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Abstract

Purpose of Review We aimed to synthesize the recent work on the intra-vertebral heterogeneity in density, trabecular architecture
and mechanical properties, its implications for fracture risk, its association with degeneration of the intervertebral discs, and its
implications for implant design.

Recent Findings As compared to the peripheral regions of the centrum, the central region of the vertebral body exhibits lower
density and more sparse microstructure. As compared to the anterior region, the posterior region shows higher density. These
variations are more pronounced in vertebrae from older persons and in those adjacent to degenerated discs. Mixed results have
been reported in regard to variation along the superior-inferior axis and to relationships between the heterogeneity in density and
vertebral strength and fracture risk. These discrepancies highlight that, first, despite the large amount of study of the intra-
vertebral heterogeneity in microstructure, direct study of that in mechanical properties has lagged, and second, more measure-
ments of vertebral loading are needed to understand how the heterogeneity affects distributions of stress and strain in the vertebra.
These future areas of study are relevant not only to the question of spine fractures but also to the design and selection of implants
for spine fusion and disc replacement.

Summary The intra-vertebral heterogeneity in microstructure and mechanical properties may be a product of mechanical adap-
tation as well as a key determinant of the ability of the vertebral body to withstand a given type of loading.

Keywords Density - Microstructure - Vertebra - Loading - Intervertebral disc

Introduction

The vertebral body is one of the most important structural
elements in the body. Through its shape and composition,
and its role in anchoring neighboring elements—the ribs, ver-
tebral arch, intervertebral discs, and spinal ligaments and
tendons—the vertebral body exemplifies the mechanical func-
tions of the skeleton: protecting vital organs, supporting load,
and facilitating movement (Fig. 1). The vertebral body is also
a main site of hematopoiesis and mineral storage, the two
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other main functions of the skeleton, owing to the large vol-
ume of marrow and high ratio of bone surface to bone volume
in the trabecular compartment [1, 2]. It is worth noting that
these last two characteristics also mean that the porosity of the
vertebral body is high, which limits its strength and stiffness
[3-5]. Hence, the vertebral body illustrates well the tension
that exists between mechanical and metabolic demands in the
skeleton.

The vertebral body is a common location of major compli-
cations associated with aging and disease. Vertebral fractures,
a hallmark of osteoporosis and source of excess mortality and
morbidity, most frequently occur in the vertebral body [6-8].
The progression and treatment of disc degeneration also in-
volve the vertebral body. Marked changes, such as develop-
ment of osteophytes, occur in vertebral bodies adjacent to
degenerated discs [9]. Surgical treatment for severe disc de-
generation often involves using screws, cages, and other hard-
ware placed into or against the vertebrae to restore stability to
the spine. The success of these interventions depends on the
ability of the vertebral body to support these implants.
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Fig. 1 Components of the human
vertebral body and adjacent rch

Vertebral
A

Vertebral

tissues. The individual vertebra is
split into the vertebral arch and
vertebral body, with the arch to
the posterior side. The vertebral
body is made up of the trabecular
centrum (containing trabecular
bone) surrounded by a cortical
shell. At the superior and inferior
ends of this body is the endplate
region. This area contains the
bony vertebral endplate adjacent
to the cartilage endplate. The
intervertebral disc is located
between the vertebrae, and

Nucleus Pulposus
Annulus Fibrosis

Intervertebral Disc

i { :|—Endplate Region

Trabecular Centrum
Cortical Shell

_ "} Cartilage Endplate
Win *| | Vertebral Endplate

consists of the gel-like nucleus
pulposus surrounded by the
comparatively more fibrous
annulus fibrosus

The porosity and trabecular architecture (the 3D arrange-
ment of individual trabeculae) are spatially non-uniform
throughout the vertebral body. This observation is not new;
for example, Georg Schmorl frequently noted spatial hetero-
geneity in bone microstructure in the vertebral column in his
comprehensive notes on spine anatomy and pathology [10].
However, the ubiquity of 3D imaging and computer modeling
in the present day has intensified interest in quantifying the
magnitude of the heterogeneity and understanding the extents
to which it reflects physiological demands, influences risk of
fracture, and affects success of surgical interventions. In this
review, we attempt to synthesize recent work in the area. We
start by summarizing the nature of the heterogeneity and then
focus on its implications for fracture risk, its association with
disc degeneration, and its implications for implant design. We
do not focus explicitly on methods of quantifying the spatial
heterogeneity and instead refer the reader to the references
cited herein for those methods.

Nature of Heterogeneity in Microstructure
in the Vertebra

Trabecular bone in human vertebrae displays substantial het-
erogeneity in density and architecture throughout the vertebral
body. As compared to the peripheral regions of the centrum,
the central region exhibits lower bone mineral density (BMD)
[11¢], bone volume fraction (BV/TV), and trabecular thick-
ness (Tb.Th) and higher trabecular number (Tb.N) [12]. As
compared to the anterior region, the posterior region has
higher BMD [11e, 12], BV/TV [12, 13+, 14], Tb.N [12, 13e,
14], and connectivity density (Conn.D) [12, 14] and lower
trabecular separation (Tb.Sp) [12], degree of anisotropy

(DA), and structure model index (SMI) [14]. With respect to
variations along the superior-inferior axis, the data are more
mixed. Studies of differences among the superior, mid-trans-
verse, and inferior thirds of the centrum have produced con-
flicting results for BV/TV, Tb.Th, and Conn.D. An HR pQCT
study on T12 vertebrae from young (31.6+£6.2 years) and
aged (71.6 =4.8 years) women reported that Tb.Th is highest
mid-horizontally [13¢], yet a uCT study on thoracolumbar
vertebrae from both sexes (70 + 12 years) found no differ-
ences among the three sections [15]. The latter study also
found that Conn.D is lowest in the mid-transverse plane,
whereas another uCT study with slightly older donors (80.5

+ 10.4 years), though on only L1 vertebrae, found the opposite
[16°]. BV/TV has been reported to be lowest in the superior
[13¢], mid-transverse [15], and inferior [16°] planes, depend-
ing on the study, although these studies have all found that
Tb.N and SMI are lowest in the mid-transverse third of the
vertebral body as compared to the superior and inferior thirds
[13e, 15, 16°]. These mixed results may reflect the effect of
aging and age-associated conditions on the nature of the het-
erogeneity, as suggested previously [17] and discussed in later
sections. Despite the discrepancies, however, the areas of con-
sensus in these recent studies are both consistent with earlier
reports [18-23] that typically used coarser sampling schemes
and paint an overall picture of lower density and more sparse
microstructure centrally vs. peripherally and highest density
posteriorly.

In addition to the heterogeneity of trabecular microstruc-
ture throughout a single vertebra, differences among vertebral
levels have been reported. In the lumbar spine, BV/TV is
relatively high in both the L1 and L5 levels, and the L1 also
exhibits high values of trabecular number and trabecular
thickness) [12, 24]. Comparisons between the half of the
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vertebra superior (cranial) to the disc vs. that inferior (caudal)
found higher density (BMD and BV/TV), Conn.D, and Tb.N,
and lower Tb.Sp, in the former, though only in the peripheral
regions, and not the central regions [25¢]. These differences
may simply be due to the heterogeneity along the superior-
inferior axis noted above, though it is noteworthy that these
differences in superior vs. inferior halves were found in the
upper lumbar spine but not the lower lumbar spine and that the
study included only male donors.

Data indicate that the heterogeneity of trabecular micro-
structure within the vertebra changes with age. In a cross-
sectional study that analyzed QCT scans of the L3 vertebra
(n=377) from both sexes (181 males, 196 females, 61.69 +
9.05 years), the ratio of BMD in the central to peripheral
regions of the centrum decreases with age [11°] (Fig. 2).
Similar results were found for the superior:mid-transverse
BMD ratio, while no associated with age was found for the
anterior:posterior or inferior:mid-transverse ratios. Consistent
with these findings, a uCT study of lumbar vertebrae (n = 150,
L1-L5) from slightly younger male donors (21-64 years,
mean = 50 years, N = 48 donors) found that aging is associated
with an increasing bias toward more robust trabecular archi-
tecture peripherally vs. centrally, but no change in the bias
toward higher density posteriorly vs. anteriorly [12].
However, the HR-pQCT data from the T12 vertebra in young
(31.6+6.2 years, n=11) vs. aged (71.6+4.8 years, n=18)
women suggests an increasing posterior:anterior bias in BV/
TV with age [13¢]. Although the QCT study in both sexes did
not find any age*sex interaction in the BMD ratios [11¢], this
study did not include individuals as young as the donors in the
younger group used in the HR-pQCT study. As such, the
discrepant results could be due to an age effect and/or to dif-
ferences between sexes, vertebral levels, and image
resolution.

Disc degeneration may also be associated with intra-
vertebral heterogeneity in microstructure. Recent studies in
this area follow early reports, often using 2D imaging, of an
inverse association between bone density and degenerative
changes in the disc [26—32]. As defined by disc space
narrowing (also known as disc height loss) and structural dis-
ruptions to the disc observed from discography, disc degener-
ation has been found to be associated with increased
peripheral:central Tb.Th ratio [12]. The anterior:posterior
Tb.Th ratio also increased with disc space narrowing [12],
though no effect on the differences in density or architecture
superior vs. inferior to the disc has been found [25¢]. These
results agree with a more recent study that found that disc
height loss is associated not only with increased BMD of the
entire centrum but also increased anterior:posterior,
superior:mid-transverse, and peripheral:central BMD ratios
[11e]. These data spark questions as to whether the changes
in heterogeneity are a mechanical adaptation to changes in
stress (or strain or strain energy density) that occur within
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the vertebral body as the disc degenerates. It is also possible
that the changes in bone microstructural heterogeneity, if ac-
companied by changes in the distribution of mechanical prop-
erties such as stiffness and permeability that might then
change the distribution of stresses and nutrient supply in the
disc, influence the course of disc degeneration. These ques-
tions are explored further later in this article.

Implications of Microstructural Heterogeneity
for Osteoporotic Fractures

Much of the study of intra-vertebral heterogeneity in trabecu-
lar density and architecture has focused on use of measures of
microstructural heterogeneity to predict vertebral strength and
fracture risk. The underlying rationale is that, owing to the
heavy dependence of the strength and stiffness of trabecular
bone on microstructural properties such as BV/TV, the micro-
structural heterogeneity is indicative of mechanical heteroge-
neity. It is well known that the average density of the vertebra
(or vertebral body or its trabecular compartment) explains
only 40-70% of the variance in vertebral strength. Studies
have also consistently found moderate improvements in pre-
diction of strength when average values of architectural pa-
rameters throughout the trabecular compartment are used in
combination with an average measure of density or bone mass
[33, 34]. On the other hand, adding simple quantitative mea-
sures of the intra-vertebral variance in density or architecture
into the prediction model has produced mixed results.
Conflicting reports exist as to whether greater heterogeneity
is positively or negatively associated with bone strength
[35-38] and stiffness [35, 37]. Variations in experimental pro-
tocols, including differences in how the sampling of local
measures of density was performed, loading mode, spinal lev-
el, and use of'isolated vertebrae vs spine segments, might have
contributed to this discrepancy. These factors may also ex-
plain why the ratio of anterior to posterior density was found
to be inversely associated with prevalent fracture in a case-
control study [39¢], and yet laboratory biomechanical tests
have found that this ratio is inversely associated with vertebral
strength [38].

In parallel with these statistical approaches, researchers
have examined how the spatial distribution of density and
trabecular architecture may relate to the process of failure in
the vertebra. A common approach now is to use time-lapse
imaging to visualize, whether qualitatively or quantitatively,
how the vertebra collapses in relation to the local microstruc-
ture. In a recent study on rat vertebrae subjected to axial com-
pression, failure was qualitatively observed to occur at the
vascular apertures in the dorsal aspect of the cortical shell,
suggesting that these elliptical pores may acts as stress con-
centrations, and in regions of the trabecular compartment with
low BV/TV, Tb.Sp, and Tb.N compared to the entire
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<« Fig. 2 a Four different ratios of BMD between two different regions of
the L3 vertebral body (defined in the schematic shown at the bottom),
plotted against age for n =377 men and women. b BMD of the entire
vertebral body (“integral BMD”) and of just the trabecular centrum
(“trabecular BMD”) for the same dataset [11¢]

compartment [40]. These latter findings are consistent with
earlier studies that have shown that when cylindrical cores
of trabecular bone are compressed, the regions that are first
to collapse are those with low BV/TV [41].

However, studies on human vertebrae have reported more
complicated failure phenomena. In thoracolumbar vertebrae
loaded in either axial compression or axial compression with
anterior flexion, the highest strains within the vertebral body
as it reaches its yield and then ultimate points are observed at
or near the vertebral endplates, even though these are not the
locations of lowest density or least robust architecture [16e,
42] (Fig. 3). Consistent with these findings, regression models
that use the density of the endplate region as well as the aver-
age density of the entire vertebral body to predict vertebral
strength outperform those that use only the average density
[44]. In slight contrast, a separate study on thoracolumbar
vertebrae found that permanent deformations (assessed by
measuring changes in trabecular spacing) induced by a com-
pressive overload and subsequent fatigue loading were most
pronounced in the mid-transverse third of the vertebral body
followed by the superior third [15]. This apparent discrepancy
could suggest differences in failure mechanisms between
monotonic and fatigue loading and could also be due to dif-
ferences in the period of observation. Whereas the fatigue
study examined deformations after induction of a fracture se-
vere enough to be observed in radiographs, the studies using
monotonic loading quantified displacement and strain fields at
or before the ultimate point, which is earlier in the failure
process. As the failure process proceeds, the regions of largest
deformation at a given point in time can change [16°].

The evidence that the failure phenomena in the vertebral
body may be more complicated than in test coupons of tra-
becular bone may simply reflect the complexity of the way
vertebral trabecular bone is loaded in situ. In a uniaxial test of
a specimen of trabecular bone, each cross section nominally
experiences the same stress, and therefore, failure is controlled
by the weakest cross section. The heavy dependence of tra-
becular bone strength on density, particularly when consider-
ing uniaxial loading along the principal trabecular orientation,
means that the first cross section to fail would be expected to
be the one with the lowest density. In a mechanical test on an
entire vertebra or vertebral body, on the other hand, the distri-
bution of stress (and strain) in the trabecular compartment of
the centrum is more complex, due to the shape of the vertebral
body, the presence of the cortical shell, and the spatial hetero-
geneity in mechanical behavior. The applied loading is also
more complicated if the adjacent intervertebral discs are
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present: even when the spine segment is nominally loaded in
axial compression, the vertebral body is not compressed uni-
formly [16¢, 43], and the trabecular bone in the centrum ex-
periences multiaxial loading [45]. Hence, while the first re-
gion to fail in the vertebral body is by definition the one that is
most overloaded, this region is not necessarily the weakest
region.

Finite element analysis is a natural choice for study of such
complex failure phenomena. Models of the vertebra that in-
clude the spatial heterogeneity in density and in some cases
architecture can be built on a specimen-specific basis from
micro-computed tomography (uCT) and on a patient-
specific basis from quantitative computed tomography
(QCT). However, the utility of these models to study the ef-
fects of the heterogeneity hinges on the accuracy of the model
inputs, namely the boundary conditions and material proper-
ties. Errors in the displacement fields predicted by finite ele-
ment models of human thoracic vertebrae loaded to failure are
nearly two-fold higher for boundary conditions corresponding
to uniform axial compression rather than the non-uniform
loading actually supplied by the intervertebral disc [43] (Fig.
3C). Yet, the errors for the latter are still high (> 50% for some
specimens), suggesting the presence of other sources of error.
In regard to material properties, the question of how to use
knowledge of the spatial variations in microstructure that are
obtained from the CT images to infer distributions of elastic
and strength properties is not fully resolved. Commonly used
relationships between material properties and microstructure
were developed from studies of trabecular bone specimens
pooled across anatomic sites or from only the central region
of the vertebral trabecular centrum [2, 46, 47]. These relation-
ships may be inaccurate for trabecular bone in the periphery of
the centrum [45, 48], on account of the distinctive architecture
in this region. It is also possible that the material properties
assigned in the FE models may need to account for spatial
variations in the mechanical behavior of trabecular tissue.
Although evidence to date suggests no differences in elastic
modulus of the mineralized tissue in the centrum, vertebral
endplate, and shell [49], further examination of variations
throughout the centrum is needed, in light of the large errors
that exist in FE predictions of failure patterns in the human
vertebra. These errors highlight that despite how much is
known about the spatial heterogeneity in density and architec-
ture, there are still gaps in understanding of the mechanical
heterogeneity.

Potential Correspondence with Disc
Degeneration

As noted above, the changes in spatial variations in mi-
crostructure throughout the vertebral body with degenera-
tion of the adjacent discs may suggest a biomechanical
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<« Fig. 3 a Strains incurred on the surface of the L1 vertebral body during
compression to yield, as measured by digital image correlation [42]. Each
row shows a different vertebra. (Used with permission from Wolters
Kluwer). b Strains incurred in 27 different regions of the L1 trabecular
centrum during compression to yield, as measured by digital volume
correlation [16¢]. The color of each region corresponds to the median
value over n =26 vertebrae, while the number that labels each region is
the interquartile range over all vertebrae with the same units and on the
same scale as the median values. *Difference between transverse planes.
¢ Displacements incurred throughout the T8 vertebral body
(representative specimen) during compression to just past the ultimate
point, as measured by digital volume correlation (left column: top panel
shows the microCT rendering before (gray) and upon (blue) loading to
just past the ultimate point; bottom panel shows displacements) and as
predicted by QCT-based FE simulations for four different types of
boundary conditions (middle and right columns) [43]: using
displacements measured by digital volume correlation across the
endplates (“Experimentally Matched FE”); using uniform displacement
boundary conditions (“Idealized FE”); using force boundary conditions
calculated from distributions of intradiscal pressure averaged over
intervertebral discs (IVDs) at different stages of degeneration (“IVD-
Generic FE”); and using force boundary conditions calculated from
distributions of intradiscal pressure averaged over intervertebral discs at
the stage of degeneration exhibited by the given specimen (“IVD-Specific
FE”). Positive values are downward displacements

interplay between these two main elements of the spinal
column. In degenerated discs, the distribution of internal
pressure when the spine is in an erect posture is highest in
regions overlying the periphery of the vertebral body [50,
51]. In contrast, for healthy discs, the pressure is more
evenly distributed, with the highest values distributed in
a plateau shape over the central region. This shift mirrors
that in the bone density in the central vs. peripheral re-
gions of the trabecular centrum [11¢], suggesting that this
change in the heterogeneity in bone density may be a
mechanical adaptation.

However, direct extrapolation of the pressure distribu-
tion in the disc to the force distribution over the vertebral
endplate imposes a simplistic view of both the internal
structure of the disc and its integration with the vertebral
body. Multiaxial strain states within the disc differ be-
tween the nucleus pulposus and annulus fibrosus [52,
53]. Moreover, the fibers of the annulus fibrosus insert
into the bony vertebral endplate and may create high ten-
sile transverse stresses superimposed on axial compres-
sive stresses within the vertebral endplate [54]. Load
transfer between the cartilage endplate and vertebral
endplate has not been studied in detail, but the interface
between these two layers is highly susceptible to damage
[55¢] and may affect stresses within the vertebral body.
These stresses likely also vary with posture [56], in the
presence of osteophytes [57, 58], with degenerative
changes in the facet joints, and along the spinal column,
due to the differences in natural curvature between, for
example, the thoracic and lumbar regions. All of these
factors may explain the large amount of variability
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among individuals in the correspondence between mi-
crostructural heterogeneity and disc degeneration, and
they emphasize the need for quantitative definition of
vertebral loading at various stages of disc degeneration.

Even less studied is the effect of the microstructural
and mechanical heterogeneity within the vertebral body
on the course of disc degeneration. Due to the low density
of the trabecular centrum, the trabecular bone of the ver-
tebral body is some of the most compliant bone in the
skeleton [4] and undergoes non-negligible deformations,
most notably in the central endplate region, during phys-
iological loading [59, 60]. How these deformations
change with alterations in bone microstructural and me-
chanical heterogeneity and how these changes might af-
fect stresses within the intervertebral are incompletely un-
derstood. Similarly, the effects of changes in the spatial
heterogeneity of bone microstructure in the endplate re-
gion on transport have not been resolved [61]. It is im-
portant to note that questions of cause-effect relationships
between disc degeneration and bone remodeling are diffi-
cult to address with cross-sectional studies.

Implications for Spinal Implant Design
and Selection

How the microstructural and mechanical heterogeneity
within the vertebral body affects the ability of the verte-
bral to withstand a given set of mechanical demands is
also centrally relevant to the success of spinal implants
such as interbody fusion cages and total disc replace-
ments. In both cases, the implants occupy the disc space
and require support from the adjacent vertebral bodies for
good outcomes. Stresses that develop in the vertebral
body in the presence of these implants depend on design
variables such as implant material, size and shape, and
procedural choices such as the where on the vertebral
endplate, the cages are placed and how much of the
endplate is removed in preparation for cage placement.
Interbody fusion cages typically use titanium, titanium
alloys, or polyether ether ketone (PEEK), all of which
are orders of magnitude stiffer than the vertebral endplate
and subchondral bone [62, 63+, 64, 65]. Although the high
stiffness and strength abide by current design standards
that focus on minimizing failure of the implant over the
surrounding bone [66], the high stiffness also means in-
creased stress in the supporting bone. Implants for total
disc replacement tend to have a higher contact area with
the supporting bone, but like fusion cages, they feature
teeth and other protrusions that facilitate precise place-
ment of the implant while also elevating local stresses in
the bone tissue [67]. Current vertebra implant systems
pose high risk of postoperative complications: 15-18%
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of lumbar surgery cases require reoperation as early as
within 1 year of the initial operation due to subsidence
or other failures [68].

While some newer implant systems have explored the
use of less stiff materials such as poly-L-actic acid or
polycarbonate-urethane [69—-71], there is also an opportu-
nity to leverage information on the intra-vertebral hetero-
geneity in bone microstructure to improve implant perfor-
mance. Indentation studies have mapped spatial variations
in the mechanical behavior of the endplate region [62,
63+, 64, 65] in order to develop recommendations for
implant placement. Spatial variations in microstructure,
as a surrogate for mechanical properties, may be possible
to obtain on a patient-specific basis for preoperative plan-
ning [72]. This information, combined with ongoing ad-
vancements in biomaterials, modeling, and manufacturing
[70, 73], could bring to fruition design, selection, and
deployment of spinal implants that are tailored to the local
bone structure in ways that provide the greatest chance of
long-term success.

Summary

Research over the past several years has advanced knowl-
edge on the nature and consequences of spatial variations
in bone microstructure throughout the vertebral body.
This work has solidified understanding of general trends
in, first, how the density and trabecular architecture vary
among different anatomic regions of the vertebral body,
and second, the association of these variations with aging.
This work has also illustrated how the heterogeneity in
microstructure influences the mechanisms of failure dur-
ing vertebral fracture, albeit in ways that are more com-
plicated than in test coupons of bone. Beyond these gen-
eral trends, however, the data also reveal a sizable amount
of variability among individuals in the spatial variations
in microstructure and have identified other potential ex-
planatory factors, such as degeneration in the disc and
facet joints, sex, and posture. Given that many of these
factors relate to vertebral loading, these findings suggest
that the microstructural heterogeneity may be a product of
mechanical adaptation as well as a key determinant of the
ability of the vertebra to withstand a given type of
loading.

Although the weight of the evidence supports the use
microstructural heterogeneity as an indicator of mechani-
cal heterogeneity throughout the vertebra, it is important
to note that gaps in knowledge regarding the latter remain.
Recent studies raise questions as to whether the available
constitutive models for trabecular bone suffice across the
diversity of trabecular microstructures exhibited through-
out the human vertebral centrum. The extent of spatial

heterogeneity in the mechanical properties of the mineral-
ized tissue—whether in the trabeculae, cortical shell, or
vertebral endplate—is also comparatively underexplored.
As such, further work on measurement of bone mechani-
cal properties at these length scales will shed more light
on how to use imaging assessments of heterogeneity in
bone microstructure to infer spatial distributions of bone
mechanical properties. The results can be readily incorpo-
rated into patient-specific and parametric models of the
vertebra and spine and will facilitate longitudinal studies
of the origins and ramifications of spatial variations in
bone microstructure during spine development, aging,
and disease progression.
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