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Summary

Trabecular bone, also known as cancellous or spongy bone, is one of the two osseous tissues
(compact and spongional) that form the human skeletal system. The skeletal system is very
important not only as a supportive structure for muscles and other soft tissues, but also plays non-
substitutable role as a protection of inner organs. Other functions performed by the osseous tissue
are: calcium phosphate storage and hemopoiesis, i.e. formation of blood cellular components in
bone marrow. From the material science point of view trabecular bone is a highly organized
composite material, with very unique properties. Although the effort to replace autograft and
allograft bones by a synthetic tissue-engineered scaffold has continued for the last two decades

there are still several open issues that need to be addressed.

In this work an engineering approach is used to assess the microstructural and mechanical prop-
erties of trabecular bone and to show the possibilities of modern experimental, numerical and
imaging methods for quantification of bone quality. There are several areas in which the re-
sults of the research can be utilized: i) early diagnosis of osteoporosis and bone quality and
quantity measurements, ii) bone fracture risk assessment, iii) evaluation of performance of arti-
ficial implants, iv) design of bone scaffold, v) efficacy comparison of different drug therapies and
treatments for osteoporosis, vi) in vivo assessment of changes in bone due to osteoporosis using
in-vivo animal testing.

Combination of experimental and numerical methods is used to measure the quality of trabec-
ular bone given in terms of material performance, i.e. standard mechanical properties (stiff-
ness, strength, yield stress and yield strain, hardening modulus) are evaluated inversely using
microstructural finite element models with tissue material properties measured by nanoindenta-
tion. To compare the results of numerical simulations to the response of real trabecular bone
under mechanical load a unique experimental setup has been developed which enables to capture
the deforming microstructure in great detail. A custom loading device enabling to gradually
compress a sample directly inside micro-CT chamber has been designed. This enables to capture
individual deformation states of the sample and thus direct comparison between experimental

and numerical results.

These methods enable not only to assess the relationship between the microstructural param-
eters and the overall bone mechanical properties but also give us the opportunity to compare
nondestructively mechanical properties of newly formed bone in animal models (provided that
some information about the tissue properties is known) and in case of successful immobilization
of the animal even in-vivo. As an example of such possibilities, an attempt to inversely estimate
the bone quality using microstructural models has been made in which voxel models based on
images from microfocus computed tomography were used to compare the overall stiffness of rat
vertebrae. Possibility to use the micromechanical models developed from micro-CT data to esti-
mate the performance of a proposed orthopaedic therapy is outlined. The advantage of such an
approach is demonstrated using an example of stem cell therapy, when a bone scaffold combined

with human mesenchymal stem cells is used in a rat model of vertebral body defects.



Souhrn

Trabekularni kost, ktera se také nazyva spongiozni (houbovitou) kosti, je jednim druhem kostni
tkané. Soubor vSech kosti vytvari kostru, neboli skeleton. Skeleton je velmi duilezity nejen jako
podpurné konstrukce pro svaly a dalsi mékké tkéané, ale hraje taky nezastupitelnou roli jako
ochrana pro vnitini orgédny. Mezi dalsi funkce mizeme zahrnout funkci zasobarny vapniku a
hematopoézu, tedy tvorbu krevnich bunéénych komponent, kterd u dospélého ¢lovéka probihéa
ve stromatu cervené kostni diené. Z pohledu materidlového inZenyrstvi je trabekularni kost
vysoce hierarchicky kompozitni material s velmi unikdtnimi vlastnostmi. Ackoliv usili zaménit
autograftovy i alograftovy material synteticky vyrobenym podptrnym skeletem bylo prfedmétem

systematického badani poslednich dvou dekidd, mnozstvi otazek stéle zistava otevieno.

V této préci je pouzito inzenyrského pfistupu pro stanoveni mikrostrukturalnich a mechanickych
vlastnosti trabekularni kosti a k demonstraci moznosti modernich experimentalnich, numeric-
kych a zobrazovacich metod pro stanoveni kvality kosti. Vysledky tohoto vyzkumu mohou najit
uplatnéni v néasledujicich oblastech: i) véasné diagnostika osteoporézy a stanoveni kvality a kvan-
tity kostni hmoty, ii) kvantifikace rizika vzniku osteoporotické zlomeniny, iii) stanoveni chovani
umélych nahrad, iv) navrh podptirného skeletu, v) porovnéni efektivnosti riznych postupi a lékt
pro prevenci a lé¢bu osteoporozy, vi) stanoveni postupnych zmén ve struktuie kosti v dusledku

osteoporézy in vivo pomoci laboratornich zvirat.

Pro stanoveni kvality trabekularni kosti je v praci pouzito kombinace experimentalnich a num-
erickych metod, kdy kvalita je vyjadFena pomoci standardnich mechanickych vlastnosti (tuhost,
pevnost, mez kluzu, modul zpevnéni). Tyto mechanické vlastnosti jsou urceny inverzné pomoci
mikrostrukturalnich MKP modelt s konstitutivnimi vztahy na trovni jednotlivych trabekul,
které jsou stanoveny pomoci nanoindentace. Vysledky téchto simulaci jsou porovnany s odezvou
vzorku trabekulérni kosti, ktery je podroben jednoosé tlakové zkouSce v unikdtnim experimen-
talnim zafizeni, které umoznuje detailné zobrazit deformujici se mikrostrukturu vzorku. Pro tyto
ucely bylo vyvinuto zatézovaci zafizeni, které umoznuje postupné ptitézovani vzorku v mikro-CT
za soucasného ozafovani a tak zachytit jednotlivé deformag¢ni stavy vnitini struktury vzorku a

tim i pfimé porovnani experimentalnich vysledkt s numerickou simulaci.

Tyto metody umoznuji nejen odhalit vztah mezi mikrostrukturou a celkovymi mechanickymi
vlastnosmi kosti, ale umoziuji nedestruktivné porovnat mechanické vlastnosti nové tvofené kosti
v experimentélnich modelech laboratornich zvifat. Jako ptiklad moznosti vyziti ndro¢nych MKP
simulaci pro stanoveni kvality kosti pomoci inverzniho vypoctu je v praci demonstrovan vypocet
tuhosti pateiniho obratle laboratorni krysy. Smysl téchto vypocti tkvi v moznosti porovnéni
uspésnosti 1ééebného postupu, testovaného na laboratornim zvifeti a to, v pfipadé tspésného
znehybnéni, dokonce in-vivo. Vyuziti detailnich mikrostrukturalnich modelt vytvotfenych ze
snimki mikrofokusélni pocitacové tomografie za ti¢elem zhodnoceni navrzené ortopedické terapie
je nastinén v zavéru prace. Uvedeny ptiklad byl soucasti vétsitho vyzkumu z oblasti vyuziti
kmenovych bunék, kdy kostni podptirny skelet kombinovany s mesenchyméalnimi kmenovymi

bunikami byl pouzit v modelu defektt pateiniho obratle.
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1 Introduction

Trabecular bone is one of the two type of mineralized osseous tissue, that form our skeleton.
Generally, two types of bone tissue, trabecular and cortical are present in any type of bone.
Cortical bone is the dense layer on the surface of bones, while trabecular bone is the highly
porous structure inside the ends of all long bones (e.g. femur, humerus or tibia). It is also
present in other bones (e.g. in vertebral bodies) where it contributes to the overall strength of
whole bones, namely under impact loads. At molecular level cortical and trabecular bone are
made of the same constituents but their macroscopical, namely mechanical properties are quite

different.

Since bone is a composite material, its properties are influenced by the properties of its con-
stituents. Material properties of trabecular bone are furthermore heavily influenced by the
architecture and connectivity of individual trabeculae. At molecular level one can consider bone
to be a composite material consisting of organic and inorganic constituents. To establish the
relationship between the overall mechanical properties and the microstructure, it is necessary
to measure reliably the properties of individual trabeculae. This is quite challenging because of
the small dimensions of trabeculae and their irregular shape. The length of trabecula is around
1 mm but it varies in different anatomical locations and species. The very small dimensions
of trabeculae introduce special requirements on both experimental and numerical methods for

mechanical properties assessment.

1.1 Bone composition

Bone is a natural composite material made of collagen matrix stiffened by crystalline salts com-
posed primarily of calcium and phosphate. Collagen is a soft organic material and a fibrous
protein also found in other connective tissues. The collagen provides the bone with toughness
(while the inorganic salts are responsible for the rigidity and stiffness of the bone). Apart from
collagen, there are other proteins present in the bone. These include glycoproteins and pro-
teoglycans which create an amorphous mixture of extracellular material. In addition to this
protein constituent of bone, there is inorganic constituent, which is a mineral very similar to
hydroxyapatite — a naturally occurring mineral form of calcium apatite described chemically as
Cayp(POy4)6(OH)s.

The collagen molecules and crystals of hydroxyapatite are assembled into microfibrils. Further
on, these fibrils create fibres with thickness about 3 to 5 um. The fibres are then assembled
either randomly into woven bone or are organized into lamellae forming lamellar bone. These
lamellae can be either in concentric groups, called osteons or can form linear lamellar groups,

called plexiform bone. This level is called microstructural level.

At the same level, the bone is differs also in terms of its architectural organization. There are

two types of architectural arrangement present in all types of bones. A thin layer of dense bone



covers all types of bones and is called cortical or compact bone. Under this dense layer in all
weight-bearing bones there is a less dense type of bone, called trabecular or spongional bone.
This bone is subject of this work. Application of modern imaging, experimental and numerical
techniques for investigation of trabecular bone material properties is discussed in the forthcoming

text.

2 Nanoindentation

Although there is a number of experimental techniques for measurement of bone tissue mechanical
properties there are possibly five main methods used for this purpose: (i) tensile or three- (four-)
point bending tests, (ii) buckling studies, (iii) acoustic methods, (iv) back-calculation from finite
element simulations, (v) nanoindentation. The published results differ significantly, for any of
the before-mentioned methods, even when the same testing protocol has been used by different
research groups. The are several reasons for the scatter in the obtained results which can be
attributed to different protocols used in sample preparation, different testing methods or the
scatter can be explained by the real anisotropy and asymmetry of mechanical properties of the
tissue itself. One of the most favourite methods used to measure the bone material properties is

nanoindentation.

Nanoindentation has been used to measure the mechanical properties of both cortical and tra-
becular bone. For the cortical bone, this technique has been used to measure the properties
from the level of single osteons. This technique has been used to identify the sources of material
anisotropy of cortical bone and to explain the structure-property relationships in bone. It has
been shown, that material properties measured by nanoindentation, vary even within completed
secondary osteons [1]. Also, the elastic material properties (Young’s modulus and hardness)
are highest in the centre of the osteon and are declining outwards. Moreover, the mechanical
properties of osteons were also found lower than those of the interstitial bone. Similar results
were acknowledged by other authors, although some of them reported no statistically significant
difference in material properties of osteons and interstitial bone [2|. Apart from this variation,
nanoindentation has been used to show the anisotropy of human osteons [3]. In their work,
nanoindentation was used to measure the principal material orientations with respect to its axis
and to show that osteons are generally stiffer in longitudinal direction and that the principal

direction of stiffness is slightly rotated from the osteon axis.

For the trabecular bone, nanoindentation has been extensively used in the last two decades.
Similarly to cortical bone, variations in mechanical properties between samples harvested from
different anatomical sites has been shown to be statistically significant [4, 5]. Among other
documented factors, influencing the material properties, water and mineral content [6] have
significant effect on properties of bone tissue, and this applies also to elastic modulus and hardness
of human trabecular bone lamellae [7]. The water content has been shown to influence not only

the elastic, but namely the viscous, yield and post-yield properties [8] of both cortical and



trabecular bone.

Although the nanoindentation is well established method for measuring elastic properties of
trabecular bone, it is not so straightforward to use this method to measure its yield and post-
yield properties. It is even more tricky to interpret the indentation results for materials that
exhibit significant viscous (or poroelastic) deformation behaviour. One has to bear in mind that
all biological materials exhibit viscous deformation behaviour. Therefore, while it is relatively
easy to apply nanoindentation to obtain elastic properties of dry bone samples, both cortical
and trabecular, to obtain viscoelastic (or elastic-viscoplastic) properties of bone introduces great
difficulties not only for sample preparation and keeping the sample in physiological saline solution

during the testing, but also for proper results interpretation.

Nanoindentation was developed in the mid 1970s and measures the hardness of a material
in a small volume of interest. The principle of the method is same as in the traditional
(macro)indentation test - a sharp tip of hard material is pressed down into a surface of the
tested material and from the measured load and indentation area the hardness is calculated.
Elastic properties of the material are evaluated using the Oliver-Pharr method, which uses the
slope of the unloading part of the nanoindentation curve. This method assumes the material
to be elastic and incompressible, the contact between the specimen and indenter purely Herzian
and the unloading fully elastic. The method has been proven valid for axisymmetric indenters
with infinitely smooth profile and perfect geometry, zero adhesive forces, frictionless contact and

specimen represented by infinite half-space |9, 10].

The Young’s modulus of the tested material is calculated from the unloading part of the inden-
tation: the slope of the curve, dF'/dh (F is the measured force and h is the indentation depth),
upon unloading is indicative of the contact stiffness .S which can be used to calculate the so-called
reduced Young’s modulus F,:

1vm S8 (2.1)
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in which the projected area of the indentation A, (h.) is fitted by a polynomial for a given contact

E,

depth h., and [ is a geometrical constant. The reduced modulus E,. is then used to calculate the
Young’s modulus of the tested material E,, from the known Young’s modulus of the indentor E;
using a simple relationship from contact mechanics:
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Usually, diamond is used for the indentor tip and (known) material properties of the indentor
are then F; =1140 GPa and v; = 0.07. For common metal materials, the indentation hardness
correlates linearly with both the yield strength and tensile strength [11]. For other materials
including bone there is no correlation between the yield properties and hardness. However,
constants for nonlinear material model can be obtained by fitting procedure for which a FE

model of the indentation is developed and the constants of the chosen constitutive model are



obtained using an iterative approach. For each set of the material constants, the load-penetration
curve is inversely calculated in the FE simulation and compared to the experimentally obtained
one. The constants are varied and least squares approach is used to find the best fit between the

experimentally and numerically obtained F' — u curves.

2.1 FE modelling of the nanoindentation experiment

To obtain the constants of elasto-plastic material model with isotropic hardening from a large set
of indentation curves from quasi-static nanoindentation following experiment has been carried
out. Small cubic sample of trabecular bone was harvested from cadaveric human proximal femur

(72 year old male). For the indentation, two peak forces, 10 mN and 20 mN were used in a grid

of 20 indents. Each grid represented a set of different parameters: three different loading rates
(20, 120, 240 mN/min) and three holding times (10, 20, 40 s) were used, each for the two peak

forces.

Figure 2.1: The microstructural arrangement of trabecular bone in the greater trochanter region
(proximal femur).

In the inverse FE analysis a rotationally axisymmetric model of the indentor and the underlying
bone was modelled. The Bercovich indenter with actual pyramidal shape was transformed into
an equivalent cone. In spite of the nonlinear contact between the sample and the indentor, the
sharp tip of the cone was rounded with radius 7=200 nm [12]. Both triangular and rectangular
elements with quadratic shape functions were used to discretize the geometry (see Fig. 2.2). The

contact between the indenter and the bone surface was assumed as frictionless.

The optimization algorithm used for inverse determination of material model can be described as
follows: First, random values of material constants in expertly established within initial ranges
and used for the initial simulation. The least squares method is used to calculate the R? errors
between numerical and experimental results and compared with a user specified threshold value.
If the threshold is reached the ranges of material constants are modified for the next iterations.
Each iteration in the optimization scheme consists of approximately 100 simulations and finally
new R? errors are calculated and sorted in decreasing order. Three highest values are used in the
next iteration step and new sets of constants are generated using Gaussian distribution function.

The best fit of the material constants is determined when limited number of iterations is reached.
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Figure 2.2: Example of the set of nanoindentation curves and FE model of the problem used for

the inverse estimation of material properties.

To fit the experimentally obtained indentation curves a finite number of points is generated and
the curves are sampled at the points. F'—wu pairs computed inversely and assessed experimentally
are compared at these points using least squares approach. Resulting set of four material param-
eters (u, F, oy, Fiay) is obtained as the best fit. The flowchart of the optimization scheme used
in the back-calculation is given in Fig. 2.3. For the detailed description of the fitting algorithm

and for the results obtained see [13, 14].

nanoindentation
experiment

nanoindentation
curve
grid optimisation
algorithm

€lastic constants
Evab, Virab

Etan_1,0v_1

lassessed material
model 1,...,N

FEM analyses
1,..,N

FEM nanoindentation Comparze
curve (error R%)
sampled

constan;s nanoindentation
max(R%) curve

sampling

Etan_best,Oy_best

Etan_best, Gy_best

Figure 2.3: Flowchart of the optimization - fitting the parameters of the elasto-plastic material

model by comparison of indentation curves.
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3 Micromechanical testing

3.1 Introduction

To measure the material properties of individual trabeculae, there is one, probably more straight-
forward method to measure the mechanical properties directly. Despite the very small dimen-
sions of the trabeculae it is possible to apply standard testing methods, i.e. three- or four-
point bending, tension and compression tests to establish the stress—strain relationship for ex-
tracted trabecula. However, the delicate dimensions of the trabeculae and the microstructural
arrangement of the trabeculae into a complicated network require that special care and special
techniques must be used not only during the sample preparation and handling, but great care
must be paid to evaluate the strains and stresses in the loaded sample. The main advantage
of direct micromechanical testing compared to nanoindentation is the possibility to measure the

yield properties directly or to measure at variable strain rates.

For a material model that would properly describe the elastic-plastic deformation as well as mi-
crodamage initiation and accumulation it is very important to introduce a damage model to mi-
crostructural FE (micro-FE) models. These models, built from very accurate three-dimensional
image data acquired by micro-CT scanning are used to predict the overall properties of bone
using samples with dimensions of several mm. It has been shown, that these models are able to
predict the overall orthotropic elastic properties [15], both in dry and wet conditions [16] but
fail to predict the yield properties and the softening behavior of trabecular bone. To describe
properly behaviour of trabecular bone beyond the yield point, linear elastic description is (of

course) insufficient and more advanced material model is needed.

3.2 Microscale three point bending

Nanoindentation has been successfully used to measure the elastic properties of trabecular bone
both in dry and wet conditions [17, 18, 19]. It can be considered as the de-facto standard
technique when only elastic properties are sought. When deformation behaviour beyond the yield
point is important, it is more appropriate to use “standard” methods, e.g. three-point bending
or tension. The only complication with these methods originates from the tiny dimensions of
the samples. Usual length of a trabecula from great trochanter region is about 1 mm and the
diameter is about 100 um. The dimensions of the samples require not only special harvesting
and handling protocol, but also additional requirements are on the side of force measurement

accuracy and consideration of the specimen geometry.

One of the options how to assess the exact 3D geometry of the specimen is to perform complete
micro-CT scanning for each specimen prior the testing. This would require an extra time in
which the specimen is irradiated by the X-rays during which the specimen undergoes drying

and deproteinization since complete tomography is needed. Instead of using X-rays it is possible
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to use visible light and construct the geometry using shape from silhouettes approach. This
algorithm uses the so-called wisual hull, i.e. intersection of the silhouettes taken from different

view angles.

Figure 3.1: Principle of the shape-from-silhouettes method: a) visual hull - the intersection of the
cones defines the bounding geometry of the object, b) trabecular sample and the reconstruction
of its geometry from the shades.

For any silhouette image of an object (shade), we know that the object lies inside the volume
generated by back—projecting the silhouette area. For the back—projection, only the geometrical
parameters (distance from the camera to the object) are needed. If the object to be recon-
structed is convex, this algorithm can reconstruct its shape with sufficient accuracy, provided
that the background can be correctly subtracted from the images. This approach is used in our
experiments. The object (extracted trabecula) is placed on a rotating table and diffuse light is
used to illuminate it. In each angle, the shade is captured with high-resolution CCD camera and
using a binary threshold separated from the background. Prior the testing, the accuracy of the
method has been tested using a set of 5 samples and compared to the results obtained by X-ray

microtomography. The difference between the reconstructed volumes was not larger than 4%.

3.3 Displacement tracking a strain calculation

Due to the delicate dimensions of the samples it is not possible to use contact method, e.g. strain
gauge, for strain measurements. On the other hand, it is possible to use a contact—less optical
methods to track the displacements on the surface of the sample and from the displacements
calculate the strains. To measure the strains in the loaded sample one can use either high-
resolution CCD camera and observe the deforming sample in visible light or take advantage
of using X-rays and capture the projections using high-resolution X-ray detector. Using X-rays
overcomes one problem with visible light - the object is very small and a microscope must be used
to get sufficient magnification. With increasing magnification, the depth of focus is decreasing.
Due to the curved surface of the samples marginal regions of the sample are out of focus which

can cause problems in correlation at that area.

To track the displacements a method based on maximalization of the correlation coefficient

between two sub-images in used. A set of points (defining the grid) is defined in the undeformed
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(reference) image. Around each of the points a rectangular neighbourhood is defined forming a
subimage Iy. The reference image subset is then shifted and deformed and compared to the image
subset in the deformed image I;. The best correlation between Iy and I; is sought by nonlinear
optimization algorithm (inverse compositional algorithm). The cross correlation coefficient used

in the minimization algorithm r;; is defined as:

du du 0v dv. S Sllo(rayy) “Bllh(oy) ~hl g

r(u,v, —, 7, 5= 7)) =1— = =
Oz’ Oy’ Ox’ dy \/ZZZ] [Io(xi,yj)—fo]QZiZj [Il(x'i,y;-)—fl]Q

Here Iy(x;,y;) is the pixel intensity at a point (z; ,y;) in the reference (undeformed) image and
I1(x;,y;) is the intensity at a point (a:;, y;) in the deformed image. The mean intensity values in
matrices Iy and I; are represented by the overbarred symbols Iy and 1.

When the linear transformation between the reference and deformed subset is found, it is easy

to compute directly the strain tensor. It can be readily shown, that the coefficient of the linear

affine transformation

T =z4u+ %Ax + Z—ZAy (3.2)
/ ov ov

= —Azr+ —A
Yy =ytuv+ B T+ oy Yy

are members of the deformation gradient tensor F'. In equation 3.2 translations of the centre of
the subimage u and v as well as the distances Ax and Ay from the centre of the subimage to the
point (z,y) are defined in the image coordinate system (z,y). Thus, the correlation coefficient

ri; is only a function of displacement components and displacement gradients. Arranging the

Ou;

o the Green-Lagrange strain

displacement gradients in the deformation tensor F' = Fj, = 6;5+

tensor can be then computed as:
1
E= 5(FTF ) (3.3)

For fitting the response curves, the Green-Lagrange strain tensor does not need to be evaluated,
only the displacements are used to fit the complete F' — u response. But the G-L strain tensor

is used to compare the numerical and experimental results.

3.4 Microscale three-point bending

To mechanically test trabeculae using a miniaturized version of three-point bending experimental
setup (Fig. 3.2) was developed using precise translation stages (Standa Ltd., Lithuania) with 1 gm
sensitivity. For the loading a high precision linear stage (M-UMR3.5, Newport Corp., USA) with
differential micrometer (DM11-5, Newport Corp., USA) with 0.1 um sensitivity and 5 mm travel
range was used. Applied force is measured using 2.2 N load sensor (FBB350, FUTEK Advanced

Sensor Technology Inc., USA). For optical measurement of deformations the setup is equipped
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with a high-resolution CCD camera attached to an optical microscope (Navitar Inc., USA). This
configuration enables to acquire images of the sample under slowly increasing load and to use

tracking of markers defined in the reference image to measure the displacements and strains in

the samples.

Figure 3.2: Experimental setup used in the three-point bending of extracted human trabeculae:
a) general view of the experimental arrangement showing the micropositioning tables and load-
ing device controlled by stepper motors, b) closer view showing the sharp loading tip and the
miniature load cell.

The samples were extracted under magnifying glass (4 x magnification) from the same proximal
human femur (Fig. 4) as used in the nanoindentation experiment using a sharp-tip scalpel and
pair of tweezers. Trabeculae were cleaned off marrow and grease in a detergent. Ultrasonic bath

was used in short time intervals.

To overcome the problems with shallow focal depth one can use, instead of the visible light, X-
rays. This has a motivation in the improvement of displacement tracking accuracy. As markers
to be tracked gold coated borosilicate hollow microspheres were used. Gold was selected due
to its high atomic number (Za, = 79). The microspheres were covered with 250 nm golden
layer and the diameter of the spheres was 5 — 15 um (Microsphere Technology Ltd., Ireland).
The microspheres were used to create a random pattern on the surface of the specimens using a
solution of phosphate buffered saline (pH 7.0). Added glycerine caused almost perfect adhesion

to the samples’ surface.

Similar experimental setup was used inside the X-ray shielded box. Each specimen was tested
in three-point bending while X-ray microradiography was used to track the displacements in the
loaded specimen. Positions of the microspheres were identified using a circular Hough transfor-
mation. The positions of the centres of markers were used in consequent strain calculations. An
illustrative example of radiographs showing the three types of markers is depicted in Fig. 3.3.

More on the experiment can be found in [20].
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Figure 3.3: Radiographs of loaded trabecula (6, 50, 200 ym midspan deflection) with emphasized
micro-spheres. Correctly identified micro-spheres are labelled by a blue circle, micro-spheres lost
during correlation by a red circle and phantom markers by a magenta circle.

3.5 Inverse calculation of material properties - fitting the re-

sponse curve using FE modelling

Due to the high irregularity in the specimens’ shape it is not possible to use e.g. Timoshenko
beam theory and calculate the stresses to plot the stress—strain curve. Instead, exact geometry
of each sample must be modelled and discretized with finite elements. Boundary conditions and

force must be applied with respect to the conditions in each experiment.

T
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L i 50 B0 L 1006

n E L L L L i
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Figure 3.4: Grid of 9 points used for tracking the displacements in the three-point bending ex-
periment and comparison of experimental force—deflection curves with those from FE simulation
for the set of best-fitted material parameters (selected markers only).

To calculate the displacements at the exact positions where they were optically measured during
the experiments, nodes corresponding with position of the correlation markers were selected on
the surface of the model. Similarly, nodes at positions of the supports were generated in the
FE models to enable application of boundary conditions at the exact locations. Similar least—

squares approach of inverse calculation of material constants as described in section 2.1 is used.
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Mlustrative image comparing the experimental and numerical F' — u curves for the best fit of

material constants is given in Fig. 3.4. The results are summarized in [20, 21].

4 Microstructural models

4.1 Morphometric indices used in trabecular bone research

In the previous part of this work, methods of obtaining constitutive law for deformational de-
scription of trabecular bone at the #issue level have been described. It has been shown, that the
overall properties of trabecular bone are influenced not only by the tissue properties, but also

(and importantly) by the microstructural arrangement of the trabeculae.

In the past years, classic stereological methods were used to describe three-dimensional mor-
phometry of the bone. For this purpose, several indices has been established to characterize
the microstructural arrangement of trabecular bone. Among these indices, which are used to
describe the relationship between the overall bone strength and its microarchitecture, the most
important are: trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp). These two indices
were considered to be the key indices, i.e. most influencing overall strength of trabecular bone,
when measurements taken from two-dimensional images were used. In fact, histological sections
were used for the purpose and with this technique, it was not possible to account fully for the
three-dimensional microstructure. Moreover, it has been shown, that Tb.Th and Th.Sp derived
from anatomical locations where rod-like trabeculae prevails (vertebral bone) and from locations
with dominant plate-like trabeculae (femoral head) are over- or underestimated when beam or
plate models were used to estimate the average thickness and separation [22, 23|. This is the
reason why 3D data must be used when fully 3D morphometric indices are to be assessed. This
has been shown for the first time by Hildebrand and Riiegsegger [24] in 1997 when the authors
showed, that direct 3D algorithms must be used when model-independet assessment of Th.Th
and Th.Sp is needed. The base idea behind their approach is fitting a sphere of maximal diam-
eter inside a space (a void in trabecular microstructure). For this purpose, they designed and
implemented an efficient algorithm using distance transformation. Comparison between the re-
sults obtained from 2D histological sections and 3D measurement using micro-CT was published

the same year in [25].

Using this fully 3D approach the mean trabecular thickness (Tb.Th.mean) can be reliably estab-
lished. However, this is only a scalar value and can be used as a good measure for intraspecimen
comparison of trabecular thickness. Th.Th as a scalar cannot account for all structural changes
that are important for e.g. monitoring structural changes over time. However, there are other
structural indices, that can be measured when fully 3D image data are available. Among other
indices used for morphological description of trabecular bone structure are average trabecular
number (Tb.N), which is the inverse of the mean distance between the mid-axes of the mi-

crostructure. The mean distance is also used for calculation of the previously mentioned Th.Sp
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- with one change - the voxels representing non-bone parts are filled with maximal spheres.

There are other indices which can be directly determined from the 3D image data. For most
of them a 3D model of the trabecular bone developed using algorithms from computer graphics
must be used. First, from the thresholded images, containing only the bone a surface model
is built using the Marching Cubes Algorithm [26]. Then it is easy to calculate other structural
indices, such as bone surface area (BS) as the sum of all trianles used in the surface triangulation.
Similarly, after the volume is filled with Delaunay tetrahedralization (see e.g. [27]), bone volume
(BV) is calculated by summing the volume of all tetrahedrons inside the structure. Often,
normalized indices, i.e. indices normalized to the total volume (TV) are used. These indices
include bone volume to total volume (BV /TV), bone surface to total volume (BS/TV) and

bone surface to volume (BS/BV) ratios. TV is the volume of the whole sample.

Apart from these metric indices, there exist other non-metric indices, which can be directly
computed from the 3D image data. For most of these indices, mean intercept length (MIL) has
been introduced. The mean intercept length is defined as the total length lines intersecting the
microstructure (in one direction) divided by the number of intersections of these lines with the
bone-marrow interface [28]. Using MIL other important geometrical parameters used to describe
the anisotropy of the bone and other directional properties are defined. For instance, degree of
anisotropy (DA) is geometrically defined as the ratio between the maximal and the minimal
radius of the MIL ellipsoid [29]. Bone material isotropy is then defined as a situation for which
DA is unity (1.0). Among other non-metric indices are structure model index (SMI) which is
a good estimation of the plate-to-rod distribution characteristics, trabecular bone pattern factor
(TBPSf) describing the inter-trabecular connectivity and self-explanatory connectivity density
(Conn.D).

In general, all of these indices can be used to describe the microstructural-mechanical relationship
in trabecular bone, but none of them (nor only their combination) is comprehensive or universal.
Moreover, when the post-yield deformational behaviour of trabecular bone is to be addressed,
all of these indices mostly fail. Other approach to describe the quality of trabecular bone is to
directly use mechanical properties, e.g. stiffness or strength. The most straightforward approach
for establishing these mechanical properties is to use microstructural FE models and use inverse
analysis to compute these mechanical properties for the given sample. The microFE models
account with great detail for the complex microstructure and when the tissue properties are
known (or expertly estimated, e.g. based on the density obtained from CT scans) the overall
properties can be reliably computed. Also, nonlinear large deformation analysis can be applied

[30] with nonlinear material model to simulate the post-yield behaviour.

4.2 Time-lapse micro-CT

Micro-CT can be used not only to reveal the microstructure of trabecular bone, but when per-

formed in a time-lapse fashion, it can be used to provide excellent experimental data for validation
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deformed

Figure 4.1: Experimental setup for the time-lapse micro-CT scanning of a loaded specimen of
trabecular bone (left). Deformed microstructure in two load steps is depicted in a thin slice only
(right).

of microFE models and the constitutive models used. The time-lapse micro-CT [31] is an ex-
periment in which a specimen is repeatedly scanned in micro-CT under gradually incremented
load. The result of such scanning is a sequence of three-dimensional images of the deforming
microstructure. In our experiment a custom, laboratory micro-radiographic system composed of

micro-focus X-ray tube and a large flat panel detector [32] was used.

To enable simultaneous loading and X-ray scanning of a specimen a custom uniaxial loading
device was developed. The loading frame of the device is formed by a cylinder from material
with low and homogeneous attenuation of X-rays. The loading is provided either manually by
a screw or by a stepper motor. The device placed inside the X-ray shielded box is depicted in

Fig. 4.1 together with resulting images of the deformed microstructure.

The specimen was gradually loaded in 6 deformation increments up to 5% overall compres-
sive strain. The displacements were carefully controlled with high-precision linear translational
stage. Time-lapse X-ray microtomography of every deformation state (including the zero de-
formation state) was tomographically captured a large-area flat panel with physical dimensions
120x120 mm and pixel resolution 2240 x 2340. During the acquisition the target voltage was
70 kV and the target current was 140 mA. The initial (undeformed) state of the specimen was
captured in 720 projections with angular step 0.5 and acquisition time 40x0.5 s to get the best
possible image data for development of the FE model and model used for DVC. After every
loading step complete tomography using 360 projections of incrementally deforming sample was
performed. Reconstruction of the internal microstructure was computed in MATLAB using a

backprojection algorithm for equiangular cone-beam projection data [33] for each load increment.

Both for the DVC and for the numerical modelling a FE model of the microstructure has to be
developed. There are generally two options for the FE models. One can use tetrahedral elements
for the discretization to obtain smooth-boundary geometrical representation or voxel elements
with zigzag boundary. When tetrahedral elements are used the surface is first found using

Marching Cubes Algorithm [26] which is given as a closed set of triangles describing the surface
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Figure 4.2: Reconstructed images of the deforming microstructure.

of the object. After some optimization and decimation (reduction of the number of triangles in the
surface mesh) the volume is filled with tetrahedra using Delaunay triangulation extended to three
dimensions [27]. This approach produces a large number of tetrahedra and extra requirements
are needed for proper segmentation of the image data to obtain fully connected structure with
non-zero volume. It is much easier to use the voxel structure (voxel is three-dimensional pixel, see
Fig. 4.3) and convert directly each voxel into a linear hexahedral element. If quadratic elements

are needed, the mid-side nodes are placed in the middle of the edges.

K«

Figure 4.3: Voxel model of the trabecular bone microstructure with depicted definition of voxel
as three-dimensional pixel.

5 Digital volume correlation

To compare the strains in the loaded sample to the values calculated by the FE analysis similar
approach as the previously described image correlation can be employed. A natural extension
of DIC to three dimensions can be used. This approach is sometimes called Digital Volume
Correlation (DVC) [34, 35] since for the correlation subvolumes defined around the control points
are used instead of subimages. Other computational principles of the method are very similar.
DVC also utilizes a sequence of consecutive image data, here it is a parallelepiped volume of voxels
that represents the process of the object translation and deformation. Correlation principle used

to track the movement of individual subvolumes is also based on minimization of cross-correlation
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coefficient. The subvolume defined around the control point must contain a distinguishable part
of the object inner structure or a random pattern. This is important for tomography of an
object with sparse structure. If the control point is placed in a place where no material is
present, the subvolume can contain only “background” image data, i.e. air for which the X-rays
attenuation is almost zero. Then the control subvolume contains only noise originating from the
backprojections. Therefore, placing control points in such a place must be avoided.

This is achieved by special distribution of the control points. To force the control points to lie
inside (or at the boundary) of the deforming microstructure, FE model of the microstructure is
first developed and its nodes are taken as the control points. Both tetrahedral and hexahedral

elements can be used.
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Figure 5.1: Principle of the Digital Volume Correlation. Volumetric subimage is defined in the
reference volume and its transformation is sought in the deformed volume.

As the correlation algorithm normalized cross-correlation is used. The algorithm can be described
in two steps: First, displacement of a voxel is evaluated using normalized cross-correlation (NCC)
with result presented by an integer value. This is done using the coordinates (X,Y,Z) of the
central voxel of a reference (undeformed) sub-volume data. The NCC coefficient is computed in

the deformed image (z,y, z) data as a maximum defined as:

T=m Yy=n z=o

STSUN (olwy, 2) — To) (I, y,2) — Th)

rz=1 y=1 z=1

r= (5.1)
T=m Y=n z=o T=m Y=n z=o
SN oy ) =To)* | [ XD (hiwy, ) ~T)’
=1 y=1 z=1 =1 y=1 z=1

where Iy is the reference (undeformed) subvolume and I is the actual (deformed) subvolume,
respectively. The mean values of the image intensities in the volumes are represented by the
overbarred symbols Iy and I;. The NCC coefficient is maximized using the steepest-gradient
method. The found maximum gives the new integer coordinates (z,y,z) for which the best

correlation was found. Displacement vector is at this stage calculated with pixel accuracy only:

uw=[u,v,w]’ =z—X,y-Y,z—- 2" (5.2)
The pixel accuracy is far from the requirements that one puts on the accuracy of the method. So

20



far, the DVC was based on the correspondence between voxels in reference and deformed volume
only. There are two more changes that may occur in practical measurement data. First change
is due to the nonlinear response of the X-ray detector, producing the image data. It means,
the background intensity can change between the reference and deformed volume images and/or
contrast may change sue to the nature of the imaging device. Second, between the reference and
deformed configuration, there might be not only the rigid body translation, but the subvolume
may deform in shear strain, rotation, normal strain or their combinations to an irregular shape.
Calculation of the subvoxel displacements must take these issues into consideration. In our
algorithm, the integer values of the displacement vector are in the second step used as inputs
for the further subpixel evaluation using 3D extension of Lucas-Kanade (LK) algorithm [36].
This step accounts for the deformation of the reference sub-volume (template). LK algorithm
is based on the minimization of the sum of squared error between the reference and deformed

sub-volumes:

> L (W (&) — Io(Z)) (5.3)

—

xT

in which (W (Z,p) describes the warp of the deformed subvolume I; onto the reference (unde-
formed) subvolume Iy. Minimizing 5.3 with respect to the vector of parameters p' LK algorithm
iteratively updates the position of the central voxel of the template with sub-pixel precision by
employing Gauss-Newton nonlinear optimization. NCC correlation criterion offers the most ro-
bust noise-proof performance and insensitiveness to changes in illumination (in X-ray tomography

this is represented by fluctuations in the X-ray source power) conditions.

The DVC method was used to calculate the displacements and strains in a loaded sample of
trabecular bone. The experiment was shortly described in section 4.2. The microCT images of
the undeformed sample were first used to develop a tetrahedral FE model. Nodal points of the
FE model were used as the control points for DVC calculations. For each of the tetrahedral
element the Green-Lagrange strain tensor was calculated using the deformation gradient tensor.
The overlaid tetrahedral mesh serves not only for the calculation of the deformation tensor, but
also for easy visualization of the vector and tensor fields and for fast and direct comparison with
results of numerical simulations. The numerical simulations can use the existing tetrahedral

mesh or the mesh can be easily refined /coarsened if needed.

Example of a comparison between the experimentally measured strain distribution in a loaded
sample and numerical simulation can be seen in Fig. 5.2. For the DVC only a thin slice (700
x 40 x 1575 pixels) defined in the central part of the volumetric data was selected (depicted
with a red rectangle). Displacement and strain fields were calculated for each deformation state.
Evolution of the displacements during the experiment can be easily compared to values from

numerical simulation. Detailed information about the experimental results can be found in [37].
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Figure 5.2: Comparison between the experimental and numerical results — displacement fields
for all the considered deformational states. From top to bottom: a) FE results, b) displacements
calculated with DVC from the image data.

6 Inverse estimation of whole bone stiffness

6.1 Voxel and tetrahedral micro-FE models

Inverse estimation of material properties (namely stiffness and strength) of trabecular bone
using FE models of its microstructure is important not only as a nondestructive tool for early
prediction of osteoporotic fracture, but can be successfully applied in other research areas, e.g.
in animal models to study effect of various factors on bone formation. These microstructural
FE models are used to perform a numerical simulation of mechanical experiment. Usually, the
micro-FE model is subjected to unit load in three mutually perpendicular directions and elastic
constants are determined from the ’virtual experiment’. The material properties at the tissue
level are considered homogeneous and usually determined from nanoindentation [38, 39] or if

nanoindentation is not possible, expertly estimated.

The micro-FE models assume that orthotropic behaviour of trabecular bone is given only by
the microstructural arrangement of the trabecular network and at the level of single trabecula
the properties can be considered isotropic. Recent studies showed slight anisotropy in elastic
properties of trabecular bone [40]. In their work, microindentation with depth equal to 2.5 pum
was used in six regions of interest — axial and transverse sections in the same trabeculae. In axial
direction indentation modulus significantly higher than in transverse direction. It was concluded
by the authors, that trabeluae can be considered (generally) transversely anisotropic, at least in

the structure of vertebral bodies. However, no other study has been published so far proving the

22



N\ &

Figure 6.1: Voxel model of a cubic sample of trabecular bone in a virtual compression test. Field
of vertical displacements is rendered.

general anisotropy in the indentation modulus (this is in contrary to the compact bone. Here

the anisotropy is present originating from the anisotropy of single osteon [3]).

Nowadays, the micromechanical FE models of trabecular bone microstructure, either voxel-based
or tetrahedral are almost considered as de-facto standard tool for estimation of overall stiffness
of trabecular bone. It has been shown, that if requirements for the resolution of the images are
met and when the tissue material properties are evaluated using nanoindentation (both dry and
wet samples have been used and successfully tested) the micro-FE models are able to predict the

bone (orthotropic) elastic properties with great success [16].

6.2 Micro-FE models of whole bones

With the growth of computer power it is nowadays possible to solve large systems of algebraic
equations. This enables to develop very large (and/or very detailed) FE models. In early 2000s
detailed FE models of trabecular bone microstructure were used for inverse determination of
their overall mechanical properties [41, 42]. In these microstructural models, tissue material
properties are usually assumed to be isotropic and homogeneous and are determined using either
nanoindentation [18, 19, 13] or from micromechanical tests performed on individual trabecu-
lae [43, 44, 26]. Until the use of parallel computers the micro-FE models involved only small
volume of trabecular bone (usually cylindrical core samples) [45], and inverse estimation of the

overall stiffness and strength of whole bones was not possible until the late 2000s [46, 47].

With growing availability of parallel computers and parallel solvers (both iterative and direct)
together with advancement in X-ray imaging systems, particularly with growing resolution of
X-ray flat panel detectors it has become possible to develop and solve high-resolution micro-FE
models of whole bones which take into account the real microstructure of the trabecular bone.
The microstructure must be captured by these models with great precision which leads to FE
models with very large number of elements (about 1 million elements per cubic cm at 50 pm?®
resolution). This requires to solve approximately 107 — 108 equations to perform FE analysis of
whole bone samples (e.g. vertebral bodies). It is virtually impossible to model the whole bone

using tetrahedral elements (a closed surface is needed) and therefore voxel-based microstructural
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FE models are used exclusively to calculate inversely the overall mechanical properties of whole

bones.

6.3 Development of the micro-FE voxel model of rat vertebra

To demonstrate the possibility to use micro-FE models of whole bones for estimation of their
overall stiffness and strength a rat vertebra has been microtomographically scanned. The FE
model capturing its microstructure in great detail has been developed using voxel elements. For
the scanning a microfocus X-ray source together with large-area flat panel X-ray detector with
resolution 2368 x 2240 pixels and physical dimensions 120x 120 mm was used. Scanning sequence

consisted of 360 scans with 0.5° step.

The cross-sectional image data were reconstructed from the sinograms using FBP (filtered back-
projection) algorithm taking the cone-beam geometry of the scanning setup into account. Only
the vertebral body was considered in the micro-FE model. Both the cortical shell and internal
trabecular structure was modelled using voxel-based approach. In the stiffness calculation, both
endplates and the posterior processes were also modelled using voxel elements. This simplifies
the load application and application of boundary conditions. These simplifications enabled direct
conversion from the micro-CT image data to the micro-FE model. Final micro-FE model of the

rat vertebra, consisting of more than 4 million hexahedral elements is shown in Fig. 6.2.

Figure 6.2: Cross-sectional images (left) of the micro-CT data from which the voxel FE model
of the rat vertebral body was developed (right).

6.4 Inverse calculation of the vertebral body stiffness

To compute the overall stiffness of the vertebral body in the infero-superior direction a unit
displacement has been prescribed on the top surface of the vertebral body. The lower surface
of the body was fixed (all nodes with minimal z-coordinate were prescribed zero displacements
in three directions). Based on our previous nanoindentation results [13] following (tissue-level)
material properties were prescribed: Young’s modulus of elasticity Eyss=15 GPa, Poisson’s ratio:
ttiss—0.2. Aside the model of the vertebral body, 100x 100x 100 voxels were selected in the middle

part for easy comparison of orthotropic elastic properties. Total number of nodes was 4,791,142
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with total number of unknowns larger than 14.105. Prior the computations, the FE model was

verified for mesh connectivity.

6.5 Parallel PCG solver

The critical part of the FE computation of such a large model is the solver. For the current micro-
FE analyses of voxel models of trabecular bone is one level element-by-element preconditioned
conjugate gradient (EBE-PCG) [48| considered as the most frequently used solver. The solver
takes advantage of the identical size of every element in the voxel model (every element has
exactly the same stiffness matrix) and it is very memory efficient (it does not assemble the
global stiffness matrix) since it requires only a matrix-vector product. However, due to its slow
convergence and poor scalability, this solver is efficient only for moderate-sized problems (under
1 million elements) and can be successfully used for the solution of small-volume samples of
trabecular bone. For large models of whole bones or for nonlinear material models (plasticity)
this solver is inefficient [49]. For our computations, parallel PCG solver with 1.107® tolerance
without the EBE preconditioning was used. More on solution and scalability of the parallel

solver can be found in [50].

6.6 Experimental evaluation of the vertebral stiffness

The endplates of the vertebra were fixed in a low-shrinkage epoxy resin. The vertebra was kept
frozen and prior the experiment thawed to room temperature. The specimen was placed in our
loading device. The overall strain was measured optically as to exclude the deformation of the

epoxy resin. The experimental setup is depicted in Fig. 6.3.

Figure 6.3: Compression test of the Lo rat vertebra. Experimental setup (left). The specimen
observed with 5 MPix CCD camera is shown for two loading states (right). The upper and lower
endplates are fixed in low-shrinkage epoxy resin.

From the recorded images, deformation in vertical direction was computed using DIC. Two rows
of correlation markers were selected in the undeformed image as to exclude the portion of the

vertebra fixed in the epoxy resin. Deformation was also measured from the displacement of the
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loading platten and the influence of the epoxy resin was found approximately 10%. The overall
stress was computed as the applied force divided by the cross-sectional area. The area was
computed using image analysis of the mid-height cross-section. Microtomographic image was

used for the evaluation.

Numerically assessed overall stiffness of the rat’s vertebra was compared to the value measured
experimentally. The results were in good agreement, however, the details exceed limited length

of this text, the reader is kindly asked to see [51].

7 Conclusions

Presented experimental and numerical methods help to understand not only the relationship
between the microstructural and macrostructural properties of trabecular bone, but also enable
to rigorously evaluate properties of bone substitutes and artificially prepared bone. One of the
research areas in which presented results are already finding their place is tissue engineering.
Here it is essential to compare the material properties of trabecular bone before and after an
orthopaedic therapy. This might include research in stem cell therapy, pre-clinical evaluation
of primary fixation of implants and other. Using the laboratory models it would be possible
to evaluate the outcome nondestructively using the micro-CT. With the help of the inverse
micro-FE modelling it is possible to get important information not only qualitatively about
the microstructure (stereological indices), but also quantitative information about the material

(stiffness, strength).

Micro-CT can be helpful for evaluation of the safety and efficacy of bioartificial graft materials.
An attempt to utilize micro-CT to evaluate the performance of a scaffold material based on a
hydroxyapatite combined with human mesenchymal stem cells (MSCs) in a rat model of verte-
bral body defects was performed [52]. A defect in the body of the L2 vertebra was prepared and
either left to spontaneous healing, implanted with augmentation material alone, or with augmen-
tation material with different number of MSCs. Apart from routine histological measurement
histomorphometry and microCT measurements were performed to assess the performance of the
different healing conditions. The ability of micro-CT to visualize the newly formed bone in 3D
(for which spatial measurements and characterization of the microstructure is easy) is demon-
strated in Fig. 7.1. In the study it was concluded, that MSCs combined with a hydroxyapatite

scaffold improved the repair of the vertebral bone defect.
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Figure 7.1: Visualization of the newly formed bone in rat model of vertebral body defect. First
row: cross-sectional slices can be computed at any location and the newly-formed bone easily
distinguished from the old one. Second row: the same can be done in 3D using various rendering
techniques. Third row: the new bone can be properly segmented and its volume can be directly
calculated.

There are also other areas where the described methods are fully applicable. One good example is
evaluation of primary stability of orthopaedic or dental implants. In this research, combination of
time-lapse micro-CT and numerical modelling (voxel-based microFE models) would provide deep
insight into the problematic of implant loosening. One rapidly growing area of research is focused
on dental implant surface technology, e.g. endosseous dental implant surfaces embellished with
nanoscale to microscale modifications to the implant’s surface. With micro-CT measurements
performed in timeline the implant can be observed and its performance under various scenarios

can be properly evaluated.
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