detailed analysis of the endplates 
revealed that biaxial tension exists in the plane of the endplate due to the Poisson expansion of 
the disc (Appendix 7.3). Little is known about the failure behavior of bone tissue in biaxial 
tension; one hypothesis is that biaxial tension is particularly harmful because existing 
microdamage may be less able to “escape” the crack-propagating effects of this type of loading 
compared to uniaxial tension. Further work is recommended to understand the failure behavior of 
the endplates in biaxial tension and its dependence on the behavior of the intervertebral disc. 

 
In summary, our findings reveal two striking characteristics of the endplates that help to 

explain their frequent involvement in osteoporotic vertebral fractures: the endplates are at the 
highest risk of initial failure due to the development of high tensile strains, and the development 
of such high tensile strains is directly associated with the material behavior of the intervertebral 
disc. 
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Table 5-1: Maximum and minimum principal strain limits (90th percentiles) for bone tissue in the endplate, 
trabecular bone, and cortical shell. 

 

 Endplate Trabecular Bone Cortical Shell 

Maximum Principal Strain    

          90th Percentile (µstrain) 836 ± 237 a,b 600 ± 139 b 437 ± 111 

          Risk of Initial Failurec 0.25 ± 0.07dd 0.18 ± 0.04d 0.13 ± 0.03 

Minimum Principal Strain    

          90th Percentile (µstrain)    -525 ± 126 a,b -1085 ± 232 b -861 ± 162d 

          Risk of Initial Failurec 0.08 ± 0.02  0.16 ± 0.03 0.12 ± 0.02 

 
Data given as mean ± SD (n = 22 vertebral bodies) 
a p < 0.0001 vs. trabecular bone 
b p < 0.0001 vs. cortical shell 
c The maximum and minimum principal strain limits (90th percentiles) were normalized by the respective yield 
strains (tension = 0.34%; compression = -0.69% [68]) to determine the relative risk of initial failure. Compared to a 
lower number, a higher number indicates a greater relative risk of initial failure. Pairwise comparisons between each 
of the risks of initial failure were significantly different (p < 0.0001) except for the comparison between the risk of 
initial failure in the cortical shell in tension and in compression. 
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Figure 5-1: Micro-CT rendering of a human T9 vertebral body (top) compartmentalized into the endplates (bottom, 
left), cortical shell (bottom, center), and trabecular bone (bottom, right). Donor information: 82 year-old male. 



 

 57

 
Figure 5-2: Mid-sagittal cutaway from a human vertebral body showing the typical distribution of highly strained 
tissue in tension (red) and in compression (blue) predicted by finite element analysis. The bone tissue behind the 
para-sagittal slice (1 mm thick) and below the superior endplate has been removed from the image for clarity. 
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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. All comparisons were significantly different (p < 0.0001). 
Error bars show 95% CI (n = 22 vertebral bodies). 
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Figure 5-4: Distribution of highly strained tissue in tension (red) and in compression (blue) within the superior 
endplate of a human vertebral body when loaded via simulated intervertebral disc (left). Removing the Poisson 
expansion of the disc led to a 96% reduction in the total amount of highly-strained endplate tissue (inferior + 
superior) for this vertebral body (right). 
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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 endplates, trabecular bone, and cortical shell. The change 
in the amount of highly-strained tissue in tension was significantly different between the three groups (p < 0.0001). 
The change in the amount of highly-strained tissue in compression was significantly different for the endplates only 
(p < 0.0001 endplates vs. cortical shell and endplates vs. trabecular bone). Error bars show 95% CI (n = 22 vertebral 
bodies). 
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6. CONCLUSIONS 

The overall goal of this research was to enhance the current understanding of the 
biomechanical mechanisms of vertebral strength and the etiology of vertebral fractures. The 
findings of this research are both scientifically and clinically significant. From a basic science 
perspective, substantial insight was gained into the failure mechanisms of the vertebra and the 
relative roles of the cortical and trabecular bone. Moreover, this work provided an important 
mechanistic link between vertebral strength, endplate failure, and the material behavior of the 
intervertebral disc. From a clinical perspective, the results of this research have provided 
relevant, new insight regarding microarchitecture assessment of vertebral strength and diagnosis 
of vertebral fractures. 

 
 Combining the latest advances in micro-CT imaging, high-resolution finite element 
modeling, and biomechanical testing, we compared for the first time the relative roles of the 
cortical shell and trabecular microarchitecture in explaining variations in whole-vertebral 
strength, stiffness, and load sharing (Chapter two). Whereas previous work quantified the 
relative load-carrying capacities of the cortical shell and trabecular bone [48, 49, 72], the extent 
to which variations in these compartments were associated with variations in vertebral strength 
across individuals was unknown. We found that variation in trabecular microarchitecture was 
highly associated with vertebral strength and that its role was mediated by bone mass and density 
but not by cross-sectional area or the cortical shell. For example, variation in structural model 
index (SMI) and trabecular thickness (Tb.Th) together explained ~75% of the observed 
variations in vertebral strength. However, there were significant cross-correlations between these 
trabecular microarchitecture parameters and bone mass and density, and thus, different 
parameters were important predictors after accounting for variations in vertebral strength due to 
bone mass and density first. In that case, only the degree of anisotropy (DA) of the trabecular 
bone had a significant (but small) role. This suggests that the traditional trabecular 
microarchitecture parameters may have a limited ability to improve vertebral strength prediction 
and clinical fracture risk assessment beyond the current measures of bone mineral density. 
 
 In Chapter three, the individual trabeculae within the vertebrae were classified by their 
anatomical orientation, and a combination of high-resolution finite element analysis and 
biomechanical testing was used to study the influence of trabeculae in different orientations on 
vertebral strength. Not only did the finite element analyses provide mechanistic insight into the 
results from the biomechanical tests, but they also led to the development of a new, 
biomechanics-based predictor of vertebral strength. The results from Chapter three demonstrated 
that variation in vertebral strength across individuals was primarily due to variation in the bone 
volume fraction of the vertical trabeculae. This is because the major load paths were parallel 
columns of vertically-oriented bone—the vertical trabeculae and the cortical shell. Whereas 
variations in the amount of vertical trabeculae had an important role in vertebral strength, 
variations in the amount of cortical tissue had a minor role. A new microarchitecture parameter, 
the vertical tissue fraction, was developed to reflect these findings. Unlike the microarchitecture 
parameters evaluated in the previous chapter, the vertical tissue fraction was nearly independent 
of bone density and was a significant predictor of vertebral strength before and after accounting 
for the variation in vertebral strength due to variation in bone density. From a biomechanical 
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perspective, this new parameter represents an aspect of trabecular microarchitecture with the 
greatest potential for non-invasive, microarchitecture analysis of vertebral strength. 

The research presented in Chapter three represents a novel approach to the “weakest link” 
concept: high-resolution finite element analysis is first used to identify the structures with the 
highest stress, i.e. the weakest links in the vertebrae, morphological analysis is used to 
characterize the inter-individual variation in certain aspects of those structures, and 
biomechanical testing is used to assess the predictive ability. Although this systematic method of 
identifying the structural determinants of bone strength was only applied to a single loading 
condition in the vertebra, the method should also apply generally to more complex loading 
conditions and to bone strength at other anatomic sites (e.g. proximal femur). 

 
In Chapter four, the biomechanical mechanisms of vertebral strength were studied in a 

cohort of elderly vertebrae. This study is the first to apply high-resolution finite element 
modeling with geometric and material nonlinearities to whole bones. Thus, whereas previous 
work using linear analysis was limited to the behavior of the vertebra under small loads, the 
research in this chapter using nonlinear analysis provided new insight into the behavior of the 
vertebra in response to an isolated overload. Due to the variations in failure mechanisms between 
porous and dense vertebrae, significantly less tissue yielding accompanied an overload of the 
more porous vertebrae than the more dense vertebrae, illustrating a new aspect of vertebral 
fragility: as bone volume fraction (density) decreases with aging and disease, not only is the 
vertebra becoming weaker, but it is also becoming much less structurally robust. The findings 
could help explain why overloads tend to cause greater strength reductions in low-density 
vertebrae [102] and may also have clinical implications in terms of the associated bone 
remodeling response and the effects of treatment. 

 
The results from the research combining high-resolution finite element modeling with 

cadaver biomechanical testing (Chapters 2-4) have practical implications regarding the relative 
importance of cortical vs. trabecular bone for in vivo, microarchitecture analysis of vertebral 
strength and fracture risk. Although the cortical shell has a substantial load-bearing role in the 
vertebra [48, 49, 73, 98, 113], new findings from this dissertation indicated that variations in 
cortical thickness and the relative mass of the cortical shell were small and were only weakly 
associated with variations in vertebral strength across individuals. Our findings also indicated 
that the role of trabecular microarchitecture was mediated by bone mass and density. In vivo, 
microarchitecture assessment of vertebral strength and fracture risk should therefore focus on the 
aspects of the vertebral microarchitecture that satisfy three criteria: 1) They are important from a 
biomechanical perspective, i.e. they reflect the biomechanical behavior of the vertebra; 2) They 
exhibit wide variations across individuals; and 3) They are significant predictors of vertebral 
strength even after adjusting for bone density. In light of these findings, we suggested a new 
microarchitectural determinant of vertebral strength that satisfies these criteria: vertical tissue 
fraction. Apart from the clinical significance of these findings, the analysis of the deformation 
and failure mechanisms in the vertebra is an important step in understanding the etiology of 
vertebral fractures. 

 
Chapter five focused on the mechanisms of initial endplate failure. Despite their frequent 

involvement in osteoporotic vertebral fractures [61-64, 150, 151], the mechanisms underlying 
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endplate failure were unclear. A detailed investigation into this issue revealed two striking 
characteristics of the endplates that help to explain their frequent involvement in osteoporotic 
vertebral fractures: the endplates are at the highest risk of initial failure due to the development 
of high tensile strains, and the development of such high tensile strains is directly associated with 
the material behavior of the intervertebral disc. The tension that develops in the plane of the 
endplates is notable not only because bone tissue is weaker in tension than in compression, but 
also because the type of tension in the endplates—biaxial tension—is particularly aggressive 
compared to uniaxial tension which occurs elsewhere (and less frequently) in the vertebra. 
Together, these findings support the concept that endplate failure may be an etiologic factor in 
osteoporotic vertebral fracture and that radiological evidence of changes in the endplates should 
be an essential part of the definition of vertebral fracture [36]. In a previous study which 
observed frequent endplate failures during cadaver experiments, variations in disc properties 
explained a remarkable 70% of the variations in vertebral strength [25], but the link between the 
variations in disc properties and the mechanism of endplate or vertebral failure was unclear. 
Eswaran et al. predicted that the endplates were highly strained [72], although the neither the 
relative magnitude of the strains nor the type of the strains (i.e. tension vs. compression) in the 
vertebra was compared, so the importance of the high endplate strains was unknown. The new 
data in this dissertation thus provide a mechanistic link between endplate failure, initial vertebral 
failure, and the material behavior of the intervertebral disc. One key challenge for spine 
researchers will be to measure intra- and inter-individual variations in disc material behavior and 
to determine the effect of these variations on endplate failure mechanisms. The techniques 
described in this research combined with biomechanical testing of the intervertebral disc should 
provide new and important insight into the biomechanical interaction between the endplates and 
the intervertebral disc. 

 
There are several strengths of this research. First, this research used both high-resolution 

finite element modeling and biomechanical testing in order to exploit the unique capabilities of 
each technique. This combined approach provided mechanistic insight into whole vertebral 
biomechanical behavior, a feature that differentiates the research from recent work that 
considered only statistical correlations when studying structure-function relationships in the 
whole vertebra [25, 121, 128]. Second, we studied multiple vertebrae exhibiting a wide range of 
bone morphologies, thereby accounting for biological heterogeneity and providing a reasonable 
degree of external validity to the results. Third, the fully nonlinear analysis of whole vertebrae 
(up to 1.5 billion degrees of freedom) incorporating the latest advances in efficient solver 
algorithms [88] and state-of-the-art supercomputing technology places this research at the 
forefront of current efforts in computational bone mechanics. Fourth, we performed high-
resolution micro-CT imaging (30 µm spatial resolution) to reduce partial volume effects on the 
accuracy of microarchitecture measurements [106] and utilized a novel method for 
characterizing the morphology of individual trabeculae [118]. Related to this, a notable feature in 
the analysis of trabeculae with various orientations was the use of finite element models with and 
without the cortical shell, a unique advantage of using high-resolution computational analysis. 
Removing the thin cortical shell enabled us to test the hypothesis that the effects of the vertical 
trabeculae on vertebral stiffness were independent of the cortical shell and its variations. This 
approach may be especially important for future studies investigating the response of the 
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vertebra to forward flexion—a loading mode where the shell is thought to play a greater role 
[109]. 

 
There are two areas of future research necessary to further extend the relevance of the 

work presented in this dissertation. The first area is associated with nonlinear finite element 
analysis of whole bones. The current findings are limited to vertebral behavior up to the point of 
apparent yielding; however, the post-yield and ultimate behavior of vertebra is also relevant. 
Modification of the tissue constitutive model to include damage or softening behavior is 
recommended for predicting post-yield behavior [147]. Changes in the current modeling 
approach related to thresholding are also recommended to improve the accuracy of vertebral 
strength predictions, since subtle differences in thresholding can result in substantial errors in 
micro-CT-derived mechanical properties [68], and because there is currently no objective way of 
thresholding images of whole bones. Finally, this dissertation only focused on uniform 
compressive loading. Since many osteoporotic vertebral fractures are anterior wedge fractures 
[34], the response to combined compression and anterior bending is a topic of clinical interest 
requiring additional work. 

 
The second area of future research is motivated by the study that investigated the 

mechanisms of initial endplate failure (Chapter 5). The endplates are an understudied anatomical 
region and are rich for future scientific discovery since the biomechanical interaction between 
the endplates and the intervertebral disc is critical with respect to both vertebral fractures and 
discogenic back pain. In terms of vertebral fractures, establishing the endplates’ general 
dependence on the material behavior of the intervertebral disc motivates future work to assess 
specific variations in disc behavior concomitant with disc degeneration and the mechanisms of 
influence on vertebral strength. In terms of discogenic back pain, the biological implication of 
high tensile strains in the endplates is unclear at this point and requires future study. For 
example, the effect of high tensile strains on the permeability of the endplates is unknown. 
Endplate permeability is thought to be a critical regulator of intervertebral disc health. If high 
tensile strains lead to a biological response that reduces endplate permeability, then this could be 
an important cause of disc degeneration and source of back pain. However, little is known about 
the relationship between the biomechanical behavior of the endplates and endplate 
permeability—or about the interaction between the endplates and the intervertebral disc in 
general—and thus, this is an exciting topic for future work. 

 
In closure, this research answers fundamental questions regarding the role of trabecular 

microarchitecture in explaining the observed variations in vertebral strength across individuals, 
and provides new insight into the etiology of age-related vertebral fractures. The studies on 
trabecular microarchitecture (Chapters two and three) identified a novel, biomechanics-based 
determinant of vertebral strength. The studies on failure mechanisms and fracture etiology 
(Chapters four and five, respectively) illustrated a new aspect of vertebral fragility and a 
mechanistic link between the failure mechanisms of the vertebra and the material behavior of the 
intervertebral disc. This dissertation also outlines areas of research to further advance our 
understanding of vertebral fracture etiology and describes a systematic approach for identifying 
micoarchitectural determinants of bone strength that could be used at other anatomic sites. 
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7. APPENDIX 

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 

To verify the accuracy of our reported trends for tissue yielding, we performed a 
convergence study comparing 30 µm-resolution meshes to 60 µm-resolution meshes. Five 
vertebrae ranging in BV/TV from 0.08 to 0.19 were selected. Using fully nonlinear finite 
element analyses, the apparent yield strength and the percentage of yielded tissue were compared 
between the 30 µm and 60 µm 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 30 µm models, the 60 µm models over-predicted yield strength (p < 
0.01 paired t-test) and the percentage of yielded tissue (p < 0.05 paired t-test) but the effect was 
constant (30 µm vs. 60 µm yield strength: slope = 0.95, offset = 0; 30 µm vs. 60 µm yielded 
tissue: slope = 0.88, offset = 0; r2 = 0.99 for both outcomes). Based on these results, we conclude 
that the finite element models with 60 µm element size accurately capture the inter-specimen 
variations in yield strength and in the amount of yielded tissue; thus, 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 
analysis with geometric and material nonlinearities 

To assess model validity, finite element predictions of the apparent yield strength were 
compared with measurements of vertebral strength from a corresponding series of biomechanical 
experiments. Details of the biomechanical experiments are described elsewhere [23, 77, 102]. 
Briefly, the vertebral bodies were placed between PMMA endcaps and compressed in 
displacement control at a slow strain rate (0.05-0.5% strain/s) after cyclic preconditioning. 
Vertebral strength was defined as the peak force achieved during the loading cycle. 

 
The fully nonlinear finite element analyses accurately predicted variations in measured 

vertebral strength. Predicted yield strength explained 85% of the variations in measured vertebral 
strength for the same vertebrae (p < 0.0001, Figure 7-1), indicating the overall validity of the 
models was good. Variation in vertebral strength was also highly associated (r2 = 0.79) with 
variations in finite element-predicted stiffness (p < 0.0001). Despite the high correlation between 
finite element-derived measures of strength and stiffness (r2 = 0.99), the residuals from predicted 
strength using the finite element-derived yield strength as the predictor (absolute residual = 0.4 ± 
0.3 kN) were 20% lower, on average (p < 0.01, paired t-test), than the residuals from predicted 
strength using the finite element-derived stiffness as the predictor (0.5 ± 0.4 kN). 

7.3 Effects of disc properties on endplate deformation and failure mechanisms 

To further understand the effect of Poisson-type expansion of the disc on the stresses in 
the endplates, we analyzed the stress state within a small region of the superior endplate of each 
vertebra. A 1 mm x 1 mm transverse region of interest was defined through the thickness of the 
central endplate (Figure 7-2A). The bone in this location had the greatest concentration of 
highly-strained tissue and its orientation was approximately coplanar with respect to both the 
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local x-y plane and the transverse anatomical plane. For each vertebra, the average stress at every 
inferior-superior position in the region of interest was normalized by the maximum stress in that 
region of interest. The mean value of the normalized stress at each inferior-superior position was 
then computed for all vertebrae. While the deformation of a beam is exemplified by a stress 
profile that varies linearly through the thickness of the beam (Figure 7-2B), stress profiles in the 
anterior-posterior and medial-lateral directions (Figure 7-2C and Figure 7-2D, respectively) 
indicated the presence of tensile stresses throughout the thickness of the endplates in both 
directions. This in-plane biaxial tension through the thickness of the endplate is more consistent 
with the stretching of a membrane (Figure 7-2B). However, suppressing the Poisson expansion 
of the disc mitigated the tensile stresses in the anterior-posterior and medial-lateral directions in 
the regions of interest (Figure 7-2C and Figure 7-2D, respectively, and Table 7-1). Taken 
together, these results suggest that the endplates both stretch and bend under applied compressive 
loads and that a state of biaxial tension arises due to the Poisson expansion of the intervertebral 
disc. 
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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. 

 

 With Poisson expansion Without Poisson expansion 

Anterior-posterior stress, σx (MPa) 3.93 ± 1.81 0.32 ± 0.40 

Medial-lateral stress, σy (MPa) 2.81 ± 1.53 -0.10 ± 0.28 

Maximum principal stress, σ1 (MPa) 5.76 ± 1.52 0.80 ± 0.70 

Minimum principal stress, σ2 (MPa) 0.98 ± 1.97 -0.58 ± 0.69 

Maximum shear stress, τmax (MPa) 2.39 ± 0.94 0.69 ± 0.63 

Principal angle*, θ (degrees) 1.01 ± 6.61 2.87 ± 10.23 

 
Data given as mean ± SD (n = 22 vertebral bodies) 
* Angle measured clockwise with respect to x-y coordinate system shown in Figure 7-2 
All comparisons were statistically significant (p < 0.0001, paired t-test) except for the effect of suppressing the 
Poisson expansion on the principal angle 
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Figure 7-1: Variations in experiment-measured vertebral strength were highly associated (r2 = 0.85) with variations 
in finite element-predicted yield strength. 
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Figure 7-2: (A) Illustration of a transverse region of interest (1 mm x 1 mm) through the thickness of the superior 
endplate. The top and bottom surfaces of the region of interest represent the superior and inferior surfaces of the 
endplate, respectively. (B) Theoretical stress profiles in regions of interest deforming like a beam and like a 
membrane. The location of the neutral axis is indicated by the position of the horizontal axis. (C) Effect of 
suppressing the Poisson expansion of the disc on anterior-posterior (A-P) stress profiles within the region of interest. 
The mean stress in the models loaded via discs with Poisson expansion was greater than the mean stress in the 
models loaded via discs without this behavior (p < 0.05, paired t-test) at all inferior-superior locations within the 
region of interest except for the superior surface (p = 0.63), and was significantly different than zero (p < 0.01) at all 
inferior-superior locations. (D) Effect of suppressing the Poisson expansion of the disc on medial-lateral (M-L) 
stress profiles within the region of interest. The mean stress in the models loaded via discs with Poisson expansion 
was greater than the mean stress in the models loaded via discs without this behavior (p < 0.01, paired t-test) at all 
inferior-superior locations within the region of interest except for the superior surface (p = 0.06), and was 
significantly different than zero (p < 0.05) at all inferior-superior locations except for the top and bottom surfaces. 
Error bars show 95% CI (n = 22 vertebral bodies). 
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