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The important thing is not to stop questioning.
Curiosity has its own reason for existing. One
cannot help but be in awe when he
contemplates the mystesi®f eternity, of life,
of the marvellous structure of reality. It is
enough if one tries mdseto comprehend a
little of this mystery every day. Never lose a
holy curiosity.

La cosa importante € di non smettere mai di
interrogarsi. La curiosita esiste per ragioni
proprie. Non si pud far a meno di provare
riverenza quando si osservano i misteri
dell'eternita, della vita la meravigliosa
struttura della realta. Basta cercare ogni
giorno di capire un po' di quel mistero. Non
perdere mai una sacra curiosita.

Albert Einstein
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Introduction en francais

L'ostéoarthrite est un trouble dégénératif carasé par une perte du cartilage articulaire,
I'épaississement de I'os subchondral et la formation des ostéophytes (excroissance de I'0s).
L'étiologie de I' ostéoarthrite est multifactoriavec des causes inflammatoire, métabolique,
mécanique et génétique. L' ostéoarthrite et oraladie dont on sait peu et pour laquelle il
n'existe encore aucun reméde. Les principaujeailis du traitement sont de contrbler la
douleur, d’améliorer la fonctionnalité, et de réduire le handicap (Dougados, 2004).

A I'age adulte, les capacités de réparation dtilage sont trés limitées et ceci entraine une
aggravation de l'arthrose. Dans les cas tresrséyéa chirurgie est lseul traitement pour
réduire la douleur et rétablir les fonctionnalitdes protocoles peuvent aussi intégrer le
remplacement des articulationsgige a des implants artificiels.

C’est pour toutes ces raisons que les principsirts d’investigations pré-clinique et clinique
sont orientés vers la compréhension des calsdsostéoarthrite et pour trouver de meilleurs
traitements.

La surveillance de la progressionldestéoarthrite et des effets thethérapie pendant les essais
cliniques nécessitent l'usage tichniques fiables et suffisamment sensibles pour détecter les
changements de condition des articulations.

Malheureusement, les outils conventionnelgnwistigation de | ostéoarthrite restent
insatisfaisants.

Les facteurs dont on tient compte pour I'évaluatien’arthrose et I'étude sur 'intervention des
médicaments sont encore :

€ L’observation clinique (douleur, inflamation, fonction de l'articulation)

1. L’imagerie avec des techniques conventiolasetiont radiographie, tomographie (CT),
imagerie par résonance magnétiqgue (IRMlfrasons (Ul), détection de marqueurs
biologiques...

Ces deux modalités de diagnostic sonsensibles seulement des les cas avancés
d’ostéoarthrite, puisqu’elles ne permettent pas la wissation ou la détection de signes de
dégénérescence précoces et des processus d'thsttdu tissu cartilagineux ; elles présentent
donc de graves limites.

Cette situation appelle a la déeerte et le développement deuvelles techniques d’imagerie
médicale du cartilage articulaire, sensibles aux étppE®dant le point irkersible ou le tissu
cartilagineux est atteint. En d’autres mots, iisex des besoins imports d'imagerie a haute

résolution, de diagnostic non-invasif, de teignes de surveillance permettant une détection
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précoce, ainsi que dans le suivi de la maladés I'évaluation des traitements médicamenteux

et dans l'évaluation de l'intégration osseuse des implants (Bellamy, Ketvah, 1997;

Gordon, Wuet al, 2001; Wagner, Aurickt al, 2005).Tous ces points sont présentés dans le
Chapitre 1.

Dans ce cadre, les techniques d'imagerie efraste de phase peuvent jouer un role important

pour combler les lacunes dans la visualisapipécoce de I' ostéodmtite. L'intérét de ces
techniques dans les applications médicales est di au fait qu'il est possible d’observer le
contraste associé a la modulation de la phas&ghal, méme si I'amplitude de la modulation

reste faible ou absente, avec une dose délivrée aux tissus similaire ou méme réduite en
comparaison a la radiographie d’absmmp conventionnelle (Mollenhauer, Aurigh al, 2002).

Les techniques de contraste de phase ont été appliquées avec succes dans les études de la
mammographie, et ont mené a d'extraordinairssiitéts en terme desualisation de |ésions
précoces (Arfelli, Bonvicinet al, 2000; Pisano, Johnstat al, 2000; Keyrilainen, Fernandez

et al, 2005).

L'imagerie en contraste de phase pourrait potentiellement étre bien adaptée dans I'investigation
des cartilages atteints, en améliorant la précisiondiagnostic et en suivant la réaction au
traitements innovants.

Des techniques diverses ont été développées pour exploiter les variations de phase dans les
longueurs d'onde de rayonnement X.

Le travail de cette Thése s’est concentré sur les techniques de phase, c’est-a-dire I"Analyser-
Based Imaging", (ABI), et la "Propagation-Badethging”, (PBI). La pemiere, ABI, utilise un

cristal analyseur inséré entre emtillon et le détecteur. Un tel cristal peut étre considéré
comme un filtre angulaire pouéfracter les rayons X a tragelféchantillon. Le second, PBI,

utilise simplement la propagation du faisceauragons X monochromatique et partiellement
cohérent dans l'espace , sur une distance de quelques centimetres a plusieursLanétres.

description compléte de ces témiques est le sujet du Chapitre 2.

Le travail préliminaire réalisé par les équipeslid&7 et ID19, et faiant partie de ma Thése
(Laurea in Fisica, University of Padova, 2002) démontré que I'une ou l'autre technique
devrait étre choisie en fonati des caractéristiques de I'éctillon et des détails que I'on
souhaite visualiser. En fait,deéchantillons montrant de lentes modulations de phase, comme
dans les cas de l'interface os-cartilage ou derlecture interne du cartilage, pourraient étre bien
étudiés par ABI plutdt que PBI, car ABI est pkensible aux structurehangeant lentement.

Suite a ces réalisations, aussi bien sur le igmage expérimental des études préliminaires

réalisées sur le sujet (Mollenhauer, Aurighal, 2002; Muehleman, Majumdaat al, 2004),
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seulement la technique ABI a été appliquéasd#iétude du tissu cartilagineux et dans
l'investigation d'implants métalliques.

Bien que ces deux technique aient déja de nombreuses applications (Yagi,ebuatki999;

Suortti and Thomlinson, 2003), elles sont loin d’étre implémentées dans I'environnement
clinigue (méme si les essais cliniques pionniass le contraste de phase de la mammographie

a récemment débuté a ELETTRA). Le principaltabke est la nécessité d'utiliser un haut flux

de rayons X avec des caractéristiques appFeprpour obtenir le contraste suffisant et pour
permettre des expositions de courtes durées, cesjuirucial pour des applications médicales
in-vivo.

Approprié, dans ce contexte, signifie ques ldeux principales techniques utilisent le
rayonnement monochromatique. Méme si d’'importants efforts ont été fournis ces dernieres
années dans le développement des sources quasi monochromatiques, compactes et intenses
(Carroll, Mendenhalkt al, 2003), a ce jour seulement les sources de rayonnement synchrotron
peuvent satisfaire les exigences du flux. Pour catt®n, et aussi pour la perspective de mettre

en place une imagerie du cartilage de haute @ualiti peut encouragencore plus loin la
recherche dans le domaine des sources compactes intenses, les expériences ont été réalisées en
utilisant des rayonnements synchrotron sur dewmebgle lumiere ID17 et ID19 de I' European
Synchrotron Radiation Facility (ESRF).

L'implémentation des techniques ABI et PBlsur ID17 et ID19, la caractéristique du
détecteur utilisé pour la plupart des études etléveloppé a 'ESRF (FReLoN camera) et les
résultats de I'application ABI sur plusieurs spécimens humains et animaux sont rapportés

dans les Chapitres 3, 4 et 5.

Depuis la premiére application, les techmisuABI et PBI sont étudiées et appliquées
indépendamment et il n'a jamais été postalé littérature qu’en utilisant une installation
adéquate, il pourrait étre possible de combiner les deux technigais pour produire des
images de signaux mixtes de ABI et PBI. Néanmoins, en utilisant I'optique ondulatoire dans la
description de la formation d'image on peut @i, si les changements de phase se propagent
librement dans l'espace avant d’étre analysés par le cristal, 'analyseur analysera un signal
composé de fréquences spatiales modifiéedd &intres mots, la distance entre I'échantillon et

le cristal analyseur devrait jouer un réle démsormation de l'image ABI. Il a été démontré
expérimentalement dans cette These, pour déanjgre fois, que les techniques ABI et PBI
peuvent étre combinées ensemble pour proddée images montrant des caractéristiques
originales (Hybrid imaging, HI) (Coan, Paggital, 2005).

Les résultats expérimentaux ont été analysasega I'utilisation du programme informatique

DEIWAVE développé dans le cadre de la Thé&Se. programme utilise la solution de Kato
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d'onde sphérique des equations de Takagi-Tgumim décrire I'amplitude de I'onde diffractée

par le crystal analyseur, et il est capable de produire des résultats en excellent accord avec les
données expérimentales. DEIWAVE serait donitisét pour prévoir les résultats de futures
expériences et pour optimiser encphes la configuration expérimentale.

De plus, dans le but de simplifier 'exécution ABI, la possibilité de réaliser des images ABI

en utilisant un systéeme des fentes comme analyseur a été étudié. Il a été découvert que la
disposition des pixels de la caméra FReLoN itictans le Chapitre 4, placée a une distance
adéquate de I'échantillon et correctement lu par I'électronique du détecteur peuvent analyser
angulairement le faisceale rayon X émergeant de I'échantillppour cette raison la technique

a été indiqguée comme "detector-based analyser imaging" (DBA).

Plusieurs tests préliminaires ont souligné que la technique peut produire des images avec des
caractéristiques similaires ou équivalentesliesele ABI. De plus, la technique nommée DBA,

dans ses premieres réalisations montrent aussawlntages par rapport a la technique ABI: la
stabilité optique s'obtient plus facilement ks différents angles de réfraction peuvent
simultanément étre enregistres et analysés.

Cette technique a encore besoin d'étre testée et analysée de maniere expérimentale, mais elle
reste tres prometteuse dans la perspectivierploitation des techniques de phase avec de
sources différentes du synchrotron.

La description de "Hybrid Imaging mode", les résultats des simulations réalisées en
utilisant le programme DEIWAVE, la réalisation du "detector-based analyser imaging"

(DBA) et ses premiéres applicationsont décrites dans le Chapitre 6.

En bref, la Thése est organisée dans la fagon suivante:

Chapitre 1. Bréve description de la malie de l'ostéarthrite (causes, étiologie, effets sur le
cartilage) et description des tedues conventionnelles utiliséesupwisualiser le cartilage et

les implants.

Chapitre 2. La formation de l'image; contraste dlabsorption versus contraste de phase.

Description théorique de la propagation et des modalités de "analyser-based imaging".

Chapitre 3. La production (la source et les parameétres de base) du rayonnement synchrotron et
les caractéristiques du faisceau de rayon Mer@ie, polarisation, divergence, cohérence).
Description détaillée de l'installation pour lar@pagation-based" et I"analyser-based phase

contrast imaging" sur les lignes ID17 et ID19 de 'ESRF.

Chapitre 4. L’évaluation complete des performandisla camera CCD FReLoN munie de son

optigue a guide de lumiéere utilisée pour les expériences sur ID17: la fonction de transfert de
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modulation (MTF), la densité spectrale de pams® de bruit normalisé (NNPS) et I'efficacité
guantique de détection (DQE).
Une comparaison critique des performancesladleamera FReLoN avec une sélection de

détecteurs est présentée dans la littérature.

Chapitre 5. Les résultats expérimentaux obtenus en appliquant la technique "analyser-based
imaging" (ABI) pour étudier le ctilage articulaire et I'évaluation de l'intégration des implants
métalliques.

Les images d’ABI des spécimens humainaréinaux excisés, et des expériemegivo sur des
cochons d’Inde. Les techniques utilisées danmedanstruction des imag. Les résultats d’'une
campagne d’expériences radiobiologiques pour évaluer les effets biologiques du rayonnement

sur les cellules du cartilage.

Chapitre 6. Les développements de la technique de "analyser-based imaging" (ABI): analyses
gualitatives et quantitatives de la combionaisde ABI et PBI. Comparaison des résultats
expérimentaux avec la réalisation de simulatiamec un code écrit spécifique en utilisant
I'approche de l'optique ondulatoire dans lanfation d'image. Description de la possibilité
d’utiliser la caméra FReLoN pour agser les faisceaux de rayon Xrééracter et se diffracter a

travers I'échantillon et rapport des riats des expériences préliminaires.

Appendice. Bréve description des résultats de la théorie dynamique de la diffraction des

cristaux.
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Introduction

Osteoarthritis (OA) is a degenerative disoraddraracterized by loss of articular cartilage,
thickening of the underlying subchondral bone, and osteophyte (bone excrescence) formation.
The etiology of OA is multifactorial, with inflammatory, metabolic, mechanical and genetic
causes. OA is a poorly understood disease and, presently, no cure exists. The principal treatment
objectives are to control pain adequatelypiiave function, and rede disability (Dougados,
2004).

In adults, cartilage has very limited capability of repairing, and the situation is aggravated in OA
conditions. In very severe cases, surgery remains the only remedy for reducing the pain and
helping restore functions; protocols may alsolude the replacement of articulations with
artificial implants.

For all these reasongnderstanding the causes of OA and finding better treatments are the

major focuses of preclinical and clinical investigations.

Monitoring the progression of OA and the effeafsherapy during clinical trials requires the
use ofvalid and reliable outcomemeasurements that aresufficiently sensitive to detect
changes in articular joint conditions.
Unfortunately, tools conventionally used to investigate the OA disease remain unsatisfactory.
For both OA assessment and drug intengensitudies, the principal hallmarks are still:

f the clinical observation (pain, inflammation, joint function...)

f imaging with conventional clinical technigaencluding planar radiography, CT, MRI,

Ul, biomarkers detection...

Both these diagnostic modalities can be sdtige only in case of advanced OA stagesince
they do not allow the visualization or detectiof very early degenerative signs and processes

of OA in the cartilage tissue, or thpyesent intrinsic severe limitations.

Poor imaging quality in practically all medicimhaging technologies with respect to articular
cartilage calls for the discovegnd development of new techniques that are sensitive to stages
preceding the point of irreversible damage of the cartilage tissue.

In other words, there is an important need of a high resolution, non-invasive diagnostic and
monitoring technique allowing for the earlytdetion and follow-up of OA, the evaluation of
drug efficacy and the implant healing assessment (Bellamy, Kietvah 1997; Gordon, Wt

al., 2001; Wagner, Auriclet al, 2005).All these points are presented in the Chapter 1.
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In this scenario, X-ray phase contrast modalities could play an important role in filling the gap
in the capability of early and precise visaation of OA. The interest for phase sensitive
techniques in medical applications resides in #ut that it is possible to observe contrast due to

the phase modulation of the signal, even if the amplitude modulation is weak or absent, with a
dose to the tissues similar or even reducedpared to conventional absorption radiography
(Mollenhauer, Auricket al, 2002). Phase contrast techniques have been successfully applied to
mammographic studies, leadingextraordinary results in terms wikualization of early lesions
(Arfelli, Bonvicini et al, 2000; Pisano, Johnstat al, 2000; Keyrildinen, Fernandez al,

2005).

Phase sensitive imaging could therefore be ity well adapted foinvestigating cartilage
damages, improving the accuracy in diagnosis and for following up the response to innovative
treatments.

Various techniques have been developed to exploit the phase variations in the X-ray regime.

In this Thesis, the work has been focused on two phase-sensitive techniques, namely the
Analyzer-Based Imaging (ABI) and the Propagation-Based Imaging (PBI). The first, ABI, uses
an analyzer crystal, inserted in between the sample and the detector. Such crystal can be thought
as an angular filter for the X-rays that havaversed the sample. The latter, PBI, simply uses

the propagation (or Fresnel diffraction) ofettmonochromatic and pelly coherent X-ray

beam in free space, over a distance ranging from few centimeters to several Tinetetsl

description of the techniques is the subject of the Chapter 2.

As part of a preliminary work performed by tH217 and ID19 teams, which was also part of
my Master Thesis (Laurea in Fisica, UniversifyPadova, 2002), it has been demonstrated that
one or the other technique should be chosen depending on the sample characteristics and the
details to be visualized. In fact, sample®wimg slow modulations of the phase, like the
cartilage-bone interface or thetémnal structure of damaged tilmge, might well be rendered

by ABI rather than by PBI, ABI being morgensitive to slowly varying structures (Pagot,
2004). Following these achievements, as wellttas experimental evidence of preliminary
studies performed on the subject (Mollenhauer, Auethl, 2002; Muehleman, Majumdat

al., 2004), only the ABI technique has beenlegpfor studying the dicular cartilage tissue

and investigating the metal implants healing.

Although these two techniques haveealty numerous applications (Yagi, Suzekial, 1999;
Suortti and Thomlinson, 2003), they are far from being implemented in a clinical environment
(even if pioneering clinial trials of phase contrast mammography have recently started at
ELETTRA). The main obstacle is the necessitysihg a high X-ray flux with the appropriate
characteristics to get sufficient contrast afldw short exposure times, which are crucialifer

vivo medical applications. Appropriate in this context means that both techniques primarily
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make use of a monochromatic beam separated from the continuous spectrum by a
monochromator. Despite the fact that a large effort has been put in the recent years to develop
compact, intense and intrinsically quasbnochromatic sourse(Carroll, Mendenhalkt al,

2003), to date only synchrotron radiation soarcan satisfy the flux requirements. For this
reason, and also in the perspective to set agialttlard of cartilage imaging, which can further
stimulate the research at intense compact seuthe experiments have been performed using
synchrotron radiation at the two long imagibeamlines ID17 and 1D19, of the European
Synchrotron Radiation Facility (ESRF).

The technical implementation of the ABland PBI techniques atID17 and ID19, the
characterization of the detector used for mst of the studies and developed at the ESRF
(FReLoN camera) and the results of the@plication of the ABI to several human (n-vitro)

and animal (in-vivo) specimens are reported in the Chpters 3, 4 and 5, respectively.

Since their first implementation, the ABI and the PBI techniques have been studied and applied
independently, and it was never postulated i Itterature that by using a suitable set-up it
would be possible to combine the two technigmesitu to produce images of mixed ABI and

PBI signals. Nevertheless, using the wave spapproach in the description of the image
formation, it can be seen that, if the phasetstife let freely propagate in the space before
being analyzed by the crystal, the analyzer ailhlyze a signal composeg modified spatial
frequencies. In other words, the distance eetwthe sample and the analyzer crystal should
play a role in the ABI image formation. As part of this Thesis work it has been experimentally
demonstrated, for the first time, that the A®B1d PBI techniques can be combined to produce
images showing original featurg$lybrid imaging, HI) (Coan, Pagoét al, 2005). The
experimental results have also been simulated using the DEIWAVE computer program
developed in the framework of this Thesis. Thisgram, which uses the Kato spherical wave
solution of the Takagi-Taupin equations to describe the wave amplitude diffracted by the
analyzer crystal, is able to produce resultsctvlare in excellent agreement with experimental
data. DEIWAVE will be therefore used for preiihg results of future experiments and to
further optimize the set-up.

In addition, with the aim of simplify the imginentation of ABI, it has been studied the
possibility of performing ABI imaging using a suita slit system as the analyzer. It has been
found that the array of pixels of the FReLoN camera described in the Chapter 4, placed at a
suitable distance from the sample and suitably read-out by the detector electronics, could
angularly analyze the X-ray beam emerging from a sample; for this reason the technique has
been indicated adetector-based analyzer imaging (DBAgveral preliminary tests have
highlighted that the technique can produce imag#sfeatures similar or equivalent to the ABI

ones. In addition, the DBA imaging, in its early implementation, also shows advantages with
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respect to the ABI: the stability of the opticsnsich easily obtained and several refraction
angles can simultaneously be acquired and analyzed.

This technique needs further experimental analsdstests but it is very promising also in the
perspective of dissemination of the technique outside the Synchrotron Radiation sources.
The description of the Hybrid Imaging mode,the results of the simulations performed by
using the DEIWAVE program, the implementation of the detector-based analyzer imaging

(DBA) and its first applications are described in the Chapter 6.

In summary the Thesis is organized as follows.

Chapter 1. Brief description of the osteoarthritis dise (causes, etiologgffects on cartilage)

and of the conventional techniques usedisoialize the cartilage and implants.

Chapter 2. The image formation: absorption contrast versus phase contrast. Theoretical

description of the Propagation an@ thnalyzer-based imaging modalities.

Chapter 3. The production (source and basic parameters) of synchrotron radiation and the X-
ray beam characteristics (energy, polarizatiimergence, coherence). Detailed description of
the set-up for Propagation and Analyzer-bagkdse contrast imaging at the ID17 and ID19
ESRF beamlines.

Chapter 4. The full assessment of the imaging pariance of the taper optics CCD "FReLoN"
camera used for the experiments at ID17: matiteh transfer function (MTF), normalized noise
power spectrum (NNPS), and detective quantum efficiency (DQE). Critical comparison of the

FReLoN camera perfomances wilselected number of detectors presented in the literature.

Chapter 5. The experimental results obtained bylgmg the analyzer-based imaging (ABI)
technique to the study of join cartilage and metal implant healing evaluation. ABI images of
excised human and animal specimens amdivo experiments on guinea pigs. Image
reconstruction and processing methodologiBesults of a campaign of radiobiological

experiments for the evaluation of the biologieffects of radiation on cartilage cells.

Chapter 6. Developments of the analyzer-baseshging (ABI) technique: qualitative and
guantitative analysis of the combination of |ABith PBI. Comparison of the experimental
results with simulations performed with aespically written code usg the wave-optical
approach of image formation. Description of the possible use of the FReLoN camera to analyze
the X-ray beam refracted and diffracted by saenple and report of preliminary experimental

results.

Appendix. Brief description of the results of the Bgymical theory of diffraction by crystals.

10
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Pourquoi étudier les maladies des articulations?
Qu'est-ce que l'ostéoarthrite? Comment
repousser les limites techniques du diagnostic
conventionnel? Ce chapitre introductif comporte
une description (anatomique et structurale) des
articulations, suivie d'une discussion sur les
différentes causes de la maladie. Les techniques
d’'imageries conventionnelles utilisées pour le
dépistage de [larthrite sont également
présentées. Les enjeux généraux et spécifiques
pour la détection précoce et le suivi de
'évolution des maladies (y compris sous
traitement) sont par ailleurs exposés dans cette
section. Enfin, la nécessité de mettre en oceuvre
des techniques non invasives et plus sensibles
pour le diagnostic est également soulignée.

13

Why studying joint diseases? What is
Osteoarthritis? How intervening for overcoming
the limitations of conventional diagnostic
techniques? Besides a description of the joints
and articular cartilage anatomy and architecture,
disease causes are discussed and the imaging
techniques conventionally used for osteoarthritis
investigation are introduced. General and
specific issues for early detection and
monitoring of the disease and for therapeutical
evaluation will be considered in this chapter, by
also highlighting the need of new non-invasive
and more sensitive diagnostic modalities
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1.1 Scientific case
Osteoarthritis (OA) is the most common type @airthritis , especially among older people.

Sometimes OA is called "degenerative joint disease'bsteoarthrosis". Statistics indicate that

OA affects approximately 12% of the population in the seven major pharmaceutical markets
(USA, Japan, France, Germany, Italy, Spain, and theé.Udnost 33 million American adults
reported to have been told by a physician that they have some type of arthritis and, although
arthritis is mainly a disease of adults, childreay also suffer from OA (America Academy of
Orthopaedics Surgedfs

If one proceeds to a search engine like "Google" on Internet, as | did, and looks for websites
about arthritis or osteoarthritis, the numberhadt is 43.300.000 and 3.860.000 respectively.
This somehow proves how great the general intéseist OA. In fact, OA is one of the most
frequent causes of physical disability among adults and it hurts people in more that their joints:
finances (cost of treatemts, wages lost because of disabilépll lifestyles (depression, anxiety,

feelings of helplessness, limitation orilgand job activities) also are affected.

0&1 2 3 4

Figure 1.1. Cartilage degeneration process and its grading system (Collins grade (Collins, 1949)).

Osteoarthritis is a joint disease mostlgffecting the cartilageCartilage is the smooth tissue

that covers the ends of bones in a joint. Healthy cartilage allows bones to glide over one
another, and the tissue also absorbs energy thhenrmpact of physical movements. In OA, the
surface layer of cartilage breaks down and isnaaown (Figure 1.1). This tissue degradation
determines subchondral bones to rub together, causing pain, swelling, and loss of motion of the
joint. Over time, the joint may lose its norngdape. In addition, bone spurs - small growths
called osteophytes - may grow on the edges of the joint. Bits of bone or cartilage may break off
and float inside the joint space. This causes more pain and damage. People with OA usually
have joint pain and limited movement. Unlikenso other forms of arthritis, OA affects only
joints and not internal organs. For exampleumatoid arthritis - the second most common

form of arthritis - affects other parts of thedyobesides the joints. The disease has a strong

! http:/iwww.marketresearch.com/map/prod/843319.htm
2 http://www.aa0s.org/
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auto-immunological and chronic inflammatorynggonent, may start at a younger age then OA,
causes swelling and redness in joints, and magemaople feel sick, tired, and (uncommonly)
feverish. This disease can affect people of all ages and may involve many joints of the body at
the same time causing pain even if the joint is not used.

Another important point is the fatitat OA presently has no cure so far, physician treatment
strategies focus on treating the disease symptoms with minimal side effects.

In very severe casethie only solution for reducing the pain and helping restore functions is

partial or complete joint replacement surgery

In the following paragraphs, basics of the @Ad of the anatomy involved in the disease are
presented. Afterwards, the diagnostic technighas are conventionally used, their limitations
as well as the peculiar issues of articulantjcand metal implant healing studies will be
discussed.

For the part concerning the cartilage tissue deseon, | refer to (Mdlenhauer and Kuettner,
1997).

1.2 Osteoarthritis basics:. the joint and its parts

Most joints—the place where two moving bones come together—are designed to allow smooth

movement between the bones and to absorb sirekstrain from movements like walking or

repetitive motions. The joint is made up of:

f Cartilage: a hard but smooth coating on the end of each bone. Cartilage, which breaks
down and wears down in osteoarthritisgéscribed in more detail in paragraph 1.3.

f Joint capsule a tough connective tissue membrane that holds all the bones and other joint
parts together.
Synovium: a thin epithelial cell-based menalme inside the joint capsule.
Synovial fluid: a fluid that lubricates the joint alk@eps the cartilage smooth and healthy.
Ligaments, tendons, and musclegissues that keep the bones stable and allow the joint to
bend and move. Ligamentse tough, cord-like tissues that connect one bone to another.
Tendonsare tough, fibrous cords that connect muscles to bones. Mwweldsundles of

contractile cells to produce movement when stimulated by nerves.
In Figure 1.2, the general scheme of a healthy joint and its components is presented and it is

compared with an osteoarthritic articulation. Ihealthy joint (a), thereds of bones are encased

in smooth cartilage. Together, they are protetted joint capsule with a synovial lining that

15
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produces synovial fluid; the capsule and dlyrotect the cartilage, radles, and connective
tissue. With OA, the cartilage becomes worn dadi). Spurs grow out from the edge of the
bone, and synovial fluid increases. Altogether, the joint feels stiff and sore.

Usually OA progresses slowly. Early in the disease, joints may ache after physical work or

exercise. OA can occur in any joints, but the main targets are hands, knees, hips, or neck spine.

Figure 1.2 Joint architecture. Comparison between a healthy (a) and an osteoarthritic (b) joint.

1.3 Articular cartilage

The specific resident cell diie cartilage tissue is tlwhondrocyte Typically, each chondrocyte

is separated from the neighbouring cells byeatmacellular hydratedcartilage matrix, which,

in absence of vascular elemengspenetrated only by smalldmolecules that provide nutrition

and by regulatory biomolecules (i.e. tisshermones). Chondrocytes are cells possessing
different capabilities; besides normal cellular fiimes, these cells act as autonomous repair and
self-defence units, and form the tissue matrix macromolecular framework from three classes of
molecules (Figure 1.3): collagens proteoglycans and noncollagenous proteins
(glycoproteins).

Cartilage tissue is an aneural and immunalally privileged tissue where the chondrocyte
receives all the essential information for the control and maintenance of its extracellular matrix
and for its intracellular activities from the biophysical (biomechanical) modulation of the tissue.
This behaviour is governed by the physical prapsrdf the extracellular matrix molecules and

by ion fluxes that undergo alterations duringchenical loading. Therefore, the matrix protects

the cells from injury resulting from normal jointaysletermines the types and concentrations of
molecules that reach the cells, acts as a mechanical signal transducer for the cells, and helps

maintain the chondrocyte phenotype.

16
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Figure 1.3. Molecular composition of the articular cartilage tissue.

Throughout life, articular cartitee undergoes internal remodefjims the cells replace matrix

macromolecules lost through degradation. Aging decreases the ability of chondrocytes to

maintain and restore articularrtitage and thereby increasesthisk of degeneration of the

articular cartilage surface.

A more detailed description of the molecular composition of the cartilage tissue is given in

Appendix 1. The following paragraphgsents the general tissue structure.

1.3.1 Tissue architecture

In adult articular cartilage four horizontddyers with different cell types and molecular

composition can be distinguished (Figure 1.4):

1.

2
3.
4

thesuperficial zone
themiddle and deep zones
thetidemark

the calcified zone at the sbchondral bone interface

17
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Figure 1.4. Scheme (left) and histological section (Azan stained) (right) of healthy intact cartilage.
The different layers forming the tissue structure are indicated.

1. The superficial zone consists of one to three layers of flattened cells. These cells are less
than 10% of all the cells in articular cartilageda@hey are different from the other cells of the
tissue and produce their own particular subset thegllular matrix proteins (including a very
special proteoglycan- see Appendix 1). The superficial zone itself probably serves as a
"basement membrane"” equivaleratthas the function to separatartilage from the peripheral
tissue and body fluid. Moreover,dlsuperficial cells are very rsgtive to irritation and they

have capacities similar to those of macrophages.

2. Themiddle and deep zonesonsist of articular chondrocytes of spherical shape, surrounded

by a distinct halo of "territorial” or "peridalar" matrix that has different properties and
compositions than the "interterritorial" or "further removed" matrix. These cells are the major
providers for the function of the articular cagdaand they represent and control most (over
80%) of the tissue. The chondrocytes of the de&pears produce all the extracellular matrix
components found in the articular cartilagellagens proteoglycansglycoproteinsand other
substances needed for the tissue turnover.

Depending on the joint and the location within a joint, chondrocytes may exist either as single
cells or as "chondrons" that are groups of two or several @Hlendrons may be defined as
functional subcompartments wiiththe cartilage matrix hosting the chondrocytes and without
any cellular junction between them. The matiixwhich chondrons are embedded is both
structurally and functionally different from the irtierritorial matrix and it is equivalent to the

territorial matrix of single chondrocytes.

3-4. Thetidemark is a cell-free line of about 10 um thickness at the border between the

uncalcified and calcified cartilagas shown by histological staining. The tidemark may mark

the line of the most recent turnover of the ifedd tissue, or a "sink" for metabolic (end)-

18



Chapter 10steoarthritis and cartilage study 19

products, since it tends to mige upward with age. The composition of this borderline is
unknown except for some accumulated calcium-containing mineral deposits.

The deepest layers of the cartilage tisssweraade of chondrocytes situated withicadcified
extracellular matrix. These layers form a transitional tissue to the underlying bone but its
calcification is sparse with respect to tloaie of the bone tissue. The function of dadcified

zoneis to prevent the diffusion ofutrients from bone to cartilage.

1.4 Osteoarthritis causes

Osteoarthritis affest each person differently. In someopke, it progresses quickly; in others,
the symptoms are more intense than in oth&ren if scientists do not know yet the ultimate
causes of OA, there are several known risk factors, including overweight, the aging
process, joint injury, and stresses on the joiis from certain jobs and sport activities.

Most cases of OA have no known sawand are referred to psmary OA . When the cause of
the OA is known, the condition is referred tosasondary OA

x Primary OA is mostly related to agingwith aging, the water content of the cartilage

increases and the protein composition of cartidggenerates. Repetitive over-use of the joints
over the years irritates and inflames the cartild&entually, cartilage begins to degenerate by
flaking or forming tiny crevasses. In advancedesashere is a total loss of the cartilage cushion
between the bones of the joints. Studies shat tlecasionally OA can be found in multiple

members of the same family, signifying that the susceptibility to cartilage breakdown may be

partially genetiqSpector and MacGregor, 2004). Evidenéa genetic influence of OA comes

from a number of sources, including epidemiological studies of family history and family
clustering, twin studies, and exploration of rgmenetic disorders. Classic twin studies have
shown that the influence of genetic factors is between 39% and 65% in radiographic OA of the
hand and knee in women, about 60% in OA of the hip, and about 70% in OA of the spine.
Taken together, these estimates suggest a heritability of OA of 50% or more, indicating that half
the variation in susceptibility to disease ie fiopulation is explained by genetic factors.

x Secondary OAis caused by another disease or condition including obesity, repeated trauma

or_surgery to the joint structures, abnormal joints at birth (congenital abnormalities), gout,

diabetes, and other hormone disord€¥besity causes OA by increasing the mechanical stress

on the cartilage. In fact, next to aging, obestghe most powerful risk factor for OA of the
knees. Crystal deposits in the cartilage othia joint space can cause cartilage degeneration,
and OA. Uric acid crystals cause arthritis gout. Some people are born with abnormally

formed joints (congenital abnormalities) that atgnerable to mechanical wear, causing early
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degeneration and loss of joint cartilage. OA @& tiip joints is commonly related to design
abnormalities of these joints thaad been present since birthormone disturbances, such as
diabetes and growth hormone disorders, as® associated with early cartilage wear and
secondary osteoarthritis.

Convergence of these factors (primary and secondary) leads to the initiation of the disease
state. Whether the factors that lead to disease ivieare the same thdtive the disease from

its initiation to any of its various outcomes, suadh osteophyte formatio cartilage loss, and
inflammation, has been the topic of much discussion. Further, some data suggest that the rate of
progression of OA is variable; however, publications on the natural history of OA remain
sparse. Literature reabs very few good quality studies thatovide valid information on the

rate of disease progressifitohmander and Felson, 2004).

Longitudinal studies of OA are complicated by the fact that, generally speaking, during the
period of a usually slow progression froaxnormal joint to end stage OA, patients age

significantly.

In studies of OA incidence, patients are follahatong a continuum progressing from a more or

less normal state to a disease state. At some point, the patient crosses a borderline between what
is recognized as absence of overt OA to presai overt OA (Figure 1.5). It is important to

note that the distinction between incidenses of OA and progression of prevalent cases
depends on where along the continuum patients are considered to have overtf@Aolfe

reasons, medicine will become better at diagnaegl OA, and overt OA is detected earlier,

the definitions will change and then these criteria will change, perhaps even during the course

of a long-term natural history study. Similarlif, OA is diagnosed later, cases formerly
considered to be ‘progression cases’ will ndd& considered ‘incident cases.” Thus, the

definitions used to describe incident or @kent cases of OA will critically depend on the

criteria used to define QAThese considerations are important in developing a high-risk patient

profile and in determining exactly what is being examined.

In summary, we do not yet fully know how risk factors interact to affect the incidence or
the rate of disease progression in OAUnderstanding these factors and the relationships
between them are critical to designing studied till ask the right questions and provide the

answers necessary to develop effaxtiveans of treating and managing OA.
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Figure 1.5. Graphic presentation of the ‘background’ progression (blue line) of osteoarthritis (OA)
from ‘no OA' to ‘overt OA’ (shaded zone) over time. A putative effect of a joint insult may cause an
increase in the rate of disease progression (dashed line with steeper slope).

1.5 How is Osteoarthritis conventionally diagnosed?

A careful analysis of the location, duratioand character of the joint symptoms and the
appearance of the joints helps the physician in diagnosing OA. Anyway, symptoms of OA vary
greatly from patient to patient. Some patiebhexome debilitated by their symptoms while
others may have remarkably few symptomsspite of dramatic degeneration of the joints.
Symptoms also can be intermittent. It is not unusual for patients with OA of the hands and
knees to have years of pain-free intervals between symptoms.

Because treatments that favourably influence clinical symptoms may at the same time have a
deleterious effect on structural elements, intéonal scientific committees have suggested that
both symptomatic and structural variables @A should be assessed in clinical studies
(Bellamy, Kirwanet al, 1997; Dougados, 2004).

Generally, a combination of the following methods is used to diagnose the OA disease and rule

out other conditions.

x Among all,imaging techniquesare so far the principal and most widely used tools for OA

investigation Nevertheless, their sensitivity is often iffiient for the detetion of early stages

of OA and its progression. Medical imaging techniquese based on physical (photon
attenuation, temperature), mechanical (elasticity, dielectric coefficient...), electrical
(conductivity, impedance), chemical, and biologigadrfusion, protein expression...) properties
of tissues.

The main diagnostic imaging modalities conventionally employed for OA detection are:

21



22 Chapter 1Osteoarthritis and cartilage study

1. X-ray radiography

2. Computed Tomography (CT)

3. Magnetic Resonance Imaging (MRI)
4. Ultrasound

5. Arthroscopy

x Besides imaging modalities, more and moredétection of biochemical markersis used

to evaluate OA presence and development. Thisqaiure is based on the fact that alterations
and destruction of the different componentshef joint structure (cartilage, synovial tissue and
bone), during progression of OA, release fragteeor biological markers specific of these
tissues in synovial fluids, blood and urine (Abadie, Ethgéral, 2004). There has been
progress into the use of some of these marfarthe prediction or measurement of progression

of OA, as well as for the evaluation ofsp®wnse to pharmacological intervention with

compounds of potential disease modifying OA drugs actif@garnero, Ayralet al, 2002;

Bruyere, Colletteet al, 2003)). The potential for reliable and responsive markers is large.
However, further work is still needed on howaolyes measured in sorokthese biochemical

markers of cartilage turnover comi# with OA diseasprogression.

Hereafter the main imaging techniques used for OA diagnosis are described and the intrinsic
limitations of these modalities are discussed in gragh 1.6. Particularti@ntion will be paid to

X-ray imaging modalities, since they represent the standard diagnostic tool for the OA study.

1.5.1 X-ray radiography

Radiography is the oldest and most frequently used form of medical imaging. Discovered more
than a century ago, it can produce diagnostic images of the human body on film or digitally on a
computer screen.

As X-rays penetrate most biological tissues with various attenuation properties according to the
thickness, density, and atomic composition &f tissue traversed they provide a simple means

to produce contrast between the different tisstibe principal interactions causing attenuation

are the photoelectric absorption and non-resonant scattering. The radiographic image is formed
by a distribution of photons transmitted through the sample and recorded by a receptor.
Photoelectric absorption due to resonant sgagenvolves an excitation of the atom and a
subsequent radiative (fluorescent) or non-radéafiuger) transition via an intermediate state.
Non-resonant scattering is either inelastic (Compton), where the incident photon energy is
shared by a recoil electron and a scattered photon, or elastic, where the photon energy is

conserved. The radiograph is due to variation on the photoelectric absorption, and in the
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intensity of the forward scattering recordbey the detector. Sample fluorescence, Compton
scattering, and elastic scattering in particaiany detailed information about the compaosition
and structure of the sample, as discussed later.

The radiograph is a projection of the attenuatingpprties of all the tissues along the path of
the X-rays (Webb, 1988). It is a two-dimensib(2D) projection of the three-dimensional (3D)

distribution of the X-ray attenuating properties of the tissue.

Figure 1.6. Components of the X-ray imaging system and the formation of the radiographic image.
B and E represent photons passed through the patient without interacting; C and D are scattered
photons; A is a photon absorbed by the sample.

S The components of a typical X-ray imaging Systera shown in Figure 1.6. The photons

emitted by the X-ray tube (with its cathode aambde element, see Paragraph 3.2) enter the
patient, where they may be scattered, absootbdthnsmitted without interaction. The primary

photons recorded by the image receptor creadntage, but the scattered photons produce a
background signal, which degrades contr&sir this reason, generally these photons are

removed by placing an anti-scatter devietween the patient and the detector.

S X-ray spectrumThe spectrum shape and energy of X-ray photons generated are determined
by the energy of the electrons, by the compositibthe anode, and by filters placed along the
X-ray beam path. Most commonly used anodes molybdenum, rhodium, and tungsten. The
choice for a particular target depends on thplieation or tissue probed and is a trade-off
between acceptable radiatiodose and achievable image contrast. For example, the

characteristic X-ray photons emitted by molybderiarget are predominantly at 17.4 keV with
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Figure 1.7. Simple model of the formation of the radiographic image showing both a primary and a
secondary photon.

a smaller contribution from 19.7 keV, while tungsten has a characteristic emission at 59 keV

with other low energy peaks.

S For describing the radiographic imaging procésis useful to define a simple mathematical

model (Webb, 1988). Let us consider a monochromatic X-ray source that emits photons of
energy E and is sufficiently far from the sampko that the photon beam can be assumed
parallel. Photons travel along the&lirection and the image is recorded in thg)(plane. Let us

also assume that each photon interacting in the receptor is locally absorbed and that the receptor
response is linear, so that the image may be considered as a distribution of the absorbed energy.
If (E, ) is the energy absorption efficiency of the detector, anid the angle between the
photon direction and thedirection (see Figure 1.7), the number of photons absorbed in the unit
area of the detector centered on the poim) (s:

S 3 (E;x Y, 2 dz

I(E.x.y)= I(E) (EO)e +33(E )SExYE ) dEd (L1)

where | (E) is the fluence (photons per area) of the incident radiafign(E; X, y, 2 is the
distribution of the linear attenuation coefficient of the sample, and
S(E x y E, ) dxdydE d is the scatter distributionufiction that gives the number of
photons in the energy rangeto E + dE and the solid angle range to + d  which pass
through the areg, x+dx; y, y+dy).

In equation (1.1), the first addend refers to primary photons while the second one to the
secondary photons (the scattered ones). Sinds the first term that carries the useful
information, and in practice it is the ratio Rtbe scattered to primary radiation that is either
measured or calculated an appropriate form of the equation (1.1) is then:

S 3 (E;x Y, 2) dz

I(Ex V)= 1(E) (E0)e (1+ RE x Y (12)
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Moreover, the equation could further simplified, if one assuR(S x y) not depending on the

position, that IR(E, x ) R EO,0).

The number of photons recorded on the detector strictly depends upon the linear attenuation
coefficient distribution of the tissues traversediy radiation and the thickness of such tissues.
In particular, the thicker is a feature and/ogdar the difference is in attenuation coefficients
between the feature and the environment in whishembedded, the better contrast is achieved

on an image.

S The resolution of a radiographic devisedetermined by:

x the size and radiation intensity distributi@f its focal spot (area of the anode
emitting X-rays);
X the source-to-sample distance;
x the quality of the detector and distance from the imaged detail.
Generally, another important parameter limiting the achievable image resolution is the
acceptable dose to the tissue. In the caseiwofsjoadiography, this is anyway a less critical
issue with respect other radiographic amilans (for example mammography), since the

targeted organs and tissues are imegal not particularly radiosensitive.

S Many different types of image detecten® used in modern diagnostic radiography. They all
form an image thanks to the absorption of energy from the X-ray beam but a variety of
techniques are used to convert the resultingrgn distribution into something that can be
visualized by eyes. The most employed receptors are:

f Screen-film combinations These receptors, based on the light conversion of
fluorescent screens, are faster than direct-exposure films but do not have such good
inherent resolution. They are, however, the detector of choice for many radiographic
examinations where the dose reduction igenionportant than the loss of very fine
details. The resolution (about 50-100 micron) in this case is mainly limited by the
screen and in particular by the lateral spiregaf the fluorescent light photons as they
pass from screen to film. For this reasgood contact between screen and film is
essential. The sensitivity of the system defseupon the X-ray absorption efficiency of
the screen, the efficiency with which the aqedeposited in the screen is converted to
light, the sensitivity of the filmand the development of the film.

f Image intensifiers They are high-gain devices, so images need only very short
exposure time. The radiation dose associated with their use for simple procedures is
very low but the corresponding resolution and noise performances are inferior to those

associated with screen-film systems. Thiseptor system is particularly valuable for
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the study of processes that involve movemgoiv or filling, for intra-operative control

during surgery and for the fluoroscopic control of the insertion of catheters.

Digital detectors. They mostly consist of photodiodes or photo-conductors (made of a
semiconductor material) that are electrically coupled to a charge coupled device (CCD)
camera. X-rays are absorbed in the shot-diode and converted into electric charge, which

travels into the CCD and is read out by a computer.

Digital radiography systems are more expemsthan conventional film or screen-film

radiography systems, but they offer impottadvantages concerning different aspects:

i) image display.

Digital detectors are not affected by thery strict exposure requirements of the
film-based radiography, where tHatitude (range of exposure for which the
receptor response is linear, outside this range the response of the film is very weak)
is narrow. Digital detectors have a much wider dynamic range than film, with a
linear response to X-ray exposure. Thadtion that maps the digital image on to
levels of brightness on a screen or film can completely controlled. The full range of
density or brightness can be used to digplst part of the range of pixel values,

thereby enhancing the contrast in a region of interest.

i) dose reduction.

In film-based radiography, the sensitivity of the image receptor and the film
latitude determines the dose. In digital radiography, both these constraints can be
relaxed. Moreover, thanks to complete control of the brightness range of an image,
the risk of repeated acitions for optimizing the iage exposure is extremely

low.

iii) image processing.

Since the image is acquired and stored in a computer, the image can be enhanced

digitally, and/or algorithms designed to detect subtle features may be employed.

iv) image storage and transfer.

Digital images are stored in a computer as standard binary files. This means that it
is easy for hospitals and radiologists to share data for diagnostic purposes, since
digital radiographs can beatrsmitted electronically. Theig no chance of loss or

damage of films, and an infinite number of backups can be made for each image

with no degradation of the original.

A more extensive treatment on digitatelgtors will be presented in Chapter 4.
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1.5.2 Computed Tomography (CT)

Conventional radiography provides no depth information, as the 3D body structure is projected
onto a 2D image and makes it impossible to, for example, determine the three-dimensional
position of a feature seen in a radiograph. A tgraphy is literally a cross-sectional image, a
slice of an object. It can be obtained from different views around an axis of the object, each
view being a projection of the object. A 3D-rendering of the object can be achieved by
reconstructing several slicesrpendicular to the object axis.

Mathematically, the solution to the problem of how to reconstruct a function from its
projections dates back to the paper by Radon in 1917 (Radon, 1917), well before the first
medical tomographic images were performed by Hounsfield in 1972 (Hounsfield, 1973). The
reconstruction algorithms can be classifiedwo categories: the analytic methods by (Fourier)
transformation and the iterative methods (algebraic and statistical).

Among the analytic methods, tliltered backprojections the most commonly used one. It
consists in convolving each projection withilgef function (which prevents the occurrence of

the 'star artefact' in conventidri@ackprojection) and reconstructing the slice by backprojecting
the filtered projections along their original lisésight and summing up the relevant physical
object quantity, i.e. the attenuatiodwes in the case of X-ray tomography.

The underlying mathematics, as well as othermstraction schemes are described in details in
the books of Kak and Slaney (Kak and Slaney, 1988), Herman (Herman, 1980) and Born and
Wolf (Born and Wolf, 1999).

Principles of reconstruction:

S Acquisition model
In the following, we consider the case albsorption X-ray imagingvith a parallel beam
geometry. In this case, the problem is reduced to the determination of the 2D object function

f(x,y) in a slice perpendicular to the rotation akier X-rays, this function is modelled by the
two-dimensional spatial distribution tife X-ray linear attenuation coefficieyyt(x, y) .

A line integral represents the total attenuatiorthef X-ray beam as it travels in a straight line
through the object. A projection is formed by #et of line integrals for a particular orientation
. The coordinate system} is rotated by the angle of projection with respect to the fix

coordinate system of the imageyj (Figure 1.8).
The functionp {, )represents therojection data:
p(t, )= F(xy)dl (1.3)
L

The angle can be limited between [0, dsp(, + )=p &, )
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The points participating to the integration domainfér the point of a projection at angle is

given by:
t=xcos( )+ysin( ) (1.4)
t f 0
in other words,t=A sin(+ )with A=x*+y* and = grc ant/y) fory from

/2 fory=0

which derives the expressigimogram of projections.

Figurel.8. Fix ,y) and rotating (t,I) coordinate systems. is the rotation angle with respect to the
x-axis. L is the direction along which the integration is performed.

SThe simple backprojection
The easiest (but oversimplified) way to reconstisdo project in the opposite sense the value

of the line integral I{) the reconstruction plane. For a given anglethe value ofp(t, ) is

assigned to each of the pixels that are akbmegintegration line. Thénear superposition of all
backprojections forms the reconstructed image.

The backprojection can be formalized by:
fer (X, ¥) = 3p(t )d (1.5)
0

Most of the qualitative information of the initidistribution is preserved, however the image
structures do not appear clearly. An exaggeratntribution of low frequencies perturbs the

image and even a homogeneous distribution would show up as non-uniform.

SThe Fourier slice theorem

The problem is to obtain a good estimate or reconstructioh »fy fron) the p {, )values.
For this, a theorem relates the 2D Fourier transformationf of y (tp Yhe 1D Fourier

transformation ofp t(, )

28



Chapter 10steoarthritis and cartilage study 29

The 1D Fourier transformation, witkspect to the spial coordinate, of the projection at angle
st
P(, )= B(t, )& dt (1.6)
P(, ;)= 3B(x,y)e "didt (1.7)
wheret, ;,xandy are related by = xcos( ; )+ ysin(; )
The point defined in polar coordinate y, ;) can be expressed in an orthogonal coordinate
system by:
«= cos(;) (1.8)

y= sin(;) (1.9)

The 2D Fourier transformation of the initial distribution is:

F( ., )= 3B8(xy)e® Y dxdy (1.10)

X!y
therefore P ( ,; FF ( ,, ) i.e. thelD Fourier transformation of a projection at a

certain angle corresponds to the radial profile of the 2D Fourier transform of the initial
function at this angle. This constitutes the Fourier sliceetirem, which enables, in principle,

reconstruction with a direct method using the 2D inverse Fourier transform.

S The filtered backprojection

From the 2D invemrs Fourier transfornt ( ), one obtainsf (x, y):

X'y

+ + + o+

f(xy)=— 3F@E, ,)é'd, d y:4_1 R3, )3 d, d, (1.11)

1
2
4 SS $S

in a polar coordinate system:

2 +

f(xy)=,75 3PE ) é'd d (112)
00
As the point defined by ( , #re the same than these defined 8y ( +, , )
f(xy)=—2 3P, ) |é'd d (1.13)
4 % 0s
Let be p(t, ) defined by:
. 17" .
p(t, )=2— P(,) |¢'d (1.14)

S
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thus, f(x,y)=2i 3(t, )d which means that f(x,y) can be obtained from the
0

backprojection of p(t, ). If | | is neglected in equation (1.14), then one has a simple

backprojection.

+

Let () be a function such that its Fourier transform|i$ (| |= 3 (t)e¥ tdt), then the
5

convolution of the projectiorp(t, ) with this function gives:

p(t, ) (t>=2i P(, )| |étd = Kt ) (1.15)

In other words, the initial projection @amust be filtered by the function(t), before being

backprojected.

S The filter function

The function (t)=2i :f |é 'd , which defines the filter function in the spatial domain
S

diverges fort=0, if the integration domain is not limited. To limit the integration domain, the
ramp functionR( )=| | is multiplied by a rectangular window:
1 ifS< <

( % otherwise (1.16)

which finally gives (t)=2i 3 e td
S
As the object is sampled at intervals equalthie distance between adjacent points of the
projection t, the highest significant spatial frequency is given by / t.
The abrupt cut of the rectangular windows at the frequencgives rise to oscillations at the

edges of the object. This is known as the Gibbs phenomenon, whose effects can be reduced
using other types of window, where a smoother transition is used.

1.5.3 Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI), also referred to as Nuclear Magnetic Resonance imaging
(NMR), is a technique involving magneticeliiis and radiofrequency (RF) electromagnetic
waves. Bloch and co-workers at Stanford doydPurcell at Harvard discovered it in 1946

independently. The idea to extend MRI to studies on humans dates back to Jackson, who in
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1967 produced what are believed to be the first MR signals from a live animal; the first image
of a live animal is instead due to Lauterbur in 1974.

In MR, the patient is placed inside a stranggnetic field and nuclear magnetic resonance is
utilised to obtain images as a function of prospim density and relaxatidimes (or spectra of

¥p and'H in NMR spectroscopy). A detailed description of the technique is given by (Sorensen
and Phelps, 1987).

S Common to the wide variety of MR instrumentged to produce proton images of humans are
the following basic components:

1. A magnet that has a bore size or gap large enough to accept the patient body, produces a
stable homogeneous magnetic fiely)(over the imaging volume of interest, and
induces a weak magnetizatidd)(in the tissue as a result of alignment of fat and water
proton magnetic dipoles with the field;

2. A gradient coil that creates pulsed maimdield gradients, which are required for
selecting the imaging slice (or slices) and for frequency and phase encoding of the
magnetization within the slice;

3. A radiofrequency (RF) transmitter/recaivéiransceiver) for generating the RBX
pulses, which rotatedl away from alignment witiB,, and for detecting the MR signal
produced by precession lf;

4. A computing system for managing the magnet, transceiver, and gradient coil
components, for processing and storing the MR signal, and for constructing, storing,

and displaying the image.

» The magnet can be superconducting, resistvpermanent. Superconducting magnets tend to
have the highest magnetic field and therefbighest signal-to-noise values. Resistive and
permanent magnets instead tend to have a more open architecture, allowing interventional MRI
applications and tend to prevent claustrophobia.

« The gradients are resistive electromagnetsisomg of metallic coils driven by a power
amplifier. Gradient performance is measuiadamplitude (milliTesla/meter) and rise time
(microseconds): larger values thfe former (>20 mT/m) and snfed values of the latter (<400

ms) being required for high-performance applications.

MRI principles
S When exposed to a static magnetic field, the randomly orientated magnetic mamggofs (
the spinning nuclei of the sample align with the magnetic field. This phenomenon is explained

by quantum mechanics: the external magnetic figddcreates two states for the proton
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(associated with a hydrogen nucleus) tha @lentified by the magnetic quantum number

m, = +1/2, corresponding tol21 ( spin quantum number) possible states, and the population
of the states is governed by the Boltzmann distribution. The statenvyitm/z, in which the

magnetic moment has a component parall&fdas lower energy than the antiparallel state.
The interaction between each nucleus Bndauses the magnetic moment to precess around the

magnetic field vector with the characteridt@rmor frequencysee Figure 1.9):
f :2— B, (1.17)

where /2 is the gyromagnetic ratio characteristiché nuclear isotope. For hydrogen nuclei

in a magnetic field 0By = 1 Tesla, the precession frequency is 42.6 MHz. The hydrogen is
favoured for MRI because okibundance and sensitivity.

When a large number of nuclei in equilibrium are consideredxyftemponent ofm, cancels

out. However, the rienagnetic componemd will be aligned withBy, i.e. thez-axis.

MRI is based on the resonance process, whitheisnduction of transitions between states of

different energy in, =+1/2 for protons). The energy required to produce such transitions

equals the difference in energy between the lower and upper states, flipping magnetic moments
from m, =1/2 to m = SY/2.

Application of a short pulse of circularly polarised radio frequency radiation, whose magnetic
field vector is perpendicular tB,, causedM to tilt away from thez-axis and rotate in they
plane at frequenc§(. This represents a source of detectable radiation at the freqiyefitye
recovery of thez component gives rise to a signal, which is characterised by two decay
mechanisms that are reflected in thegitudinal andtransverse relaxation times T1 andT2

respectively, T2 relaxatigrwhich is usually considerably fastdran T1 relaxation, is due to a

loss in phase coherence between neighbouring naalesed by local variations in the magnetic

field. These arise from a local, tissue-dependeartation in magnetic susceptibility as well as a
non-uniform magnetic field. Unlik@1 relaxation, no energy isansferred from nuclei to the
lattice in T2 relaxation. Nuclei in the excitedd ground state may exchange energy with each
other.

However, in biological tissues the main contributtoriT2 is from the relatively static magnetic

field from neighbouring protons. Large moleculedjich tend to reorient more slowly than
small molecules, promote T2 relaxation and hskerter T2 times. Free water has longer T2
than water associated with macromolecules. The magnetic field strength influences T2 much
less than T1, at least under the conditions encountered in MRI. Typically, T2 in biological tissue

ranges from approximately 50 to 100 ms.
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Figure 1.9. Tipping of longitudinal magnetization into transverse magnetization by a magnetic field
Bi, associated with an RF wave or pulse. A) For appreciable tipping to occur, the, Beld must
rotate synchronously with the precessing transverse magnetization. This condition is met by
circular polarized RF pulse at the Larmor frequency. B) All of the longitudinal magnetization is
tipped into the transverse plane by an RF pulse that is strong enough and applied long enough to
tip the magnetization 90 degrees.

T1 relaxationis a result of the precessing nuclei losing their associated potential energy due to
coupling with the magnetic moments of surrougdituclei. This energy transfer results in the
individual magnetic moments returningtteeir equilibrium states such thislt is again parallel

to By. Because of the nature of timeraction, T1 provides inforation about vibrational motion

in the lattice which in biological tissues is usually watét is a measure of the ability of water
molecules in the neighbourhoods of the spintutoble and rotate, which relates to the water
content and to the degree to which water is bound or absorbed onto surfaces in the tissue. The
frequency of rotation in medium-sized molecules, such as lipids, is closest to typical Larmor
frequencies. Therefore, the magnetization associated with lipids relaxes faster than that
associated with pure water or much larger molecules, such as proteins. Moreover, T1 relaxation

times depend on magnetic field strength beedhs latter affects the Larmor frequency.

These relaxation times are characteristic of different tissue types and can be measured by
applying suitable sequences of RF pulses @afthing the radio frequency MR signals with a
receiver coil. MR can be detected onlytidnsversal magnetization (perpendicularBt is

created because this magnetization is time mi#g@ and thus, according to Faraday's law of
induction, generates a voltage in a receiver coil. The longitudinal magnetization in thermal
equilibrium is static and therefore does nwet the criteria for magnetic induction.

Spatially resolved anatomical datets are acquired by applying magnetic field gradients across
the patient that result in a measurable gradierthe Larmor frequency in one plane, and a
phase encoding gradient in the orthogonal plane.

MRI image arise from Fourier imaging, which is an efficient and versatile technique for
identifying the location of MR signals originatédm various regions of the body. It can create

2D and 3D MR images with various sizes and spatial characteristics. The images are calculated

from digitized MR signals and they give a slice image of the plane of interest.
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Among the reasons for the success of MRI as a diagnostic imaging tool are the relatively good
high resolution (sub-mm), non-invasiveness and very low risk. Disadvantages are the high costs,
bulkiness of the equipment, the requirement for the patient to remain motionless in the magnet
for up to about half an hour, the problems assediatith the presence bigh magnetic fields

and with the possible administration of contrasting agents such as iodine and gadolinium to

enhance the image contrast.

1.5.4 Ultrasound

Current ultrasonic (Ul) diagnostic imagingssgms function mostly in the pulse-echo mode,
where a single probe is used both for traitthmy the signal and for receiving the echoes
reflected or scattered back from tissues. To abtia¢ best resolution, the probe is excited by
short and high frequency pulses of acoustic ggnéinat are emitted into the patient body and
experience reflection at boundaries between tissues of different characteristic impedance.

From the measurement of time delay and intensity of the reflected pulses (echoes), an image
indicating tissue interfaces is reconstructed.

Depending on how the information is displayed, pulse-echo methods can be differently
classified. The oldest and simplest type of Ul instruments use a display of the echo amplitude as

a function of depth of penetration, which is equalctf2 wheret is the time of flight of the

pulse, on a monitor. Other Ul instruments usedbho amplitude to modulate the electron beam
intensity of a cathode ray tube. If the intensdly the electron beam is modulated to be
proportional to the echo amplitude, this typelisplay is called grey-scale B mode display.
Ultrasound imaging is considered to involve nebligrisk provided that the incident intensities
are sufficiently small. The relatively simpliechnology employed makes it also rather
inexpensive as compared to other clinical imaging modalities.

The spatial resolution depends on many factogsistypically of the order of a millimeter.

Ultrasound frequencies typically range from 20zktd 15 MHz. The speed of sound in tissues

c=\/K (1.18)

whereK is thebulk elastic modulusnd | the tissue density. The average speed of sound in

follows the function:

soft tissues is 1540 m/sec, with variationsabbut +6 %. These vatians are mainly due to
changes in elasticity, rather than densityd ame usually ignored in the reconstruction of
images. As most biological tissues are effectively fluids, ultrasound waves are always
longitudinal. Thecharacteristic acoustic impedancg of tissue is defined as:

Z= (1.19)
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Hence, in analogy to Fresnel's formula in ogtithe intensity of a sound beam reflected at a
normal boundary between media with acoustic impedahtemdZ2, relative to the incident

intensity, is given by:

« 2
R= 22543 ' (1.20)
Z,+7, 1

The central component of an ultrasonic imaging system is the transducer. It converts electrical
signals to sound waves, and vice-versa. Ultrasound transducers consist of one or several
piezoelectric crystals coupled to the tissue via an impedance matching gel. In order to produce a
2D image, the transducer is either moved mechanically or an acoustic beam is steered by using
interfering waves originating from an array afystals. The physics and instrumentation of
ultrasound imaging are covered in detail by (Shung, Setithl, 1992; Hedrick, Hykest al,

1995).

There are widespread clinical applicationsf diagnostic ultrasound systems. For
musculoskeletal investigations, Ul is a useful method to detect defects in muscles, tendons,

ligaments, joints, and soft tissue, besides prenatal and coronary diagnostics.

1.5.5 Arthroscopy

Arthroscopy is a surgical techniqgue wherebyiewing tube (arthroscope, containing a video
camera) is inserted into a body cavity such as the joint space. Abnormalities of and damage to
the cartilage and ligaments can be detectetlsometimes repaired through the arthroscope. If
successful, patients can recover from the arthroscopic surgery much more quickly than from

open joint surgery.

1.6 Limitations of conventional imaging techniques in

osteoarthritis detection and metal implants healing evaluation

Destruction and loss of articular cartilage is afidhe key events in osteoarthritic disorders.
Detection of very early stages of the tissue degdiom is extremely important for being able to
intervene readily and effectively. At very advanced OA cases, when conservative measures fail
to control pain and improve joint function, surgery is often considered

A crucial issue is the precise determination of the state of bone growth in the microscopic
vicinity of metal implants. Even histological evaluation (in animal experiments only) suffers
from the fact that it can only give information wery restricted portions of the implant because

of the micrometer-scale thickness of individual sections.
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The following paragraphs discuss the intrinsic limitations of diagnostic methods conventionally

used for both OA detection and implant healing evaluation.

1.6.1 Osteoarthritis detection

X Conventional radiography

Among the different imaging techniques, centional radiography has the highest spatial
resolution and is the initial, most economical and most abundantly used imaging method in joint
abnormalities.

The hallmark radiologic features for OA are:

(V)4

joint space narrowing, which is often irregular or asymmetric;

(Vo8

subchondral sclerosiswhich appears as an increased density in subchondral bone;

(V)4

bony proliferation with the presence of osteophytes/spurs;

(Vo8

the presence afystsin subchondral marrow adjacent to or sometimes remote from
the joint (usually seen in later cases);

S soft-tissue change¢small effusions, calcificatim and soft-tissue swelling).
Therefore, the radiographic evaluation of theedse severity and progression is made only
indirectly and is mainly based on the measurement of the joint space narrowing that occurs
between the ends obhes as cartilage is destroyed. Therefoomventional radiography is
sensitive only in case of advanced disease
The cartilage tissue itself is not visibleand focal cartilage defects or structural abnormalities
diagnostic of early stages of the degenerative joint disease are invisible on conventional

radiographs or X-ray computed tomography.

In Figure 1.10, an example of conventional radiographs of a normal and an OA joint is
presented. The detailed description of the features and of the limits of the projection imaging is

given in the figure caption.

Moreover, even though radiographic measures of joint space width changes have been
recommended as primary measure of efficacy for pharmacologic therapy (in particular for the
so-called "disease modifying OA drugs"), and are commonly used for OA diagoresitsion

of this measurement is quite variable ad dependent on standardized radiographic
techniques. Small positional changes from one measurement to the other can jeopardize
reproducibility of joint space width measurements. The degree of flexion of the knee determines
the regions of cartilage taken into account lee measurements. Several methods including

fluoroscopy, foot maps and positioning dms can be used to obtain satisfactory
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Figure 1.10. Conventional X-ray radiographs of a normal (A) and an osteoarthritic (B) ankle. In (B)
an excess of mineralization and absence of a normal joint space is visible as hallmarks of OA (the
screw is part of a joint fusion procedure). The onlyway to detect a cartilage disease or degeneration
is to evaluate the narrowing of the joint space between the ends of the bones. In (A), the joint gap
visible between the two bones means presence of dage tissue; therefore, it is a healthy joint.
Nothing can be said about the status of the cartilage itself.

measurements, but despite standardization dibgaaphic techniques the rates of joint space
narrowing can still vary widely (Brandt, Mazuce#a al, 2002; Mazucca, Brandit al, 2003)

and lead to significant difficulties in the managnt of large sample size longitudinal clinical
trials. Recent studies have also shown tharaltss in the conditiomf the menisci (Gale,
Chaissoret al, 1999) could cause radiographic joint space narrowing independently of cartilage
thinning. Measurements of joint space width the hip seems less variable and more
reproducible when using computer assisted methods (Conrozier, Leqeesae 2001);
(Gordon, Wuet al, 2001).

X Computed tomography (CT)

It is a relatively expensive test. Relative MRI, it gives poor definition of soft-tissue
boundaries, giving rise to misleading cartildgiekness measurements. Computed tomography
is particularly helpful in detecting fine detait$ cortical bone but it lacks sensitivity in early

OA stages: degenerative signs of cartilage éissd the entire tissue itself are not visible.

X Magnetic resonance imaging

MRI has been recognized as having potential for evaluation of joints in OA due to its ability to
visualize the morphology and the integrity o€ tharticular cartilage. It also provides a direct
image of the soft tissues around the joint. Several studies have been performed in MRI to
guantify the cartilage volume and thickness; in additiovjvo studies performed on knee joint
have shown longitudinal cartilagelume losses in the range of 3 to 7% per year in OA patients
(Biswal, Hastieet al, 2002; Cicuttini, Wlukeet al, 2003; Pessis, Drapat al, 2003; Raynaud,
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Kauffman et al, 2003). However, other clinical triatlid not detect any change in cartilage
volume in patients with knee OA over a 3-year period (Gandy, Diep#, 2002). (Link,
Steinbachet al, 2003). More concerning is the fact thai strong correlations have been
shown between losses of cartilage volume measured by MRI over time and changes in X-
ray joint space narrowing or in clinical symptoms Hence, larger longitudinal studies are still
needed to clarify the clinical relevance MRl measured cartilage volume in OA disease
progression. Exploration of changes in then-cartilage components of the OA joint (e.g.
synovium and effusions, bone marrow ‘edema’) is also ongoing with MRI and may offer
opportunities for the discovenf new parameters of interest (Link, Steinbathl, 2003).
However, the most promisinglRI capabilities could well be the one developed to directly
evaluate the changes in camjéamatrix components (e.gollagen and glycosaminoglycan
These approaches could be of high interestetect early changes in cartilage components in
response to pharmacgjical intervention:

S several studies have shown that MRIré®xation can be used as a qualitative assessment of

collagen in the cartilage rrix (Mosher, Dardzinsket al, 2000; Liess, Lussesdt al, 2002).

S one of the main constituents of cartilage whglost in early OA, and which one would like
to replace as part of therapeutic interventiogaghe glycosaminoglycan (GAG) component. A
new technique known as dGEMRI(@elayed Gadolinium Enhanced MRI of Cartiladgg being
developed to directly image the GAGmponent in cartige (Bashir, Grayet al, 1999;
Nieminen, Rieppet al, 2001; Tiderius, Olsoet al, 2003).

S another approach under investigation is sodium .MRE rationale of thispproach is based
upon the fact that early stage of OA is prima&gsociated with a loss of proteoglycan (PG) and
minimal changes in collagen. PG carries a tiegafixed charge density due to its sulfate
groups and thereby attracts sodium and potassimg to maintain neutrality. Consequently,
cation concentration can be used as an indimesurement of PG content. Therefore sodium
MRI of the knee has the potential for detectindyedegenerative changes in cartilage (Regatte,
Akella et al, 2003).

Standard MRI is anyway considered costly ad to have limitations in image resolution as

to serve as a substitute, even though recent studies underscored its high diagnostic value
(Wagner, Aurichet al, 2005).

X Ultrasound
For ultrasound imaging, joint geometry and kima often inhibit utilization of the method for
most joints since the sound heednnot resolve signals from structures that are not in

straight geometry to and close connection to the microphone
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X Arthroscopy
Although the arthroscopy technique appeat®lsle and sensitive to morphologic change at

one, only the cartilage surface can be evatlaMoreover, because this method is semi-
guantitative and invasive, large multicenseudies would be difficult to conduct.

1.6.2 Metal implant healing evaluation

X Conventional radiography

Conventional radiology is limited in its use in bone/implant evaluation because of physical
restrictions originating by the radiographic setup. Even though radiography allows the
evaluation of an implant as a whole, at leashglone axis of sight, it is finally hampered by
low local resolution caused by beam hardengnbased on the incident polychromatic light,

thus, resulting in uncorrectable image errors(example in Figure 1.11).

The first few hundred micrometers in the immediate vicinity of the metal surface are

particularly prone to the image problems stated above.

X Computed tomography (CT)

Since metal objects are opaque to X-ray beams in the normal diagnostic energy range, their
scannings yields incomplete projection data. fddtures reconstructed from this incomplete
data containmaging artefacts whose extent depends on the material type and volume of the
implant. The artefacts make difficult to determine the boundary between the implant, the

cement, and the bone.

X Magnetic resonance imaging

The situation is aggravated atients with any kind of metal body parts ranging from
pacemakers to artificial jois, because these patienenot be diagnosed by MRI since the
technique uses magnetic fields. Unfortunatelgresat proportion of the orthopaedic clientele is,

from age and medical treatment histgrgrticular prone to such limitations.

x  Ultrasound

Ultrasound haglifficulty in penetrating bone and therefore can only see the outer surface

of bony structures and not what lies within and beyond bony features or metal implants. For
this reason, the technique does not allow for investigations of inner parts of the sample and the

border between bone and the implants cannot be visualized.
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Figure 1.11. Conventional X-ray radiograph of a knee metal implant. Image artefacts caused by
beam hardening false the information by creating an unsharped halo around the metal. Therefore
nothing can be said about the first few hundred ndrometers in the immediat vicinity of the metal
surface. It is not possible in (B) and (C) tadeduce whether or not the bone makes the desired
contact with the implant surface.

1.7 Conclusions and research perspectives

Osteoarthritis (OA) is a degenerative disordbaracterized by loss ddrticular cartilage,
thickening of the underlying subchondral bomad osteophyte (bone excrescence) formation.
The etiology of OA is multifactorial, with inflammatory, metabolic, mechanical and genetic
causes. A number of environmental risk factors, such as obesity, occupation, and trauma, may
initiate various pathological pathways. In adults, cartilage has very limited capability of
repairing, and the situation is aggravatedOA conditions. In very severe cases, surgery
remains the only remedy for reducing the pain and helping restore functions.

OA is a poorly understood disease and, presentlycure exists.The principal treatment
objectives are to control pain adequatéiyprove function, and reduce disability.

For all these reasongnderstanding the causes of OAandfinding better treatments are the

major focuses of preclinical and clinical investigations.

In the light of what presented in literatumedadiscussed among the OA community, three major

needs, and therefore tasks, for present and future research exist:

1. development of diagnostic markers and techniques foragheearly stages of OAand

for monitoring theDA progression
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2. development of methods and criteria fevaluating therapeutic responsein the

framework of cartilage-spé#ic drugs innovation;

3. development of techniques for tlevaluation of metal (and low X-ray contrast

bioresorbable) implant healing

Monitoring the progression of OA and the effesfgherapy during clinical trials requires the
use ofvalid and reliable outcomemeasurements that are simple to perform and sufficiently
sensitiveto detect changes in articular joint conditions.
Unfortunately, tools conventionally used to investigate the OA disease remain unsatisfactory.
For both OA assessment and drug intengenstudies, the principal hallmarks are still:

f the clinical observation (paimflammation, joint function...)

f the radiographic examination.

Both these diagnostic modalities can be sdtige only in case of advance OA stagesince

they do not allow the visualization or detectafrvery early degenerative signs and processes in
the cartilage tissue.

As described in the current chapter, many other imaging techniques are used (CT, MRI, Ul,

biomarkers detection...) but each of them presintrinsic limitations (see Paragraph 1.6).

Among all, the'gold standard’ for measuring cartilage thickness remainsrddiographic
method, which allows the measurement of the narrowest joint-space width. Measurement of the
joint-space width by standard radiography is used for both OA diagnosis and evaluation of drug
effect even if it does not yield any infornaii on the cartilage itself and provides only one
measurement point. This fact considerablyiténthe statistical and clinical power of this
technique in assessing cartilage degradaticer ¢éime. Moreover, joint-space width, being a
single-point evaluation of bone-to-bone distance, produces only an approximate measurement of
the overall thickness of ¢harticular cartilage andives no indication of its volume or any
other structural changes associated with th disease process or with a therapeutical

treatment.

Certain insights into early stages of atih derive from cell and tissue culture and
experiments with normal cartilage and arekéd to data from the m® advanced stages
obtained from surgical biopsy specimens. On the other hand, these studies do not allow any

vivo investigation since their destructive nature.

With such a scarcity of imaging indicatoo$ early cartilage damagéehe development of a

modality that depicts initial phases of degeneratly harnessing differetissue characteristics
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in cartilage than those assessed through conventional X-rays radiography, MRI or ultrasound is
warranted (Mollenhauer, Aurickt al, 2002).

Poor imaging quality in practically all medicmhaging technologies with respect to articular
cartilage calls for the discoveand development of new techniques that are sensitive to stages
preceding the point of irreversible damage of the cartilage tissue.

There is an important need of a high resolution, non-invasive diagnostic and monitoring
technique allowing for the early detection ad follow-up of OA, the evaluation of drug

efficacy and the implant healing assessment.

In this scenario, phase contrast modalities tekeady largely demonstrated to possess higher
sensitivity with respect to conventional techniques (Arfelli, Bonvi@hial, 2000; Bravin,
Fiedler et al, 2002; Mollenhauer, Aurictet al, 2002; Keyrildinen, Fernandezt al, 2005),
without an increase of the delivered radiation dtséhis work, it is demonstrated that the
specificities of phase contrast techniques are able to fulfii many of the OA research
requirements by improving the accuracy of tle diagnosis and the sensitivity of the disease

progression monitoring.
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Une alternative a la radiographie d’absorption
est offerte par des techniques basées sur la
détection du contraste de phase. Lorsque qu'une
onde électromagnétique traverse la matiére, sa
phase peut étre perturbée. L'enregistrement de
ces phases produit des images fortement
contrastées.

Le principe de la formation de l'image et les
configurations expérimentales requises pour la
mise en ceuvre de la technique sont décrits dans
ce chapitre. Les fondements théoriques sur le
signal obtenu soit par lintermédiaire d'un
analyseur ou bien par propagation (les deux
techniques ayant été étudiées dans ce travail de
thése) sont également présentés.

a7

An alternative to conventional absorption-based
radiography is offered by the so-called phase
contrast imaging techniques. Besides X-ray
attenuation, these techniques profit from the
phase shifts occurring when an electromagnetic
wave passes through the matter which can be
recorded producing high sensitive and
contrasted images.

In this chapter, the image contrast formation
principles and the specific experimental
configurations of the phase contrast techniques
are presented. The theoretical basics of the
signal of the Analyzer-based imaging and the
Propagation-based imaging, the two modalities
that have been studied and applied in this Thesis
work, will be introduced and discussed.
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2.1 Introduction

As already discussed in Chapter 1, in standattbgaaphy the contrast results from variations in
X-ray absorption arising from density differences and from variations in the thickness and
composition of the specimen. The sensitivity af technique is drastically decreased when the
sample consists of low Z elements, for which the differences in the absorption coefficients are
very small for hard X-rays (Henke, Gulliksehal, 1993).

Weakly absorbing objects are often encountered in the life sciences, because organic matter is
made mainly of carbon, hydrogen, oxygen and nitrogen. The difference in the absorption
coefficient, for these elements, is of the order of 0.1-0.3 @rirster, Goetat al, 1980) in the

range of energies commonly used in radiology (10-60 keV).

A way for improving the image quality is the employ of high-efficiency and low-noise digital
detectors, which allow to discriminate very altesignals, and the use of high collimated and
monochromatic X-ray beams (Lewis, 1997).

In the last decade, a completely different apprdahbeen proposed and developed. It consists

in the application to the mezdil physics of the so-callgghase contrast techniquesalready
largely used in other field of research in physit$ower energies. Such techniques are based on
the recording of the phase variations occurnivigen X-rays pass through the matter. In fact,
besides absorption, an X-ray beam traversing an object picks up information on its refraction
properties that can also be utilized as a sourampfrast for displaying the internal features of

the sample.

The behaviour of X-rays as they travel througlohject can be described in terms of a complex

index of refraction (2.1) whose real part,, and imaginary part, , are related to the

electromagnetic wave phase $hifand to the X-ray attenuatioin the object, respectively
(Paragraph 2.2). In the energy range 10-60 keV, the phase term is orders of magnitude higher
than the absorption one (Figure 2.1); therefordiographic techniques sensitive to variations of

the term may potentially provide an increased imagntrast with respect to those techniques
based only on the X-ray absorption process.

In order to exploit the phase effects for imaging, different techniques have been developed
(Fitzgerald, 2000). They include the propagation-based imaging (Snigirev, Snigliralyal 995;
Cloetens, Barretet al, 1996), the analyzer-based imaging (Forster, Gettal, 1980; Davis,
Gureyevet al, 1995; Bravin, 2003) and the interferometric techniqgues (Momose, Tekeda

1996; David, Nohammaesat al, 2002).

To be able to perform phase contrast imagihg,X-ray beam has to fulfil conditions concerning

the temporal and spatial coherence propertiesefdbiation that are respectively linked to the
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X-ray monochromaticity and to the angular sowize. This topic will be discussed in Paragraph

3.6.

The introduced coherent imaging modalities, whidlhbe described in the following paragraphs,

have significant application in various fields such as material science (Cloetens, laidaljg

2002; Tsai, Hstet al, 2002), sub-micron imaging (Lagomarsino, Cedetlal, 1997; Hignette,
Cloetenset al, 2003) and biomedical imaging (Arfelli, Bonviciet al, 2000).

In this Thesis work the phase contrast techniques which have been applied and investigated, are
the analyzer-based imaging(ABI) and thepropagation-based imaging(PBI); for this reason,

they will be more extensively described.

2.2 Phase contrast versus absorption contrast

2.2.1 The refractive index

The propagation of X-rays in the matter imgrally described with ference to the complex
refractive index n, which can be expressed as (Jackson, 1975):

nN=1S +i (2.1)
S s therefractive index decrement which determines the phase shifts of the electromagnetic
wave in the matter and, therefore, its deviatiamfrthe incident direction due to the scattering
with electrons of the medium (Azaroff, 1968);
S is theabsorption index which is linked to the photoelectric absorption of X-rays into the
matter.
Under the influence of the electromagnetic fieldtad incident radiation, the polarization of the
medium, for hard X-rays and far from the atmion edges, is well described by the free-
electrons model where the electric susceptibilityis proportional to the electron density,.
The terms and are related to the real and imaginary part respectively bl the following

the expressions (Zachariasen, 1945):

=8~ , and == (2.2)

N

== 2.3
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wherer, is the electron radius, the X-rays wave lengthf; the number of electrons per atom
with damping constant, , and Z the atomic number that givesettotal number of electrons per

atom; the sum is over all the electrons of the atom.

is linked to the macroscopic mass density of the medium by the relation

e

.=2Z/N =Z N,/ AwhereV is the volume of referencéy, the Avogadro's number ardthe

atomic weight.
The refractive index decrement, which is maidlye to Thompson scattering, can be generally

expressed also as:

r 2

— €

= |
2V |

(z+1) (2.5)

with f J-' the real part of the wavelength-dependéispersion correction of the atomic scattering

factor.

Similarly, the absorption index can be also written in terms of the imaginary part of the

wavelength-dependent dispersion correctibh, as:

2

_Te

: f; (2.6)
J

N
<

For energies far from the absorption edgtq'sjs approximately zero, wheree[# dominated by

the absorption process, behaves with the ener@éﬂs with m between 3 and 4.

is related to the linear absorption coefficignt through (Raven, Snigirest al, 1996)

p=t— @7)

It has to be pointed out that the termsand  locally change inside the matter and therefore

they have to be considered andtions of the spatial coordinatesy(z).

In the case of a crystalline medium, the scaite properties of the radiation are generally
described by means of the structure factor (Appen); if the Bragg reflection is not satisfied,
the wave propagation is not influenced by thestalline structure. In th case, the refractive

index may be expressed in term of the (complex) structure fagtas:

Mo
= (2.8)

Numerically,n deviates only slightly from unity, and  being extremely small. The term is

much larger than in the energy range normally useradiology and differs at least by three
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orders of magnitude as shown in Figure 2.1, where the rdtioas function of the energy in the
energy range 10 - 60 keV is reported.

This large difference between and is the reason for the advantage of phase contrast
imaging, the phase contribution being the sole source of contrast when the absorption counterpart
is undetectable.

The energy dependence of the two terms&and , for energies far from the absorption edges

and for lowZ materials, is approximately given by (Egs. (2.3) and (2.4)):

é and é (2.9)

Since the phase is related to by the relation S2 t/ , wheret is the thickness traversed

by X-rays, the energy dependence of the phase and of the linear attenuation coefficient may be

expressed as:

1 1
— and y= — 2.10
= = (2.10)

Figure 2.1. Ratio of the delta and beta terms in the energy range 10-30 keV for bone and soft tissue.

2.3 Phase contrast techniques

2.3.1 Interferometry

The principle of interferometry is to have aabe split into two separateoherent beams which

can be recombined and interfere. The X-ray interfeetry is owed to Bonse and Hart (Bonse and
Hart, 1965) while its early application to the phase contrast imaging were performed by Ando et
al. (Ando and Hosoya, 1972), in the early seventies. The technique is based on the use of the

Bonse-Hart interferometer whose most commonly used configuration is the triple Laue (LLL),
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schematized in Figure 2.2. It utilizes Bragg diffiae by three perfectly aligned crystal slices cut
out into a monolithic single silicon crystal. Thesfi crystal acts as a coherent beam splitter, by
diving the incident X-ray beam into a transmittel a diffracted beam that are then deviated by

the second crystal to allow for recombining them in the third crystal (or analyzer).

Figure 2.2. Scheme of a LLL interferometer. Details in the text.

Between the first two crystals, a phase shiftexy be inserted and used to compensate for
imperfections of the interferometer and toaestruct the phase modulation introduced by the
sample through the fringe scanning method. The sample is placed between the second and third
crystal slice.
The image processing to quantitatively red¢ard the phase modulatiointroduced by the
sample is rather simple. The phase modulation (with an uncertain®y dfis determined by
recording a series of interference patterns (a minimum of 6 images per projection) with and
without sample and for different settings of gitease shifter (Bonse and Busch, 1996). The phase
ambiguity can then be eliminated by inspegtitie radiographs and applying an appropriate
phase unwrapping algorithm (Cusack, Hunté¢al, 1995).
Moreover, by measuring the phase shift in mudtigirections by rotating the sample, a three-
dimensional image mapping of the refractive index is obtained (phase tomography) (Momose,
Takedaet al, 1995).
There are several works, above all owledMomose et al. (Momose, Takead al, 1995;
Momose, Takedaet al, 1996; Momose, 2002), demonsingt the high potential and the
advantages of this phase contrast technique negtpect to the conventional absorption imaging.
Nevertheless, the high complexity of theclinique, mainly in terms of instrumental
implementation, leads important limitations its application that can be identified in the
following points:
 Set-up stability
The optical path length should be stable withideviation smaller than the X-ray wavelength
(~1 A). A displacement at the atomic leveleeen the different slices can jeopardize the

fringe patter in such a way thao interference is observed. This is why the entire body of the
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interferometer is derived from a single Kocrystal and extreme mechanical, thermal or
acoustical stability of the sep have to be fulfilled.

* Sample size
There is, therefore, a limit about the realizable dimensions of the apparatus and, consequently,
the size of the sample to be investigated. The space available for the specimen is of few
centimetres. To broaden the applicability of thehtéque, the field of view could be extended
by the adoption of a two-crystal X-ray interferometer (Figure 2.3), the so called Laue skew-
symmetric interferometer (Becker and Bond&74), which has also be found to be
considerably less affected by vibration than sirggle-crystal version. The latest version of
this imaging system attained a 60 mnmB0 mm field of view (Yoneyama, Takedd al,
2004). Works using this two-crystal interferomyebn biological samples are for instance
(Momose, Yoneyamat al, 1997; Yoneyama, Momos al, 1999; Yoneyama, Takeas al,
2004).

* Sample environment
In order to avoid perturbations of the interference fringes due to phase discontinuities at the
border of the sample, the latter has to be imatkis a liquid that matches the refractive index
of the object.

eAcquisition time
For reconstructing the phase map, several imagesneeded (at least six) to eliminate the
incoherent contributions of thatensity and to avoid ambiguity on the sign of the phase. For
this reason, the acquisition time can be up to several hours for performing interferometric
tomography using a conventional X-ray source. The use of the high flux X-ray beams
provided by synchrotron machine is, therefasrucial for this kind of application.

eSpatial resolution
The resolution is limited intrinsically by the gsage of the beam through the analyser crystal.
Dynamical diffraction occurring in this crystspreads the energy of each point at its entrance
over the Borrmann triangle whose width will linthe resolution. This typically limits the
resolution up to about 15 pm (Beckmann, Borete al, 1997). The volume of the
interferometer implies a minimum distancetvioeen sample and detector, leading to some

blurring due to the source size and Fresnel diffraction.

Contrary to other phase contrast technigquiederferometry does not have severe beam
constraints. The beam incident on the sampléch is generally upstream monochromatized, is
intrinsically monochromatic thanks to the Bratijffraction in the slices of the interferometer.
Since the reference and the phase shifted beams deyim the same point of the original wave,
the interference pattern is given by mutualhheent points and the incoming beam does not

need to be highly laterally coherent itself.
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Moreover, in the case of the interferometric teghmi it is particularly convenient to work with
small or smoothed phase gradient (low spdteduencies), since the spacing of the fringes of
interference is inversely proportional to the angular deflections of the X-rays inside the sample
and the fringes are easily detected.

Figure 2.3. Scheme of a Laue two-crystal interferometer (Yoneyama, Takea# al, 2004).

2.3.2 Propagation-based imaging

In the propagation-based method, quasi-coheamafiition illuminates the object that can give
rise to a spatially varying phase shift. As thdiation propagates from the sample, parts of the
wavefront, which have experienced different ddftets (Figure 2.5 (A)), interfere giving rise to

a characteristic pattern that is then recorded bigtector set at a convenient distance (Figure 2.5
(B)) (Snigirev, Snigireveet al, 1995; Cloetens, Barretit al, 1996). Thanks to the Fresnel
diffraction, the phase shifts are therefore trams@at in detectable intensity variations (Born and
Wolf, 1999).

Figure 2.4. Scheme of the set-up of the propagation-based technique.

Among the phase contrast techniques, this ingagnodality is characterized by a very simple
set-up (Figure 2.4). The absence of optical elements implies that such an imaging method is
intrinsically free from the usual aberrations, wéithievable resolution depending largely, but not
entirely, on the size of the source (Pogany, &aal, 1997; Arhatari, Mancuset al, 2004).
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Similarly to the analyzer-based technique thifithve discussed afterwds, the propagation-based
imaging is a differential phase imaging modaldayhomogenous phase gradient, corresponding to

an overall deflection of the beam, gives no contrast.

As mentioned, the contrast is asisted to the angular deviations, , of the X-rays passed
through the sample that, for a monochatic plane wave travelling along theaxis, can be

expressed as:

. G
(xy) S5 wy (x%) (2.11)

where and are the phase and the wavelength ofvthee, respectively. T$ relation is valid

if | {<< 2 / , that is the so-called paraxial approxtioa. In particular, in the case of the

propagation-based imaging, only features prodpea non-zero laplacian of the phase variations
may be visualized, as it will be described in Paragraph 2.4.

Figure 2.5. A) Angular deflection of the incident wavefront due to the refraction inside the sample;
B) Recorded interference patter between parts of the incident wavefront affecting by different
angular deviations.

There exists an important dependence on the sample-to-detector didjaofatié phase contrast
signal. By varying z and considering the transverse characteristic lengtla s¢ate object and
a monochromatic plane wave, three regimey i@ distinguished (Snigirev, Snigirew al,
1995):
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X d 0 theabsorption regime

X r= d a’ theedge detectior(or near field diffraction) regime: it is characterized

by small propagation distances rg is the radius in the object plane of the so-called

first Fresnel zone The latter represents the finite region in the object, which
contributes significantly to thegsial generated at a generic pdhin the image. The
contrast is formed locally around specific sample features characterized by high
frequency components of the phase modulation. The boundaries of the object are
strongly enhanced and a distinct interference pattern corresponds to every edge giving

valuable geometrical infmation on the sample.
X rFZ: d >a® the Fraunhofer (or far field diffraction ) regime: the interference

fringes are very well resolved but they cannotmore be associated to a given edge of
the object. The shape of the sample is harégpgnizable and images give little direct

information on the object itself.

Therefore, depending on theperimental conditions, the Fredrdiffraction pattern enhances
different properties of the sampledge-detection or far field diffraction). In general, for a given

distance D), the image is most sensitive # specific frequency range. Beirigthe spatial

frequency of a specific phase feature, one has IIhaﬂ/(Z fz). The defocusing distand2 is

determined byD =d I/(d +I), wherel andd are the source-to-sample and the sample-to-

detector distance respectively. For>d , one hasD d. As an example, for of 0.5 A, in
order to detect features of fon (40um) size, the optimal distance would be 1 m (16 m). There
is therefore a limit in the accessibility ofwospatial frequencies (corresponding to smooth

variations in the object's phase) due, essepti@lithe experimental hutch dimensions.

Since at every propagation distance there arquincy components of the object that do not
contribute to the image, the retrieval of the obpwse cannot be simply performed with a single
image without strong constraints oretbbject characteristics (Gureyev, Dagisal, 2004). A

way to retrieve phase is to acopseveral images at variable distances and suitably combine them
(Cloetens, 1999). Algorithm$or quantitatively phase retrievanay be based on the Fresnel
approximation of the Kirchoff diffraction formula (Op de Beeck, Dytkal, 1996) or on the
transport-of-intensityequation (Gyreyev, Ravest al, 1999). For certain types of objects, good
results can however obtained through simplerfilte and summation of the images (Cloetens,
1999).
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*X-ray source and detector influence orthe propagation phase contrast signal

S Particular requirements inrtas of source size and beam monochromaticity are needed when
performing phase contrast imaging (more detaildParagraph 3.6); this is one of the most
important reasons why this technique emerged oedently with the advent of third generation
synchrotron.

In particular the X-ray beam has to be (partially) laterally coherent and quasi-
monochromatic. The first condition, linked to the angular source size, is the more stringent in
the case of the PBI technique and it is easilylkedf by using synchrotron sources or microfocus
X-ray tubes with source size of the order of 10 top®0. With a classical laboratory X-ray
source, the effect of the finite size of the source consists in the blurring of the interference patter.
The degree of monochromaticity of the beanmstead less important as proven by Wilkinsl.

who obtained PBI images even with a polgrhatic spectrum gendeal by a conventional
micro-focus X-ray tube (Wilkins, Gureyet al, 1996).

S The visualization of the PB signal has strong requirements in terms of detector spatial

resolution. If I ; is the signal obtained with a point-like source, the recorded sigpaian be

written as the following corolution (Born and Wolf, 1999):

laee (% Y) = 1,(xy) h(xy PSE xy (2.12)
where §y) is a point on the two dimensional detector plamea function expressing the
projection of the angular source size= S/ L (SandL are the lateral source size and the source-
to-sample distance respectively) scaled by the mtib, andPSFis the Point Spread Function
of the detector. The effect of thimnvolution chain is that of a low-pass filter removing the high
frequencies of the interference image.
For untreated images and in edge-detection conditibasiesolution is limited by the fringe
spacingto about+/ D, that corresponds to the radius of the first Fresnel zone (Born and Wolf,
1999).
The resolution in the PBI technique is also linkedh® image processingand to thesample
thickness (t). The latter contributes with a blurring equaIJE, that is 0.2um for a 1 mm
sample and a of 0.5 A, therefore this effect could be usually neglected since smaller than the
pixel size (Cloetens, 1999).
In order to observe the interference fringesdedector with a suitabl spatial resolution is
required. For instance, for a sample-to-detector distance of 5 m andf ®.5 A at least a
resolution of ~16um is necessary. This fact determines an important drawback in consideration

of possible clinical applications since the smather pixel size the highés the dose required for

achieving a given signal to noise ratio (defined in Chapter 6).
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A more rigorous treatment of the formationtbé propagation-lsd signal will be presented in

Paragraph 2.4.

2.3.3 Analyzer-based imaging

This phase contrast imaging technique is baseth®@mse of an analyser crystal placed between
the sample and the imaging detector. As a highly collimated monochromatic beam traverses the
sample, photons are deviated according to the gradidhe real part of the refractive index (Eq.
(2.11). The analyser crystal acts as an angular filter, selectively accepting or rejecting such
photons: only a narrow range of X-rays, thosatisfying the Bragg law for the diffraction
(2dsin = , whered is the crystal d-spacing, is the grazing angle of incidence to the crystal
and the radiation wavelength), can reach the detector and then contribute to the image
formation (Podurets, Somenkov et al., 1989; Bravin, 2003). The monochromator and analyzer
form a non-dispersive pair of crystals, whererftecting planes are pdiel.. The filter function

is given by therocking curve(RC) (which actually corresponds to the convolution of the
monochromator and analyzer reflectivity curves) of the crystal and typically features an
acceptance window (given by the RC full-width at half maxinfaHM) of a few microradians

or tens of microradians. As an example, FveHM for the reflection 111 of the silicon spans the
range 17.6—4&ad for the energy interval 15-60 keV (X©)P The crystal, placed between the
sample and the detector, can be set either in Bragg (Forster, &oatz 1980; Somenkov,
Tkalich et al, 1991; Chapman, Thomlinsaat al, 1996; Bushuev, Beliaevskaga al, 1997) or

Laue (Ingal et al., 1995) geometry (see Appendix 1).

The implementation of this technique was firstly reported by Forster (Forster, €& @;z1980)
for measuring with micrometric precision the wilickness of spherical plastic targets for laser
nuclear fusion. Different authors have preserdiéghtly varying versions of the same imaging

modality by attributing it different names well, as summarized in Table 2.1.

Refraction contrast radiography................ (Forster, Goetr al, 1980)
Phase Dispersion Introscopy................... (Ingal and Beliaevskaya, 1997)
Diffraction Imaging.........cceeevvveeeviiinenneeennns (Davis, 1996)

(Bravin, 2003)
Phase contrast Imaging.........ccccoeceeerceeeenenen. (Davis eBal 1995)
Analyzer-based phase contrast................ (Pagot, Cloetesisal, 2003)

(Pavlov, Gureyeet al, 2004)
(Coan, Pagoet al, 2005)
Schlieren Imaging...........cccocevevviiiiiiiennnninnn, (Forster, Gaetlz 1980)
Table 2.1. Different names present in literature fothe phase contrast imaging with analyzer crystal.

! XOP: X-ray Oriented Program, Version 2.0, ESRF, Grenoble, France
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The name Diffraction Enhanced Imagirighas been introduced by Chapmetnal. (Chapman,
Thomlinsonet al, 1997) to indicate the algorithm for extting the "refraction” and "apparent
absorption" images (Paragraph 2.5) and used later on by other authors for indicating the imaging
technique itself.

In this work, it has been chosen to utilize the naamalyzer-based imagiigABI), since it

directly refers to the use of the analyser crystal, regardless the use of specific algorithm in the
image processing.

ABI has been applied to X-rays and to neutranghe latter case for obtaining images of the
magnetic field gradient in the gap of a permanent magnet and the distribution of magnetic
domains in a ferrosilicon crystal plate (Podurets, Someeka¥, 1989). For a given sample, the
contrast depends on:

S the rocking curve width of the analyser;

S the crystal composition and quality;

S the X-ray energy;

S the X-ray divergence and the diffraction order.

When all other parameters have been fixed, the contrast depends_on the angular position of the

analyser crystabith respect to the upstream crystals (monochromators).

The X-rays refracted from the sample deviatenfriheir original direction by a small amount,
which is proportional to (Eq. (2.5)). As previously shown (Paragraph 2.3.2), these angular
deviations are linked to the objgghase gradient through the tada (2.11). Conversely to the
PBI technique, ABI is sensitive to deflections inyoohe direction that is the one parallel to the
diffraction plane:

g (xy; )
S————— 17 2.13
y S5 y (2.13)
If X-rays arrive at the analyser within its anguéeceptance they are diffracted with an intensity
modulated by the intensity of the rocking curve at that point.

Besides absorption, the contrast formatiises from specific separate mechanisms:

x the amplitude filtering property of the analyzer crystal.

S X-rays coming with angular deviations that are outside the small analyzer acceptance
cannot be diffracted and do not contribute to the image formation. These missed scattered
X-rays, which are always contributing to theing of the detailén conventional images,
appear in the diffraction images as absorbed X-rays, generating the so-estiection
contrast. When the analyser is set at the angle corresponding to the peak of the rocking

curve, it diffracts the unrefracted X-rays with full efficiency. The images appear almost
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scatter-free, because only the small-angldtes¢ag at angles within the rocking curve

width can reach the detector.

(08

When the analyser is set at one of the slgbéis rocking curve, the intensity of the X-ray
beam diffracted by the analyser is changed by the refraction in the sample, giving rise to
the ‘refraction contrast’.

S By moving the analyser far off the Bragg angdiejerse contrast is observed: the analyser
rejects the unrefracted X-rays whereas the scattered ones are recorded and contribute to the
image formation (Zhong, 2000). This case is very interesting with samples producing a
very large amount of small angle scatigri'sponge-like tissues, for instance), where a
visualization of the details can be achieved (Arfelli, Bonvieiral, 1999).

x the phase inverting property of the analyzer crystal.
S The phase of the waves with negative spatial frequencies is shifted by 180°. This results in

the inverted contrast behaviour observedmdosite angular pogitns of the analyzer.

An algorithm, calleddiffraction enhanced imagin@DEI) (Chapman, Thomlinsort al, 1997;
Zhong, Thomlinsonet al, 2000), has been proposed tamte refraction from apparent
absorption (i.e. absorption and extinction) but neglects some effects owing to ultra-small-angle
scattering.

New mathematical methods for &ge processing that deal maeecifically with ultra-small-

angle scattering have been recently introduced by (Oltulu, Zebaly 2003; Pagot, Cloeteret

al., 2003; Rigon, Besclet al, 2003; Wernick, Wirjadiet al, 2003). Other procedures have
instead been proposed for gtigatively computing mass-dengitmaps from refraction-angle
images (Hasnah, Parhaghal, 2005; Wernick, Yangt al, 2006)

Nevertheless, for several kinds of applications,akploitation of simply ABI images recorded at

different angular positions of the analyneaty provide qualitative important information.

In general, the image formation can be desdribsing either geometrical or wave optics. In
geometrical optics, ray tracing of the radiatiormirthe source to the detector can be performed

by calculating, point by point, the refraction angléehe sample and by weighting the intensity of

the refracted X-rays by the rocking curve of the analyser crystal calculated at the point

where is the analyser angular position and is the refraction angle.

For simple objects this approach gives results that are generally in good agreement with the
experimental data (Keyrilainen, Fernandstzal, 2002; Rigon, Zhongt al, 2002). The wave
optical approach provides more precise results because less stringent assumptions have to be
considered (Bushuev, Beliaevskaghal, 1997). The use of the Takagi—Taupin equations to
compute the intensity of the electric field outgoing a crystal is necessary for perfect and flat or
cylindrically bent crystals; in these cases theations even have analytical solutions (Authier,
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2001). Gureyevet al. (Gureyev and Wilkins, 1997) have identified the general limits of
utilization of the two approachdy differentiating the case of awea contrast (the contrast far

from edges, where weak phase variation occurs) and of the edge contrast.

«X-ray beam and resolution requirements

S X-rays incident on the sample must be monochromatic with a typiEAE of perfect crystal

(~ 10%. The divergence in the diffraction plane hadéosmaller than the angular deviations to

be detected. Anyway, no particular restrictitrase to be fulfilled by the beam arriving on the
monochromator since the ABI set-up itself gaflg warrants the necessary beam collimation
and coherence (see Paragraph 3.6). The ndalya of the synchrotron radiation for the
implementation of this technique mainly reside the delivered high photon flux given the
unavoidable loss of photons occurring in thenochromator/analyzer diffraction process.

S The spatial resolution of the technique is itrinsically affected by the presence of the
analyzer crystal In the geometrical-optics description, a point of the image (P', with reference to
Figure 2.6) corresponds to an angularly deviated X-ray from a given point (P) of the projected
object. In reality, when diffraction effects occur, either in a perfect or an imperfect crystal, the
notion of wavefields which have definite prop#ign direction in the direct space (and which are
represented by a tiepoint in re@pal space) breaks down (Authi@001). Under the effect of an
external field (incident X-rays), a perturbed ¢len density is developed in the crystal and it is
the propagation of this perturbation that is associated with the electromagnetic wave in the
crystal. In this dynamical approach, the relatiopdetween the value of the amplitude and phase
distribution at any point of the exit surface of the crystal is obtained by convolution of the Green-
Riemann function (ornfluence function) with the amplitude and phase distribution on the
entrance surface, expressed as a distributigoioft sources (Pinsker, 1978; Forster, Gattal,

1980; Authier, 2001). If the dynamical diffraction fringes are not disentangled, the resolution is
limited to the width of the influence function, whose value (of the order of some microns)

depends on the reflection geometry (Laue @ggrgeometry) and on the used photon energy.

Figure 2.6. Effect of the diffraction from an analyzer crystal in Laue geometry (more details in the
text).
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Therefore an X-ray deviated at a generic p@n{Figure 2.6) in the object does not correspond

any more to a unique point in the detector plane, but to a certain X-rays distribution.

S The effect of the finite resolution of thketector and of the finite size of the source can be
considered by convoluting the signal with the paipread function of the detector and with the
source distribution function as previously dise (Eq. (2.12)). Moreover, image magnification

is achievable in the diffraction plane by utilizing asymmetric crystals.

S Fresnel diffraction occurring in the path between the sample and the detectaffects the
spatial resolution of ABI images. In general, itpieferable to reduce as much as possible the
analyzer-to-detector distanc@n the other hand, this typicdly undesirable effect has been
demonstrated to be able to produce a signab noise improvement in specific experimental
conditions (Coan, Pagoet al, 2005). The experimental evidence of the possible advantages
deriving from the combination of the propagatimmd diffraction from a crystal effects on the
signal has been performed as part of this Thesis work (Chapter 6). Theoretical investigations on
this subject have been realized by Pawvival. (Paviov, Gureyewt al, 2004) and (Bravin,

Mocellaet al).

*ABI sensitivity and optics
The sensitivity of the ABI technique is strictly linked to the width of the analyzer rocking
curve: the narrower the curve width the higher the extinction and refraction contrast.

As previously discussed, phase sensitive teclesicare better suited to higher energies than

conventional absorption X-ray imaging since the weaker energy dependence of(ﬂ%Ez)

term with respect to (]/ E*). Among the others, the ABI teclopie particularly benefits from
high energies since the rocking curve widthdagiven crystal reflection decreases linearly with
increasing energy, and thisrpally compensates for thﬂ%E2 phase effect behaviour (Rigon,
Zhonget al, 2002; Bravin, 2003). Overall, ABI effectiveness is proportiond) .

S The fact that ABI sensitivity is inversely progortal to the rocking curve width encourages the
quest for narrow rocking curves. The latter can be achieved utitiffiegent crystal reflections
(Chapman, Thomlinsoet al, 1997; Zhong, Thomlinsoet al, 2000; Rigon, Zhongt al, 2002).

For instance, the use of the (333) reflection at 20 keV produces a rocking curve, which is about
five times narrower that the one of the (11%)ection (Appendix 3). Therefore, the associated
improvement in refraction contrast can be 5-fold.

S Recently, Protopopoet al. (Protopopov, Sobotat al, 2002) proposed a special kind of
multilayer mirror to analyse the refracted X-ray beam (technique referred as "dark field"
imaging). For a given energy, the reflectivity curve of this multilayer has a resonant dip that is

few microradians wide. If the multilayer is usaslthe analyser, it shows a minimum reflectivity
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for an unrefracted X-ray beam and, therefore, it acts as a perfect crystal with an ‘inverse’ rocking
curve. The advantage of this set-up consists imgjeetion of the direct beam, with only the pure
refraction information being kept. At this stage development, the width of the resonance is
strongly energy dependent and therefore mirrove ta be adapted for single energy utilization;
new developments on the mirror quality have been announced.

A different version of dark filed imaging was proposed by Aertlal. (Ando, Sugiyameet al,
2001). The set-up in this case consistednnasymmetric monochroneg, a monolithic optics
comprising a collimator and an analyzer, with daenple in between. The analyzer only accepts
the angles containing the refraction informatignile eliminating the transmitted component by
not reacting with it.

S Other optics implementations regard the usasyimmetric crystalsas analyzer whose main
advantages resides in the possibility of expagdn the diffraction plane and incident X-ray
laminar beam. For small sampldhjs set-up does not requitBe simultaneous translation of

sample and detector, which typicailhiroduces blurring artefacts.

Comparison with other phase contrast techniques

S The ABI experimental set-up is simplified witbspect to interferometry and requirements on

its stability are less stringent (angular stability should be aboytr@d(Ingal and Beliaevskaya,

1996)). The monochromator and the analyzemateparts of a monolith, and consequently more
space is available for the sample and its environment. Nevertheless, the easiest set-up remains
that of the propagation-based technique.

S As already mentioned, the ABI modality is sensitive only to phase variations along the
diffraction direction while PBI is sensitive in battandy directions.

S Moreover, as afterwards derived (in the te¢iocal description in Paragraph 2.4), the PBI
requiresthat the second derivative of the plss is non-zero, while for the ABI techniques a

non-zero gradient is sufficient.

2.4 Theoretical description of phase contrast formation

In this paragraph, the theoretical descriptiorihef propagation-based imaging and the analyzer-
based imaging technique is presented in theaalegeatment developed by J.P Guigay (Guigay,
Pagotet al), under the approximation of an object with weak phase and amplitude modulations.
In this approach, a unified formal descriptioruged for both the techniques in terms of a wave
propagator. The propagator forms specific floe two imaging modalities are independently
derived.
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The objective of this presentation is to shdve different dependence of the PBI and ABI
techniques on the phase shifts determined byliject and on the experimental parameters (X-

ray wavelength, sample-to-detector distance etc.).

Let us consider amonochromatic wave which propagates along thez axis,
Une(% ¥, 2= M( % y) & ¥ (whereM is the wave amplitude and the wavelength), and passing
through a sample. Ifu,,,s is the wave after the object, onto a plane perpendicular to the
propagation direction one has (Born and Wolf, 1999):

Uans (X ¥) = T(% Y the( x ¥0) (2.14)
T(x y) is the so-calledransmission function of the object which depends on the projection of
the refractive index of the sampleT(x y) is a complex function, since both the
amplitude A(x y), and the phase, (x,y), of the wave may be altered on passing through the
object. Its general expression is:

T(xy)= A xy) &Y (2.15)

with

A(x,y)= B0 with B % ))=2— (xvy¥ dz%?,u( Xy)z dz(2.16)

2

(xy)=2 2§ (xy.20d= (523 ( Xy} 47 (2.17)

o is the phase modulation that would occur indabsence of the object and it is a non-relevant

constant for a differential phase method. Thiegrations are perforrdealong the propagation
directionz over the maximum thicknegsof the object.

In the case of a non-point like source and a detesith a finite resolution, the convolution of
the signal with the source size and the detector point spread furRB8ni¢ necessary. For sake
of simplicity, in the following description, the efft of the partial coherence of the radiation and

of the detector spatial resolution will be neglected.

With P we indicate the wave propagator associatethe specific technique (PBI or ABI). For
the moment, let us assume that such a propagaitsis, it will be descritikin details afterwards.
The wave recorded on the detector can be fdymwitten in the real space and in the Fourier

space respectively as:

Urec (% Y) = Urans( %X ) H X ¥ (2.18)
urec( f,g) = utrans( f, g) P( f, @ (2-19)
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where "' indicates convolutiony,.. and P are the Fourier transforms af,. and P,

respectively, anflandg are the spatial frequencies associatedandy.

Considering the case of a wave vector parallel tazitveis (normal incidence)y,,. (x, y,0) is a
constant of real valukl and the equation (2.19) can be then written as:

Ue(F,9)=MT( . 0) A f. 9 (2.20)
In the generic case of an incident wave with non-zero component perpendicularziaxibe

2 - : i :
20?03 the incident wave becomes Une (% ¥)= M(x y) € X yiith
’1

©

Ko =(kOX,kOy) =1( Ox Oy) (case used for describing the change in angle of incidence with

respect to the analyzer ctgkin the ABI treatment).
For the sake of simplicity, the following notation is used:(x,y) and f =(f,g). The wave
function after the sample in the real space anBatgier transformation ithe Fourier space are

respectively: Uy (X) = MT(x) €2 ¥ and Uy (f) = MT(f Sk,).

The recorded wave intensity is given by, (x) :|urec|2 and its Fourier transformation by:

_ 4 2«
Irec(f) - g el X [urec] il;'reccl))‘?( (2-21)
where "' denotes the complex conjugatan #ndm are a couple of two coordinates in the

reciprocal space, then
+ + i + &
lec(f)= ¢ €273 €2 yeo(m) h, 382 y(n)d (2.22) 3
Let us callig =M 2 the integration ox gives the Dirac function & +m $1 Jnd one has:

lreo(f) =0 § P(m)T(m Sko)P (m &)T (m § &) eh (2.23)

In order to simplify this expression, thepproximation of weak phase and amplitude

modulations is assumed allowing for the following linearization
T(x) 1+i (x)SB(x) (2.24)
With this assumption, the object transmissfanction in the Fourier space and its complex
conjugate can be written as:
T(m)= 252X (1+i (x) $B(x))ck = (m) +i (m) $B(m) 225)
T (m)= &2 Xm(léi (x)+B(x))d< = (m) Si ( ) B &)

By replacing the equations (2.25) in (2.23), the calculation of the integral gives, neglecting the
second order terms:
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(F)P(ko)[ +i (1) P (ko)Pl o ) SP o) P& Ofs)ié@ (2.26)
$B(1) P (ko) Plko ) + Pk o) Pk o8 |

Assuming the approximation of weak phase and amplitudes modulations, one obtains a linear

Irec(f):io

relationship between the spectrum of intensity of the recorded wave and the spectra of the phase
and amplitude. This means that a given frequerecgponent of the intensity is only determined

by the same frequency component of the phase and amplitude modulations.

2.4.1 Propagation-based imaging

The theoretical framework for the PBI description is the Fresnel diffraction where the
propagation of the wave over a certain distaDcies expressed using the approximation of the
Fresnel-Kirchhoff integral (Born and Wolf, 1999). In this context, the PBI propad@ipiis

given by:
1 a. XZ +y2 o]
R = ex 2.27
b (% Y)=5 Pd =5 2, (2.27)
and in the Fourier space:
R (f.9) =exp"_|§i D( f2 +g2) ;’/4 (2.28)

Replacing this last expression in equation (2.26) and knowingkghatzero in the case of PB

imaging, the intensity spectrum at distaicéom the sample becomes:
Io(f ,g):io{ (f,g)+2sin D(f2 +gz)i (f .9)S 2cos D( f2 +9271/AB( f ,g)}
(2.29)
This equation is valid if (x+ Df,y+ Dg)S (x Y <<l (Guigay, 1977), which is a less
restrictive condition than the &k phase approximation, and fBl(x, y) <<1.

The two terms, containing the sine and cosine, are the contrast factors and they express the
dependence of an image acquired at the propagation difdamce given frequency component

of the phase and amplitude, regpedty. The behaviour of these dacontrast factors as function
of the normalized spatial frequean D(f?+g?% and at a certain distan@ is presented in
Figure 2.7.

For a given frequency, at distance®,= p/( (f2+ gz)) (with p integer) and
D, =(2p+1)/(2 (f2+g?)) (with p 0), the minima (maxima) and maxima (minima) of the

phase (amplitude) contrast factor occur. AbZeequency, no information is available.

66



Chapter 2The phase contrast imaging 67

Figure 2.7. Contrast factors for the phase and amplitude modulations as a function of the normalized

spatial frequency \/ D(f?+g?) . Simulation for 1 pm pixel size, an energy of 25 keV, and a sample
to detector distance D = 8.8 m (Pagot, 2004).

Moreover, around the zeros ofetlcontrast factors, only little iormation is given in the image
for reconstruction of certain spdtfeequencies. For this reasonset of images taken at different

distances has to be acquired for getting complete information on the object.
If D(f?+g?%) <<1, corresponding, for instance, weak defocusing conditions equation
(2.29) becomes:

1,(f.9) io{ (f.o) 2 (f.9) D(f g?fs 28( f,g)} (230 9,
io( (f.g)S2B(f g)) can be considered dg(f,g) that is the Fourier transformation of the
intensity distributionly(x,y) i,(15 2B(x,y)) at D=0. By using equations (2.16) and (2.14),
it is possible to obtainl,(x, y) =| A )0|2 =€) (15 2§ x §) and equation (2.30) can
be approximated to:

Ir(f.9) lo(f.gF 2, D(f* g’ (f.9) (231)9%,
and in the real space:
I,(X,Y) lo(xy¥ 2, D 3§+3 (f.0) (f2+ )¢ (“dfdg (232
For the phase and its 2D Laplacian, one has

(xy)= 3;3 (f,g)& (™) df dg (2.33)

o (RYF 3 B4 2(f2 g?F (1,908 “Ydrdg  942.34)
Therefore, the intensity at distaridadepends on the laplacian of the phase through the equation:

1Y) 100V oo 4 () (2.35)
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This simple result gives the intensitydistribution under the weak defocusing
condition.

2.4.2 Analyzer-based imaging

The theoretical description of the ABI technigeebased on the dynamical diffraction theory
from perfect crystals (Zachariasen, 1945; Auth#01). In following description, the case of a
thick non-absorbing crystal set isymmetrical Bragg geometry is considered and any

propagation effect is neglected.

Figure 2.8. Reference system used in the ABI theoretical description here presented. sO is the
coordinate parallel to the incident beam and slthe coordinate parallel to the diffracted beam.

The oblique coordinates systerm,(s,), represented in Figure 2.8, will be useg:is the
coordinate parallel ta (incident beam direction) argl the coordinate parallel to the diffracted
beam.

The action of the analyzer crystal is exgaed by the one-dimensional Takagi propagator:

PT(y):iL;iy)H(y) (2.36)

where J, is the first order Bessel functionH is the Heaviside function,
a= , / =2 | |/( sin2;), & isthe Bragg angle, and, is the crystal susceptibility. In

the Fourier space, the propagator can be expressed as:

e ]
R (g)=ia 3¢e” o %1(2y) dy (2.37)
0 ay
. . 2 2 .
By mtroducmgb=? ==, B (g) can be written as:
D

P (9)=, [~ bo+ isgn(1+bg)y 15(bg” (2.38)
sh '

Two cases can be distinguished:
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1 _n i1 S a jarcco 0
f for |9|<E R(g)=/—" bg+ 15 bg)2g = /_; Lgrecofoa) "
1 a X ~ 0
ffor |g| >E i ( g) - ) (—(|bgssgn( g) ( bgz 81174

The sguare modulus ofR (g) gives the theoretical reflectivity of the crysta( ):

R( )=| R ( g)|2. In particular, beingg= / , one has:

1 forlgl ©
R( )= @ , . (2.39)
"1 bg Ssgn( g) (bg)2 é]?@ for ¢ >B

The Takagi propagatoR, depends only on thg coordinate (diffractiorin the vertical plane),
therefore the intensity of the spectruhy, is the Fourier transformation of,,(x,y) with

respect to only.

In the ABI case, the wave vector is given ky = 0,—--§, where represents the angular

>1

deviation of the analyzer from the Bragg angle and by using the equation (2.26), the intensity
spectrum exiting from the analyzer crystal can be expresses as:

~ . ~ o .
_éL (& — R —1aSF— -§©—Sgi;1 S
Iout(xlg)z i0 § %é §
xg) & —R —+g+ -Sgsy-
SB(x9) ﬁp o I§© NS AC .
(2.40)
Considering the case wéry low frequencies it is possible to write
8 _ 5 8 8
P —+ g@ R + gl?1 ° (2.41)

with P. derivate ofP. with respect ta.

In order to simplify equation (2.40), let us write =|p|ei , as a complex number with an

amplitude term and a phase termdaonsider the following relations:

2
. . d g8 d. d d
P R+RR =" |p 37 =0 L= 2.42
T T+TT dg T © d’l )dg :q Fé ) ( )
< : : P§ 2 2R ,.._,.d
P BESR P =(R) =* =(p) (&2i)Rr)" = 2i =2iR 2.43
T kol kK (T) Po (T),l( ') (T) R ! ' d (2.43)
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By using this equations, the (2.40) becomes:

iR( d ;
(% @) =bR( ) (9)+ig dR(—) (x 952 1+ig — ( )f@qxq? (2.44)

It can be seen that both contrast factors are xnm particular the phase one is imaginary.

Except the region whectR( )/ d =0 (the central flat-shaped part of the reflectivity curve),

the phase contrast results to be proportional editkt derivative of theeflectivity with respect

to , at the point . If g=0, the absorption contrast term is equal to -2, while,gor it O
depends by the derivative of the Takagi propagator phase teatn

It has to be pointed out that the lowest-order term with respegtgmf first order instead of
second for the PBI case. Therefore, it is expettiatithe ABI technique is more sensitive to low

spatial frequencies thahe PBI technique.

Since 1 (X, 9) io( (g)S2B( x g)) , as in the PBI case, equation (2.44) can be written as:

oa(x8)=lo(xg)R( )+ig =R ) (x952% )= () gxp (249

Transforming in the real space, one has:

k)=o) R )+ SR ) g (x9 87 ag2 & )5 0B ot B

(2.46)

It is possible to simplify this equation by writing:
y (xyF 2 g g (xg) € ¥ dg (2.47)
,B(x YF 2i 3 gB(x9 & dg (2.48)

with * ' the gradient ovey.

Therefore, the relation betwedhe intensity of the wave exiting from the analyzer and the

gradient of the phase can expressed as:
i d o d a
Lot (% Y) = 1o (% ) K )+§—d— ) L (x¥ 2R )d— () y(ax)g (2.49)

If the approximationl, (X, y) iO(JS ZB(x,y)) is used, the cross terms are eliminated and the

approximation of slowly varying amplitude @ssumed (that means to eliminate the term

proportional tol5(x,y) ,B(x y)) then, one gets:

y

lom(x,y)=lo(x,y)2?( )t R (x9;4 (2.50)
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Reminding that (x, y)= 2 y/ (equation (2.13)), a similar expression to that one obtained

by Chapman with a first Taylor approximation of the reflectivity (paragraph 2.5) can be derived:
a d o
()= () ® ) /) () (251)
= 4
The difference between equation (2.49), ol@dimnvithout the approximation of slowly varying
amplitude) and the Chapman one (equation J2.6@nsists essentially in the additional term

related to the phase of the propagakr and the difference betwedp and I,, as the weak

amplitude object approximation has been assumed.

x Further remarks
A comparison of the different behaviours of fitease and amplitude contrast factors for the PBI

(equation (2.29)) and the ABI (equation (2.40)) techniques, as function of the normalized
frequencyv D f, is shown in Figure 2.9.

The contrast factors were simulated for a
7.46 um pixel size detector, for a Si (111)
analyzer crystal with an angular deviation
corresponding to /2 ( =1) (see
Appendix 1) in the ABI case, and for a
sample-to-detector distance of 8.8 m for
the PBI case.

Figure 2.9. Phase and amplitude contrast factors for both PBI and ABI techniques as a function of
the normalized frequencyﬁf (Pagot, 2004). The parameters of the simulation are: 7.46n pixel
size, an energy of 25 keV, the 111 reflection and = 1 in the ABI case and a sample to detector
distance of 8.8 m in the PBI case.

2.5 The Diffraction Enhanced Imaging (DEI) algorithm

As extensively discussed in the previous paragraphs, the contrast on ABI images originates not
only from absorption but from the refractiondadiffraction properties of the sample as well.
Considering the scale of rocking curve widths, the X-rays involved in the image contrast
formation are those refracted by macroscopic features and determining the average deviation, and
those affected by the ultra small angle scattering (USAXS) produced by very small and
unresolved structures and broadening the rocking curve.
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In first approximation, small-angle scattered XggSAXS) are rejected since, in the range of
hard X-rays, they are deviated at angles ef dinder of milliradians wikh are larger than the
microradians range of the rocking curve widthserEfiore, these photons will be neglected in the
following discussion (Chapman, Thomlinsenal, 1997).

This is the approximation behind th@El algorithm proposed by Chapma al. (Chapman,
Thomlinsonet al, 1997) for extracting quantitative information in ABI. It has to be underlined
that this algorithm fails in case of samples pwidg large amount of SAXS and for this reason
new and more accurate algorithms have been proposed and tested (Wernick,efViljadD02;
Pagot, Cloetengt al, 2003), also in developed as part of this Thesis work. Nevertheless, for

historical reasons, | will here degie the DEI algorithm in detail.

The DEI algorithm is based on recording two images on both sides of the rocking curve at

+FWHM/2 and suitably combining them for obtaining two new images mapping the

"refraction" and the "apparent absorption" of the sample.

Let Iz be the intensity of the transmitted beam from the sampl&éx, y) the angle at which the

incident photons are refracted in the vertical playg énd let  be the angular deviation of the

analyzer with respect to thecident direction, that is ith respect to the Bragg anglg;. The

intensity | (x, y) reaching the detector can therefore been expressed as:

L(xy)=lr(xY)R g+ + (%) (2.52)
where R is the rocking curve of the analyzer and+ + (x, y) is the angle between the

lattice planes of the analyzer crystal &nel direction of the considered photons.

Two images are acquired on the slopeRofat the angular positiong = g S( FWHM) and
w=g+( FWHM) with 0 andFWHM of the analyzer rocking curve. In particular, in

the Chapman's algorithm, =1/2. Equation (2.52) can be rewrittespecifically for these two

cases as follows:
I (%) =1r(xY) R( et (% ))) (2.53)
By linearly fitting the flanks ofR and taking into account that (x, y) is small compared to

FWHM)/ 2, the first order Taylor approximation of the rocking curve at the two angular positions

LH gives:
a dR o
ILn (% Y)=1r(xY) zR( L,H) +¥ (% )); (2.54)

=3 4
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The system of equations (2.54) can be solved in the two unkhgvemd

() T 81 (1) R L)

d (2.55)
R( L)

R(n) s (H)dF<L
d

X Iy (% y)R( L)
(% yF IL(X,y)dR(gH)VI (

The two last equations are applied pixel-by-pixel to the diffracted images from the high and low

r(XY)=

[oX

~—

o

(2.56)

e | Ux
)1
|~

angles at the slopes of the analyzer rocking curve.

Figure 2.9. Angular positions for acquiring the two ABI images to be used in the DEI algorithm.

The two calculated images are:

X IR(x,y) , the so-callecpparent absorptionimage It features not only the conventional

absorption contrast but also an additional extinction contrast (paragraph 2.3.3).

X (x, y), the refraction image. It is a map of the vertical component of the refraction

angle of the photons emerging from the sample.

x Limitations of the DEI algorithm

The DEI algorithm relies on the hypothesis thiad pixel size of the detector is small enough
compared to the structure of the object, so that each pixel is focused on a well-defined feature of
the sample, where a certain refraction angle is expected.

In the case of objects featuring a fine refracsticture, which is not resolved by the spatial
resolution of the detector, the fundamental rezqaints for the applicability of the DEI algorithm

are not fulfilled.

In order to overcome this limitation, Rige al. (Rigon, Besclet al, 2003) has proposed a new

algorithm that takes into account this particudase. Formally, this algorithm closely resembles
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the classical DEI algorithm, the main differencéhis utilization of the images acquired at the top

and at the tail of the rocking curve (rather than on the slopes) and the use of the second
derivatives of the rocking curve (rather than thstfilerivatives). In particular, the new algorithm
measures the width of the refraction distribution of the photons passing through the object. A new
couple of post-processed images are obtained, which can provide quantitative information on the
absorptionandrefraction characteristics of the sample including structures in the sub-pixel length

scale.

2.6 The statistical method

A different approach for quantitatively extracting the information contained in ABI images has
been proposed by our group (Pagot, Cloetensl, 2003). This method allows to separate
refraction information from absorption and USAX&das based on a statistical processing of the
ABI images (a similar statistical approach has been introduced by Werhiak (Wernick,
Wirjadi et al, 2002) but it will not discussed here).

This method assumes that locally the angular distribution of the diffracted intensity is the
convolution of the object angular spectrum with the monochromator/analyzer system rocking
curve R: I( )=R( ) S( ), with S( ) the angular intensity distribution of the X-rays
emerging from the object.

Using a series dfl images taken along the analyzer rocking curve (RC), the method considers the
individual RCs corresponding to each of the pixaighe detector. In this case, two series of
images are acquired, one with sample and one without sample, giving, respectively, for each
individual pixel, ambjectRC and aeferenceRC (see Figure 2.10).

For each pixel, the algorithm calculates the zero-, first-, and second-order moments:
N .
— 1 ! -
M, = 1( i) () (=012 (2.57)

and the maximum of both the object and reference rocking curl\(e§.) is the intensity

recorded in the considered pixel for the angular positian

In particular, one has that (Frodesen, Skjeggestad, 1979):
Sthe zer momentV, is equal to the integrated intensity:;

Sthe first moment gives the position of the mass cenferM, /M, ;
x : . < 2\V2
Sthe second order moment gives the standard dewam(er/ My S 0) ;

Sas maximum, it is considered=1( ,)
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The following four images are therefore derived, whose meaning is, with also reference to Figure
2.10:

1) laps=Mg oj/Mo e the integrated absorptionimage (absorption and small angle

scattering rejection It is the ratio of the integradl intensity under the object RC with

respect to the reference RC one.

2) & oo> orer- theintegrated refractionmage (average angular deviation in the

plane of refraction It is the angular displacement of the object RC mass center with

respect to the reference RC one.

- 2
3) =(S§bj S )]/ . the ultra small angle scatteringmage (spread around the average

angular deviation It is the standard deviation of the object RC deconvolved with the

standard deviation of the reference RC.

Hl,= mobj/mref : themaximum absorptioimage. It is the ratio of the maximum intensity

of the object RC with respect to the reference RC one.

Figure 2.10. In each pixel of the detector, the local RCs with object and without (reference) are
recorded. The modifications in height, area, positin and width of this curve yield the information
intrinsic to the object: the local absorption,refraction and ultra small angle scattering.

The statistical method is well suited for imaging with a 2D radiation field compared to a one-
dimensional acquisition geometry (line beam), for which the recording of many points on the RC
would be time consuming and prone to errors uanalyzer drifts. By comparing local object

and reference RCs, the statistiogethod is a means to corremhomogeneities in the image due

to deformations of the crystals. Although thecumulated dose when acquiring a long image
series could hamper applications in life sciences, good results may be obtained with as few as

three images.
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Ce chapitre détaille les caractéristiques du

rayonnement synchrotron en soulignant les

particularités qui en font un outil puissant pour

l'imagerie comparativement aux autres sources
de rayons X. Les dispositifs expérimentaux

utilisés sont aussi décrits dans ce chapitre avec
une présentation des lignes de lumiére ou ont
été réalisées les expériences : I'une dédiée aux
recherches biomédicales (ID17) et l'autre a la

tomographie et topographie (ID19).
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In this chapter, the synchrotron radiation (SR)
characteristics and the experimental facility are
described and compared with other X-ray
sources, highlighting the peculiarities that make
the SR a so powerful tool for imaging. The
Biomedical (ID17) and Tomography &
Topography (ID19) beamlines are introduced
and the experimental set-ups used for
measurements performed for this Thesis are
presented.
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3.1 Introduction

The science of X-ray production and appiicatis now a littte more than a century old
(Rontgen, 1895) but is still an active field of research and development (Bushber, 1994).
Historically, X-rays for imaging and crystall@phy have generally been produced through the
use ofbremsstrahlungaind characteristic lines from electmimpinging on a metallic anode (X-
ray tubes). Such sources are inexpensive, Isingmd robust but provide little control over the
X-rays produced.

During the past three to four decadesnchyotron radiation (SR) sources have had a
revolutionary impact on fields of science amdhnology extending from material science to
biomedical imaging.

The peculiar geometrical and spectral characteristics of the SR beam allow overcoming the
intrinsic limitations of the conventionally gduced X-rays thanks to the high brilliance,
collimation, and wide energy range of the produced radiation.

Unfortunately, synchrotrons are large, exgige facilities and are therefore not entirely
practical for routine imaging applicationsThe excellent results of experiments with
monochromatic sources (Suortti and Thomlins2003) show the desirability of improving on
the current broadband X-ray sources. No altitrashas existed for experiments that need to
operate at various X-ragnergies and under particular colmae conditions. The availability of
tabletop, intense monochromatic sources rhaydamentally change the practice of X-ray
imaging and can largerly extend the application of imaging techniques that are presently
confined into SR facilities. Recent developmentthis sense are represented by Compact Light
Sources (CLS).

In this chapter after having iniluced the different X-ray sourcésyill describe more in detall
the physical characteristics of the SR focusinghe European Synchrotron Radiation Facility
(ESRF) where | have performed the experirmagtihen | will introduce peculiarities of the
installations available at ID17, the Biomeali beamline, and at ID19, the Tomography &
Topography beamline of the ESRF.

The second part of the chapteill be dedicated to the desctign of the experimental set-up
used for the Propagation-based and Analyzer-based imaging techniques.
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3.2 X-ray sources

3.2.1 X-ray tubes

X-ray radiation for medical diagnostic procedunesfor research purposes are conventionally
produced by X-ray tubes. The basic principle of an X-ray tube has not changed significantly
since Rontgen's 1895 discovery. Current apptie a metal cathode produces free electrons
which are accelerating with a higloltage towards a metal targeinode). X-rays are produced

when the electrons are suddenly deceleratech wodision with the target; these X-rays are
commonly calledbrehmsstrahlungor "braking radiation”. If the bombarding electrons have
sufficient energy, they can knock an electrot ouan inner shell of the target metal atoms
(ionization process). Then electrons from highiates drop down to fill the vacancy, emitting
X-ray photons with precise energies determined by the electron energy levels. These X-rays are
calledcharacteristic X-raysThe energ)e of a X-ray photon and its wavelenght are related by

the equationE = hg , whereh is the Planck’s constant aothe speed of light.

Actually, most of the energy in the electron beiardeposited in the target in the form of heat,

and one of the problems faced by tube designers is how to limit the heat deposition in the target
area and how to remove it. Theeusf slit source of electrons helps by spreading out the target
area and this idea can be extended by using &ngtanode so that th@arget area (effective
focal-spot) is spread out over the periphery of the disc (anode). The shape of the X-ray spectrum
will depend upon the target material, the potémiial the waveform applied to the tube and the

effects of any filters placed in the X-ray path.

3.2.2 Synchrotron radiation sources

Whenever a relativistic charged particle (elector positron) passes through a magnet field, its
path is bent and a sharply collimated radiatioanstted tangentially to the curved trajectory of
the accelerated particle. Such electromagnetic waves are the so-called synchrotron radiation

(SR) and it is emitted in a narrow cone wihtypical natural opening angle of abdijt

( =]/\/1§v2/(:2 , Vis the electron velocity). The beam geometry is shown in Figure 3.1.

Historically, SR research is truly an outgrowaf high-energy physics research. In the very
beginning, most SR programs operate primarilpamasitic mode, usintpe radiation produced
during high-energy physics operations of storage rings. Since '80s an increasing number of fully

dedicated SR facilities have been built all around the world.
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Figure 3.1. Geometry of the radiation emitted by a no-relativistic and a relativistic particle.

Electrons used in synchrotron machir@e produced in bunches of about'lgarticles by

means of an electron gun (by heating a ed¢h with a frequency up to 10 Hz. After
preacceleration using disc-loaded wave guides (Brefeld and Gurtler, 1991) in a linear
accelerator LINAC), electrons are then injected into an additional acceleratms{ej where

their energy is "ramped" to the final energy. In the first and second generation SR machines, the
booster was made to operate as a synchrotron and as a storage ring at the same time. In the new
generation of SR facilities, electroase transferred to a second ring, caléalage ring where
magnetic elements are positioned all along the electron orbit. Magnetic dipoles are used to
define the closed orbit of the particles andsiarage rings, dipoles are one type of SR light
source.

A closed, continuous high-vacuum chamber extends through the various booster and storage
ring elements including:

(1) bending magnets (dipoles);

(2) radiofrequency cavities which accelerate elextrin the booster) or replenish the energy

lost by the particles into SR (in the storage ring);

(3) vacuum pumps to evacuate the chamber;

(4) straight sections with elements for thgation of the electrons from another accelerator
(LINAC-to-booster, booster-to-storage ring).

Other important components are the quadrupoles magnets; suitably combined, they provide
focusing forces that keep the electron-beanstrarse dimensions small. Sextupoles are instead
employed to compensate for loss of beam chromaticity around the electrons revolution.

The electrons run in ultra high vacuum (less of iifbar) in order to minimize the probability

of collisions with residual gas.

In the curved sections are installed the already mentioned bending magnets which produce a
continuous spectrum of SR. In theagght sections are installed spediaertion devicesthat

can be eithewigglers and undulators, which are alternative me powerful X-ray sources.

84



Chapter 3The X-Ray source and experimental methods 85

They consist of a sequence of dipole magnetdtefnating polarities. The magnetic fields force
the electron to oscillate around a straight-lirgetrtory and the cones bfht emitted at each
bend superimpose.

x In the case of undulatqrshe electron beam deflection is inferior 16 , so that the

beams emitted by individual palean interfere coherently. This leads to a spectrum with

strong peaks at a specific energy and its harmonics

X In the wigglercase, the total divergence is much larger than the natural opening angle of
the radiation and no more interference occiing final beam emitted by the device is the

incoherent sum of the beams emitted at each pole, and the X-ray spectrum exhibits a

continuous distribution

Tangential beam channelbe@amline} starting from the storage ring permit the synchrotron
radiation to enter experimental halls. Since mhegm channels can be installed all along the
ring, and some of them can even be split in nanches by means of mirrors or crystals, a

large number of simultaneous experiments are possible.

A more detailed and formal description of tin@in parameters characterizing the SR light and

machine are presented in Paragraph 3.3

Figure 3.2. Schematic comparison of the SR emissions from an undulator and a wiggler.

S Geometrical and spectral comparison between X-ray tubes and the SR beams

Figure 3.3 shows the different geometries of the beams produced by a X-ray tube and a SR
source. X-ray tubes emit radiation in all diiens and the sample is normally close to the
source. The operator can change the magnifica‘tibn(zl + 22)/ z of the image by varying

the distance between the focal spot and the sampled the distance between the sample and

the detector,.

Thanks to the large sample touste distance at syndtron facilities, the SR beam is almost

parallel at the sample position. This propertpasticular suited when performing tomography

85



86 Chapt&hg X-Ray source and experimental methods

imaging but, on the other hand, the magnificatiddnis much smaller than in conventional
sources if additional optics is not installed.

Figure 3.4 presents the comparison betweenXiray beam spectrum produced with X-ray
tubes with that produced by a SR wiggler device. In the first case, the spectrum is given by a
continuousbrehmsstrahlungackground from where the characteristic X-ray emissions stand
out; SR wiggler beams are instead characterized by a continuous emission in a wide energy
range which is orders of magnitude more inéeti@n the strongest characteristic lines from X-

ray tubes.

Figure 3.3. Schemes of the set-ups for X-ray tubes and SR imaging and of the different geometries
of the related X-ray beams.

Figure 3.4. Comparison between a wiggler X-ray beam spectrum (dashed line) (ESRF. ID17 at 200
mA ring current) and an X-ray tube (110 kVp - 2.5 mm Al @ 1 meter/source).

3.2.3 Compact hard X-ray sources

There is a great interest invadoping high brilliant X-ray cmpact sources, which can replace
the large and "costly" synchrotron machines el for some specifi applications (e.g.
crystallography and high-resolution imaging). Delivery of 2D beam of hard, tunable, high-
brightness monochromatic X-rays suitable fgeidamedical imaging is a long-sought goal. In
fact, a device to produce X-rays in a cliniealvironment has to be relatively compact and

capable of delivering (i) X-ray energies thatempass the useful diagnostic range and (ii) a
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cone-geometry X-ray beam allowing single-shimiaging over a broadly tunable range at

variable bandwidths.

Several groups are simultaneously workingnwvestigating compact light sources (CLS). For
such machines, different solutiohave been proposed, but most of them are based on the same
physical processhe inverse Compton scattering

Inverse Compton scattering basically consistshef head-on collision of an energetic (20-50
MeV) electron beam with an intense beamlight. Therefore, a CLS machine essentially
integrates a laser with a linear accelerator (usually a photocathode RF gun combined with a X-
band accelerating tubes system). Both beanestrehs and light frontaser respectively, are
focused to an exceptionally small spot sizethet point of collision. Light scatters off the
electrons, picking up some of their energy anithdpeleflected back out dhe interaction zone

as X-ray photons along an axis almost collinear whth path of the elecdn beam (see Figure

3.5 (A)). By exploiting this process, highilbance hard X-ray beams with a laboratory-scale

facility can be produced.

Literature on CLS projects is still relativelynited. Interesting works on hard-X-ray CLS
calculations and design have been preseritedexample, by Fukasawa (Fukasawa, lijieta

al., 2001), Carroll (Carroll, Mendenhakt al, 2003) and by the Lyncean Technologies
enterprisé

Unfortunately, there are not yet scientifigublications produced with such a source.
Nevertheless, given the importance of the development of sources alternative to the SR for
clinical applications of phase utast techniques, | will report the key features of the Carroll's
and co-workers' project in the rest of the paragraph.

They have developed a tabletop-terawatt riisesed Compton backscattering system, which
uses few-joule pulses from a 1.052-nm laser to collide with a 20- to 50-MeV electron beam to
produce an intense pulse of narrowband X rays. The entire system is 4 m wide by 10 m long,
and it requires no shielding vault. It producesa¥s in a small angle cone-beam geometry in

the 10 to 50 keV range, with up to'@hotons in an 8-ps pulse, which is a marginally

sufficient flux for medical and industrial imaging to be performed in a single shot.

! http:/www.lynceantech.com/index.html
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Figure 3.5. Theory and practice of inverse Compton scattering process used in Compact Light
Sources (CLS) (Carroll, Mendenhallet al, 2003). A) Diagram of the theory: an energetic beam

collides head-on with focused intense infrared beam, resulting in X-rays propagating almost
collinearly with electron beam direction. B) General scheme of a CLS machine.

The system consists of several basic subcomponents. In fact, the unit produces an electron
beam, an infrared light beam, and an X-ray beam (see Figure 3.5 (B)).

X The electron beamA neodymium:yttrium lithium floride (Nd:YLF) laser, pulse

compressor, and frequency quadrupler provigeto 200 pJ of 263-nm light in 5-ps
pulses that strike a copper photocathode. A radiofrequency drive system and bare copper
photocathode electron gun—linear accelerator produce a high-brightness electron beam. A
superconducting solenoid focusing magnet is used downstream from the linear
accelerator to focus the electron beam tgdst of interaction with the infrared light
beam.

x The infrared beamA 200 fs Ti:Sapphire seed laser runs at 1.052 nm and drives a

stretcher—regenerative amplifier combinati@rmich produces a 480-Hz train of 200 pJ
pulses stretched to approximately 1 ns. Taser seeds both the Nd:YLF laser used to

generate the electron beam and a multistage Nd: glass amplifier. This Nd: glass laser and
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pulse compressor provide up to 10 J of 1.052-nm light compressed to 8-ps infrared pulses
for the collision with the electron beam. Tim$rared beam is focused on the interaction
zone after being deflected by a berytiumirror pointed upstream into the linear
accelerator.

X The X-ray beamAn interaction zone and beam alignment system are used where the
electron beam and photon beam collide head-on in a 50 um spot. The X rays produced
traverse the infrared beryllium mirror, andhén beryllium exit window is used to allow
the X rays out of the vacuum beam line into the imaging area.

Preliminary results of imaging by using the hard tunable high-peak brightness monochromatic
X -ray produced by this compact source are promising. Moreover, pico-second pulses become
valuable for studying physical, chemical, mechanical processes that occur on the X-ray
beam’s picosecond time scale. Because a machitieésdfype is easily scaled to higher photon
energy by simply lengthening the LINAC, it should be simple to adapt this technology for other
applications. Because the X-ray photon energy increases as the square of the electron beam
energy, doubling the LINAC length quadruples the X-ray energy, and shortening it can make it
useful for other applications imedicine and biologic research.

Thanks to their high brightness, short pulses, and a variable bandwidth X-ray beam, compact
light source machines have a high potentiabégome, in the future, the reference source for
high resolution and sensitive clinical programs for the diagnosis and treatment of everyday

human medical applications.

3.3 The European Synchrotron Radiation Facility (ESRF)

The European Synchrotron Radiation Facility (E$Rt Grenoble is the most powerful third-
generation synchrotron of Europe (Figure 3.6)RESs the result of an international consortium

of eighteen countries founded in 1988 for sciemtihd technological research by means of high
brilliant hard X-rays.

The machine consists of: i) a LINAC that accelerates the electron beam, produced by an
electron gun, up to an energy of 200 MeV; iDa@oster of 290 meters of circumference where
two radiofrequencies at 10 Hz acceleratedlaetrons bunches up to the maximum energy of 6
GeV; iii) and a 844 meters circumferenceragje ring composed by bending magnets and
straight sections, where electron bunches tumfegquency of 352 MHz given rise to a current
that can reach 200 mA.

Forty specialized beamlines are installed by the storage ring (Figure 3.7). These beamlines are

designed for research in areas as diverse gsesring, physics, chemistry, crystallography,
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earth science, biology and medicine, surfacel materials science. Several Collaborating
Research Groups ("CRG") made up of institdtesn countries participating in the ESRF, are
building and operating beamlines at the ESRF with independent funding.

Experimental data presented in this Thesis Hmeen acquired at the two long beamlines of the
ESRF: the Biomedical (ID17) beamline and the Topography & Tomography (ID19) beamline.
Before giving a general description of these two wiggler based-experimental stations, in the

following paragraphs the synchrotron anday-beam parameters will be presented.

Figure 3.6. Aerial view of the European Synchrotron Radiation Facility (ESRF) at Grenoble. On
the right side of the picture, the external buildings hosting the two long beamlines ID17 and 1D19 of
the facility are visible.

Figure 3.7. Scheme of the ESRF structure. Tangentially to the storage ring, thirty eight beamlines
are installed.
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3.4 The storage ring electron beam and the machine parameters

The electron orbit and beam size in the storage ring are influenced by the presence of bending
magnets, quadrupoles, sextupoles and insertion devices placed all along the circumference. In
order to keep a circular electron trajectory of radiusthe magnetic fieldR) of magnets,
which is perpendicular to the horizontal orbitee, has to fulfil the tation (Hercules, 1993)

[m] =3.32E[ Ge\|/B[T] where E is the electrons energy. Therefore, the emission of

radiation by accelerated electrons, determines a loss of energy and consequently spatial
fluctuations of electrons along their orbit.

For this reason, ransverse dimension distributionand anangular deviation distribution

are associated to the electron beam; the related standard deviations are indicgtesdby

. and  respectively (the coordinate system is shown in Figure 3.8).

X

The electron bearemittances . = and = " are characteristic constants of the

X X X z z z

storage ring, while the beam size and divergence vary along the ring (Liouville's theorem). The

shapes of the emittance ellipses are given by functignand , (ESRF, 1987)
(=— and ,=-% (3.2)

and accordingly

X = V X X and z = N z z (3'2)
=% and = [-% (3.3)

The electron motions in the vertical and horizoplaines are coupled; in fact there are always
misalignments of the directions of the magnetiafelbr of their gradients, as well as local field
inhomogeneities, which result incaupling coefficient,o?, between the vertical and horizontal
emittances:

L=, (3.4)

o mainly depends on the machine charactesstitd, in the ESRF case, it is about 1%.

Figure 3.8.Trajectory of electrons inside a wiggler and definition of the coordinates system.
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The beam characteristics of electrons passing through an insertion device influence the
produced X-ray beam properties. Depending on experimental requirements, small source size
and high divergent beam or, camsely, large source size and a little divergent beam can be
desiderable. In the former case, a wigglemused and installed in a section where the
function has a minimumigw betasections), while in the latter case an undulator is used and

installed in section where is maximum Kigh betasections).

In the case of ID17 and ID19, the radiation sourcdasvebetawiggler.

Energy 6 GeV
Average circumference 844 m
Horizontal emittance 3.9x1om
Vertical emittance 3.9x18m
Horizantal dimension 4.42x10°m
Vertical dimension , 1.032x10° m
Horizontal divergence X 8.83x10° rad
Vertical divergence |, 3.78x10° rad

Table 3.1 ESRF storage ring and electron beam parameters at a lowsection.

3.5 Synchrotron radiation from a wiggler

In a wiggler or undulator, the periodic structwkthe magnetic field forces the relativistic
electrons to oscillate perpendicularly to theirection of motion. As already mentioned, the
sum of radiation emitted at each individual wigigdencoherent in the case of a wiggler and
partially coherent for an undulator.
The distinction between these two regimes is not unique; for this reason, the so-called
deflection parameterK has been introduced. It is defined as:

K = (3.5)

where is the maximum electron deflection angle ané¢ E/mé (E, m are the electron

energy and mass respectively, anthe light speed). Wigglers hau¢ >>1, while undulators
K 1.
The radiation pattern produced in an insertion device is sharply peaked in the direction of

electron motion. The half-angle of thaliation cone is in the vertical plane

i (3.6)
and in the horizontal plane
=K/ (3.7)
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The K values can be modified by changing the distance between the magnetic poles of the
insertion devicedap). In Figure 3.9, the dependencekofipon the device gap for the ID17 case

is presented, while the the main Fourier comptsmehthe magnetic field of the ID17 wiggler

are reported in Table 3.2

25 ¢
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gap (mm)

Figure 3.9.K as function of the wiggler gap at ID17.

Let us defines the coordinate along an electron trajectory inside a wiggler (see Figure 3.8). The

deviation angle (s) of the electron is given by:

(s)=—cos — X (3.8)
where |, is the period of the magnetic field. di by integrating (8), the transverse
displacement in the orbit plane is:

(=X _ugin 2 23 ' 3.9)
2 W© *1
3.5.1 Critical wavelength and energy

The wavelength value that devides the totalttexh radiation power into two equal parts is
called thecritical wavelength ; in a similar way theritical energy E. is defined. At the

c?

center of the beam, we have:

N

3hc @

=33 (3.10)

and E_ =

Here is the minimum bending radius of the electron orbit.

Because of the sinusoidal variation of the magnetic field, these parameters vary as function of
the angle in the orbit plane as:
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and E =E( =0)\1§( / ) (3.11)

In Figure 3.10 | have reported critical enexgyues as function of the ID17 wiggler gap.

Thetotal radiated power from a wiggler, if N is the number of magnetic periods, is given by:

a:%amiﬁzw (3.12)

u

with I, electron beam currenZ, =377 and | is the magnetic field period.

With reference to equations (3.12) and (3ibpossible to see that the power of the emitted
radiation depends on the fourth power of theiglari{electron or positron) energy and on the
inverse fourth power of its mass.

High values for the critical energies are achlde only in "high" energy synchrotron like
Spring8 (JapanE = 6 Gel APS (USA,E= 7 GeV}, and ESRF (Franc&s = 6 GgV
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Figure 3.10. Critical energy in the central wiggler axis as function of the gap of the ID17 wiggler.

3.5.2 Energy distribution of the radi ation emitted by a single electron

At each dipole of a wiggler, the angular disttibn of the radiation emitted by electrons is
expressed by:

d? 3

| a X2 o
aa T2 X))

2
o Kl )i} (3.13)

4

where is the number of photons per second,the fine-structure constant, the angular

frequency of a photor, the electron beam curreny,= / ., X= :y(1+ XZ)WZ/Z,

K3s( ) andK/,( ) are the modified Bessel functions of the second kind.

Equation (3.13) and the previous ones defined a gaussian distribution for the X-ray beam
emitted by a wiggler both in the horizont&) &nd vertical ) direction.

94



Chapter 3The X-Ray source and experimental methods 95

3.5.3 The polarization of the synchrotron radiation

The two addends in the squared bracktes of equation (3.13) correspond to two orthogonal states
of polarization; in particular, to the horizontal plane)(and to the vertical planex3)
respectively.

S The amplitude of the vertical polarization is zero at 0, meaning that for an observer in

the orbit plane, the radiation emitted by a single dipsld00% linearly polarized in the

acceleration direction, while it is elliptical for 0.

S When considering the case of several dipdlks a wiggler, equations written above have to
be multiplied by R, whereN is the number of periods of theagnetic field. The polarization in

the =0 plane is still linear; for 0, radiations emitted from two adjacent half-period of

the magnetic field are elliptically polaridebut with opposite signs. However, the phase
difference is arbitrary, so that outside the orbit plane the beam consists of a linear component

and unpolarized component.

3.5.4 The divergence of the synchrotron radiation

The angular distribution of the X-ray beam can be well approximated by a gaussian both in the
orbit plane and in the perpendicular one (in reality it is a composition of Bessel functions as

described in Paragraph 3.5.2). The standard deviations of such distributions are given by:

xE N < (3.14)

where the first term is the standard deviatiorihef electron beam divergence (equation (3.2)),

and the second term is the angular divergence of the photon beam defined by equations (3.6)
and (3.7) and deducible by equation (3.13). In Table 3.2, the calculated values of the standard
deviations of the divergence for a point-like source and a real source are reported.

Parameter | Photon beam divergencey{rad)
' 730

84.6
735
84.7

X

z

Table 3.2. Standard deviations of the photon beam divergence calculated for an electron enelegb
GeV and wiggler gap of 60 mm for a point-like ( ') and real ( ') source.
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3.5.5 The source size

The radiation source can be assumed a two+tiineal gaussian distribution whose standard

deviations ( , and ) depend upon both the radiation and electron beams characteristics.

In particular, the factors that influence the aamee properties (Paragraph 3.6) of the X-rays
beam are:
x Electron distribution along the insertion device;
x The length of the insertion device;
x The electron maximum deflection { in the orbit plane (see equation (3.5)) inside
the insertion device.
The standard deviations of the photons source distributions in the vertical and in the horizontal

(orbit) plane are expressed, respectively, by (Cloetens, 1999):

2
S S (L ees)” 1;3) (3.15)
2 2
=\/ o Lo | K W8 ' (3.16)
X X 12 © 51

. and , (equations (3.1)) are the standard deviations of the spatial distribution of the

electrons and are the angles at which an observer looks at the insertion device

1 0sSSz 0SS x
with respect to its axis in theo transverse directions; hdrés the length of the wiggler.

It is important to highlight that , and as defined above, do not give the real spatial

X
aperture of the photon source, but they expres®fitical source size. The terms appearing in

the equations (3.15) and (3.16) are the ones influencing the degree of coherence of the source
itself and therefore the qualityf images when exploiting thphase contrast (as it will be
discussed in Paragraph 3.6.1).

Table 3.3 reports the values of the standandatiens of the source distributions in the two
directions calculated for a wiggler gap of 60 mm, an X-ray beam size of 100 X andrfor an
observer placed at a distance of 156 m frim@ source (maximum wiggler source-detector

distance at ID17. See Paragraph 3.8).

The optical source size definesathe brilliance properties of tivesertion device. In Table 3.4,
some figures of merit (Spectral Flux, CentBaightness and Brilliance) characteristic of the
radiation are presented.

In Table 3.5, are instead reported the main parameters of the slowvce Wiggler) of ID17

(values are the same for the ID19).
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_ ~0 oss.x =320 rad

0SS-X 0Ss-z OSS-Z: 32/,[ I‘ad
« (Um) 56.26 158.37
2 (Um) 10.32 10.42

Table 3.3. Standard deviations of the photon sourcedistributions in the vertical and in the
horizontal (orbit) plane calculated for a wiggler gap of 60 mm on the axis of the beam (second
column) and at the edges of a beam of 100 x 1 rmith the observer at a distance of 156 m from the
source (ID17 case) (third column).

Figure of merit Definition Units
d’n ] . .
Spectral Flux — photons § mrad (0.1% bandwidth)
dtd d |
Central brightness* __d'n hotons 8 mrad (0.1% bandwidth)
entral brightness dd d d) p 1%

Brillian d’n hotons & mrad mM  (0.1% bandwidth

ance dtd d dxdyd, | P 7

Table 3.4. Definition of some figures of merit of the radiation and their units. *Central brightness
calculated for = =0.

low wiggler at ID17

Number of poles 21
Length 1.6m
Maximum magnetic fieldBy 15T
Magnetic period 150 mm
Minimum gap 24.8 mm
Maximum critical energy. 38.1 keV
Maximum deflection parameté&r 19.6
Total emitted power at 200 mA 14.3 kW
Max. vert. divergence 3.3 x 0.1 mfe#ixV) FWHM

Magnetic field calculated for the ID17 B =278 5% + 084256 5% § 0,087 *%* § 0.487 10
wiggler

Table 3.5. Some characteristics of the ID17 wiggler.

In Figure 3.11, are reported some calculatiomatle by using the XOP software. In particular,
I have investigated how the central brightneases by changing the energy (A) and wiggler
gap (B), and how the X-ray beam profile (CHarertical dimension (D) change depending on
gap and horizontal position with respect to Wiggler axis, respectively. For further details

concerning the parameters used in calculations, please refer to the figure caption.
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Figure 3.11.

A) Central brightness for an electron current of 200 mA, and a wiggler gap of 25 mm e 60 mm.

B) Central brightness as function of the wiggler gap calculated using parameters values reported in
Table 3.5.

C) Horizontal beam profile for =0, a wiggler gap of 60 mm and for photon energies of 33 and 50

keV. The axis origin corresponds to the wiggler axis.

D) X-ray beam dimension in the vertical planeyz), as function of the horizontal position, calculated
with respect to its (maximum) value at =0, for a wiggler gap of 60 mm and at 33 keV. The axis
origin corresponds to the wiggler axis.

3.6 X-ray coherence properties

X-ray waves emitted by each electron in theagjerring are individually coherent, but waves
produced by the different electrons are mutualiyoherent. Empirically, "coherence" can be
defined as the property that makes a wave capable to prathseevableinterference and
diffraction effects on a screen (Margaritondo, Hetwal, 2001).

Only a point-like single-wavelength source da@ defined as a coherent source. But what
happens if the source is no longer monochromatic, or no longer point-like, or either, as a real
source? The interference fringsdl be blurred and, beyond a cdrtgoint, they are no longer
visible.

The coherence properties of a wave fiemh be described by time and space dependent
correlation functions (Born and Wolf, 1999), resfively linked to the X-ray monochromaticity

and to the angular source size. The following definitions are used.
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S Temporal (longitudinal) coherenceimplies a phase relationship between the wave afd
the waveu(t+ t) separated by a short time delay. The distance covered by the wave during a

time delay over which the correlation remalmgh is called the longitudinal coherence length

I, = %/ where isthe wavelength. It is associated to the monochromaticity () of the

beam.

S Spatial (transverse) coherencéndicates the correlation oféramplitudes of waves between

different points transverse to the diientof propagation (between the wauex @nd the wave

u(x+ X in two points separated by a distance). This property is usually expressed in term

of lateral (or transerse) coherence length= /2 , where = S/ L, L andS are the source-

object distance and the dimension of the sourspeaively. This properties is associated to the
directionality of the beam.
In a more formal treatment, in the case guasi-monochromatic beam, a complete description

of the spatial coherence is given in terms rofitual intensity(Born and Wolf, 1999)

J(X, %)= : u( %) u( %), which expresses the correlation of the wavefiaji i two

different points &, x,). Thedegree of coherende obtained by normalizind (X, x,)

©(%, %) =K %) (3.17)

VI() T(x2)

with 1(x) and I(x,) the intensities of the wavefield at the two considered locations. The
degree of coherence is by definition equal to £mvthe two points coincide and it describes the

coherence that remains between the two points when they are separated. Mofégyves) is

the Fourier transformation of the source distribut®n °(x,x,) = S(( %S )g)/ 4) . In terms

of degree of coherencg, can also be defined as the distance at whii:txl, x2)| =12.

3.6.1 Coherence requirements fo the phase contrast imaging

To be able to perform phase contrast imaging, the X-ray beam has to fulfil conditions
concerning the temporal and spatial coherence properties.

The temporal coherencecondition ( / 1) is usually a strong requirement in the case of

the analyzer-based imagirigchnique, but it is easily satisfied in SR facilities using perfect
crystal monochromators ( / 10§4). In the case of propagatiomven a polychromatic

spectrum generated by a conventional miciatfoX-ray tube can be used (Wilkins, Guregev
al., 1996).
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On the contrary, the need spatial coherenceis more stringent for propagation-based phase
contrast imaging. If the detail set on the objgleine has dimensions smaller (or of the same
order) thanl, , it will see the X-ray beam as coheramid it could produce observable phase
effects by an appropriate choice of the sample to detector distdn@nd of the spatial
resolution of the detector. In fact, the case of small angular source sizesan be varied at
will in the meter range withoutp@reciable blurring of the imagel( ).

Concerning the analyzer-based imagteghnique, the requirement is that, as seen by the

sample, is smaller than the Darwin width of the crystal-analyzer (see Appendix 1). If the initial
beam already satisfies this condition, there is no loss of intensity by the
monochromatization/collimation process upstream the sample.

For long SR beamlines such as ID19 at the ESRF (~145 m), the transverse coherence length can
be as high as 140m at 25 keV in the vertical direction; the case of a microfocus tube with a

typical source size of 20m, |, =0.6 pm ford=0.5 m.

- >

Figure 3.12. Coordinate system and quantiti used for defining coherence properties. S/ L is
the source angular dimensionL is the source-object distance an®& the source dimension.

3.7  Why synchrotron radiation is a so interesting tool for X-ray

imaging?

Summarizing, the peculiar properties of the synchrotron radiation include:

- high intensity

- broad spectral range

- high degree of polarization

- pulsed time structure

- natural collimation
All these characteristics make the synchrotrghtlia unique and powerful source for a wide
variety of scientific and technmfjical applications. In detail, the SR properties listed above are

particularly suited for X-ray imaging for the following reasons:

x A high photon flux, emitted in a small cone and from a small source. Therefore a

high spectral brilliance, which enables¢énluce considerably the exposure time.
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The brilliance of the beam can be as large & plotons § m? mrad® (0.1%

bandwidth)! in the 3' generation machine.

X The small opening angle of the X-ray beanables to position the sample at large
distances from the source, while preserving a high incident intensity. This plays an
essential role for coherent imaging, where the large source-to-sample disfance (
and small source siz&)(are crucial to achieve adhi degree of coherence (see
Paragraph 3.6). The small source size enables to achieve a good geometrical

resolutionR=S d L(d is the sample to detector distance) and a large transversal

coherence length; L/2S (Paragraph 3.6), of the emitted X-rays.

toh

X The continuous spectrum allows eithersmelect a particular wavelength with a
monochromator or, in the special case of X-ray topography (Bragg diffraction
imaging), to work in ‘white beam' mode, which allows simultaneously recording

several diffraction spots @ Laue diffraction pattern, at the same moment.

X The polarisation of the beam, which may be changed, can give access to specific

information on the sample, for example through magnetic dichroism.

X The pulsed-time structure can be exi@difor time resolved experiments.

3.8 The Biomedical (ID17) and the Tomography & Topography
(ID19) beamlines at the ESRF

In this section, | will introduce the ID17 and 1D beamlines, where tlexperimental data for

this Thesis have been acquired.

S The mission of thdD17 bio-medical beamline is to take advantage ‘Bfg@neration SR
features for biomedical research, and morearticular to carry out pre-clinical and human
studies in imaging and radiation therapy. Different kinds of programs have been or are presently
performed, including: human coronary angiography, cerebral computed tomography, phase
contrast imaging techniques, bronchography, brain perfusion studies, preclinical Microbeam
Radiation Therapy (MRT) and Photon Activation Therapy (PAT), and radiobiology
investigations.

SID19 is mainly devoted to X-ray imaging in geak topography (Bragg diffraction imaging),
high-resolution diffractometry, absorption and gda&ontrast radiography or micro-tomography

are the main investigation techniques.
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3.8.1 Beamline designs

The main features for the beamline design derive from specific experimental requirements. The

X-ray beam, in fact, has to possess:

N

spectral and spatial homogeneity

(073

high coherence (especially at ID19)

)

suitable dimensions at the sample position
high flux

large energy spectrum for tuningethenergy depending on the sample

(V)3

<

characteristics.
These requirements lead to the choice of lbegmlines. ID17 and ID19 experimental hutches
are located in separate buildings outside thediale storage ring, at 150 m (ID17) and 145 m
(ID19) from the source, respectively.
The X-ray sources of the two beamlines are respectively:

x 1D17. A multipole wiggler magnet with adjustable gap (21 poles, period 15 cm,
max field 1.6 T at the minimum allowed gap - 24.8 mm) with a maximum critical
energy at 38.1 keV (unfiltered). The X-ray source size, calculated at gap 60xs 132
24 pm?, as Full Width at Half Maximum (FWHM) (HxV) (See Paragraph 3.5.5).
For imaging programs the wiggler is typically operated at a gap of 60 mm (field 0.6
T, critical energy 14.7 keV), which provides a good compromise between the flux
available and the contributions of the higher energy harmonics to the beam
spectrum. The monochromator systems can extract X-ray beams in the range 18-
100 keV.

x 1D19. An 11-pole variable-field wiggler (Bmax=1.4 T,period 15 cm, 11 poles,
maximum critical energy of 32 keV). €hlong source-to-sample distance in
combination with the very smatlimensions of the source (25¢4)25(H) um?,
expressed as (FWHM)), leads to a highly coherent X-ray beam. Monochromatic X-

ray beams are available between 6 and 120 keV for the experimental programs.

The general structures of the two beamlines \ary similar. All optical components were

designed and manufactured (polished windows, filters, reductions of small monochromator

vibrations, etc.) to avoid, as much as possiggpeirious images, and /or losses of coherence on

the X-ray path, and/or beamhomogeneities at the sample.

ID17 and ID19 layout consists of:

- A first Optics Hutch (OH1), located just aftdre front-end at about 30 m from the source,
and containing a first set of diaphragms, slfikers, and shutters for the spectral and

geometrical definition of the X-ray beam;
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- Along tunnel(100 m long) that connects the OH1 with the satellite building located outside
the storage ring hall. In this concrete and Ishiglded tunnel, the radiation is transported in
a vacuum pipe;

- A second Optics Huctfi©OH2 or Monochromator hucth), where are installed a second set of

slits, absorbers, beam monitors and the mmonochromators (see Paragraph 3.8.2). At
ID17, the hutch also contains a fast shutdad a chopper. The latter, in particular,
synchronized with the taper optics FReLoN eam prevents the camera from being exposed
during the read out timgsee Chapter 4). At ID19, the hutch instead comprises a
"stroboscopic shutter”, which allows optintisa of the heat load on the sample when
working with white beam.

- An Experimental Hutch (EH) and a control roevhere the different experiment set-ups are

installed (including special optical elemertiggh precision linear or rotating motors for the
sample positioning and movement, etc.) alidbaamline and experimental elements are
remotely controlled. At ID17, in this hutch possible to have only monochromatic beam,
while at ID19 a monochromatic or white beaan be alternatively used. For this reason

ID19-EH is a rather highly shielded hutctb(fickness shielding is typically 30 mm).

A scheme of the ID17 layout is shown in Fig@r&3. Concerning ID17, it has to be added that

the OH1 acts also as experimental hutchM@robeam Radiation Therapy experiments. When

the beam is taken in the second optics hutch (OH2) and experimental hutch (EH) in the satellite
building, a flying pipe assures the vacuum continuity. Since a few months, a monochromator
system (a fixed-exit monochromator based on beat Si crystals in the Laue geometry; the
energy range, after the preliminary commissioning tests, is 31-120 keV) has been installed in
the OH1, so that a white or monochromatic beam can be used in this first hutch.

Annexed to ID17, ia the Biomedical Facilif¥8BMF) where there are ancillary laboratories
including e.g. the animal house, the cell labamg the sample preparation laboratory, and the

molecular biology laboratory for the samfpleimals preparation and manipulation.

3.8.2 Monochromators

At ID17 and ID19, energy selection of therXys is performed by using silicon crystal
monochromators in single crystal or double-crystaifigurations. ID19 is also equipped with a
multilayer device. The choice between one systeth@other depends on the required energy
resolution ( E/E) for the specific experimental program.

For the experimental data acquired in the framework of this Thesis, double-crystal system
monochromators have been used both at ID17 and at ID19.

A brief introduction into the dynamical theory Xfray diffraction is presented in Appendix 1.
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Figure 3.13. The general layout of the ID17 beamline, from the first optics hutch to the satellite
building.

In the following Paragraphs | will describe timonochromators used for the acquisition of the
experimental results in this Thesis (at ID17 and ID19, respectively).

SID17

Two monochromator systems are presently operaltid) a single crystal monochromator (also
called "angiography monochromator') and a double crystal monochromator ("CT
monochromator") for fixed-exit applications. Bo#lystems run in oxygen-free helium filled
chambers, at atmospheric pressure.

X The computed tomography monochromatses two water-cooled bent Si crystals in

Laue geometry producing a monochromateaim parallel to the incident white beam
with a vertical offset of 40 mm. The central part of the crystals is 1 mm thick, 150 mm
wide and 12 mm high, cut with an asymmetry angle df IBe energy range is 15 to 95
keV.

SID19
At ID19, both silicon monochromators are based on flat crystal in Bragg geometry

configuration. The systems in operation are:
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X The horizontal monochromatdocated at the beginning of the EH, and consisting of a

single crystal diffracting in the horizontal plane.

X The vertical monochromatomwhich is the main system in use, consisting of a water-

cooled fixed-exit double crystal silicofl11l) monochromator operating in Bragg
diffraction in the vertical plane that provides an X-ray beam of up to ¥40¢H) mnf at

the sample position. It is maintained in dilma flow. The two crystals are set in a non-
dispersive arrangement. The symmetricaad®y setting is chosen because it does not
introduced additional divergence in the diffraction plane and consequently does not

degrade the coherence properties of the beam. A good monochromaticity degree
(/= 1.8 10*) is achievable.

3.8.3 The X-ray detectors used at ID17 and ID19

I will here list the different types of detectors usgdD17 and ID19 respectively. In particular,
a full description and characterization of the detector | used at ID17 for most of the results

presented in this Thesis and the basicS©OD detectors will be given in Chapter 4.

SID17

x Germanium detectott is made from a monolithic high purity p-type Ge (B doped with a

rate of 16° ion/cnt) crystal 2 mm thick, 160 mm long, 10 mm high and electrically
segmented into two rows of 432 parallel stigaeh (0.35 mm pitch) (Figure 3.14). It is
protected by a 0.5 mm thick beryllium wind@md cooled at liquid nitrogen temperature
(Eurisys Mesures) (Elleaume, Chant al, 1999). The 16-bit electronics works in
charge integration mode. The efficiency is of nearly 100 % at 33 keV and 45 % at 90 keV
(Peterzol, Braviret al, 2003). In all the K-edge subtraction (KES) imaging methods, the
two X-ray beams coming from the angiography monochromator are detected by the dual-
line Ge detector. This detector is also usegreclinical brain perfusion experiments,
bronchography, low resolution DEI, as welliashone imaging. In addition, it is a very
suitable instrument for beamline alignment msgs and is also routinely used as photon

counter to calculate the dose for radiotherapy experiments.
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Figure 3.14. A) Picture of the ID17 high purity Ge detector with above its liquid nitrogen cooling
system. B) Scheme of the electrical segmentation into two rows of 432 parallel strips each (0.35 mm
pitch) of the 160 mm long, 10 mm high Ge crystal.

x Taper optics FReLoN camerdhe FReLoN 2000 (Fast Read-out Low-Noise, 2kx2k

pixels) taper optics CCD camera is permaneirtstalled in the EH1 (Figure 3.15). Its

field of view is 93x93 mrhand the pixel size is 48m. It is equipped with exchangeable
fluorescent screens to optimize the X-ray detection with the X-ray energy. It is routinely
applied in CT-DEI mammography and cartilegfadies, high resolution Cerebral Blood
Value (CBV), bone and palaeontology studiesaddition, a recent development in the
detector control system has made it possible to simultaneously acquire two beams for
Dual Energy imaging applications.

x High resolution FReLoN opticperational since 2005). brder to cope with the users

requirement for high resolution microCT (foricrovasculature and cartilage studies), a
7.5 um optics has been recently commissioned to be used in combination with an ESRF
FReLoN electronics (either 1kx1k or2k). This is the same kind of FReLoN camera

later on described for ID19.

Figure 3.15. The ID17 taper optics FReLoN camera.
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SID19
x Photographic filmsThey can be: i) standard resolution (SR) films (grain size ofidh$

i) high resolution (HR) films (grain size smaller thaprh); or nuclear plates (grain size

1-2 um). Besides in the resolution, these devices differ in their exposure time and
developing process. Despite the low dynam@oge and non-linearity, films offer the
advantage of having large field of view and high spatial resolution.

xFReLoN CCD based X-ray detect(see Figure 3.16). Actually, two models of this

detector are available: the 108024 pixels CCD chip with 1@m pixel size and the
20482048 pixels CCD chip with 14m pixel size. Different kinds of fluorescent screens
and coupled visible light optics (and therefore different spatial resolutions) can be used.
In particular, six different optical systems consisting in magnifying or de-magnifying

lenses are available. The configurations used for some images presented in this Thesis

are:
- "the 10um pixel optics" with a 10um thick Gadox powder scintillation screen (see
Chapter 4), resulting in an effective pixel size of B in the image (with a spatial
resolution of about 1fim (Cloetens, 1999)) and providing a maximum field of view of
15.3x15.3 mm.

- "the 40um pixel size optics", combined with a ffn thick Gadox powder scintillation
screen, generating an effiwe pixel size of 30.3um with a maximum field of view of

31x31 mnf.

Figure 3.16. Principle of the ID19 FReLoN camera detector including an X-ray/visible light
converter (scintillator), optical lens coupling and a cooled CCD camera.
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3.8.4 Beamline control system

All elements and motors of the beamlines, tmigdaamount of data and images acquired during

an experiment are remotely controlled in theRESstandard way, using the software package
SPEC (University of Wisconsin). This Unix-based program for instrument control and data
acquisition is widely used for X-ray and neutron diffraction at synchrotrons and various
laboratories. Special macros that facilitate dandsame cases, automate the beamline alignment
and data acquisition are available.

The data are then transferred and storedawnESRF central computer NICE (Networked
Interactive Computing Environmgn NICE permits the manipulation and processing of large
data volumes and the image processing with shared software such as Matlab, IDL or Python for

example.

3.9 Experimetal set-ups for the PBI and ABI techniques

The ABI experimental acquisitions presentedtie framework of this Thesis have been
performed both at ID17 and at ID19, while the PBI only at ID19. The set-ups used at the two
beamlines are hereafteeparately described.

The SR beam that impinges on the sample in both cases, is monochromatized by the main
monochromator that are the fixed-exit double (14ifigon crystal system respectively in Laue
(ID17) and Bragg (ID19) geometry.

3.9.1 ABI instrumentation at ID17

The ABI set-up of ID17 is schematically shownFigure 3.17, while a photograph is reported

in Figure 3.18.

All instruments are placed on a very stiff optitale in the experimental hutch at about 155 m
from the source. The table efficiently decouples the optics from the floor for increased stability.
The beam coming in the hutch from the Lausstal is monochromatized to narrower band-pass
by a Si Bragg crystal (n° 1 in Figure 3.17he monochromator, as well as all the other
instruments, is placed on high-resolution stageésich are remotely controlled for alignment
and acquisition purposes. The sample (n°is3)vertically scanned through the beam for

projection images, whereas it sits on a rotation stage for CT imaging.
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Figure 3.17. Scheme of the ABI set-up at ID17.

Figure 3.18. Photograph of the ABI set-up at ID17.

A Si crystal (n° 4), which is identical to the fiate (and set at the same reflection cut), is used
to analyze the beam emerging from the sample ibwization chambers are used to control the
incoming X-ray beam intensity. The first is in front of the sample (n° 2) and the second is
placed behind the analyzer (n° 5-in the Figure, it is not in the X-ray beam). The latter is used

both to align the analyzer and to cohttee beam intensity on the detector.

More in detail:

x The _monochromator crystal stageesented in Figure 3.19(A), consists a tower bearing

the crystal (n° 3) and mounting on a "theta" (n° 1) and "roll" (n° 2) tilt motors. In

particular, "thetaindicates the angle with respect to the X-rays propagation direction and
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"roll" the angle with respect ¢hperpendicular direction. The two tilt motors have a
resolution of 0.25x18degrees. In the same figure the first ionization chamber (IC1 - n°
4) is visible.

The sample stagdor both projection and CT imaging, is mechanically decoupled from
the optical table, in order to not transmit vibrations from the sample motors to the crystals
during motors movements and acquisition scans. Figure 3.19(B) shows the sample stage,
which is anchored to a transverse baediy fixed on the floor. The sample stage
consists of:

- a high resolution verticalz) translation motor (n° 2), used for scanning the sample
through the laminar SR beam. The motor resolutionuis1

- a horizontal y) translation motor (n° 1) (motion penpdicular to the X-rays direction)

for centering the sample with respect to temter of the beam and put it in/out of the
beam for reference images acquisitions (motor resolution grd)1

- a rotation stage (n° 3) for tomographic imaging (resolution = 0.01 degrees).

- a "theta" tilt motor (n° 4) for angularly aligning the sample with respect to the X-ray
beam direction, in particular to positionetiobject to image perpendicular to X-rays
(resolution = 0.01 degrees).

- a "roll" tilt motor (n°5) for sample alignment purposes (resolution = 0.25x&grees).

The analyzer crystal staggeshown in Figure 3.20. It is fixed on a 50 cm long arm which
is angularly controlled by means of a piezoelectric motor (n° 2) (resolutiqur&d) by
determining the analyzer tuning. Like ftlme monochromator, the tower bearing the
analyzer crystal is placed on a double crgdléheta” (n° 3) and "roll" tilts (n° 4)) for
alignment and acquisition purposes. Thdirenstage can be moved along the beam
direction (n° 1) in order to keep a fixed exit when varying the energy of the beam.

The optical table is equipped with a vertical translation motor which allows to align the

whole set-up with respect to the X-ray beam.
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X-rays

Figure 3.19. A) The pre-monochromator stage (n° 1, 2, 3) and the IC1 (n° 4). B) The sample stage
(n° 1-5).

Figure 3.20. The analyzer stage (n° 1-4) (IC2 is out of the X-ray beam).

x A laser, installed upstream at the entrance of the X-ray beam in the EH, and aligned with
the beam, serves as indicator for the positigrof the different optical elements and of
the sample. For a finer control of the X-ray beam position, "burn" paper (Kodak
linagraph direct print paper) sensitive to X-rays is used.

X The pre-alignment of all optical elements is made by using a level and a theodolite.
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x When "low" energies (18-30 keV) are used, a vacuum pipe is installed between the EH
entrance and the monochromator in order to reduce the X-ray attenuation and scattering

before the sample (Figure 3.21).

Figure 3.21. The vacuum pipe which is installed in the EH at ID17 when working a low energies (18-
30 keV).

Set-up limitations and improvements

- The actual ID17 ABI set-up is quite compact! éptical elements are installed in the same
table and the sample supportlagated between the IC1 and the long horizontal stage of the
analyzer (n° 1 in Figure 3.20). The space available for the sample is limited and in case of big
samples (e.g. animals etc.) even insufficient; ildde sometimes impossible to scan the whole
sample through the beam.

In order to overcome this limitation, a solutioould be to put the monochromator and the IC1

on another vibration-free optical table.

- Due to the very small acceptance of the analyser crystal, the main challenge in this kind of
experiment is the insurance of the overall #itgbof the whole system. Dedicated mechanical
systems have been developed to eliminate vibrations coupled to the floor.

A Monochromator Controller (MOCO) developed by the Instrument Support Group of the
ESRF has been recently succebgfintegrated in the ABI set-up (scheme in Figure 3.22). This
device permits to tune dynamically the analyser piezo actuator as a function of the measured
intensity of the beam and its stabilization by neaha feedback system. In particular, the ratio
between the intensity measured by IC1 and a diode placed after the sample in a portion of the
beam that has not passed through the sample is controlled and kept constant during the

acquisition.
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- The crystals fixation is a really critical pointthie set-up, in particular for the analyzer in this
case. The actual system is based on screw clatrthe edges of the crystal. If not sufficiently
tightly but strain-free fixed, crystals may vibeatind/or drift, or be distorted respectively

causing beam dishomogeneities or gradientsopgtimized fixation system is under study.

Figure 3.22. Scheme of the analyzer crystal feedback control system.

3.9.2 The PBI and ABI instrumentation at ID19

The instrumentation for PBlI and ABI set-ups is identical except the additional optical
component for the ABI set-up, which is the analyzer crystal.

Since the high stability requirements of the analyzer crystal, the ABI instrumentation is put on a
light frame KB table (Figure 3.23). This table is mainly implemented to support a Kirkpatrick-
Baez (KB) mirror set-up. Its good stability is due to its low mass and high rigidity. Pneumatic
airpads allow to move and penfora pre-alignment of the table.

- The analyzer crystal stands on a support attached to a high precision rotation (angular
resolution: 0.9urad) (n° 2 in Figure 3.23). In this way, a series of images can be very
conveniently and rapidly acquired along the rockingve. The resolution of the rotation can be
increased using an appropriatedadtonics, which is adapted to the stepping motor driver and
allows to control the motor in a microstep rangbis system was used when working with the
333 reflection.

- A horizontal translation under the rotation statiews to bring the center of the crystal at the
exact beam position, or to remotre crystal completely from the beam path in order to switch

to the PBI mode.

- Vertically, to reach the height of the beaarbench supporting the rotation device was added
and fixed to the table.

- A tilt of 5 prad resolution, inserted under the crystadl fixed to the rotation plate enables to

perform "theta" alignment of the crystal in a platavay with respect tthe beam geometry and
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therefore to correct for misalignment in the horizontal direction.
- For large samples, a long range translationestagertical and horizontal directions, enables
to move the specimen at the desired position or remove it from the beam to take a series of

reference images.

Other details:

- To switch from one set up to the other oneadually easy: the crystal is horizontally
translated in or out of the beam and the ceteunit is moved close or far away from the
sample. The maximum sample-to-detectoragise attainable in the hutch is 8.8 m.

- The incident beam on the samples is monitored by a large, nitrogen filled ionization chamber
that possesses two thin Kaptoffoils on the entrance and exit sides.

Monitoring each measurement is necessary towstdor the decreasing intensity that follows

the decay of the synchrotron radiation storagg current. The monitor is calibrated for the
different X-ray energies with a standard PTW 23342 ion chamber and a high precision
electrometer (PTW UNIDOS dosimeter).

Figure 3.23. Drawing of the experimental station used for ABI and PBI set-up, in the case of large
samples. (1) sample stage, (2) analyzer stage for ABI, (3) detector unit with the FReLoN CCD
camera, (4) table with detector translation along the beam for ABI.
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Figure 3.24. Zoom on the central part of the ABI set-up: (1) Sample stage with horizontal and
vertical motorized translation, (2) crystal analyzer stage for ABI, with a horizontal motorized
translation, allowing to align the centre of the crystal with the beam or remove it from the beam
path in the PBI case, (3) detectosystem with a vertical motorized translation, permitting to adjust
the detector with the height of beam.
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Une caméra optique CCD appelée FReLoN est
un détecteur utilisé couramment sur ID17. Dans
ce chapitre, son optique de conversion est
évaluée a travers la fonction de transfert de
modulation (MTF), la densité spectrale de
puissance de bruit normalisé (NNPS) et
I'efficacité quantique de détection (DQE). Les
mesures ont été effectuées pour plusieurs
énergies monochromatiques entre 20 et 86 keV
avec un écran a base de gadolinium variable en
épaisseur. L’acquisition et [lanalyse des
données ont été réalisées en adaptant les
protocoles utilisés pour les faisceaux coniques
ordinaires a la géométrie plane du faisceau
synchrotron. A la fin de cette section, les
caractéristiques de la caméra FRelLoN sont
comparées avec les performances de détecteurs
recenseés dans la littérature.
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In this chapter the full assessment of the
imaging performance of the taper optics CCD
"FReLoN" camera, an indirect conversion
detector routinely used at ID17, is presented in
terms of modulation transfer function (MTF),
normalized noise poweapectrum (NNPS), and
detective quantum efficiency  (DQE).
Measurements were made at various
monochromatic energies in the range 20-86 keV
for a gadolinium-based fluorescent screen
varying in thickness; data acquisition and
analysis were made by adapting to the
synchrotron beam laminar geometry protocols
used for conventional cone beams. At the end of
the chapter the results of the FReLoN
characterization will be compared with a
selected number of detectors presented in the
literature.



118 Chagi&tel. oN camera characterization

4.1 Introduction

The presently developed SR imaging techniquesinequdetector of sufficient field of view for

small animal imaging (~10 cm), with a pixel size suitable for high resolution imaging (50
smaller). In-vivo projection and tomographic studies require a low noise and fast readout system
adapted to a laminar beam. In addition, the detector must maintain a high efficiency over a wide
energy range, to minimize the dose delivered to the sample and to minimize the imaging time.
Detectors specifically developed for SR irmagare extremely rare (only (Yagi, Katsuaiial,

2004) and (Yagi, Yamamotet al, 2004)). However, several commercial detectors for X-ray
medical imaging exist on the market, highligltisimultaneously one or several of such
characteristics, but unfortunately dot feature all at the same time.

Literature on medical radiology has mainly focused on amorphous Selenium (a-Se) or
amorphous Silicon (a-Si) Flat-Panel (FP) adirge-coupled device (CCD) detectors coupled

to different kind of scintillators. In most of thmses, detectors with a large field of view are
generally characterized by rathlarge pixel sizes (~0.1-0.2 mm) (Granfors and Aufrichtig,
2000; Samei, 2003; Samei and Flynn, 2003). Higher spatial resolutions and good performances
in terms of DQE (although strongly energy-depentpare offered by a-Se and a-Si FPs coupled

to gadolinium oxysulphide (GOS) screensd dry CCDs coupled to thallium-doped caesium
iodide (Csl:Tl) screens (Goertzen, Nagar&aal, 2004). Nevertheless, the field of view, and/or

the readout speed do not always fit the djeadieeds of the different medical imaging
applications performed at SR facilities.

A more detailed discussion ontéetors presented in the literatuseeported in Paragraph 4.7.

To match the specific requirements of SR medical imaging, the Detector Pool of the ESRF in
collaboration with ID17 scientists has deyad a taper optics CCD Fast Readout Low Noise
"FReLoN" detector, whose evaluation is prasdnhere. The FReLON camera is characterized

by a specific optics, which has been tailoredrfeedical imaging purposes. The electronics and

the data acquisition system, also developethetESRF, have been incorporated in several
cameras (>10) used at different ESRF beamlines, each one coupled to a beamline-tailored
optics.

The large-area transfer characteristic, thedMation Transfer Function (MTF), the Noise
Power Spectrum (NPS) and the Detective Quantum Efficiency (DQE) have been calculated at
different beam energies and for two different X-ray converters (fluorescent screens).

Unlike conventional sources, there is no established standard procedure for a complete
evaluation of the detector performances whenrarlar X-ray beam is used; neither is there any
reference in the literatuen this subject.
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It is also presented in detail how | have dddpto this case the Bge quality assessment

procedures used for conventional sources.

This work on the characterization of the FReLoN camera detector has been reported in a
publication:

SP. Coan, A. Peterzol, S. Fiedler, C. NemozP@nchut, J. C. Labiche, A. Bravin, “Evaluation

of image performance of a taper optics CCIR&EON" camera designed for medical imaging”,
Journal of Synchrotron Radiatipivol.13, 260-270, 2006.

4.2 The "FReLoN" camera detector

The Fast Readout Low Noise (FReLoN) CCD camera coupled to a fiberoptical taper used at
ID17 has been developed at the ESRF for a broad range of applications; its specifications were
initially tailored for Computed Tomography amations in Diffraction Enhanced Imaging
mammography (Bravin, Fiedlet al, 2003).

The FReLoN taper optics shows an active input surface of 94 x FAwhere X-rays are
converted to visible light by a fluorescent screen; this secondary radiation is then guided by a
fiberoptic taper with a 3.2:1 reduction ratio adra-mural absorption (Schott) onto the 2048 x
2048 pixef 14 x 14 pni CCD (Atmel Corp, USA). This reduction allows an effective pixel size

of about 46 x 4im” to be achieved.

Thanks to a careful design of the electronied # a Peltier-type cooling of the CCD (standard
operation at —18 °C), both readout and dark signal levels are kept low (1.4 ADU/pixel rms,

respectively 0.01 ADU/(pixel*s) rms without binnihgAt the same time, a maximum readout

! Analogical to Digital Unit (ADU) and root mean square (rms)
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Figure 4.1. Structure of the taper optics FReLoN camera.
speed of 20 Mpixels/s through four outputs provides the possibility of high frame rate imaging

(4.2 frames/s) in full size image mode withoutrbng (Figure 4.1). The gain is constant and it

is 23 electrons/ADU; the maximum alngical-to-digital readout of'2 bits corresponds to

3*10* electrons whatever the binning applied.

The fluorescent screen can be easily exchanged in order to optimize the X-ray conversion with
the different experimental applications and the selected energy. The camera can be coupled to
powder phosphor screens (©gS:Tb, 5 g/cm density) of 4Qum, 100 and 20Qum thicknesses.

The thin screen favors the spatial resolutiothatexpense of absorption efficiency, whereas the
thicker screen provides the opposite compsemBoth screens consist of an active phosphor
layer deposited on a thin plastic film substrabe, active layer being in direct contact with the
fiberoptic taper input surface.

Taking into account the phosphor screen light yield, the optical coupling efficiency and the
CCD quantum efficiency, the system quantum conversion ratio with thamd€creen is 6-7

electrons per absorbed 10 keV photon.

4.2.1 The "FReLoN" camera read out system

The camera offers a set of acquisition/readout modes adapted to various experimental
conditions. The CCD lines can be read indepetlgl or binned either horizontally and
vertically.

In the so-called “full frame mode”, used foropgction imaging, the sample must be scanned
through the fan beam while the detector is moved in the same direction. At the end of the
scansion, the whole CCD is electronically splitamif quadrants, each read out by a channel at
206 ps per line (Figure 2). Small regions of interest®I$ can also be selected and, if this is

the case, the read out time is proportionally reduced.

Figure 4.2. Full frame mode. Readout starts at th end of the exposure; each of the four quadrants
(1024x1024 pixel2) is readout by a channel.
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Figure 4.3. Pipeline mode. The image size is reducéal nlin lines at ndist (in the figure: nlin =2
and ndist =3) from the nearest output channels. This image is then sequentially treated as in the full
frame mode, but only two channels on one side of the CCD are used for the readout.

The “pipeline mode” is used for Computed Tarephy imaging. The sample is scanned in
front of the detector that is kept stationarye game lines are thus continuously exposed (their
number depends on the beam height on the camera). The image is performed by illuminating
nlin lines at ndist pixels from the nearest outplinnel. Each part of¢himage is then shifted
towards the closest serial outputs (IOper line) where each line is read out (p@6per line)
(Figure 3).
The total dead time is given by:

Dead time=( . + p) 10x s( p/ bih 206u s (4.1)
where bin corresponds to the chosen binning factor.
The number of lines that can be recorded is thode is limited only by the RAM memory of
the acquisition computer.
A variation of the "pipeline” mode (called “concas¢e mode”) consists in the read out of a ROI
between two movements of the sample without moving the detector; the image is then
reconstructed from cumulated ROIs. This lagtiard has been used for the acquisition of the
edge profiles (Edge Spread Function) for the calculation of the MTF.
The maximum possible binning for these modes is 2(H) x 2(Vj forethe “full frame mode”,
and 2(H) x 1024(V) lingfor the “pipeline” and the “concatenate” modes.
A further acquisition mode, the so called “hybrmode” has been implemented for faster CT
imaging. As in the pipeline mode, the detectostationary and each projection is made of few
lines (nlin). After being illuminated, the lines askifted towards the two farthest outputs, to fill
the CCD. This new "image", made of elementartgas then read out as in the full frame
mode (Figure 4). This procedure reduces the dead time between two projections but their

maximum number is limited to 2048/nlin.
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Figure 4.4. Hybrid mode. The full frame is filled by elementary "pipeline mode" images, then the
readout of the CCD is performed.

4.3 The reference detector: the germanium pixel detector

The measurements of the detector exposure were performed by using the high-purity
germanium detector (HPGe) operating at the diquitrogen temperature (already introduced in
Paragraph 3.8.3).

This receptor allows a highly efficient detection (Peterzol, Bravial, 2003) of X-rays in the
energy range used for the characterizatiothefFReLoN camera. The germanium detector and
the FReLoN camera are installed on top ofheather on a same remotely controlled support
that can vertically translate; in this way, tiweo detectors can be alternatively positioned in the

beam, allowing a constant distance from the source.

4.4 Detector performance assessment parameters

4.4.1 Large-area transfer characteristic

The linearity of the digital system has been fiedli in the exposure range used for the NPS
measurements. The verification of the system linearity response is necessary to allow for the
direct use of digital pixel value in the rest o tanalysis; in this way the linear-system approach

can be applied to characterize the detectafopmances in the spatial-frequency domain
(Cunningham, 2000). A large-area transfer characteristic curve has been determined by
measuring the detector output in terms of pixel values versus the input photon fluency. In the
NPS study, ten flat-field images per energyd grer exposure level have been acquired in
pipeline mode. For each image set, the mean pixel value has been calculated by averaging the

ten mean values obtained from a same central part of each image over an area of 1280(H) x
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512(V) pixef (~ 59 x 23 mr). The number of incoming photons was varied by means of a set

of plexiglas attenuators and evaluatesddescribed in Paragraph 4.4.4.

4.4.2 Modulation Transfer Function (MTF)

The MTF is defined as the two-dimensional Reutransform amplitude of the point spread
function (PSF), which is the system responsedelta-shape input signal;ig typically used to
characterize the resolution properties of an imaging system in the spatial-frequjethemain.

In order to access the one-dimensional MTF ithHwrizontal and vertical directions, | have
chosen to calculate the MTF as the one-dimensional Fourier transform of the line spread
function, as detailed later.

The crucial point in the calculation of the MTF is the fineness of the sampling of the signal: if
the spatial frequencies are not sampled closely enough to avoid aliasing, the system is no longer
adequately described by the linear-system model. If this is the case, the fundamental
requirement of spatial invariance fails (Dobhi@900). Many different techniques have been
developed to determine the MTF of a détet system. In the literature, the MTF is
experimentally determined by imaging a hgattern test phantom, which gives the system
response to a square-wave input signal (Johns and Cunningam, 1971; Borasi,eNialosi
2003). Alternatively, it is indirectly determindabm the line spread function (LSF) or from the
edge spread function (ESF) which is meadury imaging narrow slits (Fujita, Det al, 1985)

and opaque edges (Samei, Flyatral, 1998), respectively. To overcome aliasing effects, it is
possible to slightly tilt the slits (or the edge)airder to obtain more fimg sampled LSF or ESF

and the presampling MTF (Samei, Flyehal, 1998; Dobbins, 2000; Greer and van Doorn,
2000).

For the determination of the MTF, | have chosen the edge method by using a 50 X,303nm
mm-thick tungsten foil for all the energies. TE8F was measured in both the horizontal and
vertical directions by acquiring an image of the edge phantom withira &anning stepaj.

Each MTF is the average of the MTFs calculdigdeveral determinatiorsf the ESF (~70 for

the vertical direction and ~20 for the horizontal). The horizontal ESFs were reconstructed by
shifting each data row of a relative interval2¥ pixels (=horizontal pixel size/scanning step).
From the ESF profiles, LSFs have been catedldy the finite-element difference method:

LSF(x)= ESR x,) S ESF ¥ (4.2)

whereLSF(x) is the jth value of the LSF arleiSF(x) andESF(x..) are the adjacent values of

the ESF. As the differentiation process reduces the SNR (Cunningham and Fenster, 1987), the
ESFs have been smoothed before LSF calculation by using the Matlab "cubic smoothing spline”
function. Finally, the MTF has been deterednas the modulus of the discrete Fourier

transform of the LSF using a discrete spatial frequency inteuyaien by1/Na, where N is
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the number of sample points of the ESF. Ttespnted MTF values habeen normalized with
respect to the MTF at zero frequency (MTF(Ohe(scheme of the procedure is shown in Figure
4.5).

Edge method
ESF

Matlab "cubic smoothing spline" function

@

LSF
||

~

Pre-sampled 1D MTF

Figure 4.5. Scheme of the MTF evaluation procedure.

4.4.3 Noise Power Spectrum (NPS)
The NPS represents a spectral decompositioneof/diiance of the ima&gsince it provides an
estimation of the spatial frequency dependencehef pixel-to-pixel fluctuations originating
both from the quantum noise of the X-ray beam and from any noise introduced in the electronic
chain between detector input and output (Williams, Mangiaéit@l, 1999). In practice, it
describes the different noise sources in a detection system and quantifies the effects of
parameters, such as the exposure level and the energy, on the magnitude and texture of the
noise. The two-dimensional digital NPS (Cunningham, 2000) has been determined as:

NPS( y, Y):NX—NZ<‘ DFT2( ip)‘2> (4.3)
wherex andy are the pixel spacindy, andN, the image dimensions in the x- and y- directions,
n; is the two-dimensional noise image, &@T2 is the discrete 2D Fourier transform.
Experimentally, ten 550 x 2048 pix&Rat field images have been acquired for each evaluation
of the NPS (at a given energy and exposure) by using the pipeline mode. Because the values
along a column are affected mainly by tempmaiiations of the signal, a new "noise image"
was calculated from each of the 10 original images, by subtracting, from each pixel, the average
pixel value of its relative column. With this apéon, long-range (low frequency) background

trend and deterministic variability in the imeaglue to detector and/or beam spatial non-
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uniformity have been discarded; it has to be underlined that this procedure is not capable of
removing the temporal fluctuatiomdong the vertical direction.

In the analysis, we considered a central portion of 1280(H) x 512(VY forebach of the 10

noise images.

This area should be then subdivided into horizontally and vertically half-overlapped regions
(Figure 4.6) (IEC, 2002). Actually, there is always a trade-off when choosing the size and the
number of these sub-regions. The larger tlze sif the sub-regions, the finer the frequency
resolution of the resulting NPS, but also the fethe number of regions available for averaging

the NPS determinations (Dobbins, Ergeinal, 1995). In our case, we used 27 sub-regions of
256 x 256 pixeleach.

In order to compare NPS at different input fluxes, the Normalized Noise Power Spectrum
(NNPS) has been used:

NNPS( 1y, ) =—NP<S£,;§' J @4)

with <P> the mean pixel values related to thév-segion over which the NPS was calculated.

Each of the NNPSs presented in this paper is the average of the 270 normalized spectra obtained

from the NPS calculated over the 270 sub-areas.

Figure 4.6. Scheme for definition of ROIs on a noise image for NPS calculation

4.4.4 The calculation of the incoming photon flux

The incoming photon flux has been calculated with the germanium detector. Ten flat fields have
been acquired for each combination of energy atenuators used in the NPS calculation. The
pedestal noise has been first subtracted from each flat field and then the average image counts
were calculated. For these determinatioas173-pixel large ROI (60.55 mm) has been

preliminarily selected on the germanium detect@tching with the horizontal portion of the

125



126 Chagi&tel. oN camera characterization

beam illuminating the ROI on the FReLoN camdfeom the mean counts (expressed in bits)
the number of the incoming photons per unit of area, time and storage ring electron beam
current has been calculated as (Corde, 2002):
photons_  bits ny[photong bif
sm* A [ (ph nd [AYG

whereny is the bit-photon conversion factor corresponding to the number of photons integrated

(4.5)

by the germanium per bit at a given gaB¥{, for all measurements);is the integration time,
p the horizontal pixel sizdy the measured X-ray beam height duisl the ring current (to which

the photon flux is linearly proportional). The air-kerra bias been calculated as:

2

r[s] pxla, ng IFr[%/zlﬁ
celsl Nedml Tl A G uer

whereKE, is a factor including all the energy-dependent terms like the energy itself, the water

K[Gy] = bits K:[Gy/m bif (4.6)

mass attenuation coefficient and the horizontal pixel sme The subscripts indicate the

detector used angixla is the FReLoN camera pixel area, whilg, and 4., are the air and

water mass attenuation coefficients, respectively.

4.4.5 Detective Quantum Efficiency (DQE)

Once the MTF, the NPS and the input SignaNtise Ratio (SNR) of the X-ray beam used to

measure the NPS are known, the DQE can beuleddrl assuming a linear, shift-invariant

detection system. The DQE is a paradigmatiégosance parameter of digital X-ray detectors

since it is a frequency-dependent measure of the efficiency of the system in reproducing the

information contained in the incident X-ray signal.

In other words, this parameter expresses theadagjon in the SNR introduced by the processes

of detection and conversion of the X-ray signal and it is defined as the square of the ratio of the

SNR at the detector output to that at its infEiperimentally, the caldation of the frequency-

dependent DQE of a linear system can be deduced from the measured presampling MTF and

NNPS (Cunningham, 2000):

_ MTF?(u) 1
NNPS U q

whereq is the mean number of incident quanta per unit of area and corresponds to the input

DQE(u) @4.7)

squared SNR. The DQEs of the system have been computed for one-dimensional spatial
frequencies in the horizontal and verticatedtions by using the one-dimensional NNPS

projections.
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45 Results

The energy dependence of the detector perfoceshas been investigated by measuring MTF,
NNPS and DQE for several energies and three different fluorescent screen thicknesses as

reported in Table 4.1.

Screen |im) Energy (keV)
40 20, 25, 33
100 25,33,515
200 70, 86

Table 4.1. Energies considered in this work for the three fluorescent screens.

4.5.1 Photon flux and exposure caldations - Linearity verification
In Table 4.2, values of the bit-photon conversion faatgy, (he Ke parameter, and the air and

water mass attenuation coefficiengs,( and /.., ) are reported for the six energies considered

in this study. In column 6 of the same table, the measured beam height for the beam used at
each energy is shown. The determinatiorbeém height has been performed on full-frame
images of the beam acquired with the FRelai¥nera after deconvolution with the related

MTF.

A detailed description of the experimental partereeused for the image acquisition and for all
calculations made is not essential to understaadesults. For this reason, | decided to put in
Table 4.3 the main parameters and their raofgevork for acquisitions performed with the
germanium detector and the FReLoN camera respectively; in fact the photon flux and exposure
values obtained by using equations 4.5 and 4.6 are anyway presented in the graphs in Figure 4.7
on linearity verification and in the NNPS and DQE graphs (Figures 4.12-4.16).

Energy (keV) (photgﬁs/bit)* (Gyfnﬁ bit) . gcirrﬁ/g) Y w(gtrjr/ 9 be(?n%]gght
20 238.40 1.25.10 0.539 0.550 0.553
25 190.72 6.15.10 0.346 0.353 0.225
33 144.49 2.63-1d 0.154 0.156 0.190
51.5 96.33 9.45.10 0.039 0.130 0.220
70 89.77 8.20-1% 0.027 0.029 0.262
86 97.41 1.02.1d 0.024 0.026 0.270

Table 4.2. Parameters used for the photons fluand exposure calculation with the germanium
detector through equations 4.5 and 4.6.
* At G=1; ** Beam height is accurate within 5%.

In order to justify the use of the theory for linegstems, the linearity of the system response
has been verified over the exposure range considered in the rest of the evaluation. The results

are shown in Figure 4.7 where the large area transfer characteristic curves of the FReLoN
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camera are presented for the different energies and the three screens. In all the cases (except the
40 um screen at 25 keV, wheré’ R 0.98), the linear fit of the experimental data has an R-

squared coefficient of 0.99.

Parameter Germanium detector FRelLoN camera
Pixel size (mrf) 0.350 (H) x 10 (V) 0.046 (H) x 0.046 (V)
Integration time (ms) 100 (50 for 33 keV) 42

Ring current (mA) 164+ 172 133+ 175

Table 4.3. Experimental parameters used for the image acquisition with the germanium detector
and the FReLoN camera.

Figure 4.7. Large-area transfer characteristics for the three screens at 20, 25, 33, 51.5, 70 and 86
keV. Counts of the FReLoN versus the calculated number of photons are reported, normalized per
unit of area, time and storage ring electron beam current.
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452 MTF

Figure 4.8 illustrates the presampling MTF measiumdabth directions. For a given fluorescent
screen, the MTF slightly changes with the energy but the MTF curves are almost overlapping.
In Table 4.4 the spatial frequencies corresponding to 50%, 10% and 5% of the MTF are
reported. In most of the cases, the MTF values in the vertical direction are slightly higher than
in the horizontal. Figure 4.9 shows the MTF curves at 25 and 33 keV for the three fluorescent
screens. As expected, the MTF worsens when the thickest screen is used.

Figure 4.10 shows how the MTF is infhmed by the acquisition and readout modes

(concatenate and the pipeline modes at binning 1, 4 and 8).

icknessm) _ (keVy 50% 10% 5%
H Y H v H Y
40 20 3.7 20 8.2 9.0 10.0 107
25 3.9 a1 8.5 9.0 101 10.6
33 41 4.0 8.5 9.2 9.9 10.6
100 25 3.7 3.6 7.8 8.0 9.6 102
33 3.7 3.8 7.8 8.6 9.8 101
515 3.5 3.4 7.6 7.8 8.9 9.5
200 70 1.9 2.4 41 45 5.1 6.2
86 1.9 2.5 4.0 5.0 5.0 5.8

Table 4.4. Spatial frequencies (1/mm) corresponding to 50%, 10% and 5% of the MTF in the
horizontal (H) and vertical (V) directions. Each value is affected by an error estimated in 0.2 1/mm.
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Figure 4.8. MTF along the horizontal and vertical directions for the 40, 100, and 200 pum thick
screens.

Figure 4.9. Comparison of the horizontal and vertical MTFs at 25 and 33 keV for the 40 and 100
pm fluorescent screens.
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Figure 4.10. Measured MTFs in "concatenate" and "pipeline" acquisition modes at 20keV for the
40 pym screen.

45.3 NNPS

In Figure 4.11 an example of the two-dimensional NNPS for the@uorescent screen at 33

keV (air-kerma of 1.36 mGy) is presented. This figure reveals that there are artefacts at very
low frequency. In fact, as known in the litera (Tapiovaara and Wagner, 1993), such a noise

along the axes depends on deterministic noise processes in the imaging chain.

Figure 4.11. Two-dimensional NNPS for the 40 um fluorescent screen at 33 keV (air-kerma = 1.36
mGy).
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For this reason, as recommended by the IEC, we report in Figures 4.12, 4.13 and 4.14 the one-
dimensional cuts of the NNPS along the twloections after having averaged a few
rows/columns on both sides of the axes, and having omitted the axes themselves.

As expected, due to the weaker contributionthef stochastic (quantum) noise, the normalized

noise power decreases when the exposure level increases. For all the energy-exposure cases, the
NNPS projections show different behaviaursx the horizontal direction the NNPS
systematically decreases as the spatial frequémreases, while in ¢hvertical (temporal)

direction the NNPS has a flat profile with, in myacases, some larger fluctuations at high

frequencies where the quantum noise prevails.

Figure 4.12. NNPS in the horizontal and vertical directions for the 40 um thick screen at 20, 25 and
33 keV.
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Figure 4.13. NNPS in the horizontal and vertical directions for the 100 um thick screen at 25, 33
and 51.5 keV.
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Figure 4.14. NNPS in the horizontal and vertical directions for the 200 um thick screen at 70 and 86
keV.

454 DQE

Figure 4.15 and 4.16 illustrate the DQE for the 40 andifiGscreens. Data for the 2@@n

screen are not reported because of the impossibility of calculating the correct number of
incoming photons due to:

i.) inaccuracy of values of the conversion factars Kg) for the germanium detector at high
energies;

ii.) the low spatial resolution othe screen that does not allow determining the exact beam
height necessary for the calculation (mantefacts when deconvolving images).

For an ideal linear detector, characterizedthyy absence of any additive (or multiplicative)
system noise, the DQE does not depend) g@unningham, 2000). This kind of behaviour is
also shown in the results of the present study for the investigpteshge. For a given
fluorescent screen and at a fixed energy,DIES determined at different exposures overlap
over almost the entire frequency interval considered here. Deviations from the ideal case
concern the low frequency values that are largely affected by the NNPS artefacts, and the DQE
in the vertical direction, because of tempditattuations of the X-ray beam. Moreover, the
vertical DQE is slightly smallghan the horizontal, because the vertical NNPS is larger than the

horizontal.
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Figure 4.15. DQE in the horizontal and vertical directions for the 40 um thick screen at 20, 25 and
33 keV.
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Figure 4.16. DQE in the horizontal and vertical directions for the 100 um thick screen at 25, 33 and
51.5 keV.

4.6 Discussion of the results

The resolution (presampling MTF), the noi@eNPS) and the signal-to-noise ratio (DQE)

properties of the FReLoN camera have been investigated.

-MTE
The presampling MTF was determined by usingedge analysis, since several studies have
demonstrated that, in comparison to the slit technique, it is a simple and accurate method for
measuring the low- and mid-frequency responsa sfstem and it provides adequate results

also at the high-frequency domain (Cunningham and Fenster, 1987; Sameetdynh998).
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X The comparison of the presampling MTFs for the three fluorescent screens at the
same energy shows that, by increasing ¢hscreen thickness, the spatial resolution
worsens because of the increased scattering of the visible light.

As reported in literature (Borasi, Nitrost al, 2003), increasing the energy (for a given
fluorescent screen thickness) should result in a spatial resolution improvement since the
mean photon-gadox screen interaction poiteisper and therefore light scattering inside

the fluorescent screen is limited. This belbaviis theoretically true in the X-ray energy
range where the linear attenuation coefficient monotonically decreases with the energy.
Besides, in an energy interval containing a fluorescent screen absorption edge, an
opposite trend should be observed among X-ray energies below and above the edge. The
latter behaviour was experimentally verifieddén terms of MTF worsening at 51.5 keV

(just 0.5 keV higher than the Gadolinium K-edge) with respect to the 33 keV MTF.
Experimentally, the horizontal MTF at 10% is 7.8 at 33 keV and 7.6 at 51.5 keV, while
the vertical MTF at 10% is 8.6 at 33 keV and 7.8 at 51.5 keV for thgufrfO@creen

(Table 4.4).

X  The slight difference between the MTFs in the two directionghigher values in the
vertical direction) may be related to the readout elentcs bandwidth; in fact, it can be
attributed to a small residual charge left the register pixel when the signal moves
horizontally during the read out.

x  Not surprisingly, the comparison of the MTF curves obtained by different detector
acquisition-readout modes (kig 4.10) reveals that thbest spatial resolution is

achieved when operating without binning.

- NNPS

X  Also as expectedhe NNPS is exposure dependent (higher at lower exposuretjs

behaviour is related to the Poisson distribution of the quantum noise component of an X-
ray image.

X In addition, in all the consated exposure-energy castte NNPS presents significant
higher values near the zero frequency, where the deterministic noise component
prevails. The low frequency effects are less evident at low exposures as they are masked
by the stochastic contributions.

X The trend of the NNPS along the horizordl and vertical direction is different, as
shown in Figures 4.12, 4.13 and 4.14. In the horizontal direction, the NNPS constantly
decreases as it moves towards the high frequency domain. This behaviour is typical of
detectors based on indirect conversion addetermined by the spatial correlation

between adjacent pixethat read the same signal because of the light scattering of the
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screen (Samei and Flynn, 2003). On the contrary, the vertical NNPS is almost flat. Along
this direction, the noise spectrum dependsnipeon the time variations of the X-ray

beam and therefore at high frequencies the graphs show an increase of the NNPS values.
At low exposures this increase is lessdemt because the stochastic (quantum) noise
component dominates. In the case of the Q60 thick screen, the fluctuation of the
NNPS at high frequencies seems to disappear. A possible explanation is that the blurring
of the signal caused by the scattering of lighthe screen prevails over the deterministic
component of the NNPS.

- DOE

X

The high contribution of the deterministic component of the NNPS at high
exposures affects the DQE shape in the vicinity of the zero-frequency

For the 100 um screen, the DQEs at 51.5 keV (just above the K-edge of the
Gadolinium based fluorescent screen) presentalues similar or even higher than

those at 33 keV.This result is explained by the abruptrease in the photon interaction
cross section at the K-edge of the element, which therefore increases the light yield
production of the screen.

As shown,the DQE values for the 40um screen are of the same order of those for

the 100um since the 4Qum phosphor screen is optimizéat spatial resolution and not

for DQE.

Several factors contribute to limiting the DQE:

S The phosphor screen conversion yield certgiilys an important role; thicker screens would

be more efficient in particular at high energibest the detriment of thepatial resolution would

not be acceptable for applications like mammography (Bravin, Fied&s 2003).

S A second important role is played by the low efficiency of the CCD (about 25% (Atmel,

2002)) which registers only a fraction of visible photons emitted by the screen.

S Of importance is also the fact that the choicelena the detector construction, i.e. to permit

an easy change of the fluorescent screen, prevents the optimization of the optical contact

between the fluorescent screenlita@d the taper (the present layout makes it difficult to avoid

air gaps in between).

Higher DQE values would be of particular importance ifevivo imaging when the dose

delivered to the sample has to be kept as lowassible. In the new version of this detector

prototype, presently under development, work to reduce efficiency losses, by using a more

efficient CCD and by improving the screen-taper contact.
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4.7 Comparison of the "FReLoN" camera performances with

other X-rays detector in literature

In order to better appreciate the charactedstind performances of the taper optics FReLoN
camera, they are compar€table 4.5) with X-ray imaging dectors presented in the literature,

by focusing our attention on the field of view, pixel size, MTF, DQE and readout speed. For the
FReLoN camera we have chosen to report results for the 100 um thick screen only.

It should be noted, however, that care should be taken when interpreting such a table. The
different experimental conditions, under which ealthese detectors has been characterized
(reported in the table when available), make domparison difficult and often unfair; in fact
performances strongly depend on the energy used for the characterization and on the applied
binning. In addition, specific detector layoutikd the availability of different readout modes

for the FReLoN camera) are not mentioned in the literature on other detectors. Such features
may play a critical role in thdetector choice. Despite thesmiliations, data reported in Table

4.5 lead to considerations reported in the paragraph on what it is available today, and where
FReLoN is positioned with respeict SR medical imaging needs.

The most commonly used devices for high-resolution imaging are CCDs and FPs. CCDs are
typically characterized by low noise, a small pigigle (typically tens of microns or less) and a
large pixel number (up to ~ 3.0*160 far); on the other hand, CCDs are easily damaged by X-
rays and their readout is limited by the charge-transporting method. This is why CCD-based
detectors are generally combined with taperedcapfibers and/or with indirect lens-coupling

or intensifier (Vedantham, Karellas al, 2000; Yagi, Katsualeét al, 2004).

Amorphous silicon detectors (for instance n° Table 4.5), are another important category of
solid state detectors; they are built on a photodiode array with an active TFT (thin-film
transistor) matrix readout which can be quitg kn° 9, 10). Their sensitivity to X-rays is
achieved by using amorphous selenium as the converting medium (X-rays to electrons) or by
coupling them with a scintillator (X-rays to visiblight conversion). In geral, even if this

kind of detector can achieve high efficiendy,has severe limitations in terms of spatial
resolution (pixel size >100 um) and noise. A good compromise is offered by the amorphous-Se
direct detector Thermotrex Inc. (n° 11); it presents a pixel size of 66 um, good spatial resolution
and DQE compared to other detectors in the saategory (n° 9, 10). A point which remains to

be verified is the readout speed that is not reported in the literature. Another example in the
same category is the amorphous-Si flat panelleoufp thallium-doped Cesium iodide (Csl:Tl)

(GE, n° 9) that presents a readout speed faster than the FReLoN, but a much worse spatial

resolution.
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An alternative is the CMOS (Complementavetal-Oxide Semiconductor) FP. Hamamatsu
Photonics (n° 8 in Table 4.5) has an active &aeger than the FReLoN and the same pixel size.
Moreover, the direct deposition of the scintillatin the taper allows to increase the spatial
resolution of the CMOS FP, resulting in a vegmpetitive device. The v aspect is the low
readout speed, which is half of the FReLoN readout speed.

Other CCD-based detectors repdrte literature are presented in Table 4.5 (lines 1-7). Among
them, the FReLoN has one of the largest areas and fastest readout.

Very fast readout (291 frames/s) is achieved by the C7770 Hamamatsu Photonics KK detector
(n® 5) which is based on rde CCDs alternatively read and coupled to an X-ray image
intensifier; the pixel size is only 9.9 um buktlkletector dimensions are too small for in vivo
medical imaging (6.5 x 4.9 nﬁ):

A relatively large active area (49 x 86 ﬁ)n‘and small pixel size (12 um) characterize the
Philips FTF7040 CCD (n° 6); it also presegtod values for both MTF and DQE. The readout
speed is nevertheless quite limited for medical imaging (0.14 frames/s).

In his paper, Goertzen reported the evaluations of two Dalsa-Medoptics CCDs (Goertzen,
Nagarkaret al, 2004): the first one (CCD1) (n° 2) is coupled to a fiberoptic taper with a 3:1
demagnification and gadolinium oxysulphided6) phosphor screen converter; the second
CCD (CCD?2) is coupled to a fiberoptic tapeittwa 2:1 demagnification and to a changeable
scintillator that can be either a GOS (n° 3) &<: Tl (n° 4) screen. For the CCD2, the Csl:Tl
screen results in nearly twice the DQE with extpo the GOS screen (0.4 versus 0.24 at 0 mm

1); the CCD2 shows MTF values nearly ideatito CCD1 when the GOS screen is used.

The pixel size for both these two CCD-based devices is comparable to that of the FReLoN
camera; nevertheless, since the number of pigdimited to 1024x1024, the resulting detector
area is smaller than the FReLoN. In addition, considering that the MTF and DQE values of
these CCDs have been measured with a 21 keV-equivalent X-ray beam, it is possible to
conclude that the FReLoN camera offers similar or even better performances (see also Table 4.4
and Figure 4.12 for data at 20 keV) both in terwh spatial resolution and efficiency in a rather

wide energy range (the readout speed values are not available).

This comparison shows that the performances of the FReLoN camera in its present
version position it very well in the X-ray imaging detector world. Not one of the detectors
presented exceeds the FReLoN camera in aflarameters simultaneously; this is the
outcome of the compromise made in the camefayout to fit with the SR medical imaging
needs. In addition, the camera offers the adintage of data acquisition modes specifically
tailored to a SR laminar beam. Very likely, its performances will be improved even

further, in terms of efficiency, in the newest version currently under development.
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. . . . 10% X-ray beam  Readout
Detector DlTrsrr:%lons NUT(ZTSr of P|>(<erln55|ze MTF At %%Eml energy speed Reference
P W (mm?) (keV) (frames/s)
8.0 — 42 % 25
1- FReLoN coupled to
100 pm Gadox 94x94 2048x2048 46x46 8.6 ~30% 33 4.2 This work
screen*
7.8 ~3509% 51.5
2- Dalsa-Medoptics (Goertzeret al
CCD with a 3:1 fiber 69x69 1024x1024 67.55x67.55 ~8.0 ~30% ~21%** 2004) ’
taper and GOS screen
3- Dalsa-Medoptics (Goertzenet al
CCD with a 2:1 fiber 49x49 1024x1024 48.23x48.23 ~8.0 ~24% ~21%** - 2004) ’
taper and GOS screen
4- Dalsa-Medoptics
CCD with a 2:1 fiber N AN o ) (Goertzeret al.
taper and (CsI:Tl) 49x49 1024x1024 48.23x48.23 9.3 40 % 21 2004)
screen
5- C7770 Hamamatsu
Photonics KK (Yagiet al,
+prism+3CCDs with 6.5x4.9 656x494 9.9x9.9 - - - 291 2004)
intensifier
6- Philips FTF7040 ~16 _AE o -
CCD with Gadox 4986 4096x7168 12x12 @2x2 65 % 10weer 0.14 (Phillipset al,
N (2x2 binning) 2002)
screen binning)
. 15x15 ~40% +~ 28 %
7- CCD Senovision, _ . 28kV Mo (Vedanthanet
GE Medical Systems 61x61 4096x4097 30x30 10 (depending on filter . al., 2000)
(binned) exposure)
8- CMOS flatpanel
imager from ~6.5 ) (Yagiet al,
Hamamatsu Photonics 120x120 2240x2368 50x50 ~10.0 ** 20 2 2004)
(C7942)
9- amorphous-Si flat
panel coupled to ~1.6 (Granfors and
Csl:Tl scintillator, ) " Lo
. - 410x410 2048x2048 200x200 (at 50% ~ 66 % ~50 8 Aufrichtig,
(Revolution XQ/i MTF) 2000)
G.E. Medical
Systems)
10- amorphous-Se
flatpanel, Direct (Samei and
Radiography 350x350 2560x3072 139x139 ~6.4 ~38% ~5Q*** Flynn, 2003)
Corp. (Hologic) DR- '
1000 (DRC)
~55
11- amorphous-Se 67.5x54.9 1024x832 66x66  (at 50% ~55% Y - (Goertzeretal.,
Thermotrex Inc. MTF) 2004)

* MTF and DQE (column 5 and 6 respectively) correspanebsults calculated in the vertical direction.

** Modified version of the CMOS flatpanel imagigom Hamamatsu Photonics (C7942) obtained by direct
deposition of the scintillator &:TI) on the photodiode array.
*** Mean energy in keV has been estimated from the HVL values given in the paper
*++x Mean energy declared in the paper

Table 4.5. Selected characteristics of the FReLodamera compared to some other detectors used in
X-ray imaging. Values here reported have ben extracted from graphs shown in the reference
papers (column 9). The energy refers to the X-ray beam used for the detector characterization; in
absence of notes, SR monochromatic beams have been used.
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4.8 "FReLoN" camera combined to a chopper

In order to improve the FReLoN camera performances, a chopper has been designed to be used
in combination with the camera. This instrumbat been developed and built at ID17 (Renier,
Fiedleret al, 2005) and it is particularly suited whenaging in a laminar beam geometry (the
beam is extended horizontally over all rowstltd CCD but vertically only one or a few lines

are covered), where images are rapidly acquired line by line during continuous exposure and the
object to be imaged is translated or rotated synchronously through the laminar beam (pipeline
mode).

Charges created during the readout time of each individual line are blurring the image and
hamper exact quantitative analysis. In iidd the chopper protects the camera from
unnecessary exposure by blocking the wide Xhe@am during the readout time of the camera.
Moreover, forin vivo measurements, it is essential to miize the measuring times in order to
avoid motion artifacts and to optimize radiatidose. The minimum sampling time depends on

the maximum frame rate of the detector systera given readout mode. If the readout time is

long with respect to the frame lifetime, tlexposure during the readout will degrade the

performance of the system.

Figure 4.17. Chopper layout.

The apparatus is based on the rotation of planetary blades mounted between two large discs
(Figure 4.17). The planetary blades (which ar¢h number of 6 in the schematics but 12 in

the prototype) are kept permangnthrallel to each other thanks to a series of gears, which also
allow changing their orientation. The gears fired to the rotating discs and are made of
polyoxymethylene (DelrinTM). A brushless motottates the two discs at variable speed. As

the discs are rotated the blades alternativelyrrindé the transmission of the beam so that a
pulsed beam emerges. It is the orientation eflilades that permits the adjustment of the duty
cycle, whilst the speed of rotation of the supingr discs modifies the frequency of the beam

interruption. The two parameters (duty cycle and frequency) are therefore controlled
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independently and in a remote manner. For teebeinderstanding of the operation, the two
extreme cases should be considered. In the first case, (Figure 4.18 above) the blades are kept
vertical: the beam is interrupted most of tmeeti The resulting duty cycle is therefore minimum
(around 5%). In the second case, (Figure 4.18A)ethe blades are kept horizontal: the chopper
transparency is maximized. The duty cycle reaches 90%. All the intermediate angular blade

positions are also possible, allowing for continuously variable duty cycle.

Figure 4.18. The two extreme cases. Upper figgure: blades kept vertical. Lower figure: blades kepts
horizontal.

Parallel work (Renier) lsaproven that, depending on the application , the use of the chopper is
able to:

(1) reduce the noise in the images, thanks to the suppression of the irradiation during readout
time;

(2) considerably increase the dynamic range asnsequence of avoiding early saturation of

the detector;

(3) reduce the X-ray dose to the sampieportionally to the duty cycle;

(4) allow for improved quantitative analysigen in K-edge subtraction (KES) mode.

4.8.1 Chopper control principle
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Figure 4.19. Control principle

When imaging in pipeline mode and without chopper, it is desirable to operate the system with a
large duty cycle (the ratio of the integration titnethe total period of a single frame) in order to
minimize blurring effects. Obviously, this iparticularly disadvantageous when fast and
repeated acquisition areeded. With the chopper in opeaatj the beam is stopped during the
readout period, preventing any mixing of the signal so that short integration times can be
chosen. This is valid both for planar radiography and for computed tomography. The latter can
profit in two ways by the system if the lamir@am covers several lines of the CCD vertically.
Since their signal can be used to process the samber of tomographic slices in parallel, an
important gain in acquisition time forrtger sample volumes can be achieved.

In our design (Figure 4.19), the chopper gates the TTL pulses that will be used to
synchronize the FReLoN 2000 camera and the sample stage rotation. A perforated disk coupled
to an optical sensor and driven by the choppain shaft generates the pulses. The brushless
motor speed of rotation is adjusted from 0 to 6000 rpm that correspond to 0 to 300 Hz for the
chopping frequency. The duty cycle is adjusted independently from the speed of rotation by a

simple stepper motor.

4.8.2 MTF evaluation of the "FReLoN"- chopper combination

The assessment of FReLoN performances when used in combination with the chopper have
been evaluated and presented hereafter.

The MTF has been calculated for two differemsition modes: (1) concatenate, (2) pipeline.

In Figure 4.20, results are compared witlke MdTF of the system without chopper for two
fluorescent screens of different thicknesses |{5# and 100um) and an energy of 33 keV.
Moreover for the 10Qum screens, MTF obtained at 51.5 keV are also presented. Results show
that the chopper does not introduce a significant change in the MTF under this operation

conditions.
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Figure 4.20. Comparison of the MTF of the FReLoN camera calculated for two different
acquisition modes: concatenate and pipeline with and without chopper.
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Ce chapitre inclut les résultats expérimentaux
obtenus par la technique de contraste de phase a
travers un analyseur (ABI) pour I'étude de
cartilages et I'évaluation de la guérison apres
pose d'implants métalliques. Les images ABI
obtenues pour des échantillop®st mortem
humains et animaux, ainsi que les expériences
impliquant des animaux vivants sont présentées.
Les méthodes de reconstruction et traitement
des images sont également décrites. Enfin, une
étude radiobiologique conduisant a I'évaluation
de la dose délivrée est présentée.
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In this chapter, the experimental results obtained
by applying the analyzer-based imaging (ABI)
technique to the study of joint cartilage and
evaluation of metal implant healing are
presented. ABI images of excised human and
animal specimens and in-vivo experiments are
discussed. Image reconstruction and processing
methodologies are described as well. In the last
part of the chapter, the results of radiobiological
experiments for dose effect evaluations are also
discussed.
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5.1 Introduction

As extensively discussed in Chapter 1, plaima)}-radiography is stilthe clinical technique
having the highest resolution and currently beihe most economical, readily available and
accepted method to detect joint abnormalitiesrexheless, because of its intrinsic limitations,
in some cases planar radiolagynot sufficiently sensitive.
There are two major directions of radiological analysis where advancements in X-ray
technology could be particularly beneficial for orthopaedics:
- imaging of soft tissue joint components, such as cartilage and ligaments
Gathering information on the structure ofrmal cartilage and the ways in which this
tissue (with limited or no ability to repaighanges after damage or in pathological
conditions is essential for the develaggmhof rational treatment strategies.
- imaging metal implant healing in bones
Even though radiography allovike evaluation of an implamas a whole, at least along
one axis of sight, it is finally hampered lowv local resolution caused by beam hardening
based on the incident polychromatic ligtitus, resulting in uncoectable image errors.
Histological evaluation, by contrast, suffers even in animal studies from the fact that it
can only give information on very restricted portions of the implant because of the

micrometer-scale thickness of individual sections.

In this chapter, | will present the results obtained by applying the Analyzer-based imaging
(ABI) technique to the study of articular tikrge tissue and of metal implant healing.

The results will demonstrate the high potential of the ABI technique for this kind of application
and its ability both of non-invasively detectingtdage abnormalities, especially in the initial
stages of degenerative joint disease (OA) or early in its progression, and of evaluating the status

of ingrowth of bone tissue into the implant surface.

The scientific value of the ABI images presented in this chapter is highlighted by the
comparison with results produced with conventionally used diagnostic techniques (histology,
magnetic resonance (MRI), ultrasound (Uldaconventional tomography (CT)) of the same
samples.

This consequent parallel analysis represents & the peculiarity and the originality of this

work, which is the fruit of the synergy of complementary competences specific of two
different disciplines: Physics and Medicine.

The real engine of this research has b#encollaboration between the ID17 (ESRF) team,
offering the physical, technical and data progegssiupport, and the research department of the
Department of Orthopaedics of the University of Jena for the medical and clinical aspects

(choice and supply of samples, image intet@tion, and imaging with conventional
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techniques). In particular, | had the possibitibyprofit by the experience of Dr. Mollenhauer
who, as the first, showed that the ABI technique could be a powerful tool in diagnostic

orthopaedics (Mollenhauer, Auriat al, 2002).

Contrary to other fields, when applying Physics to medical investigations, a different attitude
has to be assumed: Physics is in meref the Medicine. This means that:

f the purpose of research is defined by specific medical issues

f it is the physician who indicates the target since he knows what is most important to look

for from a medical point of view

f investigation modalities have to be adapteth&oparticular biological samples in terms of

- experimental conditions (temperature, humidity, etc.)

- sample position and orientation

- control of the delivered dose

f data processing and presentation should bemtbst suitable to physicians' requirements

and habits.

In the light of these considerations, the study | performed has mainly aimed to obtain images
useful and meaningful from a diagnostic point of view. At this stage, the objective was
essentially to verify the feasibility and the potential of the technique with respect to the
techniques conventionally used in the studycaftiage and bone. Effts were addressed to
produce "good" images from a number of samples both in projection and tomographic (CT)
mode. The specific image processing modalitigdieg in order to improve the quality and the
interpretation of ABI images will balso described in this chapter.
Starting from tomographic ABI slices,three dimensional renderingof an articulation has
been realized allowing, by a manual segmentatios,separation of cartilage from the entire
structure of the articular joint. An example safch volumetric reconstruction will be reported
and the preliminary results obtained in a couple of pioneéniviyyo experiments on animals,
successfully performed at ID17, will be shown.
The last part of the chapter is dedicatedthe presentation of the work | performed (in
collaboration with W. Renier and N. Fofyon chondrocytes in order to identify potential
radiation damage as a consequence of theyXrradiation during image acquisition with the

ABI technique.

1 INSERM unit 647-RSRM, Grenoble, France
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5.2 Investigated samples

5.2.1 In-vitro experiments

In-vitro experiments for articular cartilage diseasglgtand for implant healing evaluation have

been performed on excised human specimensratal implants in sheep bones, respectively.

x Samples from patientswere acquired in the course of surgical procedures such as joint
replacement surgery and amputations, and fragarodonors (through the auspices of the Gift
of Hope Organ and Tissue Donor NetwdriPatient consent and institutional approval have
been obtained for each sample. The specimens immediately fixedh 4% paraformaldehyde
solution and stored in 1% paraformaldehydenuie in order to minimize storage artefacts and
allow for subsequent extensive histological examination.
The samples investigated in this work are:

- human femoral heads from patients with bgieoarthritis or necrosis of the femoral

head;

- human ankle joint;

- human big toe joints;

X Implants are made from sand blastedAl,V alloy coated with a 5um-thick layer of
hydroxyapatite (HA) with an average grain size @fmd. Implants consist of a cylinder with 10

mm diameter and 15 mm height (Figure 5.1) carnaj different profiles to test for the response

of bone to various geometries. In particular, the surface contains a ring shaped groove of 4 mm
width x 1 mm depth and three longitudinal indggitns 3 mm wide x 1 mm deep of round,
respectively rectangular, cross section. The itodgal axis contains a threaded hole closed
during implantation by two screws. The threadves as an anchorage for a pull-out device.
These specific kinds of implants have been used to be implanted in the tibia head of sheep. In
addition, always one of the cylinder pair (the one in the left tibia usually) has been coated with

bone morphogenetic protein 2 (BMP-2) in order to enhance bone formation.

Figure 5.1. Lateral (a) and axial (b) views of the metal implants implanted in sheep bones.

2 http://www.giftofhope.org/
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After implantation, animals were maintained fap to 20 weeks before sacrificing. Bones
containing the implants were cut into segmgfiked with paraformaldehyde and submitted to
ABI examination. The differentially treated inapits resulted in variations in ingrowth speed
and completeness generating various éssanditions to be monitored by X-rays.

5.2.2 In-vivo and radiobiological experiments

x For the pioneeringn-vivo experimentson live animals performed in the framework of this
thesis, the guinea pig animal model has been chosen. The reasons for this choice are in the fact
that certain inbred guinea pigs are genetically prone to develop osteoarthritis starting at about
six months (unfortunately, for this study not all animals develop the disease!) and that they are
of acceptable size for the experimental setAipatomical targets have been the hip (femoral
head) and the knee (Figure 5.2).

"Retired breeder" DUNKIN HARTLEY guinea g& have been purchased (Charles River
Laboratories) and are currently hosted at h&7 Animal facility in order to follow the

development of the arthritic status.

Figure 5.2. Skeletal conventional radiograph of a guinea pig. The two ring circumscribe the
investigated target: in yellow the knee and in green the hip.

x Radiobiological investigations were made on primary hwan chondrocytes (HCH-c)
derived from hip joints (PromoCell GmbH). FHuer details will be given in Paragraph 5.8.
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5.3 Experimental methods

5.3.1 ABI experimental configurations

The set-up used for the ABI acquisition presertethis chapter has been already described in
Paragraph 3.9.

Energies used are 33 keV and 51.5 keV (just above the K-edge of the Gadolinium, which is the
main component of the fluorescent screen of the FReLoN camera - Chapter 4) and the
monochromator and analyzer crystal reflectiothés(333) for all the shown images. By varying

the energy, the characteristics of the reflectivity curve of each crystal (Appendix 1) change and,
in particular, its angular acceptance reduces. In order to keep the height of the beam emerging
from the crystals fixed when changing the X-energy, the experimentabnfigurations have

to be modified appropriately. Experimemyal the monochromator-to-sample distance was
always about 30 cm, while other distances werasetported in Table 5.1. In the same table,

the theoreticaFWHM (Full Width at Half Maximum) of the reflectivity curves for a Si (333)

crystal and the related Bragg angles at the considered energies are also reported.

30 keV 51.5 keV
pre-monochromator-to-analyzer distance (cm) 54.30 90.50
analyzer-to-detector distance (cm) 131.70 95.50
FWHM (prad) 2.40 145
Bragg angle (rad) 0.18 0.11

Table 5.1. Experimental details at the two engies used: distances between optical elemenets;
FWHM of the reflectivity curve of a Si (333) crystal; Bragg angles.

5.3.2 Image acquisition

The imaging modalities employed for the acquisitbthe images presented in this work are:
1. the projection mode,
2. the tomographic (CT) mode.
In both cases, the acquisition procedure is determined by the laminar shape of the SR X-ray

beam and images are recorded at differegtikan positions of the analyzer crystal.

1. The projection mode consists of a vertical scan tife sample through the laminar beam.
Depending on the detector operating mogee Chapter 4), the sample movement,
synchronized with the detector acquisition, can be continuous or discrete (in the latter case
the sequence is: movement, acquisition, movement etc.). In these two cases, the movement

speed or the step, respectively, is regulatettave squared pixelated images. Images are
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then reconstructed by combining the linespifels of the detector illuminated at each

acquisition during the sample movement (scan).

2. The CT acquisition consists in acquiringinogramimages and using specific software for

the three-dimensional slice reconstruction. A numbef sinograms are acquired, where

n=hyi/hpixer, (Mroi is the total height of the sample to image bpd, is the vertical pixel size

of the detector). Each of thesesinograms corresponds to a given horizontal slice of the

sample and is obtained by coimibg projections acquired at different angular orientation of

the sample (which rotates around an axis padjopeilar to the incident X-ray beam). Images

are reconstructed using th&sT (High Speed Tomography) program, which utilizes a direct

filtered backprojection algorithm. Filtering igerformed internally in the reconstruction

subprogram provided by the SciSoft graugowever it is possible to disable this feature by
selecting a sinogram filter other than the internal filter.

The acquisition can be made in two modes:

S Full mode: the rotating sample must be faifigluded in the Field Of View (FOV) of the
detector in such a way the side pixels record only white field.

S Half mode: it is used for samples wider thtae detector. In half mode, it is possible to
enlarge the FOV up to a factor of 2 by displacing laterally the center of rotation. The
acquisition is made over 360 degrees (haif object is in the FOV from 0-180 degrees
and the other half is in the FOV between 180 and 360 degrees. The second half of the
sinogram is then reversed and “glued” to the 0-180 degrees sinogram; in such a way a

complete 0-180 degrees sinogram of up ticévthe FOV is available for reconstruction.

5.4 Image processing and correction

In this paragraph, the image processing grened to correct both projection and tomographic
images is described. Such corrections are necessary for the different kind of detector noise and
distortions. Since the characteristics of noise ddpm its source, specific procedures have to

be designed and applied for eliminating linear and/or non-linear noise components.

5.4.1 Correction of taper deformations

Each (aw) image acquired by using the taper FRelaa¥hera has to be corrected for the image

distortions of the camera itself, for exampldodmations arisen from the imperfections of the

3 For further details on the HST software, refer to
http://www.esrf.frlcomputing/scientific/FIT2D/HST/hst.html
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camera optics (aberrations and deformationtheftaper, imperfections in the coupling of the
taper with the CCD etc.)

By using images of a periodic object (a grid), it was possible to quantitatively calculate pixel by
pixel the distortion introduced by the camera and to calculate the corrections to be applied (C.
Nemoz, private communication).

In Figure 5.3 (A) an image of a grid (holes distance: 2.5 mm) is shown as acquired with the
FReLoN camera and also overlapped to its mathematical reproduction (smaller points). As a
result, a two-dimensional correction matrix @fme dimensions as the raw image) has been
written. Each element of the matrix contains thi&sko be applied to each image pixel in both
horizontal and vertical direction in order to obtain thee imageof the object. The corrected
image of the grid is presented in Figure 5.3 (B).

The taper-correction procedure has been implésdem the IDL software routinely used at

ID17 for the image processing.

Figure 5.3. (A) Image of a grid overlapped with its mathematical reproduction. The displacement of
each hole from its theoretical paition is due to the imperfectiors of the camera optics. (B) The
corrected image.

5.4.2 Image normalization

The signal of an image (raw image) is always the result of the interaction of the radiation with
the sample under investigation plus a series of other contributions (signal fluctuations) that can
degrade in different ways the image quality.

Possible sources of these intensity fluctuations within images are:

1. temporal instability of the incident X-ray beam.

Causes: machine current decreased with tiamg, vibrations or thermal drift of optical

elements (filters, slits, crystals) may occur along the X-ray path.
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2. spatial instability of the incident X-ray beam.

Causes: angular position of the X-ray beam ftbmwiggler and defects or deformations of
optical elements.

3. detector respomsinhomogeneities.

Causes: electronic noise (dark current); pixels with different gain.

In order to correct images by eliminatingr reducing these spurious contributions, a
normalizationprocedure is applied. Depending upthie experimental set-up and acquisition
modalities, the image normalization has to be suitably defined.

Two supplementary images have to be acquired:

- adark-noise imagewhich is recorded without exposure to X-rays. The signal consists
only in the electronics noise of the detection chain (additive noise).

- awhite-field image which is registered in the same conditions as the raw image to
normalize but without the sample in the X-ray beam. Therefore, this image is an image
of the beam itself (multiplicativeoise) and the detector response.

Since the white-field is degraded by the elemic noise as any image, the normalization
procedure can be schematized as

rawimageS darknoise
whitefieldS darknoise

normalized image (5.1)

When a laminar beam is employed, as is the aa#ie17, the image is obtained as a sum of the
different series of illuminated lines of pixels of the detector while the sample is scanned through
the X-rays. Therefore, after subtracting the dark-noise image from the raw image and the white-
field, respectively, normalization is achieved by dividing each pixel value of a column of the
raw image by the average of the pixel values of the related column of the white-field.

In the case of a broader X-ray beam able to cover the entire sample, combined with an area-
detector, the normalization procedure is obtained by applying the equation (5.1) pixel by pixel.

This last case concerns acquisitions penfegt at ID19 and presented in Chapter 6.

Spatial inhomogeneities due to misalignmenttred crystals of the monochromator/analyzer
system (such as the presence of a tiny horizontal tilts between them or other possible
instrumental distortions like dynamical deforioas of the crystals (lattice curvature)), may

still remain in the corrected imges. These inhomogeneities could give a small spectral gradient
in the final image meaning that different aréaghe image may be illuminated with slightly

different X-ray wavelengths.

157



158 Chapter Bnalyzer-based imaging technigue applied to the articular joints study

5.4.3 Correction of line and ring artefacts

Images can be sometimes affected by inhomogeneities that are quite but not perfectly regular
and/or constant with time. This is, for instanites case for artefacts due to low intensity of the
X-ray beam or of vibrations of the opticsusad by the (monochromator) cooling systems.
These disturbances generate horizontal linesdhanot always be normalized by procedures
described above.

In some cases, normalizing the image by selecting bands of pixels on the image itself (in regions
not covered by the sample) can partially solve gmoblem. In fact, vertical or horizontal
(depending on the direction of the inhomogeneities)ds of pixels can be chosen close to the
detail of interest, averaged and used iragm normalization. This may sometimes work,
especially on small areas. When it is not gassio model the noise by linear calculations and

reduce it with simple normalization methods, other more complex procedures are needed.

Working in the frequency domain can often dlifygpthe task. For this reason, the Fourier
transformation is used in a wide range oflm@pions, such as image analysis, image filtering
and reconstruction. It is used to access the geanobiaracteristics of a spatial domain image.

The Fourier transformation produces a complex-number valued output image which can be
displayed by two images, either with tteal andimaginarypart or withmagnitudeandphase

In image processing, often only the magnitudéhefFourier transformation is displayed since it
contains most of the information on the geometric structure of the spatial domain image.

In most implementations, the Fourier imag€u(v), with u andv spatial frequencies in the two
perpendicular directions) is shifted in such a way that the image Réa0)) is displayed in

the center of the image. The further away from the center an image point is located, the higher
its corresponding frequency will be.

Generally, an image contains componentsliofraquencies, but theimagnitude gets smaller

with higher frequencies. Hence, low fregais carry most of the information.

The image mean is by far the largest componoétiie Fourier transformed image, as shown in

the 2DFT (discrete Fourier transformation) iraagn Figure 5.4 (b) and 5.5 (b). Moreover,
there are two dominating directions in theuRer image, one passing vertically and one
horizontally through the center. These directional features originate from the regular patterns in
the background of the original image that could also be due to particular noise inhomogeneities.
Additive noise is, in many cases, evenly ilgtted over the frequency domain and therefore it

is dominant at high frequencies. Itsesffs can be reduced using some kindbof-passfilter.
Multiplicative or non-linear noise would be muahore difficult to model and would require

complicated mathematical treatment.
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For frequency filtering, the Fourier-transformietage can be used and combined with suitable
frequency-mask imagéasr reducing spatial fluctuations. #&f having identified the frequencies

of the noise signal, it is possible to set those frequency components to zero by means of a mask
image.

In order to reduce the line artefacts sometimésctihg images acquirefbr this Thesis, the
procedure hereafter schematized has been wiittéfatlab language and applied (examples of
images of a biological sample and a plastic ptranare presented in Figure 5.4 (a) and 5.5 (a)
respectively):

1. Two-dimensional Fourier transformation F(u,v) of the imagd(x,y) (Figure 5.4 (b), 5.4
(b));

2. Creation of amask, b(u,v) consisting of 'zeros' at the frequencies of the noise artefacts and
‘ones' elsewhere. An example of such an image is shown in Figure 5.4 (c) and 5.5(c).
Depending on the distribution of the noise frequencies the mask pattern can be modified by
changing the parameter, and n,, the width and the length of the "zeros" region,
respectively (see figure). When the line artedaare horizontally oriented, in the Fourier
domain the related frequencies lie on the wattaxes, while the opposite is the case for
artefacts vertically oriented;

3. Noise frequencies eliminationby multiplying the Fourier transformatiof(u,v) of the
image by the mask(u,v) (results in Figure 5.4 (d) and 5.5 (d)). The Fourier transformation
of the corrected image is given Iy, (u,v) = F(u V) €(u V;

4. The corrected image in the spatial domain is obtained by applying the inverse two-

dimensional Fourier transformation &f,, (u,v) (Figure 5.4 (e) and 5.5 (e)).

In this analysis, two aspects have to be highlighted.
f As already mentioned, Fourier transformation produces complex-numbered images
that can be displayed by a couple of images representing the magnitude (real) and the
phase (imaginary) components, respectively. In image processing (and in the figures

presented here as well), often only the nitagie of the Fourietransformation is

displayed as it contains most of the information of the geometric structure of the
spatial domain image. However, if the Fouiimage has to be re-transformed into the
spatial domain after some processing in the frequency domain, both magnitude and
phase of the Fourier image must be preserved.

f Moreover, the dynamic range of the Fourier coefficieingsthe intensity values in the
Fourier image) is too large to be dispd on a screen. Therefore,_a logarithmic

transformationhas to be applied to the image
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x Ny

Figure 5.4. Images of a biological sample (knee articulation of a guinea pig) representing the
intermediate and final results of the differentsteps of the line artefacts correction procedure.
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Figure 5.5. Images of a plastic phantom representing the intermediate and final results of the
different steps of the line artefacts correction procedure.

- When applying this correction method some frequency components of the image are
cancelled, thus modifying the gimetrical structure of the original spatial domain image. Since
the noise frequency pattern in most caseslsast partially mixed up with the image frequency
pattern, this operation always eliminates soimage frequencies together with the noise
frequencies. For this reason, if quantitatimeasurements have to be performed on the
considered images, particular attention tealse paid in the frequencies cut-off.

- This procedure has been shown to be pasdibuluseful for correcting ring artefacts in

tomographic images (originating by noisy or dead detector pixels in the sinograms).
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5.4.4 Deconvolution with detector spatial resolution

The image (., (X, y)) recorded by a detector is always the result of the convolution of the
incident signall,.(x, y) (the real, unknown image) with tfoint Spread FunctioPSF(x,y)

of the acquisition system (Dajntand Shaw, 1974). Therefore it is possible to write in the

spatial domain:

lec(X ¥) = linc(Xy) PSH X ¥ (5.2)
More in detail, since acquisitions are perfodria our case with a laminar X-ray beam that
illuminates a linear ROI (region of interest) of thetector (often just one line), the problem can
be treated in a one-dimensional approach toed signal recorded by the detector can be
expressed as (Hasegawa, 1990):

o) =2l(y) LSFY+ (9 2 (5.3)
p Po 1

with p being the detector pixel size (corresponding to the sample scannind_SEpe Line
Spread Function @SFintegrated along the scan directior]t)é,1 (y/ p) the sampling (comb)

function andn the noise (here represented as an additive function).

As already mentioned in Chapter 4, the effect of convolution with the deR8Kin the spatial
domain (or multiplication in the Fourier space) iattbf a low-pass filter that cuts off the image

high frequencies. A detector is considered to possess a high resolution when it does not
substantially modify the incoming signal sinceRtSFhas a FWHM narrower than the width of

the signal variations or oscillations.

The convolution effect is a relevant smearing of the signal, but lost information can be at least
partially recovered off-line by means of acdavolution algorithm. This off-line processing
receives as inputs the acquired signal and the detestefor LSF), which has to be measured
separately, and produces as output an image with increased spatial resolution.

As for the line artefacts correction, once again passing in the Fourier space allows simplifying
the task since convolution of functions (deconvolution) in the spatial domain turns into
multiplication (division) of the related Fouriansformation in the frequency domain amcke

versa

Expressing the detector resolution in terms of Modulation Transfer FunstioR(v), (see

Chapter 4) which is the kder transformation of theSF(y) the (5.3) becomes:
Fec) =[Frc(M) MTRY+ NV ( py (5.4)
with F.(v), F.(v) and N {) being the Fourier transformations of the recorded signal, the

incident signal and the noise, respectively.
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The effect of the convolution with the comb function(pv) is the replication with the
frequencyl/p along the entire axis of the spectrum:

Frec(V) =[Fpe() MTR(Y + N Y] (5.5)
If such a spectrum is not limited to frequencies lower {2m)®, this leads to the well-known
aliasing error (Dainty and Shaw, 1974): all frequencies higher (@pJi* will not be reproduced
in the image, and an overestimation of the Fourier coefficients may occur at all frequencies.
These errors are strictly correlated to the necessity of sampling the signal, and therefore
unavoidable. Due to this fact, we neglect $pectrum replication and the correction procedure
will be directly applied to equation (5.5). Thisocedure is strictly exact if the spectrum is
limited to frequencies lwer than or equal t2p)* (Nyquist theorem); otherwise it will result in
an approximation which becomes less and lefestdfe as the limitingrequency is increased.
In principle, F .(v) can be estimated from equation (5.5) as:

_ Frec(v) SN(Y)

Foe M) =—7E W

(5.6)

The real imagel;,. X y Xxan then be estimated by inverse Fourier transforring v . I(i$

inc
clear that such estimation is correct only in the ideal cad¢(@f=0; in fact, noise sources are

always present in an acquired image (tlareeat least the gnaum fluctuations).

I have calculated correct images by simpéglecting the noise and applying the equation:

co B8

Iinc (y) = MTF(V)@ 3,

(5.7)

with F ! denoting the inverse Fourier transformation.

| have used th&ITF curves of the FReLoN camera | measliand presented in Chapter 4. In
Figure 5.6 the verticd/ITF for the 100um thick fluorescent screen at 51.5 keV is shown.

As examples, results of the deconvolution of two different images are displayed in Figure 5.7
(same two images considered for the line artefacts correction in the previous paragraph). For the
calculation, theMTF of Figure 5.6 has been used (bothagres were in fact acquired at 51.5
keV).
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Figure 5.6. FReLoN camera vertical MTF for the 10Qum thick fluorescent screen at 51.5 keV.

Figure 5.7. Raw imagesacquired with the taper FReLoN canera (left) and the same images
deconvoluted with the measuredVTF of the detector by using equgon (5.7) (right). Image have
been acquired with the 10qum thick fluorescent screen at an energy of 51.5 keV.
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By looking at the deconvoluted images of Fight&, it is possible to notice that the applied
correction algorithm introduces a lot of evenly distributed background that heavily spoils the
image quality. As discussed some literature (Olivo, Rigomt al, 2000), this background
originates from the low intensity of éhhigh frequency aoponents of theMTF. In fact, the

ratio N/MTF (in equation (5.6)) becomes extremely high for those frequencies where
MTF 0, even when the noise is very low. Thiigs necessary to apply some filtering.

Different filtering functions can be used. If fer instance, possible to multiply both members
of the equation (5.6) by a function(v) such as: (v) 1 for F(v) N(V) and (v) O

for F..(v) N(V (Olivo, Rigon et al, 2000). As seen in the previous paragraph, noise
dominates the image at high frequencies, therefore hé9g to be a sort of a low-pass filter

resulting in:

Free(V) .\ _ < N(Y
My V7 OSTs (0 Ry (5.8)

Then, by inversely transforminé rec / MTF, an estimate of the real image can be obtained.
Such an estimate will be a good approximationl,Qf(x, y) only if the choice of the filter is

appropriate.

In order to test the effect of the deconvolution procedure in our images, | decided to proceed in
a very simply way by smoothing the decrease of MEF curve. Starting from a certain
frequency (which value has been enwallly derived), | have raised thdTF values at a fixed

value. The result of this procedure is shown in Figure 5.8 (dashed blue line).

Figure 5.8. FilteredMTF.
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In Figure 5.9 the deconvoluted images obtained by using this filldiddare presented. The

starting images are the same use as example in Figure 5.7.

Figure 5.9. Results of the deconvolution algorithm by using filtereMTF.

Corrected images are much less noigntbnes obtainedith the unfilteredVTF. The quality

of the deconvoluted images is good but, on the other hand, the image resolution has not
significantly increased.

In the light of these results and of other studied examples not presented here, | preferred not to
deconvolute images with the detector since the igaimage quality is not significant while the

risk of introducing additional noise into the image is not negligible.

5.4.5 Color-coded ABI images

As an alternative to separately calculate gitsan and refraction information in AB images
derived from different angular positions of thezer crystal (by applying the DEI algorithm),
physicians have expressed the need to suimenas much information as possible in one

unique image.
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From a medical point of view, in many cases, slope images and the top image themselves seem
to carry most of the meaningful details. Fasstreason, an algorithimas been written (Marco
Stoessel, Dept. of Orthopaedics at the Waldkrankenhaus Rudolf Elle) in order to obtain an
image that is the mere overlap of a set of "minus"”, "top" and "plus" images. By differently
colouring each of these images (Figure 5.10), a composite image is created: dominating features
coming from one specific image (that is, a specifhalyzer angular position) of the set will
appear in the corresponding pure colour, wheraed features will appe in mixed colours.

This new image will be called "Diffraction-coloimage” in the rest ofhapter. An example of

the procedure is presented in Figure 5.10.

Figure 5.10. Example of a "Diffraction colour image" of a hip obtained by overlapping "minus",
"plus" and "top" ABI images differently coloured. Note the dominating blue in the center of the
hip bone where x-ray absorption is strongest, and the green and red stains at the edges within the
cartilage, where diffraction generates the main image component.

5.5 Results of the in-vitro experiments

In Table 5.2, | have summarized the acquisitiotaitkefor the different samples considered in

this study. In particular, the energy, the imaging mode (planar projection and/or tomography),
and the detector used are reported here.

In the following paragraphs, results obtaineddlach sample are presented. The most complete
studies regard the femoral head and metal implants since they include both projection and

167



168 Chapter Bnalyzer-based imaging technique applied to the articular joints study

tomography analysis and a full comparison waththe conventionally used clinical imaging

techniques. This work, which is the fruit of the collaboration between the Department of

Orthopaedics of the University of Jena with the ID17 at ESRF, the HASYLAB at DESY

(Hamburg), ELETTRA (Trieste) and the Rush ditaal College (Chicagohas resulted in two

papers:

- A. Wagner,et al. “Chance and limit of imaging of articularartilage in vitro in healthy
arthritic joints - DEI (Diffraction Enhancedmaging) in comparison with MRI, CT and
ultrasound, SPIE Proceeding, Vol. 5746, 542-549, 2005.

- A. Wagner.et al.“Options and Limitations of Joint Cartilage Imaging: DEI in Comparison
to MRI and SonographyNuclear Instruments and Methods A, Vol. 548, 47-53, 2005.

Some of the results here presented on théicapipn of the ABI technique on metal implants

and their comparison with coemtional radiography and histology have been published in:

- A. Wagner, et al. “Quality evaluation of Titanium Iptant Ingrowth into Bone by

Diffraction Enhanced Imaging (DEL)Phys. Med. Biol.,Vol. 51, 1313-1324, 2006.

sample energy (keV) acquisition mode detector
human hip 30 projection 46 um FReLoN camera
50 tomography
human ankle 50 projection
50 tomography
human toe 30 projection
30 tomography
metal implant 50 projection
50 tomography

Table 5.2. Acquisition details.

5.5.1 The femoral head (hip)

The hip is a ball-and-socket joint where theadheof the femur articulates with the cup-like
acetabulum of the pelvic bone (Figure 5.11 (a)).

Human femoral heads from patients with hip ostiwiis (OA) or necrosis of the femoral head
obtained through joint replacement surgery wiengestigated by macroscopic inspection,
conventional X-ray examination and conventional tomography (CT), analyzer-based
imaging (ABI), magnetic resonance imagig (MRI), ultrasound (Ul) and histology.

In Figure 5.11 (b-c), the cases of a healmd an arthritic hip joint are schematized. As
explained in Chapter 1, OA is a disease thablves the breakdown dhe cartilage tissue that
normally allows the joint tamove smoothly. When the glij surface of the cartilage is

damaged or has disappeared, the bones grinthsigeach other, creating pain and loss of
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normal joint movement. Clinically overt OA is conventionally diagnosed by planar x-ray
radiology measuring the joint space narrowidgfortunately, until now OA is detectable only
at advanced disease stages. Therefore, detection of early signs of degeneration has been one

objective of this study.

Figure 5.11. a) Anatomy of the hip joint. b) and ¢) schemes of a healthy and arthritic hip joint.

Figure 5.12 shows the morphology @femoral head used for images afterwards presented: (a)
and (b) are the 'frontal and above' view andfiioatal' view, respectively, of the sample. Some
details are indicated: 1- the ligament base (rexdafter ABI examination), 2- a defect, and 3-

an artificial damage (knife cut).

Figure 5.12. Pictures of the hip used in this study.

S ABI images have been acquired at different angular positiortheof

crystal analyzer. These positions artemed to by the fraction of intensity

with respect the maximuntop) of the rocking curve of the analyzer (see

figure on the right).

S Conventional X-ray images were obtained by a General Electric GE

mammography unit.

S Ul was performed applying a high resolution commercially available device used in

dermatology at 20 MHz and conventional 7,5 and 10 MHz devices (Siemens).
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S MRI were performed on a T5NT (Philips) wishirface coil, using two kinds of sequences:

the T1 SPIR TFE TE 22, TR 95, Flip 50 an@ th1 FFE MTL TE 22, TR 80, Flip 50 (slice
thickness 1.2 mm).

S Conventional CT was performed using a Siemens Somatom Balance at 120 kV (1 mm
slices).

S Histology was performed on fm sections from decalcified and paraffin embedded select
segments from the femoral head. The sections were stained by either the azan-based Masson-
Goldner procedufeto discriminate bone and soft tissoe by safranin O/fast green to visualize

the composition of articular cartilage.

Examinations by using conventional diagnosgchniques have been performed by at the

Department of Orthopaedics (Univ. of Jena).

XPROJECTIONS

Figure. 5.13. Conventional radiographs and ABI projection of a hip acquired at different
experimental conditions (detailed description in the text).

Figure 5.13 Conventional absorptive X-ray examination of the femoral head is shown in (a-c).
The experimental parameters are respective)y38akV, 12.5 mAs, (b) 2&V, 31 mAs, (c) 24

kV, 18 mAs. In Figure (a) Comntional absorptive X-ray examination, cartilage is invisible.
Only conditions with selected experimental vgiiaand currents allow for visualizing cartilage

4 http://www-medlib.med.utah.edu/Weath/HISTHTML/MANUALS/MANUALS.html
or http://www.protocol-online.org/prot/Histology/
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but the surface, the cartilageidi®, and eventual internal femes are still not clearly defined

(see red arrows).

In (d-1) ABI projection images from the same femoral head are presented: (d) + 50%, (e) —-50%,
() Refraction-Image at 50%, (g) Top-Image, (h) + 15%, (i) —15%, (I) Refraction-Image at 15%.
Images are optimized to detect cartilage agdrtiient. On contrary to conventional radiographs,

in ABI images cartilage height is clearly defihim all images (red arrow). The arrow with the

number "2" points out the artifididetail on the cartilage tissue.

Figure 5.14. Comparison of ABI projections of the hip with images obtained with conventional
techniques (detailed description in the text).

Figure 5.14 (a-g) shows the comparison of projection imaf{e¥ conventional X-ray: 24 kV,

18 mAs;(c) ABI: refraction image at 50%) and tomographjgs Conventional CT [130 kV, 60
mA, window 1500, level 400]) and MRh, b) (exposure time longer than 5 hours) from an
arthritic lesion of the femoral head shownFigure 5.12. The yellow double-headed arrow

indicates the real thickness of cartilage. Despités(@ projection image, structural damage of
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cartilage, invisible even in CT and MRI imagés displayed. Conventional X-ray shows only
deep zone of cartilage but is not able to aime structural irregularities seen in ABI. The
image in (d) is a colour-coded ABI diffraction image (minus 50% - red; plus 50% - green; top —
blue). The image in (h) presents the histolaboorrelate ((Masson-Goldner 1.25x]). Refraction
ABI image and colour-coded ABI unmask interstilictures in cartilage (red arrows) which are
signs of cartilage tissue damages. The bluewapoints out a nascent osteophyte (a growing

cartilage/bone spur).

XTOMOGRAPHY

Figure 5.15. ABI tomographic images of the hip (detailed description in the text).

In Figure 5.15 ABI tomographies acquired at 50 keV (Si (333)) of the same hip are presented.

In (a, b) the section where ABI-CT have beerfgrened is indicated by yellow and red lines. In

(c) ABI-CT slices at "minus 50%" are shown. The two ABI slices at the bottom of the figure are

a "top" and a "plus 50%" ABI CT. Cartilage-board cartilage-air intéaces are highlighted

and defined. Cartilage thinning and degradatiothenleft of the samplare perfectly detected

as well. The meshwork of the trabecular bone tissue is clearly defined both in the "top" and in
the "plus 50%" ABI CT.
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Figure 5.16 shows the comparison of MRI, Ul, conventional CT, and ABI-CT: (a-c)
experimental MRI with 5.5 hours of exposufd) circumferential reaastruction of segmental

Ul with 13.5 mHz; (e) conventional CT with falselour contrast for better optical visualization

of cartilage (130 kV, 60 mA, window 1500, level 400); (f) colour-coded ABI-CT.

All images show the approximately same slicéhaf femoral head segment as illustrated by red

line in the inset (c). The yellow arrows pointdamaged cartilage and thsterisks indicate the
artificial artefact made with a knife.

In the right part of the figure, the pixel intensjyofiles of the tissues borders are presented.
The curves show no defined transitionsMiRl and conventional CT. Only the ABI curve
displays clear intensity jumps at the interfaces between tissues clearly delineate the borders of

cartilage.

Figure 5.16. Comparison of ABI tomography of the hip with slices obtained with conventional
techniques (detailed description in the text).

Figure 5.17 A comparison of structural details obtained from ABI-CT and from histology of a
healthy segment from the femoral head. (a) ABI-CT slice, refraction image. The blue box
indicates the magnified region in (b), the dashiite box the safranin O/ light fast green -
stained histological section in (c). Safranin O (red) stains for regions with high proteoglycan
content, light green (b&) contrasts regions with low protggcan content. Note that ABI is
capable to separate the intensely red sthiméneralized cartilagérom the unmineralized
cartilage. In addition, theuperficial layer cartilage of the joistirface, stained in blue, is also

discriminated.
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Figure 5.17. ABI tomographic slice of the hip compared with histology (detailed description in the
text).

Figure 5.18 Colour-coded ABI-CT segment (0.25 mm slice) compared tpnb thick
microscopic histology sections. The pictigieows a comparison of normal-looking cartilage
from two selected sites. Note that the damagaietular meshwork of the bone to the left and
the fine trabecular meshwork to the right are equally well imaged in ABI as in microscopy.

Also, the thickness of the cartilage in histgy matches the imaged geometry from ABI.

Figure 5.18. Color-coded ABI tomographic image of the hip compared with histologic sections
(detailed description in the text).

Of all techniques, ABI provided highest imagenast and resolution revealing the structural
tissue architecture with the least amount ofefaignals. MRI needs a very long exposure time

to achieve comparable quality. Application of ultrasound is limited because of joint geometry
and, at high sound frequendiie necessity of close contactiween cartilage and transducer.
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The clear presentation of the cartilage surfacinjgerative for unequivocal diagnosis of the
state of disease of the joint. As proven by Figlsdl2 and 5.13, this inface is clearly defined

in ABI images only. Cartilage changes its absggoproperties (due to water and fat content)
gradually towards the joint space, with densityming close to that of the joint gap fluid,
resulting in ambiguous visualization of cartilagerders in conventional X-ray, CT and MR
imaging. CT and conventional X-ray imaging prodwo clear borders of cartilage, when using
the typical physical parameters of orthopaedic radiology, since the density of cartilage is too
low. In MR, either by generating fat or wateeighed images, the layered structure of cartilage
forces a compromise that either obscures the boodihe bone or the border to the joint space.
The MRI-imaging of cartilage will only generag@od results after excessively long exposure
times and optimal arrangement of the presentedenteger (Figure 5.15). If the layer is not in

the median cross section, the cartilage bordirbe at an oblique angle producing very blunt
signals (partial volume effect).

ABI, in contrast, is specifically based on the aefion properties of the tissues and it is able to
enhance material edges. The ABI technique gdas images that most closely resemble the
appearance of anatomical and histological tissue structures (Majumdar, Sema-dssalver
2004). Even though the physical basis for theegation of the images differs drastically from

the otherwise commonly used techniques, image interpretation is therefore, in the end,

facilitated for physicians.

5.5.2 The ankle

The ankle joint is made up of three bones: theeloend of the tibia (shinbone), the fibula (the
small bone of the lower leg) andetltalus, the bone that fits into the socket formed by the tibia
and the fibula (Figure 5.19 (a)). Inside the jotht bones are coveredtivarticular cartilage.

Figure 5.19. a) Anatomy of the ankle. b) Healthy ankle joint; b) arthritic ankle with degeneration
and loss of cartilage
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The ankle is one of the most crucial joints in our body. Since the ankle is a weight-bearing joint
that absorbs the body's full impact, pain from an injured or diseased ankle is
especially severe and debilitating. Besa the ankle is so integral to an
active lifestyle, it is an injury-prone part of the body for young and older
people alike. Even moderate sprains and fractures can lead to problems,
sometimes years later.

In OA conditions that affect only a small part of the joint, surgery may be
used to replace a damaged cartilage using cartifage another part of the body. When OA is
advanced, ankle replacement with artificial joint or anklearthrodesis(fusion) may be used
(see figure on the left). Arthrodesis is susfesand durable but makes the joint permanently
fixed. Early detection of cartilage degenerationtfa ankle joint is therefore a crucial issue for

orthopaedics.

XPROJECTIONS

Figure 5.20. ABI projection at of a human ankle different angular position of the analyzer crystal
along its rocking curve (detailed description in the text).

Figure 5.20shows ABI projection images of an ankle joint for five different positions along the
Si (333) analyzer crystal rocking curve. Imagegehldeen acquired at an energy of 50 keV. The
calculated "apparent absorption" and "refraction” images, obtained combining ABI radiographs
at 50 % and 10 %, are presentedrigure 5.21 In "slope" and "refraction” images, interfaces
between bone and cartilage tissand between the cartilages surmding the two bones of the

articulation are clearly visible but no inhomogities inside the cartilagiéssue are detected for
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the studied joint. "Refraction" images, in peutar, enhance the trahdar meshwork of the

bone.

Figure 5.21. "Apparent absorption" and "refraction" images of the ankle (detailed desciption in
the text).

XTOMOGRAPHY
ABI tomography slices at three different gigis inside the ankle joint are presentedrigure
5.22 Images have been acquired at 50 keV with the Si (333) analyzer crystal set at the "top"
(left column) and 50 % (right column) positiots.both slices "1" the three bones forming the
articulation (tibia, fibula and talus) and the bensl of the cartilage tissues covering the bones
are visible. By moving up along the articulation, the talus (bone in the central part) gradually
disappears and we enter into the joint spaceesli3") taken up by the cartilage tissue covering
the tibia and talus extremities.
After having piled up the acquiregrslices, suitable software (in this case ImageJ £)3%an
be used to virtually re-slice the volume and obtain fronta) @nd
sagittal kz) slices of the sample (see figure on the left).
In Figure 5.23an example of frontal and sagittal slices of the ankle
under investigation is shown. Thanks to the high edge-detection
capability of the ABI technique, the lateral views of the sample
allow to analyze the status and the thicknesghefcartilage tissue danction of the depth
inside the articulation in a much easier way than axia) fomographs. This kind of evaluation
is not possible on simple projections since theyaar integral of the signals produced all along

the X-rays path inside the object.

® ImageJ 1.33u, Wayne Rasband - National Insstaff Health, USA (http:/rsb.info.nih.govl/ij)
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The study of lateral sections of the examined ankle has revealed some irregularities (yellow
arrow) in the cartilage tissue that need to beotugically verified in order to establish if they

are real damages or just image artefacts.

Figure 5.22. ABI tomographic images of the ankle (detailed description in the text).

Figure 5.23. Lateral slices of the ankle constructed by ABI tomography acquisitions (details in the
text).
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5.5.3 The big toe articulation

In this study, the cartilage tiss between the proximal and the distal phalanges (Figure 5.24) of
a human big toe has been examined. Cartilaggue around the extremities of the two

phalanges is very thin and is usually undetble by conventional imaging technigues.

Figure 5.24. Anatomy of the foot.

Some ABI projection images of the big toeveaeen performed buhe cartilage was not
visible. This fact is largely due to the particular saddle-shape morphology of the bones which,
whatever is the orientation of the toe, overlap the soft tissue in between.

An example of ABI projection image ofdhinvestigated sample is presentefigure 5.25(50

% slope image at 30 keV and with Si (333)).

Figure 5.25. ABI projections of a human big toe (detailes in the text).

XTOMOGRAPHY

In order to overcome the intrinsic limitationsedto the sample structure, ABI tomography at
the joint site (region indicated by the two yellow lines in Figure 5.25) has been performed at an
energy of 30 keV and with a Si (333) analyzer crystal.
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Figure 5.26. ABI tomographic slice of the human big toe (details in the text).
In Figure 5.26 a couple of ABI CT slices of the big toe acquired with the analyzer at the "top"
position are shown as example. The image on thésleftslice inside the distal phalange, while
the image on the right has been acquired in prayiwii the joint spaceln particular, in the
latter, besides bone trabecles, some lines afpehicated in the image by yellow arrows) and
they precisely are the bordeo$ the cartilage tissue surrounditige two phalanges. | would
especially like to point out the elliptical linesound the two small bone spots, which are the
tips of the proximal phalange, and the darker line in the middle, which is due to the contact

between cartilages of the two bones.

Figure 5.27. Lateral slices of the big toe constructed by ABI tomography acquisitions (details in the
text).

Frontal and sagittal slices, virtually obtained and presentedrignre 5.27 allow the
visualization of the cartilage covering the two pimgles of the big toe joint as well, proving the
high potential of ABI tomography with respect to simple projection for this kind of

investigation.
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5.5.4 Metal implants

Implant properties have already been desdrilie Paragraph 5.2. The alignment of the
cylindrical implants allows a longitudinal viewf the implant at X-ray imaging and thus a
standardized evaluation of bone healing. Healing progress was assessed by conventional X-ray
imaging in the living animal at week 1, weelagd at week 9 from implantation. Each treatment
group consisted of four animals. The animals vearerificed at week All the specimens were
histologically examined aftendation with buffered 4% paraforntghyde and sectioning, either

with the implant in place as hard tissue sectmmafter cautious removal of the cylinders from
demineralized specimens and paraffin embedding. This part of the work has been carried out at
the Department of Orthopaedics (Univ. of Jena).

Prior to histology, bones were cut into 3 x 3 x 4 samples around the implant cylinder and

then submitted to ABI investigation.

S ABI images have been acquireddifferent angular positions dhe crystal analyzer at an
energy of 50 keV and a Si (333) crystal analyzer.

S Conventional X-ray images were taken at 50 kV and 5 mAs at the X-ray tube and using a
‘Mammoray HDR PQ’ mammographic film (Agfa) and HDS Mammoray screens cassette
(Agfa).

S Histology. After ABI, samples were demineralizethe specimens with the metal implant
still in place were dehydrated via ascending lad¢@oncentrations, and then were impregnated
with a 1:1 mixture of alcohol@chnovit 7200VLC, followed by fiitration with pure Technovit
7200VLC (Heraeus Kulzer, Germany) and embedding into methacrylate-based resin. Thin
ground sections of 100-200m and with slices ground to a thickness of 5+iifi were
produced. Staining was performed wittither Masson—Goldner or alizarin® $o follow
calcification processes. Microscopy was perfedmon a Zeiss Axiovert 200M microscope

equipped with the ‘Axiocam’ digital camera.

XPROJECTIONS
Figure 5.28 shows conventional radiographs of the sheep implants, without (a) and with (b)
BMP-2 factor, which have le@m afterwards used for the ABI investigation.

® http://www-medlib.med.utah.edu/\WBath/HISTHTML/MANUALS/MANUALS.html
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Figure 5.28. Conventional radiographs of sheep imlants (details in the text).

Because of the X-ray beam hardening, a typical artefact of implant imaging (Brooks and Di
Chiro, 1976), the status of the healing of the implants into bone is not appreciable: edges

between metal and tissue appear highly blurred.

Figure 5.30. Lateral ABI projections of sheep implants (details in the text).

Figures 5.29 and 5.3Qresent ABI projection images of the same

sheep implants viewed from thaxial and lateral orientations
Figure 5.29. Axial
ABI projections of

sheep implants the 50 %,+15 % andt 8 % "slope" positions of the crystal analyzer.
(details in the text).

respectively. Images have been acquired at the "top" position and at

The comparison between these images (Figure 5.30 (c-e)) has
revealed, for this kind of sample, that the higlsestsitivity of the ABI technique is achieved at

the very far slope of the analyzer rockingvau(e.g. 8 % like shown in Figure 5.29 and 5.30

(©)).

Figure 5.31 presents the comparison between ABI images and histological sections. In
particular: A and B are images of a speciméthout BMP-2 (bone growth factor) while C and

D are images of a specimen with BMP-2. A and C are the histological sections of the specimens
presented in the ABI images (15 % analyzer position) in B and D, respectively. Note the black
and white refraction lines around the BMP-fredirtler in B in the location where histology

(A) indicates absence of new bone. The intricate trabecular network in both specimens strongly
suggests almost completed healing for both but, as histology demonstrates, only the BMP-2

treated cylinder (C, D) is surrounded t@yoriented trabecular elements.
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Figure 5.31. Comparison between ABI projections and histology of sheep implants (detailed
description in the text).

The analysis of the images in Figure 5.29, 5.30 and 5.31 proves that the ABI technique is able to
reveal two significant features of the implant limeaprocess: the intense inter-digitations of the
bone with hydroxyapatite and the formation of omehtrabecular structures around the implant.
First, ABI images taken at the slopes of the rogldurve of early stages of bone growth always
display the edges of the implant as highilsfractive elements. While, upon completed
integration into the host tissue, inter-digitatiomisthe tissue with the implant modulate the
refractive signal, thereby demonstrating cdetgd integration. Defined implant borders
disappear and implants seem to ‘melt’ into the background of the bone (Figure 5.31 (D)).
Secondly, the application of the growth factor BMP-2 has additional consequences. In the
sheep, the new trabecular network orients itselatds the circular geometry of the cylindrical
implants, as seen in the histological imag@égure 5.31 (E)). ABI is able to pick up these
regular patterns, visible in particular at highgmdication of the images within the adjacent 200

pm around the implant (Figure 5.31 (E)).

The process of guided bone growth did not falleee to the same extent in the samples without
BMP-2 (Figure 5.31 (A)), and consequently concentric signals in the region immediately
surrounding the implant are absent (Figure 5.31 (B)).

These results demonstrate tha ABI technique provides an indirect measure of implant
healing because of its inherent property to genepatdicular signals from edges. The results
suggest that the images from very far slope of the rocking curve provide the greatest level of

information concerning bone ingrowth due to treility to detect interfaces between different
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tissues (or matter). Since implants have elaborate edges, in particular when coated with minerals
such as hydroxyapatite, the X-ray refraction sigraah those edges is particularly intense when
healing does not occur. Any ingrowth of bone ititese three-dimensional superficial structures
weakens the signal, thus providing an indineetasure for implant integration, independent of

the angle of sight or thickness of the sample.

XTOMOGRAPHY

Pilot ABI tomography imaging of implants have also been performed in the framework of my
thesis.In Figure 5.32, some slices of a sheep implant (7 days post surgery) acquired at 51.5
keV with a Si (333) analyzer crystal set at ttap" position are presented. In these images, the
implant appears as a white perforated disk & dbnter of the bone in which it is embedded.
The seemingly “empty” space within the specimen is occupied by fat tissue typical for the bone
marrow in old animals (see also histology in Figure 5.31). The cortical bone (the hardest form
of tissue) with its trabecles ike bright part of the specimdmn. both slice "2"and slice "3" it is
possible to see the starting of growth towattts metal surface, while the slice "1" does not
show any trabecular formation around the metal implants. Slice "4" shows instead the hole
formed in the implantation operation.

Figure 5.32. ABI tomographic slices of a sheep metal implant (detailed description in the text).
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In Figure 5.33 an example of the virtual frontal amsagittal slices of the sheep implant is
presented. These images are quite noisy since the energy used was not the optimal one for this
kind of sample (excess absorption due to lowrgy). However, some teresting details are

visible. The yellow arrow indicates a line which is very probably the interface between the bone
tissue and a soft tissue formed between theebamd the implant, possibly inflammatory
granulation tissue, while the red arrows points out the beginning of cortical bone formation at

the indentation of the implants, maybe due to BMP accumulation.

Figure 5.33. Lateral slices of the metal implant constructed by ABI tomography acquisitions
(details in the text).

These results presented in this section demstrate that by using the ABI technique, a
destruction-free evaluation of the quality of irgrowth of bone into metal implants is not

only possible but also much more sensitive with respect to conventional radiographiy
addition, the feasibility of ABI CT of metal implants has been proven by producing ABI slices,
which could be able to become in the fut@me important non-invasive alternative to the

histological examination.

5.6 Three-dimensional rendering of articulations and implants

The application of the ABI tomography to thatdage study and implants healing evaluation
presented in this Thesis is one of the most aaigaoints for this kind of investigation. Results

shown up to here are diagnostically relevantsithey offer a means for better examining and
understanding OA progression and the bone growth in implant surgery.

Starting from ABI CT images, it was possible dohieve something even better, that is to
perform a three-dimensional reconstructidrihe sample under investigation.

The specimens considered in this particianrk are the big toe articulation and a sheep

implant.
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xThe human big toe joint

A slice by slice manual segmentation of the two cartilages of the toe articulation using a specific

script developed on Adobd”hotoshop 5.5 has been performed.

Figure 5.34. Three dimensional rendering of the human big toe (details in the text).

The segmentation consisted in delting the cartilages by following the interfaces revealed by
the ABI contrast. The resulting volumes of cag#awere then reconstructed in 3D using the
software VGStudioMax 1.2 (Volume graphiddeidelberg, Germany). Segmentation of the
different bones was performed bggion growing using the "3D magic wand tool" of VGStudio
Max. The final rendering consisted in digptay all the segmented volumes (bones and
cartilages) in a common 3D virtual space wdifferent colours. The result is shownHRigure
5.34

XThe sheep implant

In Figure 5.35the three-dimensional rendering of a matglant is presented. The volume has
been reconstructed using the software VGStudioMax 1.2 like for the big toe but, in this case, the
segmentation has been performed by operatinthergrey levels histogram. Thresholds have
been chosen in such a way to enhance theahistion of the metal implant and the cortical
bone. In the figure, different views of the recoasted volume are shown. The emerging part of

the implant is in reality embedded in bone tessund sometimes is covered by a layer of soft

tissue (e.g. fat), as demonséchtby the results previously presented on ABI projections and
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tomography. In the last image of figure 5.35, the hole in the cortical bone made during surgical

implantation can be clearly discriminated.

Figure 5.35. Three dimensional rendering of th sheep metal implant (details in the text).

5.7 In-vivo experiments results

The ability of the ABI technique of visualizirgnd monitoring joint tissel diseases has been
largely proven both in projection and CT cguofrations. All the results until now presented

have been obtained on excised specimens fremhuman or animal body. It remains to be
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determined now whether the technique can be extended/teo study by using living animals.

A preliminary test has been performed on guineg jpiecause of their genetic constellation to
develop arthritis. The energy used in this studs 51.5 keV with a Si @) analyzer crystal.
Acquisitions have been performed in projectiordmand the targets to investigate were the hip
and knee. All relevant experimental parameters are summarized in Table 5.3.

Animals have been anaesthetized by injection of Chloralhydrate (1 ml/100 gr) and the measured
skin dose rate in air at the maximum photarxflvas 0.3 mGy/s. That means a total delivered
dose to the animal of about 0.9 mGy per set of ABI images. The scheme of the used
experimental set-up and a picture of the animal fixation are shown in Figure 5.36.

sample energy (keV) analyzer acquisition mode detector

46 um FReLoN camera
Guinea pigs 51.5 Si (333) projection or
30 um optics FReLoN camera

Table 5.3. Experimental parameters used foin-vivo acquisitions.

Figure 5.36. a) Scheme of the ABI set-up fan-vivo experiments; b) animal fixation.

Figures 5.37and5.38 present ABI images of a hip and a knee of a guinea pig, respectively,
recorded at different angular positions of the analyzer
crystal (top,+50%, 15% and 8%). For both joints, the
detector was a 2000 FReLoN camera coupled with a 30
pm optics. Because of the particular joint anatomy, the
study of the hip appears to be more complicated than that
of the knee because of the significant structural
overlapping between acetabulum and femural head.

Anyway, edges of the acetabulum and femur hesadclearly defined and in many cases (see

image of a hip on the left), the fibrous capsule enclosing the hip joint and most of the femur

neck is visible. The hip joint capsule, whipossesses a crucial role in the hip stability,
functions to constrain translation between ftyaur and acetabulum while allowing rotational
and planar movements.

Other images of the knee of guinea pigs acquired with the ABI technique are shieigora

5.39((a) -50% slope image, (b) -15% slope image) ligdre 5.40(top image). In those cases
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the 30um optics FReLoN camera was used, whileifoages presented in Figure 5.38 the 47

pm FReLoN camera was employed.

Figure 5.37. ABI projections of a hip of a guinea pig (details in the text).

Figure 5.38. Lateral view-ABI projections of a knee of a guinea pig (details in the text).
In these images, the cartilage tissue is not gleasible because of the overlapping of various

soft tissues present around the joint (skimt tissues, synovial fluid etc.). Nevertheless,
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physicians have detected possible signs of osteitast as indicated by arrows in the figure. In
particular, protrusions (yellow arrows) at the si@é the extremities of bones of the articulation
are very likely osteophytes (bone spurs) while festim the joint gap in between may be due to

ossification (red arrow) or calcification of the meniscus (green arrows).

Figure 5.39. Lateral view-ABI projections of theknee of guinea pigs (details in the text).

Figure 5.40. Frontal view-ABI projection of the knee of a guinea pig (details in the text). 47 mu

In Figure 5.41the "apparent absorption" and "refraction” images of the same hip shown in
Figure 5.40 are presented. The quality of these images is not very good because of the slight
animal movements between different acquisitiovsllow and green arrows indicate signs of

osteophytes and possible calcification of theniseus or cartilage damages, respectively.
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Figure 5.41. "Apparent absorption" image and "refraction” image of the knee of a guinea pig
(details in the text).

Images here presented represent the first results obtaineevimo ABI images for studies of
articular diseases. These preliminary results encourage further investigations in this direction.
Moreover, thanks to the significantly lower radiation dose delivered than in conventional X-ray
imaging or micro-CT and to the enfwed sensitivity of the techniquie-vivo ABI could also

allow to follow the bone/metal ingrowth in individual animals and, thus, to generate more
precise insights into bone remodelling at implant sites in addition to follow up development of
OA.

Nevertheless, some important considerations have to be pointed out.

X The lack of a deeper knowledge of the guinea pig anatoage the image interpretation

sometimes difficult. On the other hand, on these results it has to be said that none of the
examined guinea pigs (5 in total) presentevert and irrefutable signs of OA, probably
because animals were not old enough.

x The joint spatial orientatiomwith respect to the incidedéaminar X-ray beam is a really

crucial point. This is especially true for ttk@ee imaging: in order to obtain as much
information as possible on the status of #éwdcular cartilage, the patella must face the
beam directly and the head of the tibia musekectly parallel to t beam. If the knee joint
is not well oriented, images are inevitablyppardized. To this end, the presence of the
physician during image acquisition is fundamental for the image optimization.

X The duration and efficacy of anaesthesere very animal dependem®tnimals sometimes

moved during image acquisition making, for arste, impossible the application of the DEI
algorithm. For this reason, in the second campaign of experiments performed on guinea
pigs, anaesthesia was given via inhalation allowing a control of its duration and depth.

x Another critical aspect is vertical positioning of the anim#&le support has to be designed

in such a way to avoid that animals bear thegight on their fore legs. For this purpose, a
special stage has been produced in order te@rtiee animal sit on its bottom and allow one
of its legs to pass through a hole and bedigt the ankle. This position, which initially
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seemed comfortable for the animals, has redk&d be not adapted to the musculoskeletal
structure of the guinea pig. This animal, &ttf does not possess a muscular configuration
that allow it to stay in a vertical position (comsely to rats, for instance); the rib cage tends

to collapse and suffocates the animal. Therefore, in all the experiments performed, the
guinea pigs were always also fixed at tleadh and shoulder levels. Alternative positioning

and supports are under examination.

5.8 Dose effect study: assessing the biological response of
chondrocytes

The X-ray dose delivered to the sample imagét the ABI technique is generally much lower
compared to doses used during conventional radiography (Bravin, Fee@ler2002) with an
actual benefit for the sample/patient.

Nevertheless, there is some Higire presenting evidence ofhgper-radio sensitivity to low
doses (0-0.5 Gy) of certain type of cell linds most of the cases tumour cell lines were
investigated) (Marples, Wouterst al, 2004; Short, Bournet al, 2005); in particular, an
increased cell death after exposure to low doses has been observed.

Intrinsic cellular radiation sensitivity is largedetermined by the efficiency and fidelity of
dynamic processes that control and govern cell cycle arrest, DNA repair and apoptosis. Many
radiation-induced lesions in DNA (e.g. base dgenasingle-strand breaks) are readily repaired
by error-free mechanisms and therefore hiitle consequence for survival, mutagenesis or
genomic instability in repair-competent cells.dontrast, radiation-ostuced DNA double-strand
break (DSB) activation, and failure to repair (or the misrepair of) DSB is a prime cause of cell
death even in the context of repair-proficient cglisggo, 1998). In the past years, considerable
progress has been made establishing the maleassociations between damage recognition,
check-point arrest and damag@ag that occur in the response of cells to high-dose radiation
injury. However, the way in which these procesditate and control the response of cells at
low radiation doses remains poorly understood.

In the light of the experimental observationsof cell hyper-radio sensitivity presented in
literature, | wondered whether the low doses delivered to the cartilage tissue during AB
imaging could somehow provoke any effect on dmdrocytes, the main raident cells of the

tissue.

192



Chapter 5Analyzer-based imaging technigue applied to the articular joints study 193

With this aim, a campaign of radiobiologicd experiments has been performed in order to
study the biological effects of the radiation (ad therefore the possible toxicity of the AB
imaging) in human chondrocytes.

The radio sensitivity of chondrocytes is notryevell known and established, especially for
primary cells (Takahashi, Mizobuchkt al, 2003). Therefore, for this experiment, two human
primary culture cell lines have been comparedondrocytes (taken from human hip) and
human skin fibroblasts (whose radio sensiivitas already well studied in the laboratory).

The phospho-histone H2Ax H2Ax) and the Heat Shock Protein 70 (HSP70) through
immunofluorescence technigaedifferent repair times have been studied.

x H2AXx has the particularity to be phosphorylated to make discrete foci when the DNA
suffers DSB (Rothkamm and Lobrich, 2003; Foster and Downs, 2005). This marker allows
us to visualize directly the DSB in the cell, and by this mean to investigate how the cells
are tolerating the ABI-treatment.

X HSP70 has been shown to be a stress biomarker (Welch and Suhan, 1986; Delmas,
Trocheriset al, 1996; Ryan and Hightower, 1996; Rajdev and Sharp, 2000), to be over-
expressed after X-ray irration and to cause nucleastiing between cytoplasm and
nucleus (Rénier, Ganet al, ; Velazquez and Lindquist, 1984).

In the following paragraphs the experimental radiobiological methodologies used in this study,

first, and the obtained results, secondly, will be described.

5.8.1 Radiobiological and irradiation methods

X Cell culture

Cell lines used are: - 1BR3 primary humamdibroblasts (usually cultivated in the cell-
laboratory at ID17);
- human primary chondrocytes (taken from human hip) provided by
Promocell GmbH (Heidelberg, Germany).
1BR3 were grown in Dulbecco’'s modified Eagle’s minimum medium (DMEM) (Gibco-
Invitrogen-France, Cergy-Pontoise, France) smppnted with 10% of foetal bovine serum and
chondrocytes were grown in chondrocyte medium (provided by Promocell GmbH)
supplemented with 10% of foetal bovine seramgd 1% of penicillin and streptomycin (Sigma-
Aldrich, I'lsle d’Abeau-Chesne, France).
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x Immunofluorescence technique

Cells were fixed in 4% paraformaldehyde 28Uerose PBS for 10 min at room temperature and
permeabilized in the lysis solution (20 mM HEPES, pH 7.4, 50 mM NacCl, 3 mM M3Q0

mM sucrose 0.5% Triton X-100 (Sigma-Aldrich, Poole, U.K.)) for 5 min at 4°C. Thereafter,
cover slips were washed in PBS prior for immunostaining. Primary antibody incubations were
performed for 40 min at 37°C at 1/100 dilutions (exceplRAx (Upstate-Euromedex,
Mundolsheim, France: monoclonal mouse): dilution 1/800) in PBS supplemented with 2%
bovine serum fraction V albumin (BSA) (Sig-Aldrich) and followed by PBS washing.
Incubations with anti-mouse FITC or witimti-rabbit TRITC secondary antibodies (Sigma-
Aldrich) were performed 37 °C at 1/100 in BSA for 20 min. Nuclei were counterstained by

4, 6-Diamidino-2-phenylindole (DAPI) contained in the mounting solution Vectashield (Vector
laboratories, Burlingame, CA, USA — Abcys, Paris, France) and then the cells were examined
(and foci were counted if there were any) by a fluorescence microscope (Olympus). Anti-
HSP70-1 (polyclonal rabbit IgG) was also provided by Upstate-Euromedex.

A scheme of the immunofluorescence procedure is shown in Figure 5.42.

Figure 5.42. Scheme of the protein detection pcedure of the immunofluorescence technique.
x Irradiation

In the case of thm-vivo experiments presented in Paragréph the total dose for a set of ABI

images was measured of 9 mGy per animal (aremgy of 51.5 keV). Therefore, cells used in

this dose investigation have been irradiated with the same dose. Since the measured 9 mGy are a
skin dose (kerma), they repesd an overestimation of the dadelivered to the joint cartilage

tissue. For this reason, cellmallae were made adhere teetinternal wall of a rectangular
container filled by cell medium (about 1 cm wididuid volume) and then they were irradiated

by scanning them through the laminar SR X-ray beam. The 1 cm thickness of the cell medium
simulated, in first approximation, the tigssurrounding the animal knee joint cartilage.

In order to confirm results anddreased statistics, the experimkas been made twice, both for

chondrocyte and for skin fibroblasts.
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5.8.2 Immunoflurescence results

" H2AXX, cellular localization of DNA double strand breaks

In Figures 5.43 and 5.44 microscope pictures of human chondrocytes and skin fibroblasts,
respectively, at different times after idiation are presented. For this studg2Ax monoclonal

mouse antibody and FITC conjugated secondary antibody were used. Pictures (1, 3, 5) are the
fluorescence images of theél2Ax protein, green dots represent DNA breaks (only the biggest
and lightest dots are DNA-DSB); while images (2, 4, 6) are the DAPI-coloured cell nuclei
(same cells of images 1, 3, 5). Other details are described in the figure captions.

10 min after 24 h after
Non-irradiated irradiation irradiation

Figure 5.43. Pictures of chondrocytes after irradiation acquired with the fluorescence microscope
and the focus of 100x. 1 - 2: chondrocytes non-irradiated; 3 - 4: chondrocytes directly after
irradiation; 5 - 6: chondrocytes 24 hours after irradiation (cells were kept at 37°C, 5%Cg).

10 min after 24 h after
Non-irradiated irradiation irradiation

Figure 5.44. Pictures of skin fibroblasts after irradiation acquired with the fluorescence microscope
and the focus of 100x. 1 - 2: fibroblasts non-irradiated; 3 - 4: fibroblasts directly after irradiation; 5
- 6: fibroblasts 24 hours after irradiation (cells were kept at 37°C, 5%C02).
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In figures 5.45, 5.46 and 5.47, the numberld2Ax foci per cell as function of the number of
cells is reported for the three cases considerelderstudy: non-irradiated cells as control (NI),
directly after irradiation (10 minutes) and for ae time of twenty four hours (24 hours). Foci
have been counted under the microscope (inhistegram 34 representative cells per condition
have been considered). Violet bars representimadiated chondrocytes, orange bars relate to
chondrocytes directly &dr irradiation and green bars correspond to chondrocytes after 24 hours
of repair time after irradiation (cells have been kept at 37 °C, 5%. €@ chondrocytes, two

histograms are reported correspondimghe two performed experiments.
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Figure 5.45. Histogram showing the number of H2Ax foci per chondrocyte after irradiation (N=34
cells per condition) (£ test). Details in the text.

Second measures

number of chondrocytes

@ number chondrocytes NIO number chondrocytes 10mir@ number chondrocytes 24h

Figure 5.46. Histogram showing the number of H2Ax foci per chondrocyte after irradiation
(N=34 cells per condition) (2nd test). Details in the text.
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number of fibroblats

@ number fibroblasts NO number fibroblasts 10mi@ number fibroblasts 24h

Figure 5.47. Histogram showing the number of H2Ax foci per fibroblast after irradiation (N=34
cells per condition) (29 test). Details in the text.

The mean of H2Ax foci for both non-transformed chondrocytes and fibroblasts 1BR3 for the
non-irradiated cells, directly aftérradiation and 24 hours after irradiation, respectively, are

reported in Tables 5.4 and 5.5.

Chondrocytes  Skin fibroblasts

Non-irradiated 0.32+0.11 1.00+0.2
10 minutes 1.06 + 0.13 2.00+0.8
24 hours 1.60+ 0.26 2.00+0.8

Table 5.4. Mean of H2Ax foci per cell (I* test).

Chondrocytes  Skin fibroblasts

Non-irradiated 0.18 + 0.07 0.68 + 0.18
10 minutes 0.68 + 0.20 0.65 +0.13
24 hours 0.44 +0.12 1.00+0.16

Table 5.5. Mean of H2Ax foci per cell (2 test).

By looking at Figures 5.43 and 5.44 (1-2), it can be pointed out that the non-irradiated
chondrocytes present the same behaviour in &qgbleriments, that is an absence of foci.

The main difference between the two experimentghondrocytes consists in the prevalence of
the absence of foci after 10 minutes and 24 fidtsthen comparing with the fibroblasts, it can

be stressed that there is no major differebhetween the non-irradiated and the irradiated

samples.
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Averaged values in Tables 5.4 and 5.5 highlight the fact that the mean number of foci per non-
irradiated cell is always lower than the values from the irradiated cells, for both the tested cell
types.

Concerning the first experiment results, it has bealiced that, after 24 hours of repair time,

the mean of the foci per cell seems to slightly increase. This increase can be explained by the
fact that the cells are primary cultures (not inntalized cells) so this proportion can be due to
normal senescence (Guarente and Kenyon, 2000) or it can also be explained by a potential
radiobiological effect. However, even thouglert might be a radiobiological impact of the
radiation on these cells, it is not potenjiakndangering the cell survival in average.
Conversely, in the second experiment, no iregebas been observed. This suggests that the
effect noticed before could be attributed more likely to the cells them-selves (senescence) rather
than to the irradiation.

Moreover, after 24 hours of repair time, most of the cells are not presenting foci, whereas some
of them are showing abnormal phenotypes like highly marked or multi-damaged cells. In
Figures 5.48 and 5.49, examples of abnormal phenotypes presented by chondrocytes and skin
fibroblasts respectively are shown.

Figure 5.48. Abnormal phenotypes presented by chondrocyte cells after irradiation (repair time=
24 hours). Same experimental details of Figures 5.43 and 5.44.

Highly marked cell ~ Multi-damaged cell Normal phenotype

H2Ax

Dapi

Figure 5.49. Abnormal phenotypes presented by fibroblasts after irradiation (repair time= 24
hours). Same experimental details of Figures 5.43 and 5.44.
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- The highly H2Ax marked phenotypdut with no discrete focus, might correspond to cells in

division or to a huge amount of DNA single stand breaks (SSB) that causes a nucleus
enlargement.

- The_multi-damaged phenotypastead, consists in low mad background with an increased

number of discrete foci which are DNA double strand breaks (DSB).

The percentage for the highly marked phenotype is of 2,6 % for the chondrocytes and 3,8% for
the fibroblasts, respectively; while for the mwamaged phenotype, the percentage is 4,3% for
the chondrocytes and 11,4% for the fibroblasts.

Therefore, in the light of these results, the radio-sensitivity of the fibroblasts seems to be
slightly higher than the one of the chondrocyte cells.

In Figure 5.50, a 10x focused microscope imad chondrocytes and fibroblasts are shown.

This image represent an overview of the irradiatelts before and 24 hours after irradiation for

chondrocytes.
Chondrocytes Chondrocytes Fibroblasts
(NI) (24h) (24h)
H2AXx
Dapi

Figure 5.50. Cell observation using the 10X focus. Same experimental details as in Figures 5.43 and
5.44.

Results obtained in this study seem to badoordance, at least in the proportion (number of
observed H2Ax foci) and in the cell types (nonnwur cell in our case), with literature
showing persistentH2Ax foci per cell for long repair times (24 hours) and low doses (1,2 and
5 mGy) (Rothkamm K and Lobrich M, 2003).

" HSP70, cellular localisation of stress

The human protein HSP70 has recently been shiowe an efficient stress biomarker (Delmas,
Trocheriset al, 1996). Therefore, the HSP70 content in non-irradiated and irradiated human

chondrocytes and fibroblasts has been investigated.
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Results are presented in Figures 5.51 and 5.52 where microscope images of the two cell lines in
exam before and 1 hour afteradiation are respectively reported. HSP70 polyclonal rabbit

antibody and TRITC conjugated secondary antibody were used for this measure. Pictures (1, 3)
are fluorescence image enhancing the HSP7- distribution in the cell, while images (2, 4) are the

DAPI coloured cell nuclei (same cells of images 1, 3).

1 h after
Non-irradiated irradiation

Figure 5.51. Fluorescence microscope images of human chondrocytes and the focus at 100fold
magnification. 1 - 2: chondrocytes non-irradiated; 3- 4: chondrocytes 1 hour after irradiation (cells
were kept at 37°C, 5%C02).

1 hour after
Non-irradiated irradiation

Figure 5.52. Fluorescence microscope images lafiman skin fibroblasts and the focus at 100fold
magnification. 1 - 2: fibroblasts non-irradiated; 3 - 4: fibroblasts 1 hour after irradiation (cells were

kept at 37°C, 5%CO2).

At 1 hour after X-rays irradiation, wheneheffect for HSP70 (nucleo-shuttling and over-
expression (Rénier, Ganet al)) should be at maximum, there is not any difference visible

between non-irradiateaind irradiated in both cell types.
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This fact means that the stress occurring aeslalivered during AB imaging protocol is not

significant in terms of HSP70 response, at least in the performed experiment.

5.8.3 Immunoflurescence conclusions

The results obtained by using the two model prote2Ax and HSP70 here presented are
destined to prove the risk-free application, from a radiobiological point of view, of the ABI
technique for the sample/patient.

The experimental observations have demoredrdahe low radio-sensitivity of chondrocytes
even with respect to the fibroblasts” radio-#anty (skin or pulmonary fibroblasts (Rothkamm
and Lobrich, 2003)).

The visible persistence of nucledi2Ax foci can be noticed for long repair times (24 hours),
even with conventional X-rays source (Rothkamm and Lobrich, 2003).

The radiation impact on cellular phenotypes,tf@ two tested cell types, does not seem to be
relevant, since it ifess than 5%moreover, the observed effects may even be attributed to other
phenomena like cellular senescence or DNA synthesis in which a nuclear inflation appears, for
instance (Karp, 1998).

According to these data, it is possible to dode that doses delivered during AB imaging,
using synchrotron light, do not seem, a priaski¢ for the specific application concerning the

joint cartilage diseases investigation.
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