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Abstract
Summary Whole vertebrae areal and volumetric bone mineral
density (BMD) measurements are not ideal predictors of ver-
tebral fractures. We introduce a technique which enables
quantification of bone microstructural parameters at precisely
defined anatomical locations. Results show that local assess-
ment of bone volume fraction at the optimal location can
substantially improve the prediction of vertebral strength.
Introduction Whole vertebrae areal and volumetric BMD
measurements are not ideal predictors of vertebral osteoporot-
ic fractures. Recent studies have shown that sampling bone
microstructural parameters in smaller regions may permit
better predictions. In such studies, however, the sampling
location is described only in general anatomical terms. Here,
we introduce a technique that enables the quantification of
bone volume fraction and microstructural parameters at pre-
cisely defined anatomical locations. Specific goals of this

study were to investigate at what anatomical location within
the vertebrae local bone volume fraction best predicts
vertebral-body strength, whether this prediction can be im-
proved by adding microstructural parameters and to explore if
this approach could better predict vertebral-body strength than
whole bone volume fraction and finite element (FE) analyses.
Methods Eighteen T12 vertebrae were scanned in a micro-
computed tomography (CT) system and FE meshes were made
using a mesh-morphing tool. For each element, bone micro-
structural parameters were measured and correlated with verte-
bral compressive strength as measured experimentally. Whole
bone volume fraction and FE-predicted vertebral strength were
also compared to the experimental measurements.
Results A significant association between local bone volume
fraction measured at a specific central region and vertebral-
body strength was found that could explain up to 90 % of the
variation. When including all microstructural parameters in
the regression, the predictive value of local measurements
could be increased to 98 %. Whole bone volume fraction
could explain only 64% and FE analyses 76% of the variation
in bone strength.
Conclusions A local assessment of volume fraction at the
optimal location can substantially improve the prediction of
bone strength. Local assessment of other microstructural pa-
rameters may further improve this prediction but is not clini-
cally feasible using current technology.
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Introduction

Osteoporosis is characterized by low bone mass and micro-
architectural deterioration of bone tissue and represents a
major public health problem due to the high prevalence and
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complications associated with fragility fractures [1–3]. It has
been demonstrated that the clinical diagnostic standard ap-
proach based on site-specific BMDmeasurements using dual-
energy X-ray absorptiometry (DXA) is not a satisfactory
predictor of vertebral fractures [4, 5], and in general more
than 50% of the osteoporotic fractures occur in patients with a
DXAT-scores that do not meet the diagnostic criterion (≤ −2.5
SD) [6, 7]. It has been stated that this poor performance could
be related to the fact that DXA provides an areal density
measure, and that it does not provide any information about
the bone microarchitecture [5, 8–10]. Three-dimensional im-
aging techniques, such as CT, enable the measurement of the
volumetric density and, more recently, even some microstruc-
tural features of vertebrae in vivo [11–14]. Several studies
have demonstrated, however, that the predictive value of
quantitative computed tomography (QCT)-derived volumetric
density for vertebral fractures generally is not much better
than that of areal measures of density [15, 16], and the same
has been shown in experimental studies on vertebral strength
[8, 17].

Such volumetric density measures generally comprise the
whole vertebrae. It has been proposed that assessment of the
weakest parts of the cancellous bone may lead to better
prediction of fracture risk [18]. Indeed, earlier studies demon-
strated that sampling bone density and microstructural param-
eters in smaller regions can provide better predictions of
vertebral strength [19–22]. The number of samples analyzed
per vertebrae, however, was usually rather limited and, de-
pending on the techniques used (experimental, computation-
al), dictated by minimum size requirements for meaningful
analysis of a bone sample. Further, the location of the samples
was usually described only in terms of the anatomical planes,
which makes it difficult to reproduce the exact anatomical
location of the specimen, in particular for small samples. It is
also unclear how sensitive the results are for small deviations
from the sampling location. Although such studies could give
general guidelines about the importance of different vertebral
regions to predict vertebral strength, the results of these stud-
ies are hard to compare due to differences in experimental
design, parameters investigated, techniques used, and sam-
pling locations. However, the fact that most of these studies
demonstrated that predictions can be improved by focusing
the analysis on a specific region, begs the question if results
can be further improved by finding an optimal location and
size of the sampling region and if so, how these findings can
be potentially translated to the clinic.

In order to answer that question, we hereby introduce a
computational technique that enables the quantification of
bone volume fraction and microstructural parameters at any
precisely defined anatomical location in the bone. The ap-
proach relies on a combination of two essential tools as
follows: The first is a morphing tool that can morph a 3D
finite element (FE) mesh template to a CT-image of a bone

after identification of a limited number of anatomical land-
marks. After morphing, each element is positioned at a well-
defined anatomical location in the bone. The second is a tool
to measure bone volume fraction and microstructural param-
eters at the location of each element, hence at each anatomical
location. The combined approach thus makes it possible to
directly compare bone volume fraction and microstructure
between bones at any given location. By correlating local
values measured at a specific anatomical position for a large
number of bones with whole bone strength, it then becomes
possible to find which anatomical location best predicts whole
vertebral-body strength. Since any particular anatomical loca-
tion can be easily identified with the help of the mesh template
and morphing tool, also for bone in vivo, such an approach
could be used to improve bone strength predictions in patients,
particularly in clinical studies.

In the present study, we explore this approach for thoracic
(T12) vertebrae. The specific goals of the study were (a) to
investigate at what anatomical location within the vertebrae
local bone volume fraction best predicts whole vertebral-body
strength, (b) to study whether the prediction can be further
improved by measuring microstructural parameters, and (c) to
explore if this approach could better predict bone strength than
whole bone volume fraction and non-linear FE analysis.

Material and methods

Material

Eighteen vertebral segments comprising T11–L1 were obtain-
ed from an earlier study [23]. The donors were free of bone
disease other than osteoporosis, as determined by histopatho-
logical examination of pelvic bone samples, and the vertebrae
had no metastatic or other apparent disorder on radiography;
they were stored in buffered formalin solution. Mean age was
78.0±8.07 years (range 64–92 years); ten donors were female
and eight donors were male. The donors had dedicated their
body by testament to the Institute of Anatomy in Munich
during life for the purpose of teaching and research.

Imaging and mechanical testing

The central T12 vertebrae of each segment was scanned in a
micro-computed tomography system (microCT 80, Scanco
Medical AG, Brüttisellen, Switzerland) at a nominal isotropic
resolution of 37 μm using a 2,048×2,048 in plane image
matrix. The scanner energy was 70 kV (114μA). Images were
filtered using a modest Gauss filter (sigma = 0.6, support = 1
voxels) and segmented using a global threshold of 11 % of the
maximum gray value. Compartments of cortical and cancel-
lous bone were identified using masks. A first mask compris-
ing the whole vertebrae was made based on the periosteal
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contour. In order to separate the thin cortical shell, original
images were filtered using a strong Gauss filter (sigma = 5,
support = 5 voxels) and segmented using a threshold of 15 %
of the maximum gray value, leaving only the cortical bone.
This image was used to identify the cortical shell in the
original mask. In addition, the most periosteal 1-mm region
of the original mask was identified as part of the cortical
compartment. The remainder of the mask was then considered
the cancellous compartment.

After imaging, the vertebral segments were tested to failure
in an axial compressive loading configuration as a functional
spinal unit (T11 to L1) with intact ligaments and intervertebral
discs, but without posterior elements, using an uniaxial mate-
rial testing machine (Zwick 1445, Ulm, Germany) and a
10 kN load cell. The strength was determined at a rate of
6.5 mm/s by identifying the first peak that is followed by a
drop of >10 % from the load–displacement curve. To ensure
fracture, the segments were compressed to 25 % of their
original height [8, 17, 23].

Creation of vertebrae meshes

A mesh template for T12 vertebrae was created based on a
mesh convergence study. The mesh template contained
51,119 tetrahedron second-order elements with a typical size
of 1 mm. To morph this template to a CT scan of a vertebra, a
total of 22 specific anatomical landmarks at the bone perios-
teal surface were identified. To do so, a triangularized descrip-
tion of the periosteal surface of each vertebra was created from
the CT scan using a marching cubes algorithm and converted
to STL format (IPL V5.16, Scanco Medical AG). Using a
dedicated morphing tool (Ansys, Inc., USA), the anatomical
landmarks then were identified at the bone surface based on
which the mesh template was automatically morphed to the
CT scan. Using this procedure, it was ensured that each
element of the mesh template corresponded to a specific
anatomical location in all samples [24].

Bone volume fraction and microstructural analysis

Using an algorithm developed in-house, it was determined
what fraction of the volume of each element in the mesh
template was in the cancellous compartment and what fraction
in the cortical compartment. If the element was at least partly in
the cancellous bone compartment, a spherical region with a
diameter of 4 mmwas defined around the element centroid, for
which the volume fraction and microstructural parameters were
determined. The rationale for measuringmicrostructural param-
eters in a 4-mm sphere around the element was that, in order to
define valid continuum level properties, measurements over a
length scale on the order of 4 mm are required [25]. Micro-
structural analyses for the part of this spherical region that was
within the cancellous bone compartment were performed using

image processing software provided with the micro-CT system
(IPLV5.16, Scanco Medical AG). The parameters included the
calculation of bone volume fraction (BV/TV), trabecular thick-
ness (Tb.Th) trabecular number (Tb.N), trabecular spacing
(Tb.Sp), structural model index (SMI), and degree of anisotro-
py (DA). Tb.Th, Tb.Sp, and Tb.N were determined based on
direct measurement using a distance transformation method.
Themeasuredmicrostructural parameters were then assigned to
the element located at the centroid of the sphere. Since the
elements were around 1mm in size, considerable overlap exists
in the regions analyzed for neighboring elements.

For elements that were at least partly in the cortical com-
partment, a cortical bone volume fraction was defined as the
volume of cortical bone within the element divided by the
element volume that was within the cortical compartment as
defined earlier. For elements that comprised both the cancel-
lous and cortical compartments, the final BV/TV was based
on a rule of mixtures for the cortical and cancellous bone parts,
whereas the microstructural parameters were based on the
cancellous bone only. Figure 1 depicts the mesh generation
and bone microstructural analysis procedures.

In addition to the local volume fraction and microstructural
measurements, the whole bone volume fraction was calculat-
ed from the micro-CT images as the total bone tissue volume
divided by the total volume of the vertebra. Furthermore, the
cancellous/cortical bone volume fraction was calculated as the
total bone tissue volume divided by the total volume of the
cancellous/cortical compartment.

Finite element analyses

In a next step, the meshed vertebrae created in the previous
stages were used for FE analysis. Based on the element bone
volume fraction measurements described earlier, isotropic
material properties were defined for each element using the
power–law relationship in Zysset–Curnier relationship while
the fabric tensor was replaced by identity tensor [26]. Elastic–
plastic-damage constitutive behavior [27] was prescribed to
simulate failure and post-failure behavior of the vertebrae
under compression loading. This material model implements
Hill’s criterion as the yield criterion; it can account for plastic
deformation and contains a damage variable D (range 0–1, no
to full damage) to account for the reduction of stiffness due to
propagation of voids and cracks, and due to breakage of
individual trabeculae. Nonlinear FE analyses were carried
out using ANSYS (Ansys Inc., USA). The boundary condi-
tions applied were chosen to mimic the experimental setting.
Nodes at the inferior endplate were fixed in all directions,
while a displacement in the axial direction was applied to
nodes at superior endplate. A total compressive displacement
of 3 mm was applied in 100 load increments, and for each
step, the total reaction force was calculated. The force dis-
placement curve peak was taken as the vertebral strength.
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Statistical analysis and visualization

To investigate which parameter and which anatomical loca-
tion best predicts bone strength, values for the bone volume
fraction and microstructural parameters were collected for
each element throughout the mesh template of 18 samples.
This means for each element in the mesh template, 18 distinc-
tive numbers per microstructural parameter were obtained.
These 18 numbers then were correlated to the whole
vertebral-body strength values of the 18 vertebrae asmeasured
in the experiment to explore which element location and
parameter correlated best to bone strength. Results were quan-
tified by an adjusted element coefficient of determination (R2)
as well as the p values. Using the mesh template as the
geometry, contour plots of this element coefficient of deter-
mination enabled visualization of the regions that best corre-
late to the measured whole bone strength. Since with this
procedure, we are, in fact, testing a new hypothesis for each
element, a Bonferroni correction was used to adjust p values.
With a total of 51,119 elements (hypotheses), the required
level of significance then becomes 1E-6. However, since all
element properties are averaged over a 4-mm spherical region
around the element, there is a lot of overlap in the analyzed
region between neighboring elements. The actual number of
non-overlapping samples is much less, and closer to 500,
assuming a vertebral volume of around 32,000 mm3 and a
sample of around 64mm3. It can be argued that the Bonferroni
correction as calculated above is too conservative and that it
should correct for only 500 hypotheses, corresponding to a
level of significance of 1E-4. In the present study, we therefore
used both corrections. We visualized the p values in contour
plot and indicated in which regions significant correlation

between element properties and whole vertebral strength were
detected after applying both Bonferroni corrections.

In a first analysis, only BV/TV was considered as a predic-
tor for bone strength. In a second analysis, a multiple regres-
sion analysis was performed that combined all measured
parameters for a specific element to predict bone strength.
Note that, since we were looking for a single best location,
we did not aim at combining different parameters obtained
from multiple locations.

To provide further insight in the average distribution of BV/
TV and its local variation, the average value of each element
parameter (i.e., when averaged over the 18 specimens) was
calculated as well as its coefficient of variation (CV).

To investigate if local values could better predict bone
strength than whole bone volume fraction, the whole bone
volume fraction and cancellous/cortical bone volume fraction
of the 18 vertebrae were correlated to the whole bone strength
values of the 18 vertebrae as well. Similarly, to investigate if
local values could better predict bone strength than FE-
analysis, the strength predicted from the non-linear FE-
analyses was correlated to the whole bone strength values of
the 18 vertebrae. Fisher z transformation was used to test
whether the correlations obtained for each method significant-
ly differ from each other.

Results

The central regions of the vertebrae best predict the bone
strength, with coefficients of determination in the range of
0.60 to 0.90 (Fig. 2). To better visualize the regions that best
predict bone strength, the contour plots were thresholded such

Fig. 1 Mesh morphing and bone microstructural analysis procedure
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that only elements with a coefficient of determination that
exceeded 0.75 or 0.90 were shown (Fig. 2b, c). These plots
confirmed that the central region is the best for predicting
bone strength, and they also revealed that this location (ele-
ment #46205 in the mesh template, see supplemental data)
explained 90 % of the variation in whole vertebral-body

strength (Fig. 5e). Significant correlations were found at the
center of vertebra (dark blue regions on Fig. 2d–e). Figure 2f–
g depicts the average BV/TV and its coefficient of variation
within the population. By combining these plots with Fig. 2a,
it can be seen that the best predictive region is a region with a
rather consistent low bone volume fraction.

Fig. 2 a Contour plot of the coefficient of determination between whole
vertebral-body strength and BV/TV, elements with R-squared value b
above 0.75 and c above 0.90, d contour plots of p value distributions
(element values) after Bonferroni correction for 51119 hypotheses or e

after correcting for 500 hypotheses, and f contour plots of average BV/
TVwith g its CV within the population (left frontal section, right sagittal
section)

Osteoporos Int (2014) 25:1285–1296 1289



When analyzing the predictive value of the individual
microstructural parameters, it was found that Tb.N better
correlated with vertebral strength than other microstructural
parameters (max R2=0.88). For this parameter, the regions
that best predicted strength were found mainly near the
endplates (Fig. 3a).

The other microstructural parameters, Tb.Th, Tb.Sp, SMI,
and DA correlated much less with vertebral strength (max R2

<0.83). DA was the poorest predictor of the microstructural
parameters analyzed (max R2<0.61).

Results of the multi-linear regression analysis revealed that
combining BV/TV with microstructural parameters measured
at that element can improve the prediction (Table 1). The
combination of BV/TV and Tb.N could increase the

coefficient of determination to Radj
2 =0.91. In this case also,

the central regions best predict vertebral strength (Fig. 3b).
The highest coefficient of determination Radj

2 =0.97 was ob-
tained when taking all six microstructural parameters into
account.

For the multi-linear regression model that combined all
parameters, thresholding the coefficient of determination at
90 % revealed a somewhat scattered plot of elements that
exceeded that threshold, mainly in the central regions. When
further increasing the threshold up to 98 %, one element
located at the superior–posterior region (element #18336 in
the mesh template) remained. Measuring these six microstruc-
tural parameters at this particular location could explain over
98 % of the variation in vertebral strength.

Fig. 3 Contour plots of
coefficient of determination
between whole vertebral strength
and a Tb.N and b α1BV/TV +
α2Tb.N (left frontal section, right
sagittal section)

Fig. 4 a Force-displacement curves obtained from whole vertebral compression FE analyses (n =18); b total mechanical strain and damage distribution
in the vertebral body under compression test for a typical sample

1290 Osteoporos Int (2014) 25:1285–1296



In contrast to the local measurement, whole bone, cancel-
lous, and cortical bone volume fractions could explain only
64, 68, and 57 % of the variation in measured bone strength,
respectively. Figure 5a–c depicts the correlation between these
volume fractions and the vertebral strength valuesmeasured in
the experiments.

Non-linear FE analyses of the vertebrae revealed typical
failure behavior (Fig. 4). The simulated force displacement
curves demonstrated that some of the samples show elastic-
perfectly plastic behavior at the apparent level, whereas for
others, some softening occurs (Fig. 4a). Closer analysis of the
results demonstrated the presence of bands in which the
failure concentrates, in agreement with results described by
others [27–29] (Fig. 4b). When correlating the FE-predicted
and measured whole bone strengths, a coefficient of determi-
nation R2=0.76 was found (Fig. 5d).

Fisher z transformation tests revealed that the correlation
values for the local BV/TV-based prediction (R2=0.90) and
for the FE-based prediction (R2=0.76) are not significantly
different (p =0.064). However, the correlation for the local
BV/TV-based prediction was significantly better than that
obtained for the whole bone BV/TV-based prediction
(R2=0.64; p =0.005).

Discussion

The results of this study demonstrate that accurate predictions
of vertebral bone strengths can be made based on volume
fraction and structural measurements at a specific anatomical
location. Even when measuring local volume fraction only,
predictions of whole bone strength were better than

predictions based on whole bone density and at least as
accurate as predictions from whole bone nonlinear FE
analyses.

A key methodological innovation is the use of a combina-
tion of morphing and local microstructure measurement tools.
We demonstrated that in this way, it is possible to measure
volume fraction and microstructural parameters at well-
defined anatomical positions within vertebrae. Since, after
mesh morphing, each element is at a specific anatomical
position, it becomes possible to specify the location by the
element number. As long as the same mesh template is used,
the same procedure can be applied to patient CT data, thus
making it possible to perform local measurement in vivo with
much lower acquisition time and radiation dose, and at the
same anatomical locations as used in the present study.

The first goal of this study was to investigate at what
anatomical location within the vertebrae local bone volume
fraction best predicts whole bone strength. The coefficient of
determination found (R2=0.90) was surprisingly high and
higher than the predictive value of whole bone volume frac-
tion or values found by others [30–34]. The average bone
volume fraction and the CVat this location (average BV/TV=
0.07 and CV=0.80) were in the midrange, suggesting that this
is not a very weak spot or a spot at which bone volume
fraction undergoes drastic changes that would correlate with
bone strength. Results of the FE analysis revealed that also the
stresses and strains during compression were in the midrange
of values found throughout the vertebra while the model did
not predict fracture for this element in most cases. This is in
agreement with results of micro-FE analyses recently present-
ed by others which also suggest that failure does not accumu-
late at the vertebral center but rather near the endplates [35].

Table 1 Determination coeffi-
cient relating bone microstructur-
al parameters and vertebral
strength

*Refers to the location in the
mesh template which is included
as ESM

Bone microstructural
parameter

Location (element no.)* Max. adjusted determination
coefficient for measured
vertebral strength

Mean and SD parameter
values for element with
max. R-squared value

BV/TV 46205 0.89 0.0658±0.0498

Tb.N 21102 0.87 1.2498±0.3236

Tb.Th 6550 0.80 0.1311±0.0369

Tb.Sp 21102 0.75 0.8688±0.1777

SMI 48012 0.82 2.0575±0.9795

DA 4041 0.58 1.7377±0.4311

α1BV/TV+α2Tb.N 21102 0.91 N/A

α1BV/TV+α2Tb.N+
α3Tb.Th

48274 0.90 N/A

α1BV/TV+α2Tb.N+
α3Tb.Th+α4Tb.Sp

47073 0.92 N/A

α1BV/TV+α2Tb.N+
α3Tb.Th+α4Tb.Sp+
α5SMI

9683 0.93 N/A

α1BV/TV+α2Tb.N+
α3Tb.Th+α4Tb.Sp+
α5SMI+α6DA

18336 0.97 N/A
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Taken together, these results indicate that the particular loca-
tion at the center of vertebra may be a good predictor mainly
because of the consistent correlation between BV/TV and
bone strength, and not because it is the weakest link during
loading.

A second goal was to investigate if the prediction can be
further improved by measuring microstructural parameters.
As expected, adding more parameters improved the predic-
tion. Adding more parameters, however, also resulted in the
selection of different anatomical regions. For instance, adding

Fig. 5 Vertebra strength
predictions with a whole bone
volume fraction, b cancellous
bone volume fraction, c cortical
bone volume fraction, and d
nonlinear FE analyses; e
regression plot of the BV/TV
values measured at element
#46205 and whole bone strength
values (excluding the sample with
highest strength value reduces the
R-squared value to 83 %)
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Tb.N, Tb.Th, and Tb.Sp to BV/TV in multi-linear regression
analysis results in a high determination coefficient within
elements far from the vertebra central region. Interestingly,
these selected elements are mostly scattered at locations where
the FE-model predicts high damage to occur. This suggests
that adding more microstructural parameters to the regression
analysis leads to the identification of the weakest links, while
BV/TV alone is not sensitive enough to do so and thus
identifies a regionwhere bone density varies most consistently
with bone strength.

A third goal was to investigate if this approach could better
predict bone strength than whole bone volume fraction and
non-linear whole bone finite element analysis with volume
fraction-dependent local stiffness and strength assignment.
Our results demonstrate that this is the case. Whole bone
volume fraction and cancellous bone volume fraction could
predict only 64 and 68 % of the variation in bone strength,
respectively, whereas local volume fraction could explain over
90 %. Strength obtained from FE analyses predicted 76 % of
the variation in bone strength, which also is less than the local
measures. The correlation between FE and experimental re-
sults found here is in accordance with previous studies [28,
36–40]; Dall’Ara et al. (2010) found a determination coeffi-
cient of 0.79 between FE-predicted vertebral strength and
experimental values. It should be emphasized that the loca-
tions that we identified as the best predictor for vertebral
strength represent the microstructure of the bone in a 4-mm
spherical region around the element centroid. It is not possible
to make these regions smaller, since that would violate the
continuum assumption necessary to calculate meaningful
bone volume fraction and microstructural parameters [25].
Increasing the size of the sphere would be possible, but would
obviously lead to a reduction of the effective resolution of the
anatomical location determination. To investigate if the results

are dependent on the size of the sphere, we did some sensi-
tivity analyses in which we varied the sphere radius from 4 to
8 mm. It was found that the actual chosen size has a very small
effect on the calculated bone volume fraction and other mi-
crostructural parameters.

As mentioned earlier, the coefficient of determination
found when correlating the local density at the vertebral center
and vertebral strength (R2=0.90) was surprisingly high. In
general, when searching correlations between many thou-
sands of input parameters and one output parameter (i.e.,
testing many hypotheses at the same time), it is possible that
unrealistic high correlations are detected. Even after applying
a very conservative Bonferroni correction to adjust the level of
significance, significant correlations were found for parame-
ters measured at the central region. To further investigate if the
high correlations found are realistic, we did a few additional
analyses. First, we recalculated all the results, but used ran-
dom values for bone strength. In these analyses, the coefficient
of determination value found was less than 0.49. Noteworthy
was that the distribution of the coefficient of determination
throughout the vertebral body, in this case was very low at the
center whereas slightly higher values were found near the
cortical boundaries (Fig. 6). This can be explained by the fact
that in the cortical region, values do not vary much between
subjects. These “constant” regions are then the best predictors
of random strength values. When using a significance level of
1E-4, a few cortical elements were still identified as having
their BV/TV significantly correlated to the random strength
value, but when using a significance level of 1E-6, none of the
correlations was found to be statistically significant. In con-
trast, when using real bone strength values, cluster of high
predictive regions were found at the center of vertebra
(Fig. 2a, b) and the coefficient of determination near the
cortical boundaries was very low. Second, we subdivided the

Fig. 6 a Contour plot of
coefficient of determination
between randomly assigned
whole vertebral-body strength
values and measured BV/TV
values, b p values
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group of 18 vertebrae used in this study into two groups of 10
and 8 vertebrae. The group of ten vertebrae was used to find
the best predictive region (element) in the same way as done
earlier for the full dataset. The coefficient of determination
when correlating local density and vertebral strength for these
ten vertebrae (R2=0.97) was even higher than for the full
dataset, but the best predicting element (#46401) was very
close to the one found earlier. The regression constants ob-
tained from this analysis then was used to predict the strength
of the other eight vertebrae. In this case, the coefficient of
determination was less (R2=0.77) and almost the same as that
found for the FE-predictions.

Although we did not explicitly investigate the sensitivity of
the approach used here for errors in the mesh morphing
procedure, this error was addressed implicitly. Since the mesh
morphing tool was used 18 times, for all vertebrae used in this
study, large deviations from the intended anatomical position
would lead to variance in the parameters obtained at that
position that is unrelated to bone strength. If that variance is
high, the location, thus, will likely not be a suitable predictor
for bone strength. Conversely, it is possible that locations that
are good predictors for bone strength are locations that are
relatively insensitive to such errors in the positioning. This
could explain the fact that the locations that best predict the
failure load of the vertebrae was not the same as the highest
loaded region found in the FE-models.

There are several limitations of this study; first, only 18
vertebrae were included in the present study. However, the
donors from which these vertebrae were obtained are repre-
sentative for elderly at risk of vertebral fracture. Second, we
used micro-CT images to measure bone microstructural pa-
rameters in this study. From standard clinical CT scans, how-
ever, only bone density measurements can be made. Since
high correlations exist between BV/TV and bone density as
measured with QCT [41, 42], we expect that the results can be
reasonably translated to a clinical setting using QCT, although
obviously the predictive value will be limited to that of BV/
TV, which, however, still explained 90 % of the variation in
strength. It is worth mentioning also that recent studies using
high-resolution flat panel CT systems have demonstrated that
at least some microstructural parameters can be measured
in vivo [11, 43–46]. In particular, these studies demonstrated
that Tb.N can be measured rather adequate in vivo. Interest-
ingly, the combination of BV/TV and Tb.N was found to be
one of the combinations that could considerably improve the
prediction of vertebral strength, indicating that this could be a
promising parameter to include.

Third, our FE-model modeled bone as an isotropic materi-
al, even though the material model used could account for
anisotropy by measuring a fabric tensor [47]. We have chosen
not to do so here to make the FE-results comparable with the
nowadays clinical practice and tomake sure that the FE-model
contains the same information as the regression model based

on volume fraction only. It is well possible though that includ-
ing anisotropy could enhance the predictions of the FE-
analysis [48, 49].

Fourth, the specimens were stored in formalin before test-
ing. It has been shown that this can affect the mechanical
properties of the bone [50, 51]. As with the previous com-
ment, we here assume that this error would be consistent for
all vertebrae and thus not affect the correlation too much.

In conclusion, the results suggest that the local density
measurement technique investigated here may better predict
whole vertebral-body strength than current methods measur-
ing whole bone density. Although the dataset used here was
small and should be replicated in a larger sample, the fact that
it can be translated to a clinical setting renders it an interesting
novel approach for patient-specific strength prediction. Clin-
ical studies with a broader population, however, will need to
confirm whether these techniques may permit better predic-
tion of vertebral fracture risk than currently possible DXA-,
QCT-, or FE-derived measures.
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