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Abstract

X-ray phasecontrast imaging is an innovative and advanced imaging method. Contrary to conventional
radiology, where the image contrast is primarily determined bgyattenuation, phase€ontrast images
contain additional information generateoly the phase shifts or refraction of therys passing through
matter. The refractive effect on tissue samples is orders of magnitude higher than the absorption effect
in the Xray energy range used in biomedical imaging. This techniqgue makes it pdssimieduce
excellent and enhanced image contrast, particularly when examining soft biological tissues or features
with similar Xray attenuation properties. In combination with high spatial resolution detector technology
and computer tomography,-Ky phag-contrast imaging has been proved to be a powerful method to
examine tissue morphology and the evolution of pathologies thtieeensionally, with great detail and
without the need of contrast agents.

This Thesis work has focused on developing an accuratiéi-scale Xay-based methodology for imaging

and characterizing the early stages of osteoarthritisayX phasecontrast imagesicquiredat different

spatial resolutions provide unprecedented insights into cartilage and the development of its
degenerdion, i.e., osteoarthritis. Other types of-tdy phasecontrast imaging techniques and setups
using spatial resolutions ranging from micrometer down to nanometer were applied. Lower spatial
resolutions allow large sample coverage and comprehensive repigars, while the nanoscale analysis
provides a precise depiction of anatomical details and pathological sigag.phasecontrast results are
correlated to data obtained, on the same specimens, by standard laboratory methods, such as histology
and trarsmission electron microscopy. Furthermoreyay phasecontrast images of cartilage were
acquiredusing different Xay sources and results were compared in terms of image quality. It was shown
that with the use of synchrotron radiation, more detailed ireagand much faster data acquisitions could

be achieved.

A second focus in this Thesis work has been the investigation of the reaction of healthy and degenerated
cartilage under different physical pressures, simulating the different levels of stressdb thkitissue is
subject during daily movements. A specifically designed setup was used to dynamically study cartilage
response to varying pressures withray phasecontrast micrecomputed tomography, and a fully
volumetric and quantitive methodology to ecurately describe the tissue morphological variations. This
study revealed changes in the behavior of the cartilage cell structure, which differ between normal and
osteoarthritic cartilage tissues.

The third focus of this Thesis is the realization of anmomated evaluation procedure for the
discrimination of healthy and cartilage images with osteoarthritis. In recent years, developments in neural
networks have shown that they are excellently suited for image classification tasks. The transfer learning
method was applied, in which a pteained neural network with cartilage images is further trained and
then used for classification. This enables a fast, robust and automated grouping of images with
pathological findings. A neural network constructed in th&y could be used as a supporting instrument

in pathology. Xay phasecontrast imagingomputedtomography can provide a powerful tool for a fully

3D, highly accurate and quantitative depiction and characterization of healthy and early- stage
osteoarthritic cartilage, supporting the understanding of the development of osteoarthritis.
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Zusammenfassung

RontgenPhasenkontrasBildgebungist eine innovative und weiterfihrende Bildgebungsmethode. Im
Gegensatz zu herkdmlichen AbsorptidRd8ntgenaufnahmen, wie sie in der Radiologie verwendet
werden, wird der Kontrast bei dieser Methode aus dem Effekt der Phasenverschiebung oder auch
Brechungder Rongtenstrahlen gebildet. Der Brechungseffekt bei Gewebeproben ist um ein Vielfaches
hoher als der Absorptionseffekt des elektromagnetischen Spektrums der Rontgenstrahlen. Diese
Methode ermdglicht die Darstellung von gro3en Kontraste im Gewebe. Utewendung eines
hochaufldsenden Detektors und in Kombination mit der Compiimmographie, ist Phasenkontrast
Bildgebung eine sehr gute Methode um Knorpelgewebe und Arthrose im Knorpel zu untersuchen.

Diese Arbeit beschreibt primar ein Verfahren zur Balteng arthrotischen Knorpels im Anfangsstadium.

Die mit verschiedenen Auflosungen und -BbBaserKontrastMethoden produzierten Aufnahmen
ermaoglichen einen noch nie dagewesenen Einblick in den Knorpel und die Entwicklung von Arthrose im
AnfangsstadiumHierbei kam die propagationsbasierte Phasenkontrastmethode mit einer Aufldaung
mikrometer Bereichund die (NanoHolotomographieMethode mit einer Auflésung im Submicrometer
Bereichzum Einsatz. DurcAuflésung im rikrometer Bereich kanrein grof3es Voluen im Knorpel
gescanntwerden wahrend die Nandlolotomographie Methode eine sehr groRRe Detailauflosung
aufweil3t. Die Phasenkontrashufnahmen werden mit zwei anderen wissenschaftlichen Methoden
verglichen: mikroskopische Abbildungen histologisch aufgettee Knorpelproben und Aufnahmen
eines Transmissionselektroskop zeigen sehr groRe Ubereinstimmungen zur RBhagamkontrast
Bildgebung. Desweiteren wurden Phasenkontradtifnahmen von Knorpel aus unterschiedlichen
Rontgenquellen verglichen. Hierbeiigie sich, dass mit Hilfe des Teilchenbeschleunigers (Synchrotron)
detailreichere und schnellere Aufnahmen erzielt werden kdnnen. BilddflaasigMetall-Quellen zeigen

sich durchaus von guter Qualitat, erfordern jedoch sehr lange Aufnahmezeiten.

In deser Arbeit wird zudem das Verhalten von Knorpelgewebe, welches ein Anfangsstadium von Arthrose
aufweist, unter physikalischem Druck untersucht. Hierflr wurdesC8ihputertomographieAufnahmen

von komprimiertem Knorpelgewebe angefertig und mit AufnahmbBneoKomprimierung verglichen. Ein
guantitativer Vergleich machte Verdnderungen des Verhaltens der Knorpelzellstruktur (Chondronen)
sichtbar. Es konnte gezeigt werden, dass Chondrone bei arthrotischem Knorpel ein verandertes
Kompressionsverhalten haben.

Der dritte Fokus dieser Arbeit liegt auf der automatisierten Auswertung von Aufnahmen gesunden und
arthrotischen Knorpelgewebes. Die Entwicklungen im Bereich der Neuronale Netze zeigten in den letzten
Jahren, dass diese sich hervoragend fir Bildklassifigieaufgaben eignen. Es wurde die Methode des
transferierenden Lernens angewandt, bei der ein vortrainiertes Neuronales Netz mit Knorpelbildern
weitertrainiert und anschlieRend zur Klassifizierung eingesetzt wird. Dadurch ist eine schnelle, robuste
und auomatisierte Gruppierung von Bildern mit pathologischen Befunden mdglich. Ein derart
konstruiertes Neuronales Netz kbnnte als unterstitzendes Instrument in der Pathologie angewandt
werden. RontgesPhasenkontrasCT kann ein leistungsstarkes Werkzeug fine eumfassende,
hochprazise und quantitative 3Darstellung undCharakterisierung von gesundemdnorpel und
athrotischemKnorpel im Frihstadium bieteam das Verstandnis der Entwicklung von Osteoatithzu
erweitern.
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Introduction

We live in an aging society. Germany is one of the "oldest" nations: the median age in 2020 was 47,8 years
compared to the world median, which is of 31 yeffactbook 2020)With this age advancement, the
prevalence of Osteoarthrosis (OAgs increased/0% of the population over 65 suffers from this painful

and debilitatingdiseasgZhang and Jordan 201Qis Thesis's overall target isvisualizeand analyze

in 3D the changes afartilage at the early stage of OAby usingstate-of-the-art, highsensitivity,and
high-resolution X-ray imaging techiguesto get abetter understandingof the development of OA and

the induced effects on the tissue.

Osteoarthritis
OA is a debilitating condition characterized by pain, joint inflammation and joint stiffness, which results
in a substantial degree of phigal disability. OA is a nemversible diseas@reedveld 2004)Multiple
important factors, like age or injuries, are risk factors for the development of OA. However, the
development of this pathology is not well understood yaAtnew image modality, which provides 3D
representation combined with high spatial restidun, is highly advisable and could help elucidate the
cartilage structure and its degeneration.

Imaging techniques for investigation of OA and their limitation

In clinical practice and laboratoriesgveral techniques exist and are used to examine cartége tissue;
each of them has advantages and limitations.
Histology is the gold standard for evaluating cartilage health, OA severity and treatment efficacy

(Pedersen, Goetz et al. 2013or histological imaging, specimesr® cutinto thin slices, stained and
analyzed with a light microscepequipped with a camera and records 2D images. Different biological parts
can be differentiated and highlighted by staining, but the drawback is that the specimen baust
chemically processed his procedure and the required tissue slicing may lead téoteof some details
and/or tearing of structures. A (sulmhicrometer spatial resolution is available with histology but is
destructive, and only 2D images are provided.

Magnet Resonant Imaging (MRI) is a #ivasive and na@lose imaging tool sensitive Boft tissues. It is

a goodmethod to evaluate cartilagéRodrigues and Camanho 201QJinical MRI scanners for humans
provide a resolution of about 300 pfGeith, Brun et al. 2018Whereas scanners for small animals can
reach resolutions down to 50 pm-plane(HaffnerLuntzer, MulletGraf et al. 2017)
ConventionaComputedTomography (CT), based omay absorption, is particularensitive to materials
with a high atomic number (Z). For cartilageging CT is not the method of choice to detect its structural
parts(Geith, Brun et al. 2018The conventional-kay CT has (swmicrometer spatial resolution but lacks
soft tissue sensitivity.

Over the pastifteen years, a novel-Kay-based method, the soalled Xray phasecontrast imaging, has
been introduced in preclinical research of cartilage andaulaskeletal imaging. This technique is based



on revealingand Xray attenuation andhe Xray phase shifinduced by the imaged specan. Itprovides

an enhanced visualization of soft tissue with respect to conventional radiographic methods without the
needfor contrast media or staininfHorng, Bun et al. 2014)

For PCI, there is no processing of specimens need; the samplbs taagedn the most "natural” form.

A 3D representation cabe obtainedin a spatial resolution range ranging from tens to fractions of
micromeers.

With respect to thanethods mentioned abovexray PCI provides simultaneously high spa&ablution,

high sensitivity for soft tissue, 3D visualization, tissue preservation and large sample coverage. For all
these reasons,-Kay PCI can overcomnmeany of the limitations affecting standaeahalysis methodologies

and has grown as an established tool for cartilage and OA research.

The djectives of this Thesis
At the time when | started my Ph.D. Thesis, several works could be found in the liéetd@imonstrating
the high level of sensitivity of-bay PCI for the depiction of both healthy and degenerated cartilage.
Anatomical and pathological features within extracted human and animal tissue specimens, as well as full
joints obtained by using spatif NBaz2f dziA2ya NIy3IAy3ad FNRY (G4Sya onc
presented(Horng, Brun et al. 2014, Cao, Zhang et al. 2016, Gahunia, Karhula et al. 2016)
This doctoral project's overall objective has been to advance the technique and methodology based on X
PCI computed tomography to allow unprecedented 3D {sigatial and contrastesolution for the
detection and characterization @farly-stagecartilage structural alterations induced by osteoarthrosis
The minimal sample preparation (only formafiration) required for these analyses allowed the
investigation of the cartilage in its almost natural form.

The function of cartilagés to serve as a cushion in the joint areas. In the knee joint, when walking or
running, cartilage is under pressure. The forces present while walking can be as high as three times the
person's body weighiGlitsch, Lundershausen et al. 200Bhere are multiple biomechanical studies and
simulation of cartilage, based on MRI imag®®nonen, Mikkola et al. 2012gbsorptionbased Xay
tomography imagg®aki, Inou et al. 2003)r angular nuclar magnetic resonand&riunder, Kanowski et

al. 2000)where the behavior of cartilage under pressure conditions was examined. This study inspired a
project within my Ph.DThesigo use Xray PCI micr@omputed tomography to obtain deta8D insights

into the structural changes and response of human cartilagbners affected by different stages of OA

and underdifferent pressure loads. The purpose was to evaluate how the pathological conditions impact
the tissue's cellular and matrix structiand thus its biomechanical properties.

As proven by works in thé@drature as well as by the results obtained in thisPThesis, Xay PCI can
be efficiently used as a tool for 3brtual-histology of biological tissu¢Xuan, Zhao et al. 2015,
Brandlhuber, Armbruster et al. 2016)Coan, Bamberg et al. 2010Jhe high and ultrdigh spatial
resolutions used in statef-the-art synchrotron XPCl computed tmography setups, which are also
equipped with fast detection systems and acquisition proceduresQ(nin per CT scamas increased
hugely the amount of data acquilduring an experimental sessiom.id common to acquird TB ofdata
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during one 8hour shift. Analyzing and interpreting these large data amounts is highly time -consuming.

This means fohospitals or research facilities that the cost for detecting pathologies is very high. An
automatic and observeindependent method has been investigatiedt cartilage classification to address
this problem i.e, to discriminateautomatically between healthy and OA specimebased onXx-PCl 3D
images.This automated analysis was realized wdtttificial neural networks, which are advanced
machine learniy methods This part of the Thesis was inspired by the work by Abadin @tatlin, Deng

et al. 2018) Differentneural networks are used with transfer learning to train and classify-msidyon
cartilage and liver images in aatomatic and observeiindependentway.

Structure of theThesis
In the first chapter, the anatomy of articular cartilage and the risk factors for OA developrasnt
explained A description of the present knowledge on the development of OA and a list ofahdasd
methods used for cartilage imaging are provided. Moreover, the previous works and main results of PCI
application to study cartilage and #e presented
Thesecond chapters dedicated toX-ray phasecontrast imagingThe different techniques deloped to
detect the Xray phase and the theoretical description of thecalled propagatiorbased PCl imaging will
be givenithe method used in thiThesiswill be presented This chapter includeSomputedTomography
(CT) and the reconstruction methodsat are currently used
Chapter threeis about Xray production and Xay imaging setups. This chapter includes paragraphs on
synchrotron radiation and its characteristics. The two synchrotrons (the European Synchrotron Radiation
Faciliy ¢ ESRF, and tHewiss Light Sour@eSLS) and the three imaging beamlines where the experiments
of this Thesisvere performedare described
Chapter fourresults from the multiscale imaging study on healthy and OA cartilage speciarenshown
and discussed. The full @gprocessing methodology, including CT reconstruction, volume rendering, and
segmentation with a machine learning algorithismmdescribed
Chapter fiveis dedicatedo the study of cartilage response to an applied loachighresolution3D PCI
tomography. The experimental setup and procedare presentedas well, and the results. For this
experiment, a specific analyzing method to extract 3D information about the cell nemazkieveloped
Thiswasthen used todescribethe cell netwok andits changes under pressure.
Chapter sixis about applying a convolutionakural network (CNN) to analyze and characteriagh
resolutioncartilage images and liver imagdsis study shows that it is possibleitandle and analyze a
largeamountof data in a timeefficient, observetindependent way.
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1. Cartilage and Osteoarthrosis

In this chapter, the structure and anatomical features of the articular cartilage tissue and its degeneration
due to osteoarthritis (OAgre presented The main imaging and analysis modalities used for OA detection
in clinical and preclinical practiege presentecand discussed.

1.1.Cartilage structure
Articular cartilage is a soft tissue coated on the bone surface in a joint space. It is mellow dohel dlex
to its unique structure. The primary purpose of this structure is to absorb the physical energy of
movements and to provide a smooth sliding of bone injtiets.
A joint is a connectiobetweentwo or morebones, which gives the bones the flexibility to move. The
structure and elements of a knee joiate shownin Figure 1.1

1 Bones(two or more):strong stiff, weightbearingstructural Bone——— Muscle
element in thehumanbody.
9 Cartilage tissue covering the extremities of the bones, Synovial
dampening impact and allowing for smooth movement """ 6
9 Joint capsulea strong tissue connection to connect the thendnicrtes
Ci

Synovial

bones. liquid
1 Synovial membranethin membrane, which holdghe

synovial fluid inside the capsule. Ligament
9 Synovial fluid a fluid that provides a healthy environment

for the cartilage tissue and reduces friction between

cgrtllages. . . . . Figurel.1 Schematic drawing of a knee joint show
I LigamentsccordHike structure of fibrous tissue connectingie different components that joints are built

the bones. (Catherine Baugé 2015)
1 Tendons strong fibous tissue connecting the muscle anc

the bonesanimportant factor in joint stability.
1 Muscle:bundles offibers, which can be contracted by nerve stimulationpimduce a movement

artilage

Ligaments, tendonsand muscles are needed to keep the joint stable and allow moving or bending.
Articular cartilage consists of chondrocytes, also called cartilage cells, within a cartilage matrix. The
cartilage matrix is composed of collagébers proteoglycansand glycoprdeins, which areessential
features for the elasticity of cartilage that also depends on the water level in it. In the cartilage tissue, no
blood vessels or nerves are present.
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Figurel.2 Schematic structure of articular cartilage with different layers: superficial zone, middle zone, deep zone, calcified zone
and subchondral bon@hang, Hu et al. 2009)

Within the aticular cartilage tissue, several layers dandistinguished The density and orientation of
chondrocytes, as well dlse orientation of the collagen fibers, vary between the different layasshown
in Figure 1.1Sophia Fox, Bedi et al. 200%he diffeent layers are:

91 Superficial, tangential or sliding layeellipsoid chondrocytes and thin collagBbers are oriented
parallel to the surface and separate the cartilage from synovial fluid.

1 Intermediate /transitional or middle layer.chondrocytesare irregularly distributed collagerfibers
are thicker than in the previous layer and randomly distributed.

1 Deep layer.chondrocytes possess a spherical shape and may appear as single chondrocyte or in a
group. The matrix is oriented perpendicular to the suetathis layer covers 80% of cartilage.

 Tidemarkl dwmn ayerisséparddiig the calcified cartilage layer from the reaicified layer.

1 Calcified layer chondrocytesare embeddedn a calcified matrix. The purpose of this calcified matrix
is to revent the diffusion of nutrients from the bone to the cartilage.

9 Subchondral bonethe layer of the bone structure below cartilage in a joint
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Chondrocytes are active in a metabolic sense: their function is to produce and repair the elements of the
cartilage matrix (collagefibers, proteoglycansand glycoproteins). There is a high matrix to cell ratio in
the tissue: only 1% 5 % of the cartilage tissue are chondrocy{Bhosale and Richardson 2008he
chondrocytes are surrounded by the pericellular matrix, which acts as ar"fftor biochemical and
biomechanical signals to balee the chondrocyte productiofGuilak, Nimsteal. 2018) The pericellular
matrix and the cell (chondrocyte) is calledondron(Poole, Flint et al. 1987The chondrons are then
surrounded by the territorial matrpvhich consists mostly out of collagen fibfdsminga basket around

the chondrongGuilak and Mow 2000, Kim, Guilak et al. 2008)ltiple cltondrons can be located close

to each other in a lacuna. This structure is callett@ndroncluster(Lotz, Otsuki et al. 2010)

The chondrocyte is in a low oxygen environment, \Withi metabolicturnoverand contains déow number

of mitochondriong/Archer and Francié/est 2003) The turnover for the proteoglycan is estimated to take

up to 25 years, and the turnover for collagen between several decades ulifetirae. (Eyre, Weis et al.
2006)

The interterritorial region is the gace around the territorial matrixt is the largest area of the cartilage.

The region has oriented bundles of collagen fibrils in it, which are arranged parallel to the cartilage surface
in the superficial zone and perpendicular in the deep zdf®ieodycans are abundant in the inter
territorial zoneand contribute the most to the biomechanical properti€Sophia Fox, Bedi et al. 20@f)

the tissue. Therefore, it can withstand shees well agluctile and compressional forces, which occur in

the joint capsule.
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1.2.Causes and development of oshetbiritis

The reasons for the onset @A diseases vary among different people. There are several known risk
factors, primary and secondary causes, which lmaidentifiedfor this pathology. Risk factors are aging,
overweight, joint injuryheavyjobs that stress the joints, ospecificsportsactivities andsportsinjuries.

The primary cause of OA is related to aging. \&dh,the water level in the cartilage increases, and the
composite of protein degenerates. Also, the use and overuse of the joftamie and irritate the cartilage

over the years. In technical terms, the cartilage gets worn out over time. Genetic factors strongly
determine the development of the disease. The evidence of genetic influeisceterived from
epidemiological studies of ffaily history, family clustering and twin studié¢Spector and MacGregor
2004)

Secondary causes of OA are related to other diseases or to an abnormal condition of the cartilage.
Common causes are repeated trauma orgary of joints, obesity, gout, diabetes or other hormone
disorders.

The origin of the disease can be a convergence of primary and secondary factors. Which factors cause the
disease and which sustain it is stip@int of debate(Felson 1988)The structural changes of the cartilage
tissue due to OA first occur on the surface, which gets soft |&tad and then erodegSandell and Aigner
2001) When the loss of extracellular matrix is recognized by the chondrqcgteproduction of
proteoglycans and collagen type Il is activated. This phenomenon causes an imbalance in the ratio o
enzyme and protein production, which results in a complete loss of cartilaginous tssu¢ime The

cause of thisignalings not entiely understood yet{Zhang 2015)

In order to histopathologically characterize the development of OA in ¢hdilage, the OARSI
(Osteoarthritis Cartilage HistopathologgkssessmentSystem) was established in 20Q@ritzker,
Ostergaard et al. 2000This grading systeis basedn microscopic findings on histology images.
1 Grade 0: surface intactartilage morphology intacistandardmatrix architecture, cells intact,
approprige orientation
1 Grade 1: surface intacguperficial zone intact, edemand/or superficial fibrillation (abrasion),
focal superficial matrix condensation, celisath, clusteringandhypertrophy
1 Grade 2: surce discontinuity; ratrix discontinuity at supdicial zone (deep fibrillation), Cationic
stain matrix depletion (Safranin O or Toluidine Blue)the upper 1/3 of cartilage,otal
perichondralincreased staimg (mid zone)the disorientationof chondron columns
1 Grade 3wertical fissures; Matrix vedal fissures into the mid zone, branched fissures, Cationic
stain depletion (Safranin O or Toluidine Blue) into lower 2/3 of cartilage (deep zone), New collagen
formation (polarized light microscopy, Picro Sirius Red stain)
1 Grade 4: erosion; Cartilage miatioss: delamination of superficial layer, riégrer cyst formation,
matrix loss superficial layeandmid zone
1 Grade 5denudation; on the surface: sclerotic bone or reparative tissue including fibrocartilage
within the denuded surfacemicrofractureswith repair limited tothe bone surface
1 Grade 6: deformation, dne remodeling (more than osteophyte formation only). Includes:
microfracturewith fibrocartilaginousand osseous repair extending above the previous surface
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For a better understanding, iRigurel.3 - Figurel.5, there aregraphicalrepresentations of this grading
system anctorrelations withsafranin O stainingistological imageéPritzker, Gay et al. 20Q6)

A

Superficial Zone — =

Mid Zone —»

[’

Deep Zone —» .:-3'|

Tidemark =

Calcified Cartilage —» =
Articular Bone Plate —=
Trabecular Bone —» |

Figure 1.3 Grade 0,normal cartilage with histological features, smooth surface and organized chondrocytes, A) graphical
visualization, B) histological image safranin O staining and 5x magnificé@otzker, Gay et al. 2006)
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Grade 1.0 Grade 1.5

Grade 3.5

Figurel.4 Grade 13; A) Visualization of cartilage B) histological imageasaf O staining; Grade 1: surface intact uneven with
superficial fibrillation, this can come from cell death or proliferation, mid and deep zone are unaffected. Grade 2 surface
discontinuity, fibrillation extends to through the superficial zone into tiizome. Grade 3: vertical fissures are extendingtimto
midzone (Pritzker, Gay et al. 2006)
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Grade 5.0 Grade 5.5

Grade 6.0 Grade 6.5

Figurel5 Grade 46: same left and right side dsrror! Reference source not foundGrade 4 erosion: matrix loss seen in
superficial zone Grade 5: denudation, complete erosion of unmineralized cartilagrjrface is mineralized cartilage, micro
fracture in bone plate Grade 6 deformation: micro fractures and bone remodeling changing the contour of cartilage surface
(Pritzker, Gay et al. 2006)
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To get a better understanding of the early structural changes within the cartilage tissue, aggD,
resolutionimaging method capable of visualizing in detail the components of thagge matrix and its
alterations under pathological conditions is of paramount importance. We need to reveal the tissue
modifications at the earliest stages (Grad@)lof OA in order to be able to intervene efficiently before
reaching the irreversiblegint of the pathology. The work of thBh.D.thesis aims at attaining this goal

by applying statef-the-art 3D Xray imaging techniques and image processing tools to study the articular
cartilage tissue.

1.3.Main imaging techniques for cartilage and OAistid

Both in clinical and preclinical settings, there are several tools available to study cartilage and OA. Each
method has advantages and drawbacks.

Histology

It is a method that consists of fixating the tissues, cutting them into small slices and staining for
highlighting tissue components. These slices are then observed under the microscope. Gafidatpsl

with neutral buffered 4 % formaldehyde to preserthe proteoglycan and glycoproteins. The bone and
cartilage are decalcified with acids lilghylenediaminetetraacetic aci(EDTA) or formal nitric acid
(Kiviranta, Tammi et al. 1984)he cartilage is usually embedded in paraffin blocks ayato process

this block with a microtome. The microtome is used to cut this block ifEqeh slices onto a microscope
carrier(Lang 2012)Thestaining of the cartilage specimen is done mostly with safranin O or hematoxylin
and eosin (H&E). The safranin O staining colors the cell nuclei red, the H&E colors the collagen fibers blue
(Rosenberg 1971)

Transmission electron mascopy

In a Transmission Electron Microscopy (TEM) examination, an electron beam is used to investigate the
specimen.The interaction of the electrons with the samglda absorption processes) gives rise to the

contrast of the microscope image. The trarited electronsare recordedon a charged coupled device

for readout. This transmitted beam can either be focused or magn{fREimer 2013)The resolution

I OKAS@PSR Aada RSLISYRSyl 2y GKS ¢l @St Sy3adk 2F GKS Sf
systemwith n is theindex of refaction andh the angular apeture:

_ _ (1.1
cti P& OO

The resolution o& TEM is from 1 nm down to sub 50 fEmni, Rossell et al. 2009he sample preparation
is complex: biological tissues have to be embedded inia gl then cut into less than 100 rsfices by
a sacalled ultramicrotome. This cuttirig donewith a diamond knife attached to the microton{Borter
and Blum 1953)
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X-ray Computd Tomography

X-ray Computed Tomography (G%)mostly usedn the clinical workup. The contrast of the imagdss
basedon the absorption properties of the sample/body. Thea) source and the detector systeane
mountedon a ring on opposing sidehisallows the sy SY (2 N  [-dydbeamhasa donet K S
beam shape, which allows fast scanning times. Bagjularprojection is then computed based on the
Radon TransformatiofRadon 1917p get 3D images of the body/specimen. The spatial resolution of the
clinically used system is between 100 um and 200(Kalender 2006)%ray microtomography, mostly

used in preclinical studies, can have a spatial resolutionanrticrometer rang€Elliott and Dover 1982)

X-ray attenuation/absorption is the main contrast mechanism. Thus only materials with a high atomic
number are well depicted on conventional CT images. Contrast agents with a high atomic camber
injected, for example, in the blood to visualize vessels. Since cartilage does not have any vessel network,
the contrast agent cabe usedto improve the visibility of the cartilage surfaé8ilvast, Jurvelin et al.
2009)

Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRl)basedon nuclear magnetic resonance. A strong homogenous
magnetic field (B is applied to create a netagnetizatiorof hydrogen atoms. Hydrogen atoms are nigin
present in theform of water in biologicaimaterials(the human body, for examplés composedf 70%
water) (Watson, Watson et al. 198y applying a radio frequency pultiee netmagnetizatiorchanges

G2 dnx 2N my nx Slip.AkKehtherspikF & A QOB f 1 KB KBIRWR ISYy | i2Ya
net magnetization Themeasureof this relaxation time is the;ime. Dephasing of the spiftip in the
traverse plae of the magnetic field vector can be measured; the time this loss accurse istitme TThe
magnetizatiorcan be measured by receiver coil$ie different materials in the body have differenaimd

T; thisis how the contrasis formed The MRI provides, after image reconstruction, a 3D representation
of the proton distribution in the specimen with a spatial resolution is about 1 mm, for clinical MRI
machinegDdssel 2000, Reiser and Semmler 20@8)ical MRI has a magnetic field strength between 1,5
T and 3 T. For research and experimental purposes, and there atmdyllmachines with a magnetic
field strength of 7 TWuerfel,Sinnecker et al. 2012jor head imaging, the field strength can reach 9.4 T
(Shajan, Hoffmann et al. 20141 there is a system for small animal which reach a field strength of 16.4 T
(Shajan, Hoffmann et al. 2012)

Soft tissues are visible on MRI images due to their high water content. The MRI shows a cleand®picti
cartilage, but the resolution is not sufficient for atigsuedetails {.e.cells).(Horng, Brun et al. 2014)

CT and MR, as describade mostly usedh clinical practice for the patients' examination and for in vivo
studies. TEM and histology are destructive, and therefore they are used for ex vivo and fundamental
research of cartilage. Histology is the "gold standard" methogathology. Histology and TEdhly
provide 2D information about the specimen. CT and the MR, in contrast, offer a 3D visualization, but they
are not as sensitive to cartilage tissue or do not provide enough resolution fatdepietion of details,
respectively. Xay phasecontrast maging is sensitive to cartilaggsueand can provide a 3D analysis of
specimens with high spatial resolutiofhisis why it is used to investigate the possibilities for cartilage
and OA imaging in this Thesis.
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1.4.Xray Phaseontrast Imaging for cartilge research

X-ray phasecontrast imaging (PCI) is an imaging technique foayXvhich makes use of the phase shift
induced by a specimen. The images show great enhancement towards soft tissue. The next chapter is
dedicated to explaining this method in meodetail. Xray PCI was first done on planar 2D images and later
on combined with 3D tomography. The higésolution (submicron) microtomography is often referred

to as 3D virtual histologfAlbers, Pacilé et al. 2018)It provides an insight of a specimen with the
resolution compared to histology, biitis nondestructive to the specimen.

Xray PCI overcomes the limitations of the standard methods, like histology, CT or MRI imaging: it is
sensitive to soft tissue, with tomography it gives a 3D dataset of the specimen, and it is able to provide a
highspatial resolution down to suknicron resolution. In 2D-Kay, PCI provides a high temporal resolution
(Escauriza, Olbinado et al. 201Bpr all these reasons and given the particular characteristics of the tissue,
X-ray phasecontrag radiography and CT have been used sfuorcartilage studies

One of the first results of articular cartilage with PCI was produced in planar mode with the afigedr

PCI imaging (ABI) method, which will be describechmpter twg paragraphAnalyzerbasedimaging
(Mollenhauer, Aurich et al. 2002, Muehleman, Chapman et al. 2003)he following year, ABI
measurements could demonstrate that it is powerful for orthopedics diagridihleman, Majumdar

et al. 2004, Wagner, Aurich et al. 2005}udies for understanding healing processes with implants are
done to demonstratehe sensitivity of the ABI method compared to conventional radiogrgjtiggner,
Sachse et al. 2006A step forward was obtaining 3D information of a sample withT@®&was first done

again with the ABI technique using a voxel size of 56 A inZhong et al. 2009 a further experiment

a voxel size of 8 phwas used to characterize osteoarthritic and normal human patella cartfagan,
Bamberg et al. 2010 he potential ofn vivoABI was firstly demonstrated on Guinea pig knees with 2D
planar image¢Coan, Wagner et al. 2010)

Thenext step forward in 2014 was the examination of a full human knee with PCI in comparison with
other clinical imaging techniques and histoldgiorng, Brun et al. 2014Yhe PCI method used in this
study waspropagationbased imaging (PBI), which is explained in more detail in chaptep@avagraph
Propagation based imaging (PBi)howed that PCI could detect early changes in OA conditions on a full
joint. The voxel size used in this experiment was 46 x 46 x 46 pm

More recent works concerned the translatiof the Xray PCI method with laboratory-rdy sources and

the development of animal models for OA and PCI. In the pap&tasSBimoMarenzana(Marenzana,
Hagen et al. 2014)a laboratory setup for PCI, based on thecatled edgellumination contrast
mechanism(Diemoz, Hagen et al. 2013yhich is explainedh chaptertwo, paragraphEdge lllumination
imagingis used to detect cartilage lesion in a mice knee withoutiast agent, and results are compared

with synchrotronrbased images. Some studies showed as well the potentiairay ®CI for detecting
lesions on small animal models by using PBI on rabbit femoral i8ads Zhang et al. 201%@)nd guinea

pigs of different age@Horng, Geith et al. 20}7

All published works, at the time of the beginning of this Thesis, presented PCI results obtained by using
pixel sizes of 3 um or bigger. Therefore, in this Thesis, we wanted to push further the limits of spatial
resolution in order to study the del@ment and effects of OA on the cartilage tissue at the miaral
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nano-scale in 3D and in a nafestructive way. We have applied what is nowadays called 'virtual histology
by xrays and implemented novel analysis procedures to extract quantitative inéion fromacquired
and reconstructed high contrasted and detailed 3D datasets.
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2. Xray Phase&ontrast Imaging

2.1.Introduction
Conrad Réntgen discoveregdray radiation in 1895Rdntgen 1896)which signified the start of nen
invasive medical imaging. The potentiakafayimaging was recognized immediately after this discovery.
The nexisignificantstep inX-rayimagingwas madevhen two-dimensionatadiographsvere folowed by
three-dimensional computed tomograph{ T)maging, developed by the electrician Sir GHNunsfield
in 1973(Hounsfield 193) based on the theoretical work of Johann Radon in 1@®&don 1917)The
underlying physical principle did not change over the following years. The absorptigays X different
materials due to their chemical composition and thickness is used to generate contrast on the image (i.e.,
radiogrgph). This mechanism leads to the result that highly absorbing mateeigshone, are better
visible on radiographs than soft tissued, brain, breast, lungs, cartilagep dvercome this limitation, a
new X-ray imaging method halseenapplied in bionedicine over the last decades, which makes use of
refraction information in addition to the absorption signal. This method is caliesly Phasecontrast
Imaging (PCI) and includes various techniques to detect the refraction @pralbse and Fukuda 1995)
Such a method allows fomprovedimage contrast and,hus sensitivity. As a result, weakly absorbing
materials may be better depicted even without the use of contrast agentay X Cl combined with the
CT technology and methodology can provide l8ghresolution visualization of soft and hard tissues
simultaneously such as for cartilage imagiirtprng, Brun et al. 2014)

2.2.Index of refraction
The fundamental physicarinciple of PCls describedstarting from the complex index of refraction. Let
us assume alane incidentX-ray wavefront passing through an object. &lincoming wave changasan
be due to absorption, elastic or inelasicatteringinside the matter
The index of refraction came writtenin the following form(Jackson 1999)
e p 1 Q (2.1)

The phase shift of an electromagnetic wave occumithin matteris determinel by therefractive index
decrement#8Thephotoelectric absorption of Xays inthe matter is linked to theattenuation index 18

In the free electron model, which describes thelgrization of matter by an electromagnetic field of
incidentradiation, the electron density is proportionalto the electricsusceptibility..., for hard Xrays
and far from the absorption edge. The parts of the index of refragtiandf can be written as the real
and imaginary part of.. (Zachaiasen 2004)

1 -.. andr -... (22
The expressions cdie writtenin terms of electron density’ , then they look like thigJackson 1999)
i_ (2.3)
1 =
C
T i Q (2.4)
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Wherei is the electron radius_ the wavelength ofX-rays, Qgives the number of electrons per atom,
[ is the damping constant of the atom, Z the atomic number. The electron dénsgyconnected to the
macroscopic mass density,

A o (2.5)

Where Nis the Avogadroonstant,andA is the atomic mass number
Refraction occurs due to Thompson elastic scattering; therefore, the refractive index decrement can be
written generally as:

i_ . (2.6)

1 —, w Q

¢ w
Where™Q is the real part of the wavelengitiependent dispersion correction of the atomic scattering
factor. The absorption indéx can be written as:

i , 2.7)

The absorption procesis dominatedby the imaginary part of the wavelengttependent dispersion
correction’Q, which behaves with the energy @ With m between three and four.

The linear absorption coefficiehtcan be relatedd the absorption indek (Raven, Snigirev et al. 1996)
T (2.8)

Within an objecty, andf are changing; therefore they are functions of the spatial coordinates (x,y,z). The
change in intensity follows the law bambertBeer, where> is the linear absorption coefficient:
o 0Q (2.9)

The intensity is proportional to the square amplitude of the electrical figldD : Thus, the phase cannot
directlybe accessed by simply recording the intensity abs.

The scattering properties of the radiation in a crystalline medium are genegdihed using the structure
factor. Thecrystalline structure does not influence the wave propagation if the Bragg reflection is not
satisfied. The refractive index, in this case, can be expressed in terms of the (co@lenture factor

as:

. i_"0 (2.10
E p o
If the refractive indexn is calculatechumerically the change from unity iezasonally small (Born and
Wolf 1999) Thereforet | YR i | NiBweltoWNdvera YAY 22 F 0 GA&aadzS Aa (62

magnitudesk A 3 K S NThisi&dernyonstratedn Figure2.1, where thet k ratio for bone and soft tissue
is reported as an example
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Figure2.1 Ratio of the delta antbeta indiceganges10-100 keV for bone ansoft tissue. The values habeen calculatedvith
XOop

Sq if one useshigh X-ray energies, refractiorcompared tothe absorption effect is up to-8orders of
magnitude higher.The significant difference betweénandf is the responsible advantages of PCI
regarding absorptio#based radiology; the phase contribution is an additional and essential source of
contrast when the absorption counterpart is very weak or undetectable.

2.3.Coherence
Coherence is an importamphysicalprincipe for Xray PCIThere are two differentypes ofcoherence:
longitudinalandspatial coherenceThelongitudinalcoherences definedby the distance of two kphase

waves traveling in order tbavel LK &aS aKATd 2F ~ o

2L,=Ni

A—AR
Figure2.2 visualization of théongitudinal coherence lengiAlsNielsen ad McMorrow 2011)

This distance is called longitudinal coherence length L

With equationgd 0 _and0  — the longitudinal coherence can be expressed as:
., L (2.12)
> f

1 http://www.esrf.frlcomputing/scientific/dabax/
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The spatial coherence length; Is the distance that two waves, with the same wavelengths but different
directions, can travel taiphaseentirely. In Figure2.3, waves A and B, originating from two points and
having the same phase propagate in space along with the respective directions and aftexy2are in
phase again, whicleads toequationcd w— _, with w -is the angle between the travel directions of
the wavefronts. Let us indicate with D the distance between the-peimt sources. The distance from the

soure to point P, the point of the observer, is called R, ther— —. The relation for the transversal

(spatial) coherence is:
o,k 1 (2.12
| m

3

The spatial coherence is depending on the distance R-tlags<are traveling and the source size D.

Figure2.3 visualization of the spatiaoherence lengtfAlsNielsenand McMorrow 2011)

2.4 Phasecontrast imaging techniques
One of the first papers that discusses the use of coherematyX for imaging was published in 19954y
Snigirev(Snigirev, Snigireva et al. 199R)is easy to detect-Kay absorption because the absorptiim
directly correlatedo the intensity recorded on the detector. However, theay phase cannot directly be
measured and needs the use of specific setups in order to be detected. In this paragraph, four different
techniquesare presentedthese are the most common PCI methods. Three of them usptécaldevice
for retrieving phase informatiorgndone uses the interferences ofrdy during their propagation.

2.4.1. Propagation based imaging (PBI)
Propagatiorbased imagings the PCI technique with the most straightforward setapX-ray beamwith
a 'sufficient’ spatial coherenc@nobject and a detector. Thepatially coherenk-ray beam is propagating
through the samplesThisleads to a variatioim both the amplitude anghhaseof the Xraywavefront In
a geometrical approach, the phageifs corresponds ta changein the directionof propagationof the X-
rays after the objec{Peter, Raymond et al. 1996)
An interference patterrbetween partial Xay wavefronts, which have been deviated by the objét,
then recordedat the detector,placedat a certain distance from the objedDetectionis possible because
the phase shiftare transformednto intensity variations by the Fresnel diffracti®orn and Wolf 1999)
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Figure2.4 Schemata of a Propagatidmased imagingsetupa partially coherent monochromatic beam is passing through an
object after a distance an interferencepattern canbe recordedn the detector(Kitchen, Lewis et al. 2005)

In this setup, noadditional optical elementsare needed Therefore, itis aberrationfree, and the
achievable spatial resolution is mostly dependw on the source sizeand the imaging detector
characteristicgArhatari, Mancuso et al. 2004Jhe anguladeviationof Xrays after passing throughe
sample carbe expressedapproximatelyfor a monochromatiavavefronttraveling in thez-directionas if
Yes ¢ T_is valid:

S o 6 ?vﬁ. o, (2.13)

WithYs ' YR < & LKI &S &K thd& ¥ray lwgVR The prapéohtiSagaded knaging
technique is sensitivio the phase shift in x and y directisnas shown ifrigure2.4. The obtained signal
stronglydepends on he distance between the object and the detector (sarAplaletector distance §

If the distance inthe z-directionvariesand the size of the object is a, three regimes can be distinguished
(Snigirev, Snigireva et al. 1995)

R fabsarption regime no phasecontrast signal, therefore only absorption contrast is visible

i _ Q & near field refraction regimeor edge detection the distance d ismall, fis the radius

of the first Fresnel zone in the object plane. The contrast is formed arounghthge modulation's
high-frequency componentswhich occur on the edgeof features within theobject. This signal
providesstrong geometrical information becauserises from the interference of portions of the
wavefront that experience different phase shifts at the structures' interfaces with slightly different
refractive index.

i _'Q & farfield diffraction or Frauenhofer regime the interference patterns are well
detected, but the patterns carot be easilyassociatedwith a specifidooundary within the object.
These images contain littéirect information about the object itselfand the shape of th object is
hardly recognizable. But the images contain Fourier transformed information about the object, which
can be retrieved.

The recorded intensity on the detector chie describedy using the transport of intensity equatiomhis
equation is only validinder two assumptios. t can be used only in the near field regime, where the
propagation distanceare sufficiently smallandwhen theobject has a sloly varyingphase in the (x,y)
plane (transversal to the optical-direction) Under the mentioned approximans the intensity
modulation is proportional to the Laplacian phg&ureyev, Raen et al. 1999)
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For PBI, e X-raybeam needso have a sufficient degree of lateral (spatial) coherefse® paragrapi.3
Coherencg Thespatialcoherencads linkedto source sizand distance to the sourc&ynchrotron sources
and microefocus X-ray tubes havesource size0 SG6SSy wmn | YR wn >staddard KS a2d
rotating anodelaboratoryX-raytube is characterizetby a blurring effect on the interference pattexue

to the extended source size and the limited distance from the sourbe degree of monochromatiy of

the beam is lesgssential as proven by Wilkinsvho obtained PBI images even with a polychromatic
spectrum generated by a conventional midozus X-ray tube (Wilkins, Gureyev et al. 1996, Zhou,
Lundstrom et al. 2013, Larsson, Vagbetrgl. 2016)

Specificimage acquisition procedures and algorithima/e been developedver the years in order to
allow the quantitative exploitation of PGFor PBI, two main phase retrieval protocols are used: one is
based on a single distance image and a certain numbesahgstions (this method is commonly referred
to as the"Paganin algorithrhfrom the name of his inventaiPaganin, Mayo et al. 2002@nd the second

is the soecalled holographic imaging, which uses a set of imagEpiredwith different sampleto-
detector distance¢Cloetens, Ludwig et al. 1999Both methodswvere usedn this Thesis.

2.4.1.1. Single distance phase retrieval algorithm
The next paragraph describing the phase retridsaa single distance comes from the paper of Paganin
et al.(Pagam, Mayo et al. 2002)
Letus consider the transporbf-intensity equation, which describes the evolution of a wave propagating
after interaction with matter.

o iR o (214

With 'O i the Xray wave intensity and phase 1 hx .1 is the position vector, which is
perpendicular to the wave propagation direction.

We assume that the sample contains a single material and is homogensonkertBeerslaw provides
the intensity of the Xay wave exiting the sample:

ok o ooQ (219

With"Yi is the thickness of the sample aff@the intensity of the incoming wavéf we assume that
the thickness of the object is sufficiently small, then the phase after the sample is proportional to the
thickness:

il m S v (219

With 7, the refractive index decremere.1).
Substitute equationg2.15) and(2.16) into equation(2.14), an equation notlinear in"Yi is obtained
but it can be rewritteras an eqgation linear inin A
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1_ ‘0 0 T_ (2.17)

(O I VI I

—
Q-

Equation(2.17) used the identity of equatio(.18)
2.18
1 Q “Yi 1‘— Q (18)

The right side of equatio(2.17) canbe estimatedby measuring the intensity of two sufficiently close
planes with a distance otR

T o . o oY o (219
—. O o 1 .
ra 7 Y
By substituting2.19) into (2.17) andrearranging one obtains
Y1 9 O oY (2.20)
, p 0
Passing in the Fourier domain and substituting equagkdi) in equation(2.20):
o .0/l Y TO (2.21)
g MRS
Taking the inverse Fourier transform and solvingf6r gives:
‘o Y TO 2.22
vi B & ¢ Q L ‘ (2.22)
Y18Qs8
For a weakly refracting object illuminated by a point source witthR intensity’O is related t0"O :
C p iy .Q (2.23
o, l m —_— _Ahr
9 TR T

With M = (Y +Y) /'Y as the magnification of the point source. Equati@r22) can be written with
(2.23) to be suitable for a point source:
O 0bi i Y FO (2.29)

vi Paeqg = ;

= Y|sQsT

This result solves the transfartensity equation2.14) for a homogenous object with a projected thickness
of “Yi by using one single defocused ima(feaganin, Mayo et al. 2002)

2.4.1.2. Holographic imaging
The transmission functioitY® G oA @® & with a(x) the absorption anél & the phase In this
paragraph, tle assumption is made that the absorption of an object is small and can be neglected;
therefore the transmission function of a pure phase objeéYi® AR o .
The Fourier transform of the intensity distribution for a Fresnel diffraction pattern given distance
0y & phB R is given astGuigay 1977)

CQ 7 QY it OQe«"Q 0O Q (2.25)
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The nonlinear part’O ; "H with f as the frequency, will be smallgf i _O I * i se for all
distances s. The Dirac distribution Zis the mean unit intensity. The multiplication factsr A&

Y A 1% Ahas the detector transfer functioly Aand the degree of spatial coherente 1$ Ain

it. Because the contrast factay O E‘l O A& becomes zero for some spatial frequencies, multiple
measurements ofhe intensityare needed These multiple images are combined to reduce the-loear
term. Neglecting the nofinear term, a leassquares function approximation comes to the follagi
estimation:

0 o (2.26)
"0"Qe "Q 5 0 "QE"Q
With
'O QY "Qci ot 0 Q (2.27)
And
0 (2.28)
0 = Y, Qci e 00

By using the full description of th@n-linearimage formation process, this estimation da@é optimized
recursively.

2.4.2. Analyzeibasedmaging
Theanalyzerbasedimaging(ABIl)techniqueemploysan analyzer crystadlacedbetween the sample and
the detector. A highly coherent and collimated begassesthrough the sample and gstangularly
deviateddue to the variation of the refractive indexs described ithe formula(2.13). The analger crystal
actsas an angular filtergjecting all photons that do not meéthe Braggcondition

COi Q& (2.29)

With was the distance between atoms in the lattifethe angle between the photon propagation
directionandthe latticeplanes] Yy R < (G KS ¢ @S tsQOyilathesiffragtdd/accépedtais? ( 2 v
can reach the detector and form the imaf. Bravin, 2003)

The monochromatorcrystal Figure2.5) and the analyzer crystgFigure2.5) of the ABI setups not
dispersive, but their reflecting surfaces are parallel. o&ing curve (R©J the systems the convolution

of the monochromator and the analyzer reflectivity cusydetermined by the Bragg condition (equetti

(2.24)). The RC determines the filter function, which has an acceptance windossf{R®idth at the half
maximum FHWM) o few microradians For examplga 111 Silicon crystal f@nergybetween15 to 60
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Figure2.5 Schematialiagram of ABI setup The diffraction optics inclidenonochromator andan analyzercrystal The graph
shows the reflectivity curve, #( of silicon 333 (Si 333) reflection at 30 keV and the principle of the anbjseat onX-ray
imagingmethod(Keyrildinen, Fernandez et al. 2008)

The ABI is only sensitiie X-rays' angular deflectianin the direction parallel to the crystal diffraction

plane.
= T %edhuh_ (2.30)

Axes are as iRigure2.5. The intensity on the detectaranbe expresseds

O ] |
o Oy (2.31)

With M the magnification due to the divergeSic 2 ¥ (i K S a.théSdngalanosfitianof the analyzer
crystalwith respect tothe Bragg anglér the selected photon energyo get an ABI image, the analyzer
crystal is placed at a different angle alongh the RC. These images get combined, and byyappla
sophisticated algorithm, contrast contributions such as the phase shift, absorption and scattering signals
are retrieved. One of the first of these algorithms is the DEI algori@imapman, Thomlinson et al. 1997)
which needs two images at 50 % of the RC to extract the refraction and the absorption signals. This
algorithm works on the Taylor expansion to the secoinder; the small andiltra-smallande scattering
(USAXSS% ignored Another more advanced algorithm needs three images from the RC and a-brgleer

2 XOP: Xay Oriented Program, Version 2.3, ESRF, Grenoble, France
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Taylor expansion to extract the USAXS sid@&lou, Anastasio et al. 2007, Rigon, Arfelli et al. 200&n
alternative algorithm using gaussiarfunction has been used to model the RC to extract the SAXS and
USAXS sign@Dltulu, Zhong et al. 2003, Wernick, Wirjadi et28l03) For this algorithm, multiple images
along the R@re needed

2.4.3. Edge lllumination imaging
Thegroup of Alessandro Olivo drove the development of the edge illumination methodi(kil) the last
15 years The basiddeawasto enhance the phase sensitivity of an imaging system by illuminating only
the edge of the active surface of a detector pixel. In tg, photons, which are not hitting the active
surface can be deviated onto ilue toan interaction with thesample(Olivo and Speller 2007hisleads
to an increase or decrease of photon cosliiimt the pixel, deending on the direction they geefracted.
This method can be performed with synchrotron radiation or with conventional;mmmno focalX-ray
tubes
The setup Figure2.6) of this technique usea presample coded aperturenask('sample mask' in the
following), which slices théncomingbeam irito small subbeams. The aperturmaskis locatedupstream
of the sample. The aperture blocks the incomirgaim in a way that the subeams are not interfering
with each otherTherefore the edgeillumination is not a interfering method. There is a second aperture
right in front of the detector.Thisis calleda postsamplecoded aperturemask('detector mask' in the
following). The detector mask covers the detector in a way that tlaeean active area and an inactive
one of the pixelsThe detector masks designedso that the period® has the same dimensioas the
detector pixel. The detectomaskis alignedin a way that every detector pixét blockedhalf by the
detector mask and can be illuminated byra¥s onthe other half (seeFigure2.6). Thesample mask can
be movedorthogonaly to the beam directiomnd paralleconcerninghe detector maskin theabsence
of the sample, the detector magk fixed and the sample maslks movedover one period so that an
illumination curveis recorded This illumiation curve is related to the intensity measured at each pixel
when changing the beamlet physicallhisis analogto the rocking curve in ABI.
When placing a sample downstream of the sample mask, this changes the measured intensity. If two
imagesare recorded with two different misalignmens of sample mask regarding the detector mask,
corresponding to opposite sides of the illumination curve, the signal coming from refrastiesersed
but the absorption signal remains the same. Therefore, the réifvasignal and the absorption signal can
be separated with @haseretrieval algorithm using only these two imagé®iemoz, Hagen et al. 2013)
With a 1D mask, the sensitivity of the phase is only in the direction of scafiihiisgan beovercome with
a 2D masKKallon, Wesolowski et al. 2015)

3 Width of a blocking element plus width of slit.
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Figure2.6 Schematic of the concept of the coeggerture techniquethe detectorgets partly covert, an increase or decrease in
intensity is reported depending on the refraction of the obj¢&livo and Speller 2007)

2.4.4. Grating interferometry
Grating interferometry (GI) oK-ray Talbot interferometry is #CI techniquewhich is basedon the
interference of photons. The setup usesphase grating and an anabr grating which are placed
between the sample and the detector, as showifrigure2.7.

Sample G2 Detector

s vl

- DUOOO0000000 #

D

Figure2.7 Setup of ayrating interferometer:With the beam splitter Gia pattern of X-ray interference fringess formed thelocal
distortions from its ideal regular shape enclose informatiarthe sample structure he fringes ar¢oo smallto be resolved by
the pixel detectaran additionalanalyzer gratindG2 in front of the detector iplacedon transformingringe-position information
into intensity (Weitkamp, David et al. 2008)

This technique's basic physical prineijg theso-calledoptical Talbot effect, a near field diffraction effect
first obseved by Henry Fox Talbot in 18@7albot 1837)When an incidentwavefrontpasgsthrough a
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diffraction gratingthe imageis repeatedafter certaindistances. This regular distance is called thalbot
length Q and can be expressed by this formula: Q c®j_
witha,asi KS LISNA2R 2F GKS 3aANF GAy3a I vy Rocreatediki@fersnced St Sy 3 (
pattern impinges on the sample with which it interactBhe absorption and scattering mechanisms
experienced by the photonsause a local change beamintensity. To retrieve thislistortion of the
interference patternthe signalswith and without sampleare bothacquired A detector with a pixel size
suitable tosample the interference fringeend a highphoton flux is needed.Thisiswhy a second grating
(the sacalledabsorption grating)s placedclose to the detector an@t a distanceequal tothe Talbot
length. This grating is use analyze the interfereres pattern. Two methods are used to separate the
signal's different component®neis called phase steppin@/Veitkamp,Diaz et al. 2005and one Moiré
fringes(Atsushi, Shinya et al. 2003)

An excellentspatial coherence is heededo use alaboratory X-ray tube, a third grating is addeglst
downstream the photon sourcgTalbotLau interferometer(Talbot 1836) and before the sample
(Weitkamp, Diaz et al. 2005)

2.5.Computed Tomography (CT)
In conventionatadiographsa 2D image iacquired a projectionof transmitted Xrays ofa 3D sample but
only in one direction. The depth informatias loston this radiograph. Computed Tomograp(@T)
overcomes this issue by combining different radiographs from different angles in order to get a 3D
representation of the sample. Johann Radaid the mathematical foundation for tomography by giving
a solution for reconstructing a function from its projectiotise methodis presentedn the article"Uber
die Bestimmung von Funktionesurch ihre Integralwerte langsgewisserMannigfaltigkeiteri in 1917
(Radon 1917More than 50 years lateiGodfrey Hounsfield took the first medical tomographic image
1973(Hounsfield 1973)
There are two types of reconstruction atgbms: the analytical methods (Fourier transformation) and
the iterative methods (algebraic and statistical).
The filtered back projection is the most commonly used algorithm for reconstru¢iak and Slaney
1988, Herman 2009Every projection gets convolved with a filter function to prevent atéfactsfrom
occurring The filtered projection is progged backward along the original line of sighihdthe relevant
physical parameteri.¢., photon attenuation) is summed ufhiscan also be applied for the refraction of
X-rays because the change in phase introduced by an objetihéaily proportionalto the refractive
decrement in the refraction index.

3D anatomical Plans
Three standard anatomic planes are also used to display da@T&rans. They are:
1 Axial slice slice which is perpendicular to the rotation axis
9 Sagittal slice parallel to the rotation axis and orthogonal to the shoulder plane
9 Coronal slice is parallel to the rotation axis and the shoulder plane of a human
This terminology is in thanalogyof the anatomical plane used by medical doctors.
Coordination system
The coordinatio system used in this thesis is characterized in the following:
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9 the zdirection is the direction Xay are traveling

1 the xdirection is perpendicular to the travel ofrdys and is parallel to the horizon/ground of the

earth

9 y-direction is orthogonal to tl travel of Xrays, and the xlirection

coronal or
frontal plane

axial or

_ horizontal or
_ ~transverse
plane

sagittal or
longitudinal plane

median plane
parasagittal plane

Figure2.8 anatomical planes used in anatomy in this thesis a similar terminology is useakigthplane is perpendicular to the

rotation axis, coronal and sagittal plane is parallel to the rotation‘axis

4 https://en.wikipedia.org/wiki/File:Human_anatomy_pla nes,_labeled.jpg downloaded:

15.3.19
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3. Experimental facilities and setups

The experiments presented in this Thesis manuscript were carried out by using differantlight
sources. Most of the work habeen performedat synchrotron radiation (SR) facilities. Still, for
comparison, other sources like rotating anodeay tubes and the recently developed liquid metal jet X
ray sources havbeen usedoo. In thischapter, | will provide a briefiescriptionof the Xray facilities and
beamlines, wherdéhave realizeany experimental workand| will describe the main characteristics of the
used Xray beams.

3.1.Synchrotron radiation
In 1947, a group at the General Electric Synchrotron Facility in New York reported thatithey "arc
in the tube" when they switched on their 70 MeXrticle accelerator Lamgmuirealized that this was a
beam of light named 'synchrotramdiation (Elder, Gurewitsch et al. 19471968 the first spectrum of
the Tatantalusl Synchrotron with a storage ring (first generation) was measured at the University of
Wisconsin. This storage ring was used for a-teld purpose:asa sourceof Xraysand for positron
electron collision expemients at the same timél hefacility evolved in the next years and had, at its peak,
ten beamlines, which were operational at the same time. This concept served as a model for the modern
multi-user synchrotron facilitiefRobinson 2009)Because of the multipurpose ofirst-generation
synchrotronsthe ring current was still low as needtedl the collision experiment3hesecond generation
of synchrotronswvas builtwith the only scope oproducingX-ray beams The first one of this generan
was built in 1981 at the Daresbury Laboratory in the United Kingdom and hd@led/ 2lectron storage
ring. The third generation of synchrotron souraesas constructed to improve the machine's emittance
and brightness and introducethsertion devices, sch as undulators and wigglers. The first third
generation was the European Synchrotron Radiation Facility (ESRF) in Grenoble, with itst@rdgeV
ring, which started its operation in 199&unz 2001)Besides the ESRF, there arkentthird-generation
Synchrotrons, which are operational today, like the Advanced Photon Source in Chicago, US or the Spring
8 (Super photon ring 8 GeV) in Japan. Other intense sources, i.e., thediedron lasers (FEL), have
been developed in par&l. They accelerate electron linearly and use undulateEs are improving the
brightness and pulse length compared to the third generation of synchrotrons. The first one with "hard"
X-ray was the Linear Coherent Light Source at the National Acceldrabmratory in California, which
started its operation in 2009McNeil 2009) Nowadays, major synchrotron facilities, suchtze ESRF,
have started or will soorstart an important upgrade program, aiming to increase the brilliance of
synchrotron radiation, setting the basis for new science shortly.

3.1.1. Synchrotron source
Synchrotron radiations the electromagnetic fieldemitted by arelativisticcharged particle moving in a

homogeneais magnetic field. The force, which a charged particle moving with a momepturd &
experiencain a constant magnetic fiel®, is called the Lorentz ford@ = ‘Qp " The produced

radiation is highlycollimated and emittedin the tangential diection of the trajectory of the electron
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within the field"®. The emitted spectrum can be described with the critical wavelength, which is the
wavelength. This value is defined as the wavelength where half of the total power is radiated=—

with R the radius of the curvature andspeed of the electrons’( p p Ujw , with v the

velocity of an electron The emitted synchrotron cone's opening aa given by k(Baruchel, Hodeau

et al. 1993)

There arebending magnets, wigglersand undulators installed along the electron beam. A bending
magnet consists of only one magnet. In contrast, wigglers and undulators (i.e. insertion devices) have
multiple magnets ordered in anpposite magnetic direction along the electron beam to fortee
electrons on a sinusoidal course through the device. The optical propertiewighlerand undulator can

be described by the K value, a dimensionless parameter defined a5, with| the wiggling angle of the
trajectory Figure3.l).

Figure3.1 Schematic view of the electron trajectory of a wiggler, withe wiggling angle of the trajectory arfd the period of
the magnets(Balerna and Mobilio 2015)

The K value for electronacbe writtenasv  —— || 8 fo 0| 4 m veWHggler haa Klarger

than 1; the emitted pulses do not interfere with each other. For undulators, p and| is in the order
of the photon emission angler k (Balerna and Mobilio 2015thus the different photon beamts
produced as each curve of the electrons within the undulator interfere

3.1.2. Synchrotron Radiation characteristics
Several aspects of anr&y source determine the quality of thery beam it produces. They cée
combinedinto a single quantity calledrilliance B defined as:

=] g vmT (3.1)

S R T KR AR By
In other words, thebrilliance is the photon density in a given time for a specific area within a specific
energy bandwidth. The energy spectrum of a synchrotron source can go from infrared light untik hard X
ray;this depends on the insertion device used to produce the light
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Figure3.2 A sketch abouthe entireelectromagnetic spectrum with a comparison of teevelengthwith objects and the observer
method to visualize the objett.

Synchrotron radiatioms characterizetby a high degree of coherence (paragraph dherencg making
experiments possible, whidre difficult with other Xray sourcesThe coherence calpe regardedas the
property of radiationthat enables a wave to produce observable interference and diffraction effects. For
example, a monochromatic plane waveiisthis senseperfectly coherent, while the light emitted by a
standard light bulb igntirelyincoheent.

3.1.3. The Europeasynchrotron(ESRF)
The Europea Synchrotron Radiation Facility has recently started an upgrade program ‘taktrdmely
Brilliant Sourc® which foresees theonstruction of a newg the first of a kind¢ storage ringand new
beamlines The new machingarametes are reportedin the so-calledOrange booki.e. the technical
design study(Dimper, Reichert et al. 2015Fhe machine that | willescribe here is the one that was
running until December 2018 (before the upgrade) and with which | have performed the experiments
included in this Ph.D. Thesis work.
The ring has a circumference of about 844 m and an electron beam energy of 6.04 Gd¥ctftwe lzeam
current could be up to 200 mA (depending on the filling mode of the electron rdmg)the natural
emittance was 4000 pmxradndit had an energy spread of 0.106B6mper, Reichert et al. 201Fjorty
two beamlines were operational simultaneously.

5 http://www.esrf.euffiles/live/sites/wwwifiles/about/synchrotronscience/emspectrum.jp@ownload: 30.11.18
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Figure3.3 Brilliance for Bending Magnets (BM) sources, undulator sources (U or CPMU (cryogenic permanentamiadatet
and wiggler (W150),for the existing and the new machine, Bending Magnets(BWnper, Reichert et al. 2015)

In Figure 3.3 Brilliance for Bending Magnets (BM) sources, undulator sources (U or CPMU (cryogenic
permanent magnetundulator and wiggler (W150), for the existing and the new machine, Bending
Magnets BM (Dimper, Reichert et al. 2019)he current machine can have a brilliance up t3'10
photons/s/0.1%bw/mn¥mr? with a CPMU18indulator. Wit the new lattice, this undulator gains a
factor of 10 in flux, whereas the W150 wiggler does not gain much flux from this new lattice.

3.1.4. The Swiss Light Source synchrotron (SLS)
The Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI) in Villingen Schwitzerland, has a storage
ring with 288 m of thesircumferenceand electrorenergyof 2,5 GeV. There are 17 beamlines operational
(Boge 2002)The beam current is 400 mA,; this number is kept constant using thallsal topup mode
for the storage ring injectiorThismeans that every -3 min, there is a 2 mA al&ron current injected in
the storage ringLudeke and Munoz 2002Jhebeam emittanceds 5.5 nm radthis is achievedising 177
guadrupole magnets to focus the beam. The synchrotron radiation spectrum produced by undulators
ranges from ultraviolet to hard-Kays(Andersson, Boge et al. 2008)

3.2.The ESRF Biomedical Beamline (ID17)
The ID17 beamline is one out of three long beamlines at the ESRF, with a total length of 158ntitdty
dedicatedto biomedical resarch, including imaging and radiotherapy programs. At a 4istancefrom
the SR source, an experimental hutch called the 'MRT hutdtére the high resolution "pink" beam
experiments of this Thesis work took place. The second experimental isutmhted 150 m away from
the source; it is called imaging hutch. The experiments with the monochromatic beam of this Thesis were
done in this hutch.

53



3.2.1. The ID17 source
The ID17 beamline has two wigglers as insertion devices aag 3ources. The first wigglan@50) has
21 poles and an adjustable gap, a period of 150 mm andxamummagnetic field of 1.6 &t a minimum
gap of 24.8 mm. This wiggler heriticalenergy of 38.1 keV (unfiltered radiationlie K value is between
5 and 25 depending on the gap (nmeagic field). The second wiggler (w125) has 22 poles with a 125 mm
period and a maximum magnetic field of 1.8 T at a gap of 11 mm. The second wiggler can be added to the
first one to increase the photon flux.
The source size has been calculated at 50 keV to be about 162 um FHWM wide (horizontally) and 8 um
FHWM high verticallfLAISSUE, LE BASZ et al. 2@iith hutches cabe usedfor imaging. The Xay
beam is 65 mm wide (50 keV FWHM) and 3.1 mm high (50 keV FWHM) at the sample position in the MRT
hutch. In the second hutch, therdy beam is at the detector position aba268 mm (FWHM) wide and
12.8 mm high (FWHM), at 50 keV. These beam dimension estimations have been obtained by using the
OrAngeSYnchrotrorSuite (OASYS) toolset
The Xray beam entering the second experimentaltd¢tuis monochromatic. Different monochromator
systems are available at ID17, but for experiments we always used a Si(111) double bent Laue crystal.
It gives a quasinonochromatic beams9 k 9 ) innhe range of 25 ke 100 keMSuortti, Fiedler et al.
2000)
The Xray spectrumis shown inFigure3.4 Polychromatic spectrum of ID17 MRT hutch, calculated by a
tool based on the XOP softwar€his wiggler W150 was used in the experiments at ID17 in this Thesis.
The gap of the wiggler was set to 110 mm, and the machine current was 200 mAltdiware added to
shape this spectrum: a 1.52 miswuminum and a 1.06 mm Cooper filter. The peak energy is 42.8 keV. The
calculations from this spectrum come from XOP software developed at thé. ESRF

source and detected spectrum
——ID17 Spectrum
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Figure3.4 Polychromatic spectrum of ID17 MRT hutch, calculated by a tool based on the XOP software.

8 hitp:/ftp.esrf.eu/pub/scisoft/Oasysiviewed:5.3.2019
7 http://ftp.esrf.fr/pub/scisoft/xop2.3/ viewed: 5.3.2019
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3.2.2. Experimental imaging setups
In the MRThutch, the stage for micr&CT acquisitions cde positionedat different distances from the
imaging detector (minimum 30 ¢gnmaximum 2 m). The sample stage has at its bottom a motorized
platform thatcan move in the vertical directioithe base platform is for a rough vertical adjustment. On
top of thatplatform, a vertical motor stage with a range
of 90 mmis placed This mobr can translate vertically
with a precision below 3 pm.
The setup tank includes motor stage to move the
sample horizontally and transversally with respect to
the Xray beam axis. The range of this displacement is
about 150+0.001 mm. This stage is usedrtove the
sample in and out of the beam and take reference
images. Then there is a cradle motor stage on the top of
that stage, which aligns the sample stage parallel to the
beam direction. The next layer is the rotation stage,
which is arair bearingto reduce friction. On top of that
are two motor stages, which displace the sample in two
linear directions, along the -bay beam axis and the
perpendicular direction. These displacements adjust the
sample with respect to the center of rotation of the CT
stage.
In the secondhutch, there are two sample stages
available;one ata fixed distance from the detector (12
m) and on a movable that cdre placechetween 3.4 m
and 20 cm from the detector.
Figure 3.5 Picture of the sample stage and the detec At the ID17 beamling many imaging techniques are

system of the high resolution setup in the MRT hutch ¢ available. Propagatichased Xay phasecontrast
ID17; blue circle is the sample stage; green circle i

detector system with two different optical magnificatic iMmaging with monochromatic and polychromatigays
by courtesy of Alberto Mittone is possible. There is an Edteminationsetup available,
with two masks, a sampleand a detector maskAn
analyzr-basedimaging Xray phasecontrastimaging setups also installedhe setup carbe usedn the
second experimental hutch.

3.2.3. Detection systems
At the ID17 beamline, th&-ray imagingdetector system portfolio includes different devicéhere is a
germanium detector cooled with liquid nitrogen. It consists of two monolithic germanium crystals with a
length of 160 mm an@ heightof 10 mm electronically divided in 432 pixelbefleforethe pixel lateral
(horizontal) size is 350 um. Nowadays, this detector is mainly used for patient posit{tAI8SUE, LE
BASZ et al. 2000) radiotherapy programs performed at the beamline
The other detector available is the FreLoN camera developed at the ESRF and characterized by fast
readoutand low noise. This CCD camisieoupledto an optical system denagnification lens system. The
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effective pixel size with this system is about 7,5 um x 7,5 pm, the field of view is 15,3 mm x 15,3 mm
(Mittone 2015) For thehighestspatial resolution imaging experiments, a PCO Edge 5.5 detector is used,
a metaloxide-semiconductor (CMO$. This detector can be coupled with a different scintillator
(fluorescent screens) depending on theasipl resolution to be achieved (i.e., on the microscope optics
used). One of these scintillators is madd.afetium Aluminum GarneLUAG) and has a thickness of 50

pm or 21 um. With the 1x leAsased optics, an effective pixel size of 6.2 um can léeged. Other
microscope optics allow 2x and 10x magnifications, providing effective pixel sizes of 3.1 um and 0.7 pm,
respectively(Mittone, Manakov et al. 2017All imagesacquiredin the experiments at the ID17 in this

work weretakenby using the PCO Edge 5.5.

3.3.The ESRF ID16a Ndmaging Beamline
ID16a is one of the most recently built beamlines at the E&fHt is one out of three longest located
outside the synchrotron ring walls in satellite buildings. Long beamlines, i.e. long dotgample
distances, allow to increase thidegree of spatial coherence and to obtain larderam sizes, where
required. This beamline's mission is to address problems in biology, biomedinmhaanotechnology
with X-ray fluorescence andanotomography

3.3.1. The ID16a source
The beamline source coigts of two undulator insertion devices, called the Ul&n8lthe U22_4. The
U18 3 has 152 periods with a period length of 18.3 nima;deflection parameter K is 0.49, the photon
energy range is 16©018.1 keV. At 17 keV, this source has a brightness2of 83° ph/s/mrad”2/mm~2.
The U22_4 undulator has 124 periods of 22.4mm in length. The K parameter iafid88covers the
energy range of 330 keV. The brightness is 2 xph/s/mrad?’mm? at 33.4 keMDr. Cecilia Blasetti
2018) The beamline operates at these two selected energies, 17 keV and 33.4 keV.
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3.3.2. Experimental setups
The sample stages placed atl85 m away from the sourcend is ina vacuum chamber with a base
pressure of 10¢ 108 mbar. Before the samplstage there is a KirkpatricBaez (KB) mirror, whidhcuses
the beam down to a size of 13 nm (FWHM) at 33.4 (K&sar da Silva, Pacureanu et al. 2017)
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Figure3.6 Schematic representation of the ID16a experimental sefitipa KB mirror and imagegas taken at a different

distane from the focal spot; the inset represents the sample's random displacement to improve image(lgubkty,
Pacureanu eal. 2018)

After the focus the sampleis placedon a hexapod with piezo controlled motstages used for the
nanometer sample alignment and movements during the CT acquisifiem sampléds displacediy a

random number of pixels orthogonally to thedm direction between two successive angular projections
of the tomography scarThisis hot compatible with a continuous tomographic scan; thus, a-biegtep
acquisitionis chosenThs method's resulis that the scanning times are lopgynchrotron mero-CT with
0.7 pm pixel size at ID17: 7 min scan tigie®lotomography scan with 0.1 um pixel: 4 x 1 hour scan time)
However, this random sample movement improves the reconstructed image qbaligusethe ring
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artifact gets removeqHubert, Pacureanu et al. 2018)he entire sample stage and the vacuum chamber
are constructed to be very stable to achieve nanometegcision

with hexapod
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Figure3.7 Picture of the end station at the ID16A Beamline at the EB&feamgets focused by a KBirror, the sampleeceives
placedfirmly after focusing spot achieve a smeffectivepixel due tahe magnificationeffec#

3.3.3. Detecfon System
The detection system is a FReLON CCD camoeraled with a GGGEu(GdGaOw:EY scintillator. The
pixel size is 1.5 um x 1.5 pm with 4096 x 40B&k. The detector is about 1.2 m away from the focal
plane. The magnificatiod O 'O 7O withO is the distance between the focplane and sample
andO the sample to detector distance is due to the beam divergent. The distance between the focal
planeand sample can range from 10 mm up to 80 mm, depending on the effective pixel to be used. Th
effective pixel size can be as low as 25 nm. During the four tomographic scans, the sample is moved in the
direction of the beam away from the focal spot between 2mm and 30 mm, to vary the phase shift
(Khimchenko, Bikis et al. 2018)

3.4.The ESRF IDg®nicrotomographypeamline
The ID19microtomographybeamline is mainly devoted to phasentrast (propagatiorbased) micro CT.
The beamline also pushes the limits in terms of temporal resolyiitack, Scheel et al. 201ith an
increasing number of ultrbast imaging experiments for dynamic studies. The ID19 beamline is one of the
long beamlines located outside of tleynchrotron ring walls (to make large beams and a high spatial
coherence).

8 http://www.esrf.euffiles/live/sites/wwwifiles/com%20photos/UserScience/Beamlines/ID16A PIERREJAYET.jpg
downloaded 08.03.2019
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3.4.1. ID19 source
The beamline has as a primary insertion device a Witig@lerand two U32undulators. The electron
beam source size (expressed as FWHM) is horizontally 135 um wide and 25 um vertically high. The
beamline's energy range is between 7 and 100 keV, but the best energy range for the beamline is between
12 keV and 60 keV. The second U32 urtduleanbe replacedya U17.6undulator(Weitkamp, Tafforeau
et al. 2010)

3.4.2. Beamline optics
The attenuatorsare locatedn the first optical hutch between 26 m and 35 m from the source. At 140 m,
there is a double crystal monoamator (DCM) watecooled with two silicorl11 crystalsandat 143 m,
there is a Bragg geometry Multilayer monochromator (ML) installed. The DCM aeceptg/up to 60
keV, whereas the ML can go up to 100 keV.
The beam size with the DCM is about 45 mmwiidth, andfor 20keV and below 15 mm in height, for 50
keV, the beam height is only 6 mm. The flux density at 20 keV is abBphbBons per second panm?;
this drops down at 50 keV to about Tphotons per second per mitWeitkamp, Tafforeau et al. 2010)

3.4.3. Imaging technigues
The beamlings dedicatedo propagationrbasedX-ray micro CT imaging, but it has setups for diffraction
based imaging and laminography. For grepagatiorbasedimaging, two end stationare permanently
installed one for "highresolution" andlightweightsamples and one for "mediwmesolution” forheavy
samples. The CCD used is the FReLoN detector developed by thg&idRiE, SegurBuchades et al.
1996, Labiche, Mathon et al. 200#)th a physical piXesize of 14 um. Different detector optics offer a
range of effective pixel sizes between 0.18 um and 30(Meitkamp, Tafforeau et al. 2010/ full
tomography scan can be as fast asfar 1.1 um effective pixel sizavhich allowstime-resolved
tomography studiegBoller, Tafforeau et al. 2017\ unique sample stage, tlem-called'tomopress is
available, a horizontal sample holder and rotation stage, combinedamittysicapress to compress the
sample. Thisomopressis usedn the dynamic cartage study, which | present in chapter five.

3.5.The SLSTOMCAT damline

The name of the beamline, TOMCAT, stands for TOmographic Microscopy Coherent rAdiology
experimenTs. It is a laboratory entirely dedicated to tomographic analysis at mignoinsubmicron
scales at the Swiss synchrotron facility SLS.

3.5.1. The TOMCAT source
The beamline source is a bending magnet with a magnetic field of 2.9 Gritiodl energy of 11.1 keV.
The photon source size is 53 pm x 16 pm (width x height). Witthodble crystal nultilayer
monochromator the beamline can work with monochromatic radiation in the energy range;efBkeV
(Stampanoni, Groso et al. 2007)
The TOMCAT end station provides a translation of the sample in three directions with a resoil lgiss
than 1 um. It is a stable setup witkproducibility of about 0.1 um in thedirection (perpendicular to
the beam).
The rotation stage is an diearingbased system from Aerotech, its maximum rotational speed is 3600
deg/s (10 Hz)andit hasan error of 1 um per 100 mifStampanoni 2019)The sample holder system is
very flexiblejt is a plate with balls attached to it, where theagneticsample holderKigure3.8 B) can be
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easily attached and removed. A robot can automatically change this sample holder. On top of this sample
holder, pins (Huber piRigure3.8 C) andanarea holder Figure3.8 D) witha diameterof 3.15 mm can be
attached.
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1
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Figure3.8 Sample holder setup #he TOMCABeamline, A) sample holder base plate with sample holder and sample in front of
the revolving microscope B) Magnet sample holder C) Huber pin for small sample attachment D) area holder for large sample
attachment.

3.5.2. Detedion systems
The TOMCAT beamline uses a PCO Edge 5.5 with Arbk&@tillator forhigh-resolutionphasecontrast
imaging. Coupled to this detector, a revolving microscope with a magnification of 1.25x, 2x, 4x, 10x, 20x
and 40x provides effective pixakes of 5.2 um x 5.2 pum (1.25X magnification) up to 160 nm x 160 nm
(40x). For this Thesis work, the 20x and the 40x magnificatene used The 20x magnification has a
UPLAPQO20x objective, which has a numerical aperture of 0.7, the field of view im&ri@ mmand
the effective pixel size is 0.33 um x 0.33 um. The magnification mode 40x has a UPLAPO40x objective,
which hasa numericalaperture of 0.9.The view is 0.4 mm 0.3 mmandthe pixel size is 160 nm x 160
nm (Marone, Mokso et al. 2011)

3.6.Conventional laboratgrxray tubes
Conventional Xay tubes are around for centuriethere is some innovation since Wilhelm Conrad
Roéntgen built the first Xay tube in 189§Rontgen 1896)The corgorincige has not change@n electron
beam hits a metal anode fromhich Xray photonsare emitted principally, by the photoelectric effect
inside atoms and the bremsstrahluf@oolidge 1912)The resulting spectruns givenby the overlg of
the continuous spectrum of the bremsstrahlung radiation and the emitted characteristics lines
(characteristic Xays) of the anodenaterial(an examplas reportedin Figure3.9).
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Figure3.9 Graph of an Xay tube spectrum, with twpeals indicating the Kedges of the anode material and the continuous
bremsstrahlung component. The maximpimoton energyand outputdepend on thesoltage applied in the tub&and the tube
current.

The highest brilliance anrdy tube can get is about 3 photons per mm?2 s 0.1% bandwidth, whereas the
brilliance of synchrotron radiation can as high a¥ potons per mmz2 s 0.1% bandtih (seeFigure3.9).
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Figure3.10 Performance of various-dy tubesin comparison with synchrotron radiatigBartzsch and Oelfke 2017)

9 https://www.radiologycafe.com/radiologyrainees/frcr-physicsnotes/productionof-x-raysDownload: 3.1.19
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In this hesis three different types of Xay tubes havebeen used one rotating anode and two liquid
metal jet sources.

3.6.1. Rotatingmicrofocugsube
Therotating anodeX-ray tubeused for some of the experiments of this Thesis werfikom the company
XRayWor¥. This sourceés locatedin Wirzburg (Germanygnd it is operatedby the group NanoCT
systems of thé-raunhofernstitute for integratedcircuits. tis a 190 KV source, with a maximaouorrent
of 1 mA.The target material is Beryllium aridingsten The detector in this setup is tHeerkinElmer
Dexela 1512 NDT CMOS detector with a pixel size of 74.8 x 74a&hdm matrix of 1944 x 1536 pis,
with a resulting field of view of 154.4 mm x 114.9 mm and with adisilator.

3.6.2. Liquid metal jetnicrofocus Xay tubes

The liquid metal jemicrofocustube developed b¥xcillium!is locatedat the GeorgAugust University of
Goppingen/ Germany in the Institute forr&y physics. The group of Prof. Tim Salditt operdtds hasa
liquid metal alloy, whiclgets pumpedhroughthe target areaThismeans that the heageneratedin the
target aea gets transported away with the alloy. Therefaadjigherelectroncurrent canbe shoton the
target area than standard rotating anode systantke possibility of using high electraurrent results in
higherX-ray flux. The tube used in this Thesisracro-CT experiments is calledetal jet D2+ and haan
alloy of 95 % gallium and 21% Indium. The tube voltage ranges freid ZV,and it has a maximum
current of 4.3 mA. The focapot sizeis about 5 pmit does not movets position morghan 1 um. he
minimum source to sample distance is 18 rfm

3.6.3. 'NanoTube' source
Excillium develops the Nano Source within the project NanoXi@lit is commercially available under
the name "NanoTube'This sources also placedin Wirzburg at the ILS Fraunhofesltute, and the
NanoCT System group operatesTib. achieve good heat dissipatidihe tungsten transmission targéet
set on the top of a 100 um thick diamond window. The source size is abieutfaundred nanometers.
The peak energy of this source is and 60kV. The detector used for this system is the hybrid photon
counting "SANTIS" from DECTRIS. The detector has 2048 x 514 pixalsedigfeof 75 um. With this
system theinnermost150 nm lines of ai@mensstar couldbe resolvedFella, Dittmann et al. 2018)

10 https://x-ray-worx.com/Viewed: 25.5.2019

11 hitps://www.excillum.com/Viewed: 25.6.2019
12 https://www.excillum.com/products/metaljetsources/metaljetd2-70-kv/ Viewed: 3.1.2019
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4. Multiscalephasecontrastimaging of cartilage

Xray phasecontrast imaging allows visualizing soft materials like cartilage with multiple spatial
resolutions. The multiscale approaishessential to study the hierarchical organization of many biological
tissues and understand the maeohanges induced by pathology in an organ by analyzing small sub
structures within sukregions. There is always a tradeoff between pixel size and tkeoithe field of
view. Large pixel size leads to a large fi#ldiew in a detector with a fixed number of pixels.
Consequently, when you increase the spatial resolution (i.e., smaller pixel size), the field of view gets
smaller, and one can investigadaly subvolumes. In this study, a series of experiments were conducted
using different spatial resolutions to access one side the overall cell distribution within the cartilage tissue
and, on the other side, the structure of the single cell.

The objectie of this work was to visualize the cartilage and its changes due to osteoarthritis. Many
experiments on different beamlines with different techniques and optical systems were carried out and
presented here. Experiments were performed at different synalmmbeamlines: we used pixels sizes of

6 um and 0.7 um at the biomedical beamline ID17 at the EMR©BNe, Fardin et al. 2020pf 0.32 um

and 0.16 um at the TOMCAT beamline atd@lfinally, an effective pixel size of 100 nm at ID16a at the
ESRF.

In the first part of this chapter, the different sample preparations required for these measurements are
described and the used experimental parameters. Then the results of the difiexpatiments are shown

and discussed. In the last section, the imageguiredat the Synchrotrons are compared with images that
were acquiredwith table-top laboratory Xray sources.

This chapter's resultare condensed in the papéMultiscale Xray Phase-contrastimaging of human
Cartilage for investigating Osteoarthritis Formatlomvhich is currently in the review stagélorng,
Stroebel et al. 2020)

4.1.Description and preparation of the samples
The samples used for thexperiments explained in the following were extracted from human patellae
with different degrees of cartilage degeneration. For the different experiments and experimental stations,
a specific preparation of the samples was needed.

4.1.1. Description of the sanhgs
The cylindrical osteochondral samples were drilled from three human knee joints (from the femur or
patellaof a 73yearold man and a 6%earold woman). All specimens were harvested within 24 hours of
death at the Forensic Medicine department of thellvig Maximilians University (Munich, Germany) after
obtaining informed consent from the donernextof-kin. Samples were preserved &l0% formalin
saline solution, which reportedly does not influence PCI re@dtilenhauer, Aurich et al. 2002, Li, Zhong
et al. 2009)
The cartilage tissues were classified as healthy and slight to medium degenerated samples. The
assignmentwas based on macroscopic visual evaluation of theilage surface and thickness
respectively, an experiencddrensic doctor and a musculoskeleatpert radiologist. A smooth surface
was considered an indication of healthy cartilage, slight fibrillations and roughened surface as signs of a
medium degenerated cartilage
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\ The specimens for the experiments at ID&@ére from the 67yearold
(patella) women For the ID16 experiment and the TOMCAT experiment

o cartlage samples, a 7yearold man from the patella and femur was used.

Figure4.1 An osteochondral plug harvest from arhan patella. The plug has a diameter of 7
mm; the white part is cartilage, and the brown part the bone. The samples with dimensions
were used in the experiment at ID17.

P

4.1.2. Sample preparation

Liquid environment

For the TOMCAT (SLS) experiments and Biomedical beamline ID17 (ESRF),
the sample stage is usually under normal room pressure. Therefore, samples
neededto be put in a sealed plastic container filled with formalin to keep the samples in a wet
environment. fie container was an Eppendorf Conical Tube (5 ml). The Eppendorf tube was positioned
upside down with the bone fixed to the tube's head to prevent movements. All air bubbles were removed
by gently shaking the tube.

Vacuum environment

For the experiment irvacuum at ID16a, the samples need to be prepared specially. The samples' size
cannot exceed 0.5mm x 0.5mm x 3mm (width x depth x height) because a crane carries samples onto the
sample stage. The crane can carry Huber pins, with an opening of 0.5 mapatieabovethe Huberpin

was only 3 mm high.

Samples were decalcified Ethylenediaminetetraacetic acid (EDTA) for about four days. Afterward, they
were embedded in paraffin blocks and cut into slices of 0.5 mm thickness using a microtome. The slices
were then cut manually into 0.5 mm thick sticks. The sticks were then glued intauther pin, as seen in
Figure4.2.

Figured.2 Three samples prepared for imaging at ID16a; the samples are in the dimension of 0.5mm x 0.5mm x 3mm (width x
depth x height)samples are decalcified and fixed in paraffin.
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4.2 .Experimental Parameters
We performed experiments with different spatial resolutions at different beamlines.

4.2.1. Imaging experiments at ID17 (ESRF)
- Micrometer spatiatesolution and monochromatiérays
The periment was done in the second experimental hutch of ID17; the beam energy was 60 keV. The
distance between the source and the sample was 150 m, and the sample to detector distance was 2.32
m. The PCO Edge, with no optics, was used and had an effettelesize of 6.1 um vertically and
horizontally. The synchrotron storage ring was filled in 16 bunch mode; this means the photons' flux was
relatively low compared to the 7/8 filling mode (used in general for mi€foexperiments). Therefore,
each projectn's integration time was 1.5 s; the number of CT angular projections was 4000 over 180
degrees in this experiment.
- Submicrometer spatial resolution experiment and pink beam
The acquisitions were made in the first experimental hutch, where a polyditiorheam is available.
Therefore the flux is much higher than with a monochromatic beam, fastintegration times are
possible. This also means fast CT acquisitions.
The beam was filtered with one Carbon filter of 1.15 mm thickness, two Aluminuns fiif€r.28 mm and
1.24 mm and one 1.06 mm thickpper filter. The peak energy of this polychromatic beam was 44 keV.
The propagation distance between samples and the detector was 1.22m. The detector system was the
duatlens system from ftique peter with amagnification factor of 10x (5x) coupled with the PCO Edge
detector. The effective pixel size was 0.7 um (1.4 um) vertically and horizontally. The field of view was
about 1.5 mm x 1.5 mm x 1.5 mm. This only covers a fraction of the cartilage plug, thacetover the
height of interest in the sample, 2 to 3 scans were needed. Foexpisriment 4000 projections over 180
degrees were used, and the integration time was 0.03 s.

4.2.2. Imaging at TOMCAT (SLS)
A monochromatic beam with an energy of 17 keV wasduto perform a submicron resolution
experiment. The effectivpixelsizeof the detector system was 0.325 um. This was achieved by coupling
a PCO Edge 5.5 sCMOS detector with a UPLAPO20x objective. The field of view with this setup was 0.9
mm x 0.9 mm .9 mm. The propagation distance between sample and detector was 103 mm. 2000
projections areacquired2 y I+ My nx Gdz2NYyI SgAGK Iy AYyGSaNIdAzy GAY
4.2.3. Imaging at ID16a (ESRF)
I Y2Yy2OKNRYIFGAO o6SIFY 6AGK Iy SySNH& 2F mt1 1S+ 61 a
performed with a different focal planesample distances, between 10 mm and 80 mm. For every scan,
1800 projections wereacquired For every projection, theample was displaced in x anelliyection
(perpendicular to the beam) few pixels in a random pattern; this displacement is then corrected for before
the CT data reconstruction phase. The procedure is applied to reduce the presence of ring artifacts in the
reconstructed images. A step by shoot mode is thus needed, making the acquisition time longer compared
to a continuous mode. One scan took in this experiment about 1 h. Therefore 4 h were required for
collecting the full 4 scan acquisition for holotomoging. The effective pixel size was 100 nm. The field of
view for one acquisition was 0.25 mm x 0.25 mm x 0.25 mm. The detector system is a lens coupled to a
FReLoN F_E232% (4096x4096 pixels, 1.5 um pixel size). Multiple acquisitions were made within each

68



sample's cartilage tissue: one at the top of the sample (close to the cartilage surface), one in the middle
and one close to the bone part of the sample.
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4.3.Results

4.3.1. Multiscale overview
In Figure 4.3, examples of the CT images of a cartilage saraptpuired at three different spatial
resolutions are reported: A) pixel size of 6 um; b) pixel size of 0,7 um; c) pixel size of 0,1 pmlagkis col
shows in A) the entire cartilage with the three main layers (superficial, mid and deep layer), in B) a part of
the superficial layer is shown and in C) a closer look at a small part of the superficial layer is depicted.
Besides, this collage shows witlae field-of-view of each experiment is.

Figured4.3 Multiscale images of the cartilage tissaequiredwith different pixel sizes. Arrow indicating chondrocytes A) 6 um pixel
size and 60 keV-pdys, an overew of the cartilage with its different regions; B) 0.7 pm pixel size and filtered polychrornagic X
beam, an image of a sutegion in the cartilage, a detailed view of the chondrocyte distribution are given; C) 0.1 um pixel size,
and 17 keV, details dfie structure of the cells are visible.

4.3.2. Cartilage structure overview and chondrocyte arrangement
The cartilage tissue composition can be visualized in detail wily RGICT as shown iRigure4.4 that
report sagittal views extracted from the micro CT reconstructed data sets of a healthy (A), and an OA
degenerated (B) cartilage tissaequiredwith a pixel size of 6 um. These images visualize the complete
layer of thearticular cartilage and provide an overview of the tissue's general architecture. Cells of
different sizes, distributions, and orientations, corresponding to chondrocytes and chondrons (as proved
by the related literature and histology), are demarcatede €hrtilage matrix is not homogeneous. Results
depict an arrangement of those cells that varies throughout the tissue depth in the different samples.
Differences between healthy and deggrated cartilage arevisible on several levels of detailhe
characeristic structure of a healthy cartilage sample with the three layers (superficial, transitional middle,
deep layer) with the respective anticipated chondrocyte morphology and arrangement is viSdulee(
44A).
Tissue degradation such as superficial defects, their spread within the tissue, and concomitant underlying
changes of the tissue architecture with disturbances of the matrix is directly visuakimpde4.4 B)
compared to the healthy tissu&igured.4 A).
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Flgure4.4 Xray phasecontrast CT images of a healthy (A) and moderately degenerated (B) cartilage sample. Images were
acquiredusing Xrays of 60 keV and a pixel size of 6.1 um at the ID17 beamline. A: The three cartilage laysitdeasmndiintact
(superficial layer, middle layer, deep layer) B: The superficial layer and the middle layer show deep defects and tlissures wi
disturbances of the matrix architecture (red arrows), while the deep layer is still preserved. The chonitrtioytdsgenerated

sample (B) show changes in their morphology throughout the superficial layer with loss of their flattened shape in tls@buperf
layer as well as enlargement and initial clustering in the middle layer.
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4.3.3. Healthy cartilage structure
Thesub-micron spatial resolution PCT images from TOMCAT (SLS) beamline (0.325 um pixel size) enable
a more detailed visualization of the chondrocytes and the tissue morphology throughout the cartilage
layer Figure4.5). The findings of the-Kay PCl images are correlated with histological slice stained with
Masson Goldner trichrome staining and imaged with a light microscope (5x and 20x magnifi€adgjore (
45 C, G, H, DThe chondrocytes are demarcated in the cartilage with a visible round core representing
the cell nucleus as well as other small cell components, which appear aslbtack
In the superficial layer, the chondrocytes show a flattened shape and are horizontally oriented (parallel
to the tissue surface) within the tissue matriiqure4.5 A/D). This layer is thin.
The chondrocytes have a round to oval shape in the middle layer, arranged in pairs, triples or small
clusters, which show no special arrangement within the maFKigure4.5 E).
Further, into the cartilage's depth, there is a third, thicker layer wdtlind to ovaishaped chondrocytes
that are arranged in long columns with multiple cells oriented perpendicularly concerning the plane of the
subchondral bone surfacd-{gure4.5 B).
At the cartilagebone interface, the chondrocytes cluster again partially within the deepest layer of the
cartilage, partially whin the subchondral bone. The transition zone between cartilage and calcified bone,
the socalled tidemark, is well demarcated and shows a wavy interfaicpife4.5 F).
The subchondral bone architecture is depicted with cell bodies arranged around lacunar struekgues (
45F).

Scan area

Scanarea

t

Scan area

£ ’ ; 5 | Subchonral
P B 7 i c % bone N o

Figure4.5 X-ray PCI of healthy sample in comparison with histology; A) +#&) phasecontrast images from TOMCAT (SLS)
beamline (pixel size 0.325 um);A.1)+B.1)+ D)+E)-halebomography images 100 nm pixel size; fqyXtidemark inage in Z
projection (ID17, ESRF, 0.7 um pixel size); C) Histology images (magnification 5x) of the superficial, mid and deeparone (Mas
Goldner trichrome staining) @) Histology images (magnification 20x) of the superficial, mid and deep zone (Maskier
trichrome staining).
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4.3.4. Mildly degenerated cartilage structure
The PCCT images of the degenerated samples show fibrillation, tdzige4.6 C/F), cracks and/or
delamination of the superficiaF{gure4.7 C) and often the middle layer as direct signs of damage. There
were no samples with denuded cartilage as the goal in thidystuas to evaluate whether PCI can depict
early stages of cartilage degradation.
The mildly degenerated cartilage samples showed different degrees of superficials defects and fissuring
(Figured.6 andFigure4.7). Additionally, to the surface defects, changes in the chondrocytes' morphology
and arrangemat are observable by PCIT Figure4.6 C/F). This can also be seen in the histology image
(Figure4.6 1)
The usually flattened chondrocytes from the superficial layer were rarefied and enldrgecuperficial
layer with the horizontally oriented flattened chondrocytes is disrupted and, depending on the degree of
degradation, is no longefisible inFigure4.6. The shape of the chondrocytes in and just below that layer
is rounded, and their original orientation changed, showing a more scattered form@igure4.6 and
Figured.7 C).
The normally rather roundish chondrocytes of the midthger appear larger and form clusters of
differently sized cells instead of columi&gure4.6 D/G andFigure4.7 D). The clustering is also visible on
the histology imageHRigure4.6 J). In the image dfigure4.6 F andrFigure4.7 D, white parts/ lines appear;
these are artifacts coming to form the not perfectly round sample edges.
In the deep layer, the chondrocytes still depict columns, but with some slight disarrangement not only in
a vertical line but also showing partial clusterifrig(re4.6 E/H and Figure4.7 E). On the histology image
(Figure4.6 K) the chondrocytes form columns, but the disarrangement and clusfean be depicted as
well Figured.7 H).
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Figure4.6 X-ray PCI and histology images ofréld degenerated sample from superficial, mid and deep zone: A) + B) images
from TOMCAT beamline 325 nm pixel size; A.1)+B.1)) no holotomography images from ID16a, 100 nm pixel sikg; 1)
histology images (20x magnification) with Masson Goldner trichrome staining. Blagksare indicating the fiber bundles within
the superficial layer.
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Xray PCI in comparison with histology of a degenerated sample; A)+B) PCI images from TOMCAT beamline at Swiss
Light Source @ nm pixel size); Q)E) nano holotomography images with 100 nm pixel sizet) Fistology images from the
superficial, mid and deep zone (Masson Goldner trichrome staining).

Chondrocyte shape and environment

The cell bodies show structures wittarying regional densities but also a halo around the single or
clustered cellsKigure4.6 B, Figure4.7 B). Several samples show numerous hiagnsity dots in the
chondrocyte cells and at their border area, pronounced in the middle and lower cartilageHayeed.6

D/E andFigure4.7 D/E). These highensity spots are between 1 and 10 um wide and stickhé lower
part of the cartilage at the chondrocytdEigure4.6 E/l andFigure4.7 D/E) In one singular sample fiber
like linear dense structures are visualized in between the chondrocytes in the superficiaFigyee4.6
A.1/C/F¢ black arrov). Fractures are seen in the superficial layer of the degenerated samplgaré4.7
A/A.1/C/F) This is a clear sighadvanced degeneration.

4.3.5. Visualizatiorf the cartilage architecture
A threedimensional dataset is difficult to visualize in 2D. There is the possibiligndéring, but this is
computationally heavy and not easy. The chondrons are distributed scarcely in the tissue. Therefore
advanced segmentation and rendering are need, to analyze the cell distribution. There is a better way to
visualize the cell distribidgn by superimposing multiple slices. This superimposition is used to get a better
depiction of the cell distribution. The images from ID17, with 0.7 um pixel size, provide an improved
depiction, especially of the arcadié&e chondrocyte distribution inhie transitional layerKigure4.8 B/F)
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below the horizontal superficial layeFigure4.8 A) and the columitike distribution of the chondrocytes

in the deep layer in a healthy sampkdure4.8 C/G).

This superimposing method also reveals a detaileddligm of the tidemark showing that it is not just a
smoothlinear border between cartilage and subchondral bone, but a wavy interdigitating surface in the

horizontal plane Figure4.8 E), which plays a role an improving force distribution and biomechanical
stability.

In the degenerated samples, the pattern of disruption of the chondrocyte arrangement can be visualized
(Figure4.9 A-C/F) and therefore can provide a suitable tool for further and improved analysis of the
individual steps in cartilage matrix breakdown during degradation, which might then aid in understanding
changes in biomghanical properties in this phase.
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Figure4.8 X-ray PCI sagittal images of healthy samples; the images come from ID17 with an effective pixel size of 607) um; A)
four sagittal image of different cartilage zones. E) adjusted gray level for tidemark visualization-pjejggttbns from the mid
zone min values combined of 200 Sliced)imall healthy sample
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Figure4.9 Xray PCI sagittal images from ID17 higfesolution setup (effective pixel size 0.7 umjERAYifferent images from
different areas of sample F)-2rojection of the transition between superficial zone and mid zone

4.3.6. 3D analysis of the chondrocyte distribution
The high detail and quality of the CT data setguiredin these imaging experiments allow both visualizing
and quantitativdy analyzing in 3D and at different scales the cells' morphology in terms of shape,
structure, form, size, andistribution. These tasks rely on the possibility of accurately performing the
segmentation of the features of interest (chondrocytes or chongnaiithin the cartilage matrix).
In Figure4.10, the results of the segmentation of cartilage cells from the®Ttatasets of a healthy (A)
and OA degenerated (B) sampliespectively, are presented. The WEKA machine learning segmentation
was done on nanéolotomography datasets, with an effective pixel size of 100 nm. Both datasets were
acquiredat the top of the sample; the superficial layer was still present for thedthg sample. This can
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be seen on the horizontally oriented cells. For the OA degenerated safkigled¢4.10 B), the superficial
layer is no longer present, and the celle oriented vertically.

Figure4.10 3D rendering (V@&lio ma® of segmented chondrocytes/chondrons in a healthy cartilage sample (A) and a
degenerated sample (B) in the superficial and underlying mildgler. The segmentation was performed with the advanced
machine learning algorithm WEKA. Namalotomography in comparison with TEM

Using naneholotomography CT, the structure of a single cell and details within the cell body can be
depicted; thenucleus of the chondrocytes and even a shadow of the cell organelles are sgues(
4.11). The chondrocyte with the surrounding territorial matrix is observabigure4.11 A yellow). In one
mildly OA degenerated sample, some bunlilte structures are also depicted within the tissue, as shown
in Figure4.11.
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Figure4.11 A) Excerpt of a mildly degenerated cartilage sanipla naneholotomography image with 0.1 pm pixel size, showing

two chondrocytesvith their nucleus, shadows of cell organelles within their cytoplasm and unmasked fiber bundles, in between
interterritorial matrix (scale 10 pm); ) Transmission electron microscope images of cartilage; B)+D) chondron with 3000x
magnification (scale.8 um);C) Territorial matrix (left of blue line), immediately pericellular matrix (between lines), chondrocyte
(right of green line), 12000 x magnification (scale 0.5;|EnYerritorial matrix close up from image D) (scale 0.5 pm).
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4.4.Discussion
The potetial of PClanatomy and condition of hyaline cartilage
PClis the first Xray based imaging modality whidandirectly visualize hyaline cartilage tissue and its
reported known organized layered composition consisting of a superficial, transitionalemniigip and
calcified layefPearle, Warren et al. 200and provide a clear depiction of shape and localization of the
chondrocyte subpopulations. Around the chondrocy®ifferences in electron density can be visualized
that might correspond tahe differing composition of the extracellular matrix, which is known to be
produced and altered by the chondrocyt@&scher and Francié/est 2003)
The extracellular matrix has been described to expresshamical as well as morphological variations
throughout the depth of the cartilagavith chondrocytes also differing regionally in shape and expression
of biochemical secretion. Previous studies have reported that the chondrocytes of the different layers
produce different kind of collagen, proteoglysaand other biochemicals and also show differing
morphology from being flat in the superficial lay&chumacher, Block et al. 1994)unded in the mid
zone (Lorenzo, Bayliss et al. 199&arger rourded in the deep zon¢Schmid and Linsenmaye885),
suggesting that the differing morphology might come with a different function for matrix homeostasis.
Beside histology and transmission electron microscopy (TEM), this is the first time a principailly non
invasive imaging technique reaches thiack of necessary resolution to resolve this morphological
variation of the chondrocytesHowever,the variation of the extracellular matrix itself can only be
assumed due to electron density variations. Collagen {iilzer structures were only depictable bne
sampleso that it remains unclear under what circumstances collagen might be visible. However, as this
occurred in one mildly degenerated sampdepossible explanation might be the demasking of collagen
bundles due tdhe loss of proteoglycans.
With the ability to depict the morphology of the chondrocyte subpopulations within cartilage tissue as
well as their changes in degenerated samples, for the first temguitable technique has emerged for
classifying cellular changes in different stages afilege aging and degeneratiohowing that the
chondrocyte subpopulations have different properties regarding the matrix homeostasis as well as
different colonyforming capabilities, studying morphological changes and possible chondrocyte
migration migh aid in understanding matrix composition alterations and biomechanical properties
throughout the development of cartilage degradation.
Being able to depict the exact conditiontbé cartilage matrix may aid in the analysisA. he ultimate
aim is toreplace cartilage defeatith functional tissue in order to defeat OA.

Sample degrdation

No changeswithin the samples were noticedwhile applying high radiation dosder the 4 hour
holotomography acquisitions thanks to a sample environment under vacuum condifibasTOMCAT
Beamline and the ID17 beamlingith their high-spatiatresolution setupscan provideCTscan times of
about 10 min.Degradationof the sample is possible bause the sample environment is under normal
pressure. The TOMCAT beamline can reach the detector system (pixel size up to 160 nm possible)
higher resolution tlan the ID17 (0.7 um effective pixel size). In terms of resolutienID16a outperforms
the two other beamlines (100 nm effective pixel siZ&jll,the scan time with 4 hours per scan is much
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longer, and the change of sample is much slovbeccause the sample environment is under vacuum.
Howeverthe image quality at ID16a is outstandimgcomparison with the other beamlines.

Limitations

Xray PCI exivo studies, e.gcartilage studies, can be done with stai&the-art Xray tubesor dedicated
synchrotron facilities. Synchrotron radiation facilities provide the highest image quatityhe shortest
acquisition time, because of their brilliance, compared to tabje Xray tubes.However,synchrotron
radiation facilities are not easily accessible. TechnicBIGI is a neinvasive imaging techniqudven
though larger objects are petrable and depictabléHorng, Brun et al. 2014, Geith, Brun et al. 2018)
reach a cellular resolution, currentbnly small samples can be examined. Besides the currently limited
sample size, the technique also still has a certain/high radiation dose, making it still an experimental
technique for nodiving sample#f micrometer or submicrometer spatial resolution aresed Because of

the limited granted experiment time on the specific beamlinisés study only has examined a limited
sample numberThere are still many elements we cannot interpret yet, such as when and why fiber
bundles are visible or not visible. Sos&mples also show many dark spots, which are not understood
yet; they may represent sediments caused by either storage time of the tissue in formalin, tissue
preparation before or after imaging.

A potential application for the future

The capacity of deths depictable within cartilage matrix architecture usinga} PCl and the possibility
to characterize different degradation stages could aithimgeneration of a pictorial atlas, which might
foster understanding of changes and possible implicationghibiomechanical function of the cartilage
tissue. This kind of knowledgeseeing these stagess crucial for understanding the tissue properties,
the way of its breakdown and alsa potential way of healing andherefore, potential points for
intervention such as therapeutioptions. Even though the technique still negturther refinement for
future norrinvasive applicatiomon larger objects, its already usable todags a tool for experimental
studies with exivo human or animal sampleslisblogy provides only 2D depiction and multiple
preparation steps, e.gcalcification cuttingis necessary to produce histological plates. Whereas with the
PCl imaging, the specimen only ne&albe conserved in formalin and no staining, therefore the spea

is closer to their natural state #m in histologyMoreover,with PCI, the imaged area is much larger than
in histologydue to the 3D data. Though histology and TEM can already pradielgiction of the cartilage
tissue on a cellular basis, PCI pdas an additional highesolution technique, which despite the small
samplescan visualize tissue in their native compound gaining information beyond thealinwensional
sectiors, but on a threedimensional level, which might give more insight to fireperties of cartilage
tissue.

4.5.Comparison of-¥ay Tube
Three different Xay tubes were used to evaluate tabi@p source feasibility for high spatial resolution
cartilage imaging. Tabl®p sources are, in principle, easier to access than synchroaiailities.
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4.5.1. Rotating Anode
The Xray source used in this comparison is the XRayWorx source (located inWirzburg at the group
NanoCT systems of tii@gaunhofeinstitute for integrated circuits) with an applied voltage of 100 kV, with
an Al filter; the beams a 60 keV pink beam. The distance between the source and the sample was 1.98
cm, and the samples to detector distance 23.95 cm. The imaging detector was the PE Dexelal512NDT
CMOS detector from Perkin Elmer with a pixel size of 75 um. The effectivatpikel sample position
was 6.1 um. The integration time was 0.5 s for a-d&@ree scan with 1804 projections. Figure 4.12 shows
that the CT image of a healthy samplequiredwith the XRayWorx source is shown and compared with
the data obtained at ESRFLIDwith an energy of 60 keV aad effective pixel size of 6 um.

Figure4.12 Two sagittal slices from a healthy cartilage sample with the same effective pixel size of 6 um but with diffayent X
sources. ARotating anode Xay source; the edges of the sample are visible, but no other detail within the tissues are depicted B)
Synchrotron radiation source (ID17); the cartilage structure (chondrons, interterritorial matrix) is well shown due tititheshd

phase signal.

The comparison is about the visibility of the structural part in cartil&ggure4.12 A) the cartilage part of
this plug is not visible; only the eelg are visible, but no structure of the cartilage "inside" is revealed. In
comparison to that, the "inside" structure of the cartilage is observabifégare4.12B),which is a sagittal
slice taken at the synchrotron (ESRF ID17).

4.5.2. Liquid metal jet Xay source
The spectrum of an-Ky tube is less brilliant than that of synchrotron radiation. Still, innovations based
on the use of a liquid alloyed as anode materél to increased photon fluxes in the field of tube
technology. The experiment with an ExcilliuanaX liquid metal jet source took place at the Institute for
Xray physics at the Geowyugust University of Goppingen/ Germany. The sample used for this
expeiiment were healthy cartilage sticks (0.5 mm width x 0.5 mm depth x 1mm height) embedded in
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integration time for each projection was 20 s; therefore, theat@cquisition time 13 hours. The effective
pixel size was 0.5 um. The reconstructed CT results are shdviguire4.13.

100 pm

Figure4.13Images of a healthy cartilage stick embedded in paraguiredby using an Excillium liquid metal jetag tube and
an effective pixel size of 0,5 pm. A) sagittal view of cartilage B) 3D rendering of the volume

On the sadital slice, single cells with the cell kernel area and cell cluster are observable, also parts of the
interterritorial matrix. In figure 1.13 B, the 3D rendering of the same CT data set is shown.

In comparison with the highesolution images from the sghrotron experiments, the liquid jet images
cannot show the same details of a cell cluster and parts of the cell then synchrotron images. But it is
possible to visualize the orientation and distribution of the cartilage cells. Due to the low energy range
the liquid jet source provides, the sample needs to be small in diameter. Therefore only samples with a
diameter of 0.5 mm could be imaged.

4.5.3. Nano focus Xay tube
For this experiment, the "Nano Tube" from Excillium with the "SANTIS" detector from DE@FRE2av
The number of projections was 900 and the integration time was 50 second per projection, the acquisition
time of a sample with a dimension of 0.5 mm width x 0.5 mm depth x 1mm height was 14 h long. The
effective pixel size that was used was 450. ®\ comparison between the results obtained with the "Nano
Tube" and those collected during synchrotron experiments is showigimed.14. Figure4.14 A) reports
an axial image of a healthy cartilage stick; chondrons are visible, the cell nucleus is no visible. The image
in Figure4.14 B) is from the higliesolution experiment at ID16a, with an effective pixel size of 100 nm.
The acquisition time for that 3D data set of the healthy cartilage stick was 4 hours. The choarons
observable, and the cell nucleus and fiber bundles in thentaitix are visible.
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Figure4.14 Three images of the same healthy cartilage sticks from different experimental sites with differerg¢ssand
resolutions A) "Nano Tube" Excillium source; effective pixel size 450 nm B) ESRF ID16a synchrotron source; effeetd@0pixel si
nm C) TOMCAT SLS synchrotron source; effective pixel size 325 nm

The image C) dfigure4.14is from the TOMCAT beamline; it has an effective pixel size of 325 nm. Here
the chondrons, as well as some cell nuclei, are visible on that image. The acquisition time for that image
was alout 15 min.

4.5.4. Discussion
The results obtained by applying PCI with a rotating anedsyXube are not comparable with the results
obtained at a synchrotron. The rotating anode tube's coherence length is too small due to the extended
source size and the losource to sample distance. No details can be seen in the experiment with the
XRayWorx source, and the cartilage edge is hardly visible.
PCICT of cartilage samples using spatial resolution in the order of 3@@@mm and small source sizes
like in the "Nano Tube" Source is comparable with imageguiredwith synchrotron sources, as seen in
Figure4.14. The acquisition times are very large, with 13 h and 14h folLtgeid jet and "Nano Tube"
respectively, compared to the times at the synchrotron with 4 h at ID16a and 15 min at TOMCAT.
However, laboratory Xay sources are easily available. In contrast, the synchrotron experiments need to
go through a competitive regiv process, and beamtime is always limited to a few days.
Synchrotron CT dataset offers more detailed images, and the contrast is much better due to the higher
flux and higher coherence of synchrotron radiation. This high flux also enables fast aagtirsiio
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4.6.Conclusion
In this chapter, the produced-bay phasecontrast CT results show that it is possible to visualize cartilage
with different spatial resolutions providing a different kind of information on the analyzed tissue. With
the highresolution(100nm effective pixel size), cell structures inside the cell could be depicted. With a
lower resolution (about 0.7 um effective pixel size) but a higher field of view, the cell distribution
throughout the cartilage can be depicted. Early signs of deggiogr, such as cracks, deformation of
chondrocytes, could be seen at different scale levels.
The PCI images could be correlated with histolégguie4.5 - Figure4.9) and TEM images (Figure 4.11)
to verify the degradation signs and correctly interpret the PCI data. The 3D dataset can be used for
"virtual" histology, which is a step fonnc
X-ray phasecontrast imaging cannot only be performed at synchrotrons but also with standardriap X
sources. Highesolution Xray phasecontrast images (450 npm500 nm) obtained with tabléop sources
can depict the cell structure, but not astdded as with synchrotron sources of the same resolution. The
acquisition of tableop Xray sources for highesolution PCI images (450 nb00 nm) takes about 13
14h, which is acceptable for cartilage samples embedded in paraffin because they dmim'tasly
deformation signs. In general tabtep Xray source PCI setups are useful for experiments with a sample
that does not change over the long acquisition (>12h).
The results reported in this chapter show that the tatde Xray PCI setup can be a tfisletool for
cartilage and OA research. The technigue can be a puzzle piece for understanding and visualizing the
development of OA in cartilage.
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5. Cartilage Xay imaging at rest and under pressure conditions

The mechanisms with which the cartilage tissue reacts to loading and how it relaxes are not well
understood yet. Daily activities, such as walking, running, or sports, subject the articular cartilage to stress
and pressure, and the biomechanical resporsine tissue may change between healthy and pathological
tissues. In order tehed light on this question, two experiments have been designed to image cartilage
plugs extracted from human knee joints while applying different pressures to theay. phasecontrast
microtomographywas usedo visualize the morphological changes induced in the tissue by compression
in 3D.

This work's objectivevas to develomn experimental and analytical methodology to quantify and visualize
the cartilage structure in 3D, Bealistribution and tissue mechanical behavior at rest and under load
conditions in healthy and degenerated tissue specimens. The series of routines tested and optimized for
this analysis havbeen describedn section 5.3 (Image processing). This quatitiastudy targets the
resident cartilage cellsvhich are the chondrocytes or clusters of chondrocytes. Chondrocytes have many
tasks within the cartilage structure; they provide new matrix and repair the existing one. The
segmentation of the tissue cslis done with the WEKA machine learning toolbox, performing a decision
tree algorithm, as described in the method section. After segmentation an object counting function

is appliedto the segmented data, which provides quantitative information on ¢hendrocytes within

the selected region of interest,e., the cell volume and the mean standard deviation distance to the
surface(msddg. The latter measures the mean standard deviation distance to the surface and indicates
the shape of the chondrocytehondron: a sphere has a lowsrsddsthan a cylindricallyshapel object.

In the next step, the skeletonization of the chondrons, the length and the angle of the chorah@ns
calculated

These experiments and the data analysése performedin collaboraton with a Master student (Thomas
Vannieuwenhuysewho was working within groupand whom | have directly esupervisedl assigned
Thomas mainly the CT data reconstruction part, the software's implementation and the visualization of
the results. All idesiand input for data analysis and the quantification method came frgmeide, as well

as the organization andpreparation of the experiment at the ESRF (including the choice of the
experimentalsetup and the adaptation of the sample environment).

Part ofthe work reported in this chapter is presented in the published artittemoPress In Situ
SynchrotronBased Microtomography under Axial Load" which together with Alexander Rack was
published in the journdhstruments(Rack, Stroebel et al. 20R0

5.1.Cartilage and Pressure
Human cartilage in the knee joint is always under pressure when walking or standing. Experiments
reported in the literature have revealed that on the knee joint, which is one of the most stressed synovial
joints in humans, the avege magnitude of the applied force is 150 + 70 % of body weight while standing,
and this goes up to a maximum of 250+60% of body weight for wadkirigg the process of flexion and
extension (Glitsch, Lundershausen et al. 2Q008iomechanical studiesvith the human kneewere
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conducted The pressure got aecord with electronic pressue-sensitivefilm to find the pressure
distribution in the medial joint space. The tibial plateau was measuredanitiiee-dimensionatracking
system. (Agneskirchner, Hurschler et al. 2004e Koh, Kowalski et al. 20@@neskirchner, Hurschler et

al. 2009 TheseBiomeclanial studies show the pressure distribution and movement in between the
cartilage. For simulation within the cartilage, finite element simulation is used based on magnetic
resonance imging (MRIjCorezzi, Urbanelli et al. 20Q9ononen, Mikkola et al. 20)2r based on Xay
images(Maki, Inou et al. 2008 With anglesensitive nuclear magnetiesonance the orientation of the
collagen network structure coulie depictedunder pressure. This experiment used sraglindricalplugs
harvested from a patella or a femyGrinder, Kanowski et al. 2000A study in 2002 about the
quantitative structural feature of articular cartilage with confocal microscopy was carried out.demm

thin slices, 2D microscope imageme taken and tlke volume is then calculated with stereological
estimators(Hunziker, Quinn et a002). The onlythree-dimensionaktudy of pressurized cartilage found

in the study of Youn Choi, et al. from 2007; they used confocal microscopy in combination with
immunolabelingof type VI collage to identify thborder of the cartilage cells. Pressuwith different
strainswas appliedo the pig cartilage plugs (5 mm in diameter), which got buffered with phosphate saline
and fixed under pressure with 4% paraformaldehyde. 40 um thick sections were cut from each fixed block
(Choi, Youn et al. 2007

All the mentioned studies show the effect of pressure on the outside layers of cartilage, simulate the
cartilage, or hey are destructive and estimate the 3D properties from #i2image. The only two
exceptions are the NMR study on the collagen structure and the 3D confocal measurements on
pressurized cartilage. However, these works are again destructive, and sampteormefixed. In this
chapter | present a study in which the 3D cellular distribution within a large cartilage sample (7mm
diameter) and its modifications under pressure conditions are obtained with great detail, without the
need for sample fixation oabeling.

5.2.Sample preparation and experimental setup
This experimenwvas performedat the micretomographybeamline ID19 of th&ESRFThe samplesvere
harvestedfrom two human knees. Thirteen pluggere drilledfrom the femur and patella cartilage.
The steochondral plugs had a diameter of about 7 mm and consisted of a cartilage part and a bone
part. Half of the samples were healthy (sampled).l while the other half showed signs of
degenerationassociatedvith the early stages of osteoarthritic disea@mples 8L3). Most plugs
came from the femur cartilage, except for samples 9, 12 and 13, which were parts of the patella.
Before imaging, each plug's lengtidngwith the cylinder axis) and the height of the cartilage layer
and bone portiorwere measued. The sample length varied between 9.7 mm (sample 1) and 21.3
mm (sample 6). The cartilage height varied between 1.8 mm (sample 7) and 5.0 mm (sample 13). The
average diameter of one plug is 7.1 mm. These measurenaetseportedin Table5.1, andthe
estimated error of these measurements is +0.5mmthe last column of the table, theumber of
different pressures applied to each sam@éndicated

88



Sample| Body | Tissue Total Cartilage | Bone Diameter | Pressure
part degeneration | length | thickness | thickness | (mm) points

(mm) (mm) (mm) imaged

S1 Femur | No 9.7 2.3 6.3 7.2 3

S2 Femur | No 16.4 2.9 12.6 7.2 3

S3 Femur | No 11.0 2.8 7.7 7.0 6

S4 Femur | No 15.1 3.0 10.1 6.9 3

S5 Femur | No 12.8 2.2 10.9 6.8 3

S6 Femur | No 21.3 2.3 18.1 7.6 6

S7 Femur | No 17.9 1.8 16.5 7.2 3

S8 Femur | Yes 115 2.3 8.0 7.2 6

S9 Patella | Yes 15.8 4.0 10.8 7.1 3

S10 Femur | Yes 18.4 2.2 16.3 6.1 3

S11 Femur | Yes 119 2.1 9.0 7.1 3

S12 Patella | Yes 13.4 4.7 9.2 7.3 3

S13 Patella | Yes 18.3 5.0 10.7 7.4 3

Table5.1 Measured amples' length and height of the cartilage and bone portions of each sample. In ticellasin the number
of different pressures applied to each samplesported

The Xray beam energy was filtergoblychromatic and had mean energfaround 26 keV. The FRmn
detector was used, which is a 14 bit dynamic CCD camera and2@882048ixels chip with a pixel
size of 14 um. With the coupledr®y gotics, an effective pixel size of 5.1 x Jufh2 was achievedThe
propagation distance between the sample and the detector was 5 meters.

Thetomopressis a mechanical press withharizontal rotation stage buiin. This pressvas designedy
Pierre Bleuet and Yves Dabengineers at the ESRF, and is a uniqueicdededicated initially to
experiments on a bonéleuet, Roux et al. 20Q04Thetomopresscan apply a maximum pressure of 400
N. For this experiment had to design special adapters, whigkre then manufacture@nd installed to
hold the sample in place in order to apply the forces homogeneously onto the sample surface.
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Figue 51 Tomopress configuration for the dynamic cartilage experiment: a schematic setup of sample holder, a Plex
surrounds the sample to keep it in water to prevent dry out; the Plexiglas tube was fixed on onggitlep®f sample in tt
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For each CT scan, 2000 projections warguiredin a "step and shoot" mode in order to reduce the dose

on the sample;the integration time was 0.2s per angular projection. During scans, samples were in a
Plexiglas cylindrical container within a saline solution. One side of the cylinder (on the bone part of the
specimen)was sealedwith plasticfermit, onthe other side the tomopresscould slide into the tube to
apply pressure on the cartilage surface. A schigrshownin e.

5.3.CT data reconstruction and image processing
The workflow of the image processing applied to the collected imi Reconstruction/Phase
datasets is described here. The different steps of the analysis were: s
1) CT reconstruction using the setsagfjuiredangular projections in order

Region of interest

to to obtain a 3D volume of the imagepeximens; selection
2) Selection of the region of interest to be considered for the analysis:

purpose is to remove the edge of the cartilagkig, thus reconstructing Image filtering
artifactsthat appear in that area;

3) A filter is applied to the sagittal images obtained Rglicing the ceaerTation

reconstructed volume data; this operation is performed to enhance 1
contrast;

4) The segmentation of the cartilage cells;

5) Il counting on the segmented datasets textract quantitative
parameters suclas volumeor surface of the segmendecells;

6) All the cells are reduced to a line mikek by skeletonization in,:igure 52 Schematic workflow of ima
order to determine the cell orientation within the cartilage tissue. processing

Cell counting (3D)

Skeletonization
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5.3.1. CT reconstruction

E————— The reconstruction of theacquiredCT data sets was
s done with the PyHST2 software implemented at the
ESRF(Mirone, Brun et al. 2014 Included in the
software is the possibility for callation of a single
distance phase retrieval (the salled 'Paganinphase
retrieval'), as described in chapter three. For phase
retrieval, the following parameters were used:
1 Paganin lent: 11236
1 Paganin marget10

Figure 53 is a reconstructed axial slice of a cartilage
plug. There are small dark spots in the cartilage,
which are the cells of the cartilage matrix (chondrons,
red arrow). The large ring on this image is the
Plexiglas container's cylindrical wall filled with saline
solution (green arrow). The cartilage plisgjagged on
Figure 53 reconstructed axial slice of articular carti: the outside border because of the drilling process.
within the Plexiglas tube (green arrow); chonc The visible artifacts, i.e., vertical strips, come from
structure is visible these discontinuities on the cartilage's surface. For
the quantitative analysis, the cartilage's outer layer was therefore removeltssribedin the next
paragraph.

5.3.2. Selection of theagionof interest
For each dataset, a region of interest (ROI) corresponding to the cartilage tissue and excluding the outer
part, which contains artifacts needed to be selected. To do that, all the numbers of the slices of each
recongructed volume containing the cartilage tissue were selected manually and saved in a text file.
In a secondtep, an automatic localizer was designed to find the area covered by cartilage tissue within
each slice. This tool detects circles withadiuswithin a given range in each 2D CT slice and returns the
mean center and mean radius. The output of the routine is the averaged center and radius of all slices in
the volume stack. The ROI for the volumetric stack is calculated from the mean average CThater.
underlying Python function is the 'HoughCircles' from the module OpenCV2. The Biodglfunction is
based on the Hough Gradient transformation. The Hough Gradient transformation detects edges in the
image and draws an orthogonal line at that edgae average of the interception of these lines is the
approximated center of the circle (Yuen, Princen, lllingworth, & Kittler, 1990). More information about
the circle detection method cale foundin the OpenCV2 online documentéty
The results of thenultiple circle detectionare shownin Figure5.4. There can be some outlier in some
detection iteration, but m average, the method finds a circle center close to tbeter of the cartilage
disc.

13 https://docs.opencv.org/2.4/modules/imgproc/doc/feature_detection.html
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Figure5.4 For every 2D slice (axial), the Hough Circle function calculates the center of a circle based on the edge of the sample.
The red arrow indicates the average center of the circle throughout the volumetric 3D stack

The calculated mean circle center anditedof one 3D stackre savedn a file. Thiscalculationis repeated

for all samples.

The first slice with cartilage on it and the last slice at the interface with bone on the axial image is
determent by handThis information is used together with tharcle centerand radii to crop volume
occupied by the cartilage tissue from the full 3D volume data. Inasiestep of this tool, a circular mask

is appliedwith a radius of 0.9 times the calculated averaged sample radius on eachrlisis. done to

make sure to exclude the jagged sample borders.
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Figure5.5 Exemplary slice aftasompleteROI selection of sample with 0 N pressure stageéBlack dots are chondrocytes. A
cartilage crack cabe seerin the bwer left.

5.3.3. Image iltering
The next step in thevorkflow is to apply iltersto the selected cartilage dat@ enhancechondrocytes
and cartilage constituents' contrast.

Contrastenhancemen{windowing)

The contrast stretchingvindowingmethod is usedo enhance the contrast of the cartilage celdew

upper and lower pixel values are defined. Pixels with values above (below) these boundaries are saturated
and set to the boundary value, and the values in betwaesnscaledo the new range€.g, stretching of

the histogran).

198
e

e

(5.1)
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Where0 (0 ‘Qds the initial (contrasenhanced) pixel valugyb the initial value limits (0 and 255 for a 8
bit grayscale image), angj d the new limits.The &tting, e.g, wand Qat the 550and 9% Qpercentileof
the image histogram will saturate the S8fthe pixels with the lowest and highest values, atcetch the
values irbetweendand @ (Fisher, Perkins et &003.

Total Variationfilter
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The total variation filter is a denoising algorithm first proposed by Radthceauthorsin 1992(Rudin,
Osher et al. 1992Letusassume a noisy 2D signald, anoisy image). We cattefine the total variation
of the signal as

. , , , , (5.2)
0o 0 § Of O O

f
where 6 ; denotes the (noisy) signal at each pixel positignUsing the Euclidean norm, or swhthe
square errorsasameasure ofcloseness between the noisy sigdadnd the denoised signal

"0

P (5.3)

oo m & 0 "y
The total variation algorithm now becomes a minimization problenistibject to constraints involving
the noisy signal. That is, to find a sigifalose to6 but with a lesser total variation.

G Q06RQ _vo (5.4)

With _ being the regularization parameter._lfis set too high, the resulting image will still have less total
variation than the noisy image but have less resemblance to it.=f0, the problem reduces to the
minimization of the sum of square errors.

The total variation denoising allows the averaging of pixel values in a specific area while preserving
essential details like edges, critical features in PCIl images. Applied to our data, it averages contrast
variatiors within the intercellular matrix as well as within the chondrocyte while not blurring the
chondrocyte edges. It is essential for our analysis.

The implementation of the total variation denoising algorithm in Pyti@monevia the restoration

module of tre skimagé*plugin, whichis basedon Chambolle's formulation of the proble(@hambolle

2004):

restoration.denoise_tv_chambolléfng, weight=0.3)

It takes the image andeightas argumentsthe weight argumentis theregularization parameter from
the equation(5.4).
Contrastenhancement and total variation denoisifiljers are both applied to each R@ataset. A areful
comparisonof the results obtained by usindjfferent settingsfor the involved parametershowedthat
the bestoutcomes are:

1 for contrast enhancementsaturation of thdowest 2% and highest 2.8% of pixalues

i For total variation denoising: weight parametgr; 0.3.

14 http://scikit -image.org/
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5.3.4. Image egmentation withadvanced machinearning

The WEKA segmentatidool wasused for this step, the procedures of whiahe basedon machine
learning algorithms.

WEKA is an acronym foaikato Environment for Knowledge Analysisd was developed in Java at the
University of Waikato in New Zeala@itten, Frank et al. 2026lt is distributed as free software licensed
under the GNU General Public Licendes availableas a plugin in the opesource image processing
environment Fif° (based on ImagefArgandaCarreras, Kaynig et al. 2Q1/h the graphical user interface
(GUI) of theTrainable Weka Segmentatigugin, the user carselect areas manuallyithin the loaded

2D or 3D imageataset and then assign these areas to a class. In this case, two dessketined one

for chondrocytes and one for theackgroundmatrix. The pixels within these arease then assignetb

the defined classes. Fiv@aining featuresre usedo train the classifierOn every assigned pixel in every
class, the five selected featurese calculated As a classification algorithm, th&astRandomForess
selected(Ho 1995. This algorithm initializes multipldecision Tree€ne decision tree has different leave
nodes, which are the classes for the classification problem. And a decision tree has decision nodes. The
decisions made in these nodes are based on the information gain, calculated by the Gini coefficient.
YFYAZEA1AZ WF{)dzo Ol &1 Si Fftd Hamy

To prepare a training dataset to construct the decision trees, about 200 pixels in a training image were
assigned to a specific class. Different filters were appligde training image to extract multiple features

from every assigned pixel. The following filters were uskd:Gaussian blufilter, Sobel filter, Hessian
filter, the difference between Gaussian filters and the membrane projection fitem the extacted
features of the assigned pixel, the classifier with 200 decision trees was constructed.

The classifier is applied to the images, the segmentation should be performed. This classifies a
specific class to every pixel in the images based an dlcision tree's outcomeBased on that
classification, the segmentation can be done.

A screenshot of the WEKA plugin @GHeportedin Figure5.6, together with the settings window. Some
initial background and chondrocyte areas have alrebégn traced and the classifier cape trainedvia
the Train classifiebutton. After successfulassification, the resuttan be displayed and saved witte
Create resulbutton for further data analysis (more details in the official WEKA document@fiiten,
Frank et al. 201%.

15 http://fiji.sc/
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Figure5.6 Screenshot of the GUI of the Trainable Weka Segmentation plugin in Fiji. Some chondrocytes (red) and background
areas (green) artabeled In the opened settings window, the training features of the machine learning algorithm can be checked.
The Train classifidsutton can initiate trainingand the segmentation result can be obtained via the Create festitin.

5.3.5. 3D Cell Counting

After creating a dataset with the segmented chondrons and chondrocytes, the quantitative analysis of the
cartilagecell characteristics and distribution can be performed. The first quantity that can be measured is
the size of the cellsThiswas donewith the 3D Objects Countdunction of Fiji (Analyze, 3D Objects
Counter) A binary 3D dataset (mask)giverto this function. In the firsstep, the function is looking at a
segmentecpixel (value 1) and its neighboring pixels, if the neighboring pixel is also segmented (value 1),
the function groups them as one object. This is done for all pigatiéiferentnatural number is assigned
to every grouped object of the binary volumidsing this assigned number, the number of objects can be
counted. In a second step, the function looks at every object individually and measures the following
values:

1 Number of voxed in an object (Volume)
Number of pixels at the edge of the object (Surface)
Centroid or geometric center of the object
Mean distance from the centroid to theurfaceof the object
The sandarddeviation of the distance from the centroid to tisairfaceof the object

=A =8 =4 =4
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