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Vertebral fragility and structural redundancy
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Abstract

The mechanisms of age-related vertebral fragility remain unclear, but may be related to the degree
of “structural redundancy” of the vertebra, that is, its ability to safely redistribute stress internally
after local trabecular failure from an isolated mechanical overload. To better understand this issue,
we performed biomechanical testing and nonlinear micro-CT-based finite element analysis on 12
elderly human thoracic ninth vertebral bodies (ages 76.9 + 10.8 years). After experimentally
overloading the vertebrae to measure strength, we used the nonlinear finite element analysis to
estimate the amount of failed tissue and understand failure mechanisms. We found that the amount
of failed tissue per unit bone mass decreased with decreasing bone volume fraction (r2 = 0.66, p <
0.01). Thus, for the weak vertebrae with low bone volume fraction, overall failure of the vertebra
occurred after failure of just a tiny proportion of the bone tissue (< 5%). This small proportion of
failed tissue had two sources: the existence of fewer vertically oriented load paths to which load
could be redistributed from failed trabeculae; and the vulnerability of the trabeculae in these few
load paths to undergo bending-type failure mechanisms, which further weaken the bone. Taken
together, these characteristics suggest that diminished structural redundancy may be an important
aspect of age-related vertebral fragility: vertebrae with low bone volume fraction are highly
susceptible to collapse since so few trabeculae are available for load redistribution if the external
loads cause any trabeculae to fail.
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Introduction

Increased skeletal fragility is associated with aging and osteoporosis (1) and is manifested by
fragility fractures (2). While the precise meaning of “fragility” is vague as far as fracture
etiology is concerned, with many factors being involved (4), overall bone strength is an
important aspect of fragility because it defines the biomechanical threshold at which point a
fracture occurs (38), In this study, we investigated if the engineering concept of structural
redundancy might provide insight into age-related changes in vertebral strength and
fragility.

Structural redundancy is a key concept in structural engineering design (7:8), and refers to the
ability of a structure to retain its function without catastrophic consequences — even when
one or many parts of the structure fail. This is accomplished by providing multiple
redundant load paths so that if one load path fails during normal operation or during an
accident, stress can be redistributed internally from the failed parts to other parts of the
structure and safe function is thus preserved. In such structurally redundant systems, overall
failure of the structure requires failure of many parts. However, if structural redundancy is
diminished, overall failure of the structure can occur if only a few parts fail. When a
vertebra is loaded to overall failure, the amount of tissue that fails is unknown, and may
depend on such factors as tissue material properties, bone volume fraction, cortical
thickness, trabecular separation or a number of other measures of bone

microarchitecture (¢-14). Our prior work using isolated cores of trabecular bone has shown
that the amount of tissue-level failure at the point of overall failure of the core decreases as
bone volume fraction decreases (12:13). If the same were also true for the whole vertebra, this
would suggest that vertebrae with low bone volume fraction are weak in part because of
reduced structural redundancy.

To date, exploring structural redundancy in whole vertebrae has not been feasible owing to
the technical challenge of performing the required biomechanical analysis. With the ability
to perform fully nonlinear finite element analysis on high-resolution micro-CT images of
whole vertebrae, we can now overcome this technical challenge. Thus, in the present study,
we sought to quantify the amount of tissue failure that occurs at the onset of overall failure
in elderly human vertebrae and in this manner elucidate mechanisms of bone fragility related
to diminished structural redundancy.

Materials and Methods

Study design

Understanding the mechanisms of vertebral strength requires observing how load is
transferred to individual trabeculae inside the vertebra while accounting for the deformation
and failure mechanisms of those individual trabeculae. This is difficult to achieve through
biomechanical testing alone (14:15) so we accomplished this by coupling biomechanical tests
with high-resolution, micro-CT-based finite element analysis. The finite element simulations
— experimentally validated in previous studies (11.16.17) — \vere calibrated here to a series
of biomechanical tests in order to analyze the deformations inside the vertebra during an
overload. This approach enabled us to relate vertebral strength at the whole-bone level to the
failure mechanisms at the tissue-level. The failure mechanisms of the bone are greatly
influenced by the bone’s microarchitecture. To account for variation in the failure
mechanisms that arise because of variation in microarchitecture across the population, we
analyzed multiple vertebrae exhibiting wide variation in trabecular bone volume fraction and
architecture.

J Bone Miner Res. Author manuscript; available in PMC 2013 October 01.
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Specimen preparation and micro-CT scanning

Twelve whole thoracic ninth (T9) vertebrae were obtained fresh frozen from human cadaver
spines (age 76.9 + 10.8 years, range 53-97 years) with no history of metabolic bone
disorders. We chose to study the T9 vertebra because of its high fracture incidence (!8) and,
because of its smaller size relative to the more frequently fractured L1 vertebra, analysis of
the T9 vertebrae made for slightly smaller finite element models. As described previously in
more detail 19), the posterior elements were removed and each isolated vertebral body was
micro-CT imaged with a 30-ium voxel size (Scanco 80; Scanco Medical AG; Briittisellen,
Switzerland). The images were coarsened to a 60-um voxel size, and the hard tissue and
marrow were segmented using a global threshold value. Standard microarchitecture
measures were calculated using the coarsened images: trabecular bone volume fraction;
mean trabecular thickness (Th.Th*); mean trabecular separation (Th.Sp*); mean trabecular
number (Th.N*); structural model index (SMI); and degree of anisotropy (DA).

Biomechanical testing

After micro-CT imaging, we performed experimental compression tests to measure vertebral
strength, using an established testing protocol (19-21). Briefly, the vertebral bodies were first
placed between polymethyl methacrylate (PMMA) endcaps to ensure plano-parallel

ends (2223) Next, the top platen of a screw-driven load frame was lowered onto the vertebra;
a lockable ball joint ensured the top platen rested flat on the vertebra during loading.
Compression was performed in displacement control at a slow strain rate (~0.05-0.5%
strain/s) after cyclic preconditioning (19). Vertebral strength was defined as the peak force
achieved during the loading cycle.

Finite element analysis

To study the failure mechanisms of the vertebrae, we performed fully nonlinear finite
element analysis of the micro-CT scans. High-resolution finite element models of the
vertebrae were created from the coarsened micro-CT images by converting each cubic voxel
in the images into an eight-noded, 60-im brick element (2425), A numerical convergence
study (Appendix 1) indicated that models with this element size accurately captured the
inter-specimen variation in failure mechanisms compared to models with a 30-pwm element
size (Figure A1). Geometrically and materially nonlinear finite element analysis (11.26) was
conducted for each model to 1% apparent compressive strain. The models were virtually
compressed via simulated layers of PMMA (elastic modulus 2.5 GPa and Poisson’s ratio of
0.3) to mimic the boundary conditions used in the biomechanical tests. Bone tissue was
modeled using a rate-independent elasto-plasticity model (27 and homogeneous

isotropic (28) tissue material properties: elastic modulus 5 GPa, Poisson’s ratio of 0.3, and
tissue-level tensile and compressive yield strains of 0.33% and 0.81%, respectively (1),

In terms of numbers of degrees of freedom and CPU requirements, the overall size of this
computational analysis represents one of the largest published numerical structural analysis
problems. Individual models contained up to 485 million elements (over 1.5 billion degrees
of freedom) and were solved using an implicit, parallel finite element framework (29, The
nonlinear solution algorithm was an inexact Newton method wherein each Newton iteration
was solved using an algebraic multigrid solver. All simulations were performed on the Sun
Constellation Cluster at the Texas Advanced Computing Center, requiring an equivalent
single-processor time of 72 years (a typical analysis required 15 hours of real time using
2000 processors in parallel).

Several outcomes from the finite element analyses were used to characterize the failure
mechanisms. Vertebral strength was determined from the force-strain curve using the 0.2%
offset method. Comparison of model-predicted vertebral strength to measured strength for

J Bone Miner Res. Author manuscript; available in PMC 2013 October 01.
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these vertebrae (Appendix 2) indicated that the models had statistical Y = X'type accuracy
(r2 = 0.85, Figure A2). The number and loading mode of failed Gauss points in the models
was assessed at each step of the analysis to quantify the location and amount of failed tissue.
We evaluated tissue failure at the Gauss points since previous work on trabecular bone cores
found that this approach substantially reduces the error in quantifying the proportion of
failed tissue compared to evaluating failed tissue at element corners (39). The proportion of
failed tissue was calculated as the number of failed Gauss points at the vertebra’s overall
yield strength divided by the total number of Gauss points in the model (excluding the
PMMA). This outcome represents the amount of failed tissue per unit bone mass.

The total proportion of failed tissue, as well as the proportions of failed tissue in
compression and in tension, was related to vertebral strength using univariate regression.
Multivariate (stepwise) regression was used to adjust for the effect of bone volume fraction
on vertebral strength. All statistical tests (JMP 7.0; SAS Institute, Cary, NC USA) were
taken as significant at p < 0.05.

The proportion of failed tissue in the vertebrae with the lowest BV/TV represented only a
tiny amount (< 5%) of the overall bone tissue (Figures 1 & 2A). For the low-BV/TV
vertebrae, the failed tissue was highly localized to just a few load paths consisting of parallel
columns of vertically oriented trabecular bone. In contrast, for the high-BV/TV vertebrae,
the failed tissue was widespread, being distributed over numerous load paths that consisted
of both the trabecular bone and the cortical shell (Figure 1). As expected, the low-BV/TV
vertebrae were also weaker than the high-BV/TV vertebrae (r=-0.75, p=0.005, n=12
vertebrae). In addition to being weaker because they had less bone tissue, the weak vertebrae
had significantly less failed tissue than the strong vertebrae (p= 0.01 after adjusting for the
effect of BV/TV).

Another difference between the low- and high-BV/TV vertebrae was a shift in the failure
mechanisms of the tissue. The fivefold variation in the total amount of failed tissue across
vertebrae primarily reflected a large difference in the amount of tissue exceeding the
compressive yield strain (Figure 2A). This difference betrays a shift in the failure
mechanisms: a greater amount of tissue exceeding the compressive yield strain indicates that
axial compression of individual trabeculae dominates the deformation mechanism, whereas
an equal amount of tissue exceeding the compressive and tensile yield strains indicates that
bending of individual trabeculae dominates. In the vertebrae with high bone volume
fraction, up to four times more tissue failed in compression than in tension (Figure 2B,C). In
the vertebrae with the lowest bone volume fraction, however, nearly equal amounts of tissue
failed in compression and in tension, and the failed tissue was localized to opposite sides of
slender, rod-like trabeculae that underwent excessive bending (Figure 2D). Animations of
the deforming microstructure for vertebrae with decreasing bone volume fraction further
illustrate the shift toward bending-type deformations (see animations accompanying the
online version of this article).

We found several noteworthy relationships between the proportion of failed tissue and
parameters describing the average characteristics of the trabecular microarchitecture. The
proportion of failed tissue was significantly lower in vertebrae that had fewer trabeculae
(Th.N: r =0.61, p=0.03). However, given that the number of trabeculae is correlated with
bone volume fraction, it is difficult to separate these effects. One characteristic that is
largely independent of bone volume fraction is the proportion of trabeculae that are
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vertically aligned (1), Vertebrae with a lower proportion of vertically aligned trabeculae had
significantly less failed tissue (vBV/BV: r = 0.64, p=0.02).

Discussion

These results reveal that vertebrae with low bone volume fraction are susceptible to overall
vertebral failure after failure of just a tiny proportion of the bone tissue — this indicates that
they lack structural redundancy, a hallmark of fragility. The small proportion of failed tissue
in these weak vertebrae reflected two factors that occur for low-BV/TV vertebrae: the
existence of fewer vertically oriented load paths to which load could be redistributed, and
the tendency for these load paths to undergo bending-type deformations that preclude
appreciable tissue failure. Moreover, we found that weak vertebrae had significantly less
failed tissue than strong vertebrae, even after adjusting for the effect of either bone mass or
volume fraction. This suggests that the amount of failed tissue at the point of overall
vertebral failure may represent an insightful phenotype of bone quality (2:33), Structural
engineers design important load-bearing structures, e.g. buildings and bridges, with multiple
redundant load paths so that when one load path fails, the structure can retain its function
without catastrophic consequences, facilitating the repair of the damaged part. While
vertebrae with high bone volume fraction appear to operate in a similar manner, in vertebrae
with low bone volume fraction this structural redundancy is substantially diminished. Taken
together, these findings provide new insight into the mechanisms of reduced vertebral
fragility: not only are low-BV/TV vertebrae weaker than high-BV/TV vertebrae because
they have less bone tissue, but they are also less structurally redundant — that is, they are
susceptible to collapse from failure of just a tiny amount of bone tissue.

The concept of structural redundancy as applied to vertebral fragility is novel, and may
provide new insight into the mechanisms of osteoporotic vertebral fractures. Although
structural redundancy is a key aspect that governs the fragility of engineering structural
systems (7:8), we are not aware of any reports applying the concept of structural redundancy
to the etiology of osteoporotic fractures. For example, a number of studies assessed the
mechanical consequences of tissue damage or failure (34-37), but none quantified the amount
of failure required before overall failure of the bone. Our key finding is that overall failure
of the elderly low-BV/TV vertebra occurs after failure of just a few load paths. This finding
provides the first evidence that increased vertebral fragility with aging and osteoporosis may
reflect a loss in both strength and structural redundancy. While thinning of horizontal
trabeculae and resorption of vertical trabeculae (38) has been previously shown to
compromise trabecular bone strength by making the microstructure more susceptible to
bending and buckling (34:36.39.40) it is possible for the microstructure to undergo bending
and yet still have many redundant load paths. Rather, the weakest vertebrae exhibited
bending-type deformations anda loss in structural redundancy. It is widely understood that
bone fragility results from three factors (): 1) decreased bone mass; 2) deteriorated
microstructure; and 3) diminished tissue material properties. Hence, our findings suggest a
fourth factor in the pathogenesis of bone fragility, at least for the elderly vertebra: decreased
structural redundancy. In a sense, decreased structural redundancy is the biomechanical
mechanism by which deteriorated microstructure can influence bone strength independent of
bone mass.

The finding that tissue failure can occur well before overall structural collapse is consistent
with previous studies 41:42) and provides insight into the different effects that accumulating
failed tissue may have on the progression of vertebral deformities in low- versus high-BV/
TV bone. The vertebrae with low BV/TV had few alternative load paths, and hence, local
failure of just a few of the primary load paths in such vertebrae may accelerate the
progression of a vertebral deformity upon reloading. This same mechanism may explain

J Bone Miner Res. Author manuscript; available in PMC 2013 October 01.
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why the reduction in vertebral strength following an isolated overload is greater in vertebrae
with lower BV/TV and fewer trabeculae (2043), However, given the challenge relating finite
element predictions of failed tissue with direct observations of microdamage (44:4%),
additional research is required to understand the mechanism by which microdamage
accumulation reduces bone strength (46). Our results indicate that such research may provide
new insight into the interactions among bone volume fraction and architecture, the
accumulation of failed tissue, changes in tissue-level ductility, and the failure mechanisms
of the vertebra. For example, tissue ductility is known to decrease with increased age for
cortical tissue (4748), and if the same is true for trabecular tissue, it is reasonable to
hypothesize that decreases in tissue ductility might accentuate the biomechanical
consequences of diminished structural redundancy.

A unique feature of this study design was our combined experimental and computational
approach. Elucidating the role of diminished structural redundancy would have been
challenging using experiments alone, since assessing structural redundancy requires
quantifying the amount of failed tissue and understanding how load is transferred among
individual trabeculae. In the absence of any experimental analysis techniques for such
purposes, fully nonlinear micro-CT-based finite element analysis — although
computationally very expensive — is perhaps the only feasible recourse. Indeed, a major
technical innovation of this study was our ability to perform such a complex and large
computational problem (2949), As high-fidelity analyses of this type become more
widespread (2550, it should be possible to apply this technique to larger cohorts to gain a
more complete understanding of age-related bone fragility.

Our analysis has a number of limitations. In generalizing our findings to other thoracic
levels and to the lumbar spine, we note that our study did not account for any potential
differences in overall kinematics and loading, the contribution of the posterior elements, or
the presence of the ribs, but instead focused on the behavior of the isolated vertebral body.
For the isolated vertebral body, the main factors are whether the bone is sufficiently large
and the mechanics of internal load transfer are similar. To that end, we observe the
following: 1) lumbar vertebrae are larger than thoracic vertebrae; 2) isolated samples of
trabecular bone from the lumbar vertebra undergo a shift in failure mechanisms with
decreasing BV/TV (11): 3) the number of vertical trabeculae in the lumbar spine decreases as
BV/TV decreases (381); and 4) cortical-trabecular load-sharing characteristics are similar
between lumbar (25 and lower thoracic (24) vertebrae. These data suggest that diminished
structural redundancy may help explain the increased fragility of the elderly lumbar vertebra
too. As the vertebrae become much smaller though, it is unclear how the present findings
apply since the mechanics of internal load transfer may differ, as may the overall BV/TV
and the cortical-to-trabecular ratio. Likewise, it is unclear how these findings apply to other
anatomic sites like the distal radius (2:53) or proximal femur 4, since the amount of failed
tissue at these sites may also depend on the mechanics of load transfer and overall boundary
conditions.

It is appreciated that our assessment of the failure mechanisms remains purely
computational at this point — that is to say, we have not directly measured the amount or
location of failed tissue. The models themselves were well-validated against direct measures
of whole-bone strength for these vertebrae (Appendix 2) and the predicted failure
mechanisms agree qualitatively with experimental observations reported for isolated
specimens of trabecular bone (14.17). However, the precise nature of the nonlinear
constitutive model for bone tissue is not known and thus represents a source of uncertainty
and a topic for future research. Our assumed constitutive model was plasticity-based (6) and
used a failure criterion in principal strains that, according to known behavior of cortical
bone, gave the tissue higher strength in compression than in tension (%), That constitutive
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model did not simulate trabecular fracture since individual trabeculae rarely fracture before
the apparent yield point (42:56.57) and since we included large deformation effects in the
models to account for the increased compliance of any individual trabeculae that had
become excessively loaded (11). The models also did not account for any failure of the
endplate tissue. Endplate failure is expected to add to the amount of failed tissue, although
the behavior of the endplates, including any influence of the intervertebral disc ®859), is
poorly understood. It is within this context that we view the absolute predictions of the
models with caution. Nevertheless, our interpretation regarding the lower amount of failed
tissue in vertebrae with lower BV/TV remains valid since the underlying mechanisms — the
reduced number of load paths and the transition from axial deformation to bending —
should be robust to these limitations. Indeed, the underlying mechanisms appear to be more
sensitive to the overall trabecular and cortical architecture, which dictates how loads are
transferred through the vertebra and distributed among individual trabeculae, than to the
local geometric features and assumed material properties of any individual trabeculae (see
Appendices 1 and 3).

In summary, these findings showed that in addition to being weak, vertebrae with low bone
volume fraction were less structurally redundant because overall vertebral failure was
associated with just a tiny amount of local tissue failure. This diminished structural
redundancy in vertebrae with low bone volume fraction was the result of a small number of
vertically oriented load paths and the predominance of bending-type failure mechanisms.
These results suggest that diminished structural redundancy may be an important etiologic
aspect of age-related vertebral fragility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix 1

A numerical convergence study was performed to determine the effect of element size on
the proportion of failed tissue — the main outcome from the analyses. We analyzed five
models using a 30-pm element size and examined the relationship between the proportion of
failed tissue and bone volume fraction. Results indicated that using 60 pwm-sized elements
overestimates the proportion of failed tissue compared to the finer model (p < 0.05, paired t-
test), but the effect is small, particularly when compared to the difference in the proportion
of failed tissue between vertebrae. Importantly, the overall trend is the same: there is less
failed tissue per unit bone mass in vertebrae with lower bone volume fraction (Figure Al).
Thus, using the models with the larger element size should not alter our conclusions.

Appendix 2

To support model validity, we compared predictions of whole-vertebral strength from the
finite element models against direct measurements of vertebral strength from experiments.
Results indicated a strong correlation between experiment and model, with statistical ¥ =X
type of agreement (Figure A2). Additionally, the nonlinear finite element modeling
technique that we used for these whole-bone models has been well validated for trabecular
bone cores — e.g. load-displacement curve-fits between experiment and model with r2 =
0.79-0.97 (50) — where experimental boundary conditions can replicated numerically.
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Appendix 3

A material sensitivity study was performed to determine the effect of changes to the
assumed tissue material properties on the proportion of failed tissue. We reduced the
assumed value of the compressive yield strength of the bone tissue by 15% in vertebrae with
low and high bone volume fractions. This reduction in tissue compressive strength increased
the proportion of failed tissue from 3.2% to 3.9% in the low-BV/TV vertebra, and from
13.7% to 17.3% in the high-BV/TV vertebra. Thus, while the proportion of failed tissue in
any one vertebra was sensitive to the assumed material properties, the size of the effect
across vertebrae was small when compared to the overall effect of inter-bone variations in
bone volume fraction and architecture and whole-bone size and shape.
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Figure 1.

AL A
et ’?5‘§§€'&¢‘i%%§3%5 ;
2.1 kN, 0.08

Mid-sagittal sections from human thoracic vertebrae showing the distribution of failed tissue
(purple) at each vertebra’s compressive strength. During an overload, the weak vertebrae
with low bone volume fraction sustained relatively less failed tissue than the strong
vertebrae with high bone volume fraction indicating that the former are less structurally
robust. Vertebral strength, bone volume fraction given; scale bar, 5 mm; section thickness, 1
mm; left side, anterior. (The reader is also referred to animations of the deforming
microstructure; please see the online version of this article.)
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Figure 2.

The variation amongst individuals in the total proportion of failed tissue and in the
proportions of failed tissue in compression (blue) and in tension (red). (A) The lower
amount of failed tissue in vertebrae with low bone volume fraction primarily reflected less
compressive failure. (B) The decrease in the ratio of failed tissue in compression-to-tension
revealed a shift in failure mechanisms from axial deformation to bending. (C) Vertebrae
with high bone volume fraction yielded via diffuse, compressive deformation of the vertical
trabeculae and the cortical shell. (D) Vertebrae with low bone volume fraction yielded via
localized bending of the vertical trabeculae. The lines in (A)-(B) represent the best-fit
relationships (p < 0.01).
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