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Summary

Trabeular bone, also known as anellous or spongy bone, is one of the two osseous tissues

(ompat and spongional) that form the human skeletal system. The skeletal system is very

important not only as a supportive struture for musles and other soft tissues, but also plays non-

substitutable role as a protetion of inner organs. Other funtions performed by the osseous tissue

are: alium phosphate storage and hemopoiesis, i.e. formation of blood ellular omponents in

bone marrow. From the material siene point of view trabeular bone is a highly organized

omposite material, with very unique properties. Although the e�ort to replae autograft and

allograft bones by a syntheti tissue-engineered sa�old has ontinued for the last two deades

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

In this work an engineering approah is used to assess the mirostrutural and mehanial prop-

erties of trabeular bone and to show the possibilities of modern experimental, numerial and

imaging methods for quanti�ation of bone quality. There are several areas in whih the re-

sults of the researh an be utilized: i) early diagnosis of osteoporosis and bone quality and

quantity measurements, ii) bone frature risk assessment, iii) evaluation of performane of arti-

�ial implants, iv) design of bone sa�old, v) e�ay omparison of di�erent drug therapies and

treatments for osteoporosis, vi) in vivo assessment of hanges in bone due to osteoporosis using

in-vivo animal testing.

Combination of experimental and numerial methods is used to measure the quality of trabe-

ular bone given in terms of material performane, i.e. standard mehanial properties (sti�-

ness, strength, yield stress and yield strain, hardening modulus) are evaluated inversely using

mirostrutural �nite element models with tissue material properties measured by nanoindenta-

tion. To ompare the results of numerial simulations to the response of real trabeular bone

under mehanial load a unique experimental setup has been developed whih enables to apture

the deforming mirostruture in great detail. A ustom loading devie enabling to gradually

ompress a sample diretly inside miro-CT hamber has been designed. This enables to apture

individual deformation states of the sample and thus diret omparison between experimental

and numerial results.

These methods enable not only to assess the relationship between the mirostrutural param-

eters and the overall bone mehanial properties but also give us the opportunity to ompare

nondestrutively mehanial properties of newly formed bone in animal models (provided that

some information about the tissue properties is known) and in ase of suessful immobilization

of the animal even in-vivo. As an example of suh possibilities, an attempt to inversely estimate

the bone quality using mirostrutural models has been made in whih voxel models based on

images from mirofous omputed tomography were used to ompare the overall sti�ness of rat

vertebrae. Possibility to use the miromehanial models developed from miro-CT data to esti-

mate the performane of a proposed orthopaedi therapy is outlined. The advantage of suh an

approah is demonstrated using an example of stem ell therapy, when a bone sa�old ombined

with human mesenhymal stem ells is used in a rat model of vertebral body defets.
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Souhrn

Trabekulární kost, která se také nazývá spongiózní (houbovitou) kostí, je jedním druhem kostní

tkán¥. Soubor v²eh kostí vytvá°í kostru, neboli skeleton. Skeleton je velmi d·leºitý nejen jako

podp·rná konstruke pro svaly a dal²í m¥kké tkán¥, ale hraje taky nezastupitelnou roli jako

ohrana pro vnit°ní orgány. Mezi dal²í funke m·ºeme zahrnout funki zásobárny vápníku a

hematopoézu, tedy tvorbu krevníh bun¥£nýh komponent, která u dosp¥lého £lov¥ka probíhá

ve stromatu £ervené kostní d°en¥. Z pohledu materiálového inºenýrství je trabekulární kost

vysoe hierarhiký kompozitní materiál s velmi unikátními vlastnostmi. A£koliv úsilí zam¥nit

autograftový i alograftový materiál syntetiky vyrobeným podp·rným skeletem bylo p°edm¥tem

systematikého bádání posledníh dvou dekád, mnoºství otázek stále z·stává otev°eno.

V této prái je pouºito inºenýrského p°ístupu pro stanovení mikrostrukturálníh a mehanikýh

vlastností trabekulární kosti a k demonstrai moºností moderníh experimentálníh, numeri-

kýh a zobrazovaíh metod pro stanovení kvality kosti. Výsledky tohoto výzkumu mohou najít

uplatn¥ní v následujííh oblasteh: i) v£asná diagnostika osteoporózy a stanovení kvality a kvan-

tity kostní hmoty, ii) kvanti�kae rizika vzniku osteoporotiké zlomeniny, iii) stanovení hování

um¥lýh náhrad, iv) návrh podp·rného skeletu, v) porovnání efektivnosti r·znýh postup· a lék·

pro preveni a lé£bu osteoporózy, vi) stanovení postupnýh zm¥n ve struktu°e kosti v d·sledku

osteoporózy in vivo pomoí laboratorníh zví°at.

Pro stanovení kvality trabekulární kosti je v prái pouºito kombinae experimentálníh a num-

erikýh metod, kdy kvalita je vyjád°ena pomoí standardníh mehanikýh vlastností (tuhost,

pevnost, mez kluzu, modul zpevn¥ní). Tyto mehaniké vlastnosti jsou ur£eny inverzn¥ pomoí

mikrostrukturálníh MKP model· s konstitutivními vztahy na úrovni jednotlivýh trabekul,

které jsou stanoveny pomoí nanoindentae. Výsledky t¥hto simulaí jsou porovnány s odezvou

vzorku trabekulární kosti, který je podroben jednoosé tlakové zkou²e v unikátním experimen-

tálním za°ízení, které umoº¬uje detailn¥ zobrazit deformujíí se mikrostrukturu vzorku. Pro tyto

ú£ely bylo vyvinuto zat¥ºovaí za°ízení, které umoº¬uje postupné p°it¥ºování vzorku v mikro-CT

za sou£asného oza°ování a tak zahytit jednotlivé deforma£ní stavy vnit°ní struktury vzorku a

tím i p°ímé porovnání experimentálníh výsledk· s numerikou simulaí.

Tyto metody umoº¬ují nejen odhalit vztah mezi mikrostrukturou a elkovými mehanikými

vlastnosmi kosti, ale umoº¬ují nedestruktivn¥ porovnat mehaniké vlastnosti nov¥ tvo°ené kosti

v experimentálníh modeleh laboratorníh zví°at. Jako p°íklad moºnosti vyºití náro£nýh MKP

simulaí pro stanovení kvality kosti pomoí inverzního výpo£tu je v prái demonstrován výpo£et

tuhosti páte°ního obratle laboratorní krysy. Smysl t¥hto výpo£t· tkví v moºnosti porovnání

úsp¥²nosti lé£ebného postupu, testovaného na laboratorním zví°eti a to, v p°ípad¥ úsp¥²ného

znehybn¥ní, dokone in-vivo. Vyuºití detailníh mikrostrukturálníh model· vytvo°enýh ze

snímk· mikrofokusální poíta£ové tomogra�e za ú£elem zhodnoení navrºené ortopediké terapie

je nastín¥n v záv¥ru práe. Uvedený p°íklad byl sou£ástí v¥t²ího výzkumu z oblasti vyuºití

kmenovýh bun¥k, kdy kostní podp·rný skelet kombinovaný s mesenhymálními kmenovými

bu¬kami byl pouºit v modelu defekt· páte°ního obratle.
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1 Introdution

Trabeular bone is one of the two type of mineralized osseous tissue, that form our skeleton.

Generally, two types of bone tissue, trabeular and ortial are present in any type of bone.

Cortial bone is the dense layer on the surfae of bones, while trabeular bone is the highly

porous struture 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 ontributes to the overall strength of

whole bones, namely under impat loads. At moleular level ortial and trabeular bone are

made of the same onstituents but their marosopial, namely mehanial properties are quite

di�erent.

Sine bone is a omposite material, its properties are in�uened by the properties of its on-

stituents. Material properties of trabeular bone are furthermore heavily in�uened by the

arhiteture and onnetivity of individual trabeulae. At moleular level one an onsider bone

to be a omposite material onsisting of organi and inorgani onstituents. To establish the

relationship between the overall mehanial properties and the mirostruture, it is neessary

to measure reliably the properties of individual trabeulae. This is quite hallenging beause of

the small dimensions of trabeulae and their irregular shape. The length of trabeula is around

1 mm but it varies in di�erent anatomial loations and speies. The very small dimensions

of trabeulae introdue speial requirements on both experimental and numerial methods for

mehanial properties assessment.

1.1 Bone omposition

Bone is a natural omposite material made of ollagen matrix sti�ened by rystalline salts om-

posed primarily of alium and phosphate. Collagen is a soft organi material and a �brous

protein also found in other onnetive tissues. The ollagen provides the bone with toughness

(while the inorgani salts are responsible for the rigidity and sti�ness of the bone). Apart from

ollagen, there are other proteins present in the bone. These inlude glyoproteins and pro-

teoglyans whih reate an amorphous mixture of extraellular material. In addition to this

protein onstituent of bone, there is inorgani onstituent, whih is a mineral very similar to

hydroxyapatite � a naturally ourring mineral form of alium apatite desribed hemially as

Ca10(PO4)6(OH)2.

The ollagen moleules and rystals of hydroxyapatite are assembled into miro�brils. Further

on, these �brils reate �bres with thikness about 3 to 5 µm. The �bres are then assembled

either randomly into woven bone or are organized into lamellae forming lamellar bone. These

lamellae an be either in onentri groups, alled osteons or an form linear lamellar groups,

alled plexiform bone. This level is alled mirostrutural level.

At the same level, the bone is di�ers also in terms of its arhitetural organization. There are

two types of arhitetural arrangement present in all types of bones. A thin layer of dense bone
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overs all types of bones and is alled ortial or ompat bone. Under this dense layer in all

weight-bearing bones there is a less dense type of bone, alled trabeular or spongional bone.

This bone is subjet of this work. Appliation of modern imaging, experimental and numerial

tehniques for investigation of trabeular bone material properties is disussed in the forthoming

text.

2 Nanoindentation

Although there is a number of experimental tehniques for measurement of bone tissue mehanial

properties there are possibly �ve main methods used for this purpose: (i) tensile or three- (four-)

point bending tests, (ii) bukling studies, (iii) aousti methods, (iv) bak-alulation from �nite

element simulations, (v) nanoindentation. The published results di�er signi�antly, for any of

the before-mentioned methods, even when the same testing protool has been used by di�erent

researh groups. The are several reasons for the satter in the obtained results whih an be

attributed to di�erent protools used in sample preparation, di�erent testing methods or the

satter an be explained by the real anisotropy and asymmetry of mehanial 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 mehanial properties of both ortial and tra-

beular bone. For the ortial bone, this tehnique has been used to measure the properties

from the level of single osteons. This tehnique has been used to identify the soures of material

anisotropy of ortial bone and to explain the struture-property relationships in bone. It has

been shown, that material properties measured by nanoindentation, vary even within ompleted

seondary osteons [1℄. Also, the elasti material properties (Young's modulus and hardness)

are highest in the entre of the osteon and are delining outwards. Moreover, the mehanial

properties of osteons were also found lower than those of the interstitial bone. Similar results

were aknowledged by other authors, although some of them reported no statistially signi�ant

di�erene 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 prinipal material orientations with respet to its axis

and to show that osteons are generally sti�er in longitudinal diretion and that the prinipal

diretion of sti�ness is slightly rotated from the osteon axis.

For the trabeular bone, nanoindentation has been extensively used in the last two deades.

Similarly to ortial bone, variations in mehanial properties between samples harvested from

di�erent anatomial sites has been shown to be statistially signi�ant [4, 5℄. Among other

doumented fators, in�uening the material properties, water and mineral ontent [6℄ have

signi�ant e�et on properties of bone tissue, and this applies also to elasti modulus and hardness

of human trabeular bone lamellae [7℄. The water ontent has been shown to in�uene not only

the elasti, but namely the visous, yield and post-yield properties [8℄ of both ortial and
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trabeular bone.

Although the nanoindentation is well established method for measuring elasti properties of

trabeular bone, it is not so straightforward to use this method to measure its yield and post-

yield properties. It is even more triky to interpret the indentation results for materials that

exhibit signi�ant visous (or poroelasti) deformation behaviour. One has to bear in mind that

all biologial materials exhibit visous deformation behaviour. Therefore, while it is relatively

easy to apply nanoindentation to obtain elasti properties of dry bone samples, both ortial

and trabeular, to obtain visoelasti (or elasti-visoplasti) properties of bone introdues great

di�ulties not only for sample preparation and keeping the sample in physiologial 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 priniple of the method is same as in the traditional

(maro)indentation test - a sharp tip of hard material is pressed down into a surfae of the

tested material and from the measured load and indentation area the hardness is alulated.

Elasti properties of the material are evaluated using the Oliver-Pharr method, whih uses the

slope of the unloading part of the nanoindentation urve. This method assumes the material

to be elasti and inompressible, the ontat between the speimen and indenter purely Herzian

and the unloading fully elasti. The method has been proven valid for axisymmetri indenters

with in�nitely smooth pro�le and perfet geometry, zero adhesive fores, fritionless ontat and

speimen represented by in�nite half-spae [9, 10℄.

The Young's modulus of the tested material is alulated from the unloading part of the inden-

tation: the slope of the urve, dF/dh (F is the measured fore and h is the indentation depth),

upon unloading is indiative of the ontat sti�ness S whih an be used to alulate the so-alled

redued Young's modulus Er:

Er =
1

β

√
π

2

S
√

Ap(hc)
, (2.1)

in whih the projeted area of the indentation Ap(hc) is �tted by a polynomial for a given ontat

depth hc, and β is a geometrial onstant. The redued modulus Er is then used to alulate the

Young's modulus of the tested material Em from the known Young's modulus of the indentor Ei

using a simple relationship from ontat mehanis:

1

Er

=
(1− ν2i )

Ei

+
(1− ν2s )

Em

. (2.2)

Usually, diamond is used for the indentor tip and (known) material properties of the indentor

are then Ei =1140 GPa and νi = 0.07. For ommon metal materials, the indentation hardness

orrelates linearly with both the yield strength and tensile strength [11℄. For other materials

inluding bone there is no orrelation between the yield properties and hardness. However,

onstants for nonlinear material model an be obtained by �tting proedure for whih a FE

model of the indentation is developed and the onstants of the hosen onstitutive model are
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obtained using an iterative approah. For eah set of the material onstants, the load-penetration

urve is inversely alulated in the FE simulation and ompared to the experimentally obtained

one. The onstants are varied and least squares approah is used to �nd the best �t between the

experimentally and numerially obtained F − u urves.

2.1 FE modelling of the nanoindentation experiment

To obtain the onstants of elasto-plasti material model with isotropi hardening from a large set

of indentation urves from quasi-stati nanoindentation following experiment has been arried

out. Small ubi sample of trabeular bone was harvested from adaveri human proximal femur

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

of 20 indents. Eah grid represented a set of di�erent parameters: three di�erent loading rates

(20, 120, 240 mN/min) and three holding times (10, 20, 40 s) were used, eah for the two peak

fores.

Figure 2.1: The mirostrutural arrangement of trabeular bone in the greater trohanter region

(proximal femur).

In the inverse FE analysis a rotationally axisymmetri model of the indentor and the underlying

bone was modelled. The Berovih indenter with atual pyramidal shape was transformed into

an equivalent one. In spite of the nonlinear ontat between the sample and the indentor, the

sharp tip of the one was rounded with radius r=200 nm [12℄. Both triangular and retangular

elements with quadrati shape funtions were used to disretize the geometry (see Fig. 2.2). The

ontat between the indenter and the bone surfae was assumed as fritionless.

The optimization algorithm used for inverse determination of material model an be desribed as

follows: First, random values of material onstants in expertly established within initial ranges

and used for the initial simulation. The least squares method is used to alulate the R2
errors

between numerial and experimental results and ompared with a user spei�ed threshold value.

If the threshold is reahed the ranges of material onstants are modi�ed for the next iterations.

Eah iteration in the optimization sheme onsists of approximately 100 simulations and �nally

new R2
errors are alulated and sorted in dereasing order. Three highest values are used in the

next iteration step and new sets of onstants are generated using Gaussian distribution funtion.

The best �t of the material onstants is determined when limited number of iterations is reahed.
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Figure 2.2: Example of the set of nanoindentation urves and FE model of the problem used for

the inverse estimation of material properties.

To �t the experimentally obtained indentation urves a �nite number of points is generated and

the urves are sampled at the points. F−u pairs omputed inversely and assessed experimentally

are ompared at these points using least squares approah. Resulting set of four material param-

eters (µ, E, σY , Etan) is obtained as the best �t. The �owhart of the optimization sheme used

in the bak-alulation is given in Fig. 2.3. For the detailed desription of the �tting algorithm

and for the results obtained see [13, 14℄.
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Figure 2.3: Flowhart of the optimization - �tting the parameters of the elasto-plasti material

model by omparison of indentation urves.
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3 Miromehanial testing

3.1 Introdution

To measure the material properties of individual trabeulae, there is one, probably more straight-

forward method to measure the mehanial properties diretly. Despite the very small dimen-

sions of the trabeulae it is possible to apply standard testing methods, i.e. three- or four-

point bending, tension and ompression tests to establish the stress�strain relationship for ex-

trated trabeula. However, the deliate dimensions of the trabeulae and the mirostrutural

arrangement of the trabeulae into a ompliated network require that speial are and speial

tehniques must be used not only during the sample preparation and handling, but great are

must be paid to evaluate the strains and stresses in the loaded sample. The main advantage

of diret miromehanial testing ompared to nanoindentation is the possibility to measure the

yield properties diretly or to measure at variable strain rates.

For a material model that would properly desribe the elasti-plasti deformation as well as mi-

rodamage initiation and aumulation it is very important to introdue a damage model to mi-

rostrutural FE (miro-FE) models. These models, built from very aurate three-dimensional

image data aquired by miro-CT sanning are used to predit the overall properties of bone

using samples with dimensions of several mm. It has been shown, that these models are able to

predit the overall orthotropi elasti properties [15℄, both in dry and wet onditions [16℄ but

fail to predit the yield properties and the softening behavior of trabeular bone. To desribe

properly behaviour of trabeular bone beyond the yield point, linear elasti desription is (of

ourse) insu�ient and more advaned material model is needed.

3.2 Mirosale three point bending

Nanoindentation has been suessfully used to measure the elasti properties of trabeular bone

both in dry and wet onditions [17, 18, 19℄. It an be onsidered as the de-fato standard

tehnique when only elasti 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 ompliation with these methods originates from the tiny dimensions of

the samples. Usual length of a trabeula from great trohanter region is about 1 mm and the

diameter is about 100 µm. The dimensions of the samples require not only speial harvesting

and handling protool, but also additional requirements are on the side of fore measurement

auray and onsideration of the speimen geometry.

One of the options how to assess the exat 3D geometry of the speimen is to perform omplete

miro-CT sanning for eah speimen prior the testing. This would require an extra time in

whih the speimen is irradiated by the X-rays during whih the speimen undergoes drying

and deproteinization sine omplete tomography is needed. Instead of using X-rays it is possible
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to use visible light and onstrut the geometry using shape from silhouettes approah. This

algorithm uses the so-alled visual hull, i.e. intersetion of the silhouettes taken from di�erent

view angles.

Figure 3.1: Priniple of the shape-from-silhouettes method: a) visual hull - the intersetion of the

ones de�nes the bounding geometry of the objet, b) trabeular sample and the reonstrution

of its geometry from the shades.

For any silhouette image of an objet (shade), we know that the objet lies inside the volume

generated by bak�projeting the silhouette area. For the bak�projetion, only the geometrial

parameters (distane from the amera to the objet) are needed. If the objet to be reon-

struted is onvex, this algorithm an reonstrut its shape with su�ient auray, provided

that the bakground an be orretly subtrated from the images. This approah is used in our

experiments. The objet (extrated trabeula) is plaed on a rotating table and di�use light is

used to illuminate it. In eah angle, the shade is aptured with high-resolution CCD amera and

using a binary threshold separated from the bakground. Prior the testing, the auray of the

method has been tested using a set of 5 samples and ompared to the results obtained by X-ray

mirotomography. The di�erene between the reonstruted volumes was not larger than 4%.

3.3 Displaement traking a strain alulation

Due to the deliate dimensions of the samples it is not possible to use ontat method, e.g. strain

gauge, for strain measurements. On the other hand, it is possible to use a ontat�less optial

methods to trak the displaements on the surfae of the sample and from the displaements

alulate the strains. To measure the strains in the loaded sample one an use either high-

resolution CCD amera and observe the deforming sample in visible light or take advantage

of using X-rays and apture the projetions using high-resolution X-ray detetor. Using X-rays

overomes one problem with visible light - the objet is very small and a mirosope must be used

to get su�ient magni�ation. With inreasing magni�ation, the depth of fous is dereasing.

Due to the urved surfae of the samples marginal regions of the sample are out of fous whih

an ause problems in orrelation at that area.

To trak the displaements a method based on maximalization of the orrelation oe�ient

between two sub-images in used. A set of points (de�ning the grid) is de�ned in the undeformed
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(referene) image. Around eah of the points a retangular neighbourhood is de�ned forming a

subimage I0. The referene image subset is then shifted and deformed and ompared to the image

subset in the deformed image I1. The best orrelation between I0 and I1 is sought by nonlinear

optimization algorithm (inverse ompositional algorithm). The ross orrelation oe�ient used

in the minimization algorithm rij is de�ned as:

r(u, v,
∂u

∂x
,
∂u

∂y
,
∂v

∂x
,
∂v

∂y
) = 1−

∑

i

∑

j[I0(xi, yj)− Ī0][I1(x
′

i, y
′

j)− Ī1]
√

∑

i

∑

j [I0(xi, yj)− Ī0]2
∑

i

∑

j [I1(x
′

i, y
′

j)− Ī1]2
. (3.1)

Here I0(xi, yi) is the pixel intensity at a point (xi ,yj) in the referene (undeformed) image and

I1(xi, yj) is the intensity at a point (x
′

i, y
′

j) in the deformed image. The mean intensity values in

matries I0 and I1 are represented by the overbarred symbols Ī0 and Ī1.

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

to ompute diretly the strain tensor. It an be readily shown, that the oe�ient of the linear

a�ne transformation

x
′

= x+ u+
∂u

∂x
∆x+

∂u

∂y
∆y (3.2)

y
′

= y + v +
∂v

∂x
∆x+

∂v

∂y
∆y

are members of the deformation gradient tensor F . In equation 3.2 translations of the entre of

the subimage u and v as well as the distanes ∆x and ∆y from the entre of the subimage to the

point (x, y) are de�ned in the image oordinate system (x, y). Thus, the orrelation oe�ient

rij is only a funtion of displaement omponents and displaement gradients. Arranging the

displaement gradients in the deformation tensor F = Fik = δik+
∂ui

∂xk

, the Green-Lagrange strain

tensor an be then omputed as:

E =
1

2
(F TF − I). (3.3)

For �tting the response urves, the Green-Lagrange strain tensor does not need to be evaluated,

only the displaements are used to �t the omplete F − u response. But the G-L strain tensor

is used to ompare the numerial and experimental results.

3.4 Mirosale three-point bending

To mehanially test trabeulae using a miniaturized version of three-point bending experimental

setup (Fig. 3.2) was developed using preise translation stages (Standa Ltd., Lithuania) with 1 µm

sensitivity. For the loading a high preision linear stage (M-UMR3.5, Newport Corp., USA) with

di�erential mirometer (DM11-5, Newport Corp., USA) with 0.1 µm sensitivity and 5 mm travel

range was used. Applied fore is measured using 2.2 N load sensor (FBB350, FUTEK Advaned

Sensor Tehnology In., USA). For optial measurement of deformations the setup is equipped
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with a high-resolution CCD amera attahed to an optial mirosope (Navitar In., USA). This

on�guration enables to aquire images of the sample under slowly inreasing load and to use

traking of markers de�ned in the referene image to measure the displaements and strains in

the samples.

Figure 3.2: Experimental setup used in the three-point bending of extrated human trabeulae:

a) general view of the experimental arrangement showing the miropositioning tables and load-

ing devie ontrolled by stepper motors, b) loser view showing the sharp loading tip and the

miniature load ell.

The samples were extrated under magnifying glass (4 × magni�ation) from the same proximal

human femur (Fig. 4) as used in the nanoindentation experiment using a sharp-tip salpel and

pair of tweezers. Trabeulae were leaned o� marrow and grease in a detergent. Ultrasoni bath

was used in short time intervals.

To overome the problems with shallow foal depth one an use, instead of the visible light, X-

rays. This has a motivation in the improvement of displaement traking auray. As markers

to be traked gold oated borosiliate hollow mirospheres were used. Gold was seleted due

to its high atomi number (ZAu = 79). The mirospheres were overed with 250 nm golden

layer and the diameter of the spheres was 5 = 15 µm (Mirosphere Tehnology Ltd., Ireland).

The mirospheres were used to reate a random pattern on the surfae of the speimens using a

solution of phosphate bu�ered saline (pH 7.0). Added glyerine aused almost perfet adhesion

to the samples' surfae.

Similar experimental setup was used inside the X-ray shielded box. Eah speimen was tested

in three-point bending while X-ray miroradiography was used to trak the displaements in the

loaded speimen. Positions of the mirospheres were identi�ed using a irular Hough transfor-

mation. The positions of the entres of markers were used in onsequent strain alulations. An

illustrative example of radiographs showing the three types of markers is depited in Fig. 3.3.

More on the experiment an be found in [20℄.
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Figure 3.3: Radiographs of loaded trabeula (6, 50, 200 µm midspan de�etion) with emphasized

miro-spheres. Corretly identi�ed miro-spheres are labelled by a blue irle, miro-spheres lost

during orrelation by a red irle and phantom markers by a magenta irle.

3.5 Inverse alulation of material properties - �tting the re-

sponse urve using FE modelling

Due to the high irregularity in the speimens' shape it is not possible to use e.g. Timoshenko

beam theory and alulate the stresses to plot the stress�strain urve. Instead, exat geometry

of eah sample must be modelled and disretized with �nite elements. Boundary onditions and

fore must be applied with respet to the onditions in eah experiment.

Figure 3.4: Grid of 9 points used for traking the displaements in the three-point bending ex-

periment and omparison of experimental fore�de�etion urves with those from FE simulation

for the set of best-�tted material parameters (seleted markers only).

To alulate the displaements at the exat positions where they were optially measured during

the experiments, nodes orresponding with position of the orrelation markers were seleted on

the surfae of the model. Similarly, nodes at positions of the supports were generated in the

FE models to enable appliation of boundary onditions at the exat loations. Similar least�

squares approah of inverse alulation of material onstants as desribed in setion 2.1 is used.
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Illustrative image omparing the experimental and numerial F − u urves for the best �t of

material onstants is given in Fig. 3.4. The results are summarized in [20, 21℄.

4 Mirostrutural models

4.1 Morphometri indies used in trabeular bone researh

In the previous part of this work, methods of obtaining onstitutive law for deformational de-

sription of trabeular bone at the tissue level have been desribed. It has been shown, that the

overall properties of trabeular bone are in�uened not only by the tissue properties, but also

(and importantly) by the mirostrutural arrangement of the trabeulae.

In the past years, lassi stereologial methods were used to desribe three-dimensional mor-

phometry of the bone. For this purpose, several indies has been established to haraterize

the mirostrutural arrangement of trabeular bone. Among these indies, whih are used to

desribe the relationship between the overall bone strength and its miroarhiteture, the most

important are: trabeular thikness (Tb.Th), trabeular spaing (Tb.Sp). These two indies

were onsidered to be the key indies, i.e. most in�uening overall strength of trabeular bone,

when measurements taken from two-dimensional images were used. In fat, histologial setions

were used for the purpose and with this tehnique, it was not possible to aount fully for the

three-dimensional mirostruture. Moreover, it has been shown, that Tb.Th and Tb.Sp derived

from anatomial loations where rod-like trabeulae prevails (vertebral bone) and from loations

with dominant plate-like trabeulae (femoral head) are over- or underestimated when beam or

plate models were used to estimate the average thikness and separation [22, 23℄. This is the

reason why 3D data must be used when fully 3D morphometri indies are to be assessed. This

has been shown for the �rst time by Hildebrand and Rüegsegger [24℄ in 1997 when the authors

showed, that diret 3D algorithms must be used when model-independet assessment of Tb.Th

and Tb.Sp is needed. The base idea behind their approah is �tting a sphere of maximal diam-

eter inside a spae (a void in trabeular mirostruture). For this purpose, they designed and

implemented an e�ient algorithm using distane transformation. Comparison between the re-

sults obtained from 2D histologial setions and 3D measurement using miro-CT was published

the same year in [25℄.

Using this fully 3D approah the mean trabeular thikness (Tb.Th.mean) an be reliably estab-

lished. However, this is only a salar value and an be used as a good measure for intraspeimen

omparison of trabeular thikness. Tb.Th as a salar annot aount for all strutural hanges

that are important for e.g. monitoring strutural hanges over time. However, there are other

strutural indies, that an be measured when fully 3D image data are available. Among other

indies used for morphologial desription of trabeular bone struture are average trabeular

number (Tb.N), whih is the inverse of the mean distane between the mid-axes of the mi-

rostruture. The mean distane is also used for alulation of the previously mentioned Tb.Sp
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- with one hange - the voxels representing non-bone parts are �lled with maximal spheres.

There are other indies whih an be diretly determined from the 3D image data. For most

of them a 3D model of the trabeular bone developed using algorithms from omputer graphis

must be used. First, from the thresholded images, ontaining only the bone a surfae model

is built using the Marhing Cubes Algorithm [26℄. Then it is easy to alulate other strutural

indies, suh as bone surfae area (BS) as the sum of all trianles used in the surfae triangulation.

Similarly, after the volume is �lled with Delaunay tetrahedralization (see e.g. [27℄), bone volume

(BV) is alulated by summing the volume of all tetrahedrons inside the struture. Often,

normalized indies, i.e. indies normalized to the total volume (TV) are used. These indies

inlude bone volume to total volume (BV/TV), bone surfae to total volume (BS/TV) and

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

Apart from these metri indies, there exist other non-metri indies, whih an be diretly

omputed from the 3D image data. For most of these indies, mean interept length (MIL) has

been introdued. The mean interept length is de�ned as the total length lines interseting the

mirostruture (in one diretion) divided by the number of intersetions of these lines with the

bone-marrow interfae [28℄. UsingMIL other important geometrial parameters used to desribe

the anisotropy of the bone and other diretional properties are de�ned. For instane, degree of

anisotropy (DA) is geometrially de�ned as the ratio between the maximal and the minimal

radius of the MIL ellipsoid [29℄. Bone material isotropy is then de�ned as a situation for whih

DA is unity (1.0). Among other non-metri indies are struture model index (SMI) whih is

a good estimation of the plate-to-rod distribution harateristis, trabeular bone pattern fator

(TBPf) desribing the inter-trabeular onnetivity and self-explanatory onnetivity density

(Conn.D).

In general, all of these indies an be used to desribe the mirostrutural�mehanial relationship

in trabeular bone, but none of them (nor only their ombination) is omprehensive or universal.

Moreover, when the post-yield deformational behaviour of trabeular bone is to be addressed,

all of these indies mostly fail. Other approah to desribe the quality of trabeular bone is to

diretly use mehanial properties, e.g. sti�ness or strength. The most straightforward approah

for establishing these mehanial properties is to use mirostrutural FE models and use inverse

analysis to ompute these mehanial properties for the given sample. The miroFE models

aount with great detail for the omplex mirostruture and when the tissue properties are

known (or expertly estimated, e.g. based on the density obtained from CT sans) the overall

properties an be reliably omputed. Also, nonlinear large deformation analysis an be applied

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

4.2 Time-lapse miro-CT

Miro-CT an be used not only to reveal the mirostruture of trabeular bone, but when per-

formed in a time-lapse fashion, it an be used to provide exellent experimental data for validation
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Figure 4.1: Experimental setup for the time�lapse miro-CT sanning of a loaded speimen of

trabeular bone (left). Deformed mirostruture in two load steps is depited in a thin slie only

(right).

of miroFE models and the onstitutive models used. The time-lapse miro-CT [31℄ is an ex-

periment in whih a speimen is repeatedly sanned in miro-CT under gradually inremented

load. The result of suh sanning is a sequene of three-dimensional images of the deforming

mirostruture. In our experiment a ustom, laboratory miro-radiographi system omposed of

miro-fous X-ray tube and a large �at panel detetor [32℄ was used.

To enable simultaneous loading and X-ray sanning of a speimen a ustom uniaxial loading

devie was developed. The loading frame of the devie is formed by a ylinder from material

with low and homogeneous attenuation of X-rays. The loading is provided either manually by

a srew or by a stepper motor. The devie plaed inside the X-ray shielded box is depited in

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

The speimen was gradually loaded in 6 deformation inrements up to 5% overall ompres-

sive strain. The displaements were arefully ontrolled with high-preision linear translational

stage. Time-lapse X-ray mirotomography of every deformation state (inluding the zero de-

formation state) was tomographially aptured a large-area �at panel with physial dimensions

120×120 mm and pixel resolution 2240 × 2340. During the aquisition the target voltage was

70 kV and the target urrent was 140 mA. The initial (undeformed) state of the speimen was

aptured in 720 projetions with angular step 0.5 and aquisition time 40×0.5 s to get the best

possible image data for development of the FE model and model used for DVC. After every

loading step omplete tomography using 360 projetions of inrementally deforming sample was

performed. Reonstrution of the internal mirostruture was omputed in MATLAB using a

bakprojetion algorithm for equiangular one-beam projetion data [33℄ for eah load inrement.

Both for the DVC and for the numerial modelling a FE model of the mirostruture has to be

developed. There are generally two options for the FE models. One an use tetrahedral elements

for the disretization to obtain smooth-boundary geometrial representation or voxel elements

with zigzag boundary. When tetrahedral elements are used the surfae is �rst found using

Marhing Cubes Algorithm [26℄ whih is given as a losed set of triangles desribing the surfae
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Figure 4.2: Reonstruted images of the deforming mirostruture.

of the objet. After some optimization and deimation (redution of the number of triangles in the

surfae mesh) the volume is �lled with tetrahedra using Delaunay triangulation extended to three

dimensions [27℄. This approah produes a large number of tetrahedra and extra requirements

are needed for proper segmentation of the image data to obtain fully onneted struture with

non-zero volume. It is muh easier to use the voxel struture (voxel is three-dimensional pixel, see

Fig. 4.3) and onvert diretly eah voxel into a linear hexahedral element. If quadrati elements

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

Figure 4.3: Voxel model of the trabeular bone mirostruture with depited de�nition of voxel

as three-dimensional pixel.

5 Digital volume orrelation

To ompare the strains in the loaded sample to the values alulated by the FE analysis similar

approah as the previously desribed image orrelation an be employed. A natural extension

of DIC to three dimensions an be used. This approah is sometimes alled Digital Volume

Correlation (DVC) [34, 35℄ sine for the orrelation subvolumes de�ned around the ontrol points

are used instead of subimages. Other omputational priniples of the method are very similar.

DVC also utilizes a sequene of onseutive image data, here it is a parallelepiped volume of voxels

that represents the proess of the objet translation and deformation. Correlation priniple used

to trak the movement of individual subvolumes is also based on minimization of ross-orrelation
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oe�ient. The subvolume de�ned around the ontrol point must ontain a distinguishable part

of the objet inner struture or a random pattern. This is important for tomography of an

objet with sparse struture. If the ontrol point is plaed in a plae where no material is

present, the subvolume an ontain only �bakground� image data, i.e. air for whih the X-rays

attenuation is almost zero. Then the ontrol subvolume ontains only noise originating from the

bakprojetions. Therefore, plaing ontrol points in suh a plae must be avoided.

This is ahieved by speial distribution of the ontrol points. To fore the ontrol points to lie

inside (or at the boundary) of the deforming mirostruture, FE model of the mirostruture is

�rst developed and its nodes are taken as the ontrol points. Both tetrahedral and hexahedral

elements an be used.

Figure 5.1: Priniple of the Digital Volume Correlation. Volumetri subimage is de�ned in the

referene volume and its transformation is sought in the deformed volume.

As the orrelation algorithm normalized ross-orrelation is used. The algorithm an be desribed

in two steps: First, displaement of a voxel is evaluated using normalized ross-orrelation (NCC)

with result presented by an integer value. This is done using the oordinates (X,Y,Z) of the

entral voxel of a referene (undeformed) sub-volume data. The NCC oe�ient is omputed in

the deformed image (x, y, z) data as a maximum de�ned as:
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∑
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(5.1)

where I0 is the referene (undeformed) subvolume and I1 is the atual (deformed) subvolume,

respetively. The mean values of the image intensities in the volumes are represented by the

overbarred symbols I0 and I1. The NCC oe�ient is maximized using the steepest-gradient

method. The found maximum gives the new integer oordinates (x, y, z) for whih the best

orrelation was found. Displaement vetor is at this stage alulated with pixel auray only:

u = [u, v, w]T = [x−X, y − Y, z − Z]T (5.2)

The pixel auray is far from the requirements that one puts on the auray of the method. So
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far, the DVC was based on the orrespondene between voxels in referene and deformed volume

only. There are two more hanges that may our in pratial measurement data. First hange

is due to the nonlinear response of the X-ray detetor, produing the image data. It means,

the bakground intensity an hange between the referene and deformed volume images and/or

ontrast may hange sue to the nature of the imaging devie. Seond, between the referene and

deformed on�guration, there might be not only the rigid body translation, but the subvolume

may deform in shear strain, rotation, normal strain or their ombinations to an irregular shape.

Calulation of the subvoxel displaements must take these issues into onsideration. In our

algorithm, the integer values of the displaement vetor are in the seond step used as inputs

for the further subpixel evaluation using 3D extension of Luas-Kanade (LK) algorithm [36℄.

This step aounts for the deformation of the referene sub-volume (template). LK algorithm

is based on the minimization of the sum of squared error between the referene and deformed

sub-volumes:

∑

~x

[I1(W (~x, ~p)− I0(~x)]
2

(5.3)

in whih (W (~x, ~p) desribes the warp of the deformed subvolume I1 onto the referene (unde-

formed) subvolume I0. Minimizing 5.3 with respet to the vetor of parameters ~p LK algorithm

iteratively updates the position of the entral voxel of the template with sub-pixel preision by

employing Gauss-Newton nonlinear optimization. NCC orrelation riterion o�ers the most ro-

bust noise-proof performane and insensitiveness to hanges in illumination (in X-ray tomography

this is represented by �utuations in the X-ray soure power) onditions.

The DVC method was used to alulate the displaements and strains in a loaded sample of

trabeular bone. The experiment was shortly desribed in setion 4.2. The miroCT images of

the undeformed sample were �rst used to develop a tetrahedral FE model. Nodal points of the

FE model were used as the ontrol points for DVC alulations. For eah of the tetrahedral

element the Green-Lagrange strain tensor was alulated using the deformation gradient tensor.

The overlaid tetrahedral mesh serves not only for the alulation of the deformation tensor, but

also for easy visualization of the vetor and tensor �elds and for fast and diret omparison with

results of numerial simulations. The numerial simulations an use the existing tetrahedral

mesh or the mesh an be easily re�ned/oarsened if needed.

Example of a omparison between the experimentally measured strain distribution in a loaded

sample and numerial simulation an be seen in Fig. 5.2. For the DVC only a thin slie (700

Ö 40 Ö 1575 pixels) de�ned in the entral part of the volumetri data was seleted (depited

with a red retangle). Displaement and strain �elds were alulated for eah deformation state.

Evolution of the displaements during the experiment an be easily ompared to values from

numerial simulation. Detailed information about the experimental results an be found in [37℄.
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Figure 5.2: Comparison between the experimental and numerial results � displaement �elds

for all the onsidered deformational states. From top to bottom: a) FE results, b) displaements

alulated with DVC from the image data.

6 Inverse estimation of whole bone sti�ness

6.1 Voxel and tetrahedral miro-FE models

Inverse estimation of material properties (namely sti�ness and strength) of trabeular bone

using FE models of its mirostruture is important not only as a nondestrutive tool for early

predition of osteoporoti frature, but an be suessfully applied in other researh areas, e.g.

in animal models to study e�et of various fators on bone formation. These mirostrutural

FE models are used to perform a numerial simulation of mehanial experiment. Usually, the

miro-FE model is subjeted to unit load in three mutually perpendiular diretions and elasti

onstants are determined from the 'virtual experiment'. The material properties at the tissue

level are onsidered homogeneous and usually determined from nanoindentation [38, 39℄ or if

nanoindentation is not possible, expertly estimated.

The miro-FE models assume that orthotropi behaviour of trabeular bone is given only by

the mirostrutural arrangement of the trabeular network and at the level of single trabeula

the properties an be onsidered isotropi. Reent studies showed slight anisotropy in elasti

properties of trabeular bone [40℄. In their work, miroindentation with depth equal to 2.5 µm

was used in six regions of interest � axial and transverse setions in the same trabeulae. In axial

diretion indentation modulus signi�antly higher than in transverse diretion. It was onluded

by the authors, that trabeluae an be onsidered (generally) transversely anisotropi, at least in

the struture of vertebral bodies. However, no other study has been published so far proving the
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Figure 6.1: Voxel model of a ubi sample of trabeular bone in a virtual ompression test. Field

of vertial displaements is rendered.

general anisotropy in the indentation modulus (this is in ontrary to the ompat bone. Here

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

Nowadays, the miromehanial FE models of trabeular bone mirostruture, either voxel-based

or tetrahedral are almost onsidered as de-fato standard tool for estimation of overall sti�ness

of trabeular 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 suessfully tested) the miro-FE models are able to predit the

bone (orthotropi) elasti properties with great suess [16℄.

6.2 Miro-FE models of whole bones

With the growth of omputer power it is nowadays possible to solve large systems of algebrai

equations. This enables to develop very large (and/or very detailed) FE models. In early 2000s

detailed FE models of trabeular bone mirostruture were used for inverse determination of

their overall mehanial properties [41, 42℄. In these mirostrutural models, tissue material

properties are usually assumed to be isotropi and homogeneous and are determined using either

nanoindentation [18, 19, 13℄ or from miromehanial tests performed on individual trabeu-

lae [43, 44, 26℄. Until the use of parallel omputers the miro-FE models involved only small

volume of trabeular bone (usually ylindrial ore samples) [45℄, and inverse estimation of the

overall sti�ness and strength of whole bones was not possible until the late 2000s [46, 47℄.

With growing availability of parallel omputers and parallel solvers (both iterative and diret)

together with advanement in X-ray imaging systems, partiularly with growing resolution of

X-ray �at panel detetors it has beome possible to develop and solve high-resolution miro-FE

models of whole bones whih take into aount the real mirostruture of the trabeular bone.

The mirostruture must be aptured by these models with great preision whih leads to FE

models with very large number of elements (about 1 million elements per ubi m at 50 µm3

resolution). This requires to solve approximately 10

7
� 10

8
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 losed surfae is needed) and therefore voxel-based mirostrutural
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FE models are used exlusively to alulate inversely the overall mehanial properties of whole

bones.

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

To demonstrate the possibility to use miro-FE models of whole bones for estimation of their

overall sti�ness and strength a rat vertebra has been mirotomographially sanned. The FE

model apturing its mirostruture in great detail has been developed using voxel elements. For

the sanning a mirofous X-ray soure together with large-area �at panel X-ray detetor with

resolution 2368×2240 pixels and physial dimensions 120×120 mm was used. Sanning sequene

onsisted of 360 sans with 0.5

◦
step.

The ross-setional image data were reonstruted from the sinograms using FBP (�ltered bak-

projetion) algorithm taking the one-beam geometry of the sanning setup into aount. Only

the vertebral body was onsidered in the miro-FE model. Both the ortial shell and internal

trabeular struture was modelled using voxel-based approah. In the sti�ness alulation, both

endplates and the posterior proesses were also modelled using voxel elements. This simpli�es

the load appliation and appliation of boundary onditions. These simpli�ations enabled diret

onversion from the miro-CT image data to the miro-FE model. Final miro-FE model of the

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

Figure 6.2: Cross-setional images (left) of the miro-CT data from whih the voxel FE model

of the rat vertebral body was developed (right).

6.4 Inverse alulation of the vertebral body sti�ness

To ompute the overall sti�ness of the vertebral body in the infero-superior diretion a unit

displaement has been presribed on the top surfae of the vertebral body. The lower surfae

of the body was �xed (all nodes with minimal z-oordinate were presribed zero displaements

in three diretions). Based on our previous nanoindentation results [13℄ following (tissue-level)

material properties were presribed: Young's modulus of elastiity Etiss=15 GPa, Poisson's ratio:

µtiss=0.2. Aside the model of the vertebral body, 100Ö100Ö100 voxels were seleted in the middle

part for easy omparison of orthotropi elasti properties. Total number of nodes was 4,791,142
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with total number of unknowns larger than 14.10

6
. Prior the omputations, the FE model was

veri�ed for mesh onnetivity.

6.5 Parallel PCG solver

The ritial part of the FE omputation of suh a large model is the solver. For the urrent miro-

FE analyses of voxel models of trabeular bone is one level element-by-element preonditioned

onjugate gradient (EBE-PCG) [48℄ onsidered as the most frequently used solver. The solver

takes advantage of the idential size of every element in the voxel model (every element has

exatly the same sti�ness matrix) and it is very memory e�ient (it does not assemble the

global sti�ness matrix) sine it requires only a matrix-vetor produt. However, due to its slow

onvergene and poor salability, this solver is e�ient only for moderate-sized problems (under

1 million elements) and an be suessfully used for the solution of small-volume samples of

trabeular bone. For large models of whole bones or for nonlinear material models (plastiity)

this solver is ine�ient [49℄. For our omputations, parallel PCG solver with 1.10

−8
tolerane

without the EBE preonditioning was used. More on solution and salability of the parallel

solver an be found in [50℄.

6.6 Experimental evaluation of the vertebral sti�ness

The endplates of the vertebra were �xed in a low-shrinkage epoxy resin. The vertebra was kept

frozen and prior the experiment thawed to room temperature. The speimen was plaed in our

loading devie. The overall strain was measured optially as to exlude the deformation of the

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

Figure 6.3: Compression test of the L2 rat vertebra. Experimental setup (left). The speimen

observed with 5 MPix CCD amera is shown for two loading states (right). The upper and lower

endplates are �xed in low-shrinkage epoxy resin.

From the reorded images, deformation in vertial diretion was omputed using DIC. Two rows

of orrelation markers were seleted in the undeformed image as to exlude the portion of the

vertebra �xed in the epoxy resin. Deformation was also measured from the displaement of the
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loading platten and the in�uene of the epoxy resin was found approximately 10%. The overall

stress was omputed as the applied fore divided by the ross-setional area. The area was

omputed using image analysis of the mid-height ross-setion. Mirotomographi image was

used for the evaluation.

Numerially assessed overall sti�ness of the rat's vertebra was ompared to the value measured

experimentally. The results were in good agreement, however, the details exeed limited length

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

7 Conlusions

Presented experimental and numerial methods help to understand not only the relationship

between the mirostrutural and marostrutural properties of trabeular bone, but also enable

to rigorously evaluate properties of bone substitutes and arti�ially prepared bone. One of the

researh areas in whih presented results are already �nding their plae is tissue engineering.

Here it is essential to ompare the material properties of trabeular bone before and after an

orthopaedi therapy. This might inlude researh in stem ell therapy, pre-linial evaluation

of primary �xation of implants and other. Using the laboratory models it would be possible

to evaluate the outome nondestrutively using the miro-CT. With the help of the inverse

miro-FE modelling it is possible to get important information not only qualitatively about

the mirostruture (stereologial indies), but also quantitative information about the material

(sti�ness, strength).

Miro-CT an be helpful for evaluation of the safety and e�ay of bioarti�ial graft materials.

An attempt to utilize miro-CT to evaluate the performane of a sa�old material based on a

hydroxyapatite ombined with human mesenhymal stem ells (MSCs) in a rat model of verte-

bral body defets was performed [52℄. A defet 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 di�erent number of MSCs. Apart from routine histologial measurement

histomorphometry and miroCT measurements were performed to assess the performane of the

di�erent healing onditions. The ability of miro-CT to visualize the newly formed bone in 3D

(for whih spatial measurements and haraterization of the mirostruture is easy) is demon-

strated in Fig. 7.1. In the study it was onluded, that MSCs ombined with a hydroxyapatite

sa�old improved the repair of the vertebral bone defet.
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Figure 7.1: Visualization of the newly formed bone in rat model of vertebral body defet. First

row: ross-setional slies an be omputed at any loation and the newly-formed bone easily

distinguished from the old one. Seond row: the same an be done in 3D using various rendering

tehniques. Third row: the new bone an be properly segmented and its volume an be diretly

alulated.

There are also other areas where the desribed methods are fully appliable. One good example is

evaluation of primary stability of orthopaedi or dental implants. In this researh, ombination of

time-lapse miro-CT and numerial modelling (voxel-based miroFE models) would provide deep

insight into the problemati of implant loosening. One rapidly growing area of researh is foused

on dental implant surfae tehnology, e.g. endosseous dental implant surfaes embellished with

nanosale to mirosale modi�ations to the implant's surfae. With miro-CT measurements

performed in timeline the implant an be observed and its performane under various senarios

an be properly evaluated.
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