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Dependence of Anisotropy
of Human Lumbar Vertebral
Trabecular Bone on Quantitative
Computed Tomography-Based
Apparent Density
Most studies investigating human lumbar vertebral trabecular bone (HVTB) mechanical
property–density relationships have presented results for the superior–inferior (SI), or
“on-axis” direction. Equivalent, directly measured data from mechanical testing in the
transverse (TR) direction are sparse and quantitative computed tomography (QCT)
density-dependent variations in the anisotropy ratio of HVTB have not been adequately
studied. The current study aimed to investigate the dependence of HVTB mechanical
anisotropy ratio on QCT density by quantifying the empirical relationships between
QCT-based apparent density of HVTB and its apparent compressive mechanical properties—
elastic modulus (Eapp), yield strength (ry), and yield strain (ey)—in the SI and TR directions for future clinical QCT-based continuum finite element modeling of HVTB. A total
of 51 cylindrical cores (33 axial and 18 transverse) were extracted from four L1 human
lumbar cadaveric vertebrae. Intact vertebrae were scanned in a clinical resolution
computed tomography (CT) scanner prior to specimen extraction to obtain QCT density,
qCT. Additionally, physically measured apparent density, computed as ash weight over
wet, bulk volume, qapp, showed significant correlation with qCT [qCT ¼ 1.0568  qapp,
r ¼ 0.86]. Specimens were compression tested at room temperature using the Zetos bone
loading and bioreactor system. Apparent elastic modulus (Eapp) and yield strength (ry)
were linearly related to the qCT in the axial direction [ESI ¼ 1493.8  (qCT), r ¼ 0.77,
p < 0.01; rY,SI ¼ 6.9  (qCT)  0.13, r ¼ 0.76, p < 0.01] while a power-law relation
provided the best fit in the transverse direction [ETR ¼ 3349.1  (qCT)1.94, r ¼ 0.89,
p < 0.01; rY,TR ¼ 18.81  (qCT)1.83, r ¼ 0.83, p < 0.01]. No significant correlation was
found between ey and qCT in either direction. Eapp and ry in the axial direction were larger
compared to the transverse direction by a factor of 3.2 and 2.3, respectively, on average.
Furthermore, the degree of anisotropy decreased with increasing density. Comparatively, ey
exhibited only a mild, but statistically significant anisotropy: transverse strains were larger
than those in the axial direction by 30%, on average. Ability to map apparent mechanical
properties in the transverse direction, in addition to the axial direction, from CT-based
densitometric measures allows incorporation of transverse properties in finite element
models based on clinical CT data, partially offsetting the inability of continuum models to
accurately represent trabecular architectural variations. [DOI: 10.1115/1.4027663]
Keywords: human lumbar vertebrae, trabecular bone, anisotropic ratio, transverse
isotropy, elastic modulus–density relationship, strain–density relationship

1

Introduction

Since QCT-based finite element (FE) models have been shown
to predict mechanical behavior of vertebral bone better than pure
image analysis techniques such as dual-energy X-ray absorptiometry and CT [1], utilizing FE methods for clinical applications has
been of interest. Given the heterogeneity and anisotropy [2–6] of
vertebral trabecular bone, obtaining accurate mechanical properties presents the biggest challenge to developing accurate models.
Empirical relationships based on QCT-derived localized apparent
density are currently the only feasible, minimally invasive tool
available for capturing the mechanical heterogeneity within the
bone in vivo. While QCT-derived localized apparent density reasonably captures the heterogeneity, density alone—a scalar,
1
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isotropic quantity—is inadequate to completely explain the variation in trabecular mechanical properties, which are tensorial quantities. In this regard, incorporating a representation of structural
anisotropy, as usually derived from knowledge of the fabric tensor
and attributed primarily to the trabecular structural arrangement,
can substantially improve predictions of mechanical property variations, failure [7,8] and consequently the accuracy of continuumbased FE models [9,10]. Currently, however, the fabric tensor can
only be estimated using high resolution micro-CT techniques,
which are not yet available for clinical, in vivo applications.
Hence, the challenge of incorporating an anisotropic model into
continuum-based subject-specific FE models from clinical CT
persists. Second, the anisotropy ratio itself can vary with density
[11] and has also been shown to vary within a single vertebral
bone based on location as well as regional density [5,6]. Hence,
applying a single anisotropic model for the whole vertebra may be
insufficient. Empirical relationships between transverse elastic
modulus, strength, and apparent density, similar to existing
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equations for the on-axis direction, could potentially circumvent
these limitations. However, studies exploring the mechanical
property–density relationship for human vertebral trabecular bone
have only presented results for the SI, or “on-axis” direction
[12–15]—henceforth referred to as the axial direction. The few
studies regarding vertebral trabecular bone anisotropy did not
empirically relate the mechanical properties with clinical resolution QCT-based densitometric measures [2,3,16]. Combining empirical relationships for axial and transverse directions could
potentially provide a reasonable estimate of the anisotropy ratio
and also its variation with density, consequently improving the
quality of mechanical property input into subject-specific FE
models.
In addition to elastic modulus and strength, quantification of
the strain response is crucial to model failure patterns accurately
and to predict failure in trabecular bone structures. Bone adapts
to produce uniform strains in response to loading [17,18]. It has
been shown that strain-based measures can be good predictors of
bone failure [19,20]; additionally, it has been suggested that criteria developed using strain-based measures might improve failure prediction in trabecular bone under various loading
conditions [21–23]. The advantages of using strain-based measures compared to stress-based measures for characterizing failure in trabecular bone have been previously attributed to three
main reasons: its relative uniformity within an anatomic site
[22], potential independence from, or at best weak dependence
on bone density [14] and its potentially isotropic nature [24,25].
However, independence of strain from density and its isotropy
have not been comprehensively established for low density
bones like trabecular bone in human vertebrae. Kopperdahl and
Keaveny [14] showed that, while compressive yield strain is relatively independent of density at higher values, it has a comparatively stronger correlation with apparent density at lower
densities. Furthermore, yields strains have only been shown to
be isotropic in relatively higher density trabecular bone such as
bovine tibiae or human femoral and greater trochanteric regions
[24,25]. Uniaxial compression tests conducted to study agerelated loss of mechanical competence of HVTB specimens [2],
which have a much lower density compared to bovine tibiae,
reported a mild anisotropy in ultimate strains: axial (vertical)
direction strains were about 15% lower than the transverse (horizontal) strains. More recently, Bevill et al. [26] reported an
increase in yield strains for vertebral trabecular bone during offaxis loading, indicating anisotropic behavior. Thus, in order to
use yield strain to model fracture patterns and predict failure, the
density–strain relationship as well as the degree of strain anisotropy within the relevant density range must be quantified.
Hence, the current study aimed to address some of the gaps
with regard to the understanding of HVTB mechanical properties
based on clinical QCT data for purposes of future FE modeling.
Specifically, the objectives of the study were (1) to obtain empirical relations between QCT-based apparent density and mechanical
properties such as elastic modulus, yield strength and strain in
both the axial and transverse directions and (2) to quantify the anisotropy in elastic modulus, yield strength and strain and its variation with apparent density in HVTB. While this dataset alone is
insufficient to comprehensively map the anisotropy in vertebral
bone, including data in the transverse direction can potentially
improve upon currently existing FE models.

2

Methods

Fresh-frozen, cadaveric lumbar spines from four anonymous
donors were procured from ScienceCare, Inc. (Phoenix, AZ).
Procurement methods were approved by the Institutional
Review Board at UW-Madison. All donors were male, under
60 yr, with no known history of bone disease or surgical interventions. One vertebra (L1) from each spine was used to obtain
cylindrical specimens of vertebral trabecular bone for the current study.

2.1 Computed Tomography Scanning. The cadaveric lumbar spines (T12-S1), which included some musculature and all the
ligamentous tissue, were scanned in a clinical CT scanner
(GE Lightspeed 16, GE Medical System, Waukesha, WI) at an
exposure setting of 120 kV and 240 mAs in helical mode. A slice
thickness and spacing of 0.625 mm was chosen for the scans. The
field of view of 18 cm, combined with an image resolution of
512  512 pixels, resulted in a pixel size of 0.351 mm. The spine
was scanned in air along with four calcium hydroxyapatite calibration standards, each of known density, in order to obtain an
empirical correlation between the X-ray attenuation coefficient,
expressed in terms of Hounsfield units (HU), and the bone mineral
density shown in Eq. (1). The four calcium hydroxyapatite calibration standards had mineral contents of 100, 400, 1000, and
1750 mg/cm3 (CIRS, Inc., Norfolk, VA) encompassing the common density range of human cancellous and cortical bone. The
two calibration standards with the lowest densities were custommade and the two calibration standards with the highest density
values were manufactured as plugs within a water-equivalent material (1000 mg/cc, part number 06217; 1750 mg/cm3, part number
06221; CIRS, Inc., Norfolk, VA)
qCT ¼ ð0:7135  ðHUÞ  1:108Þ=1000

(1)

where qCT ¼ mineral density in g/cm3, HU ¼ CT number in terms
of Hounsfield units.
The digital imaging and communications in medicine format
CT images were segmented using MIMICS 13.0 software (Materialise, Inc., Ann Arbor, MI). The images were segmented on the basis of X-ray attenuation to separate soft tissue and marrow from
the hard tissue by a thresholding technique. The segmented, digitized images provided 3D coordinate information for each voxel
and voxelwise distributions of the X-ray attenuation expressed as
HU.
2.2 Specimen Preparation for Mechanical Testing. Cylindrical specimens (10 mm diameter, 5 mm height) were extracted
from each of the four L1 vertebrae along the axial as well as medial–lateral directions for compression testing. Figure 1 depicts the
steps in the process of extracting the vertebral cores.
The vertebrae were first separated by removing all surrounding
soft tissue using a scalpel. Any adhering soft tissue and the periosteum were also removed from the vertebrae.
The vertebrae were then cut into two halves along the midsagittal
plane using a diamond coated band saw (Exakt, Norderstedt, Germany). Slices were cut in the transverse plane from the left half of
each vertebra to extract specimens along the axial direction while
slices were cut in the sagittal plane from the right half of each vertebra to extract specimens along the transverse direction. Two to four
slices, each 7 mm thick, were cut from each half section of the vertebra. All the cuts were made under continuous irrigation with
0.9% sterile saline at 4  C in order to prevent overheating of the cut
surfaces of the vertebral sections. All steps were carried out in a
positive pressure, sterilized environment at body temperature
(37  C). Cylindrical cores of 10 mm diameter were then drilled out
from each slice using a custom-made diamond tipped coring bit.
The cores were clamped in a custom-made stainless steel fixture
and both the end-surfaces were milled down 1 mm using a sixfluted end mill (BF400, Pr€azi, Inc., Plymouth, MA) in order to
ensure parallel planes. The specimens were kept submerged under
sterile saline solution for both the drilling and milling operations.
The resulting cylindrical specimens were nominally 5 mm in height
and 10 mm in diameter. After excluding three cored specimens due
to damage from handling, a total of 69 cores (33 axial, 36 transverse) were obtained. The prepared specimens were refrigerated
overnight in separate, appropriately labeled test tubes filled with
sterile saline to minimize infections before testing.
2.3 Specimen Registration. Following machining, the cored
slices from each half vertebra were carefully reassembled and CT
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Fig. 1 Sequence of steps for obtaining bone cores for compression testing. (a) Isolated human vertebra with
posterior elements removed. (b) Removal of remaining adhered soft tissue from bone. (c) Sagittal slices from
one half of vertebra. (d) Transverse slices from second half of vertebra. (e) Coring with a diamond tipped coring
bit to obtain cylindrical bone cores. (f) Precision milling with a six-fluted end mill to obtain plano-parallel surfaces on the cores. (g) Sample bone core (center) with sapphire cylinders. Cores were color coded with india ink
to separate cores from different slices.

scanned (LightSpeed 16, General Electric Medical Systems,
Milwaukee, WI) using the same imaging parameters as the premachined, ex vivo scans. The reassembled slices were tightly
wrapped in multiply layers of moistened medical gauze before
scanning to keep the bone moist and to reduce beam hardening
effects during the scanning process. Image segmentation was performed using HU-based thresholding, after which a 3D geometry
“mask” was generated of the pre- and postmachined scans (MIMICS
13.0, Materialise, Ann Arbor, MI). The two halves of each
vertebra were then reassembled. Three landmark points along the
midsagittal cut surface—the anterior–superior, posterior–superior,
and the anterior–inferior points—were used to align the two
halves. Once the two halves were aligned, the same land mark
points were used to superimpose the 3D mask of the cored, reassembled vertebra onto the original, intact vertebral mask. A Boolean operation subtracting the cored, reassembled mask from the
intact mask was then performed to generate the 3D masks of each
individual vertebral core. Figure 2 depicts the sequence of steps
for demarcating each core by this method.
2.4 Bone Loading and Bioreactor System. The Bone Loading and Bioreactor System used in the current study is a novel,
perfusion–compression system, first developed by Smith and coworkers [27,28]. Briefly, the system—the equipment design has
been detailed elsewhere [27,29]—consists of a piezoelectric actuator (PZA) (model P-239.30, Physik Instrumente, Karlsruhe, Germany) for applying axial, compressive displacement and a bone
chamber to hold the bone sample to be tested. Strain gages on the
PZA measure its expansion; a load cell (type 9011A, Kistler, Winterthur, Switzerland) measures the applied force. The bone specimen, 5 mm in height and 10 mm in diameter, is placed in the bone
chamber between two sapphire cylinders. The cylinders have the
same dimensions as the bone. Marrow is preserved within the
bone cores, thus maintaining the bone test piece “intact” and as
close to the in vivo state as possible [29]. The loading end of the
PZA is convex shaped and made out of sapphire. The load is
transferred from the PZA to the bone sample through the sapphire
cylinder placed above the bone sample (Fig. 3). In order to
account for the inherent compliance of the loading system, force
and PZA expansion, measurements are related through a calibration table to determine the compressive deformation of the specimen [30]. The mechanical testing component has been recently
Journal of Biomechanical Engineering

validated [30]. Studies investigating the effect of various types of
mechanical stimuli on apparent elastic modulus [31,32]; extracellular matrix synthesis and angiogenic growth factor production
[33]; and osteocyte apoptosis and bone viability [34] have been
successfully conducted using this bone loading system.
While the system is capable of being used purely as a mechanical testing system to obtain the elastic properties of trabecular
bone, its main purpose as a perfusion–compression bioreactor is
to study relative changes in mechanical properties of live, ex vivo
trabecular bone specimens due to various biochemical and mechanical stimuli. Consequently, the overriding concern to keep
bone cells within the core viable over long periods requires specimens to be as small as possible, while maintaining the minimum
dimensions required for treating bone as a continuum (5 mm, or
3–5 trabeculae along each dimension [35]). On the other hand, the
relatively small size of the trabecular bone specimens used with
this system is an advantage to map the heterogeneity and anisotropy within a single vertebra. Hence, the mechanical testing component of the Bone Loading system, without the additional
equipment required for perfusion and maintenance of viability of
the bone specimens, was used to conduct compression tests in this
study.
2.5 Mechanical Testing. Bulk dimensions of the cores—
height and diameter—were measured using a digital vernier caliper (Canadian Tire Corporation, Ltd., Toronto, ON, Canada); the
mean of three measurements and standard deviation were found
for each core. Compression testing of the wet, intact bone cores,
selected randomly, was performed at room temperature using the
bone loading system.
A preload of either 10 N (for the softer, transverse specimens),
or 20 N (for the stiffer, axial specimens) was mechanically applied
using an independent screw mechanism. The mechanical tests
were carried out in two steps. The first step consisted of loading
the samples within the elastic range followed by complete unloading. Quasi-static compression loading (0.5 lm/s displacement
rate) was carried out by deforming the cylindrical bone specimen
up to 10 lm—a nominal compressive strain of 2000 le—and then
unloaded. Five such loading–unloading cycles were applied to
precondition the specimen. The second step consisted of loading
the samples up to yielding. Load–displacement data were converted to engineering stress–strain data by dividing by the nominal
SEPTEMBER 2014, Vol. 136 / 091003-3
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Fig. 2 Sequence of steps for demarcating each vertebral core based on CT data. (a) CT scan
image of cored vertebra. (b1, b2 and c1, c2) 3D bone model of each half of cored vertebra after
segmentation in MIMICS 14.0. (d) 3D bone model of intact vertebra before coring (e) Merged
bone models of two cored vertebral halves. (f) Coregistration of intact vertebral model and
merged, cored vertebral model. (g) Boolean operation to subtract cored vertebral model from
intact vertebral model to obtain segmented, 3D models of individual cores.

Fig. 3 (a) Schematic showing cross section of the Zetos loading unit. The load cell, PZA, and
bone chamber are arranged in a series within the system. (b) A closer look at the bone chamber,
where the bone specimen is placed between the two sapphire cylinders. Loading end of PZA is
comprised of a convex surface to account for nonparallel surface and prevent moment transfer
onto the specimen.
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cross-sectional area and length, respectively. The apparent elastic
modulus was calculated as the slope at the origin of a second
degree polynomial fitted to the initial (up to 0.2% strain) portion
of the stress–strain curve [36]. The yield stress and strain were
obtained from the stress–strain curves using the 0.2% offset technique. Figure 4 shows a representative stress–strain curve and
presents a graphical description of the process. The preload was
well within the elastic limit; however, it was not insignificant.
Hence, in order to account for the prestress (and prestrain) introduced into the bone cores, a backward extrapolation of the data
was carried out, equivalent to the nominal stress introduced by the
preload. The corresponding prestrain was computed by dividing
the prestress by the calculated elastic modulus. The final yield
stress and strain values were thus higher than the values obtained
by the 0.2% offset technique by amounts equal to the prestress
and prestrain, respectively.
2.6 Density Measurements. Two techniques were used to
measure the apparent mineral density of the specimens: (a) CTbased technique and (b) physical measurement.
For the CT-based technique, 3D coordinate information and the
associated HU for each voxel from the masks of each individual
core was exported into a text file. The mean Hounsfield unit
(meanHU) value was then computed and the CT-derived apparent
density (qCT) was extracted from the meanHU according to the
empirical relation described in Eq. (1) using a custom subroutine
(Matlab R2008b, Mathworks, Inc., Natick MA). In the second
technique, compression tested cores were wrapped in dried filter
paper and dried in a muffle oven (Blue M Electric, Watertown,
WI) at 70  C for 24 h. They were then defatted in a modified soxhlet extractor (Corning Incorporated, Lowell, MA) with ethyl ether
for 24 h. Dry, defatted mass was measured using an analytical
scale (resolution 0.1 mg, Mettler-Toledo, Inc., Columbus, OH)
and was divided by dry, defatted bulk volume of each core to calculate dry apparent density (qdry). To determine the mineral content of each core, the ash mass was measured after heating in a
700  C oven for 24 h. This mass was divided by dry, defatted bulk
volume to obtain mineral density (qash). In addition, the apparent
density was also calculated as the ratio of the ash mass to bulk,
wet volume (qapp), since the density obtained directly from CT
data (qCT) most closely represents this value. Only results for
the two densities most relevant to obtaining the empirical

Fig. 4 Representative stress–strain curve from compression
testing of vertebral trabecular bone cores. Shaded grey portion
of curve (0% < e < 0.2%) identifies the points used to calculate
the apparent elastic modulus. Dashed line indicates use of the
0.2% offset technique for obtaining yield stress and strain.
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Fig. 5 Measured apparent density as a ratio of ash weight over
bulk, wet volume (qapp) versus computed tomography derived
density (qCT)

relationships with the mechanical properties—qCT and qapp—
have been included here.

3

Results

The apparent density determined from the physically measured
ash weight and wet, bulk volume—qapp—correlated well with
apparent mineral density based on CT data—qCT, as delineated in
Fig. 5. An initial, linear regression yielded a Pearson’s correlation
of 0.90. However, ensuring the origin at zero (qCT ¼ 1:0568  qapp )
dropped the Pearson’s correlation slightly to 0.86, but yielded a
slope of almost unity. The apparent elastic modulus (Eapp) and yield
strength (ry) showed good correlations with apparent density
(Figs. 6 and 7, respectively) in both, the axial as well as transverse
directions. The correlations between Eapp and the two densities—
apparent density (qapp) and QCT density (qCT)—were almost identical. Mean apparent elastic modulus in the axial direction was 3.2
times higher than in the transverse direction, while mean yield
strength was 2.3 times higher in the axial direction compared to the
transverse direction.

Fig. 6 Variation of elastic modulus (E) with CT-derived apparent density (qCT). SI 5 superior–inferior or axial direction.
TR 5 transverse direction. The fitted linear regressions for the
axial apparent elastic modulus with the physically measured
apparent density (qapp) has been included to illustrate the excellent agreement between correlations of (E) with (qapp) and (qCT).
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from the compression tests and density measurements have been
summarized in Table 1. Regression equations empirically relating
the apparent elastic modulus, yield strength and strain to the apparent density along with the correlation coefficients are compiled in
Table 2.
Linear and power-law models were used to fit the experimental
data. However, for the axial specimens, the exponents in the
power-law model were not statistically different from unity.
Eighteen transverse specimens with a computed elastic modulus
less than 25 MPa, which was lower than the calibrated range for
the Bone loading system, were discarded, resulting in a smaller
sample size for the transverse data. Thus, all conclusions are
based on results from 51 (33 axial, 18 transverse) specimens.

4

Fig. 7 Variation of apparent yield strength (ry) with respect to
CT-derived apparent density (qCT). SI 5 superior–inferior or axial
direction. TR 5 transverse direction.

Fig. 8 Variation of apparent yield strain (ey) with respect to to
CT-derived apparent density (qCT). SI 5 superior–inferior or axial
direction. TR 5 transverse direction.

No statistically significant correlation was found between the
apparent density and the axial yield strain. While a weak, negative
correlation was detected in the transverse direction (Fig. 8), the
slope of the linear regression line was not significantly different
from zero (p ¼ 0.14).The mean transverse yield strain was larger
than the mean axial yield strain by about 30%. This difference
was statistically significant (p < 0.001), but much smaller compared to the elastic modulus and yield stress. Details of the results
Table 1

Discussion

Although human vertebral trabecular bone has been shown to
be at least transversely isotropic [2,16], past studies attempting to
relate the mechanical properties to QCT-based densitometric
measures focused primarily on mechanical properties in the axial
direction. A dearth of similar, directly measured experimental
data in the transverse direction limits the ability to estimate the
anisotropy in bone arising from the structural arrangement, consequently compromising the quality of the input into FE models.
Inability to include effects of structural anisotropy, as is routinely
accounted for in micro-FE models of trabecular bone by considering the fabric tensor, thus compromises the predictive strength of
continuum-based FE models developed from clinical resolution
QCT data [9]. Conversely, it can be logically expected that, incorporating direction-specific mechanical properties will improve the
predictive ability of continuum-based FE models. Indeed, in a
review of isotropic and anisotropic morphology-elasticity relationships for human trabecular bone, Zysset [37] clearly demonstrated the improved accuracy in predicting trabecular bone
compliance and stiffness by incorporating a representation of
bone anisotropy: isotropic material models using only volume
fraction to predict mechanical properties had a reduced coefficient
of determination and larger relative errors compared to those
accounting for the fabric-based mechanical anisotropy. It has also
been shown that incorporating the anisotropic mechanical
response improves the predictive ability of models simulating
bone damage and fracture, particularly under multi-axial loading,
combined loading, and loading conditions other than pure axial
loading [10,38]. More importantly, the structural arrangement,
which is considered the predominant contributor to mechanical
anisotropy, itself can vary with density [11], resulting in the anisotropy ratio also being density-dependent. This last piece of information can actually be particularly valuable for using clinical
CT data to estimate the heterogeneity of anisotropy in vertebrae,
since QCT density is the only quantitative data obtainable in a
practical and minimally invasive manner, which can reasonably
be used to derive the mechanical properties of bone. There are
two reasons, which might make it feasible to use clinical CT data
to predict transverse mechanical properties and, consequently, the
degree of mechanical anisotropy as well as the regional variation
in anisotropy for vertebrae compared to other anatomical locations. First, the principal orientation directions of the trabecular

Summarized results from compression tests on vertebral trabecular bone cores

Direction

Property

Mean

Standard deviation

Range (min–max)

Axial
Transverse
Axial
Transverse
Axial
Transverse
Axial
Transverse

Elastic modulus (ESI), MPa
Elastic modulus (ETR), MPa
Yield strength (rY,SI), MPa
Yield strength (rY,TR), MPa
Yield strain (eY,SI), MPa
Yield strain (eY,TR), MPa
Apparent density (qapp,SI), g/cm3
Apparent density (qapp,TR), g/cm3

189.7
59.9
0.86
0.37
0.675
0.882
0.126
0.116

67.5
31.7
0.32
0.16
0.11
0.16
0.035
0.028

93.5–365
27.2–143.5
0.4–1.56
0.21–0.67
0.46–0.925
0.65–1.2
0.08–0.217
0.08–0.187
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Table 2 Empirical relationships between mechanical properties and apparent density
Direction

Mechanical property

Equation (Eqn)

Pearson’s correlation coefficient

Eqn. No.

Axial

Elastic modulus (ESI) MPa

ESI ¼ 1493.8  (qCT)

3

Transverse

Elastic modulus (ETR) MPa

ETR ¼ 3349.1  (qCT)1.94

Axial

Yield strength (rY,SI) MPa

rY,SI ¼ 6.9  (qCT)  0.13

Transverse

Yield strength (rY,TR) MPa

rY,TR ¼ 18.81  (qCT)1.83

Axial

Yield strain (eY,SI)

eY,SI ¼ 0.255  (qCT) þ 0.63

Transverse

Yield strain (eY,TR)

eY,TR ¼  2.414  (qCT) þ 1.16

r ¼ 0.77
p < 0.01
r ¼ 0.89
p < 0.01
r ¼ 0.76
p < 0.01
r ¼ 0.83
p < 0.01
r ¼ 0.08
P ¼ 0.86
r ¼ 0.41
p ¼ 0.14

bone are approximately aligned with the anatomical axes in vertebrae [8]. Hence, the principal directions are already known with
reasonable accuracy, and only the degree of anisotropy (DA)
needs to be determined. Second, it has been suggested that the patterns of architectural heterogeneity observed within a single vertebra might be fairly consistent across individuals [39]. Hence, once
a reasonable estimate of the degree of anisotropy is achieved and
its variation with density and location are achieved, it could be
applied across individuals. Furthermore, mapping yield strain
behavior provides an important alternative method for characterization of the failure behavior of trabecular bone. A better understanding of vertebral bone strain behavior with respect to density
dependence and degree of anisotropy can improve the predictive
capability of continuum-FE models with regard to fracture risk,
failure patterns and damage progression in human vertebrae.

4.1 Apparent Elastic Modulus and Yield Strength. Given a
paucity of data for the transverse direction and differences in testing methods used in the few available studies, it is difficult to
compare the transverse moduli with previous studies. To our
knowledge, only three studies have reported directly measured
values of apparent elastic moduli in the transverse direction for
vertebral trabecular bone [2,3,16]. The mean transverse moduli
from the current study (59.9 6 31.7 MPa, apparent density:
0.11 6 0.025 g/cm3), however, are approximately 3 times higher
than results reported by Mosekilde et al. [2] (20 6 3 MPa, ash density: 0.129 6 0.006 g/cm3), who used conventional compression
testing with platens, but about 3.6 times lower than mean values
reported by Ashman et al. [16] (216 6 45 MPa, apparent density:
0.275 6 0.048 g/cm3), who used ultrasonic methods to obtain the
moduli. These two studies, however, are not optimal for purposes
of verifying results from the current study. Mosekilde et al., in
their study, reported ultimate strains of the tested specimens to be
approximately 8%, which indicates a significant underestimation
of the stiffness of the specimens in that study—trabecular bone
ultimate strains are generally less than 2% [22]. On the other
hand, on account of the visco-elastic nature of trabecular bone, ultrasonic techniques, which are equivalent to conducting tests at
very high strain rates, can overestimate the elastic properties of
bone [40]. Of the three studies, mean transverse moduli from the
current study are closest to the results of Nicholson et al. [3], who
reported elastic moduli in the anterior–posterior and medial–lateral directions to be 51.6 (631.4) MPa and 42.9 (625.0) MPa,
respectively, for bone specimens with a mean apparent density of
0.149 (60.037) g/cm3. Nicholson et al. also used conventional
platen-based compression tests, but the larger specimen length
used—20 mm compared to 5 mm in the current study—and three
preconditioning cycles likely mitigated the effect of end artifacts.
Comparison of absolute values of apparent elastic moduli and
yield stress could be compromised by differences in inherent
errors between the different test methods such as machine compliance and end artifacts. But, if these errors are consistent and linear
Journal of Biomechanical Engineering
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while testing in different directions, it is still feasible to compare
the ratios of results in the axial and transverse directions. Indeed,
the ratio of the mean axial moduli to the transverse moduli
obtained in this study, 3.2, is similar to the value of 3.4 reported
by Mosekilde et al. [2]. Nicholson et al. [3] reported a higher
mean mechanical anisotropy ratio (4.8, median ¼ 4.0; elastic modulus {l,(SD) MPa}: axial ¼ 164.7 (72.3), anteroposterior ¼ 51.6
(31.4), medial–lateral ¼ 42.5(25)), which was computed as the ratio of the axial modulus to the lateral modulus. The lateral modulus was the smaller of the two transverse moduli, anteroposterior,
and medial–lateral directions, obtained in that study. Recalculating the mean transverse modulus as the mean of the two transverse moduli yields a mean ratio of 3.5, which is similar to the
ratio in the current study and to that reported by Mosekilde et al.
The ratio of the mean axial-to-transverse yield strength was 2.3;
slightly lower than the ratio of 2.7 reported by Mosekilde et al. for
ultimate strength. More pertinently, the ratios obtained in the current study were not constant throughout the range of density
tested, rather the ratio decreased with increasing density, as shown
in Fig. 9.
Similar exponential decreases in the ratio of longitudinal to
transverse yield strength, or “strength anisotropy ratio,” have
been reported by Keaveny and coworkers with studies on bovine
trabecular bone [41]. Nicholson et al. [3] also found a significant
negative correlation between the mechanical anisotropy ratio and
apparent density in their study: the ratio increased from 1.2 to 9.8
as the apparent density decreased from 0.234 to 0.064 g/cm3.
While the current study reinforces the strong, exponentially

Fig. 9 Ratio of axial (SI)–to–transverse (TR) elastic moduli
(ESI/ETR) and yield stress (rSI/rTR) for the range of density
tested. Elastic moduli and yield stress computed from regression equations (3)–(6) in Table 2
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negative association of the anisotropy ratio and the bone apparent
density, it also alludes to the occurrence of this variation within a
single bone, and the implications of this variation on strength and
fracture risk can be significant. For instance, Wegrzyn et al. [6]
recently reported that the DAratio, the ratio of DA in the anterior
region relative to the posterior region, rather than a single measure
of DA for the whole vertebra had an influence on the failure load
and, consequently, on the fracture risk of vertebrae.
4.2 Apparent Yield Strain. The mean yield strain for the
specimens tested in the current study was 0.68% (60.11%,
qapp ¼ 0.126 6 0.035 g/cm3) in the axial direction and 0.88%
(60.15%, qapp ¼ 0.11 6 0.025 g/cm3) in the transverse direction.
Results indicate yield strains were independent of apparent density in the axial direction, but a mild negative correlation existed
in the transverse direction.
Based on cellular solid theory and axial strut models for trabecular bone [42], Kopperdahl et al. predicted a positive correlation
of compressive apparent yield strains with apparent density. Their
prediction was based on the fact that a decrease in apparent density is associated with an increase in the slenderness ratio of the
trabecular struts [11,43]. Increased slenderness ratio should
decrease the critical buckling load for the trabecular struts, thus
causing early onset of localized failure and yielding. Furthermore,
with increasing density, the significance of the slenderness ratio
should diminish owing to the decreased propensity for buckling of
the trabecular struts. The conclusions of their experimental study
were more or less in agreement with their predictions: compressive apparent yield strains exhibited a weak, positive correlation
with apparent density in vertebral specimens with lower density
(0.1–0.26 g/cm3) while there was no significant correlation in bovine tibial specimens, which had a higher apparent density
(0.4–0.6 g/cm3). Additionally, they concluded that changes in
yield strain over a small density range and within a single anatomic site are minor and can be reasonably assumed to be constant. This particular point was also confirmed in a subsequent
study by Morgan and Keaveny [15]. Kopperdahl’s study presents
a simple, but reasonable theoretical framework to understand the
dependence of yield strain on densitometric measures. The results
for yield strains from the current study are consistent with the latter part of the conclusions made by Kopperdahl and Keaveny [14]
and by Morgan and Keaveny [15]: changes in yield strain within a
narrow density range within a single anatomic site—human lumbar vertebrae—can be considered to be independent of density.
With regard to strain anisotropy, however, the larger transverse
yield strain compared to the axial yield strain in the current study
indicates a mild anisotropy of strain. This result deviates from
conclusions made by past studies on comparatively higher density
bovine cancellous bone, which have shown no directional dependence of yield strains [24,25]. The only known study on HVTB that
comes closest to addressing this issue [2] also found a difference
of approximately 15% between the axial and transverse direction
strains. The current study, hence, confirms the anisotropy
observed for yield strains in human vertebral bone. However,
compared to the anisotropy in strength and material stiffness, the
strain anisotropy is mild.

5

Limitations

Compression testing of trabecular bone can pose several problems on account of its porous and open-celled nature. Machine
compliance, end artifacts, and side artifacts represent three potential sources of error encountered during compression testing of
trabecular bone. Embedding the upper and lower portions of the
specimen within “end-caps” along with use of direct deformation
measurement techniques using extensometers [13] or optical techniques [44,45] have been presented as effective techniques to
avoid such errors. However, a significant limitation of using the
end-cap technique is the specimen size requirement [46]: the technique requires the specimen length to be approximately twice as

long as the gauge length. The current loading system does not use
the end-cap technique. In addition, it is designed as a bioreactor
and bone loading system, which has the main goal of maintaining
bone specimens viable over long periods. This goal poses limits
on the maximum specimen size that can be tested and precludes
use of adhesives to constrain the ends. Standard Zetos specimen
dimensions (10 mm diameter, 5 mm height) are adequate to ensure
the specimens can be treated as a continuum [13,35], but the low
aspect ratio could potentially exacerbate effects of end artifacts.
Nevertheless, the system contains certain design features to
address errors arising from machine compliance and end artifacts.
A significant “toe region” in the raw force–displacement
curve, unusually large recorded values of strain and, to some
extent, large scatter in the data are possible indications of the existence of such errors. The loading system has been extensively
calibrated and a comprehensive look-up table has been developed to correct for the component of machine compliance over
the whole range of apparent trabecular bone elastic modulus
[27,30]. Garcia and coworkers also demonstrated that the Zetos
loading system could accurately predict stiffness of reference
bodies within 3% [30].
End artifacts can be classified into two categories: specimenplaten interface conditions (nonparallel surfaces, interface friction) and structural end artifacts. A precision milling step during
specimen preparation ensured plane–parallel surfaces: specimens
with an initial 7 mm height were cored out of vertebrae, which
were then precision-milled down by one mm on each horizontal
surface. Second, the convex shape of the loading end of the PZA
in the Zetos ensures force transfer without generation of any bending moments. The two sapphire cylinders, which hold the bone
specimen between them, have highly polished and lubricated
surfaces contacting the bone to reduce effects of friction.
Structural end artifacts are an inevitable consequence of excising the bone specimens out of whole bone, causing trabecular connections to be severed at the ends. Structural end artifacts also
contribute to the toe region and are a primary reason for underestimation of elastic modulus in platen-based tests [13], Presence of
end artifacts (and side artifacts) also creates a size effect and
shorter specimens (aspect ratio ¼ 0.5) appear more compliant than
longer specimens (aspect ratio ¼ 2) [45] We have attempted to
address this limitation by manipulating the mechanical preload
and the conditioning cycles. The mechanical preload applies a
higher strain on the weaker end regions, not only reducing the surface roughness but also causing partial collapse of some of the
free ends to ensure even contact between the bone-sapphire cylinder interface and a more uniform transfer of load from the sapphire to the bone [27]. Additionally, each specimen was subjected
to five preconditioning cycles in order to reduce effects of end
artifacts [13,25,44]. The load–deformation curves obtained in this
study did not reveal any toe region, (see Fig. 4), an indication that
machine compliance and, possibly, end-artifact errors have been
minimized. Yield strain values were not unusually high; in fact
they do not seem higher than values reported using the end-cap
technique [14,22], a further indication that end-artifact errors have
been reduced. Nevertheless, further studies need to be conducted
to explicitly quantify the random error component and benchmark
results obtained using the Zetos system with the widely accepted
end-cap technique.
Side artifacts are also a potential source of error in this study.
Presence of severed trabeculae along the sides of the excised
specimens results in an outer ring of weakened material around an
inner “healthy” core, which could result in significant underestimation of the in vivo behavior of cancellous bone [47–49]. Lievers et al. [49] reported a threshold diameter of 8 mm for bovine
lumbar and tibial specimens to render side artifacts negligible.
However, the magnitude of the side artifact error also depends on
the architecture of the bone specimen. Un et al. [47] have shown
that the weakening effect of side artifacts increases proportionally
for lower volume fraction specimens with greater trabecular spacing. Although the specimen diameter (10 mm) was sufficiently
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large, underestimation from side artifacts cannot be completely
ruled out.
Finally, the relatively small sample size is another limitation of
this study. Specimens were obtained from four lumbar vertebrae
of four donors, possibly confounding the mechanical property–
density relationship with patient-specific issues present in each
cadaveric tissue. A total of 69 bone cores were obtained for testing
in axial and transverse directions. While there were 33 specimens
in the axial direction, data from only 18 specimens were eventually used for the transverse direction. Hence, the results presented
here are considered preliminary.
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Conclusions

Mechanical properties of HVTB specimens were obtained using
quasi-static compression testing. Apparent elastic modulus and
yield strength were found to be larger in the axial direction compared to the transverse direction by a factor of 3.2 and 2.3, respectively, on average. Furthermore, the degree of anisotropy
decreased with increasing density. Comparatively, yield strain
exhibited only a mild anisotropy: yield strains in the transverse
direction were larger than those in the axial direction by 30%, on
average. Apparent elastic modulus, yield strength and yield strain
in both, the axial and transverse directions, were related empirically to the apparent mineral density obtained from QCT data.
While elastic modulus and yield strength were found to be
strongly correlated with apparent density, yield strain was found
to be independent with respect to apparent density. Ability to map
apparent mechanical properties in the transverse direction, in
addition to the axial direction, from CT-based densitometric
measures allows incorporation of additional information regarding
material orientation into FE models based on clinical CT data,
partially offsetting the inability of such models to represent trabecular architectural variations.
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