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ABSTRACT
Efforts in finding independentmeasures for accurate and reliable prediction of trabecular bone failure have led to the development of
a number of morphometric indices characterizing trabecular bone microstructure. Generally, these indices assume a high
homogeneity within the bone specimen. However, in the present study we found that the variance in bone volume fraction (BV/TV) in
a single bone specimen can be relatively large (CV¼ 9.07% to 28.23%). To assess the limitations of morphometric indices in the
prediction of bone failure for specimens in which the assumption of homogeneity is not met, we harvested 13 cadaveric samples
from a single human spine. We tested these cylindrical samples using image‐guided failure assessment (IGFA), a technique combining
stepwise microcompression and time‐lapsed micro–computed tomography (mCT). Additionally, we computed morphometric
indices for the entire sample as well as for 10 equal subregions along the anatomical axis. We found that ultimate strength
was equally well predicted by BV/TV of the entire sample (R2¼ 0.55) and BV/TV of the weakest subregion (R2¼ 0.57). Investigating
three‐dimensional animations of structural bone failure, we showed that two main failure mechanisms determine the competence
of trabecular bone samples; in homogeneous, isotropic trabecular bone samples, competence is determined by a whole set of
trabecular elements, whereas in inhomogeneous, anisotropic bone samples a single or a missing trabeculae may induce
catastrophic failure. The latter failure mechanism cannot be described by conventional morphometry, indicating the need for novel
morphometric indices also applicable to the prediction of failure in inhomogeneous bone samples. © 2014 American Society for Bone
and Mineral Research.
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Introduction

Osteoporosis is now recognized as one of the major public
health problems facing postmenopausal women and aging

individuals irrespective of gender.(1) It is defined as a skeletal
disorder characterized by compromised bone strength predis-
posed to an increased risk of fracture. Bone strength reflects the
integration of twomain features: bonemineral density expressed
as grams of mineral per area/volume and bone quality, referring
to bone architecture, turnover, damage accumulation, collagen
cross‐linking, and bone mineralization.(2)

To assess bone strength, different experimental testing
methods have been proposed.(3) For trabecular bone biopsies
and autopsies, compression(4–11) and tensile testing(6,7) have
been used to assess apparent Young’s modulus and ultimate
strength. Compression testing has been expanded to a method
called image‐guided failure assessment (IGFA),(12) which incor-
porates stepwise microcompression in combination with time‐
lapse micro–computed tomography (mCT). This method allows
for the assessment of mechanical data in addition to providing

three‐dimensional (3D) images that enable one to visually study
the 3D failure behavior of cellular solids.(13–15)

The assessment and prediction of bone strength has
traditionally been related to independent measures aimed at
explaining the variation in stiffness and strength. An index of
note is the bone volume fraction (BV/TV), which has been shown
to explain a large portion of the variation in both stiffness and
strength.(16–18) However, it has also been recognized that older
persons may lose bone, as expressed by a decrease in bone
density, but do not develop fractures because bone mineral
density, bone geometry, bone microarchitecture, and bone
material properties are all contributing components which
determine bone strength.(19,20) For this reason, efforts in the
quantification of structural properties have gained in promi-
nence, and many different methods have been proposed to
further describe the influence of changes in bonemicrostructure
onto its mechanical properties.(21–29) However, these methods
typically present average numbers for the entire specimen,
therefore inhomogeneities and local variations in these indices
are ignored. It is possible that these inhomogeneities may locally
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weaken the trabecular bone structure and finally initiate failure.
This calls into question the reliability of failure prediction based
on average morphometric indices and the appropriate interpre-
tation of mechanical results from compression testing. It is
further unclear whether the microstructural and mechanical
properties of a biopsy or autopsy are representativemeasures for
the microstructural and mechanical properties of its parent
organ.
In this study, we used results from IGFA experiments in

combination with morphometric indices to analyze the relative
effect of local bone structure variations on the mechanical
properties of trabecular bone samples. Bone samples were
harvested from a single donor to analyze intraperson variability
of trabecular bone and to estimate how well the properties of
autopsies reflect the properties of the parent organ. Additionally,
we aimed to visually identify differences in failure modes for
different structure types. We believe that these observations
highlight the limitations of the strength prediction of whole
bones based on uniaxial compression testing experiments or
average morphometry of biopsy and autopsy samples, such as
iliac crest specimens used for structure assessment in clinical
studies or bone cores used for mechanical testing in basic bone
research.
We hypothesized that the prediction of bone failure by global

morphometric indices is limited because of the inhomogeneity
of trabecular bone. We suggest that homogeneous bone
specimens fail in well‐defined bands, whereas inhomogeneous
bone specimens fail in a catastrophic mode that causes the
whole bone to collapse at once. Furthermore, we hypothesized
that the morphometric and mechanical properties of autopsies
and biopsies may not be reflecting the morphometric and
mechanical properties of the whole organ.

Materials and Methods

A group of 13 human vertebral trabecular bone specimens
were cored (Ø¼ 7.85� 0.21mm) from thoracic and lumbar
vertebral bodies of one donor (65‐year‐old male) from the
Anatomic Gift Program at Harvard University. The bone
specimens were cored parallel to the anatomical axis out of
a precut block of vertebral trabecular bone using a diamond
coring‐tool (Starlite Industries; Rosemont, PA, USA) while
completely submerged in 0.9% saline solution. All specimens
were stored in saline‐soaked gauze at a temperature of –20°C.
Once cored, both ends of all specimens were cut perpendicular
to the cylindrical axis between two parallel diamond blades
running on a low‐speed saw (Isomet; Buehler Corp., Lake
Bluff, IL, USA) operating under copious irrigation (height
[H]¼ 11.62� 0.14mm).
Prior to testing, prealigned brass end caps (Ø¼ 9mm,

H¼ 1.2mm) were glued to both ends of the specimens. This
step reduced end artifact by restraining displacement at either
end of the specimen and by providing support to free trabecular
elements.(30) The specimens remained wet during testing with
the humidity sealed within the microcompression device; this
was verified upon retrieval of wet specimens at the end of the
testing period.
Data was acquired with IGFA using a previously described

mechanical testing and data acquisition (MTDAQ) device.(13,14,31)

All specimens were preconditioned to eliminate typical toe
behavior(5,32) at a strain rate of 0.005%/s for seven cycles. The
specimens underwent sequential compressive steps of 0%, 4%,
8%, 12%, 16%, and 20% nominal strain.

Progressive images were generated using amicrotomographic
imaging system (mCT 20; Scanco Medical AG, Brüttisellen,
Switzerland).(33–40) These measurements were stored in 3D
image arrays with isotropic voxel sizes of 34mm. A 3D Gaussian
filter with a limited, finite filter width (s¼ 1.2) and support(1) was
used to partially suppress noise in the volumes. These images
were binarized to separate bone from background using a
global thresholding procedure with threshold value of 22.4%.(41)

A component labeling algorithm (IPL; Scanco Medical AG,
Brüttisellen, Switzerland) was applied to keep only the largest
connected bone‐component and to remove small particles
arising from noise and artifacts.

Each specimen’s mCT image was divided along the cylinder
axis into 10 subregions of equal height (Fig. 1). Conventional
morphometric indices were computed for each of these
subregions as well as for the entire specimen. The morphometric
indices were obtained according to Hildebrand and col-
leagues(42): bone volume fraction (BV/TV), specific bone surface
density (BS/BV), trabecular bone pattern factor (TBPf), trabecular
number (Tb.N), trabecular thickness (Tb.Th), trabecular separa-
tion (Tb.Sp), degree of anisotropy (DA), and connectivity density
(Conn.D).

The 3D images of each compression step were combined into
an animation, because 3D animations of the mechanical
experiments contribute significantly to the understanding of
specimen failure. For this purpose, the 3D images had to be
aligned initially with respect to the bottom endplate, because
this plate was fixed during the experiment. An algorithm was
used to find the last plane of this endplate in each 3D image,
enabling an alignment of the images along the perpendicular
axis. A subsequent two‐dimensional (2D) correlation procedure
was used in the first five bottom planes in order to perform
alignment. Each aligned 3D dataset was then visualized under
the same conditions (orientation, light settings) by using an
extended marching cubes algorithm.(43) The resulting images
were finally turned into an animation to visualize failure for all
specimens; a selection is shown in Figs. 2 and 3. All animations
are provided as online Supporting Information. This procedure
was repeated in four main directions (front, left, back, right) for

Fig. 1. Regional morphometry: the sample was subdivided into 10
subregions along the anatomical axis. BV/TV was computed for each
subregion. BV/TV¼bone volume fraction.
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the whole specimen as well as in two directions (front, left) for
110 central axial slices (3.74mm).

Results

All samples presented were harvested from one donor. The
variation within the morphometric indices was large for this
donor (Table 1). Also, Figs. 2 and 3 revealed a variety of visual
configurations for bone microstructure.

In Fig. 2, the 110 axial mid‐slices of three relatively
homogeneous isotropic samples are shown in three successive
compression steps (0%, 8%, 16% apparent strain). All three
samples failed in well‐defined bands; the failure band in the
sample in Fig. 2A is almost horizontal and completely diagonal in

the sample in Fig. 2C. Thus, in the sample Fig. 2A compression is
the predominant mode of failure, whereas in the sample in
Fig. 2C shear failure is the predominant mode. In the sample in
Fig. 2B the failure band had a relatively small angle to the cylinder
axis, and it can be expected that in this sample shear and
compression forces determine failure. It is noteworthy that in
both samples the regions outside the box hardly underwent any
visible deformation, because no failure is obvious.

In Fig. 3, the 110 axial mid‐slices of three inhomogeneous and
anisotropic samples are shown in three successive compression
steps (0%, 8%, 16% apparent strain). In contrast to the samples in
Fig. 2, these structures did not fail in a well‐defined band but
instead failed catastrophically over the entire length of the
sample. The arrow in Fig. 3A points to a relatively large plate‐like
element undergoing complete bending during compression.

Fig. 2. Band‐like local failure in (A) compression, (B) compression/shear, and (C) shear failure mode. These samples failed in a relatively well defined band
(box) whereas the other regions hardly underwent any visible postyield deformation. Each row shows a specimen in three successive compression steps
(0%, 8%, 16% apparent strain).
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Fig. 3. Catastrophic failure modes: all samples failed over the entire length due to missing interconnecting trabeculae. (A) Missing interconnecting
horizontal trabecular elements cause the large plate‐like element (arrow) to undergo complete bending during compression. (B) The two interconnecting
horizontal trabeculae (arrows) fail in bending (upper) and tension (lower) during compression. (C) The vertical plate‐like element (arrow) fails due to
missing interconnecting trabeculae. Each row shows a specimen in three successive compression steps (0%, 8%, 16% apparent strain).

Table 1. Variations Within the Morphometric Indices for This Donor

BV/TV (%) BS/BV (mm2/mm3) SMI (1) TBPf (1/mm) DA (1) Tb.Th (mm) Tb.Sp (mm) Conn.D (1/mm)

Minimum 4.19 15.44 1.62 4.30 1.21 0.146 1.011 0.58
Maximum 12.33 20.79 2.18 7.12 1.53 0.204 1.589 2.15
Mean 7.82 17.95 1.92 5.77 1.40 0.170 1.266 1.37
SD 2.02 1.51 0.16 0.82 0.11 0.015 0.212 0.54
CV 25.8 8.4 8.3 14.3 7.8 8.7 16.7 39.8

BV/TV¼bone volume fraction; BS/BV¼ specific bone surface density; SMI¼ structure model index; TBPf¼ trabecular bone pattern factor; DA¼degree
of anisotropy; Tb.Th¼ trabecular thickness; Tb.Sp¼ trabecular separation; Conn.D¼ connectivity density; CV¼ coefficient of variation.
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There were no interconnecting horizontal trabecular elements
identified to provide this plate with transverse support. Figure 3B
shows the subsection of a trabecular structure with large vertical
trabeculae connected through a small number of horizontal
trabeculae. The two arrows point to two horizontal trabeculae
that interconnect the left part of the structure to the right part.
Successive compression steps revealed that the upper trabecula
was bent during compression, whereas the lower one failed in
tension. In Fig. 3C the arrow points to a vertical plate that is
optimally oriented to absorb axial loading. We found no
interconnecting horizontal trabeculae to fortify this plate, which
underwent catastrophic failure during the compression cycle.

In order to analyze different types ofmicrostructures in greater
detail, the two samples from Figs. 2B and 3C were selected and
compared morphometrically (Table 2) because of their similar
BV/TV values (7.71% versus 7.49%).

The analysis of BV/TV in the 10 subregions showed that the
coefficient of variation (CV) ranged from 9.07% to 28.23%,
suggesting that, although from a single donor, these samples
were rather inhomogeneous. A correlation value of R2¼ 0.57 was
obtainedwhen correlating the lowest BV/TV of the 10 subregions

to ultimate strength. This correlation was only marginally higher
than that of BV/TV for the entire sample with ultimate strength
(R2¼ 0.55; Fig. 4).

Discussion

In this work, we studied the failure mechanisms of human
trabecular bone samples based on IGFA.(12) Based on our visual
observations, we could identify samples that failed in well‐
defined bands (some parts of the structure fail, whereas other
remain intact), whereas others failed catastrophically over the
entire sample length (no part of the structure is unaffected by
failure). We suggest that failure in well‐defined and localized
bands primarily occurs in more homogeneous and isotropic
bone samples, whereas catastrophic failure occurs in inhomoge-
neous and highly anisotropic bone samples. Such visual
observations may help improve our understanding of failure
mechanisms, which may result in new ideas to develop better
morphometric indices to identify the weaknesses of trabecular
bone.

We suggest that failure of homogeneous and isotropic
trabecular bone is determined by the weakest configuration of
all possible sets of trabeculae lying on a surface that spans across
the specimen. Thus, failure in such samples occurs predomi-
nantly in well‐defined bands, whereas the regions outside this
band hardly undergo any deformation. This finding is supported
by a study based on 2D Voronoi‐derived finite element (FE)
models by Silva and Gibson(44); they reported band‐like failure
regions as well. The aforementioned models were extremely
homogeneous and isotropic, because they were generated by
mathematical algorithms. In our study, we analyzed true bone
samples, in which perfect homogeneity cannot be found.
Nevertheless, the samples shown in Fig. 2 all look relatively
homogeneous and isotropic. In all these samples we found a
well‐defined region where failure occurred. This failure was
found in compression mode for the sample in Fig. 2A, in shear
mode for the sample shown in Fig. 2C, and in a combined
compression‐shear mode for the sample shown in Fig. 2B.

Motivated by this visual finding, we assumed that ultimate
strength should be predictedmore accurately by considering the
BV/TV of a well‐defined region of failure as opposed to the entire
sample. Perilli and colleagues(45) reported that regions with
minimum BV/TV values better predicted ultimate stress than
average BV/TV. In this study, we correlated the lowest BV/TV
value of the 10 subregions for each sample versus the ultimate
strength and compared the results with the correlation of BV/TV
values from the entire sample versus ultimate strength (Fig. 4).
The correlation was only marginally improved, from R2¼ 0.55 to
R2¼ 0.57. This finding could be explained in a number of ways.
First, if all samples were extremely homogeneous, then the BV/TV
in each subregion would reflect the BV/TV of the entire sample.
This certainly was not the case, because we found CV values that

Table 2. Morphometric and Mechanical Properties of Two Specimens From the Same Donor

Sample BV/TV (%) Tb.Sp (mm) Tb.Th (mm) SMI (1) TBPf (1/mm) DA (1) E (MPa) Ultimate strength (MPa)

Fig. 2B 7.71 1.04 0.146 2.00 6.92 1.21 58.2 1.039
Fig. 3C 7.49 1.44 0.172 1.68 4.81 1.48 89.71 1.552
Difference –3% þ38% þ18% –16% –30% þ22% þ54% þ49%

BV/TV¼bone volume fraction; Tb.Sp¼ trabecular separation; Tb.Th¼ trabecular thickness; SMI¼ structuremodel index; TBPf¼ trabecular bone pattern
factor; DA¼degree of anisotropy; E¼ Young’s modulus.

Fig. 4. Ultimate strength versus entire sample BV/TV and lowest
subregion BV/TV. Limiting BV/TV to the weakest subregion did not
improve the correlation. BV/TV¼bone volume fraction.
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ranged from 9.07% to 28.23%. Thus, the variability was relatively
large in all samples. Second, for specimens in which the band of
failure spanned diagonally through the entire sample (Fig. 2C),
the 10 equally divided subregions along the axis were not
predictive of failure. Furthermore, images in Fig. 3 suggest that
anisotropic samples tend to fail catastrophically over the entire
length of the sample. Therefore, division of the sample into 10
equal subregions is unlikely to produce significant results.
However, in a previous study where we took into account that
failure may not be limited to one subregion only, but may occur
in several subregions, we found that the lowest BV/TV is a better
predictor for bone strength than the average BV/TV.(46)

Nevertheless, to prove this concept, further studies are required
that are able to identify the bands of failure, which could be very
complex because the orientation (phi and theta) as well as the
level must be identified correctly. Furthermore, the bands of
failure do not necessarily have to be a plane but can take any
complex‐shaped surface. With this study, we aimed to provide
visual input for the development of a strategy to further prove
our proposed concept.
We suggest that inhomogeneous, anisotropic bone specimens

tend to fail catastrophically; ie, fail over the whole region. This
finding is supported by the study of Fields and colleagues,(47)

who showed that diminished structural redundancy in vertebrae
may be an important etiologic aspect of age‐related vertebral
fragility. They concluded that a reduced number of vertical load
paths leads to an increase in bending‐type failure of the
remaining trabeculae, which further weakens trabecular bone. In
this study, in Fig. 3, all samples failed over the entire length of
the sample, and hardly any region remained unaffected. The
sample in Fig. 3A failed in a barreling failure mode, where
the plate‐like structure on the right (arrow) was disrupted from
the rest of the structure. This element was connected to the rest
of the structure by a thin, horizontal trabecular element, which
did not provide adequate lateral support to keep the structure
from tensile failure. Had there been more horizontal trabecular
elements interconnecting the vertical plate‐like structures,
catastrophic failure could have possibly been avoided. Similarly,
the sample in Fig. 3C highlighted a plate‐like element (arrow) that
folded completely during the compression cycle. In this sample it
is evident from the intact image that horizontal interconnecting
trabecular elements which provide lateral support were missing.
The sample in Fig. 3B was composed of a few strong vertical
plate‐like elements interconnected by only a few horizontal
elements (arrows). The lower arrow points to an element that was
broken in tension during failure, whereas the upper arrow points
to an element that underwent bending. It is noteworthy that
both of these elements were connected to the same vertical
column.
The limitations of quantitative morphometry in the prediction

of bone failure has been demonstrated in previous studies, in
which it was shown that strength of trabecular bone specimens
depends on the orientation of the applied load(10,48) and on local
variations in the trabecular network.(45) Bone volume density is
certainly the most important index for estimating bone strength;
however, because it is a scalar, this index cannot assess
orientation dependency and local weaknesses. For this reason,
different approaches have been taken to include local tissue
property variations and anisotropy of trabecular bone. Charle-
bois and colleagues(11) used a fabric tensor in addition to BV/TV;
however, because they already had a good correlation with
BV/TV, the fabric tensor did not add much to their correlation.
Further, it has been shown that tissue mineral density may

explain part of the variation in stiffness or strength, but that these
contributions are small compared to mass and microstructural
variations.(46) Recently, a method referred to as volumetric
decomposition has been developed(49,50) to extract the rod and
plate elements from the trabecular network. With this method it
was shown that the mechanical properties of trabecular bone
can be well predicted by including properties of single rods and
plates.(50–52) Moreover, these studies revealed the specific
contributions from individual trabecular rods and plates to
bone strength. Although these studies showed improved
predictions of bone mechanical properties, the local variations
were used to derive a scalar and thus do not take into account
the anisotropy of trabecular bone. This might be a reasonable
approach as long as only the strength along the anatomical axis
is of interest; however, for the description of trabecular bone
strength along any loading direction a model describing a
strength tensor should be derived from local tissue property
variations. Such a tensor could be derived by FE methods, in
which load is applied in a given number of directions. As voxel‐
based FE is computationally intensive, beam FE(53) or beam‐shell
FE(54) methods might be valuable alternatives.

Although all samples were harvested from the same donor, we
found a large variation in bone architecture and corresponding
failure modes, which is reflected in the images (Figs. 2 and 3) as
well as in the morphometric indices (Table 1). The apparent
BV/TV ranged from 4.19% to 12.33%, a threefold variation.
Therefore, it is difficult to predict the apparent bone density at a
specific site or even at other sites within the body from one
trabecular bone specimen. The location where bone was taken
frommay be extremely sensitive; therefore, results from autopsy
and biopsy studies comparing different individuals must be
taken with care and cannot be extrapolated to the whole organ
or even to other sites.

In this work, we have suggested two predominant failure
mechanisms in trabecular bone: band failure in homogeneous
specimens, and catastrophic failure in inhomogeneous speci-
mens. However, these findings are limited to bone cores andmay
not be generalized to whole organs. The trabecular bone cores
analyzed may fail differently within their parent organ because
the boundary conditions are different. Especially, trabeculae that
are cut by the coring procedure are no longer supported by the
surrounding bone structure and therefore failuremay be different
from failure of the same structure inside the whole organ.
Nevertheless, such biopsies are the gold standard in mechanical
testing of trabecular bone and therefore this limitationwould also
affect other widely published results on material properties of
trabecular bone. Because of the consistency in results from these
earlier studies assessing trabecular bone mechanical properties,
we believe that the mechanisms we describe here are still
representative of themechanical behavior of trabecular bone as a
tissue. Additionally, because IGFA studies are very labor‐intensive
and time‐intensive, only a limited number of bone cores could be
tested and analyzed, restricting statistical power. In the future,
fully validated FE approaches might help to better understand
these local phenomena and with that to elucidate the
heterogeneity of trabecular bone failure. Furthermore, multiple‐
linear regression of morphometric indices as well as including
their maxima, minima, or SDmay improve correlation as opposed
to the use of BV/TV alone. However, suchmodels will only capture
orientation dependency if the indices included in the model are
also orientation‐dependent.

In conclusion, we suggest that two main failure mechanisms
determine the competence of trabecular bone samples from the

Journal of Bone and Mineral Research LIMITATIONS OF BONE MORPHOMETRY 139



same donor. Whereas in homogeneous, isotropic trabecular
bone samples a whole set of trabecular elements determine the
competence, in inhomogeneous and anisotropic samples a single
or a missing trabeculae may be responsible for catastrophic
bone failure. Because morphometric algorithms are designed to
work on homogeneous trabecular bone samples, in which all
trabeculae are of about the same type, these algorithms are often
not capable of capturing these weaknesses and may fail in
predicting bone strength under these constructions.
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