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Nomenclature

AX axial
BMD bone mineral density
CT computer tomograph
E Young’s modulus
Eapp apparent Young’s modulus
Edry Young’s modulus under dry testing conditions
Eexp experimental Young’s modulus
Esim simulated Young’s modulus
Etiss tissue Young’s modulus
Ewet Young’s modulus under wet testing conditions
EAX axial Young’s modulus
ETR transverse Young’s modulus
FE finite element
G shear modulus
Gapp apparent shear modulus
Gdry shear modulus under dry testing conditions
Gexp experimental shear modulus
Gsim simulated Shear modulus
Gtiss tissue shear modulus
Gwet shear modulus under wet testing conditions
GST gradient structure tensor
HBSS Hank’s balanced salt solution
IT inertia tensor
T1 1st thoracal vertebra
L2 2nd lumbar vertebra
L3 3rd lumbar vertebra
L5 5th lumbar vertebra
MIL mean intercept length
PMMA Poly-Methyl Methacrylate
PU Polyurethane
ROI region of interest
VOI volume of interest
T torsion
TR transverse
T6 6th thoracal vertebra
T8 8th thoracal vertebra
T10 10th thoracal vertebra
T12 12th thoracal vertebra
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UC uniaxial compression
UT uniaxial tension
p statistical significance level
r2 Pearson’s correlation coefficient
rc concordance correlation coefficient
rdry correlation coefficient for dry testing conditions
rwet correlation coefficient for wet testing conditions
uz displacement in z-direction
|u| absolute displacement
W total indentation work in mNµm
Wd dissipated indentation energy in mNµm
We elastic indentation energy in mNµm
εi ith load step
εUC uniaxial compressive strain
εUT uniaxial tensile strain
γ shear strain
µCT micro computer tomograph
µFE micro finite element
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Explanations

apparent Young’s modulus Young’s modulus of a specimen of trabecular
bone that is dissected from the trabecular core
of vertebral bodies. It is different to the effec-
tive in situ stiffness since the trabecular connec-
tivity is destroyed.

apparent shear modulus Shear modulus of a specimen of trabecular
bone that is dissected from the trabecular core
of vertebral bodies. It is different to the effec-
tive in situ stiffness since the trabecular connec-
tivity is destroyed.

anisotropy Denotes the directional dependence of a me-
chanical property. For instance, bone stiffness
is higher when loaded in longitudinal direction
than in transverse direction.

damage Represents the decay in stiffness and can be
understood as the effective surface density of
microdefects.

dissipated energy Measures the energy lost during a mechanical
deformation.

elastic energy Measures the recoverable energy after release
of a mechanical deformation.

elastic modulus The slope of the initial stress-strain curve is
called elastic modulus or Young’s modulus.

eigenvalue Characteristic values of a tensor or matrix are
called eigenvalues. In terms of the mean inter-
cept length fabric tensor its eigenvalues can be
understood as the characteristic mean intercept
lengths for the analysed specimen.

eigenvector Characteristic main directions of a tensor are
called eigendirection. In terms of the mean in-
tercept length fabric tensor its eigenvecors can
be understood as the characteristic main direc-
tions of the pores or trabeculae of the analysed
trabecular specimen.

gradient Denotes the derivative on a scalar field such
as the grey value field obtained with computer
tomography.
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heterogeneous Denotes the irregularity or nonuniformity of
elements of a set with respect to one or more
properties.

homogeneous Denotes the regularity or uniformity of ele-
ments of a set with respect to one or more
properties.

inertia The resistance of a physical object to changes
in its state of motion is called inertia.

indentation modulus Denotes a stiffness obtained from the unload-
ing curve of an indentation experiment with-
out an assumption about the material symme-
try of the specimen.

isotropy A property that is isotropic is direction inde-
pendent. For instance, most metals show the
same stiffness when loaded from different di-
rections.

linear elastic material A material where stresses and strains are pro-
portional related and where any answer to an
inscribed load is reversible if the load is with-
drawn is linear elastic.

modulus Slope. In terms of a linear elastic material it
denotes the slope of the stress strain curve and,
thus, the stiffness.

tensor Physical quantity containing of magnitude and
direction for a material particle. In case of a
second order tensor such as the stress tensor it
is written as 3 × 3 matrix which contains six
independent values, three normal and three
shear stresses. Each stress is described by its
magnitude, the normal direction of the area on
which it is acting and the direction in which it
is acting. A first order tensor is a vector and a
zeroth order tensor is a scalar.

transverse isotropic Describes the direction dependence of a prop-
erty where in the transverse plain there is no
difference but between this and the longitudi-
nal direction.
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scalar product Dot product is an algebraic operation that
takes two equal-length sequences of numbers
(usually coordinate vectors) and returns a sin-
gle number obtained by multiplying corre-
sponding entries and adding up those prod-
ucts.

strain The relative displacement between two parti-
cles in a material body is called strain.

strength criterion For an arbitrary load direction a strength cri-
terion describes the point where the maximal
bearable load is exceeded.

volume fraction Relative volume content of a quantity is called
volume fraction. In case of bone volume frac-
tion it describes the relative amount of bone in
an evaluated volume.

yield criterion For an arbitrary load direction a yield criterion
describes the point from where on irreversible
deformations occur.



Chapter 1

Introduction

Osteoporosis in general, is a major problem of aging societies (Maghraoui et al.,
2008). It causes only in Europe an estimated 32 billion Euro annual costs which are
expected to rise to an estimated 77 billion Euro by 2050 (Kanis and Johnell, 2005).
One third of all women beyond their menopause and one fifth of all men beyond
the age of fifty are affected (Randell et al., 1995). The disease is characterised by a
loss of bone mass which is radiographically detectable in a decrease of bone min-
eral density (BMD). Osteoporosis results in a loss of structural integrity (Keaveny
and Yeh, 2002) and, thus, in an increased risk of fracture of the bone tissue.

Bone mass is gained during growth at young age. At approximately 30 years
peak bone mass is reached and a gradual decrease in bone mass begins (Figure 1.1).
Bone loss can be introduced by different factors such as disuse (Bikle et al., 1997;
Donahue et al., 2006; Lennox and Goodship, 2008), hormonic diseases (Sato et al.,
2005), malnutrition (Schürch et al., 1998; Huang et al., 1998; Hannan et al., 2000;
Chapuy et al., 2002; Shea et al., 2002) or ageing (Frost, 1997; Keaveny and Yeh,
2002). Generally, it can be distinguished in primary and secondary osteoporo-
sis. Whereby primary osteoporosis is due to ageing and in women due to post-
menopausal hormonic changes. Secondary osteoporosis can be found within the
course of an illness. Both are detectable by a changing bone mass. In primary
osteoporosis, the BMD lifetime curve shows distinct effects for males and females.
The age induced decrease in bone mass (senile or type II osteoporosis) is notice-
able for males after peak bone mass is reached. Women build up significantly
lower peak bone mass and suffer a severe drop of bone mass due to decreasing
hormone levels (mainly oestrogen) after menopause (post-menopausal or type I
osteoporosis). This drop is followed by an age induced decrease in bone mass.

Eventually, osteoporosis manifests itself through a fracture. Regarding the evo-
lution of the life expectancy which indicates that in 2004 German women over
60 years had a life expectancy of 84 years and men over 60 years had a life ex-
pectancy of 80 years (Eisenmenger et al., 2006) an increasing amount of vertebral
fractures due to osteoporosis or other age dependent diseases can be expected.
This trend is further corroborated by the continuously increasing life expectancy
of newborns (Eisenmenger et al., 2006) which will lead to an increase in the life-
time risk of suffering a forearm, hip or vertebral fracture which was already 41%
in 2000 (Kanis, 2002).
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Lifetime Evolution of Bone Mass
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Figure 1.1: Bone mass evolution over age. Two distinct effects are visible for males and
females. In males, bone mass decreases almost linearly after reaching the peak
with approximately 30 years. In females, a severe drop due to decreasing
oestrogen levels occurs after the menopause. The figure was adapted from
different sources (Riggs and Melton III, 1983; Thomsen et al., 1986; Bonjour
et al., 1994; World Health Organization, 1994, 2003; Verhulp, 2006).

Nine million new fractures occur annually world wide (Johnell and Kanis, 2006).
Among these nine million fractures, 1.6 million hip fractures, 1.7 million forearm
fractures and 1.7 million clinical vertebral fractures could be distinguished. Over-
all 51% of these fractures occurred in Europe and North America. Furthermore,
51% of all fractures occur in women (Johnell and Kanis, 2006). The risk of suffer-
ing any type of fracture increases to 86% after a previous fracture history (Kanis
et al., 2004). It was shown that radius and vertebral fractures show the highest
prevalence as first fractures in post-menopausal women (Sontag and Krege, 2009).
Therefore, the diagnosis and treatment of vertebrae at risk of fracture or already
fractured vertebrae is important to initiate treatments that could possibly hinder a
subsequent fracture. However, the under-diagnosis of vertebral fractures is a major
problem with false-negative rates (undiagnosed and therefore untreated vertebral
fractures) of 45.2% in North America, 46.5% in Latin America and 29.5% in Eu-
rope/South Africa/Australia (Delmas et al., 2005).

Structure and Function of Vertebral Bone The central load bearing element of
the human skeleton is the spinal column. The spinal column without the sacral
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bones is usually made up of 24 individual vertebrae which are connected by in-
tervertebral discs, muscles and ligaments. As all bones, vertebrae provide support
for the body. In general, bones shape the skeleton and transfer loads to enable
movement. They provide protection for the large organs in the cranial, thoracal
and pelvic cavities. Besides being the central element for this skeletal protection,
the spinal column protects and houses the spinal cord, which enables the propa-
gation of nerves throughout the body. The red bone marrow located within the
vertebrae produces blood cells (haematopoiesis). In ageing bodies, red bone mar-
row is replaced by yellow bone marrow and the haematopoiesis is decreased. The
yellow marrow can be usually found in the medulla of long bones and serves as
fat reservoir. Vertebrae and all other bones serve as storage for minerals such as
calcium or important growth factors such as insulin like growth factors and bone
morphogenetic proteins.

Macro-anatomically bones can be roughly distinguished in irregular shaped
bones such as vertebrae, flat bones such as the cranial bones, and long bones
such as the femur. The irregular shaped bones and here especially the vertebrae,
the flat bones and the ends of the long bones usually consist of a trabecular core
within a cortical shell (Figure 1.2). Cortical and trabecular bone are build up essen-
tially the same. The bone matrix consists of approximately 10% water, 20% organic
material and 70% anorganic material. The anorganic material is mainly mineral
in form of hydroxyapatite. The organic material consists of approximately 95%
collagen type I and 5% proteoglycans and other non-collagenous proteins such as
Osteonectin, Osteopontin and Osteocalcin (Cowin, 2001). Cortical and trabecular
bone are macroscopically distinguishable over their bone volume fraction. The tra-
becular core shows a bone volume fraction of 5− 60% while cortical bone shows
a bone volume fraction of 80− 95% (Jee, 1983). The trabeculae vary from slender
rods to thick plates. Their shape and orientation is governed by the local me-
chanical environment. The orientation of trabeculae were related to stress trajec-
tories (Culmann’s crane1) in a homogeneous structure with similar geometry (von
Meyer, 1867; Wolff, 1870). This concept of the trabecular orientation following lo-
cal mechanical loads led to “Wolff’s Law” which describes the adaption of bone
to external loads (Wolff, 1892). The present ideas about the functional adaption of
bone follow the concept that it is governed by bone cells which are influenced by
their local strain state (Roux, 1881; Klein-Nulend and Bacabac, 2005).

The combination of organic and anorganic materials and cells makes bone a
living organ which is able to grow and heal itself. The bone tissue is constantly
remodelled by an equilibrium between bone resorption performed by osteoclasts

1The drawing of Culmann’s crane was depicted in Wolff’s original work about the inner archi-
tecture of bone (Wolff, 1870). The relation of stress trajectories to trabecular orientation was
probably done by Culmann based on a line drawing of trabecular orientation by von Meyer
(1867).
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Figure 1.2: Transversal, sagittal and coronal midplane images of a micro-computer tomog-
raphy (µCT) scan of a L4 vertebra of an 86 y old female donor are shown. The
difference in density and thickness between cortical bone and trabeculae is vis-
ible. The microscopic resolution of (30 µm)3 reveals that the morphological
main difference between cortical and trabecular bone is the respective porosity.

and bone modelling carried out by osteoblasts. A remodelling cycle starts with
the disposal of osteoclasts. These cells resorb bone using a local acid (Hydroxy-
Chloride Acid) environment (Kornak and Mundlos, 2003). Subsequently, the gen-
erated cavity is filled by osteoblasts with an organic matrix (osteoid) that is later
mineralised to form mature bone. During the disposal of new bone, some os-
teoblasts are trapped within the bone matrix and differentiate to osteocytes. Each
individual osteocyte is connected to other osteocytes or to bone lining cells on the
bone surface (flattened osteoblasts). The cell network enables the transmission of
mechanically stimulated cell signals to control the gain and loss of bone (Klein-
Nulend and Bacabac, 2005). This enables bone to adjust to external loads and
generate and maintain a structure that is optimised in shape and strength. This
yields a dominant orientation of trabeculae in superior – inferior direction in verte-
bral bodies (Figure 1.2). Deviations from this dominant direction are due to other
external load influences to the vertebral body such as muscle forces or age induced
changes in the double-s-shape of the spinal column. If the remodelling process is
not in an equilibrium state, the adaption to external loads is insufficiently and
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results in a weaker bone structure and reduced strength. The most severe distur-
bance of the remodelling cycle is called osteoporosis where an over-expression of
osteoclasts (Raisz, 2005) leads to higher bone resorption. Due to the higher ratio
of bone surface to bone volume (active surface for osteoclasts to attach), trabecular
bone is more vulnerable to bone resorption than cortical bone. Thus, the mechan-
ical properties of the trabecular core seem more important for the understanding
of vertebral fracture load.

A side note about vertebral fractures is helpful to develop an idea about the
course of these fractures and why certain characteristics should be investigated.
Vertebral fractures occur as Type A fracture (Magerl et al., 1994), i. e. vertebral body
compression without injured posterior structures, in over 60% of all cases (Magerl
et al., 1994; Reinhold et al., 2009). Most of the vertebral fractures were detected
in the thoraco-lumbar conjunction T10 to L1 (Magerl et al., 1994; Reinhold et al.,
2009). This is attributable to the different compliance of the thoracal and the lum-
bar spinal column which are due to the stiffening effect of the costae. Of these
type A fractures, 51% were wedge fractures, 17% biconcave fractures, 13% crush
fractures, 7% combined wedge and crush fractures, 6% combined wedge and bi-
concave fracture and 4% combined wedge crush biconcave fractures.

The fracture risk of vertebral bodies is dependent on the loading mode, the
previous load history and the trabecular bone conditions such as reduced density
or induced damage. A third of all vertebral fractures is caused by falls, 15% by
lifting heavy loads or traffic accidents and 50% are not relatable to single trau-
matic events (Silva, 2007). In the latter case vertebrae can show sinter processes
which indicate the accumulation of damage and permanent deformation (Keaveny
et al., 1994) in a cyclic fatigue fashion. Vertebrae can also accumulate substantial
damage after isolated overloads. The associated small permanent deformation is
not detectable in clinical radiographs but with a decrease in stiffness and strength
(Kopperdahl et al., 2000). This damage accumulation can increase the risk of frac-
ture (Fyhrie and Schaffler, 1994; Burr et al., 1997; Kopperdahl et al., 2000) and
finally lead to collapsing vertebrae. In addition, the ability of bone to repair oc-
curring damage decreases with age while at the same time bone microdamage
increases with age (Waldorff et al., 2007; Burr et al., 1997). A clear understanding
of the damage properties of vertebral trabecular bone is thus mandatory for the
prediction of fracture load.

Reloading of trabecular bone leads to severe loss of stiffness and accumulation
of residual strain (Zysset, 1994; Keaveny et al., 1994, 1999). Qualitatively, this dam-
age accumulation appears to be independent on site, species and density (Keaveny
et al., 1994; Zysset and Curnier, 1996; Kopperdahl et al., 2000). Cortical bone shows
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qualitatively similar damaging behaviour as trabecular bone (Fondrk et al., 1988;
Garcia et al., 2010). This suggested that similar damage mechanisms are present
at the nanometer level (Keaveny et al., 2001) were cortical and trabecular bone are
structural similar. Cracks and diffuse damage that accumulate within trabeculae
cause reductions in apparent modulus prior to failure of whole trabeculae (Wach-
tel and Keaveny, 1997). This was corroborated by findings that trabecular bone
accumulates damage already at small apparent strains lower than apparent ulti-
mate strain (Morgan et al., 2005). Trabecular damage leads then to the formation
of fracture bands or greater regions of fractured trabeculae (Moore and Gibson,
2001; Thurner et al., 2006) until overall failure. Thus, damage of trabecular bone
is a mixture of microcracking, diffuse damage and fractured trabeculae. It occurs
already at small deformation. In a healthy metabolism it is a stimulus for bone re-
modelling and repair (Martin, 2002; Lee et al., 2006). In an unhealthy metabolism
it increases the fracture susceptibility (Cooper, 1993; Burr et al., 1997; Mc Donnell
et al., 2007).

Finite Element (FE) models provide the possibility to study the mechanical be-
haviour of vertebrae and other spinal structures numerically in silico (Shirazi-Adl
et al., 1986; Crawford et al., 2003a; Schmidt et al., 2007; Chevalier et al., 2009).
The possibility to predict vertebral fracture risk from computer tomography (CT)
generated image data would be very useful for the management of patients with
osteoporosis. The identification of the most beneficial intervention site by find-
ing the vertebrae with the highest risk of fracture or a load threshold that should
be avoided during daily activities could be supported by CT-based anatomy spe-
cific FE models. Continuum level FE simulations of whole bones require effective
macroscopic material properties to accurately represent the mechanical behaviour
of vertebrae.

Constitutive continuum models have been developed to describe the mechani-
cal behaviour of trabecular and cortical bone including its specific bone mass and
the main orientation of its spatial distribution (Zysset, 2003). They were further
developed to include the irreversible damage and softening behaviour occurring
after overloading the bone (Zysset and Curnier, 1996; Garcia et al., 2009). These
material models can be included in FE simulations which could be used to im-
prove the determination of fracture load (Chevalier et al., 2009). However, those
material models depend critically on the quality of the input parameters. It was
found that the material properties of bone are site specific (Morgan and Keav-
eny, 2001; Morgan et al., 2003). Furthermore, it is known that they are distinctly
direction dependent (Cowin, 1985). Thus it is necessary to determine the input
parameters for FE simulations for the specific anatomic site of interest in different
directions. A major part of the vertebral load is borne by the cancellous core. It
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is known, that the cortical shell plays an important role in the uptake and sharing
of external compressive loads (Eswaran et al., 2006). How this holds for off axis
or multiaxial loads is unclear. However, since it constitutes the greatest part of
the vertebral volume, the load baring capabilities of the cancellous core take on a
key role for the mechanical resistance of whole vertebral bodies. Due to its hier-
archical nature (Rho et al., 1998), the macroscopic material behaviour of vertebral
bone especially the cancellous core may be dependent on the micromechanical
properties of the contained trabeculae (Zysset et al., 1999). Thus, it is necessary
to understand the mechanical behaviour of vertebral trabecular bone at different
length scales to properly incorporate the mechanical behaviour of vertebral bone
tissue in FE simulations.

The hierarchical structure of bone are (1) the macro-structure where trabecular
and cortical bone can be distinguished (Figure 1.2); (2) the microstructure from
10 to 500 µm with single trabeculae, osteons, Haversian channels; (3) the sub-
microstructure form 1 to 10 µm with single lamellae; (4) the nanostructure from a
few hundred nm to 1 µm with collagen fibrilla and mineral platelets; and (5) the
sub-nanostructure below a few hundred nm with molecular structure of the con-
stituent materials such as mineral, collagen, non-collagenous proteins (Rho et al.,
1998). These multiple scales constitute a hierarchically organised heterogeneous
and anisotropic structure. This means that vertebral bone shows load direction
dependent (anisotropic) behaviour over different length scales.

From a clinical point of view the determination of vertebral fracture load or
the mechanical behaviour after implantation shows of course a similar hierarchy,
which can be considered shifted upwards one scale (Figure 1.3). The hierarchy
starts at the patient level where sites such as the spinal column are of interest
for the deployment of treatments such as vertebroplasty, implants or the predic-
tion of fracture load. It than steps down to the patient specific anatomy of single
vertebrae. The mechanical behaviour of these is critically influenced by the under-
lying material properties, which vary spatially within the vertebral body. These
local material properties could be in turn influenced by the microscopic material
properties of single trabeculae. If simulations should be used for the determi-
nation of vertebral fracture load or the assessment of the mechanical impact of
spinal implants the used material properties need to reflect these multiscale na-
ture. No attempt has been made to scale up the mechanical behaviour starting at
the microscale and ending at the macroscale, which is necessary for simulations to
determine the vertebral fracture load.

The objectives of this cumulative PhD-thesis were set to form the basis for the
prediction of vertebral fracture load. Prevention of vertebral fractures necessitates
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Scales Influencing Macroscopic Material Properties

Macroscopic cm Mesoscopic mm Microscopic µm

Figure 1.3: Hierarchical scales affecting the mechanical competence of vertebral bones (1)
patient scale; (2) the macroscale with the spinal column as the site of in-
terest for treatment or analyses; (3) the mesoscale with single anatomy spe-
cific vertebral bodies which contain trabecular and cortical bone; (4) the up-
per microscale with locally heterogeneous trabecular bone; (5) the lower mi-
croscale with single trabeculae. First shows Michelangelo’s David, Wikipedia,
http://de.wikipedia.org/wiki/David_(Michelangelo).

the diagnosis of the weakest vertebrae in the spinal column. This necessitates
detailed knowledge of the mechanical properties of the trabecular core, since it
constitutes the major load bearing part of a vertebra. To reflect the multiscale
nature of vertebral trabecular bone this thesis investigated mechanical properties
from the micro- to the macro-scale. A combination of numerical and experimental
methods was used to address the following research questions:

(i.) The bone mineral density could serve as measure for the amount of bone
mass. However, it is known that the spatial orientation of vertebral trabecular
bone is the second critical independent variable characterising its mechanical
behaviour. Is it possible to detect the trabecular orientation from clinical CT
datasets?

(ii.) The macroscopic mechanical behaviour, morphologically mainly characterised
by bone volume fraction and trabecular orientation, may be influenced by
the microscopic mechanical properties such as stiffness. The question arises,
how big is the stiffness of the bone material of single trabeculae? How is it
distributed and how big are the directional differences?

(iii.) The micromechanical properties were determined on dried sections of tra-
becular bone. Thus, the experiments were maximally controllable but not
physiological. This initiated the investigation of the effects of rehydration.
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How big is the micromechanical stiffness of vertebral trabecular bone and
their distribution in a hydrated more physiological setting?

(iv.) Macroscopic stiffness of vertebral trabecular bone may be dominated by its
microscopic stiffness. Using the experimental results on the microscale, large
scale finite element models were set up. Can the macroscopic stiffness be
simulated in a hydrated setting and is it necessary to use specimen specific
micromechanical stiffness of vertebral trabecular bone?

(v.) Clinical research questions targeting the fracture load of vertebral bodies or
the behaviour of implants and their effects on the affected vertebrae neces-
sitate accurate knowledge about the macroscopic mechanical properties of
the vertebral trabecular core. Furthermore, it is important to know whether
the mechanisms leading to vertebral collapse are dependent on the load di-
rection. Is the damage evolution in cranial-caudal different from that in
transverse loading direction? Does the accumulation of damage depend on
loading mode?

These research questions have led to the peer reviewed publications which are
summarised in the following sections and attached to this manuscript. The first re-
search question addresses a practical question. It is necessary to show that trabec-
ular orientation can be determined using clinical CT scanners and settings without
additional effort. Otherwise it is not possible to use modern material models that
incorporate the trabecular orientation besides BMD for the determination of frac-
ture load.

The second and third research questions were mainly dedicated to the mate-
rial properties along a trabecula. However, the experiments were set up so that
the influences of age and gender on the micro-mechanical properties of vertebral
trabecular bone could be investigated.

The fourth research question aimed at the possibility to simulate macro-mechanical
properties if the specific micro-mechanical properties are known from experi-
ments. The study provided the opportunity to investigate the influence of the
variability of the micromechanical stiffness on the macromechanical properties of
vertebral trabecular bone. This indicated whether the macroscopic mechanical
properties are dominated by the micromechanical properties.

Finally, the fifth research question experimentally addressed the macroscopic
material behaviour of vertebral trabecular bone in the reversible and irreversible
load range. The damage properties investigated therein are crucial for the under-
standing of vertebral fracture load.
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Vertebral trabecular main direction

As published in: Wolfram, U., Schmitz, B., Heuer, F., Reinehr, M., Wilke, H.-J., 2009.
Vertebral Trabecular Main Direction can be Determined From Clinical CT Datasets Using
the Gradient Structure Tensor and not the Inertia Tensor — A Case Study. Journal of
Biomechanics 42 (10), 1390 — 1396. F

2.1 Introduction

Osteoporosis is a wide spread disease with one third of all women beyond their
menopause and a fifth of men above the age of 50 years suffering from it (Ran-
dell et al., 1995). The disease is characterised through a loss of bonemass, which
induces a decrease in mechanical performance and structural integrity. Thus, the
ability to withstand unusual loads diminishes (Karlsson et al., 2005). In vertebra
the incidence of fractures increases with age in both genders, which constitutes a
severe cost factor for health care systems (EFFO and NOF, 1997; Kanis and Johnell,
2005).

The gold standard of assessing the fracture risk of human vertebrae is the mea-
surement of bone mineral density (BMD) using for instance dual x-ray absorp-
tiometry (DEXA) (Ito et al., 1997) or quantitative computer tomography (qCT)
(Andresen et al., 2006). However, the measurement of BMD indicates osteoporosis
but not necessarily the specific fracture risk (Siris and Delmas, 2008). Patient spe-
cific Finite Element (FE) models would be a great improvement for the diagnosis
of vertebral fracture risk (Faulkner et al., 1991; Crawford et al., 2003a; Liebschner
et al., 2003; Crawford et al., 2003b). In these models, patient specificity is usually
incorporated using empirical relations between BMD of the trabecular structures
and their stiffness besides the specific vertebra geometry. The great advantage of
those relationships is that BMD can be measured easily in situ using qCT scans
(Crawford et al., 2003a; Helgason et al., 2008). It is known that the tissue hetero-
geneity and structural anisotropy (Goulet et al., 1994) cannot be expressed with
BMD alone (Jiang et al., 1998; Ulrich et al., 1999; Teo et al., 2007). It was further-
more found that the incorporation of the local anisotropy can improve explanatory
power of specific FE models of trabecular structures (Rietbergen et al., 1996, 1998;
Keaveny et al., 2001; Morgan et al., 2004). Different material models have been



Chapter 2 Vertebral trabecular main direction 11

proposed, which incorporate information about the anisotropy of trabecular bone
in addition to BMD using a second rank structure tensor (Zysset, 2003).

Classically, the structure tensor of trabecular bone is measured from µCT datasets
using for instance the mean intercept length (MMIL) concept (Whitehouse, 1974;
Harrigan and Mann, 1984; Odgaard, 1997). Unfortunately this method cannot be
applied to coarse resolutions or in situ datasets gained at adequate radiation doses,
because the phase boundaries of the bone and the marrow phase cannot be distin-
guished properly. Recent studies determined the anisotropy from high resolution
Magnetic Resonance datasets using autocorrelation analysis on clinically gained
datasets. These experiments were restricted to peripheral sites (Rotter et al., 2001;
Wald et al., 2007).

Rao and Schunk (1991) proposed the gradient structure tensor (MGST) to deter-
mine texture orientation. In a recent paper, Tabor and Rokita (2007) applied this
method to grey level images of explanted vertebrae submerged in water. Alter-
natively, Jähne (2002) proposes the usage of the inertia tensor (MIT) to compute
structure. The question remains which of the latter methods is applicable to deter-
mine vertebral trabecular structure in situ.

This study aimed to measure structure of human vertebral trabecular bone un-
der in situ conditions using clinically achievable resolutions and appropriate ra-
diation doses. Structure information of vertebrae derived from clinical datasets
using MGST and MIT were compared to those derived from µCT datasets at the
same locations using MMIL.

2.2 Material and Methods

To work in a setting as close as possible to the in vivo situation the experiments
were performed on a fresh 88 years old full body donor1. The donor could be re-
garded as osteoporotic according to the WHO recommendations with a T-Score of
-4.87 and a Z-Score of -1.39 (World Health Organization, 1994). A data acquisition
protocol was used to extract comparable datasets at different scan levels (Figure
2.1).

Scans in the in situ setting were performed using a clinical full body CT (Philips
Mi8000 IDT 16, Philips Medical Systems, Netherlands). Two basic protocols were
used in the in situ setting, a normal dose (ND) and a high dose (HD) routine.
Datasets at different radiation doses and resolutions were generated (Table 2.1).
The donor was positioned for thorax screening, i.e. the arms were laid back behind
the head so that they could not attenuate the x-rays.

Subsequent to the scans in the in situ setting, the spinal column was explanted
and dissected. Four representative vertebrae (T8, T10, T12, L2) were selected and

1Confirmation of the ethical board of Ulm University is ensured!
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ROIs
7. µCT of

PMMA

dissected vertebrae
3. clinical scans of

vertebrae in PMMA
2. dissect and mould1. clincial scans

of the donor

ROI

5. assign ROIs6. cut ROI

positions
slicing

4. vertebrae slicing

Figure 2.1: Chart of the data acquisition process. Four kinds of datasets were generated, a
normal and a high dose scan after step 1 of the whole spinal column, two high
dose scans of four dissected vertebrae after step 3 and a µCT scans of the ROIs
defined and dissected in step 5 and 6.

moulded in polymethyl methacrylate (PMMA) cylinders. These vertebra-PMMA
complexes were scanned again with the clinical CT using a high dose protocol
(HD512, Table 2.1).

Table 2.1: Protocol of the image acquisition. Scans in the in situ setting are evaluated with
respect to patient applicability using the dose length product (DLP) provided
by the scanner software. DLPs for the normal dose (ND) and high dose (HD)
scans are for a scan of the whole spinal column. The in situ settings are stan-
dard clinical routines used in daily practise. The in vitro settings in the clinical
scanner (HD512) are gained with a high dose routine.

Scan Resolution in µm DLP in cGy · cm CT setting

ND 365× 365× 500 639 Philips Mx8000 in situ
HD 365× 365× 500 1700 IDT 16 in situ

HD512 365× 365× 500 – Philips Mx8000 in vitro
µCT 30× 30× 30 – Stratec µ-Scope in vitro

Following these scans, the vertebrae were further processed by removing the su-
perior and inferior endplates with a high precision band saw (Exakt Apparatebau,
Norderstedt, Germany). Cutting positions were defined using the CT datasets of
the explanted vertebrae so that a 14 mm high slice was obtained (Figure 2.1, Step 4).
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Figure 2.2: Used structure tensors. Left, sketched ROIs and right, definition. On top
MIL which is regarded as gold standard. Here the orientation distribution is
gained by superimposing a virtual measurement grid in the µCT dataset. Sub-
sequently the number of intersections of the grid with bone-marrow interfaces
is determined for several directions ni. Dividing the grid length by this num-
ber gives the mean intercept length for ni. Fitting this to an ellipsoid yields the
MIL structure tensor. The middle shows the gradient structure tensor (GST).
Here the gradient vector is computed for every point in the gray value dataset.
Calculating the dyadic product and integrating over the whole ROI yields the
GST. Finally, the bottom line describes the inertia tensor. The gray values are
regarded as distributed mass points within the ROI.
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Three regions of interest (ROI) were defined on the superior face of each remain-
ing slice (Figure 2.1, Step 5). Subsequently, a photo was taken with a digital camera
(Olympus Camedia C-5060 Wide Zoom, Olympus Corporation, Tokyo, Japan). The
ROIs were dissected, delivering 12 hexahedral specimens of size 10× 10× 14 mm.
The specimens were cleaned from marrow using a pulsed water jet (Braun Oral-B
PC 8500 Oxyjet, Kronberg, Germany) and scanned in a µCT (XCT FAN Beam µ-
Scope, Stratec Medizintechnik GmbH, Pforzheim, Germany) at 30 µm resolution.

To allow for comparisons of structure measurements at the different scanning
levels, e.g. between the µCT and a clinical level, the datasets were aligned using
image registration algorithms (MatLab, The MathWorks, Natick, MA, USA).

The clinical datasets were considered noisy. Thus, it was necessary to investigate
the need of an image enhancement process in all steps of the data analysis. A co-
herence enhancing, nonlinear anisotropic diffusion process was chosen to reduce
noise and reconnect fragmentary resolved structures (Weickert, 1998). A diffu-
sion algorithm proposed by Brosper et al. (2005) was adopted and implemented
in MatLab. The system of partial differential equations derived from setting up
the diffusion process in every point of the datasets was modelled using a finite
volumes scheme and solved with a biconjugate gradients stabilised method. An
explicit Euler method was used for the time-integration. Three kinds of image
enhancements were performed, that are “plain”, “main” and “weickert”. The first
“plain” is simply no enhancement. The second “main” allows diffusion along the
main direction of the underlying structure. In the third “weickert”, the diffusion
process recognised whether the underlying structure was rod-, plate- or sphere-
like and allowed for cross diffusion in one, two or all directions (Weickert, 1998).

Three points along the longitudinal axis of each of the 12 hexahedral ROIs were
chosen to determine and compare structure through the different scan levels giving
36 measurement points. Cubic sub-ROIs of 6 mm edge length (Harrigan et al.,
1988) were defined around these points to determine MGST and MIT in the datasets
obtained with the clinical scanner. MMIL was determined solely at the µCT level
and served as standard against which MGST and MIT were compared in each scan
level (see Figure 2.2 for a description of the tensors).

The comparison was carried out by correlating the eigenvalues. Performance
with regard to main direction was tested by calculating the scalar product be-
tween the eigenvectors v of the structure tensors which point in trabecular main
direction. That means that if the scalar product between vMIL and vGST or vIT

was one, the eigenvectors pointed in the same direction. Thus, vGST or vIT respec-
tively determined from a clinical dataset can be considered to indicate the same
trabecular main direction as vMIL determined from the µCT scans.

To exclude a possible bias constituted through the fact that the trabecular struc-
tures are imaged with different resolutions, i.e. slice distance is greater than in-
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plane resolution, measurements are repeated on the same points but with arti-
ficially declined ROIs. The declination angles were determined using a random
number generator (MatLab) and held constant through the scan levels for each
ROI. Furthermore, the robustness of MGST and MIT in comparison to MMIL to
geometrical errors was tested by compressing the datasets prior to the rotation of
the ROIs and assuming an isotropic resolution.

Statistical tests were carried out using the Wilcoxon rank sum test in MatLab
with a significance level of p < 0.05.

2.3 Results

Eigenvalues determined with MGST or MIT did not correlate with those deter-
mined with MMIL p >> 0.05 and |r2 < 0.5|. See Figure 2.3 on the results for
the artificially declined datasets gained with the ND protocol. Scanning levels HD
and HD512 did not produce better results.

Comparing the trabecular main directions determined from the clinical scans to
those determined from the µCT datasets in 3D indicates that MGST and MIT can
predict the trabecular main direction determined with MMIL. The median of the
scalar products for the normal dose scans without image enhancement was ap-
proximately 0.98 for the comparison MMIL and MGST and 0.99 for the comparison
of MMIL and MIT (see Figure 2.4).

Performing the same comparisons but for the datasets with the artificially de-
clined ROIs shows that MGST in comparison to MMIL performed equally well as
in the situation before with a median of the scalar of 0.98. Comparing MIT and
MMIL for the artificially declined ROIs led to a drop in the median of the scalar
products to 0.5 (see Figure 2.4).

Comparing the datasets with isotropic resolution and artificially declined ROIs
shows a deterioration of the results. In case of comparing MGST to MMIL, the
median of the scalar products dropped to 0.95. As before MIT delivered results
not comparable to MMIL with a median of the scalar products of 0.33 (see Figure
2.4).

Evaluating the influence of the image enhancement process on the comparison
of trabecular main direction between MGST and MMIL shows that the medians of
the scalar products are equal to a significance level of p < 0.05. Except for the
“weickert”-diffusion which performed slightly worse. The diffusion did not lead
to a better prediction using MIT (see Figure 2.5)

Finally, comparing MGST to MMIL for the datasets gained with the normal dose
routine and the high dose routine showed that the scalar products tend to be
equal to a significance level of p < 0.05. Comparing the detection of the trabecular
main direction for the datasets generated after explanation of the vertebrae gives
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slightly better results. The medians tend to be equal as well to a significance level
of p < 0.05 (see Figure 2.6).
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Figure 2.3: Eigenvalues determined with GST (left) and IT (right) on the artificially de-
clined ND datasets compared to those determined using MIL on the µCT
datasets.
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Figure 2.4: Comparing the performance of MGST and MIT in the determination of the
trabecular main direction for the ND protocol. Top, for the artificially declined
datasets. Bottom left, for the initial datasets from the scanner. Bottom right,
evaluation of the effect of the grid compression on the artificially declined
datasets. Grid lines indicates a scalar product of 1.0.
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Figure 2.5: Effect of the diffusion process shown on the artificially declined datasets for the
ND protocol. Number of timesteps and timestep size was 2. Left, comparing
the eigenvector in trabecular main direction between MMIL and MGST. Right,
comparing the eigenvector in trabecular main direction between MMIL and
MIT. The grid line indicates a scalar product of 1.0.
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Figure 2.6: Comparing the effect of different dose levels on the determination of trabecular
main direction as well as the removal of the surrounding soft tissue (HD512)
on the artificially declined data. The grid line indicates a scalar product of 1.0.
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2.4 Discussion

A case study on a full body donor was performed to evaluate the possibility of
determining a local structure tensor of vertebral trabecular bone comparative to
MMIL in situ. For that MGST and MIT were compared to MMIL through different
scan levels. The study could show that it is possible to measure local trabecular
main orientation using CT routines from daily clinical practise. The results indicate
that the method of choice for in situ datasets is MGST instead of MIT.

Comparing the predicted eigenvalues in 3D reveals that neither of the alterna-
tive structure tensors can predict the eigenvalues determined by MMIL throughout
all scan levels (see Figure 2.3). In contrast, Tabor and Rokita (2007) could show that
the eigenvalues of MMIL can be correlated to those of MGST but at higher reso-
lutions. The bad performance in the present case could have been due the coarse
resolution of the clinical datasets (365 µm) since removal of the surrounding tissue
did not lead to any enhancement in the results. Furthermore, the donor could
be considered osteoporotic. Thus providing thinner bone with lower attenuation
capabilities and therefore weaker structural information as for instance a healthy
donor. Thus, the available information was too weak (see Figure 2.7).

Evaluating the prediction of the trabecular main direction, it can be concluded
that MGST is able to determine the direction calculated with MMIL but from in situ
datasets (see Figure 2.4 and Figure 2.7). Subjecting the alternative tensors to arti-
ficially declined ROIs and repeating the measurements revealed that MIT was not
able to predict this main direction. This indicates that the measurement method
is sensitive to the spacing of the grid and the way the grey values are distributed
therein. Introducing an error by compressing the datasets to an isotropic grid did
lead to a slight drop in the ability to predict trabecular main direction for MGST.
This is presumably due to a dislocation of the structure which was than compared
to µCT measurements where the resolution was isotropic.

The bad performance of MIT could be due to the fact that it measures a mass dis-
tribution which is dependent on the distance of the masses instead of an edge dis-
tribution as in the case of the other tensors. Thus, not determining the same kind
of anisotropy. A possible solution could be the usage of the magnitude or power
representation of the datasets in frequency space obtained with a Fast Fourier
Transformation (FFT) (Guerin and Elliott, 2006).

The small deviation of the scalar products from one for MGST could be caused
by noise introduced through the image generation process and slight positioning
inaccuracies due to the somewhat subjective image alignment process. The outlier
present in the results over all is somewhat unexplainable. Justified from the small
quartile range it could be due to a severe positioning error in a single measure-
ment.
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Figure 2.7: Illustration of the detection of the main direction for an exemplary region of
interest of the tilted datasets for different scanning protocols. Main direction
was determined for the midpoint of the region of interest. In the left figure, the
solid line represents the main direction computed with GST and the dashed
line the main direction computed with IT. In the right figure, the solid line
indicates the main direction computed using MIL. The figures are mid-plain
images of the region of interest under consideration.

An interesting finding of the study was that the image enhancement process
is unnecessary (see Figure 2.5). The “weickert” diffusion did even worsen the
results. Further, these data manipulations did not lead to any enhancement of
the predictive power of MIT. The diffusion process is meant to preserve edges.
Since the resolution is too low to adequately represent trabecular bone marrow
interfaces (Banse et al., 2001) this edge preservation could not evolve properly.

When comparing the artificially declined ROIs through the dose levels (see Fig-
ure 2.6) apparently the HD dose performs worse. This is presumably due to a
higher amount of noise generated by the higher radiation dose. Removing the soft
tissue leads to a clear improvement of the predictions.
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Altogether, knowing the trabecular main direction and assuming transverse
isotropy of vertebral trabecular bone (Cowin, 2001) with a degree of anisotropy
(DA) taken from the literature (Gong et al., 2006) it is possible to construct a fab-
ric tensor (Zysset, 2003) even though the eigenvalues are not correlative to those
found by MMIL. With λAX the eigenvalue in axial direction and λTR the eigenvalue
in transverse direction eigenvalues can be found using a norm.

3 = λAX + 2λTR (2.1)

DA =
λAX

λTR
(2.2)

In the case of transverse isotropy the choice of the transverse eigenvectors is arbi-
trary. Thus, knowing the eigenvector vAX in axial direction, the two other vectors
vTR from the eigenproblem can be taken. With the dyadic product ⊗, the fabric
tensor is than given as

M = λTR

(
1
vTR ⊗

1
vTR

)
+ λTR

(
2
vTR ⊗

2
vTR

)
+ λAX (vAX ⊗ vAX) (2.3)

A limitation of the study was the small number of 36 measurement points which
were obtained from one full body donor. The osteoporotic donor was a trade off. It
was advantageous because patient specific FE models would be applied after some
standard clinical method, e.g. DEXA, would indicate osteopenia. Hence, structure
needs than to be measured from bones showing weaker attenuation. However,
the weaker attenuation was presumably the reason for the bad prediction of the
eigenvalues (Tabor and Rokita, 2007).

Finally, the classical methods to determine structure such as MMIL (Odgaard,
1997) are not applicable to clinical datasets. This is because features necessary
for the measurements, e.g. bone marrow interfaces, are not visible anymore. This
study could show that the measurement of the trabecular main direction is possible
in an in situ setting. It was found that the method of choice would be MGST and
not MIT. Unfortunately, neither of the alternative measurement methods could
determine the eigenvalues correctly. However, knowing the main direction gives
the possibility to construct a specific fabric tensor for the in situ situation at least
for transverse isotropy for human vertebral trabecular bone.



Chapter 3

Transverse isotropic elastic properties of dry vertebral
trabecular bone matrix

As published in: Wolfram, U., Wilke, H.-J., Zysset, P. K., 2010. Transverse Isotropic
Elastic Properties of Vertebral Trabecular Bone Matrix Measured Using Microindentation
Under Dry Conditions (Effects of Age, Gender and Vertebral Level). Journal of Mechanics
in Medicine and Biology 10 (1), 139 — 150. F

3.1 Introduction

In the elderly, vertebral bodies have a high risk of fracture, most likely due to osteo-
porosis (Melton et al., 1992). New treatments such as vertebroplasty are available
to avoid such fractures. The surgeon however faces the problem to decide which
vertebra needs to be treated. Therefore a robust assessment of the fracture risk on
individual vertebrae is essential. In particular for trabecular bone, the assessment
of fracture risk relies on macroscopic material properties. Due to the hierarchical
nature of bone (Fratzl and Weinkamer, 2007) these parameters can only be derived
experimentally with a huge effort whereas others remain indeterminable (Rincón-
Kohli and Zysset, 2009).

Micro Finite Element (µFE ) models to obtain those material parameters were
developed to overcome these difficulties. Isotropic tissue properties were used for
the bone phase (Müller and Rüegsegger, 1995; Kabel et al., 1999; Niebur et al., 2000;
Rietbergen et al., 2003; Bayraktar et al., 2004a; Chevalier et al., 2007; Verhulp et al.,
2008). The results of these simulations are explicitly dependent on the quality of
the mechanical properties assigned to the trabeculae (Chevalier et al., 2007; Ver-
hulp et al., 2008; Zysset et al., 1999). Some studies tried to estimate isotropic elastic
trabecular properties inverse from macroscopic tests using µFE -models (Niebur
et al., 2000; Rietbergen et al., 1995). Since the ultrastructure of trabecular bone
indicates non-isotropic material behavior, information about the anisotropy at the
micro-level as well as its dependence on the microanatomical testing location could
help to improve these models (Fratzl and Weinkamer, 2007; Brennan et al., 2009;
Linden et al., 2001).

Depth-sensing indentation techniques (Oliver and Pharr, 1992) provide the pos-
sibility of directly determining directional elastic properties of trabecular bone ex-
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perimentally. Elastic moduli were determined on transverse sections of trabeculae
as well as in the longitudinal direction of tibial cortex (Rho et al., 1997). In subse-
quent studies two different material directions were tested (Rho et al., 1999; Roy
et al., 1999). Nanoindentation was compared to measurements of elastic properties
using acoustic microscopy of cortical bone (Turner et al., 1999). The authors found
that both techniques gave the same ratio of anisotropy EAX/ETR. For femoral
trabecular bone it could be shown that its elastic properties are independent of
age and gender at the lamellar-level (Hoffler et al., 2000b). Whether this holds
true for vertebral trabecular bone over all vertebral levels on a measurement scale
more suitable for µFE modelling remains unclear. A validation study (Hengs-
berger et al., 2003) proposed a method to determine the relative elastic moduli
along two orthogonal directions for bovine compact bone. This method was fur-
ther developed (Franzoso and Zysset, 2009) to determine an orthotropic elasticity
tensor for bone structural units. Subsequently it was used (Mazza et al., 2008)
to determine the transverse isotropic elastic properties of trabecular and cortical
vertebral bone. A recent review indicated that information about the transverse
isotropic properties of vertebral trabecular bone over a broad spectrum of verte-
brae is missing (Lewis and Nyman, 2008).

To assure robust reproducibility, the current study was concerned with deter-
mining transverse isotropic elastic properties at different microanatomical loca-
tions of dried vertebral trabecular bone obtained in different anatomic directions.
Since the mechanical competence of trabecular bone could be affected by donor
specific factors a particular focus was paid to the influence of the vertebral level,
gender of the donor and age of the donor. Hence it was hypothesized, i) indenta-
tion modulus (EIM) in axial direction is higher than in transverse direction. ii) EIM

in the inner region of trabeculae is higher than at the outside due to an expected
higher degree of mineralization. iii) the anatomic orientation of the trabeculae has
no effect on EIM. iv) EIM will increase with age due to an expected higher miner-
alization. v) EIM increases with vertebral level from thoracic to lumbar due to the
higher body mass borne and vi) gender has no effect on EIM.

3.2 Materials and Methods

A total of 104 human vertebrae from T1 to L3 of 50 male and 54 female donors
with a median age of 65 (21 – 94) years were used. Vertebrae were stored at −20◦C
immediately after harvest. The vertebrae were randomly assigned to three groups
indicating the normal of a cutting plane, cranial-caudal (CC), anterior-posterior
(AP) and dexter-sinister (DS). Vertebrae were cleaned of surrounding soft tissue
and the posterior structures were removed. Subsequently, a 5 mm thick slice was
obtained from the cancellous core using a high precision band saw (Exakt Appa-
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ratebau, Norderstedt, Germany). Samples were freed from marrow and defatted.
For this, samples were submerged in soapy water in an ultrasound bath (Sonorex,
BANDELIN electronic GmbH & Co. KG, Berlin, Germany) and exposed to ultra-
sound for five minutes at 35 kHz. Afterwards, the bath was left at 40◦C for 12

hours (Chevalier et al., 2007). Subsequently, the samples were again exposed to
ultrasound for five minutes at 35 kHz, rinsed with water and left to dry over night
at room temperature. Specimens were than embedded in epoxy resin (Struers
A/S, Ballerup, Denmark) and allowed to cure at room temperature (≈21◦C) for 12

hours. After curing the samples were polished with progressive grades of silicon
carbide paper (P1000, P1400, P2000, P2500, P4000 – Hermes Schleifmittel GmbH &
Co. KG, Hamburg, Germany) and finished with 1 µm diamond paste on a polish-
ing cloth. In-between each grinding step the samples were cleaned from grinding
particles in an distilled water ultrasound bath for seven minutes at 35 kHz. Inden-
tations were performed under dry conditions using a depth-sensing nanohardness
tester equipped with a pyramidal Berkovich diamond tip (CSM Instruments SA,
Peseux, Switzerland). Indentations were driven to a fixed depth of 2.5 µm to av-
erage the results over approximately three bone lamellae (Cowin, 2001). Load was
applied as a monotonic ramp at 120 mN

min followed by a hold time of 30 s to prevent
the influence of creep and an unloading ramp similar to the loading ramp. In a
parameter test prior to the measurements, this protocol was found to be a good
compromise between accuracy and test duration. Six regions of interest (ROI)

Microindentation SpecimenIndentation Location

IN

OUT Bone

Epoxy

Figure 3.1: Axial and transversal regions of interest for the indentations. Left, testing in
axial direction. Right, testing in transverse direction. The triangles are the
remaining impressions of the Berkovich indenter.

were defined per sample, three axial (AX) and three transversal (TR). These were
additionally divided into an inner (IN) and an outer (OUT) sub-ROI (Figure 4.2).
Three indents were performed within each sub-ROI to determine EIM giving 36

indentations per sample. Outer indentations were placed at approximately seven
times the testing depth away from the bone-epoxy interface to avoid embedding
effects (Hengsberger et al., 2002).
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Indentation moduli were defined as in Equation 3.1 with E the Young’s modulus
and ν the Poisson’s ratio of vertebral trabecular bone.

EIM =
E

(1− ν2)
(3.1)

To quantify and visualize the assumed transverse isotropy in a homogenized stiff-
ness-tensor for dried trabecular bone, an inverse scheme was used (Swadener and
Pharr, 2001; Franzoso and Zysset, 2009; Hengsberger et al., 2003). With respect to
the trabecular ultrastructure (Rokita et al., 2005) a fabric based representation of
the compliance tensor (Zysset, 2003) was used as target tensor. To set up these
tensors, indentation moduli were converted to elastic moduli choosing a Poisson’s
ratio of 0.32 for trabecular bone (Oliver and Pharr, 1992; Hengsberger et al., 2003).

E(M) =
3

∑
i=1

1
ε0m2

i
(Mi ⊗Mi)−

3

∑
i,j=1
i 6=j

ν0

ε0mimj

(
Mi ⊗Mj

)

+
3

∑
i,j=1
i 6=j

ε0

2µ0mimj

(
Mi⊗Mj

)
(3.2)

Here, M denotes the second order fabric tensor, mi the eigenvalue to its corre-
sponding eigenvector mi and Mi = mi ⊗mi the tensorial product so that M =
∑
i

mi (mi ⊗mi). The eigenvalues are normed so that ∑ mi = 3. This ensures

that the constants ε0, ν0 and µ0 have the physical meaning of Young’s modu-
lus, Poisson’s ratio and shear modulus for a virtual linear-elastic, isotropic ma-
terial (Zysset and Curnier, 1995). Hereby ν0 is chosen to be 0.32 (Rho et al.,
1997; Hengsberger et al., 2003). The tensorial product ⊗ is defined as A⊗B =
1
2

(
AikBjl + AilBjk

)
ei ⊗ ej ⊗ ek ⊗ el (Curnier et al., 1995). The virtual shear modu-

lus is assumed to be µ0 = ε0/2 (1 + ν0).
A series of those tensors was set up for different given ratios of the fabric eigen-

values m3/m1 ∈ {0.1, 0.2, . . . 5}. These tensors were used as input to the inverse
procedure (Franzoso and Zysset, 2009) to compute indentation moduli for a virtual

material with ε0
!= 1 in axial and transversal direction. Since

EIM (λ, S) = λEIM (S) , (3.3)

the ratios of the measured indentation moduli can be used to determine the correct
ratio of indentation moduli from the variation of the tensors to determine ε0. For
that a regressions was perfomed between the ratios of the eigenvalues mAX/mTR
and the ratio of the computed indentation moduli EIMc

AX /EIMc
TR . Using the correct
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ratio m̃AX/m̃TR the compliance tensor in Equation 3.2 was set up with ε0 = 1 to
compute a normalised axial indentation modulus ÊIMc

AX . Since Equation 3.2 gives
EAX/ETR = ε0m2

AX/ε0m2
TR and Equation 3.3 gives EIMc

AX /EIMc
TR = EIMm

AX /EIMm
TR , ε0

can than be determined from Equation 3.7.

(
EAX

ETR

) 1
2

=
mAX

mTR
=

(
EIMc

AX
EIMc

TR

)0.80501

(3.4)

⇒
ẼIMc

AX
ẼIMc

TR
=
(

EAX

ETR

) 1
2·0.80501

(3.5)

⇒ m̃AX

m̃TR
=

(
ẼIMc

AX
ẼIMc

TR

)0.80501

(3.6)

ε0 =
EIMm

AX

ÊIMc
AX

with ÊIMc
AX = f (ε0, m̃AX, m̃TR) (3.7)

Here, EIMm
AX is the measured indentation modulus in axial direction(Franzoso and

Zysset, 2009). The constant ε0 and the eigenvalues mAX and mTR are defined for
the inner and outer region. With this, two transverse isotropic stiffness tensors SIN

and SOUT for the inner and the outer part of a trabecula were defined (Figure 4.8).
Statistical analysis was performed with R (R Foundation for Statistical Comput-

ing) (Crawley, 2005). The datasets were freed from outliers defining any measure-
ment below the 0.5th percentile and above the 99.5th percentile as outliers. This
leads to a drop out of 38 from 3744 indentations. Prior to statistical analyses a
noticeable environmental effect arising through changing humidity (κ) and tem-
perature (τ) was removed from the data. This was done by performing a least
square fit of the indentation moduli to a bilinear, affine function:

EIM = aτ + bκ + cτκ + d
with (a, b, c, d) = (−1.3260, −0.9969, 0.0393, 46.9248) (3.8)

Subsequently, indentation moduli were adjusted to a reference humidity κre f =
42% and a reference temperature τre f = 21◦C. Age groups were set up so that
at least three groups with an equal number of donors could be distinguished.
Justified by equal variances (p >> 0.05) Analysis of variance (ANOVA) was used
for testing.
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3.3 Results

The remaining 3706 measurements were used for the analyses. Means of in-
dentation moduli ranged between 11.31 GPa and 15.80 GPa (Table 4.1). Signifi-
cant differences were found between the axial and transversal material directions
(p < 0.01). The axial direction showed higher indentation moduli than the trans-
verse directions (Figure 3.2 and Table 4.1). With respect to the inner and outer
testing locations (IN, OUT), significant differences were found (p < 0.01), with
higher indentation moduli for the inner regions (Figure 3.2). The ratios IN/OUT
of the indentation moduli ranged in-between 1.05 and 1.12 (Table 4.1).

Table 3.1: The table shows the ratios of the means of the indentation moduli ± their co-
efficient of variation for the inner (IN) and peripheral (OUT) regions of interest
as well as for indentations on axial (AX) and transverse (TR) cross sections of
trabeculae. The line mean shows the means of the ratios over the anatomic di-
rections. (See Figure 4.2 for a visualization of the test regions.)

INAX/OUTAX INTR/OUTTR AXIN/TRIN AXOUT/TROUT

AP 15.28(±0.19)
13.74(±0.23) = 1.11 12.63(±0.19)

11.31(±0.2) = 1.12 15.28(±0.19)
12.63(±0.19) = 1.21 13.74(±0.23)

11.31(±0.2) = 1.21

CC 15.80(±0.18)
15.05(±0.18) = 1.05 12.44(±0.17)

11.84(±0.2) = 1.05 15.80(±0.18)
12.44(±0.17) = 1.27 15.05(±0.18)

11.84(±0.2) = 1.27

DS 14.52(±0.21)
13.48(±0.23) = 1.08 12.22(±0.18)

11.39(±0.19) = 1.07 14.52(±0.21)
12.22(±0.18) = 1.19 13.48(±0.23)

11.39(±0.19) = 1.18

mean 1.08 1.08 1.22 1.22

The anatomic direction showed significant differences in the moduli. Here, the
cranial-caudal direction showed the highest stiffness EIM

CC = 13.80 GPa (p < 0.01)
(Figure 3.2). The factor combination anatomic versus material direction revealed
significant differences for the cranial-caudal direction in the transverse material
direction (p < 0.01) but not for dexter-sinister and anterior-posterior (Figure 3.2).
Removing the data in the cranial-caudal direction from the analysis and re-per-
forming ANOVA led to a moderate difference between stiffness in the remaining
anatomic directions EIM

AP = 13.24 GPa and EIM
DS = 12.90 GPa. The other factors

remained significantly different p < 0.01 (Figure 3.2).
Gender did not show a significant influence. There was no difference in the in-

dentation moduli between males and females (p > 0.05). The factors material di-
rection, indentation location and anatomic direction remained significantly differ-
ent p < 0.01 after the categorical variable gender was removed from the ANOVA
(Figure 3.3).

Evaluating the indentation results with regard to age did not show any influ-
ence. There was no significant difference between the defined age groups p > 0.5
(Figure 3.4).
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Figure 3.2: Indentation moduli for the different test regions as depicted in Figure 4.2. Top,
stiffness is higher when testing on axial than on transverse cross-sections. Fur-
thermore, stiffness is higher when testing in the core (in) compared to the
periphery (out) of trabeculae. Bottom line, moderate differences were detected
when testing in different anatomical directions for both the material directions
(axial – transverse) and the micro-anatomicals location (in – out). The figure
depicts means of elastic moduli in GPa. The error bars denote ± 1 standard
deviation and the asterisk marks significance to p < 0.05.
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Figure 3.3: No dependence on gender was found for the indentation modulus of vertebral
trabecular bone matrix. The figure shows means of indentation moduli for
both male (m) and female (f). The error bars denote ± 1 standard deviation.
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Figure 3.4: Indentation modulus of vertebral trabecular bone matrix is independent of age
as measured for three age groups. The figure shows means of the indentation
moduli for three age groups having a balanced number of donors. The error
bars denote ± 1 standard deviation.

The vertebral level showed a weak but insignificant correlation (p = 0.073 and
r2 ≈ 0.17

)
with the indentation moduli (Figure 4.5). This could indicate that tra-

becular bone in the lumbar levels is stiffer than the thoracic levels.
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Figure 3.5: A weak but insignificant correlation between indentation modulus and verte-
bral level from the first thoracic (T1) to the third lumbar (L3) vertebra could
indicate a dependence of stiffness of vertebral trabecular bone matrix on the
vertebral level. The figure shows means of indentation moduli of each vertebral
level. The error bars denote ± 1 standard deviation.

The mean indentation moduli in axial and transverse material direction were
used to quantified and visualize the assumed transverse isotropy. Differences are
noticeable in two stiffness tensors for the inner and outer trabecular regions (Fig-
ure 4.8).
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Figure 3.6: Visualization of the two constructed stiffness tensors. To set up these stiff-
ness tensors, indentation moduli were converted to elastic moduli assuming a
Poisson’s ratio of 0.32

27 12. Left the inner trabecular regions. Right the outer
trabecular regions. The shape depicts the elongation modulus and the color
encodes the bulk modulus11.

3.4 Discussion

In agreement with hypothesis i), it was found that vertebral trabeculae exert a 1.18

to 1.27 times higher stiffness in the axial than in the transverse direction. Regard-
ing hypothesis ii), it could be shown that the stiffness in the inner region of a
trabecula is 1.05 to 1.12 times higher than at its periphery. Unexpectedly, a signifi-
cant difference in the stiffnesses of the samples obtained in the different anatomic
directions was found. This disagrees with hypothesis iii). In disagreement to
hypothesis iv), age had no effect on the indentation moduli. The vertebral level
did not significantly influence the indentation moduli as proposed in hypothesis
v). Finally, gender did not show any effect on the indentation results confirming
hypothesis vi).

The overall mean value for the moduli found in this study was higher than
values given by Hoffler et al. (2000a) but lower than those given by Rho et al.
(1997, 1999). This may be due to environmental factors such as wet indentation,
different preparation and testing protocols as well as different indentation depths.
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However, our results lay in-between those found for wet indentation (Hoffler et al.,
2000a) and those for dry indented but alcohol dehydrated specimens (Rho et al.,
1997, 1999) indicating that our results were in an acceptable range.

The ratios of anisotropy EIM
AX/EIM

TR for trabecular bone are in good agreement
with Rho et al. (1999) especially for the cranial-caudal direction. This ratio was
found to be lower for the samples cut in the transverse anatomic directions. In
contrast, the ratios of moduli between the inner and outer regions EIM

IN /EIM
OUT

were higher in the samples obtained in the transverse anatomic direction than in
the cranial-caudal direction. However, both ratios EIM

AX/EIM
TR and EIM

IN /EIM
OUT were

equal for AX/TR and IN/OUT respectively when averaging over the anatomic
directions (Table 4.1). Altogether the ratios EIM

IN /EIM
OUT were lower than EIM

AX/EIM
TR

indicating that the anisotropy is more important than the inhomogeneous miner-
alization caused by the remodelling areas (Figure 3.2).

Unexpectedly, a higher stiffness was found in samples extracted from the cranial-
caudal direction. Even though significant, the mean differences are moderate
EIM

AP = 13.24 GPa, EIM
CC = 13.79GPa, EIM

DS = 12.90 GPa. Judging from the axial in-
dentations in all three anatomic directions the difference in the samples extracted
in the transverse directions are negligible. The higher stiffness in the cranial-caudal
direction could be due to a higher mineralization in this direction. However, since
the trabecular grid in a vertebral body is not perfectly orthogonal, this difference
is most likely introduced through better aligned sections of the trabeculae in the
cranial-caudal direction giving better sections. Because of this the indentations in
CC are more axially aligned than in the samples from the transverse directions.
This presumably leads to slightly higher indentation moduli there. The difference
in stiffness was less obvious when regarding solely the indents on the transverse
trabecula. This may be due to the fact, that the possible misalignment is not as
severe as in the axial case. Furthermore, even though care was taken to visually
identify the transverse middle cross section of a trabecula errors in identifying tra-
beculae with a cross section exactly in the middle could have occurred. If not in
the middle, the possibility of indentations placed more towards the periphery of
the sectioned trabecula arises. Thus, slight errors in determining the same cross
section for all trabeculae could have caused greater noise in the results.

Gender and age did not show a significant difference which corroborates the
findings in femoral trabecular bone (Hoffler et al., 2000b). Thus, Hypothesis iv)
can be rejected and v) can be accepted. The lack of an effect of age may indicate
that the alteration of macroscopic mechanical competence of vertebral trabecular
bone with age (Karlsson et al., 2005) is due to structural changes such as thinning
and not accompanied by decreasing material properties of the trabecular tissue
at the micro-level. Presumably, the remodelling site is moved towards the center,
keeping the overall ratio of material composition the same. The lack of a gender
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effect suggests that vertebral trabecular bone composition is equal for males and
females at the micro-level.

The vertebral level only weakly explained the variation in modulus
(
r2 ≈ 0.17,

p = 0.073). However, the trend could indicate that trabecular tissue is stiffer in
lumbar vertebrae. The higher mineralization and thus the higher stiffness could
be due to a constant trabecular thickness throughout the thoracal and lumbar
vertebral levels (Banse et al., 2001).

The fabric based representation of the stiffness tensor used to quantify and vi-
sualize the transverse isotropy was justified by the trabecular ultrastructure. This
consists of a mineralized collagen network with a preferential texture along the
longitudinal axis of a trabecula (Weiner et al., 1997; Jaschouz et al., 2003; Rokita
et al., 2005). Thus allowing the fabric based stiffness representation.

The chosen embedding techniques should not have had any influence on the
results for the dry indentation, since the epoxy cures within 12 hours. Thus, no
infiltration in a histological sense should have occurred (Mittra et al., 2006). How-
ever, to avoid possible influences of the bone-epoxy interface, outer indentations
were placed so that the indents were about seven times the indentation depth away
from the boundary (Hengsberger et al., 2002). This is approximately the diameter
of the projected area of contact of the Berkovich indenter used.

Regarding the absolute stiffness values with respect to physiologic results, the
major limitation of this study were the dry indentation conditions. Since collagen
tends to shrink when dried, changed material properties could be expected. How-
ever, it is unclear whether rehydration would have an impact on the anisotropy or
on the different results from inner and outer ROIs. Regarding the other factors,
such as the influence of age, gender and vertebral level, it is also of interest whether
these would change when testing wet. It is usual to perform the indentation tests
rehydrated to obtain results under more physiological conditions (Bushby et al.,
2004). However, we aimed for quantifying anisotropy rather than physiological
stiffness values. The great advantage of testing under dry conditions however is
the good reproducibility of the tests as indicated by the low coefficients of varia-
tion in Table 4.1. These do as well reflect the sufficient number of specimens used
for the statistics (Sachs, 2006).

This study provided qualitative and quantitative insights into the transverse
isotropic material properties of vertebral trabecular bone with a particular focus
on age, gender, vertebral level and anatomic direction. Transverse isotropy could
be quantified and visualized in terms of stiffness tensors for the inner and the
outer region of trabeculae. In particular, the quantitative results could help to im-
prove numerical models of trabecular bone to determine macroscopic mechanical
properties using numerical simulations.



Chapter 4

Rehydration affects the elastic properties of vertebral
trabecular bone

As published in: Wolfram, U., Wilke, H.-J., Zysset, P. K., 2010. Rehydration of Verte-
bral Trabecular Bone: Influences on its Anisotropy, its Stiffness and the Indentation Work
with a View to Age, Gender and Vertebral Level. Bone 46 (2), 348 – 354. F

4.1 Introduction

Vertebral bodies show a high risk of fracture in the elderly which is most likely
due to osteoporosis (Melton et al., 1992). A more sophisticated diagnosis could
help to deploy treatments more specifically which in turn could possibly prevent
those vertebral fractures. This, however, necessitates a robust assessment of the
fracture risk of single vertebrae. A major part of the vertebral load is borne by
the cancellous core. Thus, its macroscopic material properties play an important
role in the assessment of fracture risk. Due to the hierarchical nature of bone (Rho
et al., 1998), this macroscopic material behaviour of the cancellous core is depen-
dent on the micromechanical properties of the contained trabeculae (Zysset et al.,
1999). Their micromechanical properties are in turn dependent on their ultrastruc-
ture which shows a preferential texture along the longitudinal axis of a trabec-
ula (Jaschouz et al., 2003; Rokita et al., 2005; Weiner et al., 1997). Furthermore,
these orientation dependent micromechanical properties are affected by a constant
remodelling process on the trabecular surface with a slowly continuing mineral-
isation (Birkenhäger-Frenkel et al., 1993) after remodelling. Since the trabecular
core is unaffected, this causes a nonuniform mineral distribution over the trabec-
ular cross-section (Linden et al., 2001; Roschger et al., 2008). Thus, the trabecular
material properties vary over its cross-section and should be considered at least
linear elastic transverse isotropic along the longitudinal direction of the trabec-
ula. However, trabeculae are often regarded as homogeneous, isotropic and linear
elastic in the literature (Bayraktar et al., 2004a; Chevalier et al., 2007; Kabel et al.,
1999; Niebur et al., 2000; Rietbergen et al., 2003, 1995; Verhulp et al., 2008). This is
probably due to the fact that the aforementioned nonuniform texture necessitates
a high spatial resolution to assess the degree of mineralisation and the anisotropic
material properties.
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Such a high spatial resolution can be provided by depth-sensing indentation
techniques (Oliver and Pharr, 1992) which give the possibility to determine direc-
tional elastic properties of trabecular bone directly. Using these techniques the
elastic properties on longitudinal and transverse sections of alcohol dehydrated
trabecular bone and tibial cortex were determined (Rho et al., 1999, 1997; Roy et al.,
1999). Higher elastic moduli where found for the longitudinal direction. A study
comparing acoustic microscopy and nanoindentation (Turner et al., 1999) found
that both measurements gave the same ratio of elastic moduli measured in axial
direction (EAX) to elastic moduli measured in transverse direction (ETR) but that E
measured using acoustic microscopy was 20% lower. The authors argued that this
was due to the fact that the specimens for acoustic microscopy were allowed to
rehydrate prior to testing. This was corroborated when comparing nanoindenta-
tion under wet and dry testing conditions (Hengsberger et al., 2002; Hoffler et al.,
2005).

A validation study (Hengsberger et al., 2003) proposed a method which allows
the determination of elastic moduli along two orthogonal axes. The procedure was
further developed to determine an orthotropic elasticity tensor for secondary os-
teons (Franzoso and Zysset, 2009). This scheme was used (Wolfram et al., 2010b) to
determine transverse isotropic elasticity tensors for dried trabecular bone both for
its centre and its periphery. This confirmed findings on sheep (Brennan et al., 2009)
regarding different elastic moduli between centre and periphery. Furthermore, it
was confirmed that the elastic moduli of dried vertebral trabecular bone do not
depend on age and gender which was found previously for femoral trabecular
bone (Hoffler et al., 2000b).

A recent review on nanoindentation (Lewis and Nyman, 2008) points out that
the state of hydration of the specimens is crucial to obtain more physiological
results. Clearly, results from dried vertebral trabecular bone are far off any physi-
ological meaning. This review indicates furthermore a need for more information
about the anisotropic elastic properties of vertebral trabecular bone over a broad
spectrum of vertebrae obtained under more physiologic, i. e. wet, indentation con-
ditions. The effect of rehydration on the anisotropy and the indentation work of
vertebral trabecular bone is unclear. Besides this, the absolute values for the elastic
moduli and the indentation work for vertebral trabecular bone obtained under wet
indentation conditions and the impact of rehydration on factors such as donor age,
gender and vertebral level could be of interest.

Thus, the present study aims to investigate the effect of rehydration in a con-
joined statistics comparing results from dry and wet indentation. Furthermore,
more physiological elastic moduli for human vertebral trabecular bone as well as
the indentation work for a certain indentation protocol are provided. It was hy-
pothesised that, i) E will be lowered by rehydration. ii) the ratio of E obtained in
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axial to E obtained in transverse indentation direction will increase under wet con-
ditions due to different swelling modes of the cross-sections. iii) It is expected that
a lower mineralisation and therefore a higher collagen content leads to a greater
impact of the rehydration. Thus, the ratio between E measured in the core and
the periphery of trabeculae will increase under wet conditions. Rehydration will
not change the effects of iv) gender, v) age, vi) vertebral level and vii) anatomic
direction on E in comparison to tests under dry conditions. viii) The elastic and
dissipated indentation work W will be affected qualitatively in a similar fashion
than E.

4.2 Material and Methods

Test specimens were obtained from a set of 104 human vertebrae. This set con-
sisted of 50 male and 54 female vertebrae with a mean age of 65 (range 21 – 94)
and vertebral levels from T1 to L3. The vertebrae were randomly assigned to three
anatomical testing groups indicating the normal of a cutting plane, cranial-caudal
(CC), anterior-posterior (AP) and dexter-sinister (DS) and cleaned from surround-
ing soft tissue. To compare the effects of rehydration on the indentation results,
raw dry indentation data was taken from a previous study (Wolfram et al., 2010b)
on samples obtained from the same set of vertebrae which underwent the same
preparation protocol. For the wet indentations, a second 5 mm thick slice was
cut per vertebra with a high precision band saw (Exakt Apparatebau, Norderst-
edt, Germany). The samples were submerged in soap water in an ultrasound bath
(Sonorex, BANDELIN electronic GmbH & Co. KG, Berlin, Germany) and exposed
to ultrasound for five minutes at 35 kHz. The bath was left at 40◦C for 12 h (Cheva-
lier et al., 2007). Afterwards, the samples were exposed to ultrasound at 35 kHz
for five minutes, rinsed with water and left for drying over night. Specimens were
then embedded in epoxy resin (Struers A/S, Ballerup, Denmark) and allowed to
cure at room temperature (≈21◦C) for 12 h. After curing, the samples were pol-
ished with progressive grades of silicon carbide paper (P1000, P1400, P2000, P2500,
P4000 – Hermes Schleifmittel GmbH & Co. KG, Hamburg, Germany) and finished
with 1 µm diamond paste on a polishing cloth. Between each grinding step the
samples were cleaned in a distilled water ultrasound bath for seven minutes at
35 kHz. Prior to testing, specimens were rehydrated for 1.5 h in 99% saturated
Hank’s Balanced Salt Solution (HBSS). For the wet tests the samples were sub-
merged in HBSS so that they were covered by an approximately 3 mm thick layer
of HBSS. Wet indentation was performed using a depth-sensing nanohardness
tester equipped with a pyramidal Berkovich diamond tip and a wet cell (CSM
Instruments SA, Peseux, Switzerland, Figure 4.1). Indentations were driven to a
depth of 2.5 µm. Load was applied as a monotonic ramp at 120 mN

min followed by a
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Figure 4.1: The figure shows a sketch of the used wet cell (left) and illustrates the determi-
nation of the indentation work (right) with W total energy, We elastic and Wd

dissipated energy.

hold time of 30 s to prevent the influence of creep and an unloading ramp similar
to the loading ramp. Six regions of interest (ROI) were defined, three in axial (AX)
and three in transverse indentation direction (TR). These were further divided in
an inner (IN) and an outer (OUT) subregion. Per subregion, three indents were
performed to determine the elastic modulus E and the indentation work W giving
36 indentations per sample (Figure 4.2). Outer indents were placed at approxi-
mately seven times the testing depth away from the bone-epoxy interface to avoid
embedding effects (Hengsberger et al., 2002; Mittra et al., 2006).

Microindentation SpecimenIndentation Location

IN

OUT Bone

Epoxy

Figure 4.2: The figure shows the regions of interest (ROI) for the indentation tests. A ROI
in axial indentation direction is depicted on the left and a ROI in transversal
indentation direction on the right.

Indentation work (W) was determined numerically from the force displacement
curves using a trapezoidal integration rule (Kiusalaas, 2005). Integration was per-
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formed along the loading part up to the end of the hold time and the elastic en-
ergy (We) was obtained by integrating over the unloading part. Dissipated energy(
Wd) was derived by subtracting We from W (Figure 4.1).

To quantify and visualise the assumed transverse isotropy in a homogenised
stiffness-tensor, an inverse scheme was used (Swadener and Pharr, 2001; Fran-
zoso and Zysset, 2009; Hengsberger et al., 2003). With respect to the trabecular
ultrastructure (Rokita et al., 2005) a fabric based representation of the compliance
tensor (Zysset, 2003) was used as target tensor choosing a Poisson’s ratio of 0.32 for
trabecular bone (Oliver and Pharr, 1992; Hengsberger et al., 2003). Two transverse
isotropic stiffness-tensors Swet and Sdry for wet and dry indentation conditions
were defined (Figure 4.1).

Statistical analysis was performed with R (R Foundation for Statistical Comput-
ing, Crawley (2005)). Contrary to the study which delivered the raw data under
dry indentation conditions, datasets were freed from outliers defining any mea-
surement with a modulus below the 2.5th percentile and above the 97.5th percentile
as outliers to obtain a robust comparison. The results for dry indentations were
recomputed for comparison. Age groups were set up so that three groups with a
balanced amount of donors could be distinguished. Justified by equal variances
(p� 0.05), Analysis of Variance (ANOVA) was used for testing and a significance
level of p = 0.05 was chosen.

4.3 Results

All together 7488 indentations were performed of which 7114 were used for the
comparison of wet and dry measurements after removing outliers. Means of elastic
moduli measured in wet indentation lay between 6.59 GPa and 12.04 GPa and
were significantly lower than those found for dry indentation (p < 0.05). Wet
mean elastic modulus Ewet was ≈ 29% lower than dry mean elastic modulus Edry.
Coefficients of variation were on average 1.69 times higher under wet compared to
dry indentation conditions (Table 4.1, Figure 4.3).

Significant differences were found between tests in axial and transverse indenta-
tion directions (p < 0.05) before and after rehydration. Elastic moduli in axial were
higher than in transverse indentation direction with increased ratios of AX/TR for
wet indentation conditions (Figure 4.3). The ratios AX/TR ranged from 1.16 to 1.23

for dry and 1.24 to 1.56 for wet indentations (Table 4.1). Elastic moduli from the
inner and outer testing locations showed significant differences for dry and wet in-
dentation conditions (p < 0.05). The elastic moduli in the inner region were higher
for both indentation conditions (Figure 4.3). The ratios of IN/OUT ranged from
1.03 to 1.08 for dry and 1.09 to 1.29 for wet indentation conditions (Table 4.1). In
dry testing conditions the ratios of elastic moduli INAX/OUTAX and INTR/OUTTR
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Figure 4.3: Means of elastic moduli for the two testing conditions “wet” and “dry” and
the different indentation locations as shown in Figure 4.2. Top left, overall
means of elastic moduli in dry and wet indentation. Top right, combination of
material direction and testing condition against elastic modulus. Bottom left,
combination of testing condition and indentation location against elastic mod-
ulus. Bottom right, combination of testing condition and anatomic direction
against elastic modulus. The whiskers denote ±1 standard deviation.

stayed the same when averaging over the anatomic directions. So do the ratios
AXIN/TRIN and AXOUT/TROUT. For wet testing conditions, these ratios were all
different and were increasing from INAX/OUTAX to INTR/OUTTR to AXIN/TRIN
to AXOUT/TROUT (Table 4.1).

The differences in the anatomic directions persisted in wet indentation (p < 0.05)
in a similar fashion than in dry indentation with the highest stiffness in cranial-
caudal direction ECC = 9.65 GPa (Figure 4.3).

Rehydration of the specimens did not affect the independence of the elastic mod-
uli on gender (pwet = 0.54, pdry = 0.13

)
. The same held true for age (Figure 4.4).

No difference could be found between the age groups before and after rehydration
(pwet = 0.28, pdry = 0.41

)
.

The weak but significant correlation between elastic moduli and vertebral level
found for dry indentations

(
pdry = 0.009, r2

dry = 0.38
)

was lower in the wet case
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Table 4.1: The table compares the results of wet (top) and dry (bottom) indentations. Elas-
tic moduli are given in GPa. Ratios of the means of the elastic moduli for the in-
ner (IN) and peripheral (OUT) indentation regions as well as for indents in axial
(AX) and in transverse indentation direction (TR) are shown. The line “mean”
indicates the means of the ratios over the anatomic directions. See Figure 4.2
for a sketch of the indentation locations and Figure 4.8 for the stiffness-tensors
constructed with these results.

Wet Indentation:

INAX/OUTAX INTR/OUTTR AXIN/TRIN AXOUT/TROUT

AP 10.99(±0.23)
9.76(±0.27) = 1.13 8.84(±0.3)

6.87(±0.34) = 1.29 10.99(±0.23)
8.84(±0.30) = 1.24 9.76(±0.27)

6.87(±0.34) = 1.42

CC 12.04(±0.19)
11.01(±0.21) = 1.09 8.54(±0.31)

7.07(±0.34) = 1.21 12.04(±0.19)
8.54(±0.31) = 1.41 11.01(±0.21)

7.07(±0.34) = 1.56

DS 10.53(±0.25)
9.43(±0.29) = 1.12 7.88(±0.31)

6.59(±0.32) = 1.20 10.53(±0.25)
7.88(±0.31) = 1.34 9.43(±0.29)

6.59(±0.32) = 1.43

mean 1.11 1.23 1.33 1.47

Dry Indentation:

INAX/OUTAX INTR/OUTTR AXIN/TRIN AXOUT/TROUT

AP 14.48(±0.16)
13.49(±0.19) = 1.07 12.46(±0.16)

11.51(±0.16) = 1.08 14.48(±0.16)
12.46(±0.16) = 1.16 13.49(±0.19)

11.51(±0.16) = 1.17

CC 15.00(±0.14)
14.60(±0.15) = 1.03 12.36(±0.15)

11.86(±0.17) = 1.04 15.00(±0.14)
12.36(±0.15) = 1.21 14.60(±0.15)

11.86(±0.17) = 1.23

DS 13.24(±0.20)
12.64(±0.19) = 1.05 11.23(±0.16)

10.65(±0.16) = 1.05 13.24(±0.20)
11.23(±0.16) = 1.18 12.64(±0.19)

10.65(±0.16) = 1.19

mean 1.05 1.06 1.18 1.20

(pwet = 0.09, r2
wet = 0.14

)
when regarding indentations in transverse direction.

(Figure 4.5).
Dry elastic energy was 1.16 times higher than wet elastic energy (p < 0.05)

whereas dry dissipated energy was 1.30 times higher than wet dissipated energy
(p < 0.05). No significant difference between the elastic energy in axial and in
transverse indentation direction could be found for wet or dry indentation con-
ditions (p > 0.5). The dissipated energy showed significant differences between
indentations in axial and transverse indentation direction (p < 0.05). Significant
differences (p < 0.05) for both elastic and dissipated energy were found when
comparing indentations from the core and the periphery for both indentation con-
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means of elastic moduli obtained in transverse indentation direction over the
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ditions (Figure 4.6). Except for the comparison of the elastic energy in axial and
transverse direction rehydration increased the ratios of the mean indentation work
(Table 4.2). No difference could be found for dry or wet indentation conditions
in the elastic or dissipated energy (p > 0.05) with respect to gender (Figure 4.7).
Elastic and dissipated energies increased with age under wet indentation condi-
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tions (p < 0.05). In the dry case, elastic energy showed significant differences
(p < 0.05) but not dissipated energy (Figure 4.7).

Table 4.2: The table compares the indentation energies of wet (top) and dry (bottom) in-
dentations. Elastic (We) and dissipated

(
Wd) indentation energy is given in

mN ·µm plus minus their respective coefficient of variation. Ratios of the means
of the elastic and dissipated energy are given in the same way as the elastic
moduli, that is, for the inner (IN) and peripheral (OUT) indentation regions as
well as for indents in axial (AX) and in transverse indentation direction (TR)
separately. See Figure 4.2 for a sketch of the indentation locations as well as the
regions used to compute the indentation work.

Wet Indentation:

INAX/OUTAX INTR/OUTTR AXIN/TRIN AXOUT/TROUT

We 16.11(±0.29)
14.35(±0.35) = 1.12 16.35(±0.41)

13.45(±0.51) = 1.22 16.11(±0.29)
16.35(±0.41) = 0.99 14.35(±0.35)

13.45(±0.51) = 1.07

Wd 51.24(±0.27)
47.23(±0.33) = 1.08 43.96(±0.44)

37.08(±0.56) = 1.19 51.24(±0.27)
43.96(±0.44) = 1.17 47.23(±0.33)

37.08(±0.56) = 1.27

Dry Indentation:

INAX/OUTAX INTR/OUTTR AXIN/TRIN AXOUT/TROUT

We 17.81(±0.21)
17.19(±0.26) = 1.04 17.95(±0.2)

17.13(±0.21) = 1.05 17.81(±0.21)
17.95(±0.2) = 0.99 17.19(±0.26)

17.13(±0.21) = 1.00

Wd 63.04(±0.18)
61.52(±0.21) = 1.02 56.46(±0.17)

53.95(±0.18) = 1.05 63.04(±0.18)
56.46(±0.17) = 1.12 61.52(±0.21)

53.95(±0.18) = 1.14

Combining the results of dry and wet indentations and averaging over IN and
OUT, two stiffness tensors can be given for trabecular bone tested in dry and wet
condition (Figure 4.8).

4.4 Discussion

As expected in hypothesis i) E was ≈ 29% lower when testing rehydrated. Accord-
ing to hypothesis ii), the ratios EAX/ETR were 1.13 and 1.23 times higher in wet
indentation than in dry indentation depending on whether the test was performed
in the inner or the peripheral region of trabeculae. In accordance with hypothesis
iii), the ratios EIN/EOUT were 1.05 and 1.16 times higher when measured under wet
indentation conditions depending on whether axial or transverse indentation di-
rections were tested. Gender did not show a changing effect on the elastic moduli
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Figure 4.6: Elastic and dissipated indentation energy for indentations under dry and wet
conditions (Top row). The middle row compares indentation energies in axial
and transverse indentation direction. The bottom row compares the work for
indentations on the core and the periphery. Energy means are shown and the
whiskers denote ±1 standard deviation.
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No difference between elastic and dissipated energy could be found with re-
spect to gender. Energy means are shown and the whiskers denote ±1 stan-
dard deviation.

conditions, the result strengthened with pdry ≈ 0.13 and pwet ≈ 0.54. According
to hypothesis v), age did not show any effect on the elastic moduli under wet
testing conditions. For dry indentation conditions this insignificance was stronger(

pdry ≈ 0.41 and pwet ≈ 0.28). The correlation between vertebral level and elastic
moduli was weaker for wet indentation conditions with pwet ≈ 0.09 and r2

wet = 0.14
compared to pdry ≈ 0.01 and r2

dry = 0.38. This disagrees with hypothesis vi). As
expected in hypothesis vii), the anatomic direction stayed significantly different
in the same fashion as for the dry indentations. In disagreement with hypothesis
viii) indentation energies were not similarly affected by rehydration compared to
the elastic moduli.

The overall wet mean elastic moduli were in the lower third of the range of
elastic moduli given in a study on the femoral neck (Hengsberger et al., 2002). In
addition, the results were in good agreement with elastic moduli given in the liter-
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Figure 4.8: Visualisation of two constructed stiffness tensors along the longitudinal axis of

a trabecula. Left, for trabecular bone tested under dry conditions. Right, for
trabecular bone tested under wet conditions. The shape depicts the elongation
modulus and the colour encodes the bulk modulus (He and Curnier, 1995).
The stiffness tensors give the mean stiffness anisotropy and were constructed
by averaging the results over all anatomic directions.

ature for L5 (Hoffler et al., 2000a). The reduction of the elastic moduli of 29% after
rehydration was slightly higher than reported in the literature with 20% (Turner
et al., 1999; Hoffler et al., 2005). The test duration of approximately 4.5 h includ-
ing rehydration should not have influenced the results. According to Hengsberger
et al. (2002) no modulus reduction for samples submerged in Ringer’s solution
was observable within the first 12 h. A possible mineral washout was assumed
to be hindered by HBSS. The used indentation depth of 2.5 µm facilitated good
reproducibility by proper averaging over approximately three lamellae (Rho et al.,
1998). However, it could have introduced additional damage, thus, lowering the
elastic moduli (Zhang et al., 2008). Nevertheless, a 29% lower elastic modulus ob-
tained under wet indentation conditions seems to be reasonable when compared
to macroscopic values of compact bone (Dempster and Liddicoat, 1952). Interest-
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ingly, the wet mean elastic modulus was similar to a numerically obtained effective
tissue modulus for vertebral trabeculae (Bevill and Keaveny, 2009).

For the wet indentations, the ratio of EAX/ETR was higher than those found
in the literature (Rho et al., 1999) regardless whether the ratio was taken for the
inner or the peripheral region. In contrast, for dry indentation conditions the
presented ratios did go well with the reported findings. The authors (Rho et al.,
1999) dehydrated their specimens with alcohol prior to embedding. It is known
that alcohol dehydration increases the stiffness of bone tissue (Bushby et al., 2004).
The present study deployed a mild defatting procedure which was assumed to
have little influence on the stiffness. Thus, the differences were probably due to
different preparation protocols.

The mean ratios in Table 4.1 imply that the rehydration effect increases from
the core to the periphery and from axial to transverse indentation direction. This
may be due to the less mineralised periphery (Boyde et al., 1993; Linden et al.,
2001) having a greater possibility to absorb water because of the higher amount
of nonmineralised collagen fibres. For the transverse indentation direction, this
could be further increased by a greater freedom of the collagen fibres to swell.
The increased ratio EAX/ETR leads to a more slender orientation distribution of
the stiffness which results in a stiffness-tensor with a higher degree of anisotropy
than in the dry case (Figure 4.8). The reinforcement of the ratios IN/OUT and
AX/TR by rehydration compared to dry indentation may further arise from differ-
ent swelling modes in axial and transverse direction. This could be due to different
water uptakes resulting from the orientation of collagen fibres along the longitu-
dinal axis of a trabecula. The results for IN and OUT suggest that the swelling
seems to depend on the degree of mineralisation. The measured elastic moduli
could be influenced by an artificial bulging of the tissue surface that would not
occur in situ. However, this needs further investigation.

Rehydration did not abolish the significant difference in the anatomic direc-
tion. This effect may rather be due to slight misalignments of the trabecular cross-
sections with respect to the polished specimen surface. This misalignment was
presumably caused by the nonorthogonal nature of the trabecular network. Be-
cause vertebral trabeculae are rather aligned with the cranial-caudal direction, in-
dentations are driven more on-axis on those specimens. Thus, they deliver slightly
higher moduli than the indentations on the specimens gained in anterior-posterior
and dexter-sinister direction. Furthermore, if this effect would have been due to
the material instead of the alignment, changes similar to the other factors should
have occurred after rehydration. The differences in anatomic direction would lead
to quantitatively slightly different stiffness tensors if these were set up for a spe-
cific anatomic direction. The qualitative effects of rehydration would stay the same
(Table 4.2, Figure 4.8).
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Elastic modulus remained independent of age and gender after rehydration.
These results agree with findings for femoral trabecular bone (Hoffler et al., 2000b).
The insignificant correlation between elastic modulus and vertebral level under
wet indentation conditions goes with the expectation that the underlying bone
material is independent of the vertebral level within the spinal column. The weak-
ening of this correlation and the slight changing insignificances for age and gender
are supposedly due to an increased variance reflected in the increased coefficients
of variation under wet indentation conditions. It was assumed that bone diseases
such as osteopenia lead to an extrinsic rather than an intrinsic deterioration and
vertebrae showing those signs were not excluded from the study. This may have
contributed to the coefficients of variance.

The indentation work W determined in this study was higher than that reported
for tibial osteonal bone. In contrast, the elastic moduli found in the present study
were lower (Fan and Rho, 2003). This could have been due to different loading
protocols and preparation procedures. Since the elastic moduli in the present
study were in good agreement with the literature, the results for the indentation
work were considered reasonable for the chosen loading protocol. The indentation
work followed partly the same pattern as the elastic modulus. That was, a decrease
when rehydrated, lower elastic or dissipated energy for indentations in the periph-
ery than in the centre and lower dissipated energy for indentations in transverse
than in axial indentation direction. The lower energy dissipation after rehydration
could indicate that water is protective with respect to Wd for a constant indenta-
tion depth (Figure 4.6). Interestingly, no difference was found when evaluating
the elastic work with respect to indentations in axial and transverse indentation
direction regardless whether dry or wet indentation conditions were present. It
seems that the lower force reached for the transverse indentation direction was
compensated by the reduced amount of plastic deformation. The higher energy
dissipation in axial indentation direction could have been due to a higher amount
of slippage between the collagen fibrils. Against that, fibrils in transverse inden-
tation direction were rather loaded in bending and the amount of slippage could
have been lower. As for the elastic moduli, rehydration had no impact on gender
and both, wet and dry elastic or dissipated energies were equal. When regarding
the energies under wet indentation conditions with respect to age, weakly increas-
ing energies with aging tissue could be observed, which is in contrast with the loss
of internal energy by damage accumulation expected in older bone. This increase
in energies was apparently due to an increase in maximum force (p < 0.05), as no
significant difference was found in the indentation or creep depth for both testing
conditions. In fact, the increased maximum force may be attributed to an im-
proved surface detection during the indenter approach in old when compared to
young bone, especially in wet condition. Less mature cross-linking of the collagen
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and more swelling of proteoglycans at the surface of younger bone may trigger
early surface detection, decrease maximum force, elastic and dissipated energy
without affecting stiffness (Wang et al., 2002). Beyond this potential artefact, the
indentation properties of bone tissue remained surprisingly constant with age.

This study investigated the effects of rehydration on the transverse isotropic ma-
terial properties of vertebral trabecular bone at different locations with a view to
different donor specific properties. It could help to further improve the under-
standing of the mechanical properties of vertebral trabecular bone.



Chapter 5

Valid µFinite Element Models can be Set Up Directly
With Nanoindentation

As published in: Wolfram, U., Wilke, H.-J., Zysset, P. K., 2010. Valid µFinite Element
Models of Vertebral Trabecular Bone can be Obtained Using Tissue Properties Measured
with Nanoindentation Under Wet Conditions. Journal of Biomechanics 43 (9), 1731 –
1737. F

5.1 Introduction

Osteoporosis-related vertebral fractures represent a major public health problem
(Rao and Singrakhia, 2003). Anatomy specific CT-based Finite Element (FE) sim-
ulations could help identifying which vertebrae have the highest risk of fracture
and help deciding upon the need for vertebroplasty or other surgical intervention
(Crawford et al., 2003a). Continuum level FE simulations require effective macro-
scopic material properties of the vertebra. Micro Finite Element (µFE ) models can
be used to circumvent the difficult experiments (Rincón-Kohli and Zysset, 2009)
that are necessary to determine these effective material properties.

µFE models were used to determine apparent stiffness tensors for trabecular
bone (Rietbergen et al., 1996). It was shown that it is possible to determine yield
surfaces using µFE models (Bayraktar et al., 2004a,b). These and other studies
used calibrated micro-mechanical properties for the trabecular tissue which were
obtained inversely from simulations of uniaxial macro-mechanical experiments
(Rietbergen et al., 1995; Niebur et al., 2000; Bayraktar et al., 2004b; Verhulp et al.,
2008). Calibrated effective tissue stiffnesses can diverge for more than an order
of magnitude and show lower precision in individual measurements of the tissue
modulus (Bevill et al., 2009a). From a quantitative point of view, these µFE models
depend critically on the chosen trabecular tissue properties.

Specimen specific tissue properties can be obtained using depth-sensing inden-
tation techniques. These give the possibility to determine the elastic properties of
trabecular bone ex vivo with a high spatial resolution (Oliver and Pharr, 1992). For
µFE models of dried femoral trabecular bone tissue moduli were obtained using
nanoindentation under dry conditions (Chevalier et al., 2007). Different authors
determined the elastic moduli (Etiss) of trabecular and cortical tissue (Rho et al.,
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1997, 1999; Roy et al., 1999; Zysset et al., 1999; Lewis and Nyman, 2008). A reduc-
tion of Etiss of (20%) was found when comparing acoustic microscopy and nanoin-
dentation (Turner et al., 1999). This was due to rehydration of the specimens for
acoustic microscopy. Reductions of Etiss were also found when comparing nanoin-
dentation under dry and wet measurement conditions (Hengsberger et al., 2002;
Hoffler et al., 2005).

The question remains whether linear elastic µFE models of vertebral trabecu-
lar bone with and without specimen specific tissue properties yield similar results
than non-destructive macroscopic experiments under moist conditions. The aim of
the study was, to compare µFE models of rehydrated bone specimen with experi-
mentally obtained tissue moduli with experimentally determined apparent elastic
properties obtained with the same specimen for uniaxial tension, compression or
torsion tests.

5.2 Materials and Methods

Sixteen fresh frozen vertebrae (T6 – L2) of 10 donors (7 male, 3 female) with a
median age of 51 y (37 – 84 y) were used. Vertebrae were cleaned from surround-
ing soft tissue and the posterior parts were moulded in Poly-Methyl Methacry-
late (Technovit 3040, Heraeus Kulzer GmbH, Wehrheim, Germany). Subsequently,
the endplates were removed with a high precision band saw (Exakt Apparatebau,
Norderstedt, Germany). Thirty cylindrical samples (on average two per vertebra,
10 for compression, 10 for tension, 10 for torsion) of 8× 18 to 25 mm depending
on the vertebral height were cored from the remaining slices using a custom made
core drill. Marrow was removed from the top and bottom ends of the cylinders us-
ing a pulsed water jet (Braun Oral-B Professional Care 6500, Kronberg, Germany).
The top and bottom ends of the cylinders were moulded in Polyurethane (PU)
(SG 2000, ebalta Kunststoff GmbH, Rothenburg ob der Tauber, Germany) so that
an approximately 12 mm free gage length was left in-between (Figure 5.1).

The endcapped cylinders were submerged in 0.9% sodium chloride and scanned
in a µCT (µCT 40, SCANCO Medical AG, Brüttisellen, Switzerland) at a resolution
of (12 µm)3. Specimens were refrozen after scanning. Greyscale µCT-datasets were
scaled to resolutions of (24 µm)3, (36 µm)3 and (48 µm)3 and thresholded using
the single level threshold of IPL (Image Processing Language, SCANCO Medical
AG, Brüttisellen, Switzerland).

µFE models were setup for parFE (Arbenz et al., 2008) by converting image
voxels to 8-noded volume elements. Nodes in the bottom cross-section of the
cylinders were constrained to

(
ux = uy = uz = 0

)
. In uniaxial tension and com-

pression, the nodes of the top cross-section were loaded with a displacement in
z-direction and constraint in the other directions

(
ux = uy = 0, uz = 0.1 mm). In
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ε33

Figure 5.1: Workflow for an exemplary compression specimen. Top left, specimen with
moulded endcaps. Top middle, midplane image from the CT data set of the
gage length. Top right, glued metal rods for gripping. Bottom right, macro-
scopic test to determine the apparent elastic and shear moduli. Bottom left,
axial trabecular cross-section with six nanoindentation imprints (black trian-
gles) to obtain specimen specific trabecular tissue properties. Bottom middle,
resulting FE model with deflection field |u|. The thick grey arrows illustrate
the results which were input to the FE model and the subsequent validation.

torsion, the top plane was loaded with a rotation ϕ around the middle axis of the
cylinder

(
ux = uy 6= 0, uz = 0, ϕ = 0.1◦). Forces and Moments were computed

and apparent elastic (Eapp) and shear moduli (Gapp) were calculated.
Tissue elastic properties were obtained using nanoindentation. Indentation tests

were performed after coring on the cancellous tissue which surrounded the cylin-
ders. Two 5 mm thick slices one for wet and one for dry indentation were obtained
using the high precision band saw. The slices were submerged in soap water in an
ultrasound bath (Sonorex, BANDELIN electronic GmbH & Co. KG, Berlin, Ger-
many) and exposed to ultrasound for five minutes at 35 kHz. The bath was left
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at 40◦C for 12 h. Afterwards, the samples were exposed to ultrasound at 35 kHz
for five minutes, rinsed with water and left for drying over night. Specimens were
than embedded in epoxy resin (Struers A/S, Ballerup, Denmark) and cured 12 h
at ≈21◦C. Subsequently, the samples were polished with progressive grades of
silicon carbide paper (P1000, P1400, P2000, P2500, P4000 – Hermes Schleifmittel
GmbH & Co. KG, Hamburg, Germany) and finished with 1 µm diamond paste on
a polishing cloth. Between each grinding step the samples were cleaned in a dis-
tilled water ultrasound bath for seven minutes at 35 kHz. Wet indentation samples
were rehydrated in 99% saturated Hank’s Balanced Salt Solution (HBSS) for 1.5 h
prior to nanoindentation and submerged in HBSS during testing. Indentation was
performed using a depth-sensing nanohardness tester equipped with a pyrami-
dal Berkovich diamond tip and in case of the wet indentation additionally with
a wet cell (CSM Instruments SA, Peseux, Switzerland). Indentations were driven
to 2.5 µm depth. Load was applied as monotonic ramp at 120 mN

min , unexpended
for 30 s to prevent creep influences and an unloading ramp like the loading ramp
(Wolfram et al., 2010a). Three indentations were performed on three axial trabecu-
lar cross-sections in the core and the periphery of trabeculae giving 18 indentations
per sample (Figure 5.1). A Poisson’s ratio of νtiss = 0.32 was assumed (Rho et al.,
1997; Hengsberger et al., 2003). Tissue elastic moduli (Etiss) were obtained (Oliver
and Pharr, 1992) and averaged over all 18 indentations per sample. This yielded
specific Etiss under wet and dry conditions for each cylindrical specimen.

Prior to apparent mechanical testing, specimens were rehydrated for one hour
in 0.9% sodium chloride. Aluminium rods were glued onto the endcaps using
cyanoacrylate (Loctite, Henkel Central Eastern Europe GmbH, Austria). An exten-
someter was attached to the PU endcaps after mounting the specimen to the testing
system (Mini-Bionix MTS system, Milwaukee, MN, USA) (Figure 5.1). In torsion,
angular data were recorded with the rotary variable differential transformer of the
testing system. Specimens were tested moist and preconditioned with three cycles
to ε = 0.004 strain at a strain rate of

.
ε= 0.004 1

s . Subsequently, the specimens
were loaded up to ε = 0.004 strain (in case of torsion to γ = 0.008) at a strain
rate of

.
ε= 0.002 1

s (Haddok et al., 2004; Bayraktar et al., 2004b). Apparent tensile
and compressive stress was calculated from the recorded forces as σ = F

A0
with A0

the initial sample cross-section. Torque-twist-angle curves were denoised using an
average filter (Jähne, 2005). Peak apparent torsional stress was calculated with r
the specimen radius, θ the twist-angle per unit length and MT the torque moment
(Nadai, 1950).

τ =
1

2πr3

(
θ

dMT

dθ
+ 3MT

)
(5.1)
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The derivative dMT
dθ was approximated from the denoised torque-twist-angle curve

using a central difference operator. Accounting for the influence of the fixation
and the PU endcaps, the shear strain γB was calculated by first subtracting the
influence of the machine compliance from the angular data and than subtracting
the strain over the endcaps from the strain over the whole sample.

γB =
(

∆ϑ− MT

KF

)
rS

`S
−
(

MT`BP

JBPGBP

)
rBP

`BP
(5.2)

Here, ∆ϑ denotes the twist-angle, KF the fixation stiffness, `BP, rBP endcap length
and radius and `s, rs sample length and radius. JBP and GBP denote the polar
moment of inertia and the shear modulus of the endcap. KF was determined to
17317.31 Nmm

rad with seven moulded PU cylinders of 9× 20 mm using the same test
protocol as for torsion. A rule of mixture was used to calculate GBP.

GBP = v f GP +
(
1− v f

)
GB (5.3)

Where, GP = EP/2 (1 + ν) was the shear modulus of PU and GB of bone which was
derived in a similar fashion. Young’s modulus of PU was determined to 2014 MPa
with seven moulded PU cylinders of 9× 20 mm using the compression test proto-
col. Young’s modulus of bone EB was directly measured using nanoindentation.
Apparent Young’s and shear moduli were obtained from the stress-strain curves
using a moving regression (Figure 5.2).

Statistical analyses were performed with R (R Development Core Team, 2008).
For nanoindentation, outliers were defined as any measurement below the 2.5th

or above the 97.5th percentile leaving 545 out of 576 measurements. Simulations
and measurements of apparent moduli were compared using Wilcoxon’s Signed
Rank Test to test differences in the distributions to a significance level of p = 0.05.
The concordance correlation coefficient rc (Lin, 1989) was used to evaluate the
agreement between experiment and simulation with respect to Eapp and Gapp. Ad-
ditionaly, Bland-Altman plots (Bland and Altman, 1986) were used to compare
experiment and simulation in a one by one fashion. The µFE models were consid-
ered valid if the Wilcoxon tests showed no significant difference, rc > 0.95 and the
deviation of the mean differences in the Bland-Altman plots was ≤ 10 MPa with
the averages of experiments and simulations placed over the whole range.

5.3 Results

Morphological analysis of the samples yielded an in-plane degree of anisotropy
DAip = 1.03± 0.04, volume fraction v f = 0.11± 0.03 and deviation of trabecular
main direction from the cylindrical main axis α = 4.78◦± 2.36◦. No difference was
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Figure 5.2: The loading part of exemplary datasets for compression, tension and torsion
is shown. The black line indicates the data derived from the uniaxial measure-
ments. The grey straight line is the result of a moving regression to determine
Young’s and Shear moduli at the stiffest part of the curve.

found in DAip and v f between the samples for compression, tension and torsion
(p > 0.05).

Different resolutions of the µFE models did not lead to differences in simulated
Eapp or Gapp with rc ≥ 0.98 except for torsion at 48 µm where a drop of rc to 0.95
was observed (Figure 5.3). Therefore, the focus is laid on the results for (36 µm)3.

Significantly lower Ewet
tiss = 12.3 GPa was found for wet indentation conditions

compared to dry indentation conditions Edry
tiss = 15.4 GPa (p < 0.05).

No significant difference was found between Eapp in tension and compression
(p > 0.05). Lower apparent moduli were found when simulating the experiments
with tissue properties obtained under wet

(
Ewet

app,UC = 419 MPa, Ewet
app,UT = 443 MPa,

Gwet
app = 76 MPa) than under dry indentation conditions

(
Edry

app,UC = 507 MPa,

Edry
app,UT = 524 MPa, Gdry

app = 100 MPa
)

(p < 0.05).
No significant difference (p > 0.05) was found for Eapp or Gapp between experi-
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Figure 5.3: Influence of the resolution of the µFE models on the apparent modulus for the
three load cases. Concordance correlation coefficients (rc) were computed for
the comparison. The results at 24 µm resolution were defined to serve as basis
against which the comparison was carried out. Resolutions are colour encoded
in the figure from 24 µm (black-square), 36 µm (grey circle) to 48 µm (light
grey triangles). The dashed black line is the concordance line, i. e. the 24 µm
results

ment and simulations with tissue properties obtained under wet indentation con-
ditions. Experiments and simulations with tissue properties obtained under dry
indentation conditions were different (p < 0.05) except for torsion (Figure 5.4).

Good concordance between experiment and simulation with wet tissue proper-
ties was found for compression

(
rwet

c = 0.96
)

and tension
(
rwet

c = 0.96
)
. Moderate

concordance between experiment and simulation with wet tissue properties was
found for torsion

(
rwet

c = 0.81
)
. Experiments and simulations with dry tissue prop-

erties showed distinctly lower rc in all load cases (Figure 5.5).
The overestimation of Eapp and Gapp when using dry tissue properties in the

simulation was as well observed in the Bland-Altman plots (Figures 5.6). Mean
difference between experimental and simulated apparent moduli were found with
−83.0 MPa in compression, −85.4 MPa in tension and −15.1 MPa in torsion. Wet
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Figure 5.4: Mean apparent elastic moduli. Top left, tissue moduli for two different nanoin-
dentation testing conditions. Top right, comparison of simulated compres-
sive apparent moduli against experiment. Bottom left, comparison of simu-
lated tensile apparent moduli against experiment. Bottom right, comparison
of simulated apparent shear moduli against experiment. Whiskers denote ±1
standard deviation. The asterisk denotes significance to a significance level of
p = 0.05.

tissue properties yielded mean differences of 5.2 MPa in compression, 4.6 MPa
in tension and 9.0 MPa in torsion. Compression and tension show low limits of
agreement (±1.96 standard deviation) which contain all data points in case of wet
tissue properties. In case of torsion these are more severe (Figures 5.6).

5.4 Discussion

The goal of this study was to set up valid specimen specific µFE models of vertebral
trabecular bone using experimentally obtained specimen specific effective tissue
properties. The Wilcoxon tests did not show significant differences, rwet

c ≥ 0.96
for compression and tension. Mean differences in the Bland-Altman plots were ≤
10 MPa when using tissue properties obtained under wet indentation conditions.

Apparent Young’s moduli were slightly higher than those found in the literature
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Figure 5.5: Concordance correlation coefficients of experimental apparent elastic moduli
and computed apparent elastic moduli at a resolution of (36 µm)3 are shown.
The left column of the figure depicts the results when using a specific tissue
modulus for each specimen in each simulation. The right column shows the
same results but using mean Etiss as universal tissue modulus for all specimens
in all simulations. Different tissue properties obtained from nanoindentation
under wet and dry conditions are colour encoded with black and grey respec-
tively. The dashed line indicates the concordance line y = x.

(Keaveny et al., 1997) but lay within the ranges reported by others (Kopperdahl
and Keaveny, 1998; Morgan et al., 2003). The differences could have been due to
different endcap techniques and slightly different testing setups and preparation
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Figure 5.6: Bland-Altman plots of measured apparent elastic moduli and simulated ap-
parent elastic moduli at a resolution of the FE models of (36 µm)3. The left
column of the figure depicts the results when using a specific tissue modu-
lus for each specimen in each simulation. The right column shows the same
results but using mean Etiss as universal tissue modulus for all specimens in
all simulations. Wet and dry nanoindentation conditions are colour encoded
with black and light grey respectively. The solid line denotes respective means
of the differences and the dashed lines denote the limits of agreement (±1.96
standard deviation from the mean difference).

protocols. The shear moduli obtained in the present study were lower than those
presented for femoral trabecular bone (Garnier et al., 1999) or human trabecular
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bone from different sites (Rincón-Kohli and Zysset, 2009). This could have been
due to the higher volume fraction in these studies and as well to different testing
setups and preparation protocols.

The small deviation of 0.96 ≤ rc < 1 in case of compression and tension with
wet tissue properties indicated small errors in the comparison of experiments and
simulations in a one by one fashion (Figure 5.5). This was as well observable in the
scatter in the Bland-Altman plots (Figure 5.6). These small errors were presumably
due to the fact that the endcaps were not modelled explicitly. Instead just the free
gage length with idealised fixed-end boundary conditions was modelled. It was
assumed that this procedure causes minor errors (Bevill et al., 2009a). In case of
torsion, rc was worse with worse location and scale shifts (Figure 5.5). The limits
of agreement in the Bland-Altman plots were higher as in case of uniaxial tension
and compression relative to the value range (Figure 5.6). In case of torsion, the
moulded endcaps could have lead to slight pooling/wicking of the PU into the
gage length (Bevill et al., 2009a). This would cause boundary conditions different
from those used for the µFE models and worsen the comparison. Furthermore,
the rather unphysiological load case could have led to early damage which could
have softened the material (Figure 5.7). In addition, torsion could have lead to
more bending and geometrical nonlinearities. These effects were not included in
the linear µFE models.

The worse concordance and the bigger limits of agreement of the models with
dry tissue properties were relatable to the dry tissue moduli which were too stiff.
This caused presumably as well the greater scatter between experiment and sim-
ulation. Using a tissue modulus of ≈ 15 GPa leads to a clear overestimation of
the apparent stiffness. Hence, tissue moduli gained under similar testing con-
ditions between macroscopic and microscopic experiments (dry, wet or alcohol
dehydrated) should be used.

Surprisingly, a recomputation of the results with the mean tissue moduli as uni-
versal Etiss for all µFE models did not worsen the results (Figures 5.5 and 5.6). This
expresses the domination of bone volume fraction and architecture in prediction
of apparent elastic properties. Specimen specific tissue moduli may be replaced
by a properly measured mean tissue modulus to achieve valid µFE models. This
indicates furthermore that a CT-based FE approach becomes reliable when bone
volume fraction and fabric can be assessed like in high resolution peripheral quan-
titative CT.

The experimentally obtained tissue moduli under wet conditions were approx-
imately twice as high than numerically calibrated Etiss reported in the literature
(Rietbergen et al., 1995; Verhulp et al., 2008). Both tissue moduli obtained under
wet and dry indentation conditions were lower than those for femoral trabecular
bone (Niebur et al., 2000; Bayraktar et al., 2004b). Interestingly, a numerically cal-
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ibrated mean effective tissue modulus for vertebral trabecular bone was slightly
lower than mean Ewet

tiss (Bevill et al., 2009a). The authors investigated the influence
of the boundary conditions of FE models on the numerical determination of an
effective tissue modulus. This indicates that their effective tissue moduli were in
a sound range and the here presented models were properly constrained. Tissue
moduli found in the present study were lower than those used to compute tissue
strains (Rietbergen et al., 2003). This was probably due to the fact that the tissue
moduli used in that study were obtained from alcohol dehydrated bone specimens
(Turner et al., 1999). It is known that alcohol dehydration increases the stiffness of
bone tissue (Bushby et al., 2004). However, these moduli lay in the range of the
tissue moduli found under dry testing conditions in the present study. Wet tissue
moduli were approximately 25% higher than those found on transverse trabecular
cross-sections under wet conditions (Hoffler et al., 2000a). This is almost the ra-
tio between elastic moduli measured on axial and those measured on transverse
trabecular cross-sections (Rho et al., 1999). This indicates that the tissue moduli
found in this study are in good agreement with the literature.

The chosen resolution of (36 µm)3 was approximately one fifth of a trabecu-

5.5 · 10−17

4.5 · 10−3

9.0 · 10−3

SED in N
mm2

AboveBelow

Figure 5.7: Strain energy density (SED) pattern in two extreme torsion samples indicate
possible early damage. Left, a sample below and right, a sample above the
concordance line in Figure 5.5. Rising SED is colour encoded from blue to
red. The grey circles point to areas with high SED where damage could have
occurred.
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lar diameter in vertebrae. Dependencies of the results on the resolution of µFE
models are known (Verhulp et al., 2008). The authors coarsened from (40 µm)3

to (60 µm)3. It was found that nonlinear µFE models at resolutions of (80 µm)3

and less are proper tools to examine micro-architecture related problems (Bevill
and Keaveny, 2009). The chosen resolution seems to be above standard values.
Therefore, a resolution of (36 µm)3 was regarded as good compromise between
accuracy and computation time.

The overall good rc in combination with the mean difference ≤ 10 MPa and the
low limits of agreement in the Bland-Altman plots between experiments and sim-
ulations with wet tissue properties for compression and tension indicates validity
of these models. Nevertheless, minor inter-specimen variations were obvious and
the one by one comparison between experiment and simulation was not perfect.
In case of torsion, the moderate agreement should be attributed to the boundary
conditions and not to the models and their parameters.

This study suggests that it is possible to directly set up valid µFE models of
vertebral trabecular bone in the linear range. This was possible by using specimen
specific or mean effective tissue moduli obtained from nanoindentation under wet
testing conditions. Except isotropy, no initial guess on the effective tissue proper-
ties was made. Furthermore, no numerical calibration process to obtain them was
necessary. The presented models can be considered valid in the linear range.



Chapter 6

Damage Accumulation of Vertebral Trabecular Bone

As published in: Wolfram, U., Wilke, H.-J., Zysset, P. K., 2011. Uniaxial Damage Ac-
cumulation in Vertebral Trabecular Bone Depends on Loading ode and Direction. Journal
of Biomechanics. 44 (6), 1164 – 1169 F

6.1 Introduction

Osteoporotic vertebral fractures constitute a major clinical problem in aging soci-
eties (Maghraoui et al., 2008). A third of all vertebral fractures is caused by falls,
15% by lifting heavy loads or traffic accidents and 50% are not relatable to single
traumatic events (Silva, 2007). In the latter case, vertebrae can show sinter pro-
cesses which indicate the accumulation of damage and permanent deformation
(Keaveny et al., 1994) in a cyclic fatigue fashion. Vertebrae can also accumulate
substantial damage after isolated overloads. The associated small permanent de-
formation is not detectable in clinical radiographs but induces a decrease in stiff-
ness and strength (Kopperdahl et al., 2000). This damage accumulation increases
the risk of fracture (Fyhrie and Schaffler, 1994; Burr et al., 1997; Kopperdahl et al.,
2000) and may finally lead to collapsing vertebrae. In addition, the ability of bone
to repair induced damage decreases with age while bone microdamage increases
with age (Waldorff et al., 2007; Burr et al., 1997). Thus, understanding the dam-
age properties of vertebral trabecular bone is important to understand vertebral
fractures.

Overloading trabecular bone leads to severe loss of stiffness and accumulation
of residual strain (Zysset, 1994; Keaveny et al., 1994, 1999). Qualitatively, this dam-
age accumulation appears to be independent on site, species and density (Keav-
eny et al., 1994; Zysset and Curnier, 1996; Kopperdahl et al., 2000). Cortical bone
shows qualitatively similar damaging behaviour as trabecular bone (Fondrk et al.,
1988; Garcia et al., 2010). This suggested that substantial damage occurs at the
nanometer level (Keaveny et al., 2001). Cracks and diffuse damage that accumu-
late within trabeculae cause reductions in apparent modulus prior to failure of
whole trabeculae (Wachtel and Keaveny, 1997). This was corroborated by findings
that trabecular bone accumulates damage already at apparent strains lower than
apparent ultimate strain (Morgan et al., 2005). Trabecular damage leads then to the



Chapter 6 Damage Accumulation of Vertebral Trabecular Bone 62

formation of fracture bands or greater regions of fractured trabeculae (Moore and
Gibson, 2001; Thurner et al., 2006) until overall failure. Thus, damage of trabecular
bone is a mixture of microcracking, diffuse damage and fractured trabeculae.

In case of vertebral trabecular bone, macroscopic damage and residual strain
evolution leading to vertebral failure could be dependent on the load direction
and the loading mode. It was suggested that overloading trabecular bone in one
direction is detrimental to loads in a direction perpendicular to it (Shi et al., 2010).
Knowledge about the possible anisotropy of macroscopic damage and residual
strains may be important for the investigation of vertebral fractures, since vertebral
damage caused by daily activities is not restricted to axial compression.

The goals of the study were therefore to: 1) investigate whether the evolution of
damage and residual strains in vertebral trabecular bone is different in axial and
transverse direction; and 2) whether these evolutions are different under compres-
sive, tensile or torsional loading.

6.2 Materials and Methods

The study included 104 (50 male, 54 female) fresh frozen human vertebrae (T1

– L3) of 32 donors with a median age of 65 y (21 y – 94 y). Vertebrae were
stored at −20◦C immediately after harvest and randomly assigned to three groups
anterior-posterior (AP), cranial-caudal (CC) and latero-lateral (LL). Vertebrae were
cleaned from surrounding soft tissue and the posterior structures were partially
removed. The remaining posterior parts of the vertebral bodies were moulded
in polymethyl-methacrylate (PMMA) (Technovit 3040, Heraeus Kulzer GmbH,
Wehrheim, Germany) to enable gripping. Endplates were removed with a band
saw (Exakt Apparatebau, Norderstedt, Germany). Subsequently, 251 cylindrical
specimens (8 mm diameter and 18− 25 mm height) were cored from the remain-
ing slices using a custom made core drill. Marrow was removed from top and
bottom of the cylinders using a pulsed water jet (Braun Oral-B Professional Care
6500, Kronberg, Germany) but kept in the middle. Top and bottom of the cylinders
were moulded in polyurethane (PU) (SG 2000, ebalta Kunststoff GmbH, Rothen-
burg ob der Tauber, Germany) so that an approximately 12 mm marrow filled free
gage length was left in-between.

Cylinders were submerged in water with 0.9% sodium chloride, scanned in a
µCT (µCT 40, SCANCO Medical AG, Brüttisellen, Switzerland) at a resolution of
(12 µm)3 and refrozen. Standard morphometric parameters, bone volume frac-
tion ρ and the mean intercept length fabric tensor M (Hildebrand and Rüegeseg-
ger, 1997; Odgaard, 1997) were obtained using IPL (Image Processing Language,
SCANCO Medical AG, Brüttisellen, Switzerland). Forty-one CC samples which
showed an in-plane degree of anisotropy DAip < 1.1 and a structural misalign-
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ment from the cylindrical longitudinal axis α < 10◦ were selected for torsion test-
ing.

Prior to mechanical testing, specimens were rehydrated for one hour in water
with 0.9% sodium chloride. Aluminium rods were glued to the endcaps using
cyanoacrylate (Loctite, Henkel Central Eastern Europe GmbH, Austria) to allow
proper gripping. An extensometer (Mini-Bionix MTS system, Milwaukee, MN,
USA) was attached to the PU endcaps after mounting the specimens on the testing
system to measure strain during uniaxial compression (UC) or uniaxial tension
(UT) tests. Angular data for the torsion (T) tests were recorded with the rotary
variable differential transformer of the testing system. Specimens were precondi-
tioned with three cycles up to ε = 0.4% strain at

.
ε= 0.004 1

s and loaded strain
controlled to five different load steps with three cycles per load step at a rate of
.
ε= 0.002 1

s (Table 6.1).

Table 6.1: Load steps (ε i)for uniaxial compression
(
εUC), uniaxial tension

(
εUT) and tor-

sion (γ)

ε1 ε2 ε3 ε4 ε5

εUC in % 0.4 0.7 1.4 2.5 4.0

εUT in % 0.4 0.6 1.0 1.6 2.4

γ in % 0.8 1.4 2.8 5.0 8.0

In case of uniaxial compression and uniaxial tension, stress was calculated from
the recorded force-strain curve as σ = F

A0
with A0 the initial cross section of the

sample. Torque-twist angle curves were denoised using an average filter (Jähne,
2005). Peak apparent torsional stress was computed with radius r, twist-angle/length
θ and torque-moment MT (Nadai, 1950).

τ =
1

2πr3

(
θ

dMT

dθ
+ 3MT

)
(6.1)

The derivative dMT
dθ was approximated from the denoised torque-twist angle curve

with a central difference operator. Accounting for the influence of fixation and PU
endcaps, engineering shear strain acting in the free gage length γB was calculated
by first subtracting the influence of the machine compliance from the angular data
and than subtracting strain over the endcaps from strain over the whole sample.

γB =
(

∆ϑ− MT

KF

)
rS

`S
−
(

MT`BP

JBPµBP

)
rBP

`BP
(6.2)
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∆ϑ denotes the twist angle, KF the fixation stiffness, `BP, rBP endcap length and ra-
dius and `s, rs sample length and radius. JBP and µBP denote the polar moment of
inertia and the shear modulus of the endcap. KF = 17317.31 Nmm

rad was determined
with seven moulded PU cylinders (9× 20 mm) using the same test protocol as for
torsion. A rule of mixture was used to calculate µBP.

µBP = v f µP +
(
1− v f

)
µB (6.3)

µP = εP/2 (1 + ν) was the shear modulus of PU and µB of bone which was derived
in a similar fashion. Young’s modulus for PU was obtained from compression tests
on seven moulded PU cylinders (9× 20 mm). It was determined to 2014 MPa
using the first load step of the compression test protocol. Young’s modulus of
bone εB was directly measured for each sample using nanoindentation (Wolfram
et al., 2010a).

Apparent moduli were obtained from the stiffest section of the loading part (Keav-
eny et al., 1994) of the first cycle per load step of the stress-strain curve using a
moving linear regression. Damage was defined as decay in modulus during the
load steps εi, that is εi = (1− Di) ε1. Residual strains were obtained from the
unloading part of the third cycle per load step at the intersection of unloading
curve and abscissa. A cubic spline interpolation was performed using the inflex-
ion points of the third cycles per load step (Figure 6.1). This served to obtain
quasi-static, monotonic variables such as yield and maximum stress and strain
that allow comparison with the literature to judge upon the validity of the experi-
ments. Yield was defined using the 0.2%-offset rule. Maximum was defined as the
point were the derivative onto the spline sets vanished (Figure 6.1).

Statistical analyses were performed with R (R Development Core Team, 2008).
Outliers were defined as any measurement below the 5th or above the 95th per-
centile. Due to linear quantile-quantile plots, normal distributions were assumed
and t-tests were performed to a significance level of p < 0.05.

6.3 Results

Due to early failure and the outlier criterion, 48 out of 251 specimens were ex-
cluded. A weak but significant correlation between degree of anisotropy (DA)
versus bone volume fraction (ρ) was found

(
r2 = 0.08

)
. No statistical significant

difference between ρ and DA in CC and AP was found. In LL ρ and DA were 1.16

and 1.02 times higher.
No statistically significant difference was found between εAP and εLL. These di-

rections were pooled to transverse (TR). No statistically significant difference was
found between initial stiffness in compression and tension for axial

(
εAX

UC = 383.4
±162.9 MPa, εAX

UT = 384.1± 155.1 MPa
)

and transverse
(
εTR

UC = 119.5± 74.2 MPa,
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Figure 6.1: The exemplary stress-strain curve clearly shows three conditioning cycles per
laodstep. Damage was determined as modulus devolution. Residual strains
were determined from the unloading part of the third cycle per load step. The
construction of a monotonic stress-strain envelope using the inflexion points of
the first or third cycle per load step of the stress-strain curve allowed for the
determination of yield and maximum.

εTR
UT = 129.7± 54.7 MPa

)
loading directions. In torsion, initial shear moduli were

found to be µ = 77.9± 28.6 MPa.
In compression, no statistically significant difference was found between axial

and transverse damage for loadstep ε2 but for loadsteps ε3 to ε5. In tension, sta-
tistically significant differences between damage in axial and transverse directions
were found for loadsteps ε3 to ε5 but not for loadstep ε2. In compression and
tension, damage in axial direction was found to be higher than in transverse direc-
tion (Figure 6.2). Maximum stress in axial was reached at lower damage than in
transverse loading direction for both compression and tension. Thereafter, higher
relative stresses were maintained in transverse direction (Figure 6.3). In torsion,
damage increased significantly for all loadsteps γ1 to γ5 and was more sigmoidal
than in tension and compression (Figure 6.2).
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Figure 6.2: Statistically significant more damage (D) was accumulated in axial (AX) than
in transverse (TR) load direction. Damage accumulation seems to be more
linear in tension (UT) compared to compression (UC) and more sigmoidal in
torsion (T) than in compression and tension. No statistically significant dif-
ference could be found for residual strains in axial and transverse direction
except for loadstep ε5 in tension. Comparing the loading modes the evolution
of residual strains seem qualitatively similar. The whiskers denote ±1 stan-
dard deviation and the asterisk statistical significance to a significance level of
p = 0.05.
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Figure 6.3: Normalised stress-damage
(

σ
σmax over 1− D) evolutions over all loadsteps

show that maximum stress was reached at higher damage and that higher rel-
ative stresses are maintained afterwards in transverse loading direction. The
dot-dashed lines indicate damage at maximum stress for axial and transverse
directions. Comparing compression (UC), tension (UT) and torsion (T) sug-
gests that the stress-damage evolution in different loading modes is not com-
parable and different in load direction. Stress-damage functions were derived
by piecewise cubic spline interpolations through (σy, Dy), (σmax, Dmax) and
(σ (ε5) , D (ε5)). Different load steps are shape encoded with ε1 = �, ε2 = •,
εy = N, εmax = �, ε3 = ♦, ε4 = 4, ε5 = 5.
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Figure 6.4: Different 95% confidence intervals of the fit-parameter a imply different
damage-residual strain evolutions (1− D over α) in axial and transverse
loading direction for compression (UC), tension (UT) and torsion (T). Com-
paring the loading modes the evolutions seem to be qualitatively similar.
The internal variable α =

√
ε0ρ

k
2 mlεres (for compression and tension) or

α =
√

µ0ρ
k
2 m

l
2
TRm

l
2
AXγres (for torsion) accounts for the evolution of the resid-

ual strains weighted by the respective fabric eigenvalue and stiffness param-
eter of the fabric based elasticity model. Data was fit to evolution equations
D = 1 − eaα. Different load steps are shape encoded with ε1 = �, ε2 = •,
εy = N, εmax = �, ε3 = ♦, ε4 = 4, ε5 = 5.
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Residual strains increased significantly with each load step for each loading
mode. In compression, no statistically significant difference could be found be-
tween residual strains in axial and transverse directions. This was found for ten-
sion as well except for loadstep ε5 (Figure 6.2). Regarding the evolution of damage
over residual strains, slightly lower damage was observed in transverse directions
for both compression and tension. The confidence intervals of the fit parameters
in AX and TR did not overlap (Figure 6.4).

Statistically significant differences ≈ 5% were found between yield strains in
compression and tension. Comparing yield strains in torsion to yield strains in
compression and tension these differences were ≈ 15% (Figure 6.5). Highest max-
imum strains were found in torsion. In case of compression and tension, signifi-
cantly higher maximal strains were obtained in transverse directions. Statistically
insignificant differences of > 5% were found between maximum strains in tension
and compression for both axial and transverse directions (Figure 6.5).
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Figure 6.5: Small statistically significant differences were found for yield strains between
compression (UC), tension (UT) and torsion (T) and in axial (AX) and trans-
verse (TR) loading direction. Maximum strains showed greater differences
between loading directions and modes. The whiskers denote ±1 standard de-
viation and the asterisk statistical significance to a significance level of p = 0.05.

6.4 Discussion

The goal of this study was to investigate whether damage and residual strain evo-
lution is different in axial and transverse loading direction. Furthermore, it was
of interest whether these evolutions are different under different loading modes.
Damage (Figure 6.2), stress-damage (Figure 6.3) and damage-residual strain (Fig-
ure 6.4) evolutions suggest that different damage but not residual strain evolution
mechanisms were present in axial and transverse loading direction. Furthermore,
the results indicate that these evolutions are different for different loading modes.
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Damage accumulation was qualitatively similar between axial and transverse
loading directions in compression and tension with respect to the same strain
range. Damage accumulation was lower in transverse direction for both load cases
indicating an anisotropic damage process. It seems that less damage but the same
amount of residual strain accumulated in transverse direction (Figures 6.3 and 6.4).
In torsion, damage accumulation was not comparable to compression or tension.
Maximum stress was reached at higher damage compared to compression and
tension (Figure 6.3).

In fact, damage accumulation depends on the tissue stress distribution. This in
turn, depends on the loading mode. Most bending of trabeculae and therefore
the most heterogeneous stress distribution is present under torsion, some trabec-
ular bending in compression and least in tension. On the trabecular length scale,
damage occurs primarily at high tensile stresses caused by bending. Therefore,
it accumulated more rapidly in torsion, than in compression and finally the least
in tension. The progression of damage was also more linear for tension. The
same was true for residual strains. The free trabecular bending length is larger in
transverse direction, which means that the elastic behaviour extends over a larger
strain range and delays the onset of damage and maximum strain (Figure 6.3). Ac-
counting for fabric, the relationship between damage and residual strains showed
similar trends for all loading directions and modes (Figure 6.4). However, the non-
overlapping confidence intervals of the parameter a suggest that the relationships
between damage and residual strains were different in axial and transverse direc-
tion. Thus, different damage mechanisms could be present in axial and transverse
loading direction.

Since damage is defined as decay in modulus, it is necessary to compare the
initial stiffness to the literature. Initial stiffness was higher than those reported for
vertebral trabecular bone (Keaveny et al., 1997; Matsuura et al., 2007). Stiffnesses
lay in the range found by others (Kopperdahl and Keaveny, 1998; Morgan et al.,
2003) or were lower than those found in a study on different sites (Rincón-Kohli
and Zysset, 2009). Shear moduli were lower than those found for femoral trabec-
ular bone (Garnier et al., 1999) or from different sites (Rincón-Kohli and Zysset,
2009). Differences may have been due to the higher volume fraction in these stud-
ies. Further differences compared to the literature may have arisen from different
preparation and testing protocols. However, the obtained results lay in a range
comparable to the literature. Thus, the determined stiffnesses were considered
usable to determine the damage evolution of vertebral trabecular bone.

Yield and maximum strains serve as markers to integrate the presented results
on damage and residual strain evolution in the quasi-static mechanical behaviour
of vertebral trabecular bone. Axial yield strains in compression and tension and
their statistically significant difference of ≈ 5% were in the lower range reported in
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the literature (Kopperdahl and Keaveny, 1998). Comparing the results to data from
different sites, ε

y
UC was lower while ε

y
UT was in a similar range (Rincón-Kohli and

Zysset, 2009). Axial ε
y
UC laid in the range reported for uniaxial compression (Mat-

suura et al., 2007). In torsion, the presented yield strains were lower than those
found for femoral trabecular bone (Garnier et al., 1999) or for data from different
anatomic sites (Rincón-Kohli and Zysset, 2009). This could have been attributable
to the noise reduction using a median filter which could have caused offsets af-
fecting the strain determination but not the stiffness determination.

Differences between yield strains in compression and tension were small but
lay in a range reported in the literature (Kopperdahl and Keaveny, 1998). Other
studies, however, found differences up to 56% (Rincón-Kohli and Zysset, 2009). It
was reported that yield strains in compression depend on apparent density respec-
tively bone volume fraction while yield strains in tension do not (Kopperdahl and
Keaveny, 1998; Bevill et al., 2009b). Thus, yield strains in compression found in
this study could differ from the literature (Rincón-Kohli and Zysset, 2009) due to
different bone volume fractions of the samples. However, when obtaining quasi-
static data from the first cycles per load step (Figure 6.1) it was found that com-
pressive yield strains

(
ε

y
UC = 0.0081

)
were significantly higher than tensile yield

strains
(
ε

y
UT = 0.0072

)
. Comparison to the results from the third cycles per load

step
(
ε

y
UC = 0.0073, ε

y
UT = 0.0070

)
shows that the conditioning in every load step

had a greater effect in compression than in tension. It seems that more energy was
dissipated in compression leading to balanced yield strains in compression and
tension. Still the same caveats regarding bone volume fraction exist with the yield
strains obtained from the first cycle per load step.

Axial maximum strains in compression and tension were in the range reported
in the literature (Kopperdahl and Keaveny, 1998; Matsuura et al., 2007). Com-
pared to data from tibiae (Ford and Keaveny, 1996) or from different anatomical
sites (Rincón-Kohli and Zysset, 2009) the mean was lower. The higher maximal
strains obtained in transverse directions fitted better to the literature. In torsion,
maximum strains were comparable to data from different anatomical sites (Rincón-
Kohli and Zysset, 2009). The conditioning effect observed for the yield strains
could have led to lower maximal strains as well. In conclusion, the results for
yield and maximum strains support the validity of the experiment and, thus, the
conclusions derived upon the damage mechanisms.

Load rates for quasi-static testing in this study have been slower than rates re-
ported earlier (Bayraktar et al., 2004b; Morgan and Keaveny, 2001; Morgan et al.,
2005; Rincón-Kohli and Zysset, 2009). Three conditioning cycles in each load step
allowed for distinction of a loading part which included pore fluid and other in-
fluences on an elastic response and an unloading part after three conditioning
cycles which reflects a settled quasi-static load situation. This settled load situ-
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ation in the third unloading cycle in load step εi was almost equal to the new
loading cycle εi+1 (Figure 6.1). Regarding the observed effect on εy the condition-
ing seems to minimise viscous effects already after one cycle. Thus, damage values
obtained from the loading path of the first cycle represent an initial response and
the residual strains from the unloading path of the third cycle represent a settled
response. A drawback was the high number of failed samples. This was due to
failure of the glue joints in higher loadsteps which did not stand the cyclic high
amplitudes. Dropping the outlier criterion and reperforming statistical evaluation
with nonparametric statistics did not lead to changes in the results. Thus, the used
statistics seem to be reasonable.

This paper provides detailed insights in the damage and residual strain evolu-
tion of vertebral trabecular bone under different uniaxial loading modes. Damage
but not the residual strain evolution seems to be anisotropic and both seem and
both seem to evolve differently under different loading modes. This indicates that
different damage mechanisms are present under different loading directions. The
results could help to improve the understanding and numerical assessment of ver-
tebral fractures.



Chapter 7

Conclusion

Osteoporosis constitutes a major problem in ageing societies. The disease is char-
acterised by a loss of bone mass and a decrease in fracture load. Incidents, such as
falls, leading to vertebral fractures potentially increase with age while the ability of
bone to repair induced damage and reestablish the bone strength decreases with
age. To identify those vertebrae at risk of fracture and also to prevent vertebral
fractures it is important to understand the mechanical properties of vertebral tra-
becular bone. Therefore, this PhD thesis was concerned with the improvement of
our knowledge about the mechanical properties of vertebral trabecular bone over
different length scales.

On a macroscopic scale, the material properties can be approximated by bone
volume fraction and fabric. While bone volume fraction could be at least approx-
imated via CT based bone mineral density measurements, it was unclear whether
the trabecular orientation can be determined in clinical settings. An experimental
protocol was proposed that allowed for the comparison of µCT and clinical CT and
showed that at least the trabecular main direction can be determined from clinical
scans. This forms the basis for applying volume fraction and fabric based material
laws for determining patient specific fracture loads.

Clinical CT does not allow to investigate the deterioration of mechanical prop-
erties on microscopic length scales. Thus, it was necessary to investigate the me-
chanical properties on the microscale and how these may be influenced by patient
related factors such as age and gender. Using nanoindentation, transverse isotropic
stiffness tensors for vertebral trabecular bone matrix were determined which re-
flect the dependence of the mechanical properties of bone extra cellular matrix on
the loading direction. Its stiffness remains unaffected by age, gender and vertebral
level while the work to perform an indentation was affected by age. This means
that the alteration of the macroscopic stiffness is a structural problem and not due
to changing microscopic material properties. However, whether this is true for
post yield properties such as strength remains unanswered.

The fact, that the alteration of the macroscopic stiffness is a structural problem
was further corroborated in a combined numerical and experimental study. The
study aimed at setting up valid µFE models from µCT scans and nanoindentation
measurements. It showed first, that it is possible to set up valid µFE models
to determine macroscopic material properties of vertebral trabecular bone directly.
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Second, it corroborated the concept that the macroscopic mechanical properties are
governed by trabecular structure and that similar tissue stiffness can be assumed
for all samples.

Based on these observations, the use of clinical CT based FE models seems rea-
sonable. However, vertebral fractures constitute a nonlinear problem and clinical
CT datasets do not contain any information about already induced damage that in-
creases fracture susceptibility. Therefore, knowledge about the damage properties
of vertebral trabecular bone is mandatory. An experimental study was performed
to investigate the damage properties of vertebral trabecular bone under uniaxial
compression, tension or torsion. The study implies that isotropic representations
of the post yield behaviour are not sufficient for the determination of vertebral
fracture load. The damage mechanisms leading to vertebral collapse due to over-
loads are different in different anatomic load directions.

In summary, this thesis provides a conjoint dataset of the mechanical proper-
ties of vertebral trabecular bone from the microscale to the macroscale. These are
the relevant scales for determining vertebral fracture load. To the author’s knowl-
edge this is the biggest conjoint dataset about multiscale mechanical properties for
vertebral trabecular bone so far.
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