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Abstract

Osteoarthritis (OA) is an age-related disease of the joint in which the tissues degenerate and the function of the joint is disrupted. Key
load-bearing tissues that break down as part of knee osteoarthritis include the articular cartilage and the meniscus. These tissues are
complex cartilaginous tissues, consisting of around 70% water confined in a network of collagens and proteoglycans. During OA, this
network is disrupted by processes that are not yet fully understood resulting in inferior mechanical properties of the tissues and eventually
pain and loss of mobility for the patient.

Traditionally pathologies of cartilaginous tissues are studied via magnetic resonance imaging (MRI)-based techniques as well as
histological slicing and staining, which carry several limitations. MRI is a powerful technique that is usable both in vivo and on ex vivo
samples but is limited in resolution and often produces complex signals that can be difficult to interpret. Histology provides excellent
characterization of cell features and matrix composition but is limited to 2D and requires ex vivo samples, fixation and slicing, which
alters the state of the tissue and consequently limits sequential experiments.

Several novel approaches seeking to address these limitations exist, the work in this thesis being focused on examining whether new
insights into tissue properties and the degeneration process can be gained by three main techniques: synchrotron phase-contrast
tomography, neutron tomography, and quasi-elastic neutron scattering (QENS) for the examination of ex vivo samples. More specifically,
the aim was to study in 3D distribution of cells, protein matrix density, and water diffusivity within tissues as well as potential changes
induced by OA-related degeneration.

Phase-contrast in X-rays circumvents many of the limitations with applying X-rays to the study of soft tissue by producing contrast not
only from absorption but also from transitions between materials. The addition of the powerful beams produced by synchrotron sources
enables rapid, high-volume measurements while preserving the tissue in a close to native state.

Neutrons can be used for tomography in a similar manner to X-rays, but interact strongly with certain light elements, particularly
hydrogen. Additionally, they are sensitive to isotopes, which allows heavy water to be used as a contrast agent. Furthermore, the low
energies of neutrons allow small changes in energy to be detected, which enables the study of water or other molecular dynamics via
QENS.

The first study employs synchrotron phase-contrast tomography to examine human articular cartilage samples. Samples from both donors
and total knee replacement patients were imaged and chondrocytes segmented. Results show several degeneration features in similar or
better quality than histology as well as depth-dependent associations between cell properties and degeneration level. The second and third
studies employ neutron tomography to study protein density and water diffusion in cartilage and meniscus. Human articular cartilage
samples were imaged in an exploratory study, showing the best contrast in heavy water-treated samples as well as revealing clear
differences in depth-dependent protein matrix density depending on disease state. Then in the third study, bovine cartilage and meniscus
samples were imaged during the exchange of water and heavy water, showing long-range macroscopic diffusion in the tissue. The fourth
study employed QENS to directly probe water dynamics in bovine articular cartilage. Samples from different depths were measured,
producing a measure of fast water dynamics and slower molecular movements at the nanosecond scale. Results show that the restriction
of water diffusion within the cartilage is more complex than a simple reduction of diffusion speeds at short enough length scales.

In summary, the work presented in this thesis shows the potential of synchrotron and neutron techniques for the study of ex vivo
cartilaginous tissues. Initial experiments have provided a baseline for what these techniques reveal, showing the potential for future
experiments, such as altered water dynamics with loading or degeneration, or novel ways of categorizing cartilage degeneration based on
phase-contrast volume imaging.
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Popularvetenskaplig
sammanfattning

En av de vanligaste anledningarna till minskad rorlighet med alder dr artros, en
ledsjukdom som paverkar 6ver en fjirdedel av den svenska befolkningen 6ver 45 ar.
Artros orsakas av langsam nedbrytning av ledernas vivnader, vilket 1 sin tur kan leda
till stelhet och smdrta i leden. I dagsliget finns inga behandlingar som kan stoppa
sjalva nedbrytningen, sa sjukdomen behandlas 1 princip bara med rorelse,
smartstillande, och 1 lingt gangna fall med operation med ledprotes. Den leden som
oftast drabbas av symptomgivande artros ir kniet.

Knileden bestar av tre ben (larben, smalben, och kniskal) som i dndarna ar tickta
av ledbrosk. Mellan lirbenet och smalbenet sitter meniskerna, tva broskliknande
halvmaneformade kilat” med stétdimpande och stabiliserande funktion. Leden
halls thop av ett antal ligament och omges av en hinna som inrymmer ledvitska.
Meniskerna och ledbrosket bestar till ~70% av vatten, och till resten av
proteinnitverk. Dessa proteinnitverk bestir frimst av kollagenfibrer som bildar en
matris som haller samman vdvnaden. Utspridd i denna matris finns proteoglykaner
som drar till sig vatten och dirigenom ger upphov till vivnadens unika mekaniska
egenskaper. Vid artros sa forstors organisationen av dessa proteinnitverk successivt,
vilket dndrar vivnadens mekaniska egenskaper vilket i slutindan leder till forlust av
vivnad och smirta vid rorelse. Grundorsakerna till artros saknar idag fullstindig
forstaelse, vilket forsvarar forsék att utveckla behandlingar. Dirfér behévs nya
tekniker for att studera férdndringar i dessa vdvnader.

I denna avhandling utforskas tre nya tekniker pd brosk: faskontrast-
synkrotrontomografi, neutrontomografi, och kvasi-elastisk neutronspridning.
Samtliga dessa tekniker kridver storskaliga faciliteter (synkrotroner eller
neutronkillor) av den sort som nyligen har byggts i Lund i form av MAX IV och
ESS. Det tidigare anvindningsomridet av dessa tekniker pa brosk dr ytterst



begrinsat eller helt obefintligt och darfor finns stort nyhetsvirde 1 att utforska dess
mojligheter att studera egenskaper sasom cellférdelning, proteintithet, eller
vattenrorelser 1 vidvnaden.

Tomografi, dven kint som datortomografi och vanligtvis foérkortat till CT (f6r
”computed tomography”), dr en teknik som skapar tredimensionella bilder med
hjilp av genomlysning, oftast av réntgen. Ett antal genomlysningsbilder (t.ex. vanliga
réntgenbilder) tas medan det som ska avbildas roteras. Fran dessa tvadimensionella
bilder kan sedan en tredimensionell bild rdknas ut. Faskontrastsynkrotrontomografi
g6r denna teknik kraftfullare pd tva sitt. For det forsta sd anvinds en synkrotron, en
slags partikelaccelerator som producerar extremt kraftig koherent réntgenstralning.
Denna kraftiga strale tilliter mycket snabbare och mer hégupplést avbildning dn en
rontgenkilla 1 ett labb eller sjukhus. For det andra sd kompletteras den sedvanliga
kontrasten 1 réntgenbilder (absorptionskontrast, som kommer fran att rontgenstralar
blockeras) med kontrast fran fasskifte 1 koherenta rontgenstralar. Ett fasskifte
uppstdr nir rontgenstralningen passerar fran ett material till ett annat, till exempel
fran broskvivnad till en broskcell. Nir stralningen dr koherent, det vill siga att hela
strdlen har samma fas fran borjan, sa kan detta fasskifte avbildas som en kontrast
som uppstar pa grund av interferens vid lingre propagationsavstand for strdlarna.
Denna faskontrast dr mycket starkare dn absorptionskontrast i litta, mjuka material
som sldpper igenom majoriteten av réntgenstralningen.

Neutrontomografi fungerar pa samma principer, men anvinder neutroner i stillet
for rontgenstralning. Neutroner dr oladdade partiklar vars interaktion med material
frimst paverkas av hur atomkirnan dr uppbyggt. Neutrontekniker dr ddrfor kdnsliga
for vissa litta material som syns daligt med réntgen, speciellt vite. Dessutom ar
neutroner kinsliga fér isotoper, vilket innebér att man kan anvinda deuterium (tungt
vite, en viteatom med en extra neutron) som ett kontrastmedel. I biologiska material
ger neutrontomografi dirfér en bild av hur vite dr férdelat 1 materialet, och tillater
en att skilja pa ”16st” vite (som det i vatten) och det som 4r bundet i proteiner eller
andra delar av vivnaden genom att byta ut det 16sa vitet mot deuterium. En annan
egenskap dr att neutronstralning har relativt lag energi i de individuella neutronerna
jimfort med tex. rontgenstralning. Denna energi dr nira energin som finns i
molekyldra rorelser, sisom i vattenmolekyler som diffunderar. Genom att mita hur
mycket neutronernas energi dndras nir de sprids i material med r6rliga molekyler
kan man dirfér studera molekylrorelserna i materialet med en teknik som kallas
kvasi-elastisk neutronspridning.

I den forsta studien 1 avhandlingen studeras minskliga broskprover med olika grader
av nedbrytning med faskontrastsynkrotrontomografi. Tekniken anvinds for att
avbilda cellerna inuti brosket samt olika fiberstrukturer vid broskets yta som
torindras vid nedbrytning. Detta resulterade 1 bilder med jaimforbar kvalitet till
klassisk histologi (firgade mikroskopibilder), men tillit avbildning i tre dimensioner
samt i ett mer naturligt tillstind 4n 1 mikroskopi, vilket ger en bittre helhetsbild av
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vivnadens egenskaper. Cellernas form och fordelning i brosket kunde dven
undersokas, vilket visade pd samband mellan vissa celluldra egenskaper och graden
av nedbrytning i brosket.

I den andra och tredje studien i avhandlingen studeras brosk med neutrontomografi.
Forst studeras minskligt brosk for att undersdka samband mellan vitetithet i
vivnaden och sjukdomstillstaind. Det visade sig att vitetitheten varierar mer med
Okad nedbrytning av brosket. Detta f6ljdes sen upp med en studie pa vattendiffusion
1 brosk och menisk. Hir avbildas vivnaderna med neutroner kontinuerligt samtidigt
som tungt vatten diffunderar in i vdvnaden. Detta ger en bild av dndringarna i
vattenhalt 6ver tid, vilket i sin tur kan komplettera MR-baserade mitningar av
diffusionshastighet.

I den fjirde studien i avhandlingen studeras tunna skivor av brosk med kvasi-elastisk
neutronspridning. Brosket delades upp baserat pa dessa djup, och sedan studerades
bide snabbare rorelser sisom vattendiffusion, samt langsammare rorelser sisom
torflyttningar av proteiner. Bade studie 3 och 4 ger en grundldggande forstielse for
hur vattendynamiken ser ut i frisk, obelastad vivnad, vilket kan anvindas som grund
for framtida forskning kring foérindringar med sjukdomsstadium eller mekanisk
belastning.

Sammanfattningsvis sa utforskar avhandlingen nya avancerade tekniker av den typ
som finns tillgingliga pa MAX IV och inom snar framtid ESS f6r att studera brosk.
Den visar potentialen och begrinsningar med dessa tekniker, vilket férhoppningsvis
kan utgéra grunden f6r framtida forskning som utréner hur brosk och
meniskvivnader far sina unika egenskaper, samt hur och varfér de lingsamt bryts
ner vid artros.






Abstract

Osteoarthritis (OA) is an age-related disease of the joint in which the tissues
degenerate and the function of the joint is disrupted. Key load-bearing tissues that
break down as part of knee osteoarthritis include the articular cartilage and the
meniscus. These tissues are complex cartilaginous tissues, consisting of around 70%
water confined in a network of collagens and proteoglycans. During OA, this
network is disrupted by processes that are not yet fully understood resulting in
inferior mechanical properties of the tissues and eventually pain and loss of mobility
for the patient.

Traditionally the pathologies of cartilaginous tissues are studied via magnetic
resonance imaging (MRI)-based techniques as well as histological slicing and
staining, which carry several limitations. MRI is a powerful technique that is usable
both in vivo and on ex vivo samples but is limited in resolution and often produces
complex signals that can be difficult to interpret. Histology provides excellent
characterization of cell features and matrix composition but is limited to 2D and
requires ex vivo samples, fixation and slicing, which alters the state of the tissue and
consequently limits sequential experiments.

Several novel approaches secking to address these limitations exist, the work in this
thesis being focused on examining whether new insights into tissue properties and
the degeneration process can be gained by three main techniques: synchrotron
phase-contrast tomography, neutron tomography, and quasi-elastic neutron
scattering (QENS) for the examination of ex vivo samples. More specifically, the aim
was to study in 3D distribution of cells, protein matrix density, and water diffusivity
within tissues as well as potential changes induced by OA-related degeneration.

Phase-contrast in X-rays circumvents many of the limitations with applying X-rays
to the study of soft tissue by producing contrast not only from absorption but also
from transitions between materials. The addition of the powerful beams produced
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by synchrotron sources enables rapid, high-volume measurements while preserving
the tissue in a close to native state.

Neutrons can be used for tomography in a similar manner to X-rays, but interact
strongly with certain light elements, particularly hydrogen. Additionally, they are
sensitive to isotopes, which allows heavy water to be used as a contrast agent.
Furthermore, the low energies of neutrons allow small changes in energy to be
detected, which enables the study of water or other molecular dynamics via QENS.

The first study employs synchrotron phase-contrast tomography to examine human
articular cartilage samples. Samples from both donors and total knee replacement
patients were imaged and chondrocytes segmented. Results show several
degeneration features in similar or better quality than histology as well as depth-
dependent associations between cell properties and degeneration level.

The second and third studies employ neutron tomography to study protein density
and water diffusion in cartilage and meniscus. Human articular cartilage samples
were imaged in an exploratory study, showing the best contrast in heavy water-
treated samples as well as revealing clear differences in depth-dependent protein
matrix density depending on disease state. Then in the third study, bovine cartilage
and meniscus samples were imaged during the exchange of water and heavy water,
showing long-range macroscopic diffusion in the tissue.

The fourth study employed QENS to directly probe water dynamics in bovine
articular cartilage. Samples from different depths were measured, producing a
measure of fast water dynamics and slower molecular movements at the nanosecond
scale. Results show that the restriction of water diffusion within the cartilage is more
complex than a simple reduction of diffusion speeds at short enough length scales.

In summary, the work presented in this thesis shows the potential of synchrotron
and neutron techniques for the study of ex wiwo cartilaginous tissues. Initial
experiments have provided a baseline for what these techniques reveal, showing the
potential for future experiments, such as altered water dynamics with loading or
degeneration, or novel ways of categorizing cartilage degeneration based on phase-
contrast volume imaging.
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2D two-dimensional

3D three-dimensional

CT computed tomography

DESY Deutsches Elektronen-Synchrotron

DTI diffusion-tensor imaging

ESRF European Synchrotron Radiation Facility

ESS European Spallation Source

FOV tield of view

H&E hematoxylin and eosin

ILL Institute Laue-Langevin

J-PARC Japan Proton Accelerator Comples

MRI magnetic resonance imaging

NMR nuclear magnetic resonance

OA osteoarthritis

OARSI Osteoarthritis Research Society International; OA grading
Standard

PBS Phosphate-buffered saline

PFTE Polytetraflouroethylene

PSI Paul Scherrer Institut
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QENS
NT
Saf-O
SLS
SINQ
SNS
VoI
XRT

quasi-elastic neutron scattering
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Swiss Light Source

Swiss Spallation Neutron Source
Spallation Neutron Source
volume of interest
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1 Introduction

One of the major leading causes of age-related disability is osteoarthritis (OA), with
over 600 million people affected worldwide, including more than a quarter of the
Swedish population above age 45 (1-3). This disease involves degeneration of the
load-bearing soft tissues of the joints, with the knee joint being the most commonly
affected. Degeneration affects all parts of the joint, but most prominently the
articular cartilage and meniscus, and has an array of complex causes that are not fully
understood (1, 4).

Clinically, knee OA primarily presents as pain in the joint, either when moving or
chronically. Stiffness which further restricts motion is also common, especially in
the morning (1, 4). The limited mobility imposed by these symptoms leads to
physical disability, impeding both patient quality of life and ability to work as well as
increasing the risk of comorbidities such as cardiovascular diseases (4). Diagnosis is
determined from these symptoms, in conjunction with clinical imaging when
needed. If so, X-ray radiographs, X-ray CT (computed tomography), or magnetic
resonance imaging (MRI) may play an important role to determine the extent of the
degeneration of the joint or to exclude other diagnoses than OA(1, 4).

Pre-clinically, degenerative changes in joint tissues ate primarily studied via
histological, MRI, and CT-based techniques, which come with a number of
limitations. Histology is currently the gold standard for detailed ex vivo OA evaluation
(5), but suffers from the hard requirement of fixation as well as cutting the tissue
into slices. Thus, it provides only 2D information. MRI offers a number of powerful
techniques for measuring biochemical composition of cartilage, albeit in a complex
manner which results in correlations that are challenging to interpret (6). Moreover,
although MRI provides 3D information, it has limited resolution.

Consequently, there are potential benefits with exploring novel techniques for
characterizing knee joint tissues. Cartilage is a soft tissue with a high water content,
with the dry component primarily consisting of collagen and proteoglycans
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interspersed with chondrocyte cells (7). Phase-contrast X-rays allow for probing of
cells and fibrillations by revealing transitions between different tissue phases, while
neutron techniques allow one to probe the hydrogen-, and consequently water
content and dynamics of the tissue.

X-ray tomography (XRT) using phase-contrast enhancement has shown substantial
promise in acquiring images of soft tissues with histology-like fidelity in full 3D (8),
especially when making use of the powerful beams available at synchrotron sources.
This technique has been applied to the study of meniscus with great promise (9), but
applications to cartilage has this far been limited to smaller sample sets (10, 11)
despite the high throughput of synchrotron imaging allowing for large sets to be
rapidly imaged.

Another technique which is almost entirely unexplored in the field of soft tissue
studies is neutron tomography (NT). N'T functions on similar principles as XRT,
but with neutrons rather than X-rays, resulting in different sources of beam
attenuation. In biological tissues, the primary source of neutron attenuation is
hydrogen, resulting in NT essentially producing a map of hydrogen density (12).
Additionally, neutrons are sensitive to isotopes which allows for the use of heavy
water (D20O) as a contrast agent with a factor seven lower attenuation than regular
water (13). This has previously been used as a general proof-of-concept in biology
(12), to study hydration and water movement in plant tissues (14-16) and in bone
(17, 18), but remains unexplored in soft musculoskeletal tissues.

Furthermore, neutrons can be used to study water and protein dynamics directly via
quasi-elastic neutron scattering (QENS) (19, 20). QENS functions by measuring the
small energy shifts (ueV-meV range) in neutrons caused by scattering off of a
moving molecule. In biological tissues, the primary scatterer is hydrogen, resulting
in water being the primary component measured. This has previously been applied
both to idealized protein solutions (21), whole tissues (22), and to changes in
dynamics caused by mechanical stress (23). With articular cartilage being a complex
tissue dependent on water dynamics for its load-bearing ability, QENS is of natural
interest for deepening knowledge of its dynamics.

Access to both neutron and synchrotron techniques has recently been substantially
expanded in Sweden with the construction of the MAX IV synchrotron (24) and the
European Spallation Source (ESS) (25) in Lund, Sweden. At MAX 1V, multiple
beamlines such as ForMAX (26) or DANMAX (27) offer phase-contrast imaging
capabilities alongside other material characterization techniques. Once ESS opens
for user operation in 2027, high-performance neutron imaging will be offered at the
ODIN beamline (28), and a number of spectroscopy beamlines such as CSPEC and
MIRACLES (25) will be able to perform QENS measurements.

This work explores the application of the described techniques to soft knee tissues,
primarily to articular cartilage and to some extent to the meniscus. A large cohort of



Introduction 25

human articular cartilage samples were imaged with phase-contrast X-ray
tomography, with a subset also being imaged with neutron tomography. Neutron
tomography was then applied to study water dynamics in the form of macroscale
water diffusion in bovine articular cartilage and meniscus, and QENS was applied
to directly study cartilage water dynamics.






2 Aim and design of the thesis

The overall aim of this thesis work was to investigate novel applications of
synchrotron and neutron techniques to the study of soft knee joint tissues,
particularly the articular cartilage. This work identifies and explores applications of
these techniques to cartilage and meniscus characterization with the goal of
evaluating which information can be gained and applied to the study of osteoarthritic
degeneration and tissue water diffusivity, paving the way for expanded future usage.

The aims of the individual studies were:

1. To investigate synchrotron phase-contrast imaging on a large dataset of
human cartilage with the goal of determining the qualitative and quantitative
effects of tissue degeneration on cell and tissue matrix properties.

II.  To explore neutron imaging of human articular cartilage, determining the
best preparation methods for imaging as well as to what extent degeneration
affect the tissue protein density distribution.

III.  To apply neutron tomography to study water dynamics in bovine articular
cartilage and meniscus in the form of D>O-H>O exchange, with the goal of
quantifying macroscopic diffusion.

IV.  To probe water dynamics in bovine articular cartilage with quasi-elastic
neutron scattering, discerning diffusion modalities and evaluating the ability
to distinguish depth-dependent dynamics.

The design of the thesis is outlined in Figure 2.1.
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Figure 2.1: Graphical abstract. Top left: Sampling location and example cartilage plug as
well as schematic depiction of tomography. The roman numerals (I-1V) indicate the studies
included in the thesis. The icons indicate from where tissue samples were obtained (human
or bovine). Studies are categorized by technique and object of study on the right.



3 Background

In this section the structure of articular cartilage and meniscus are described,
including how they are affected during osteoarthritis. This is followed by
explanations of the various techniques used to characterize the tissues within this
work.

3.1 Knee Joint Tissues

The knee joint is one of the largest joints in the body, connecting three major bones
(the femur, tibia, and patella). The ends of the bones are covered in articular cartilage,
providing both a low-friction articulating surface as well as shock-absorbing
properties (7) (Figure 3.1a). Dividing the joint into a medial and lateral compartment
is the central pivot, secured by the anterior and posterior cruciate ligaments (29).
Within each compartment is a meniscus, which serves to distribute load and stabilize
the joint by acting as a mobile cushion of cartiliginous tissue (29, 30) (Figure 3.1b).
Further support for the joint is provided by the collateral ligaments as well as the
encasing fibrous joint capsule containing the synovium (31).

As one of the primary joints supporting the weight of the human body during
walking or other regular motion, the knee has to sustain substantial continuous
loads. Much of this load is carried by the articular cartilage and mensicus.
Consequently, understanding the function of these tissues is of substantial
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importance for understanding both the healthy knee and the progression of OA (1,
30, 32).
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Figure 3.1: Knee joint anatomy. a) Frontal view of the human knee joint, with the major
bones as well as location of the articular cartilage and meniscus labeled. b) Cross-sectional
view of the human knee, showing the menisci, the cruciate and collateral ligaments, and the
joint capsule. Image adapted from Hirschmann et al (7) with permission from Springer
Nature.

3.1.1 Articular Cartilage

On the ends of the bones forming the knee joint sits its articular cartilage. It enables
normal physiological motion of the knee, by providing a low-friction surface and the
ability to withstand and transmit high loads without permanent damage. This load-
bearing ability in turn arises from viscoelastic mechanical properties arising from the
composition of the tissue (7, 32).

The tissue consists of 65-80% water contained within a protein matrix. This matrix
in turn is composed of roughly 60% collagen (dry weight) with the remainder being
proteoglycans (7). Collagen makes up the overall structure of articular cartilage, with
primarily type 1I collagen forming a zonal fiber network. Sparsely interspersed in this
network are specialized cells known as chondrocytes (7, 32). Near the surface of the
tissue, the collagen fibers are arranged in parallel to form a smooth, low-friction,
shear-resistant surface. This superficial zone contains a comparatively large number
of chondrocytes, typically flattened and arranged with the surface. As one moves
deeper into the tissue, chondrocytes become sparser in the intermediate zone, and
the collagen orientation shifts into a mid-way point between being parallel and
perpendicular to the surface. Finally, in the deep zone of the tissue, collagen fibers
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are arranged perpendicularly to the bone interface, with chondrocytes arranged in
columns following the fibers (7, 32, 33) (Figure 3.2a).

The remaining protein component of the articular cartilage is primarily made up of
proteoglycans. These proteins consist of a core with attached charged
glycosaminoglycan chains, which attract water molecules. This interaction
contributes to the compressive resistance of the tissue both through electrostatic
repulsion and by restricting the flow of water through the tissue. This combination
of components and interactions results in a tissue with time-dependent mechanical
response to load. When load is applied to articular cartilage, water viscously flows
through the tissue, altering tissue stiffness over time and producing a viscoelastic
creep and stress-relaxation response (7). As a consequence, both water diffusivity
(34-30) and proteoglycan content (5, 37) are important markers of tissue health.
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Figure 3.2: Cartilage and meniscus anatomy. a) Cross-section of the articular cartilage,
showing the zonal divisions as well as organization of chondrocytes and collagen fibers. b)
Diagram of the medial meniscus, showing the vascular red-red and avascular white-white
zone. c) Cross-section of the meniscus, showing fiber orientation in the different layers.
Image adapted from Baron et al (33) with permission from Springer Nature.
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3.1.2 Meniscus

The menisci are two crescent-shaped cushions of cartilaginous tissue located
between the bones of the knee joint, one in the medial and one in the lateral
compartment. They are attached to each other as well as the joint’s bones via several
ligaments. As the menisci assist in distributing loads across the joint, provide a low-
friction surface, and guide knee rotation, they are vital in reducing the stress on the
articular cartilage (30). Unlike articular cartilage, the meniscus is partially
vascularized, with some regions having direct access to vascular nutrient supply
while others remain dependent on diffusion (30). This vascularization primarily
extends into the peripheral region of the meniscus, known as the red-red zone,
whereas the inner part of the crescent known as the white-white zone is entirely
avascular (30) (Figure 3.2b).

Much like articular cartilage, the meniscus has a high water content (65-72%) with
the majority of the dry weight being made up of collagens. Microstructurally, the
structure varies between the red-red and white-white zones. In the red-red zone
these collagens primarily consist of type I fibres arranged with different patterns
depending on their vertical location within the tissue. In the centre of the meniscus,
they follow the crescent shape of the overall structure, while re-orienting into a radial
direction in an intermediate layer before forming a tight mesh in the tissue surface
(Figure 3.3c). The collagen structure in the white-white zone follows a similar
structure, although type 11 collagen plays a larger role, making up about 60% of the
dry weight (30). This collagen structure is supplemented by proteoglycans, which
serve a similar role as in articular cartilage, albeit being less abundant (9, 30, 38). The
water retention properties of the collagen-proteoglycan matrix gives rise to the
viscoelastic mechanical properties the meniscus requires to properly distribute loads
within the joint (39).

3.1.3 Degeneration and Osteoarthritis

As both the articular cartilage and meniscus are sparsely cellularized and wholly or
partially avascular, their healing ability is very limited (1, 4, 30, 32). Consequently,
these tissues need to endure for a lifetime. While the chondrocytes perform
important tissue maintenance functions, their ability to repair damage is limited
which can lead to an accumulation of damage over time. Accumulated damage can
eventually lead to progressive degeneration of the tissue, which culminates in the
disease of OA. Corresponding illness may result when degeneration reaches the
point where damage to the tissues of the knee joint causes persistent inflammation,
which may lead to pain, swelling, and difficulty in movement (1, 4).

As degeneration partly results from accumulated tissue damage, the processes are
associated with age and are exacerbated by various knee injuries (1, 40).
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Furthermore, OA is a heavily underdiagnosed disease (41, 42) as diagnosis is
primarily based on patient-reported symptoms (4). Consequently, the early stages of
OA are understudied, and the dividing line between OA and normal aging can be
unclear as pathophysiological signs of joint degeneration are more common with
increasing age even in individuals without reported clinical symptoms (43). On the
tissue level, degeneration in both articular cartilage and the meniscus primarily
expresses itself as a disruption of the complex protein matrices that provide their
structure and function (Figure 3.3). This process has been extensively studied and
grouped into stages for classification based on histopathology, resulting in the
OARSI grading scale for articular cartilage (5) and the Pauli scale for meniscus (44).
These scales allow levels of degeneration to be quantified and compared between
individuals and make for the basis of comparison with novel techniques.

In articular cartilage, degeneration depletes the proteoglycan content of the tissue
and gives rise to several characteristic features. Initially, microscopic cracks appear
at the tissue surface, eventually causing fibrillation and then deepening into larger
cracks with distinct collagen fibre structures. The chondrocytes within the cartilage
are also disrupted in various ways, including chondrocyte clustering, death,
hypertrophy, or hypotrophy (5, 45). Degeneration of the meniscus proceeds in a
similar manner, with the initially highly ordered layers of collagen fibres becoming
increasingly disorganized as degeneration progresses (9, 44).

Investigation of the causes of these degenerative processes is a highly active field of
research, yet the exact reasons are not fully understood. Changes in tissue biology
during degeneration and osteoarthritis can be studied using a number of approaches,
from classical histology (5, 43, 44), to MRI-based methods (6, 34-36, 46, 47), to
contrast-enhanced X-ray approaches (48-50). Classical histology provides the
highest level of detail but is restricted to imaging fixed tissue in two dimensions,
losing many aspects of the physiological state. X-ray imaging can expand this into
three dimensions but struggles to provide contrast within soft tissue without some
method of contrast enhancement. MRI does provide three-dimensional (3D) data
but has comparatively low resolution. Additionally, while MRI can probe metrics
such as hydrogen density, MRI signals are heavily dependent on the chemical state
of hydrogen (51), resulting in confounding factors. Consequently, the use of neutron
approaches could more cleanly probe both hydrogen (and consequently water)
content and motions in the tissue. Phase-contrast enhancement similarly can extend
the ability of X-rays to produce clear images potentially matching histology in quality
(8). As a result, the development of new investigative approaches could produce
further insights into the degenerative process that were previously not possible.
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Articular Cartilage Meniscus

Figure 3.3: Degeneration examples. a) Histopathological images of healthy articular
cartilage (OARSI 0) and meniscus (Pauli score 0) b) Histopathological images of
moderately degenerated articular cartilage (OARSI 3-3.5) and meniscus (Pauli score 2 for
meniscus integrity). ¢) Histopathological images of severely degenerated articular cartilage
(OARSI 6) and meniscus (Pauli score 3 for meniscus integrity). Articular cartilage and
meniscus images reprinted from Pritzker et al (5) and Pauli et al (44), respectively, with
permission from Elsevier.
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3.2 Neutron and X-Ray Techniques

The possibilities for characterization of cartilage and meniscus can be expanded with
a number of neutron and X-ray-based techniques. These techniques are often
complementary as neutrons and X-rays interact with matter in fundamentally
different ways. Being electromagnetic radiation, X-rays primarily interact with the
electron cloud, and X-ray interactions thus scale predictably with atomic number or
material electron density. In contrast, neutrons carry no electric charge and thus
primarily interact with atomic nuclei, making neutron interaction cross-sections
entirely dependent on the properties of the nucleus (52). These interaction cross-
sections vary widely throughout the periodic table, making neutron interactions
likely in many places where X-ray interactions are unlikely, and vice versa (Figure
3.4) (53). Importantly for the study of biological tissue, neutrons are highly sensitive
to hydrogen, which is nearly invisible to X-rays (52). Additionally, this nuclear
dependency results in neutrons being sensitive to isotopes, allowing deuterium to be
used for contrast adjustments while being chemically similar to hydrogen (13, 17).

Attenuation coefficients for thermal neutrons (cm™)  Attenuation coefficients for thermal X-rays (cm™) (150 kV)
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Figure 3.4: Neutron and X-ray interactions. Partial periodic table showing attenuation
coefficients of thermal neutrons and X-rays. Particularly hydrogen is of interest in
biological materials, being strongly attenuating for neutrons but weakly for X-rays. Image
adapted from Martell et al. under Creative Commons license.

3.2.1 Neutron and X-Ray Sources

Any measurement utilizing either neutrons or X-rays requires a source of the
radiation in question, with a number of options being available.

X-rays for most applications are sourced from lab sources using bremsstrahlung-
based X-ray tubes (54). These sources, while often capable of high flux, are limited
in that they produce a comparatively wide energy spectrum as well as incoherent and
non-polarized radiation. Synchrotron sources on the other hand provide X-rays of
much higher brilliance and coherence at the expense of requiring large-scale
accelerator facilities. Synchrotrons operate by accelerating magnetically confined
electrons around a ring and utilizing the radiation emitted when electrons pass
through a bending magnet or other magnetic array intended to produce an oscillation
(55) (Figure 3.5a). This process produces brilliance many orders of magnitude higher
than what is possible in a lab source, enabling much faster measurements or greatly
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enhancing the signal-to-noise ratio and/or resolution of many X-ray-based
characterization techniques. Examples of synchrotron sources include MAX 1V in
Lund, Sweden (24), the Swiss Light Source (SLS) in Villigen, Switzerland (506), or the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France (57).

Neutrons are generally more complicated to produce, and while a number of
compact neutron soutrces have been developed (58, 59) there are still no neutron
“lab sources” available that are comparable to those for X-rays. Neutron production
operates on one of two principles, either neutron emission during nuclear fission, or
spallation produced as a particle impacts a heavy atomic nucleus (52, 59). Fission-
based neutron sources are essentially conventional nuclear reactors optimized for
neutron emission rather than power production. Spallation sources (Figure 3.5b) on
the other hand use a linear proton accelerator to accelerate a stream of protons into
a heavy metal target, typically lead, mercury, or tungsten. This causes a cascade
reaction in which a large number of neutrons are ejected from the target nuclei.
Generally, fission-based sources are more suitable to producing continuous high
neutron flux, while spallation sources more suitable for production of short pulses
of very high flux (59). In both cases, produced neutrons are processed through a
moderating fluid (typically water or liquid hydrogen) to reach energies suitable for
experiments before being directed into beamlines. For biological experiments, these
energies span the cold, thermal, and epithermal spectra, an energy range from 0.025
eV — 10 keV (52, 59). Notably, these energies are substantially lower than X-ray
energies, which typically range from 12 — 140 keV (60), enabling some techniques
not feasible with X-rays. An example fission-based reactor source is the Institute
Laue-Langevin (ILL) in Grenoble, France (61), while example spallation sources are
the ESS in Lund, Sweden (25), the Swiss Spallation Neutron Source (SINQ) in
Villigen, Switzerland (62), or the Japan Proton Accelerator Research Complex (J-
PARC) in Tokai, Japan (63).

Generally, neutron sources will produce much lower beam intensities than X-ray
sources due to the increased difficulty of neutron production. This in turn means
that while neutrons are highly complementary to X-rays, neutron experiments in
general have lower resolution than X-rays and take considerably more time to
perform, with the most advanced neutron sources being comparable to the
resolution-time performance of commonly available X-ray lab sources.
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Figure 3.5: Example X-ray and neutron sources. a) Diagram of a synchrotron soutce,
showing the ring accelerator as well as insertion devices and bending magnets producing
radiation for beamlines. b) Diagram of a spallation source, showing a linear accelerator
sending protons into a target to produce neutrons via spallation. ¢) Diagram of a reactor
source, showing a fission reactor emitting neutrons which are then moderated and sent to
an experiment station.

3.2.2 Computed Tomography

Computed tomography is an algorithmic method to construct a 3D volume from a
series of two-dimensional (2D) radiograms. Radiograms in turn are images produced
by the passage of some form of radiation beam through a sample, usually with
contrast produced by the absorption or deflection of the radiation in question. These
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images are then converted into a 3D volume through backpropagation, essentially
deriving the shape an object must have to produce the series of projections captured
(52, 64, 65) (Figure 3.6a). Tomography is used in both clinical diagnostics, lab-based
research, and large-scale facility settings, with the difference of most import being
the intensity of radiation available, which in turn affects possible resolutions and
imaging speeds.

Attenuation contrast

The most common method of contrast in tomographic imaging is attenuation,
effectively measuring the distribution of attenuation coefficients in the imaged
sample in 3D (Figure 3.6b). The effect of attenuation coefficients on beam intensity
is described by the Beer-Lambert law:

I=Ie

Where I is the resulting beam intensity, Iy is the initial beam intensity, u is the
material-dependent attenuation coefficient, and dis the path length (65).

As X-rays primarily interact with the electrons of a material, their attenuation
coefficients are typically a direct proxy for material density, providing relatively little
contrast between different types of soft tissue. Chemical contrast enhancement can
alleviate this issue (48), but traditionally this has made attenuation-based X-ray
tomography less useful for soft tissue studies compared to hard tissue like bone.

Neutron attenuation contrast on the other hand is highly sensitive to hydrogen.
Consequently, it provides strong contrast between materials with different levels of
hydration, something which has been applied extensively to study water transport in
materials ranging from rocks to plant tissues (14, 15, 66, 67). Furthermore, the ability
for neutrons to penetrate many denser materials allows for visualizations not
possible with X-rays, such as bone ingrowth into metallic implants (68-70). Finally,
the factor seven difference in neutron attenuation between regular and heavy water
allows heavy water to be used as a contrast agent, which due to its chemical similarity
with regular water has a much lower impact on the material studied than other forms
of chemical contrast enhancement. Imaging in combination with water-heavy water
exchange is key to many neutron tomogtraphy applications such as studying water
exchange in bone (17, 18), plants (14, 15) or other materials (67). Capabilities range
from imaging total exchange of water at high (<20 um) resolution (18), to capturing
rapid motions of water with fast (10s/tomogram) lower-resolution (~200 um)
tomographies (15). Consequently, a wide range of applications for studying water
in soft tissue ought to be possible.
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Examples of neutron tomographic imaging beamlines used in the current thesis
include NeXT-Grenoble at ILL, France (71) and ICON at SINQ, Paul Scherrer
Institut (PSI), Switzerland (72) (Figure 3.3). Further examples of beamlines offering
this capability include IMAT at the ISIS Neutron and Muon Source, UK (73), BL-
10 Venus at the Spallation Neutron Source (SNS), USA (74), or BL22 RADEN at J-

PARC, Japan (75).
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Figure 3.6: Schematic of tomography. a) Schematic representation of tomography. A
radiation beam is passed through a rotating sample, producing a series of radiograms from
which a 3D tomogram can be computed. b) Attenuation imaging, capturing reduction in
intensity in the beam passing through a sample. ¢) Propagation-based phase-contrast
imaging, capturing phase changes induced by edges of the sample or between materials
within through interference during propagation.

Phase-contrast

An alternative to attenuation is measuring the phase shift resulting from the complex
refractive index of a material that the radiation is passing through. Typically, the
information encoded in the phase change is highly complementary to that produced
by absorption, particularly highlighting edges between materials of similar absorptive
properties (76, 77) (Figure 3.6c). While the phase shift cannot be directly measured,
it can be retrieved through a number of indirect methods such as propagation-based
imaging (77, 78) or grating interferometry (76). Propagation-based imaging is the
most commonly used approach at synchrotron sources, as their highly coherent
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beams make it relatively simple to utilize. The detector is moved further away from
the object to be imaged, allowing the beam to propagate further to enhance the
effect of small phase shifts, before being detected. This in turn allows the phase-
shifted components of the beam to interfere, producing detectable amplitude
differences particularly at the edges between materials with different refractive
indices but similar absorption (79).

For X-rays, this technique produces images with substantially higher contrast in soft
tissue than X-ray attenuation (77). This technique has seen widespread use within
biological imaging in recent years, often being described as “virtual histology” for its
ability to generate images of similar quality to histological slices observed by light
microscopy (8, 70). It has been applied to a number of purposes such as studies of
neuronal tissue (80), intervertebral discs (81), Achilles tendon (82, 83), and meniscus
(9, 11), although its application to articular cartilage is still rather sparse (10, 11). In
all these tissues, phase-contrast imaging has been able to visualize fibre structures as
well as cells with resolutions on the order of 1-10 um. Previous work on cartilage
has shown high-resolution 3D visualization of the tissue (10) but has been highly
limited in its ability to draw any conclusions about degeneration due to a small
sample size.

Examples of beamlines with phase-contrast imaging capabilities used in this thesis
are ForMAX at MAX IV, Sweden (26) and TOMCAT at SLS, Switzerland (84).
Other examples include 113-2 at the Diamond Light Source (DLS), UK (85), BM18
at ESRF, France (86) or P05 at PETRA III, Deutsches Elektronen-Synchrotron
(DESY), Germany (87).

3.2.3 Quasi-Elastic Neutron Scattering

Quasi-elastic neutron scattering (QENS) is a technique which utilizes the relatively
low energy of cold and thermal neutrons to probe low-energy motions in materials
(19). Notably, these neutrons have energies in the meV range while simultaneously
having wavelengths in the 1-10 A range, corresponding to molecular distances.
Combined with the fact that neutrons only interact through nuclear and (negligible
in biological tissues) magnetic interactions, this allows for spectroscopic
measurements of motions in a material. In principle, one measures momentum
transfers and energy shifts of neutrons scattered by a material (Figure 3.7). These
neutron spectra can then be fit to models relating particular molecular motions to
the relationship between momentum transfer and energy shift distributions (19, 20).

As hydrogen scatters neutrons quite powerfully, any QENS signal in a biological or
otherwise water-rich system will predominantly probe hydrogen motions, which in
turn correspond to the motion of water or biomolecules within a system. Notably,
this allows for the study of water diffusion on a nano- to picosecond timescale (20),
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as well as several molecular motions in protein systems (21). Studies on more
complicated systems are also possible, performing feats such as distinguishing water
populations with different diffusivities. Within biological tissues or materials, this
has been applied to study diffusivity in bovine brain tissue (22) or investigating the
connection between strain and protein diffusion in silk fibres (23) but remains
unexplored in musculoskeletal tissues. As soft knee tissues depend on diffusivity for
their nutrient supply and mechanical properties, their water and protein diffusivities
are of substantial interest for understanding the tissue.
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Figure 3.7: Quasi-elastic neutron scattering. a) Schematic representation of QENS.
Neutrons interact with a moving molecule, and are scattered with small changes in
energies, producing spectra of energy changes at specific scattering angles. b) Examples of
quasi-elastic spectra at two different scattering angles.

3.3 Complementary Imaging

A number of other imaging techniques complement the data that can be acquired
with X-rays and neutrons, with the two most important ones being histological
microscopy as well as magnetic resonance imaging. These techniques provide a state-
of-the-art for both characterization of articular cartilage and meniscus tissue, and
their alterations during degeneration, against which novel approaches can be
compared.

3.3.1 Histology

Histology forms the gold standard for 2D imaging throughout the biomedical field.
For histological imaging, tissue is fixed using formaldehyde and then sliced into thin
sections before being stained with histochemical agents (37). The two primary
staining protocols used for articular cartilage and meniscus are hematoxylin-eosin
(H&E) as well as Safranin-O and Fast Green (Saf-O). H&E primarily stains nuclei
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and secondarily the collagen matrix, primarily visualizing cell morphology. Saf-O in
contrast primarily stains for proteoglycans, visualizing their relative content
throughout the tissue. These stained tissue slices are then imaged using conventional
light microscopy.

In soft knee tissue research, these histological images form the basis for standardized
assessment systems of degeneration in the articular cartilage (5) as well as the
meniscus (44). Examples of these images can be seen in figure 3.3. These systems
employ a number of criteria for evaluating tissue degeneration. The OARSI scale
examines the level of cartilage surface damage, changes in cell morphology,
proteoglycan depletion, and eventual bone alterations at later stages (5). It ranges
from O (healthy cartilage) to 6 (bone deformation after denudation of the bone). The
Pauli score system operates in a similar manner on meniscus, deriving a composite
score from separate scorings of the status of the meniscus surface, meniscus
cellularity, collagen fibre organization, and matrix staining indicative of proteoglycan
changes. These systems allow for comprehensive evaluation of tissue degeneration
status and its relationship to other parameters such as patient age (43), forming the
basis for comparison to other investigations of tissue health.

3.3.2 Magnetic Resonance Imaging

MRI is another important technique for the imaging of articular cartilage and
meniscus, both due to its ability to capture 3D information and capability for i vive
use (Figure 3.8a) (88). Clinical MRI is primarily used to detect macroscopic tissue
damage (40, 89, 90), but can also be indicative of changes in biochemical
composition (6, 91).

To produce images in MRI, a strong magnetic field is applied to the tissue to be
imaged, aligning the magnetic moments of the hydrogen atoms present within to the
field. The interaction of these magnetized hydrogens with a radiofrequency signal
can then be used to detect both the strength of the signal (MO, from the present
amount of magnetizable hydrogen) as well as the time required for magnetization to
return to a ground state after the magnetic field is removed (relaxation time, T1 and
T2). Applying a gradient to the magnetic field additionally allows for the spatial
localization of the signal, producing an image (51). Using the different relaxation
times, one can distinguish between different types of soft tissue as well as differences
in tissue biochemistry (6, 51, 91).
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MRI also allows for direct study of hydrogen (and therefore water) diffusion in
tissues (Figure 3.8c). By applying two radiofrequency pulses that would cancel out
in the absence of motion it is possible to detect diffusion occurring in the
millisecond-range interval between pulses (92). This diffusion-weighted imaging can
then be extended by performing it in multiple directions, producing a tensor
containing anisotropic information about the diffusion, a process known as
diffusion-tensor imaging (93, 94). This method has in turn been used extensively to
study diffusivity in both articular cartilage (34-36, 95) and meniscus (90).

2cm | | 1 mm 1 mm

Figure 3.8: MRI examples. a) Clinical MRI of a human knee in the sagittal plane, adapted
from Gaj et al (88) with permission from Wiley. b) MO (proton density) MRI image of a
human articular cartilage plug adapted from B Wrammerfors et al (Study II). ¢) Diffusion-
weighted MRI image of a bovine articular cartilage plug adapted from Study III.






4 Methods

This chapter first describes the tissue samples used within the thesis, then the
principal methods used for tissue characterization together with the state of the art
techniques used as a complement, followed by data analysis approaches.

4.1 Samples

Bovine and human tissues were used throughout the thesis work. In all instances,
medial femoral cartilage or medial meniscus was chosen, from the human knee joint
or the analog bovine joint.

4.1.1 Human articular cartilage (Study I-11)

Human articular cartilage samples were collected from the MENIX biobank (Skane
University Hospital, Region Skane, Sweden, ethical approval as per Dnr 2015-39,
2016-865, and 2019-00323). The majority of samples (n=49, 24 males and 25
females) originated from donors without known clinical knee OA, ranging in ages
from 18-85. An additional 4 samples originated from patients undergoing total knee
replacement surgery due to advanced knee OA (ages 61-75, all female).

Samples were either drilled into ~4 mm diameter circular plugs of cartilage on bone
(Study I) or cut into equivalently sized rectangular plugs using a diamond saw (Study
I and II). For study I, the majority of samples were kept frozen in an untreated state
while a smaller amount were fixed in formaldehyde but kept hydrated as part of the
requirements for study II. Adjacent tissue from all samples was taken and prepared
for histological staining and microscopic evaluation as described in (43). Examples
of sample preparation can be seen in figure 4.1a-c.
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Figure 4.1: Sample preparation. a) Sampling site for human samples in the knee joint (medial
femoral condyle). b) Example of a raw sample before cutting. ¢) Example rectangular sample
plug after cutting. d) Bovine medial meniscus with plugs extracted. ¢) Example bovine meniscus
plug after extraction. f) Cryotomed slices of bovine cartilage in QENS sample canister.

For study II, samples were separated into four different groups in order to test the
effects of various preparation methods on neutron imaging. Compared were
untreated samples (n=2), unfixed samples immersed in D>O-based PBS (n=4),
fixed ethanol-dehydrated and air-dried samples (n=4), and fixed samples in ethanol
(n=2). Additionally, 15 samples were fixed and kept hydrated in D>O-based PBS in
order to meet facility requirements for human tissue for the follow-up imaging
experiment.

Hydrated samples were kept frozen at -20C prior to and between imaging

experiments, with longer-term storage at -80C. Non-hydrated fixed samples were
kept refridgerated at 8C.
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4.1.2 Bovine articular cartilage and meniscus (Study IlI-1V)

Bovine tissues for study I1I were prepared in a similar manner as outlined for human
tissues. Whole bovine knee joints were sourced from a local slaughterhouse. 4-5 mm
plugs of cartilage on bone were drilled from the medial femoral condyle, and same-
size circular plugs were taken from the medial meniscus using a biopsy punch (Figure
4.1d-¢). All samples were kept untreated in conventional PBS, and frozen at -20C
until usage.

For study 1V, disks were cut from bovine femoral condyles, aiming for cartilage that
was as flat as possible. From these disks, 100 um tissue slices were cut via cryotome
following the cartilage surface direction. These slices were placed on aluminium foil
on microscope slides and then kept frozen at -20C until usage (Figure 4.1f).

4.2 Phase-contrast synchrotron tomography (Study I)

Phase-contrast imaging was performed at the TOMCAT beamline at PSI,
Switzerland (84) and the ForMAX beamline at MAX IV, Lund (26). For the bulk of
the imaging, tomograms were taken at TOMCAT at 2.75 um isotropic voxel size
keeping the samples in phosphate-buffered saline (PBS) in a custom 3D-printed
sample holder (figure 4.2a). Projections were processed through a dynamic flat-field
correction algorithm (97) before tomograms were reconstructed using Paganin
phase retrieval and the Gridrec algorithm (78, 98).

Two samples were later cut into smaller pieces (diameter ~1 mm) and re-imaged at
0.65 pm voxel size at ForMAX. These images were reconstructed using TomoPy
(99) with static flat-field correction and a Paganin filter. Full imaging parameters can
be found in table 4.1 and imaging setups can be seen in figure 4.3a-b.

Table 4.1: Imaging parameters for phase-contrast synchrotron experiments.

2.75 pm 0.65 um

5.54 x 3.85 mm? 1.7 x 1.4 mm?
21 keV 16 keV

40 cm 5cm

9 ms 40 ms
4000/180° 1800/180°

40 s 80 s
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Figure 4.2: Imaging setups. a) Sample submerged in PBS in plastic cup for phase-contrast
imaging (study I). b) 2 samples wrapped in PFTE in sealed tube with water pocket to retain
moisture (study II). ¢) Sample wrapped in PFTE with open top for filling with D,O for

diffusion imaging (study I1I).

4.3 Neutron tomography (Study II-1l1)

Neutron imaging was performed at the NeXT-Grenoble beamline at ILL, France
(71) as well as the ICON beamline at PSI, Switzetland (72).

For static imaging of human specimens (Study II), samples were wrapped in
polytetrafluoroethylene (PFTE) tape and placed either in sets of two in a PFTE tube
(at NeXT, figure 4.2b) or in sets of three in an aluminium tube (at ICON) with a
pocket for liquid in the bottom. This design was chosen to prevent dehydration
during long imaging times while avoiding direct placement of the sample in high-
attenuation, low-contrast water or heavy water. Imaging was performed at 7.5 pm
voxel size (at NeXT) or at 13.5 pum voxel size (at ICON). Volumes were
reconstructed using Xact commercial software (RX Solutions, at ILL) or MuhRec
open-source software (at ICON)(100). Full imaging parameters can be found in table
4.2 and imaging setups are pictured in figure 4.3¢c-d.

Diffusion imaging of bovine tissues was performed at NeXT. Here a similar tube as
with the static experiments was used, albeit with just a single sample. The samples
were wrapped in PFTE around the sides, leaving the top open to allow heavy water
to diffuse in (figure 4.2¢). An initial static tomogram was taken, then the tube was
manually filled with heavy water PBS. Subsequently, continuous tomograms were
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taken over the course of 2 hours (for cartilage) and 8 hours (for meniscus). Images
were taken at 14.3 um isotropic voxel size with differing exposure times and
projections in order to achieve required time resolutions (5.625 min per tomogram
for cartilage, 22.5 min for meniscus), full parameters can be found in table 4.2.
Reconstruction was performed in XAct.

Table 4.2: Imaging parameters for neutron tomography experiments.

Experiment

Study II
NeXT
Cartilage

Study II
ICON
Cartilage

Study IIT
NeXT
Meniscus

Study IIT
NeXT
Cartilage

Voxel Size 7.5 um 13.5 um 14.3 um 14.3 um
FoV 14x14 mm? 27x27 mm? 14x14 mm? 14x14 mm?
L/D 333 343 333 333
Scintillator 10 um 20 um gadox 10 um 10 um
gadolinium gadolinium gadolinium
Exposure 5savg3 90 s 0.5savg 3 0.25 s avg 3
L eaioie s 1216/360° 625/360° 900/360° 450/360°
Imaging 5h 16 h 22.5 min 5.625 min

Time
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Figure 4.3: Imaging beamlines. Top row: synchrotron phase-contrast imaging beamlines
TOMCAT (a, study I) and ForMAX (b, study I). Bottom row: neutron imaging beamlines
ICON (c, study II) and NeXT (d, studies II-III). Sample or sample stage location, detector
position, and beam path is labelled in each setup.

4.4 Quasi-elastic neutron scattering (Study IV)

QENS was performed in two separate experiments at ILL, France. First a broad
(meV energy range) QENS measurement was carried out at the IN5 time-of-flight
spectrometer to quantify bulk water diffusion. Sample sets of 100 um thick cartilage
slices were taken from the intermediate and deep zones, respectively, of a single
bovine femoral condyle. Both sample sets had QENS spectra measured at 310K (=
37C), with the deep zone cartilage having additional measurements taken at 280, 250,
and 220K.
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A complementary narrow measurement (ueV range) was carried out at the IN16B
backscattering spectrometer to quantify protein motions and potentially present
slow water motions. Samples from the superficial, deep, and intermediate zones were
prepared as above. Initially, and inelastic fixed-window scan was taken to identify
temperatures of interest. Then QENS spectra were taken for each sample at 310,
278, 268, 258, and 248 K. Data from both experiments was reduced using Mantid
(101) in preparation for analysis.

4.5 Complementary techniques

State of the art complementary histology, MRI and X-ray tomography were used on
the same samples throughout the thesis work to provide standard information for
compatrison.

4.5.1 Histology (Study I-1l)

Adjacent tissue from all the imaged human samples was taken and prepared for
histology as presented by Sjogren et al. (102). Samples were fixed in 4%
formaldehyde followed by ethylenediaminetetraacetic acid (EDTA) decalcification,
ethanol dehydration, and paraffin embedding.

Separate sections from each sample were stained with Hematoxylin and Eosin
(H&E) for cell visualization or Safranin-O and Fast Green (Saf-O) as standard for
OARSI osteoarthritis grading (5). Sat-O sections were then assessed for OARSI
grades by two rounds of consensus grading (102).

4.5.2 MRI (Study lI-1V)

Two different sets of complementary MRI measurements were performed. The
unfixed human samples which were neutron imaged in Study 11 (n=0) were imaged
for T1 and T2* maps as well as T1-corrected MO images. Imaging was performed at
Lund University Bioimaging Center with a 9.4 T MRI (Bruker BioSpec Avance III)
using a RARE (103) and 2D Ultrashort Time Echo (104) sequence with a 150 pm
pixel size in 300 pm slices.

For the bovine samples imaged in Study 111 diffusion tensor imaging was performed
at the NMR laboratory at Physical Chemistry, Lund University with a 11.7 T NMR
machine (Bruker Neo 500) at 200 um isotropic voxel size. Images were acquired
with a 3D diffusion-tensor imaging (DTT) protocol, with 1 & measurement and then
6 non-colinear diffusion-weighted measurements at 4 = 550 s/mm2 and an echo
time of 15.35 ms, with a gradient duration of 2.5 ms and separation of 7.5 ms.



52

4.5.3 Conventional X-ray tomography (Study lI-Ill)

All non-dried samples from Study II were imaged with conventional X-ray
tomography at the 4D imaging lab, Lund University, for visual comparison to the
neutron images. Imaging was performed using a RX Solutions EasyTom150,
acquiring tomograms at 50 kV using 992 projections over a full rotation with a 32x32
mm FoV and 24 um isotropic voxel size, yielding similar true resolution as the
neutron images.

In Study III, X-ray imaging was performed directly after neutron imaging at the
NeXT beamline (71), primarily for the purpose of segmentation. X-rays were taken
after the conclusion of the diffusion experiment, with the setup of NeXT enabling
imaging without direct sample manipulation, consequently allowing for co-
registration of X-ray and neutron images. These tomograms were acquired at 100
keV using 1216 average-of-5 projections with 0.11s exposure time over a full
rotation, with a source-to-object distance of 32 mm, source-to-detector distance of
516 mm, isotropic voxel size of 7.15 um, and a FoV of 15x15 mm.

4.6 Data analysis

Data analysis primarily consisted of image analysis combined with quantitative
analysis of reduced data derived from the images. Analysis was performed with a
combination of software, including Fiji (105), Dragonfly (106), QuPath (107), Ilastik
(108), Mantid (101), and custom MATLAB and Python scripts.

4.6.1 Tissue segmentation (Study I-lll)

All three imaging studies involved segmentation of soft tissue from background and
bone. In study I, phase-contrast volumes were first cropped into rectangular
volumes of interest (VOIs) and then segmented by detecting the largest vertical grey
value gradients in the top and bottom half of the volume.
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Neutron volume segmentation was more complex as the contrast between cartilage
and bone is minimal in D»O-soaked samples. In study II, samples were first
separated from the background and marrow tissue with a k-means clustering
algorithm. A plane was then fitted to the top of the marrow phase and used to
approximate the bone-cartilage interface. The tissue segmentation process is
schematically described in figure 4.4. For study 111, the subsequent X-ray imaging
simplified the process. The background was segmented through simple thresholding
followed by another step thresholding away the bone based on the registered X-ray
volume.

o
O
N
N
Raw image Background Plane fitting ~ Segmented
removal cartilage

Raw image Vol Crop Cartilage Chondrocyte
segmentation segmentation

Figure 4.4: Tissue segmentation schematic. Top row: Neutron image segmentation,
starting with the raw image, then removing the background via k-means clustering, then
fitting a plane to the top of marrow and finally segmenting cartilage based on said plane.
Bottom row: Phase-contrast image segmentation, starting with the raw image, cropping to
the Vol used for analysis, segmenting out the cartilage and proceeding to chondrocyte
segmentation.

4.6.2 Cell segmentation and analysis (Study I)

Within the segmented cartilage from the phase-contrast images from TOMCAT,
chondrocytes were segmented from the extracellular matrix using an adaptive
threshold algorithm, tuning the parameters by referencing the higher-resolution
ForMAX data. Segmented bodies were then smoothed through image opening to
match plausible cell shapes. Finally, they were filtered for size, excluding too-small
or too-large volumes as likely noise, artefacts, or non-cell structures. An example of
cell segmentation and subsequent parameter tuning can be seen in Figure 5.5.

From the segmented bodies a number of metrics were extracted and normalized to
the cartilage thickness. Cell density was computed as cell volume divided by total
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tissue volume. Aspect ratio and angular orientation of cell clusters was extracted with
the MATLAB regionprops algorithm. These cell properties were then averaged
across the same normalized depths to produce profiles for plotting and statistical
modelling.
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Figure 4.5: Cell Segmentation. a) Phase-contrast volume cropped to analyzed Vol, with
subvolumes marked. b) Marked subvolumes with cell segmentation. ¢) Example of cell
segmentation tuning, showing the same TOMCAT volume with three different
segmentation sensitivities on the left, and a segmented higher-resolution ForMAX volume
of the same region on the right.

Statistical associations between cell properties and OARSI grade were tested using a
set of linear mixed models. OARSI grades were set to the fixed variable, one cell
property was set as the response variable, and then tissue layer (superficial,
intermediate, or deep) and sample ID as nested random variables. Correlation
coefficients between OARSI grade and each cell property by layer was then
extracted.
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4.6.3 Histology comparison (Study I-11)

Aside from OARSI grades, histology comparisons were used both for cell properties
in study I and hydrogen density versus proteoglycan content in study 11.

For cell property comparisons, three H&E-stained sections were chosen from each
sample, capturing as much tissue as possible while avoiding visible damage from the
sectioning process. Cells were then segmented using a neural-network-based pixel
classification algorithm implemented in the Ilastik software (108). Subsequently, they
were analyzed for the same properties as described in the previous section but in
2D. These properties were then averaged across normalized depth in all three
sections to produce similar profiles for plotting as described above. Histology cell
data was also subject to the same statistical modelling as described for the XRT
volumes above.

For comparison of proteoglycan concentration to hydrogen density, a similar
process was carried out with the Saf-O sections. Color intensity of the Saf-O stain
was extracted using QuPath before computing gradients of relative Saf-O intensity
using MATLAB. Averaged points of Saf-O intensity and hydrogen density at the
same depth of cartilage were then compared to determine correlation.

4.6.4 Hydrogen density profiles (Study II-111)

Hydrogen density is approximated by the attenuation in neutron imaged cartilage
and meniscus volumes. This density was computed by averaging normalized
columns and rows to produce vertical and radial gradient profiles, respectively.
Additionally, for study III real depth gradients were also calculated by starting at the
cartilage surface and averaging the grey values at the same pixel distance from the
surface. To avoid artifacts from variable tissue thickness, these real-depth profiles
were cropped to the median thickness of the sample.

4.6.5 Water concentration computations (Study Ill)

In study III, to quantify diffusion rate, relative water to heavy water concentrations
were computed from neutron attenuation. The initial volumes as well as final
volumes (for cartilage) or a reference volume of pure heavy water (for meniscus)
were used as references. For each time step, the grey value in each voxel after a
median filter and a factor 4 downscaling was compared to these two reference values
to determine the heavy water concentration. Averaged gradients of these
concentrations were then plotted both across depth and time, and used as the basis
for modelling diffusion coefficients.



56

4.6.6 Diffusion model fitting (Study llI-IV)

In Study I1I, concentration profiles derived from neutron tomography volumes were
used to create finite element models of the diffusion process based on Fick’s law
(109, 110). In cartilage, the diffusion coefficient was assumed to follow a pattern of
linear decrease through the superficial and intermediate zones while being constant
in the deep zone based on MRI result. In meniscus, the diffusion coefficient was
modelled as uniform. Diffusion coefficients were estimated by minimizing the
normalized root mean square error between experimental and modelled
concentrations.

In Study IV, diffusion was modelled using a Singwi-Sjdlander jump diffusion model
(19, 111). Lorentzian distributions were fitted to QENS spectra at different
momentum transfers Q. The width I" of said Lorentzians were then plotted against
QQ?, allowing for fits to be made to the Singwi-Sjolander model in order to estimate
the diffusion coefficient.



5 Results

This chapter describes the main outcomes of the thesis, organized based on the
information that could be obtained by the various techniques. The first two sections
present the tissue attributes most clearly visualized by phase-contrast synchrotron
and attenuation-contrast neutron imaging. The next section presents the results of
applying these imaging techniques to the study of degeneration, followed by the final
section discussing applying neutron techniques to the study of water dynamics.

5.1 Chondrocyte distribution (Study I)

Phase-contrast enhanced synchrotron X-ray tomographic imaging in Study I clearly
visualizes the organization of chondrocytes in articular cartilage (Figure 5.1a),
enabling subsequent evaluation of degeneration-related changes. Particularly in
healthy samples, distinct differences in organisation are visible between superficial,
intermediate, and deep zone cells. The flattened alignment of surface cells with the
surface and columnar organization of deep zone cells are both clearly visible (Figure
5.1d-f). Intermediate cells are sparser and somewhere between the two. All
visualizations are fully three-dimensional, with 3D renderings (Figure 5.1¢) allowing
one to avoid artefacts inherent in 2D visualizations. Histology images (Figure 5.2)
show more cell detail, although similar cell detail could be achieved with higher

resolution phase-contrast tomography, albeit at the cost of a smaller field of view
(Figure 5.2).
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Figure 5.1: Chondrocyte Organization. a) Tomogram slice with zoom regions showing
chondrocyte distribution. b) 3D rendering of a Vol from the same tomogram. c) 3D-
rendering of segmented cells. d-f) Zoom regions of superficial (d), intermediate (e), and
deep zone (f) chondrocytes. All images from the same donor (OARSI 0, 18F).
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Figure 5.2: Chondrocyte visualization. Comparison between TOMCAT tomogram
slices (left) and higher-resolution ForMAX tomogram slices (middle) of the same
subvolumes in the superficial, intermediate, and deep zones of cartilage. H&E histology
images of chondrocytes from an adjacent tissue sample from the same donor is shown for
comparison at the same magnification (right). Note that tomogram slices are parallel to the
tissue surface while histology is perpendicular.

5.2 Tissue hydrogen density and water content (Study II-1ll)

Pilot neutron imaging of untreated human articular cartilage (Study II) revealed
uniform hydrogen density in hydrated tissue with a sharp contrast between cartilage
and bone (Figure 5.3a). Removing the contribution of tissue water via replacement
with D»O revealed a clear increase in attenuation and consequently hydrogen density
of the matrix itself towards the deep zone of the cartilage. Consequently, D>O
treatment provided the most information about the tissue matrix and its integrity.
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However, the contrast with bone was minimal in these samples, indicating similar
hydrogen densities in deep zone cartilage and bone.

This ability of neutron imaging to reveal hydrogen density in the tissue with and
without the contribution of tissue water enabled both the study of degeneration-
related changes in matrix density (see next section) and later visualization of
diffusion (Study III). Sequential tomograms of diffusion into bovine articular
cartilage and meniscus clearly visualize macroscopic water diffusion into the tissue

(Figure 5.3b).

D,0

Figure 5.3: Visualization of Matrix Hydrogen Density. a) Comparison neutron
tomogram slices of two human articular cartilage samples from the same donor (42M,
OARSI 1), one hydrated with H>O, the other with D>O. b) Neutron tomogram slices of
bovine articular cartilage before and after 2 hours of DO diffusion.
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5.3 Degeneration-related changes in cells and matrix
(Study I-11)

In addition to cell organization visualization, signs of matrix degeneration are clearly
visible in synchrotron images from Study I. Loose surface fibres as well as deeper
cracks and matrix loss are visible alongside changes in cell organization such as
clustering (Figure 5.4a2). Neutron images from Study II also display signs of
degeneration, mainly as variations in the density of the matrix (Figure 5.4b-c).

= —_
1000 um 1000 pm
Figure 5.4: Visualization of degenerative changes. a) Phase-contrast tomogram slice of
a degenerated sample from a TKR patient (71F, OARSI 4.5), with zoom regions cleatly
showing fibrillation and altered cell properties. b) Neutron tomogram slice from a healthy
donor (32F, OARSI 0). ¢) Neutron tomogram slice from a TKR patient (same sample as in
a), showing matrix damage as areas of lower attenuation (red arrow).
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This degeneration shows a clear progression that can be matched to histological
images and histopathological grading of the cartilage (Figure 5.5). At grade 0, both
images show a smooth cartilage surface and consistent cell distribution. Grade 2
samples show beginning fibrillation in the superficial zone, which then progresses
into deep cracks and a completely disrupted surface at higher grades (Figure 5.5).

OARSI 0 OARSI 2

i —

250 um 250 pm

OARSI 4

b Sl s,

250 pm 250 pm 250 pm
Figure 5.5: Degeneration progression. Phase-contrast tomogram slices taken near the
sutface (top left) and near the bone (bottom left) are shown alongside Safranin-O histology
(right). Samples come from four donors at different stages of degeneration, ranging from
healthy cartilage (OARSI 0) to severe degeneration (OARSI 4.5).
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Cell changes such as clustering are also clearly visible in both phase-contrast
tomograms and histology images.

Quantification of depth-wise profiles of chondrocyte properties (Study I) and matrix
hydrogen density (Study II) also reveal degenerative and age-related changes.
Notably, these properties show consistent distinct profile shapes in healthy samples
before becoming increasingly erratic with increasing age or degeneration (Figure
5.62). Differences in matrix hydrogen density in the form of neutron attenuation are
more closely related to cartilage thickness than differences in chondrocyte
properties.

The chondrocyte property profiles show more distinct relationships to OARSI
grade. Healthy samples generally have distinct profile shapes, showing a shift in cell
angle from the surface to the depths of the tissue (Figure 5.6b) as well as spikes in
cell density in the superficial and deep zones (Figure 5.6.c). These shapes are lost
with increasing degeneration, producing flatter profiles.
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Figure 5.6: Quantification of Degenerative Changes. a) Neutron attenuation profiles
from cartilage surface to bone interface, separated by young (< 45 y) and old (> 60 y)
donors without known knee OA and TKR patients in Study II. b) Average cell elevation
angle profile averaged by OARSI grade in Study I. ¢) Average cell density profile averaged
by OARSI grade in Study 1.
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Particularly in the superficial layer, chondrocyte properties can be tied to
degeneration via statistical analysis. This analysis shows that the angle between the
cells and the tissue surface increases by an average of 3.9° (95% CI 2.9-4.9) per
OARSI grade (5) unit as the flattened organization in the superficial layer is lost.

5.4 Tissue water dynamics (Study IlI-1V)

D10 concentrations calculated from the raw water diffusion visualization gives a
clear image of the dynamic process of water exchange (Figure 5.7a), including an
edge effect causing some inhomogeneity. Water concentration increases rapidly
along the surface as well as the sides of the cartilage, and more slowly in the center.
Quantification of this sequence shows the progression of the diffusion process itself
(Figure 5.7b-c). Profiles of concentration over depth show a decrease with depth at
first, before approaching uniform concentration. Over time, similar diffusive curves
are present at different depths, with the concentration increasing more slowly deeper
in the tissue. Diffusion-tensor MRI produces diffusion coefficients that decrease
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Figure 5.7: Macroscopic Water Diffusion. a) Progression of D20 diffusion into bovine
articular cartilage, with brighter color indicating higher D20 concentration. b) Profiles of
D20 concentration over depth at different times in the same cartilage sample. c) Profiles
of D20 concentration over time at different depths.
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with depth through the superficial and intermediate zones while being constant in
the deep zone in cartilage, and which vary around an average value in meniscus
(Figure 5.8). Finite element modelling of these coefficients in articular cartilage based
on the neutron data produce values that are in agreement with deep zone diffusion
coefficients measured by MRI when adjusted for the difference between HO and
D20 (112), but in the best fits are constant throughout the tissue. In meniscus, finite
element modelling produced poor fits for diffusion coefficients.

Broad QENS measurements reveal the dynamics of the water within bovine articular
cartilage, showing a clear signal for long-range diffusion (Figure 5.9a). Fitting allows
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Figure 5.8: Diffusion MRI. Mean diffusion maps of cartilage (top) and meniscus
(bottom) alongside profiles of the average diffusion coefficient at different depths from the
top tissue surface.
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diffusion coefficients for bulk water to be calculated to 3.16 x 103 mm?2/s in the
intermediate zone and 3.86 x 103 mm?/s in the deep zone (Figure 5.9b). A second
Lorentzian corresponds to some higher-energy molecular movement likely resulting
from confined water and contributions from rotational motions.

Narrow QENS reveals a weak quasielastic signal only visible in Q-summed spectra
and in the inelastic fixed-window scan. Measurements are dominated by the bulk
water signal appearing as a flat background on scans at this energy range.
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Figure 5.9: QENS. 2) Example of fitting. Shown is a quasielastic spetra at Q = 0.875 A-1
alongside a fitted broad and narrow Lorentzian. b) Q2-dependency of the narrow
Lorentzian in broad QENS measurements of articular cartilage, corresponding to bulk
water diffusion alongside the fitted water diffusion model.



6 Discussion

6.1 General

The aim of this thesis was to investigate the ability of neutron and synchrotron
techniques to characterize soft knee tissues in novel ways. Studies I-111 focused on
different approaches to conventional tomographic imaging, all in an effort to
characterize different aspects of the tissues. Phase-contrast tomography was used in
Study I to visualize chondrocytes as well as matrix damage in tissue by visualizing
transitions between materials. Study 11 shifted the focus to the overall cartilage tissue
matrix with neturon tomography to visualize hydrogen density, which then extended
into visualization of diffusive water exchange through D>O application in Study I11.
Insights into this water exchange were then complemented through direct
investigations of water dynamics via QENS in Study IV.

These technques were explored due to their ability to probe various metrics of
interest, l.e. tissue integrity, chondrocyte distribution, matrix protein density, and
tissue water dynamics. All of these metrics are vital to the healthy functioning of the
tissue, and consequently potential vectors for degenerative processes. A particular
focus of the thesis was developing these techquies as tools for further application
within the field. This could in turn lead to a better understanding of both the baseline
state of the tissue and alterations therein, which might be indicative of osteoarthritis-
related degeneration.

The techniques presented within the thesis can be seen as extensions to existing
tools, such as synchrotron phase-contrast imaging producing histology-quality
images of soft tissues in three dimensions, or neutron imaging expanding on the
ability to detect water content or diffusion via MRI. They also provide additional
novel applications in the field of soft knee tissues, such as the ability to visualize
diffusion directly with neutron imaging, or probe nanosecond-scale motions with
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QENS. Novel techniques are not without their challenges, however, particularly
when it comes to the accessiblity of large facilities and validation against existing
ground truths. Both the highlighted benefits and challenges of these techniques will
be discussed in the following sections.

6.2 Tissue specific information revealed by the techniques

All three techniques were novel in their application to soft knee tissues. Phase-
contrast imaging is the most established, having been previously used for cartilage
and meniscus research (9-11) but not applied to larger datasets from human donors
with a wide range of tissue degeneration levels. Neutron imaging, in contrast, had
not previously been applied to soft knee tissues at all, and outside of some pilot
images (12) the field lacks previous work on animal soft tissue in general, with the
closest analogues to this work having been performed on bone (17, 18, 70) and plant
tissues (14, 15). Quasi-elastic scattering similarly has not been performed on
musculoskeletal tissues before, with the closest analogues being a study on brain
tissue (22) as well as studies on glycosaminoglycan-based hydrogels (113, 114).
Consequently, this section discusses the general information revealed by the
techniques in articular cartilage with subsequent sections examining the applications
to tissue degeneration and water dynamics, and potential future developments
needed for the techniques to reach their full potential in the field.

6.2.1 Phase-contrast imaging

Phase-contrast imaging in Study I enabled both qualitative visualizations and
quantitative metrics of chondrocyte properties and general tissue integrity in articular
cartilage. Chondrocytes are clearly visible, captured in 3D, and retain a shape
unaffected by chemical fixation in contrast to histology. Fully automatic
segmentation, while introducing some limitations in which bodies could be
distinguished, allowed for the study of substantially larger volumes of cartilage than
examined in comparable work on chondrocyte tomography (50). Segmentation
could be improved with increased resolution, as demonstrated by the higher-
resolution ForMAX images, although this would come at the cost of smaller
volumes imaged. Previous phase-contrast work on cartilage similarly performed
chondrocyte segmentation using even-higher resolution images (10) but does not
report segmentation in comparable resolution images. In directly comparable
experiments on bovine cartilage better segmentation was possible (11) in part due to
the larger size of bovine chondrocytes.

Quantification allowed for an additional angle of study for chondrocyte properties
in addition to the visualizations. Profiles of properties like chondrocyte cluster angle
or shape clearly correspond to the zonal divisions within the cartilage. While these
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quantifications are possible to perform in histology as well, they reveal far less
information and are much more prone to sampling bias resulting from intra-sample
variance. Consequently, quantification of phase-contrast volumes can be seen as a
previously unavailable tool for gauging the health status of cartilage.

6.2.2 Neutron imaging

Neutron imaging has a number of potential applications through the visualization
of the density of the cartilage matrix resulting from the ability to use heavy water for
contrast. With hydrogen dominating the neutron attenuation in tissue, and heavy
water having a factor seven lower attenuation than regular water, heavy water
treatment effectively renders the water contribution to the signal negligible
compared to that of hydrogen bound into proteins or fatty tissues. Cartilage tissue
hydrated with regular water shows no change with depth in neutron attenuation,
suggesting a uniform concentration of hydrogen when both are present. Tissue
hydrated with heavy water instead shows attenuation increasing with depth,
consistent with a higher collagen density in the deeper zones of cartilage (115).
Consequently, tomography of heavy water-treated tissue could produce a map of
relative protein density in 3D, potentially with fewer confounding factors than
corresponding MRI techniques (6) as the sensitivity of neutron imaging to the
magnetic properties of hydrogen in biological tissue is negligible.

While neutron imaging lacks the resolution or contrast to detect chondrocytes or
collagen fibril structures, it does produce higher resolution than most MRI
approaches at comparable imaging times. Resolution could potentially be pushed
into the sub-10 um realm where such details could theoretically be resolved with
neutrons (116) but the contrast would likely be insufficient to resolve such details.
Additionally, imaging times on the order of 50 hours would be required, posing
substantial challenges when imaging biological tissue. Such an image was attempted
as part of this thesis, pushing voxel size to ~2.5 um at the ICON neutron
microscope (72), but the resulting data was unusable due to movement artifacts and
consequently not included in publication. The next generation of sources might
reduce imaging times enough to make higher resolutions feasible, however, with the
design specifications for the ODIN beamline at ESS listing a neutron flux at the
sample position about ~5 times higher than the current highest-flux imaging
beamline NeXT (71, 117). With MRI (118) such resolutions are also achievable,
albeit with even longer imaging times (exceeding 50 hours). The resolutions
produced with current neutron imaging approaches are also perfectly sufficient for
the study of general protein or water density, which remains the primary motivation
to use neutron imaging over an X-ray technique.
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6.2.3 Quasi-elastic neutron scattering

QENS was able to characterize rotational and translational water motions within
articular cartilage, although the resulting signal is mingled with one resulting from
cartilage components. Temperature dependencies show the presence of some level
of dynamics not dependent on liquid water as a quasielastic signal is still present at
250K but subsides at lower temperatures, which could potentially have implications
for tissue storage as 250K is below the temperature of conventional freezers. No
low-energy water dynamics were observed, indicating that a different approach using
DO for contrast in a similar manner as applied to isolated protein solutions (21)
would be preferrable for future studies of low energy cartilage dynamics.

6.2.4 Limitations

A primary limitation with all three techniques is the requirement of large facilities
with limited beamtime and competitive application procedures. Phase-contrast
imaging is in principle also possible to perform using laboratory X-ray sources (80,
119) but this comes at the cost of drastically increased imaging times, which could
complicate experiments. Neutron imaging and quasi-elastic scattering are completely
limited to large-scale facilities, with relatively long measuring times at even the most
powerful sources. Currently these are quite limited in number, with only ILL and
SINQ providing the flux for comparable experiments in Europe, although the
upcoming completion of the ESS will significantly increase available high flux
beamtime. Synchrotron beamlines, while still limited, are substantially more in
number, and newer-generation sources such as MAX IV can potentially reduce the
trade-off between resolution and imaged volume through increased power, although
radiation damage potentially becomes an issue.

Furthermore, while these techniques are powerful for ex zwo research, they are
excluded from most iz vivo approaches. Synchrotron imaging can be performed on
live animals (120) but the high radiation doses involved raise ethical questions in
animal experiments and completely exclude use on human subjects. Consequently,
only very few beamlines such as the Imaging and Medical Beamline in Australia (121)
allow for zn vive imaging. Neutron imaging likewise is unsuitable for 7z vivo use due
to radiation dose and the possibility of induced radioactivity. Additionally, the low
imaging times and high neutron attenuation in hydrogen rich materials means that
neutron imaging requires immobile samples of <10 mm thickness, further reducing
its suitability for in-vivo research. QENS faces even stricter sample restrictions, with
sample thicknesses of ~100 um required to maximize quasi-elastic signal while
minimizing noise due to multiple scattering.
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6.3 Studying articular cartilage degeneration

The details revealed by both imaging techniques provide novel angles for the study
of the progression of OA-related degeneration in cartilage.

6.3.1 Virtual histology

Phase-contrast images visually capture features of degeneration both in chondrocyte
distribution as well as in the matrix itself, in a manner comparable to or even
exceeding the quality of histological imaging. Notably, as the phase-contrast images
are taken of unfixed tissue immersed in PBS makes surface damage more visible
than in dehydrated tissue flattened onto a microscope slide. The approach also
reduces the variability inherent to sectioning by imaging a larger volume of tissue.
The high image quality opens up the possibility of developing a grading system
comparable to the OARSI scale (5) for phase-contrast images, especially as similar
work has been performed using chemical contrast enhancement (49). As phase-
contrast imaging avoids chemical manipulation of samples, it also enables
complementary experiments, making it ideal for studies where it is vital that both
general degeneration evaluation and another characterization technique be
performed on the same tissue.

6.3.2 Chondrocyte quantification

Quantification of chondrocytes showed clear trends when compared to the
qualitative measure derived from the OARSI scale. Quantified cell density as well as
chondrocyte cluster orientation and aspect ratio all show characteristic profiles in
healthy samples which flatten at higher OARSI grades, likely as the result of a
breakdown of zonal divisions in the tissue. Statistical analyses further reinforce this,
particularly through showing altered chondrocyte orientations in the surface layer at
higher levels of degeneration. This can be compared to previous work primarily
studying chondrocyte enlargement as a marker of early OA (122-124), something
feasibly achievable with increased resolution in phase-contrast imaging. This
increased resolution is achievable with current methods, albeit at the trade-off of a
smaller imaging volume. Such improvements, together with increased study of
chondrocyte orientation and clustering, could both provide increased insight into
early OA and potentially be a component of an improved system of cartilage
degeneration evaluation.
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6.3.3 Hydrogen density

Hydrogen density as evaluated by neutron tomography of D>O-treated samples can
be seen as a proxy for the density of the cartilage matrix, i.e. the ratio of protein to
water. This density in turn shows characteristic profiles with the depth in the tissue
which are disrupted by degeneration much like the chondrocyte property profiles,
indicating a breakdown of zonal divisions. While more detailed conclusions about
the link in hydrogen density and degeneration may be possible with larger sample
sizes imaged, the ability of neutron imaging to study water flow through D>O
exchange (14, 15, 18) is likely to be more valuable to the study of degeneration as
healthy cartilage relies on fluid pressure to support load.

6.3.4 Limitations

Compared to traditional histology, the main limitation of phase-contrast based
virtual histology is the inability to detect non-morphological signs of degeneration
such as proteoglycan depletion. While stain-equivalent results can be obtained using
X-ray contrast agents (125) such an approach in turn limits the ability for sample re-
use that otherwise is a core benefit of phase-contrast. For quantitative degeneration
evaluation, the main limitation is the difficulties in chondrocyte segmentation
resulting from image quality variations and limited resolution. Evaluation of the
matrix density via neutron imaging is in turn limited by difficulties in disentangling
contributions of different protein components as well as by the need for a 3D
method of characterizing cartilage density to calibrate measures of the protein
component.

6.4 Exploring water dynamics

Both neutron imaging and quasi-elastic neutron scattering give insight into the water
dynamics of articular cartilage and meniscus, on different length and time scales.

6.4.1 Visualizing diffusion

Neutron tomography cleatly visualizes 3D water diffusion in both articular cartilage
and meniscus in real time, bringing into the realm of soft tissue research something
previously only demonstrated in plants (14, 15). It also provides a more direct
investigation of water exchange than previous work limited to studying the before
and after of HxO-D2O exchange (18). Additionally, unlike previous work using
contrast agents and X-ray techniques to visualize the diffusion of larger molecules
(126-128), this technique accesses water diffusion directly. As cartilage degeneration
disrupts the collagen network and depletes proteoglycans (5, 32), water permeability
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and thus diffusion will increase with increasing levels of degeneration. Consequently,
diffusion visualization could be applied to the study of OA-related degeneration by
studying changes in tissue water diffusion. Furthermore, these changes could reveal
the effects other degeneration-related changes such as pathologic vascularization
(129, 130). The diffusion visualization potentially also reveals the presence of
mechanisms inhibiting long-range diffusion that are not present at the shorter ranges
probed by diffusion MRI, as the thicker meniscus did not reach DO saturation in
the expected time.

6.4.2 Modelling diffusion

Modelling diffusion based on Fick’s law revealed diffusion coefficients that were
consistent with MRI-derived values in overall diffusivity, but not in depth-
dependency. Particularly in the superficial zone of cartilage, the model indicates
slower diffusion than what would be predicted by MRI, potentially indicating some
mechanism inhibiting diffusion on longer length scales than the pm range probed
by diffusion MRI. However, this is complicated by the geometry of the sample as
the area of liquid contact at the top is smaller than the full top area of the sample.

QENS allowed for fitting of diffusion coefficients and residence times according to
a jump diffusion model (111), resulting in a view of dynamics on a much shorter
timescale than MRI. Diffusion coefficients are a factor 2-3 larger than those
measured by MRI, but are similar if a bit higher than corresponding values reported
in hydrogels (113, 114) or brain tissue (22). This indicates that restrictions on the
diffusion of water in cartilage arise on the micrometer-microsecond scale and are
not present on the scales probed by QENS. Also visible is a difference in residence
time between the intermediate and deep layers of cartilage, which may be a result of
water-proteoglycan interactions increasing the time between diffusive jumps, but
confirming this result would require a larger sample size.

6.4.3 Limitations

Diffusion studies using neutron images are primarily limited by resolution trade-offs
and by calibration. Resolution at a given neutron flux and experimental station
quality is fundamentally a trade-off between temporal and spatial priorities.
However, resolutions are still higher than DTI on comparable experiment
timescales, with matching DTT requiring 48+ hours (131). Calibration could also be
improved by imaging samples soaked in an excess of water with different known
H>0-D>0 ratios, although such experiments would require substantial non-imaging
treatment time on each sample, which poses logistical difficulties with the
timeframes involved at large-scale facilities.
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The QENS studies of articular cartilage were primarily limited by a low sample size
resulting from limitations on beamtime and difficulties in sample preparation.
QENS requires large ~100 pm thick slices of cartilage cut parallel to the tissue
surface, which is difficult on non-flat condyles. The cutting technique also does not
match standard slicing protocols for histology, which would cut thinner slices
perpendicular to the surface (37). Consequently, conclusions could be significantly
reinforced by extending the pilot experiment presented herein with a more targeted
water diffusion experiment with a larger sample size.

6.5 Future perspectives

There are a number of potential future avenues for research using these techniques.
The baseline experiments presented in this work could be improved through both
methods development such as improved sample preparation for QENS as well as
through the future availaibility of more powerful facilities, like the higher flux offered
by ESS instruments (117). Several of them could potentially be performed in-situ
with mechanical loading, giving insight into how the characterized tissue properties
relate to mechanical performance of the tissue.

6.5.1 Near-term: Immediate applications

As the techniques presented are highly compatible with complementary or in-situ
experiments, the immediate avenues for further research involve applications of
simultaneous mechanical loading. In the case of phase-contrast imaging of cartilage,
adjacent data to that presented in the thesis was already obtained by our experimental
team to evaluate soft knee tissue mechanics. Particularly the potential for tracking
chondrocyte and meniscal fibre displacement under load (11) and the effect of
cartilage shape on mechanical properties (132) has been demonstrated in bovine
cartilage tissue, and work extending this to a larger sample set of human donors is
ongoing.

Neutron techniques could similarly be applied to understand tissue behaviour under
load. D>O-treated tissue would allow evaluation of the compressibility of the protein
component of the tissue through the visualization of altered hydrogen density before
and after loading. An at the time of writing unpublished set of pilot neutron
tomograms of mechanically compressed cartilage and meniscus were acquired
adjacent to the work performed in this thesis, demonstrating that expelled water
could be quantified although results on protein compressibility were inconclusive.
Likewise, diffusion imaging could be combined with loading in order to quantify
load effects on diffusivity or water motion. QENS could also be combined with
loading to detect alterations in both water and protein dynamics under pressure,
something previously demonstrated on silk fibres (23). The primary challenges
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needing to be resolved for a similar experiment in cartilage would be the
development of a loading device compatible with neutron spectrometers as well as
gaining an improved enough understanding of the baseline dynamics to evaluate
load-related changes.

Outside of load responses, these techniques offer novel ways to examine
degeneration. Phase-contrast images could be extended into a proper grading system
in a manner similar to that demonstrated on contrast-enhanced absorption X-ray
images (49), which could combine with quantitative measures to produce a more
detailed measure of degeneration level than previous standards. Diffusion studies
both using imaging and QENS could also be applied to degenerated tissues,
evaluating to how macroscopic and nanosecond scale diffusion change with
degeneration, and whether this differs from known microsecond-scale diffusion
changes studied with MRI (35, 36). Here the primary challenge would be measuring
large enough sample sets to separate degeneration effects from natural biological
variability, as both diffusion imaging and QENS experiments would require a
minimum of 2-3 hours of measurement time per sample. QENS also poses the
additional challenge of requiring a relatively large amount of tissue per measurement
(ideally covering a 3x4 cm area), limiting use on scarce human tissue.

6.5.2 Long-term: Expanded future usage

After more extensive follow-up work, the techniques piloted here could open up a
number of powerful future approaches for the study of both soft knee tissues as well
as soft tissue in general. Phase-contrast imaging of cartilage, especially if a grading
method similar to that proposed for chemically contrast enhanced images (49) is
developed, could supplement traditional histology for degeneration assessment.
Similar advances have already been made in other biomedical fields, e.g. in the use
of phase-contrast to supplement histology in cancer diagnosis (133, 134) and surgical
biopsy assessment (135). Furthermore, the ability to quantify chondrocyte properties
in such images could allow for more detailed degeneration assessment less
dependent on the judgement of human pathologists. If lab-source approaches
similar to those used in cancer diagnostics were developed, this could then
potentially allow for very large sample sizes if it could be performed as routine
imaging following e.g. total knee replacement surgery. Such large datasets could
produce much more extensive links between the details of the physical degeneration
of the cartilage tissue and the symptoms experienced by individual patients.

Combining phase-contrast with neutron imaging and scattering could then extend
this from degeneration assessment into a more detailed understanding of tissue
composition and properties, with applications both for understanding and modelling
load response. Tracking of chondrocytes or other tissue features during loading
could produce more detailed strain mapping of the tissue (11, 132), providing vital
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data for more extensive load modelling. Neutron imaging could potentially also be
adapted to characterize the water permeability of both cartilage or meniscus by
imaging as water is expelled by applied load and calculating water movement rates.
As hydraulic permeability is an important metric in the mechanical properties of
these tissues (136, 137), more accurately assessing it could improve mechanical
models of the tissue. Furthermore, both techniques could be utilized for the
characterization of bioengineered tissue-like materials in order to tune their
properties to replicate the characteristics of existing soft knee tissues.

Finally, neutron-based characterization of water dynamics could be applied to the
study of other tissues beyond the knee. QENS has already been applied to the study
of neural water dynamics (22) in addition to the current work on cartilage and could
feasibly expand to several others. Imaging of diffusive flow with neutrons could
likewise be applied to other tissues where longer-range diffusive motions are of
interest. The brain is an obvious candidate, as currently diffusion MRI is widely
applied in neural studies (22, 131, 138), but it could also be feasible to adapt methods
previously used in plants (14, 15) to study fluid transport through blood vessel
networks or similar transport channels.



7 Summary and conclusions

The overall aim of this thesis was to develop and explore novel synchrotron- and
neutron-based techniques for characterizing soft knee tissues in relation to their
health status as well as water-diffusive properties relevant to tissue function.
Synchrotron phase-contrast and neutron tomography provided new structural
information about the tissue, with initial neutron images opening the possibility for
dynamic studies of water flow. Alongside traditional histology and MRI approaches,
these tomographic techniques were complemented by another novel neutron
approach in the form of QENS, demonstrating a number of new possible angles of
study for soft knee tissue biology and bioengineering.

Below, the main conclusions of each study (I-1V) are summarized.

L.

II.

Phase-contrast synchrotron imaging provides bistology-quality images in full 3D, and
allow for more extensive quantitative analysis. Imaging a large set of human
samples both revealed clearly visible qualitative markers of tissue
degeneration as well as providing quantitative metrics for chondrocyte
distribution. Additionally, variability is reduced compared to traditional
histology due to the ability to image larger volumes, and the technique
preserves the tissue for later complementary experiments.

Neutron tomography provides attennation matching tissue hydrogen density and
consequently water content when correctly treated. Samples treated with heavy water
show the density of the hydrogen in the protein matrix, complementing X-
ray and MRI-based images. Degenerative effects were less cleatly visible,
but the ability to visualize water content provides the tools for the study of
water dynamics.
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111

IV.

Neutron tomography can directly vizualize water diffusion in articular cartilage and
meniscus in real time. The progression of diffusion through the tissue with time
during the exchange of HxO for D-O is clearly visible, both visually in
images and in plotted profiles. Relative concentrations can be computed
using reference volumes, allowing for estimation of diffusion coefficents
that agree well with MRI.

Quasi-elastic nentron scattering reveals the complexity and timescales of cartilage water
dynamics. Fitting of data reveals both fast confined motions and slower long-
range jump diffusion motions. Jump diffusion cannot be separated into
multiple processes, indicating that the effect of the cartilage protein matrix
on water diffusion occurs only on longer timescales. Low-energy motions
are restricted to the protein matrix, as no low-energy water motions could
be discerned. Consequently, QENS is best suited to studies of cartilage
protein motion changes in a D>O environment.
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