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Abstract

An improved understanding of the biomechanical role of the vertebral cortical shell with respect to the trabecular bone may improve
diagnosis of osteoporosis and provide insight into the effects of disease, aging, and drug treatments. In this study, we present results from
finite element simulations of removal of the shell from the vertebral body and the associated mechanical effects in terms of overall change
in vertebral structural stiffness and of the tissue-level stresses. Specimen-specific micro-mechanical finite element models of thirteen ver-
tebrae were generated from micro-CT scans with 60-um voxel size. An algorithm was developed to automatically isolate the thin (and
discontinuous) shell and the images were converted into finite element models by mapping each image voxel into a finite element. After
removal of the endplates, compressive loading conditions were applied and linear elastic analyses were run for three cases — with and
without the shell, and shell-only models. The models contained up to 13.6 million elements and were solved using a maximum of 144
CPUs in parallel, 300 GB memory, and a custom code with a parallel mesh partitioner and algebraic multigrid solver. Results indicated
that the shell was on average, 0.38 + 0.06 mm thick, accounted for 21-39% of the overall bone mass, but accounted for 38-68% of the
overall vertebral stiffness. Examination of the tissue-level stresses indicated that this disproportionately large mechanical effect of shell
removal was due in part to unloading of the remaining peripheral trabeculae adjacent to the shell. Stress paths were also preferentially
within vertically-aligned bone: the cortical shell and vertically-aligned trabeculae. Taken together, these results demonstrate two
important roles of the thin vertebral cortical shell: it can carry significant load by virtue of representing a large proportion of the ver-
tically-aligned bone tissue within the vertebra, and, as a shell, it also maximizes the load carrying capacity of the trabecular centrum,
particularly around the periphery.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction primarily of highly porous trabecular bone, surrounded

by a thin cortical shell. The mechanical integrity of the ver-
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aging, and drug treatments. It may also provide a basis for
mechanistic validation of finite element models used for
fracture risk prediction [7,11,14,16] and for improved
design of spinal implants.

Since the cortical shell is a thin, discontinuous and por-
ous structure, it has been difficult to characterize its
mechanical contribution to the overall strength of the ver-
tebral body. While some studies have concluded that the
cortical shell takes over 40% of the load [14,23,31], others
have concluded that it takes less than 15% [17,26]. The
major shortcoming of the experimental studies is control-
ling the removal process of the shell: if too much is
removed, it may induce damage to the trabecular centrum,
if too little is removed, the effect of the shell is underesti-
mated. Since the shell is on the order of 0.25-0.4 mm thick
[9,22,25,30], it is difficult to remove it in a precise fashion.
Continuum-level finite element models [5,7,11,14,16,26]
suffer from a simplistic modeling of the shell and its inter-
action with the trabecular centrum, although these analyses
have provided unique insight. For example, it has been
shown that the load taken by the shell depends on the loca-
tion along the superior—inferior axis [5,14,26], as well as the
applied boundary conditions [14].

With recent advances in micro-computed tomography
(micro-CT) and parallel supercomputer technologies, it is
now possible to obtain high-resolution scans of whole
bones at a spatial resolution on the order of 50-100 um
and analyze the micro-mechanics of the bones using
image-specific finite element analysis at this spatial resolu-
tion. Studies using this technique have provided unique
insight into the mechanical effects of osteoporosis at the
proximal femur [29] and the vertebral body [10,13]. Analy-
ses on the vertebra have shown that the average load frac-
tion taken by the vertebral cortical shell is 0.45 across
vertebrae [10], maximum at the mid-section [10,13] and
that with osteoporosis, the trabecular micro-structure
becomes less resistant to non-habitual loads [13]. Despite
these studies, there remains an incomplete understanding
of the mechanisms by which the shell contributes to the
load-carrying capacity of the vertebra.

As part of an overall effort to understand the micro-
mechanics of the human vertebral body, including the spe-
cific load sharing role of the cortical shell [10], our goal in
this study was to investigate the biomechanical effects of
removal of the shell from the vertebral body. Our first
objective was to develop an automated technique to digi-
tally identify the geometrically complex cortical shell using
micro-CT scans of a series of human vertebral bodies and
using this, calculate mean values of shell thickness and
the shell’s contribution to the total bone mass. Our second
objective was to create and analyze three micro-finite ele-
ment models of each vertebral body: (1) the whole vertebral
body; (2) the trabecular centrum alone, having virtually
removed the shell from the vertebra; and (3) the isolated
cortical shell itself. Data were then analyzed to determine
the effects of shell removal and the dependence of these
effects, if any, on the density and stiffness of the vertebral
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body. This study is unique in its precise isolation of the cor-
tical shell and its focus on the micro-mechanics of shell
removal.

2. Methods

Thirteen T-10 vertebral bodies obtained from female
human cadavers (age range: 54-87 years, 74.6 + 9.4 years)
were scanned at 30-um voxel size using micro-CT
(SCANCO 80, SCANCO Medical AG, Bassersdorf, Swit-
zerland). The voxel size was increased to 60 um using
region averaging to reduce the CPU time required to ana-
lyze the resulting finite element models. Next, both superior
and inferior cortical endplates were removed from the ver-
tebral body. This was done to facilitate easier application
of uniform compressive boundary conditions on the supe-
rior and inferior surfaces, a protocol that has also been
used in experiments on cadaver vertebrae [19].

A custom program was developed within commercial
image processing software (IDL, Research Systems Inc.,
Boulder, CO) to analyze the morphology of the shell. This
program was designed to accomplish three tasks: (1) iden-
tify the cortical shell; (2) measure its thickness; and (3)
measure its percentage contribution to total bone tissue
within the vertebral body. The micro-CT scan data at
60-um voxel size were analyzed one layer at a time starting
at the inferior surface and then proceeding in the superior
direction. Each slice of the vertebral body was first divided
into four quadrants. Each of these four sections was pro-
cessed in the same manner. Within each quadrant, the
outer edge of the cortical shell was defined as the first filled
voxel (i.e., bone tissue) on a line originating from the edge
of the image layer (horizontal or vertical depending on the
quadrant being processed). The inner edge of the shell was
defined as the first empty voxel (i.e., space) after a series of
filled voxels along the line. At this point it is important to
note that two scenarios can lead to inaccuracies in the cor-
tical shell identification (Fig. 1). The first is the possibility
of trabeculae being adjacent to the shell that would artifi-
cially increase the thickness of the shell at that location.
The second is that the discontinuities in the cortical shell
can cause the algorithm to enter the trabecular centrum
and count internal trabeculae as part of the shell. There-
fore, the program used moving averages and various
checks to ensure that these two cases were properly han-
dled during the identification of the cortical shell. The
moving average was used to identify sudden increases in
shell thickness. Further, if the first filled voxel along the
search line was far from the current calculated position
of the shell it was ignored. This method allowed us to
identify discontinuities in the shell. In order to model
the porous nature of the shell, any bone encountered
within an average pore size of 180 pm [25] of the outer
structure of the shell was identified as part of the shell.
The accuracy of our algorithms was verified by visually
comparing original scan layers and the identified cortical
shell.
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Fig. 1. A transverse image slice of a thresholded vertebral body before (center) and after (right) the shell is removed. The inset on the left shows two
important aspects of the shell removal algorithm: (A) trabeculae adjacent to the cortical shell should not be considered as part of the shell and (B) care
should be taken to skip discontinuities in the cortical shell and hence avoid identifying trabeculae in the centrum as part of the shell.

The algorithm that calculated the thickness of the corti-
cal shell used the shell image data obtained by the identifi-
cation program and processed it one layer at a time. The
outside and inside edge voxels, and the tangent to the shell
edge at the current point were used to obtain the thickness
of the shell at each point. The tangent of the shell was
obtained by a least squares fit to the position data of shell
voxels on both sides of the current point. The thickness of
the shell was then calculated as the shortest distance
between the outer and inner edges along the line normal
to the tangent. The thickness at each point was used to cal-
culate the average thickness of the cortical shell of the ver-
tebral body. The volume of the cortical shell was calculated
as the number of filled voxels within the shell image data
and shell mass fraction (shell bone mass/total bone mass)
was determined.

Three different micro-finite element models were created
for each vertebra (Fig. 2): (1) intact vertebral body (intact),
(2) trabecular centrum (no-shell), and (3) cortical shell
alone (shell-only). These models used 60-pum size 8-node
linear hexahedral finite elements with the largest model
having around 13.6 million finite elements and 72 million
degrees of freedom. All bone tissue was modeled as linear
elastic with an elastic modulus of 18.5 GPa and a Poisson’s

ratio of 0.3. This is reasonable since there is ample evidence
that the shell and trabeculae have substantially the same
elastic material behavior [20,24,25]. Further, isotropic
modeling of the anisotropic bone tissue is also justified
since stresses within the trabeculae are mostly along the
axes of the trabeculae, and thus along the main principal
material orientation. Appropriate frictionless displacement
boundary conditions were applied at the superior and infe-
rior surfaces to result in a 1% compression of the vertebral
body along the superior—inferior axis. A custom finite ele-
ment analysis code, which uses parallel mesh partitioning
and a state-of-the-art algebraic multigrid iterative solver
[1-3], was used for analysis. All models were run on a par-
allel supercomputer (IBM SP4, IBM Corporation,
Armonk, NY) with a maximum of 144 CPUs and 300
GB memory. Due to the use of a highly efficient solver,
the analysis of the largest model completed in less than
10 min wall clock time and the total CPU time for the pro-
ject was just 654 h, corresponding to about 10 h in real
time.

The trabecular bone volume fraction for each vertebral
body was calculated from a representative volume of tra-
becular bone, typically a cube 20 mm on a side. The overall
structural stiffness of the shell (shell-only model), the

5mm

Fig. 2. Renderings of the three micro-finite element models used in this study: intact (left), no-shell (center), and shell-only (right). The location of the mid-
frontal slice is shown on the intact model (left). Note that the endplates have been removed for ease of applying boundary conditions on the superior and

inferior surfaces that result in 1% compression of the vertebral body.
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trabecular bone (no-shell model) and the vertebral body
(intact model) were each determined as the ratio of the
respective forces generated at the inferior surface of each
model to the applied uniform displacement. The influence
of the shell removal on the stress distribution within the
trabecular bone was analyzed qualitatively using change
in von-Mises stress.

3. Results

The average (£SD) thickness of the cortical shell was
0.38 (£ 0.06) mm, which is in close agreement with previ-
ously reported experimental measurements of the shell
thickness [9,22,25,30]. Across all 13 vertebrae, the cortical
shell constituted 21-39% (mean £+ SD = 0.30 +0.05) of
the total volume of all bone tissue without including the
endplates.

The percent reduction in the overall stiffness of the ver-
tebral body when the shell was virtually removed was sub-
stantial, varying from 38% to 68% (mean 4+ SD = 52 + 9%;
Fig. 3). However, the shell-only model itself had a stiffness
of only 2-22% (mean + SD =9 + 6%) of the intact verte-
bral body. These findings are indicative of a strong interac-
tion between the shell and centrum. The stiffness reduction
that occurred with removal of the shell was highly corre-
lated with the shell mass fraction (R*>=0.93, p <0.0001,
Fig. 4b) but was only weakly correlated with the volume
fraction of the trabecular region of interest within the cen-
trum (R*> = 0.42, p < 0.02, Fig. 4a) and was not correlated
(p = 0.72) with the original stiffness of the vertebra.

Examination of the tissue-level stress distributions
within the vertebral body demonstrated that the structural
effects of cortical shell removal were due to both loss of the
shell itself, and unloading of the peripheral trabecular
bone. Trabeculae aligned in the loading direction as well
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Fig. 3. Normalized stiffness of the three models (stiffness divided by intact
stiffness, expressed as a percentage). Data show mean values &+ SD for
n =13 vertebrae. While the stiffness of the shell alone was only 9% of the
intact vertebral body stiffness on average, the reduction in the vertebral
body stiffness due to shell removal was 52% on average across the 13
vertebrae.
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as the cortical shell — i.e., the vertically-aligned bone mate-
rial — were the primary load carrying components (Fig. 5).
Further, the removal of the shell caused substantial
unloading of peripheral trabeculae adjacent to the shell
and the distribution of unloaded trabeculae was heteroge-
neous across transverse slices of the vertebral body
(Fig. 5). In particular, the region of unloading was typically
smaller at the mid-transverse section compared to trans-
verse sections near the ends of the vertebra.

4. Discussion

This study was performed in the context of an overall
effort to improve understanding of the micro-mechanics
of the human vertebral body. Towards that end, we devel-
oped a method to automatically isolate the cortical shell in
micro-CT scans of a vertebral body. Coupling of this tech-
nique with large-scale finite element analyses allowed us to
study the micro-mechanics associated with removal of the
cortical shell from the vertebral body. Our results showed
that the thin cortical shell, which accounted for 30% of
the bone tissue on average, contributed 52% of the overall
stiffness — a disproportional role with respect to its bone
mass. The very low stiffness of the shell alone demonstrated
that without the trabecular centrum, the shell has little
structural integrity (as would be expected for any “‘shell”).
Analysis of the tissue-level stress distributions demon-
strated that the highest stressed regions were invariably
those within vertically-aligned bone tissue, be it the cortical
shell or vertically-oriented trabeculae. Further, the periph-
eral trabeculae became substantially unloaded when the
shell was removed due to the loss of connectivity with the
shell, particularly towards the ends of the vertebra. Taken
together, these findings demonstrate two important roles of
the vertebral cortical shell: it can carry significant load by
virtue of representing a large proportion of the vertically-
aligned bone tissue within the vertebra, and, as a shell, it
also maximizes the load carrying capacity of the trabecular
centrum, particularly with the trabeculae around the
periphery. As such, these results give significant new insight
into the micro-mechanics of the effects of shell removal,
and in turn, of the vertebral body.

The main strength of this study was the use of high-res-
olution micro-CT image data processing to create virtual
models of the cortical shell, trabecular centrum, and the
intact vertebral body and application of this technique to
a series of vertebral bodies. This allowed us to determine
the mechanical properties and tissue-level stress distribu-
tions for the same vertebral body after the removal of the
shell, which is impossible experimentally. The multiscale
analysis enabled us to independently study the micro-
and macro-mechanics of each component and provided
detailed information regarding the interaction between
the cortical shell and trabecular centrum. Such mechanical
interactions may not be captured using continuum-level
finite element models [7,11,14,16] because in these models,
the peripheral trabecular bone’s load bearing capacity is
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(a) With Shell

REGIONS WITH REDUCED STRESS
(d) Transverse Slice 1
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Fig. 5. Distribution of tissue-level von-Mises stresses in a mid-frontal cross-section (see Fig. 2 for location of mid-frontal slice) for a typical specimen.
Both intact (a) and no-shell (b) models are shown. Differences in von Mises stresses upon removal of the shell are also shown (c). The distribution of
unloaded trabeculae (greater than 20% reduction) in three transverse slices (d, e, f) shows the heterogeneity in the unloading region across the vertebral
body. In particular, the region of unloading at the mid-transverse cross-section was typically smaller compared to cross-sections near the ends of the
vertebra. Key: H: high; L: low; + and — indicate that stresses increased or decreased with shell removal, respectively.

not contingent on the presence of the cortical bone whereas
in the micro-mechanical models — and the real bone — it is.
Our algorithms that were developed to identify and remove
the cortical shell were verified visually. Further evidence of
the accuracy of these algorithms was the fact that the cor-
tical shell thickness obtained in this study fell within
the ranges reported by previous experimental studies
[9,22,25,30]. Our application of these techniques to multi-
ple vertebral bodies enabled us to apply a statistical
approach to analysis of our data, simulating variable
responses associated with the different vertebrae, as would
be encountered in a real experiment.

The main caveat of this study lies in the removal of the
endplates for the finite element analyses. As has been done
previously in experimental studies [19], the endplates were
removed to simplify application of the boundary condi-
tions and avoid uncertainties associated with the disc prop-
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erties and variations in endplate morphology that occurs
across specimens. As a result of these boundary conditions,
the absolute quantitative effects reported here would likely
differ from what would occur if the endplates had been left
intact, but the effect may not be substantial for a global
metric such as stiffness reduction due to shell removal.
For example, even in our analysis of load sharing between
the cortical and trabecular bone of these same vertebrae
[10] which calculated load fractions locally at each cross-
section, we found that the average load fraction taken by
the cortical shell at mid-section was 0.45 with endplates
compared to 0.52 without endplates. The effects of loading
through an intervertebral disc were not included in our
analyses, and such loading may well alter stress transfer
through the vertebra [26]. However, because each specimen
served as its own control in computing the effects of shell
removal, these limitations should be mostly mitigated as
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regards to the general effects reported, i.e., the dispropor-
tional role of the shell compared to its mass, stress transfer
through vertically-orientated bone tissue, and the unload-
ing of peripheral trabeculae upon shell removal. A second
and related limitation is that we only addressed the
response to compressive-type loads, and even for this case,
the loads were applied in a uniform manner without the
presence of the endplates. It is expected that stress distribu-
tions will differ for different load cases, although we expect
the strong interaction between the shell and the centrum to
persist and perhaps even to be accentuated for bending
type loading, for which the peripheral bone plays a more
important role [8]. Another possible limitation is that bone
tissue was modeled as a homogenous material, not taking
into account any spatial variation in tissue elastic proper-
ties due to different levels of mineralization. Results of pre-
vious finite element studies [15,28] suggest that the effects of
such variations will likely not affect the load transfer mech-
anisms between the trabecular centrum and cortical shell.
Finally, our linear elastic finite element analysis does not
capture non-linearities that may be important in the failure
behavior of the vertebral body such as localized large
deformation effects [4,18,21,27] and material failure at the
tissue-level (e.g., micro-damage). However, this study only
aimed at studying the micro-mechanics of the vertebral
body under daily (i.e., normal) loads that are unlikely to
cause failure and our focus was on effect of shell removal
during such elastic behavior. Even so, the observed reduc-
tion in vertebral stiffness for one specimen obtained from
linear analysis (44%) compared well with the reduction in
the load-carrying capacity of the vertebral body computed
in a preliminary fully-nonlinear analysis (47-49%) [12].
Taken together with previous studies which have reported
highly significant correlations between finite element pre-
dictions of vertebral stiffness and experimental measures
of vertebral strength [7], the trends seen here for changes
in stiffness are expected to be indicative of changes in
strength. Moreover, since loss of connectivity with the sur-
rounding cortical shell is the underlying mechanism caus-
ing the unloading of the peripheral trabeculaec during
shell removal, it is unlikely that our conclusion regarding
substantial unloading of the peripheral trabeculae would
be affected by incorporating failure behavior of the verte-
bral body.

Realizing the potential effect of endplate removal on the
absolute effects reported here, our results are consistent
with most of the available experimental data on the topic
of biomechanical effects of shell removal for the human
vertebra. The range of reduction (38-68%) reported here
for vertebral stiffness due to virtual removal of the shell
compares well with other experimental studies in which
the shell was physically removed: a 45-75% reduction in
vertebral strength observed by Rockoff et al. [23] and a
40% mean strength reduction reported by Yoganandan
et al. [31]. Since we have shown that a ring of peripheral
trabecular bone is substantially unloaded due to shell
removal (Fig. 5), any possible damage to this bone during
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(real) shell removal would not result in appreciable reduc-
tions in strength beyond that due to loss of the shell. We
suggest then that the low value of strength reduction
(10%) reported by Mcbroom et al. [17] is possibly a result
of their concern not to damage the underlying trabecular
bone — that in fact they did not remove all the shell by their
careful manual sanding process. Taken together, the weight
of the available evidence clearly indicates that removal of
the shell results in substantial reductions in the load carry-
ing capacity of the vertebral body. Our results are unique in
that they provide a mechanistic understanding of such
effects.

Our results also provide insight into interpretation of
results from clinical-resolution (1-2 mm sized finite ele-
ments) finite element models that are generated from quan-
titative computed tomography (QCT) scans of either
cadaver or live subject bones and that also virtually
removed the shell. Faulkner et al. [11] used 3-5 mm sized
elements and concluded that the contribution of the shell
to vertebral strength was higher in osteoporotic vertebra.
Though the value of strength reduction of normal bones
(10%) reported in their study was much lower (possibly
due to discretization effects since their element sizes were
so large), their result is consistent with our finding from
the shell removal analyses that the reduction in the verte-
bral stiffness is greater in low-density vertebra (Fig. 4a).
Crawford et al. [6], using 1 mm sized elements, reached a
similar conclusion that the peripheral bone (1-3 mm outer
layers, including the cortical shell) plays a substantial role
in the vertebral strength in their cohort of elderly women,
the effect being greater in weaker bones. In effect, one
can interpret removal of the 1-3 mm of outer bone in the
clinical resolution models as being equivalent to removal
of the cortical shell, since our analyses show that real
removal of the shell should be accompanied by substantial
unloading of the adjacent trabeculae, particularly towards
the ends of the vertebra. The consistency of the results from
this micro-mechanical study with clinical QCT-based stud-
ies despite the overestimation of the shell thickness in clin-
ical QCT images [25] is likely because the QCT density
variations across the 1 mm elements effectively capture
the underlying increased bone mass associated with the
shell. Thus, our micro-mechanical analyses provide a level
of validation of these clinical resolution parameter studies
— or at least offer an interpretation of what those models
simulate when they remove the outer bone. One general
implication of this finding is that it may not be necessary
to explicitly capture the shell in the finite element models
in order to compute its structural effects.

The results from this study provide unique insight into
mechanisms of load transmission within a vertebral body.
A first mechanism is the interaction of the peripheral tra-
beculae and the cortical shell. The cortical shell provides
a load path for the peripheral trabecular bone, which, in
the absence of the shell, would be unloaded because of
the disconnected nature of the trabeculae at the edge
(Fig. 5). Similarly, the peripheral trabecular bone enables
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the cortical shell to carry load, evident from our results that
the shell alone cannot carry much load due to its discontin-
uous, thin, and curved nature. A second mechanism is that
it is primarily the vertically-aligned bone tissue within the
vertebra that supports the axial load. Therefore, the shar-
ing of axial compressive load between the shell and the cen-
trum involves primarily the vertical trabeculae of the
centrum. Horizontal trabeculae only contribute indirectly
to supporting the axial load. And since the cortical shell
represents a sizable proportion of the vertically-aligned
bone tissue within the vertebra, it too carries significant lev-
els of load. With the hindsight provided by this study, it is
understandable why measures of vertebral trabecular den-
sity taken from the mid-centrum, even when coupled with
measures of vertebral geometry, are not such sensitive pre-
dictors of whole vertebral strength [7].
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