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Summary

Imaging is critical for investigating heterogenous tissues such as articular cartilage. The depiction of
its hierarchical structure provides the basis for relating to its unique mechanical properties, which are
crucial for a proper joint functionality. Such aspect acquires paramount significance when the
aetiology of degenerative conditions such as osteoarthritis is deepened. Techniques combining
mechanical testing and high-resolution imaging, particularly time-resolved protocols, are sought to
advance the field. To this end, X-ray imaging is preferred thanks to unsurpassed spatial resolution
and short acquisition times. Nevertheless, the intrinsic radiotransparency of cartilage to X-rays
advocates alternative approaches. The present PhD thesis investigated several advanced X-ray
imaging techniques for characterization of articular cartilage, aiming to enhance several features.
Techniques such as contrast-enhanced imaging, spectral microCT, and synchrotron-based phase
contrast X-ray imaging were explored for their potential to depict tissue structures typically
undetected to conventional approaches, and to enable the study of cartilage mechanical behaviour
under stress.

The first part of this work introduces the application of advanced X-ray techniques to imaging of
articular cartilage. These methods include absorption-based, refraction-based, and scattering-based
approaches. While absorption-based methods, such as contrast agents, enhance imaging by improving
the visibility of inner structures, they may compromise tissue integrity. Refraction-based methods
avoid this by enhancing tissue interfaces without the need for contrast agents, though they require
specialized equipment. Scattering-based methods provide valuable mesoscale information but face
similar limitations to refraction-based methods. According to the presented review of existing
literature, propagation-based phase-contrast imaging was found to offer the most promising results,
particularly for rheology-oriented studies, due to its simple setup and short acquisition times.

The second part of the work focused on the use of the iodine-based cationic contrast agent, CA4+,
for imaging of articular cartilage. This molecule enhances the visibility of proteoglycan content in
articular cartilage, allowing for its quantitative analysis. The impact of CA4+ on mechanical
properties of cartilage was explored first, through indentation testing. Results showed that
CA4+exposure leads to a significant modification of tissue’s mechanical response to localised
compressions. Nonetheless, preliminary results highlighted an effective resorption of CA4+ from the

tissue, following the immersion in a bath of saline solution. The returning of the tissue’s mechanical
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properties to baseline suggested the potential for reversal of effects related to the use of CA4+. Further
analysis using high-resolution peripheral quantitative computed tomography demonstrated that
CA4+-enhanced imaging can predict the tissue’s mechanical behaviour based on imaging data,
correlating with proteoglycan content in the articular cartilage.

In the wake of such promising results, the CA4+-enhancement was implemented to detector-based
spectral imaging. This novel approach uses photon energy discrimination to produce density maps of
both articular cartilage and bone tissues. The technique was particularly effective at resolving
structural features, such as the calcified cartilage layer, whose modification is recognised as a
hallmark of degenerative conditions such as osteoarthritis, offering potential applications in
preclinical research.

The third part of this work applied synchrotron-based propagation-based phase-contrast imaging to
visualize articular cartilage under mechanical compression at the SYRMEP beamline, in Elettra
synchrotron facility. The effects of synchrotron radiation on cartilage mechanical properties were
investigated, highlighting a significant stiffening related to the exposure to synchrotron radiation.
While previous studies have shown inconsistent effects of synchrotron radiation on articular cartilage,
this work provides insight into the underlying causes, suggesting that the design of the imaging
protocol, including the choice on X-ray spectrum and exposure time, may influence the results.

In conclusion, this PhD thesis demonstrates the potential of advanced X-ray imaging techniques for
the preclinical investigation of articular cartilage. While these approaches show promising results,
particularly in the context of rheological studies, their application remains primarily limited to
research settings. Nonetheless, propagation-based phase-contrast imaging emerges as a valuable tool
for high-resolution, non-invasive imaging of articular cartilage with minimal tissue alteration,

offering significant advantages for future studies of joint diseases.
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CHAPTER 1

Introduction

1.1. The Problem

Despite its seemingly subordinate relevance compared to other organs and tissues, articular cartilage
(AC) plays a crucial role in granting smooth motion and proper distribution of loads. As a matter of
fact, diarthrodial joints (i.e., joints with a synovial capsule) fulfil tasks related to several assignments,
ranging from locomotion to load-bearing tasks and shock-absorbing events.

The elusive function of AC persists even at the onset of its early alterations, attributable to traumas,
autoimmune diseases or tissue overuse. Due to the lack of innervation in the AC, the degeneration
advances undetected until the joint functionality is compromised. As a result, the individual’s
mobility is severely hindered. This is the case of osteoarthritis (OA), a widespread joint-affecting
disease with considerable socio-economic impact [1]. At its late stages, treatments for severe
degeneration of the osteochondral unit may include invasive procedures such as partial or total knee
arthroplasty. The economic burden related to such a treatment increases with the prosthesis revision,
implying further complications for the patient [2,3].

In this context, early detection of AC degeneration is crucial. Recent approaches to regenerative
medicine emphasise the need to preserve as much of the native AC as possible, given the tissue’s
minimal intrinsic ability to regenerate [4]. The prescription of any pharmacological treatment depends
on the timely assessment of the AC condition.

To this end, non-invasive imaging approaches are privileged in the clinical framework. X-ray imaging
and magnetic resonance imaging (MRI) are broadly employed for the three-dimensional evaluation
of osteoarticular tissues. Conventional X-ray imaging delivers optimal contrast of mineralised tissues
at unparalleled spatial resolution. On the other hand, soft tissues are indistinguishable as they are X-
ray transparent. Such a limitation is easily overcome by MRI, thanks to its superior sensitivity to
either hydrated or lipidic soft tissues. Still, clinical MRI delivers images at low spatial resolution,
incapable of resolving the most subtle alterations of thin tissues such as AC. On the other hand,
research-oriented MRI scanners could reach voxel size (e.g., 100 um downwards) comparable to X-

ray microcomputed tomography (microCT) systems [5,6]. Notably, contrast of tailored AC



components, based on the collection of different signals, allows for their quantitative evaluation.
Nevertheless, acceptable signal-to-noise ratios demand exceedingly long acquisition times (i.e., tens
of hours) [7].

Besides the detection of alterations in pre-clinical and clinical frames, imaging approaches find
applications in the research field, aiming for the characterisation of the tissue. The investigation of
AC mechanical competence could contribute in shedding light on the aetiology of OA [8]. To this
end, specific methods based on rheology rely upon the simultaneous mechanical perturbation of the
investigated tissue and high-resolution imaging. In this context, time-resolved imaging protocols that
can support complementary techniques (e.g., mechanical testing of AC) are highly desirable. The
high spatial resolution offered by X-ray imaging methods, combined with short acquisition times
enabled by advanced radiation sources, represents a critical requirement.

1.2. Articular Cartilage

Avrticular cartilage is an aneural and avascular connective tissue directly implicated in diarthroses and
located at the extremities of the involved bones. Articular cartilage is anchored to the subchondral
bone (SB) with a thin layer of calcified tissue. The tidemark marks the separation between soft AC
and the underlying calcified cartilage. Articular cartilage features a solid phase, a cellular phase and
a fluid phase [9]:
1. The solid phase includes the extracellular matrix (ECM), mainly composed of a fibril
component and a non-fibril component:

a. The fibril component mainly consists of collagen Il (90% to 95%) and collagen X in
minor percentages [10]. The fibril component is arranged in bundles of fibres that are
disposed differently, depending on the relative depth in AC. For instance, they
originate from the tidemark orthogonally to its surface, and assume the characteristic
arcade-like configuration towards the superficial layer of AC. The arrangement of
collagen bundles determines the subdivision of AC into tangential (superficial),
transition (intermediate) and radial (deep) zones [11].

b. The non-fibril component includes proteoglycans (PGs) and other aggrecans in fewer
fractions. The PGs are complex chains of glycosaminoglycans (GAGSs), smaller polar
molecules displaying a residual net negative charge [12]. Proteoglycans originate
from the pericellular environment and distribute depth-wise in the ECM, reflecting a
gradient increasing towards the deep zone of AC.



2. The cellular phase is composed of chondrocytes, which distribute inside the tissue in cavities
(i.e., lacunae) and synthesise the main components of the ECM. [13]. The concentration of
the number of chondrocytes varies along the depth of the tissue, being maximum in the deep
zone and decreasing towards the superficial layer. The size and shape of chondrocytes differ
depending on the specific layer.

3. The fluid phase is the interstitial fluid permeating the ECM. It is composed of water with
dissolved cations (i.e., mainly mono-cations Na+) [14] .

The interplay of those components confers unique mechanical properties to AC. Upon the application
of a localised pressure to the surface of AC, its response could be distinguished into an instantaneous
flow-independent and a viscoelastic flow-dependent contribution [15].

The piling up of residual charges of GAGs sums up as the fixed charge density (FCD) observed in
PGs. Owing to the intricate arrangement of PGs entwined with collagen bundles, the mutual
electrostatic repulsion between GAGs leads to the spatial outstretch of the ECM. This effect is
associated with the mechanical pre-tensioning of cartilage tissue [16]. Another crucial function of
FCD is related to the hydration of the tissue. The negative charges attract cations, increasing their
concentration within the tissue. As a result, an imbalance of solutes with respect to the outer
environment is generated. Further hydration compensates for the greater solute concentration in the
cartilage environment, as a result of the so-called Donnan osmotic pressure. The packed arrangement
of collagen bundles and aggrecans is reflected in the porosity of the ECM, which regulates the flow
of interstitial fluid, following any mechanical perturbation. The latter, added to the tissue pre-
tensioning and the increased hydration, confers the characteristic viscoelastic flow-dependent
response of AC to any localised pressure [17].

Besides the described phenomena, AC displays unique features attributable to the solid phase. In
particular, the hierarchical configuration of collagen bundles confers shear tensile resistance to shear
stimuli [18]. Eventually, the fluid phase contributes to the lubrication, thanks to its pressurisation
upon the application of a load [19].

The degeneration of AC leads to a modification of both the composition and structure of the tissue
[20]. For instance, the fibrillation of collagen bundles is associated with an increased porosity of the
ECM and diminished resistance to shear stimuli [1]. The depletion of PG content implies a reduced
outstretch of the ECM and a decreased stiffness to compressive pressures [21]. The aforementioned
effects reflect in an augmented content of interstitial fluid [22]. These are renowned as hallmarks of
progressive diseases such as osteoarthritis (OA), which develop with ageing or following traumatic
events [23]. In response to the tissue degeneration, regenerative mechanisms are heavily hindered by

the aneural and avascular nature of the tissue and the loss of chondrocytes. Modifications of the deep

3



layer include duplication of the tidemark (i.e., advance of the calcified cartilage) and increased
roughness of the cement line [24]. The frame becomes more intricate if the whole osteochondral unit
is considered. The debate is still open on whether the trigger for AC degeneration dwells in either AC
itself or SB [25]. Thus, any attempt to evaluate simultaneously AC and SB is highly desired. To this

end, imaging techniques sensitive to both tissues with high spatial resolution are sought after.

1.3. X-ray Imaging

Since the discovery of Wilhelm Conrad Réntgen in 1895, the applications of X-rays have been
manifold [26]. In the field of biomedical research, X-rays marked significant progress for the
diagnosis and treatment of human diseases. As for the first historical radiograph, depicting the hand
of Rontgen’s wife, mineralised tissues and metal objects could be easily detected, avoiding any
invasive surgical procedure. X-rays unveiled their potential in distinguishing different materials,
depending on their composition. The electron density of the elements (namely, their atomic number
Z) governs the absorption of X-rays, and in turn their discernibility. Later, the advent of computed
tomography enabled the three-dimensional assessment, ensuring volumetric reconstructions in
relatively short acquisition times [27]. Eventually, the development of X-ray sources and radiation

detectors has pushed towards the evaluation of tissues to progressively higher spatial resolutions [28].

1.3.1. X-ray Sources

X-rays are electromagnetic radiation in an energy spectrum ranging between 10 keV and 100 keV.
Besides the natural emission from radioactive elements, X-rays for imaging purposes can be provided

typically by two sources, namely X-ray tubes and synchrotron accelerators.
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Figure 1.1. Scheme of an X-ray tube. Electrons are emitted from the cathode via thermionic emission and are
subsequently accelerated towards the rotating anode by a voltage difference. The rapid deceleration of these electrons
results in the emission of photons from a localized region on the anode, referred to as the focal spot. As will be discussed
in the following subsections, key features of the X-ray tube, including the focal spot, play a critical role in determining
image quality.

1.3.1.1. X-ray tubes

X-ray tubes are the most spread radiation sources, thanks to their small footprint and low costs. A
scheme of an X-ray tube is reported in Figure 1.1. They generate X-rays via bremsstrahlung, namely
the emission following the acceleration (or deceleration) of light charged particles (i.e., electrons).
Ideally, the photon yield is maximised for high electron counts and high-Z elements that stop the
electrons. The typical scheme of an X-ray tube includes a cathode (i.e., one or more thin filaments)
and a rotating anode. Upon the application of a high electrostatic potential, electrons emitted by the
cathode via the thermionic effect are accelerated towards the anode. The rotation of the latter avoids
overheating and its subsequent disruption. The incoming electrons impinge on the rotating anode.
The abrupt deceleration of electrons on the anode generates X-rays, which are reflected from the
anode surface, in a focused region called the focal spot. The composition of both cathode and anode,
selected to withstand high temperatures, determines the shape of the emerging X-ray spectrum and is
optimised to yield a profitable photon flux. For these reasons, the most frequent combination of
cathode-anode contemplates elements featuring a high melting point (i.e., W-W or Mo-W). The
accelerating voltage marks the maximum energy of the spectrum, whilst the filament current
determines the flux of the X-ray beam. The design of the imaging protocol should carefully consider
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the influence of both X-ray tube current and voltage. For instance, increased current corresponds to

extended focal spot sizes, with significant effects on image quality [29].

1.3.1.2. Synchrotron radiation sources

The synchrotron emission process foresees the generation of X-rays from the bending of light charged
particles (i.e., electrons) upon the application of an external magnetic field. Electrons experience a
relativistic boost with subsequent emission of X-rays, depending on the magnitude of the applied
magnetic field. Extraction devices such as undulators and wigglers increase the radiation output,
conferring the synchrotron emission unsurpassed characteristics when compared to table-top X-ray
tubes [30]. For instance, high fluence, high spatial coherence, and, on purpose, monochromaticity
(i.e., X-ray spectrum including a restricted range of wavelengths) are essential in accessing imaging
techniques alternative to the conventional absorption-based modality [31]. Their role in determining
the image quality will be presented in Subsection 1.3.3.

Owing to their significant footprint, synchrotron accelerators are hosted in dedicated facilities.
Despite the possibility of extracting multiple SR beams from a single storage ring, synchrotron

facilities face limited accessibility due to their restricted diffusion and high operational costs.

1.3.2. X-ray Detectors

With the advent of digital radiography, X-ray detectors replaced radiographic films. With respect to
the latter, detectors allow the sequential acquisition of multiple images, a crucial aspect for
tomography. Rather than a suspension of chemical compounds, detectors are solid-state devices
responsible for the detection and conversion of photons to electric signals. Depending on the detection
process, detectors can be categorised into energy-integrating detectors (EIDs) and photon-counting
detectors (PCDs).

1.3.2.1. Energy-integrating detectors

This category mainly bases its functioning on spatially continuous scintillator screens, converting the
incoming X-ray photons to visible light pulses. The latter are conveyed to a photoconductive
structured device and converted into electric signals. This design accounts for the indirect inversion
process [32]. Otherwise, the design of EIDs foresees the collection of X-ray photons via continuous
photoconductive phosphors (i.e. amorphous Si) trapping photons. Each event in the phosphor screen
triggers a cascade of electron-hole pairs, which results in an amplified electric signal. In this case, the

direct inversion process occurs [33]. Regardless of the design, EIDs yield output signals locating each
6



incoming photon with an amplitude proportional to the number of collected photons (i.e., the intensity
of the collected X-rays). Though fabrication processes are accessing progressively smaller pixels (i.e.,
the smallest sensitive elements of the detector surface), potentially bringing about higher spatial
resolutions, EIDs are not sensitive to the energy of the collected photons. This limitation reflects a
limitation in evaluating heterogeneous samples, including materials sharing similar attenuation

features.

1.3.2.2.  Photon-counting detectors

Photon-counting detectors share construction schemes similar to direct conversion-based EIDs. For
instance, two layers build up the sensitive region of PCDs. The top layer, consisting of a
semiconductor material, and the bottom layer, hosting the structured integrated circuit for the read-
out of the signal, are coupled via bump-bonds. Upon the arrival of X-ray photons, energy is deposited
in the semiconductor top layer of PCD and generates electron-hole pairs via ionisation. An external
electric field separates electrons from holes, which are collected by the respective pixel electrode in
the bottom layer. The corresponding electric signal is proportional to the energy deposited from the
incoming photons (i.e., the number of electron-hole pairs generated in the semiconductor). Compared
to EIDs, PCDs discriminate among photon energies, with the setting of thresholds, paving the way to
spectral imaging, as it will be discussed in the following sections. Nonetheless, deleterious effects
such as charge sharing constrain the downscaling of the pixel size, with a significant impact on PCDs
manufacturing and the resulting spatial resolution [34]. As will emerge throughout the present thesis,

decent spatial resolutions are reached if specific geometrical conditions are met (see Chapter 4).
1.3.3. Principles of Image Formation and Image Quality

In conventional X-ray imaging, the image formation is based on the projection of the photon beam
onto a detector, following its interaction with the object. In the imaging domain, the interaction
between X-rays and matter accounts mainly for:

» Rayleigh, or coherent, scattering. Its cross section, associated with the probability of
occurrence, depends on the atomic number Z as o, « Z>5/E,?. Owing to the elastic nature of
the interaction, no energy is exchanged between the photon and the target electron.
Nevertheless, the photon deviates from its original pathway, with consequences in terms of
contrast reduction and blurring of details.

« Compton, inelastic, scattering, with cross section c. « Z/E,. It is the secondary channel of

radiation-matter interaction, and it gains more weight at higher X-ray energies. Compton



scattering implies the deviation of an incoming photon from its original trajectory, and it
translates into a decrease in photon energy. As aresult, the scattered photon reaches a detector
pixel differing from the projected site of interaction. Compton scattering leads to the blurring
of details, lowering the overall quality of the acquired image.

- Photoelectric effect with cross section o, o Z*/E , ~>° with discontinuities, called absorption
edges, characteristic for each atomic species. It is the predominant channel at lower X-ray
energies. The photoelectric effect consists of the complete absorption of a photon by an
electron hosted by the interacting atom. Therefore, atoms displaying high Z are more prone
to interact with the incoming photon.

X-rays impinging on the detector, following the interaction with the sample, can be quantified

according to the Lambert-Beer law:

I =L

where | is the final X-ray intensity, lo the initial X-ray intensity, E the energy of the X-ray spectrum,
w is the linear attenuation coefficient of the object, p is the mass density of the object and t is its
thickness. The linear attenuation coefficient is the macroscopic characteristic of a material associated
with its absorption power towards X-rays.

Depending on energy, discrepancies between p from different materials allow for the discrimination
of details. To enhance the latter, lower energies are advocated.

The detection, identification, and quantification of such features of interest determine the image
quality delivered by an X-ray system. Owing to the composite nature of an X-ray system, image
quality results from the concatenation of effects related to each component. The physical phenomena
underlying the image quality can be categorised into X-ray source physical and spectral
characteristics, and the detector’s specifications. Furthermore, features strictly related to the imaging
protocol should be discussed, namely, the geometrical configuration. Eventually, aspects such as the
reconstruction algorithms and environmental factors gain more weight for high-resolution imaging

purposes.

1.3.3.1. X-ray source



Figure 1.2. The influence of focal spot size on image quality is illustrated. Specifically, the penumbra is shown to vary
with the extent of the focal spot. In the top figure, the projected image of the object exhibits a less pronounced penumbra
compared to the bottom figure. An enlarged penumbra leads to increased blurring and degradation of the object's edges..

Knowing the composition of the sample a priori, X-ray spectral features should be carefully selected
to optimise the discernibility of structures in the sample.

Regardless of the spectrum, general considerations hold considering low- and high-peak energies
(i.e., long and short X-ray wavelengths, respectively):

e Low X-ray energies lead to increased absorption (i.e., contrast) of soft tissues. On the other
hand, the radiation dose significantly increases, with implications at microscopic and
macroscopic (i.e., heating) of the sample. Furthermore, the number of photons surviving the
interaction with the samples significantly decreases, at the expense of statistics reaching the
detector (i.e., the penetration depth is reduced).

e High X-ray energies are associated with increased penetration depths. Nevertheless, high
energy spectra imply enlarged focal spot sizes, with limitations discussed in the following
points.

One primary categorisation distinguishes between polychromatic and monochromatic spectra,
whether they comprise a wide or restricted range of wavelengths, respectively. Due to the nature of
bremsstrahlung emission, polychromatic spectra are mainly generated by X-ray tubes. The latter

generate monochromatic emission as well, provided the insertion of optical elements designed to



selectively extract the desired energy component, or the inclusion of materials presenting unique X-
ray signatures (i.e., K-line emissions).

Nevertheless, such implementations lead to severe beam fluence (i.e., the number of photons emitted
per unit of time, area and solid angle). It determines the X-ray intensity traversing the sample and,
together with the exposure time, the statistics collected by the detector. For rheological purposes,
time-resolved protocols are preferred to catch transient phenomena in the sample investigated.
Nevertheless, radiation absorptions in very short times could imply issues over heat dissipation, and
consequent alteration of biological tissues [35].

Besides spectral features, the intrinsic characteristics of the X-ray source impact image quality.
Overall, the focal spot identifies the region on the anode from which X-rays originate, following the
interaction of accelerated electrons with the atoms of the anode. The size of the focal spot corresponds
to the extension of the cathode projected on the anode. Extended focal spot sizes are responsible for
the penumbra effect (see Figure 1.2) , which determines the geometric unsharpness, hindering the
depiction of subtle details and limiting the spatial resolution of X-ray systems [36]. This limitation is
circumvented by the use of SR, renowned for its negligible source size.

Additional source characteristics are crucial for the retrieval of the refraction signal, as discussed in
Chapter 2. Spatial coherence is the ability of electromagnetic radiation to generate interference when
different wavefronts overlap. The interferometric phenomena arising from the transit of the wavefront
through the interfaces in the sample determine the contrast increment. High spatial coherence is

typically featured by SR and nanofocus X-ray tubes.

1.3.3.2. Detector
The characteristics of the detector, such as the pixel size and the device configuration, influence the
imaging outcome:

e pixel size. Defined as the smallest detecting element, the pixel size contributes to the spatial
resolution. Smaller pixel sizes imply higher spatial resolutions [37]. Nevertheless, the reduced
detecting surface tends to provide noise-dominated signals;

e scintillator thickness. In EIDs, the scintillator is the component sensitive to X-rays. Thicker
scintillators grant increased sensitivity to radiation. On the other hand, the collected photon

suffers from smearing, therefore its actual localisation results in an inaccurate [38].

Specific metrics translate the physical role of single components into more interpretable quantities.
The resulting spatial resolution, defined as the ability to distinguish small details, can be

experimentally quantified. For example, the modulation transfer function points out the preservation

10



of contrast at several spatial frequencies for a given imaging system. The contrast resolution, namely
the ability to differentiate between regions sharing similar X-ray attenuations, is quantified by the
contrast-to-noise ratio. The noise determines the fluctuations, biasing the collected signal, and can
either originate from the intrinsic Poisson statistics or the electronic noise. The noise contribution is
typically compensated with longer exposure times of higher X-ray beam fluences. These

compensations come with larger radiation doses.
1.4. Mechanical testing

To understand the complex behaviour of AC and identify its key characteristics, a wide range of
methods allows for a deeper understanding of its structure and the alterations that occur at the onset
and progression of pathological conditions. Together with diagnostic imaging, mechanical testing
provides complementary knowledge towards a multidisciplinary framework, essential for advanced
approaches such as rheology.

To accurately investigate the mechanical behaviour of hierarchical and biphasic tissues such as AC,
it is crucial to carefully define the testing conditions. One key requirement is the adoption of a humid
environment, aimed at preventing the dehydration of the AC and mimicking the pristine physiological
state of the tissue (i.e., the synovial capsule). For this purpose, saline solutions or phosphate-buffered
saline (PBS) are commonly used [39].

Besides a consistent environmental condition, the most suitable protocol should be selected to address
the manifold nature of AC mechanical response (i.e., elastic and viscous). In the study of elastic
behaviour, the monotonic test constitutes the simplest investigation method. It consists of a constant
compressive strain (or stress), applied until a specified level is reached. The experimental output is
the tissue's instantaneous response—i.e., the instantaneous modulus, Ec—which depends on the strain
level reached and the rate at which the tissue is deformed or loaded [40—43].

In the case that the viscoelastic behaviour is examined, protocols such as creep and stress-relaxation
tests are employed [44]. In the creep test, a constant load is applied to the sample up to a defined level
and then maintained. The resulting displacement, and thus the strain, is recorded over time. This
protocol aims to mimic the behaviour of load-bearing joints, where articular tissues deform
progressively in response to sustained external load.

Stress-relaxation testing consists of the application of a controlled displacement and the subsequent
monitoring of the resulting force over time. In this scenario, both fluid-dependent and fluid-

independent mechanisms in AC are triggered. In order, the reorganisation of the collagen network
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mainly rules the initial response, the interstitial fluid flow governs the time-dependent creep or stress-
relaxation behaviour, and, lastly, the properties of the ECM determine the equilibrium response.
Both creep and stress-relaxation tests, implemented with multi-step loading protocols, enable the
evaluation of instantaneous, equilibrium, and rate-dependent mechanical behaviours of AC.
Although tensile and shear loads also act on the articular joint [45], AC primarily withstands
compressive loads. Therefore, the compression-oriented approaches are embraced. Depending on the
experimental configuration, methods for assessing compressive behaviour are generally classified
into:

e confined compression. It involves the compression of a cylindrical sample of tissue by means
of two rigid metal platens — one impermeable and the other porous. The sample is constrained
in an impermeable chamber, matching the diameter of the sample. Upon the application of a
compressive load (or displacement), the ECM responds first, together with the frictional drag
opposed to fluid reconfiguration within the tissue. The presence of the porous platen
underneath the sample allows the complete exudation of interstitial fluid until equilibrium is
reached [44].

e Unconfined compression. It involves the compression of a cylindrical sample placed between
two impermeable platens, according to a stress-relaxation or creep protocol. To ensure
uniform compression across the entire sample surface, the diameter of the platens must be
larger than that of the cartilage cylinder. This technique is commonly used to evaluate both
the instantaneous and equilibrium responses of the tissue, yielding parameters such as the
Instantaneous Modulus (Eo) and the Equilibrium Modulus (Eeq) [39].

e Indentation. It allows the retrieval of mechanical parameters, maintaining the continuity of
AC with surrounding tissues [46]. Either a spherical or flat-ended indenter, with a radius
smaller than the area of the investigated sample, induces localised tissue deformation [46—
49]. Similar to confined compression and unconfined compression, stress-relaxation and creep
protocols can be applied in indentation tests.

As no destructive procedure potentially altering the properties of the tissue (i.e. embedding or
fixation) is required, the aforementioned approaches probe the mechanical behaviour of AC in its
pristine condition. Therefore, they can be easily implemented in multidisciplinary pipelines, including
complementary methods addressing the structure and the composition of the investigated tissue [50—
52]. In the present work, indentation testing served as a grounded reference method, along with the

advanced X-ray techniques presented throughout the proposed experiments.
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1.5. Aim and outline of the thesis

The aim of this thesis is to investigate the outcome of advanced X-ray techniques on the imaging of
AC, along with complementary approaches (i.e., mechanical testing) to validate the proposed
methods and highlight possible drawbacks. The manuscript can be roughly divided into three main
parts.

The introductory part presents notions on AC structure and composition, and the issues related to its
hierarchical characterisation via X-ray imaging (Chapter 1). Therefore, an in-depth review of existing
literature explores the application of advanced X-ray techniques to the imaging of AC. Lastly, a brief
excursus of in-situ rheologic studies of AC is presented (Chapter 2). The main objective of the first
two Chapters is to contextualise the X-ray imaging within the frame of AC assessment, highlighting
the benefits and limitations of the single advanced techniques.

The second part pivoted around absorption-based X-ray methods. Several experiments involving the
use of a cationic contrast agent (i.e., CA4+) aims at the X-ray visualisation of AC. The main tasks
include:

e The investigation of the impact of CA4+ on the mechanical response of AC. This preliminary
step has determined the suitability of the CA4+-based contrast-enhanced protocol for
rheological applications (Chapter 3, Section 1).

e The reversibility study of effects induced by CA4+ on AC mechanical behaviour. Results
support the viability of CA4+ for research-oriented purposes. For instance, the complete
desorption and restoration of AC properties allows complementary studies following CA4+-
based contrast-enhanced protocols (Chapter 3, Section 2).

e The test of reliability of contrast-enhanced X-ray imaging of AC, performed with high-
resolution peripheral quantitative computed tomography (HR-pQCT). The objective of this
activity is to seek correlations between imaging-driven data and the mechanical response of
AC. The resulting outcome could potentially be used to predict the mechanical quality of the
tissue based on contrast-enhanced imaging (Chapter 3, Section 3).

e The feasibility of detector-based spectral imaging, performed on osteochondral tissues
exposed to CA4+. The experiment, performed at the multimodal imaging laboratory-based
microCT PEPILab, aims at evaluating the potential of a photon-counting detector in the wake
of research-oriented experiments based on such spreading technology. In this context,
preliminary results are presented, aimed at simultaneously evaluating articular cartilage, bone

tissue and their interface in a quantitative way (Chapter 4).
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The third part focuses on refraction-based imaging of AC. Results from Section 1 of Chapter 2,
discouraging the use of CA4+ for rheologic purposes, shifts the attention to phase-contrast imaging,
ideal for retrieving contrast of soft tissues by avoiding the use of any CA. Nevertheless, the positive
outcome of phase-contrast approaches strictly depends on the high spatial coherence of the X-ray
source, typically satisfied by SR. The experiment, performed at Elettra synchrotron, has involved X-
ray imaging of osteochondral samples in a propagation-based phase-contrast configuration. The
primary aim is to characterise the cellular pattern through high-resolution volumetric reconstructions,
with imaging data still under analysis. In this thesis, results regarding the macroscopic effects of SR

on AC mechanical properties are presented (Chapter 5).
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CHAPTER 2

Advanced X-rays techniques for research-oriented high-
resolution imaging of articular cartilage: a scoping
review

This chapter was reproduced from the manuscript:
“Advanced X-rays techniques for research-oriented high-resolution imaging of articular cartilage: a

scoping review” by S. Fantoni, 1. Brombal, P. Cardarelli, F. Baruffaldi. Submitted to Proceedings of

the Royal Society A: Mathematical, Physical and Engineering Sciences.

The preprint version of the manuscript has already been published on the ArXiv repository:
https://arxiv.org/abs/2507.13854v2
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Abstract

Articular cartilage is a musculoskeletal soft tissue renowned for its unique mechanical properties.
Understanding both its hierarchical structure and the interplay between its constituents could shed
light on the mechanical competence of the tissue. Therefore, rheologic approaches based on high-
resolution non- destructive imaging techniques are desired. In this context, X-ray imaging could
ideally accomplish this task.

Nevertheless, the nature of articular cartilage translates into poor contrast using conventional
absorption modality. To overcome this limitation, several approaches can be embraced. X-ray
visibility of articular cartilage can be increased with the use of radiopaque contrast agents. Therefore,
further discrimination of structures could be provided by spectral techniques, pivoting on either multi-
energy acquisitions or photon-counting technology.

Alternatively, phase-contrast techniques unveil details typically undetected with conventional
approaches. Phase-contrast imaging, based on the intrinsic decrement in the refractive index of the
tissue, can be achieved with different configurations and implementations, including distinct X-ray
sources and optical elements.

Additionally, some phase-contrast techniques retrieve the small-angle scattering-based dark- field
signal, relatable to sub-pixel structures. This scoping review aims to catalogue the application of these
advanced X-ray techniques to articular cartilage imaging, following PRISMA guidelines. It discusses
their advantages, limitations, and includes an overview of rheologic applications to articular cartilage.
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2.1. Introduction

Many biomedical imaging techniques allow for non-invasive evaluation of heterogeneous tissues.
The osteoarticular tissue represents an excellent case of study, as it features different compositions
and structures. Besides its crucial role in clinical routine, imaging of osteoarticular tissues has been
extensively investigated in the research frame. In the latter context, the retrieved information is
associated with the functional properties of osteochondral tissues. Their degradation, related to
pathologies affecting the articulating joints, can be easily depicted with computed tomography (CT)
and magnetic resonance imaging (MRI). The role of CT and MRI has been extensively discussed in
the context of clinical diagnostics. However, such discussions are limited to conventional techniques,
as diagnostic imaging performed on patients prioritizes minimizing the acquisition times, the possible
hazards and the costs. Conversely, biomedical research places more emphasis on different aspects,
such as spatial resolution and quantitative accuracy. In this frame, the high-resolution counterpart of
CT, the microcomputed tomography (microCT), is preferred.

MicroCT can provide detailed information on microstructures of biological tissues [53], even down
to the cellular level, with results comparable to histology [54]. On the other hand, nearly no contrast
of soft tissues such as articular cartilage (AC) is achieved, due to their associated low atomic numbers
Z. Consequently, limited information is extracted with conventional X-ray techniques, reducing their
potential in assessing AC status. The need for accurate examination of AC and soft tissues, crucial
for early disease detection and biomedical analysis, has driven the exploration of alternative X-ray
imaging techniques, based on the implementation of non- conventional X-ray sources, detectors,
contrast agents (CAs), or their combination.

The aim of the present review is to report on developments achieved in the frame of high- resolution
X-ray imaging of AC in recent years, drawing attention to innovative techniques, implemented with

different imaging systems.

2.1.1. Articular cartilage

Articular cartilage is a connective tissue covering joint surfaces, mainly composed of collagen fibrils
(predominantly type I1), proteoglycans (PGs), and interstitial fluid. Originating from the deeper zone
of the tissue, the collagen fibrils arrange into bundles surging aligned to AC tissue surface, acquiring
the characteristic arcade-like structure. The PGs (i.e., the non-fibrillar component of the ECM) are
complex proteins bound with multiple glycosaminoglycans chains, and mainly originate from the

pericellular environment of chondrocytes. Their concentration follows a peculiar depth-wise gradient,
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increasing towards the deep zone of AC. The chondrocytes distribute inside the tissue in specific sites
(i.e. lacunae) and synthetize the main components of ECM. The structure of AC is schematized in
Figure 2.1.
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Figure 2.1. Scheme of AC

The residual negative charge density displayed by glycosaminoglycan chains confers unique
properties to the tissue. For instance, the entwined arrangement of PGs in between the collagen
bundles generates a spatial outstretch of the ECM, owing to the mutual repulsion of negative charge
densities. This effect gives rise to the mechanical pre-tensioning of the AC. Moreover, the charge
imbalance draws cations dissolved in the interstitial fluid. The latter results in Donnan osmotic
pressure and induces a significant hydration and swelling of the tissue. This phenomenon, together
with tissue pre-tensioning and the fibril solid component of ECM, accounts for the characteristic
instantaneous response of AC to any rapid mechanical solicitation. The porosity associated with the
packed ECM organization regulates the transient reconfiguration of interstitial fluid following any
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mechanical stimulus, until equilibrium is reached [55,56]. In summary, the hierarchical structure and
composition of AC translate into near-frictionless and smooth joint motion, provided the integrity of
the tissue [55].

The degeneration of ECM, typically occurring with ageing, after traumas or associated with
pathologies (i.e. osteoarthritis), alters both the composition and structure of AC [1]. More in detail,
the fibrillation of collagen bundles, the depletion of PGs, and the augmented content of interstitial
fluid in ECM are recognized as hallmarks of AC diseases, along with modifications of underlying
subchondral bone as well [57]. The reduced mechanical performance of AC induces the progressive
impairment of joint motion, with severe compromission of an individual’s mobility.

In the clinical frame, the early detection of subtle changes in AC could improve the prevention of
related musculoskeletal diseases. X-ray imaging methods allow for a detailed depiction of both soft
and mineralized tissues at high spatial resolution in restrained acquisition times. For instance, the link
between the tissue microstructure and its mechanical response has been investigated to relate the
different degradation stages of AC with the tissue functionality. In- situ testing enables the study of
geometrical, morphological, and densitometric properties of biological tissues in conjunction with
their mechanical properties. In this context, digital volume correlation (DVC) can track down these
subtle interrelationships by measuring the full three- dimensional displacement and strain maps under
prescribed loading conditions. Nonetheless, the accuracy and precision of the DVC in measuring
displacements strongly depend on the quality of the input images (i.e., signal-to-noise ratio and spatial
resolution) [58].

As it will be discussed in the review, different mechanisms of image formation yield quantitative
information of AC properties, including tissue morphology and composition. The multiple nature of
signals (namely absorption, refraction, and scattering of radiation) that can be extracted with
advanced X-ray techniques provides meaningful results, as supported by independent methods in the

selected literature, and lay the foundations for their use in AC imaging, as introduced hereafter.

2.1.2. Advanced X-ray imaging techniques

In general X-ray imaging techniques can give access to three signals, namely absorption, refraction
or scattering phenomena. Absorption-based X-ray methods are easily performed with conventional
systems, but result in low contrast of soft tissues due to their low electron density. The use of high-Z
CAs significantly enhances the visibility of inner structures of AC. In this context, to further enhance
the discrimination of tissues sharing comparable radiopacity, spectral imaging techniques make use

of the specific energy dependence of CA attenuation coefficients. Owing to their spectroscopic
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capabilities, photon-counting detectors (PCDs) are a crucial implementation for spectral imaging
[59]. Refraction-based methods exploit the optical phenomena originating from the shift in the phase
of X-ray waves accumulated while traversing the sample. This, in combination with specific
geometrical configurations or the insertion of optical elements, allows for the detection of a signal
from soft tissue features, generally undetectable with absorption-based approaches. Additionally,
valuable information on tissues’ substructures can be retrieved by assessing the scattering of X-rays
in the sample, which can be modelled as a multiple-refraction process at a scale smaller than the
system’s spatial resolution. Advanced X-ray imaging techniques, allowing for the collection of the
different signals previously introduced, can be implemented with laboratory or synchrotron systems.
The first category, including conventional microCT scanners, is widely spread thanks to the high
availability of commercial systems. Nevertheless, laboratory scanners are mainly devoted to
absorption-based modalities, owing to low spatial coherence and limited fluxes. Existing literature
reports only a few experiences exploiting microfocus X-ray tubes for phase-contrast (PC) imaging of
AC [60]. Synchrotron radiation (SR)-based systems, featuring high fluxes, monochromaticity and
high spatial coherence, find applications in retrieving refraction and scattering signals. On the other

hand, the limited accessibility to synchrotron facilities hinders their translation to routine practice.

2.1.2.1. Contrast-enhanced computed tomography

Figure 2.2. (a) Section from contrast-enhanced microCT of human AC, following the immersion in CA4+ solution (3.2
um-pixel size, commercial microCT scanner). Along with the characteristic gradient of radiopacity increasing towards
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the deep layer of AC, spots with augmented signal are recognizable as chondrocytes’ lacunae. Image adapted from the
work of Karhula et al. [61], published under Creative Commons license (CC BY 4.0). (b) Section from contrast-enhanced
microCT of rabbit AC, following the immersion in solution of hexaammineruthenium(l11) chloride and cacodylic acid
(0.65 pum-pixel size, commercial microCT scanner). The proposed protocol aimed to investigate the collagen fiber
orientation in a osteoarthritic AC model (dashed white line and dashed black line mark tissue surface and tidemark,
respectively). Image adapted from the work of Ojanen et al. [62], published under Creative Commons license (CC BY
4.0). (c) Section from contrast-enhanced microCT of human AC, following the immersion in propidium iodide (2.6 um-
pixel size, SR- microCT). The direct binding of the selected CA to DNA in chondrocytes allowed the punctual depiction
of the cellular pattern, enabling the quantification of chondrocytes’ distribution even inside each lacuna. Image adapted
from the work of Danalache et al. [63], published under Creative Commons license (CC BY 4.0).

Contrast-enhanced computed tomography (CECT) is an absorption-based technique that uses
exogenous radiopaque contrast agents (CAs). Contrast agents are compounds including high-Z
elements, which increase the attenuation coefficient and enhance the contrast of the investigated soft
tissue.

First, the selection of CAs depends on the imaging purpose. In-vivo purposes require non- toxic,
FDA-approved CAs [64], whereas the use of heavy metal-based stains [65] and experimental
compounds is limited to ex-vivo and in-vitro studies, due to their high toxicity. Among the available
CAs, iodine-based formulations have been extensively used to visualize AC (i.e., ioxaglate,
iothalame, iohexol, ioversol), as denoted in Table 1. For research purposes, CA stains generally
employed in histology and transmission electron microscopy have also been translated to X-ray
imaging protocols.

Second, the effectiveness in enhancing AC X-ray visibility relies upon the properties of the CA
molecule, namely its size, the modality of interaction, and more importantly, its net electric charge.
These properties account for the steric hindrance, the reversibility of the contrast enhancement
process and the affinity of CA molecule to the AC, respectively. The molecule size should be tailored
to the tissue porosity, to facilitate the permeation in the tissue [66].

The net electronic charge governs the affinity of the CA to components of AC showcasing a charge
imbalance. Recalling the composition and structure of AC, only PGs naturally show a net negative

fixed charge density.

Table 2.1. Summary of research papers including X-ray imaging of AC with CECT protocols, ordered from the most to
the least recent. For each paper, the corresponding reference is reported, along with the CA used, its net electric charge
g, the model for the AC tissue, the size of the specimen S, the voltage V of the X-ray beam, the acquisition time T and
the voxel size of the reconstructed volume p. ¥ SR

ref. contrast agent q (e) model S (mm) \ T (min) p (Um)
[67] Nao2TiO2 NPs NA bovine NA 25 keV NA 9
NPs NA 17.5 keV
[68] CA4+ +4 equine D7 70 kVp NA 36
[69] Ta205 NPs +1 equine @85 150 kVp NA 40
[70] PTA -3 bovine @ 4-10 40 kvp 160 3
Hf-WD POM -16
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[71] CA4+ +4 rat NA 70 kVp NA 6
[62] cacodylic acid NA rabbit D2 40 kVp 240 0.65
C|3H18N6RU NA
[72] ioxaglate -1 rat NA 45 kVp 26 16
[73] iopamidol -1 murine NA 55 kVp 20 10.4
[74] iohexol 0 rabbit @35 40 kVp NA 18.22
[75] ioxaglate -1 equine NA 90 kVp 2 80
bismuth NPs 0
[76] ioxaglate -1 rat NA 55 kVp NA 8; 12
[77] CA4+ +4 murine NA 70 kVp 29,35 10
chicken
[78] PTA -3 guinea pig NA 60 kVp NA 10.85
[79] CA4+ +4 murine NA 45kVp NA 2
chicken
[80] Bi-DOTA +1 porcine NA 70 kVp NA 10.06
Gd-DOTA +1
[81] ioxaglate -1 rat NA 45kVp 27 16
[82] 3,5-diiodo-L- NA human @5 70 kVp 3 10
tyrosine murine
[83] CA4+ +4 bovine NA 50 kVp NA 11.52
[84] PTA -3 bovine 3-5 80kVp 52/181 4.6;3.4
[85] ioxaglate -1 primate NA 80 kVp 15 90
[86] CA4+ +4 equine a7 70 kVp NA 36
[87] CA4+ +4 equine D7 70 kVp NA 36
[88] Ta20s NPs +13/0 human NA 70 kVp NA 36
[89] CA4+ +4 rabbit NA 70 kVp NA 38
[90] iothalamate -1 bovine NA 80 kVp 18 45
[91] PMA NA rat NA 70 kVp NA 15
[92] iodixanol 0 primate NA NA NA NA
[63] propidium iodide NA human NA 712 keV m. 5 2.6
[93] PTA -3 human @3 50 kVp NA 1.8
[94] CA4+ +4 bovine @5 70 kVp 27.9 4
[95] ioxaglate -1 goat 75 70 kVp NA 18
[96] iofallglzate NlA rat NA 70 kVp NA 10
[97] ioversol 0 mice D5 55 kVp NA 57
iomeron 0 bovine
[98] iopimadol 0 rat NA 47 kVp NA 21
[99] ioxaglate -1 murine NA 45 kVp NA 16
[100] iohexol 0 human @ 16.3 84 kVp 17 45
[101] gadopentetate -2 human NA 70 kVp 13 18
Gd(DTPA)Lys?2 +4
ioxaglate -1
CA4+ +4
[102] ioxaglate -1 murine NA 70 kVp NA 6
[103] CA4+ +4 human NA NA NA 100
[104] PTA -3 human D4 80 kVp 120 3.0
45 kVp 3.2
[105] ioxaglate -1 rat NA 45 kVp NA 14.8
[106] iopimadol 0 bovine @10 70 kVp NA 16
porcine
[107] CA4+ +4 equine a7 70 kVp NA 36
[108] iohexol 0 human NA 68 kVp 18 61
[109] ioxaglate -1 rat NA 45 kVp 27 16
[110] PTA -3 murine NA 90 kVp NA 2.5
[111] ioxaglate -1 human NA 70 kVp 40 36
[112] CA4+ +4 human NA 120 kVp NA 41
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[113] ioxaglate -1 rat NA 45 kVp 26 16
[114] CA4+ +4 human NA 120 kVp NA 41
[115] ioxaglate -1 equine D6 66 kVp NA 10
iodixanol 0
[116] CA4+ +4 bovine a7 70 kVp NA 36
ioxaglate -1 rat
iodixanol 0
[117] io'i’;;?;te NlA bovine @7 100 kVp NA 15.98
[118] meglumine diatrizoate -1 rat NA 45 kVp NA 16
[119] PTA -3 human D4 80 kVp 100 3
[120] CA4+ +4 murine NA 45 kVp NA 3
ioxaglate -1
[121] uranyl acetate NA human NA 70 kVp NA 13; 2.94
lanthanide solution NA rat
IKI NA
PTA -3
iopamidol 0
[122] PTA -3 bovine 4.8 40 kVp 8 17.4
ioxaglate -1
[61] CA4+ +4 human D2 45 kVp 122 3.2
[123] ioxaglate -1 rat NA 90 kVp 3 21
[124] ioxaglate -1 rat NA 45 kVp 24.7 16
[125] ioxaglate -1 human NA 95 kVp 30-90 35
[126] _SI0 NA rapbit NA 70 kVp NA 18
ioxaglate -1
[127] ioxaglate -1 canine NA 40 kVp NA 13.4
[128] CA4+ +4 murine NA 70 kVp NA 2;6
[129] CA2+ +2 bovine D6 100 kVp NA 25
[130] ioxaglate -1 rabbit NA 45 kVp NA 20
[131] PTA -3 equine D6 80 kVp 32 8.7
PMA NA human D46 80 kVp 135 3.2
[132] meglumine diatrizoate -1 human 12 50 kVp 11 18
[133] CA4+ +4 human NA 70 kVp NA 36
ioxaglate -1
[134] meglumine diatrizoate -1 bovine 4 50 kVp NA 18
[135] ioxaglate -1 rat NA 55 kVp 42 10
[136] ioxaglate -1 rat NA 55 kVp 42 10
[137] ioxaglate -1 rat NA 65 kVp NA 18
[138] ioxaglate -1 rat NA 65 kVp NA 18
[139] ioxaglate -1 human NA 70 kVp 36 18
murine
[140] ioxaglate -1 murine NA 60 kVp 20 2
[141] ioxaglate -1 rat NA 60 kVp NA 20
[142] T2;05 NPs NA - human A 50kvp NA  6;36; 100
ioxaglate -1 rat
[143] iothalamate -1 bovine NA 58 kVp NA 70; 100
[144] PTA -3 murine NA 50 kVp NA 5
[145] ioxaglate -1 rat NA 45 kVp NA 16
[146] CA4+ +4 bovine a7 70 kVp NA 36
ioxaglate -1 rabbit 50 kVp 100
[147] CA4+ +4 bovine a7 70 kVp NA 36
[148] meglumine diatrizoate -1 rat NA 70 kVp NA 18
[149] ioxaglate -1 human NA 55 kVp 360-600 35
[150] ioxaglate -1 murine NA 45 kVp NA 6
[151] ioxaglate -1 murine NA 60 kVp 20 2
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[152] ioxaglate -1 rat NA 55 kVp NA 35
[153] ioxaglate -1 human NA 55 kVp 360-600 35
[154] CA4+ +4 bovine @7 70 kVp NA 36
ioxaglate -1
gadopentetate -2
[155] CA4+ +4 bovine @7 NA NA 70; 36
CAl+ +1 rabbit
iothalamate -1
[156] ioxaglate -1 rat NA 45 kVp NA 12; 16
[157] iothalamate -1 bovine D7 NA NA 70; 100
[158] ioxaglate -1 rat NA 45 kVp NA 12
[159] gadopentetate -2 human NA 60 kVp NA 41
[160] CAl+ +1 rabbit NA 45 kVp NA 30
CA2+ +2
CA4+ +4
iothalamate -1
ioxaglate -1
[161] ioxaglate -1 rat NA 55 kVp 15 35
[162] ioxaglate 1 bovine B4 45 kVp NA 21
rabbit

Otherwise, external alterations in the physiological environment of ECM (i.e., cleaving of negative
charges in acid environment) make collagen fibrils a valuable target for the CA molecules [163].
Clinical CAs are water-soluble small molecules that can be categorized into ionic and non-ionic. The
former are preferred to the aims of PG quantitation, thanks to non-covalent electrostatic Coulomb
repulsion exerted from negative fixed charge density of PGs. The efficacy of anionic CAs has been
demonstrated in various AC models, particularly those involving pathological degeneration. The
stronger inverse correlation with PG content justifies the broad adoption of anionic CAs compared to
non-ionic CAs [74,92,97,98,100,106,108,118]. On the contrary, non-ionic CAs are limited to reveal
AC morphology, as their molecules permeate the ECM according to the interstitial fluid distribution,
and occasionally with the collagen content [115,134]. The commercial availability of clinical CAs
allows their prompt adoption in CECT protocols, aside from adjustments in concentration and
osmolality. As a result, numerous works based on clinical ionic CAs extracted quantitative
information from AC of different models, including large animals, rodents and human
[76,85,90,95,96,105,111,113,116,117,120,122,123,125-127,130,132,135,139-141,143,145,148—

153,156-158,161,162]. Furthermore, anionic CA-enhanced protocols served as a useful tool in
monitoring the progression of osteoarthritis in several preclinical studies, as confirmed by reference
methods such as histology [72,73,75,81,99,102,109,124,136-138,164]. Despite the readiness of
clinical CAs, the anti-correlation to PG content is biased by factors in addition to CA accumulation
[159]. Moreover, anionic CAs reasonably enhance the tissue discernability at cost of conspicuous CA

concentrations, with further concerns related to beam-hardening effects [108].
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In the realm of experimental CAs, the formulation of novel molecules focused on more advantageous
mechanisms of interactions with AC components. The first experimental cationic CAs [160] offered
higher iodine content per molecule and electrostatic attraction to PGs, yielding superior
discrimination of AC. Further correlations with AC composition were confirmed with reference
methods (i.e., histology and biochemical assay), at significantly lower concentrations compared to
clinical anionic molecules [61,71,77,79,83,107,128,129,133,146,154,155] (see Figure 2.2a).
Furthermore, mechanical tests confirmed the intertwined relationship between the attenuation of
cationic CA and the mechanical behavior of AC, considering the tissue’s elastic, frictional, and
equilibrium properties [68,86,87,89,94,101,103,112,114,116,133,147].

Besides iodine, other radiopaque candidates have been selected for AC visualization. Gadolinium is
a chemical element of lanthanide series, and enters the composition of MRI CAs, owing to its
paramagnetic properties. In the clinical formulations, gadolinium-based CAs are predominantly non-
ionic or anionic, and are employed as well as the iodine-based CAs, to signal the water content and
PG distribution [101,159]. Due to its different K-edge energy (50.2 keV) with respect to iodine (33.2
keV), gadolinium-based CAs can be used simultaneously along with iodine-based CAs in DE and
multi-energy protocols[165-171]. In the wake of novel formulations, a cationic molecule containing
bismuth yielded greater correlations to reference methods for assessing PGs, compared to analogous
molecules [80].

Laboratory stains, usually employed in histology and transmission electron microscopy, offer a valid
alternative to clinical CAs. For instance, polyoxometalates such as phosphotungstic acid (PTA) e
phosphomolybdic acid (PMA) considerably increase the X-ray visibility of the exposed soft tissue
[65]. Nevertheless, different binding mechanisms oblige fixation and dehydration of the tissue,
leading ot irreversible alterations of its properties. While effective for collagen quantification
[62,84,91,93,104,110,121,131,144] (see Figure 2.2b), imaging protocols based on polyoxometalates
imply alterations of the AC incompatible to mechanical testing [70]. Only in recent times, the
adoption of physiological environments has limited the forthcoming modifications of AC properties,
following the exposure to such stains [78].

Further efforts to enhance the imaging outcome of existing CAs include functionalizing ioxaglate to
specifically bind to PG [164] or tyrosine (an amino acid naturally containing iodine) to type-II
collagen of ECM [82]. In recent years, increasing attention has been addressed to nanoparticles (NPs)
due to their small size (1-1000 nm) and tunable physicochemical properties, including shape,
hindrance, and composition [142,172]. For instance, tantalum-based NPs enable the quantitation of
PG [69,88] or ensure the detection of defects in the tissue [67].
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In existing literature, only few studies addressed CECT on chondrocyte imaging, owing to the
demanding spatial resolution. Rather than the cells themselves, the imaging of lacunae (namely, the
cavities in ECM enclosing one or more chondrocytes, with typical size of 10 um [173]) allows for
more relaxed imaging protocols, carried out with nano-focus X-ray tubes. Following the contrast
enhancement, lacunae were reportedly depicted as focalized sites featuring a radiopacity different
from the surrounding ECM [61,119]. Nevertheless, laboratory-based systems equipped with X-ray
tubes require long acquisition times, raising concerns about the stability of the sample over time. Such
issue can be overcome with SR. For instance, the high monochromatic flux significantly lowers the

scan time and ensures spatial resolution down the cellular level [63] (see Figure 2.2c).

2.1.2.2. Dual-energy imaging
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Figure 2.3. (a) Scheme of DE technique. The procedure includes two distinct X-ray exposures, each at a different beam
energy. The low-energy and high-energy components serve as input for decomposition algorithms, to deliver two material
maps. (b) Reconstructed section from low-energy E- and high-energy E+ binned photons is reported on blue and red
screen, respectively. In the low-energy and high-energy screens are reported sections from reconstructed volume of AC,
following the immersion in a gadoteridol/CA4+ mixture. In particular, the contrast in low- and high- energy sections is
due mainly to gadoteridol and CA4+, respectively. Images on screens of panel (b) adapted from the work of Honkanen et
al. [169], published under Creative Commons license (CC BY 4.0).

Table 2.2. Summary of research papers including X-ray imaging of AC with DE protocols, ordered from the most to the
least recent. For each paper, the corresponding reference is reported, along with the CA used, its net electric charge g, the
model for the AC tissue, the size of the specimen, the source type, the voltage V or associated energy E of the X-ray beam
(m. monochromatic), the acquisition time T and the voxel size of the reconstructed volume p.
ref. contrastagent g (e) model S (mm)  source V /E T (min) p (UM)
[171] CA4+ +4 equine NA  X-ray tube 50/90 kVp 2.6 59
gadoteridol 0
[170] CA4+ +4 human @8  X-raytube 50/90 kVp NA 40
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gadoteridol 0 28

[168] CA4+ +4 bovine @7 synchrotron 32/34keVm. 2.15 6.5
gadoteridol 0
Bi-NPs 0

[169] CA4+ +4 human @8 synchrotron 32/34keVm. 2.15 6.5
gadoteridol 0

[167] CA4+ +4 human @8  X-raytube 50/90 kVp NA 40
gadoteridol 0

[166] CA4+ +4 bovine @4 synchrotron 25/37 keV 2.1 6.5
gadoteridol  +4

[165] CA4+ +4 human @8  X-raytube 50/100kVp 18/10 25
gadoteridol 0

Dual-energy (DE) and, more in general, multi-energy imaging is based on several acquisitions taken
at different X-ray beam energies. This method can provide information on sample composition, if
unknown, or conversely, allows reconstructing the density distribution of certain elements, provided
that the composition is known a-priori [174]. Dual-energy imaging is particularly useful when CAs
or naturally occurring high-Z materials are present within the sample. By making use of attenuation
properties specific to the material of interest, such as the K-edge, it is possible to discriminate
structures containing the high-Z element, even though they have an overall attenuation similar to the
surrounding features [175]. This is achieved through dedicated material decomposition algorithms,
which, having as input two (or more) attenuation images at different energies, provide density maps
of two (or more) materials. A scheme of DE technique is reported in Figure 3. The ideal conditions
for DE imaging are obtained using monochromatic beams, as in the case of SR [176,177] or laser-
driven radiation sources [178]. In this case, the material decomposition problem can be solved
exactly, due to the absence of beam-hardening, which is commonly encountered when polychromatic
spectra are used.

In the context of AC X-ray imaging, DE technique offers its potential in discerning two or more CAs,
when used simultaneously. In particular, radiopaque CAs with different attenuation signatures (i.e.,
K-edge energies) are selected to track single AC components (see Table 2.2). The X-ray energies are
carefully chosen to enclose the attenuation discontinuities of the selected CAs separately. By applying
material decomposition algorithms to DE dataset, the density maps of the elements of interest are
obtained [175]. Such protocols were applied to understand the various factors influencing CA
diffusion in AC [165,167,170,171]. Specifically, iodine accounted for the PG content, owing to the
electrostatic repulsion between the anionic CA and negative fixed charge density of
glycosaminoglycans. In contrast, gadolinium CA tracked the water content.

The concurrent determination of ionic and non-ionic partitions improved the correlation between the
PG-related iodine distribution and AC mechanical properties [165,166,168,170,179,180]. Dual-

energy methods can be further implemented with SR. The monochromaticity and high fluxes of the
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generated beam ensure improved image quality and reduced scan times [166,168,169]. Nevertheless,
the material decomposition comes with the increase of radiation dose deposited to the sample,
proportional to the number of X-ray exposures (i.e., number of X-ray energies) and the exposure time.
On the other hand, the development of novel detectors has enabled the simultaneous measurement of
transmitted X-ray photons in multiple energy windows, by using one single polychromatic X-ray

exposure.

2.1.2.3. Detector-based spectral imaging

Photon-counting detectors discriminate the incoming photons, depending on their energy and recently
have found applications in several imaging fields [181]. Photon-counting technology is based on the
direct conversion of incoming photons by semiconductors sensors and the following discrimination
of the signal at the pixel level. Unlike scintillator elements in energy-integrating detectors, which
achieve X-ray conversion into visible light, semiconductors enable the direct conversion of incoming
photons into electric signal, with an intensity proportional to the energy deposited by each interacting
photon to the sensitive region of the detector [34]. Within each pixel of a PCD, this signal is
discriminated based on one (or more) energy-calibrated threshold. If multiple energy thresholds are
available, photons can be detected and grouped over multiple energy intervals (or bins). In this way,
a single X-ray exposure yields multiple attenuation maps, as many as the energy bins defined by the
thresholds. The application of decomposition algorithms selectively enhances or eliminates structures
in the sample, similarly to the DE imaging [182]. The principles of spectral imaging are summarized
schematically in Figure 2.4. Unlike DE methods, polychromatic X-ray beams are employed, and no
specific constraints on X-ray spectrum are required. Therefore, the implementation of PCDs is
suitable for clinical [183] and laboratory [184] X-ray systems.

Detector-based spectral imaging yielded promising results in terms of AC discernability, although
the spatial resolution of clinical scanners remains limited [185,186]. This issue is partially solved by
laboratory-based spectral systems equipped with small pixel (<100 um) PCDs, where the spatial
resolution has been significantly improved. Previous experiments verified the suitability of spectral
imaging ex-vivo and in-vitro on human specimens, exposed to several CAs [180,187,188].
Alternatively, other works exploited a single CA but aimed to distinguish between the contrast-
enhanced AC and the underlying bone tissue [189-191] (see Figures 2.4c and 2.4d), even down to
the smallest pixel size reported for a spectral imaging system, namely 34 um (see Table 3).
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Figure 2.4. (a) Scheme of spectral imaging technique. The procedure includes a single X-ray exposure. The
discrimination occurs on-chip, following the selection of an energy threshold. According to the latter, photons are binned
in low-energy and high-energy components. Analogously to DE technique, both components are required for
decomposition algorithms to provide two material maps. (b) Reconstructed section from low-energy E- and high-energy
E+ binned photons of a bovine osteochondral sample is reported on blue and red screen, respectively. (c, d) Section of
density maps, as a result of the decomposition algorithm. (c) lodine density map accounting for iodine-based CA4+
diffused in AC. (d) Hydroxyapatite (HA) density, accounting for calcium-rich bone tissue. Images in panels (b), (c) and
(d) adapted from the work of Fantoni et al. [191], published under Creative Commons license (CC BY 4.0).

Table 2.3. Summary of research papers including X-ray imaging of AC with PCD-based spectral protocols, ordered from
the most to the least recent. For each paper, the corresponding reference is reported, along with the CA used, its net
electric charge g, the model for the AC tissue, the size of the specimen, the PCD maodel, the voltage V of the X-ray beam,
the acquisition time T and the voxel size of the reconstructed volume p.

ref. contrast agent g (e) model S (mm) PCD \ T (min) p (um)
[188] Ta,OsNPs +4 equine @85 Xcounter 150 kVp NA 68
iodixanol 0 XC-Flite FX15 120 kVp

[191] CA4+ +4 bovine @10 Pixirad1-Pixielll 50 kVp 120 34
[180] CA4+ +4 human @8 0.75mm CdTe 100 kVp NA 87

gadoteridol 0 100um pixel size
[190] ioxaglate -1 bovine @8 2-mm CdTe 80/120kVp NA 110
gadobenate -3 human Medipix3RX
[189] ioxaglate -1 human 25 2-mm CdTe 80 kVp NA 73
Medipix3RX
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2.1.3.Refraction-based X-ray Imaging Techniques: Phase-Contrast

Phase-contrast imaging exploits the phase shift of X-rays interacting with the sample. Phase- contrast
rises from interference phenomena involving the wavefront distorted by the sample [192]. The
modulation of the wavefront can be described by the phase shift accumulated by the incoming X-ray
wave while traversing the sample, which is proportional to the decrement from unity of the real part
o of the complex refractive index. Conversely, it can be demonstrated that X-ray attenuation, which
is used in conventional X-ray imaging, is proportional to the imaginary part B of the complex
refractive index (n =1 -1 - §). In the case of soft tissues and energies used in conventional radiology
(10 — 100 keV), PC is advantageous as o is two to three orders of magnitude larger than f, allowing
to highlight internal structures related to subtle fluctuations of density or interfaces without using
exogenous CAs [193]. The sample-induced phase-shift can be related to refraction effects where local
modifications to the wave vector can be described, in a simplified ray-tracing model, as small-angle
deviations (order of microradians) of the impinging X-rays [194]. As the X-ray wave phase cannot
be directly measured with imaging detectors, several PC techniques have been developed to transform
the phase shift into detectable intensity modulations. Some of these techniques pose strict
requirements on the X-ray beam coherence (namely monochromaticity and small focal spot size), and
are therefore primarily implemented within SR facilities [195-197]. More recently, also alternative
PC setups with relaxed coherence requirements have been introduced, therefore making PC imaging
accessible within laboratory settings [198,199]. In the following subsections the image formation

principles of the most widely used PC techniques will be illustrated.

2.1.3.1. Propagation-based phase-contrast
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Figure 2.5. (a) Scheme of PBPC. Unlike absorption modalities, PBPC bases its mechanism on the distance between the
sample and the detector. In particular, such distance is selected to produce the edge-enhancement, originating from
interfaces between different materials. (b) Three-dimensional rendering of a typical PBPC setup. The edge-enhancement
requires a high degree of spatial coherence (i.e., SR). (c) Section from PBPC volume of healthy human AC. Besides the
interface AC-air on the top, darker spots in the tissue, attributable to chondrocytes’ lacunae, are clearly recognizable.
Image adapted from the work of Horng et al. [200], published under Creative Commons license (CC BY 4.0).

Propagation-based phase-contrast (PBPC) imaging is the simplest PC technique to implement, as no
optical element is required [201]. PBPC requires increasing sample-to-detector distance to generate
a phase shift-induced interference pattern on the detector. This is generally visible as a couple of
dark/bright fringes corresponding to interfaces between materials with different refractive index, and
it is referred to as edge-enhancement effect.

Since the spatial coherence of the X-ray beam is crucial for PBPC [201], this technique can be
implemented with SR, laser-driven systems, or high-end microfocus X-ray tubes [202] (see Table
2.4). A scheme of image formation via PBPC is displayed in Figure 2.5. Images featuring the edge-
enhancement effect can be further processed with phase-retrieval algorithms, which enable the
recovery of the phase-shift information [203] and enhance the signal-to-noise ratio, hence the

visibility, of soft tissue structures [203,204].

Table 2.4. Summary of research papers including X-ray imaging of AC with PBPC protocols, ordered from the most to
the least recent. For each paper, the corresponding reference is reported, along with the model for the AC tissue, the size
of the specimen S, the source type, the voltage V or associated energy E of the X-ray beam (m. monochromatic, p.
polychromatic, p.b. pink beam), the acquisition time T , the voxel size of the reconstructed volume p and the object-to-
distance ODD.

ref.  _model S (mm) source V /E T(min) p(um) ODD (cm)
[205] bovine @4  synchrotron  21keVm. 0.08-0.66  2.75 40
[206] bovine @ 4-6 synchrotron 17 keV m. 66 3.5 250
[200] human a7 synchrotron 60keV m. NA 6.1 1100
55keV p. 0.7 120
17keV m. 0.325-0.1 10
[207] murine NA  synchrotron 52 keV m. 8 6.1; 6.06 1100
NA X-ray tube 60 kVp NA
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[208] bovine @3-4  X-ray tube 40 kVp NA 2.02-2.56 NA

[209] human a7 synchrotron  26.1 keV p.b. NA 51 500
[210] murine NA  synchrotron 12-25keV p.b. 1.1-7.3 0.8-1.6 NA
19 keV, m. 375 1.1 NA
[211] human NA  synchrotron 60 keV m. 1.5 46 700
[212] murine NA  synchrotron NA NA NA NA
[213] rabbit NA  synchrotron 5-18 keV p. NA 10 NA
[214] murine NA  synchrotron 14 keV m. NA 3.7 NA
[215] human NA  synchrotron 60 keV m. 90 46 700
[216] bovine D2 synchrotron 14 keV m. 60-180 1.752 0.5-30.0
[217] murine NA X-ray tube 80 kVp 30 9/6.6 32.2
[218] horse 0.2-1  X-ray tube 70 kVp NA 13 NA
human 11.2 keV, m. 15 NA
[219] murine NA  synchrotron 7-14 keV p. NA 1.48 5
[54] bovine NA  synchrotron 10-15keV m. 40 1.6 15
[220] human 20 synchrotron 30 keV m. NA NA NA

In the literature, PBPC has been demonstrated as a suitable imaging technique, not only in visualizing
AC without the need for CA, but also in unveiling the most subtle structures. The ability to clearly
distinguish AC was confirmed by studies based on planar [218-220] and tomosynthesis approach
[212,213]. Reduced thickness and augmented roughness of AC surface have been recognized as
hallmarks of AC degeneration in diseased models [211,212]. The transfer of PBPC to tomographic
acquisitions confirmed these observations [207,214,217]. Boosting the resolution of the acquisition
system down to few pm, the sensitivity of PBPC technique to cellular pattern was further enhanced
with specific CAs and validated by independent methods such as histology [60,221,222] (see Table
2.5). Besides the coherence of the beam, the object-to-detector distance is crucial for the visualization
of lacunae, namely the interfaces between the inner chondrocytes from the surrounding ECM.
Larger sample-to-detector distances and higher beam energies of the X-ray beam were demonstrated
to be beneficial for the optimal visualization of structural details [54]. Noteworthily, the proposed
imaging protocol distinguishes also chondrocyte from the surrounding lacunae, as confirmed by
scanning electron microscope images [54,216]. Horng et al. further pushed the evaluation of healthy
and diseased AC down at sub-cellular level, highlighting even the cellular nucleus and bundles of
collagen fibers with the highest spatial resolution of 0.1 um [200] (see Figure 2.5c).

Table 2.5. Summary of research papers including X-ray imaging of AC with contrast-enhanced PBPC protocols, ordered
from the most to the least recent. For each paper, the corresponding reference is reported, along with the contrast agent
and its charge q, the model for the AC tissue, the size of the specimen, the source type, the voltage V of the X-ray beam,
the acquisition time T , the voxel size of the reconstructed volume p and the object-to-distance ODD.

ref. contrastagent g(e) model S (mm) \Y T (min) s(um) ODD (cm)

[223] RHT NA murine NA NA NA NA NA
cacodylic acid NA
0sO4 NA
[222] PTA -3 ovine 210 80 kVp NA 45 9.5
60 kVp NA 10.2 17.2
[60] PTA -3 bovine @3 40 kVp NA 197-2.85 4.0-55.8
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[224] PTA -3 _murine  NA NA NA NA NA

[225] 0504 NA murine  NA NA NA NA NA
equine
[221] 0s04 NA murine  NA  40-80kVp 65-1067 0.54-10 2.5-7.5
[226] 0s0Oq4 NA murine  NA 40 kVp NA 4 7.5
[227] RHT NA murine NA NA NA NA NA
cacodylic acid NA
0sO4 NA

Other studies, rather than focusing on cellular-scale details, analyzed the morphology of AC on larger
scales. The acquisition of whole cadaveric human joints yielded not only the delineation of several
soft tissues, but also the differentiation of AC layers. The latter feature was observed to vary
substantially from healthy to osteoarthritic AC. The authors speculated that the loss of chondrocytes
associated to the pathology could imply a variation in the electron density associated with the
retrieved signal [215].

The quantitative analysis was also carried out with the application of Paganin phase- retrieval,
assigning different gray level windows, according to the heterogeneous arrangement of components
in ECM [200,206,209]. Unless more complex acquisition schemes are implemented, such as in the
case of holotomography [228], a quantitatively accurate phase-retrieval requires strict assumptions
on sample composition [229]. Alternatively, the phase information can be accessed with different
imaging configurations, making use of optical elements in the imaging setup. These approaches will

be discussed in the following subsections.

2.1.3.2. Analyzer-based imaging

Analyzer-based Imaging (ABI) makes use of a perfect crystal, referred to as analyzer, set between
the object and the detector [231-233], and requires a monochromatic and laminar X-ray beam. The
analyzer crystal acts as an angular filter of the incoming X-ray beam. When the analyzer crystal is set
to an angle that satisfies the Bragg’s condition with respect to the incoming beam, X-rays are
transmitted (i.e., diffracted). The transmission efficiency decreases as the analyzer is rotated off the
Bragg’s condition. The curve describing the X-ray transmission as a function of the analyzer crystal’s
angle is called rocking curve [231].

As the angular acceptance of the rocking curve is in the order of some microradians, the analyzer
crystal allows the translation of X-ray refraction into intensity modulation with high sensitivity. By
acquiring images at different angles of the analyzer crystal, that is, different points on the rocking

curve, both attenuation and (differential) phase signal can be obtained via dedicated algorithms.
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Figure 2.6. (a) Scheme of ABI. The insertion of the analyzer crystal A acts as an angular filter on the photons transmitted
by the sample O. Only photons satisfying the angular acceptance, determined by the rocking curve (in the right bottom),
are transmitted by the analyzer A and reach the detector D. (b) Three-dimensional rendering of a typical ABI setup. The
ABI requires monochromatic and laminar X-ray beam, typically provided by synchrotron facilities. (c) Section from
reconstructed ABI volume of healthy human AC. Margins of AC are highlighted, as well as the speckle pattern conferred
by the distribution of chondrocytes’ lacunae. Image adapted from the work of Nagarajan et al. [230], published under
Creative Commons license (CC BY 4.0).

Additionally, if at least three images are acquired in different positions of the rocking curve, ABI
allows the extraction of the scattering or dark-field (DF) signal, hence giving access to structures
below the system’s spatial resolution [232-234]. While ABI is usually associated with high image
quality and quantitative accuracy, its use is mostly limited within SR facilities due to the need for
intense monochromatic laminar beams. The mechanism behind the image formation of ABI is
outlined in Figure 2.6.

The potential of ABI for AC depiction was explored in the first 2000s at different synchrotron
facilities. Although the first images were radiographies impressed on radiographic film, they provided
robust results in terms of discernability of soft tissues [235-240]. The positioning of the analyzer
crystal was crucial for AC visualization. Depending on the analyzer tilting, only those photons
emerging from the sample within the angular acceptance range of the rocking curve (order of few
prad) reach the image plane. Therefore, different structures in AC are highlighted at different angular
positions of the analyzer, i.e. at different working positions on the rocking curve [241-246] (see Table
6). For example, if the peak of the rocking curve is chosen, only photons experiencing no or little
deflection traversing the sample are transmitted by the analyzer, ensuring an optimal scatter rejection.
Conversely, by setting the orientation of the analyzer crystal in one slope of the rocking curve, the
system becomes sensitive to refracted photons, which are transmitted with a higher (lower)
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probability if the refraction angle is towards the top (tail) of the rocking curve [241-243,246]. The
overall effect of the analyzer orientation on AC radiographs is the edge enhancement of tissue
boundaries and of highly oriented structures such as collagen, delineated as bright or dark fringes.
Similarly, defects within AC are noticeable, and rendered differently depending on the analyzer angle
[241,247].

With the advent of digital detectors, ABI shifted toward tomographic applications, enabling three-
dimensional reconstructions of joints from various models, at superior spatial resolutions compared
to CT and MRI [248-250]. The efficacy of ABI was also assessed on whole intact human knee joints,
despite the prolonged exposure time and limited vertical aperture of the X- ray beam [251]. Aside
from the clear distinction of macroscopic structures, ABI is also suitable for the imaging of AC
microarchitecture. The high sensitivity to subtle changes in the refraction index allows for the
depiction of collagen arcades [252] and lacunae [253], down to the spatial resolution of few pum.
High-resolution ABI further enabled cellular characterization of healthy and osteoarthritic AC,
distinguishing chondrocyte alignment, zonal distribution, and fibrillation [230,254—-256] (see Figure
2.6¢). Different algorithms of phase extraction from ABI images were also studied, and their
performance was compared on a common AC sample. Weighting the advantages and pitfalls of the
single approaches, those yielding the independent reconstruction of apparent absorption, refraction
and scattering signals resulted in the best visualization [257,258]. Interestingly, several studies
exploited ABI for its multimodal potential. Rather than the refraction component alone, Muehleman
and colleagues applied the method known as multiple- image radiography (MIR) to the visualization
of AC. MIR consists in the acquisition of multiple images (hamely, more than three) at several
positions of the rocking curve. By using eleven different crystal orientations, the researchers explored
the suitability of MIR in detecting USAXS signal with high precision. Notably, the scattering image
distinguished the connective tissues, owing to their inner collagen arrangement [259]. The latter

approach was later extended to conventional and limited-angle tomography techniques [260].

Table 2.6. Summary of research papers including X-ray imaging of AC with ABI protocols, ordered from the most to the
least recent. For each paper, the corresponding reference is reported, along with the model for the AC tissue, the size of
the specimen, the source type, the energy E of the X-ray beam (m. monochromatic, g.m. quasi-monochromatic), the
number of analyzer positions Na, the acquisition time T and the voxel size of the reconstructed volume p.

ref. model size (mm) source E Na T (min) p (um)
[238] rat NA synchrotron 20-35 keV m. NA NA 9
[256] human NA synchrotron 26 keV g.m. NA NA 8
[249] rabbit NA synchrotron 51 keV m. 2 10-60 46
[248] swine NA synchrotron 40 keV m. 5 NA 18.7
[230,255]  human @7 synchrotron 26 keV g.m. NA NA 8
[260] human NA synchrotron 40 keV 25 NA 50
[236] human NA synchrotron 40 keV m. 1 5 31.2

[261] equine 80x35x30  X-ray tube 22.15keVm. 17 NA  160; 153

37



[262] human NA X-ray tube  22.15keVm. 15 240 160, 153

[258] human @7 synchrotron 26 keV m. 5 NA 16
[257] human 8 synchrotron 25 keV m. 5 NA 16
[250] guinea pig NA synchrotron  52keVm. NA NA 47
[254] human @7 synchrotron 26 keV m. 1 NA 8
[263] human NA X-raytube  59keVm. NA NA 50
[251] human NA synchrotron 51 keV m. 1 1380 56.2
[253] human 226 synchrotron 20 keV m. 1 7000 3.6
[235] murine NA synchrotron 15 keV m. 2 NA NA
[237] canine NA synchrotron 40 keV m. 3 NA 50
[259] human NA synchrotron 40 keV m. 11 NA NA
[239] human NA synchrotron NA 5 NA NA
[247] human NA synchrotron 20-50 keV m. 1-3 NA NA
[240] human NA synchrotron 30 keV m. 3 0.2 50
[246] human 20 synchrotron  15keVm. NA NA 50
[252] human  40x60, @15 synchrotron 17/25keV m. NA NA 5
[245] human NA synchrotron 40 keV m. 2 NA 50
[244] human @15 synchrotron 17 keVm. NA NA NA
[243] rabbit NA synchrotron 30 keV m. 3 NA NA
[242] human NA synchrotron 40 keV m. 5 10,05 50-75
[241] human NA synchrotron 18/30 keV m. NA 0.07-0.1 50

Only few studies implemented ABI with table-top systems. The requisite of monochromaticity is
satisfied also by kilovoltage tubes with the adoption of monochromator crystals, although the X-ray
beam flux results severely reduced [262]. The refraction component clearly depicts AC from other
soft tissues in intact joints, and distinguishes AC samples at different degradation stages, with results
comparable to histology [261,263]. Nonetheless, the implementation of ABI to table-top systems
remains the most challenging compared to other PC techniques.

2.1.3.3. Gratings interferometry

1
|

Figure 2.7. (a) Scheme of GI, in Talbot-Lau configuration. Provided the spatial coherence of the X-ray beam, only the

sample gratings G1 and the detector gratings G2 are required. Otherwise, source gratings GO are required, as in the

depicted case. The distance of the detector gratings is determined according to the occurrence of the Talbot self-image
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effect. The lateral shift of the detector gratings allows to collect the refraction and the scattering signals. (b) Three-
dimensional rendering of a typical Talbot-Lau GI setup, featuring a conventional X-ray source (e.g., X-ray tube). (c)
Section from reconstructed GI volume of healthy human AC. Within AC, spots featuring higher intensity are
distinguishable, attributable to chondrocytes’ lacunae. Image adapted from the work of Schulz et al. [264], published
under Creative Commons license (CC BY 3.0).

Gratings interferometry (GI) is based on the Talbot self-image effect produced by regular periodic
structures with a period in the order of a few micrometers, referred to as gratings, set along the
direction of propagation of X-rays. Due to Fresnel diffraction, diffraction patterns with the same
periodicity of the grating are formed at specific distances from the grating, which are equal to
multiples of the Talbot distance [234]. The first Gl studies exploited the spatially- coherent
synchrotron X-ray beam and made use of two gratings, referred to as G1 and G2, generally positioned
downstream from the sample [265,266]. The grating G1, referred to as phase-grating, is set close to
the sample and it is made ideally of X-ray transparent materials, introducing a periodic phase-shift
that is responsible for the Talbot diffraction pattern. The grating G2, referred to as absorption grating,
is positioned at a multiple of the Talbot distance and acts as an analyzer, partially absorbing the X-
rays. As a function of the relative displacement or misalignment of the two gratings, a modulation in
the X-ray intensity recorded at the imaging plane is observed. Similarly to ABI, when a sample is
introduced in the beam, the recorded intensity is modified according to sample’s attenuation, phase,
and scattering properties, which can be retrieved though dedicated algorithm [267]. In the wake of
these SR-based results, Pfeiffer and colleagues successfully adapted Gl to conventional low-brilliance
X-ray sources [198]. To overcome the smearing of the diffraction pattern that would occur using a
source with limited spatial coherence, a third absorption grating close to the source, is inserted in the
so-called Talbot- Lau configuration. The source grating GO generates a periodic array of repeated
sharp line sources which are individually coherent despite being globally non-coherent. This
arrangement produces a diffraction pattern which, as in the Talbot case, can be transformed into
intensity modulations at the detector plane by displacing G1 and G2 [268]. The Talbot-Lau scheme
for Gl is displayed in Figure 2.7.

Table 2.7. Summary of research papers including X-ray imaging of AC with GI protocols, ordered from the most to the
least recent. For each paper, the corresponding reference is reported, along with the model for the AC tissue, the size of
the specimen S, the source type (Mo molybdenum, W tungsten), the focal spot size srs, the voltage V or associated energy
E of the X-ray beam (m. monochromatic), the number of grating positions Ng, the acquisition time T and the voxel size
of the reconstructed volume p.
ref.  _model S (mm) source S (um) V /E Ng T (min) p (um)

[269] porcine @3 synchrotron NA 20keVm. 5 20 4.46

[270] human NA X-ray tube (W) 400 40kvp NA 0.32 85

[271] bovine @6  X-raytube (Mo) 400 40kvp 11 NA 41

[272] human 5.4 X-ray tube 0.9-2.7 42 kVp 7 NA 23.3

synchrotron 19kevV NA 23 23.3
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synchrotron 52keV  NA 51 23.3
[264] human @5 synchrotron NA 19 keV 5 NA 2.3

@5 X-ray tube NA 40 kVp 5 NA 3

entire knee  X-ray tube NA 180 kVp 1020 65

[273] human @5 X-ray tube NA 52 keV 4 NA 51
@10 synchrotron NA 19 keV 5 NA 2.3

[274] human NA X-ray tube (W) 300 40 kVp 5 0.25 85
[275] human NA X-ray tube (W) 450 40 kVp 3 19 85
[276] human NA X-ray tube (W) 400 40 kVp 3 19 90

[277] porcine NA X-ray tube (W) 300 49kVp  NA NA NA
[278] porcine NA X-ray tube (W) 300 49kVp  NA NA NA
[279] human NA X-ray tube (W) 300 40kVp 5 NA 85
[280] chicken NA synchrotron NA 175kevm. NA 0.008 12

35 keV m.
[281] human 8 synchrotron NA 32keVm. 3 NA 16
[282] human NA X-ray tube (W) 60 40kVp NA NA 50

300 40 kVp 16 NA 50
[283] chicken NA X-ray tube (W) 300 40kvp NA NA NA
[284] chicken NA X-ray tube (W) 300 40kvp NA NA NA
[285] chicken NA X-ray tube (W) 300 40kvp NA 0.67 18

Since its inception, Gl has been applied to the visualization of articular soft tissues. Synchrotron-
radiation implementations of Gl allowed a good delineation of the edges of AC [277,278,280].
Similarly, laboratory-based Gl setups using polychromatic and non-pointlike focal spot sources has
delivered differential PC images enabling the visualization of AC [283-285] (see Table 7). Advances
in grating fabrication promoted the translation of Gl to clinical settings, with ex-vivo studies on
human metacarpophalangeal joints highlighting AC margins [274,276,279,282], followed by
optimized low-dose in-vivo imaging of healthy volunteers [274-276,282]. More recently, a
conventional X-ray tube-driven Gl system has been tested for the assessment of rheumatoid arthritis,
to ascertain its sensitivity to tissue alterations. Independent evaluations, namely MRI and clinical
scores, have supported the results, suggesting that the GI apparatus distinguishes healthy AC from
pathological tissue [270]. Albeit the promising results in terms of AC visibility, the works reported
until now have focused on Gl to radiography, as the tomographic implementation would raise further
concerns on deposited dose.

In the research frame, the translation of GI to tomography delivers three-dimensional maps of
absorption, refraction and scattering (or DF) components [272,281]. The refraction-enhanced
highlighted AC microstructures such as chondrocyte clusters, while energy-dependent protocols
enabled simultaneous imaging of mineralized and soft tissues [264,273] (see Figure 2.7c¢).

Grating interferometry imaging also reportedly revealed differences in collagen content between
superficial and deep AC layers. These variations reflect the gradient of electron density related to
collagen content, making Gl a quantitative tool complementary to state-of-the-art MRI maps.

Interestingly, GI imaging is not prone to biases induced by variation in water content, unlike MRI. In
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this aspect, GI could provide sound information of ECM integrity, regardless of the interstitial fluid
[271].

2.1.3.4. Edge-illumination imaging

(@)

nene
I

E{m=m
<
N

=
lllumination value

T T T
-20 0 20

Misalignment ( m)

Figure 2.8. (a) Scheme of El imaging. When illuminated, the sample mask M1 and the detector mask M2 produce an
illumination pattern, replicating the periodicity of the masks. The overall effect of masks’ lateral displacements on the
intensity modulation of a single pixel is summarized by the illumination curve (in the bottom right). The insertion of the
sample modifies the illumination pattern, according to interactions of different nature. In particular, the absorption, the
refraction and the scattering of photons either attenuate, deviate or broaden the beamlets, and alter the modulation of the
illumination curve. The lateral shift of the detector mask M2 allows the retrieval of those signals, as different sensitive
areas of detector are differentially exposed. (b) Three-dimensional rendering of a typical El setup. As reported in
literature, nearly all experiments featured conventional X-ray sources (e.g., X-ray tubes). (c) Planar image of 1 mm-
section from healthy murine osteochondral tissue. Besides the depiction of mineralized tissues (black structures), the
interface of AC is clearly recognizable. Image adapted from the work of Marenzana et al. [286], published under Creative
Commons license (CC BY 3.0).

Edge illumination (EI) imaging allows access to phase information by means of regular absorbing
structures (i.e. masks) with a period in the order of tens of micrometers, positioned along the X-ray
propagation direction [199]. A typical El setup features two masks, positioned upstream of the sample
(M1) and close to the detector (M2), respectively. Each mask is structured as a linear array of
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absorbing material, such as gold, interleaved with X-ray transparent septa, or apertures, with a
dimension of a few micrometers. Both masks share the same periodicity and aperture size, apart from
the geometrical magnification factor depending on their relative position with respect to the X-ray
source. The masks’ period matches the detector pixel pitch, such that each periodic feature of the
mask corresponds to one detector pixel column (or row). The role of the mask M1 is to structure the
incoming X-ray beam into a series of independent, non- interfering narrow beams, or beamlets. In the
absence of a sample, when the apertures of mask M2 are aligned with the apertures of M1, the
beamlets are fully transmitted to the detector. If M1 and M2 are laterally displaced, the transmission
decreases (ideally) reaching zero if the apertures are completely misaligned. The curve describing
pixel-by-pixel the X-ray transmission across the two masks as a function of their lateral displacement
is known as the illumination curve and plays a role conceptually analogous to the rocking curve in
ABI. When a sample is introduced, the illumination curve is modulated in terms of area, due to X-
ray absorption, lateral position, due to refraction, and width, due to scattering. A scheme of El
principles of image formation is shown in Figure 2.8. By using suitable retrieval algorithms and
acquiring images at (at least) three positions on the illumination curve, all these effects can be
uncoupled producing attenuation, phase and DF maps of the sample [287]. Although Gl and EI share
some similarities, El is a non-interferometric technigue as the beamlets are sufficiently spaced to be
individually analyzed, hence not relying on the formation of diffraction patterns. As for the Talbot-
Lau GI, the EI configuration does not require strict constraints on X-ray source coherence and it is

implemented with commercial, polychromatic X-ray sources [184,287].

Table 2.8. Summary of research papers including X-ray imaging of AC with EI protocols, ordered from the most to the
least recent. For each paper, the corresponding reference is reported, along with the model for the AC tissue, the size of
the specimen, the source type, the voltage V or associated energy E of the X-ray beam (m. monochromatic), the number
of mask positions Ny the acquisition time T , the voxel size of the reconstructed volume p and the object-to-distance
ODD.

ref. model S (mm) source V /E Nm T (min)  p(um)
[288]  chicken NA X-ray tube 40 kVp NA 0.03 NA
[286]  murine NA X-ray tube 40 kVp NA NA 9
NA synchrotron 17 keVm. NA NA 5
[289] rat NA X-ray tube NA NA NA NA
[290] rat NA X-ray tube 40 kVp 4 1 20

In the context of AC imaging, El has been mostly implemented within table-top systems (see Table

8). Notably, differently from all other mentioned techniques, the spatial resolution of an El system is

not related to the size of the X-ray focal spot or to the detector pixel size, but it is ultimately

determined by the aperture size of the pre-sample mask, allowing an additional degree of flexibility

in trading-off acquisition time and image quality [199,291,292]. The research group at University
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College London, who pioneered EI, demonstrated the viability of EI implemented with uncollimated
and non-microfocus X-ray tube, for the visualization of small lesions in rat AC [290]. Despite the
relatively thin AC layer, EI images provided its visualization in both air and aqueous environments.
The measurements of tissue thickness were comparable to CE- based studies and gold standard
techniques, such as histology [286,289]. The yield in refraction images are comparable to
synchrotron-based ABI system and confirms the soundness of using the refraction signal to highlight
the AC layer [286] (see Figure 2.8c). One further implementation of El has considered the insertion
of a structured detector to replace the detector mask (M2), demonstrating a clear visualization of AC

in refraction image, similarly to conventional EIl setup [288].

2.1.4.Scattering-based X-ray imaging: dark-field imaging

Dark-field imaging conveys contrast from ultra small-angle X-ray scattering (USAXS) photons,
which arise from the interaction of primary X-rays with microscopic structures in the sample. These
structures are typically not resolved with conventional attenuation-based techniques, owing to
insufficient spatial resolution or to the low radiopacity of the structures [268]. Under the ray tracing
approximation, USAXS can be understood as the effect of multiple refraction causing locally a
diffusion of the X-ray beam. The amount of diffusion can be traced back to quantities such as the
average size of the scatterers or the scattering power of the sample, hence giving access to information
at a spatial scale below the system’s spatial resolution [268,293-295]. As anticipated in the previous
subsections, many PC methods including ABI, GI, and EI give access to the scattering signal,

generally at the cost of additional exposures at different positions of the optical element.

Table 2.9. Summary of research papers including X-ray imaging of AC with DF protocols, ordered from the most to the
least recent. For each paper, the corresponding reference is reported, along with the model for the AC tissue, the size of
the specimen S, the source type, the size of the focal spot sgs (Cu copper), the voltage V or associated energy E of the X-
ray beam (m. monochromatic, p.b. pink beam), the acquisition time T , the voxel size of the reconstructed volume p and
the object-to-distance ODD. *detector pitch size

ref.  model S (mm) source Srs (Um) V /E T (min) p (um)
[296] rabbit 1 X-ray tube (Cu) 350 8 keV m. NA 1.1*
[297] equine 2x0.5x0.5  synchrotron NA 25 keV p.b. 5 0.8
X-ray tube (Cu) 350 8 keV m. NA 1.1*
[298] human NA synchrotron NA 20 keV m. NA 7.4
12 keV m. NA 16
[293] human NA synchrotron NA 35 keV m. NA 10
[299] human NA synchrotron NA 36 keV m. 0.92 NA
[300] human NA synchrotron NA 36 keV m. NA NA
[301] human NA synchrotron NA 34.8 keV m. NA NA
33 keV m. NA NA
[302] human NA synchrotron NA 34.8 keV m. NA NA
[303] human NA synchrotron NA 35 keV m. NA 10
[304] human NA synchrotron NA 15 keV m. NA NA
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Dark-field has been explored as a complementary signal for assessing soft tissues, including AC,
alongside PC refraction-based methods. Since the first studies, results demonstrated the ability of DF
in depicting features of AC at a sub-pixel spatial resolution. Early applications included film-based
DF radiographies acquired with the ABI technique, which highlighted the soft tissue components of
excised human joints in different environmental conditions [293,298,303,304]. The same approach
was followed also on intact joints, where the differentiation of AC structures resulted optimal, given
a careful selection of orientations of the analyzer crystal [301,302]. In particular, different orientations
conferred major contrast to AC contour or bulk [300]. Notwithstanding the promising results in
radiography, the rather large number of frames required at different orientations of the analyzer
significantly increases the radiation dose and the exposure time, thus limiting the translation of ABI-
based DF imaging to SR-based CT (see Table 9). On the other hand, tomosynthesis approach requires
fewer projection images, compared to CT, while giving a certain level of in-depth information.
Notably, past works delivered DF tomosyntheses with doses equivalent to a single DF radiograph
[299]. Recently, the feasibility of DF has been demonstrated on alternative experimental designs.
Specifically, thanks to the beam-tracking technique, that is an EI variant making use of a high-
resolution detector instead of the M2 mask [305], DF, refraction and attenuation images of AC could
be obtained simultaneously [271]. From these images, authors speculated the visualization of collagen
bundles. Further radiographs performed with the same imaging configuration properly visualized
lacunae of AC [296]. Despite the two-dimensional nature, the cellular pattern was compatible to

reference images from synchrotron-driven PBPC method and histology [297].

2.2. Towards the in-situ evaluation of articular cartilage

Originally conceived for trabecular bone characterization [306], DVC has been applied to various
musculoskeletal tissues [307-310]. Its principles include the tracking recognizable voxel-intensity
variations through sequential compression steps, the evaluation of displacement vectors, and the
derivation of the strain tensor field [311]. In the case of AC, time-resolved rheologic experiments
require multiple rapid tomographic scans, yielding speckled patterns obtained under different
compressive steps. To the aims of DVC, the lacunae hosting chondrocytes serve as discrete patterns
ideal for strain measurements. Such patterns can be highlighted with several approaches. In
absorption mode, CAs such as the polyoxometalates enhance the contrast between the lacunae and

the surrounding ECM [93], though fixation and staining alter the mechanical properties of the tissue.
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Alternatively, staining protocols could lead to the preservation of the original mechanical behavior
of AC [70,78]. Furthermore, DNA-binding stains enhance lacunae visibility [12], but require complex
processing procedures and a severe downsizing of the sample. The combination of PC with CAs was
also investigated to highlight features of AC and compensate the limited flux and coherence of
laboratory microCT systems [60,221-227] (see Table 5). However, the limited X-ray flux implies
prolonged scan times, with significant impact on AC properties and sample stability [208].
Synchrotron-radiation microCT overcomes these issues thanks to the availability of high flux X-ray
beams.

For instance, a methodology to visualize and quantify cellular structures in compressed AC was
recently proposed, along with a dedicated SR beamline [209]. In the same beamline, the compressive
method with DVC was also implemented on murine model, and yielded the visualization of
hierarchical changes in AC structures. The high spatial resolution reached (0.8 um) allowed the
calculation of displacements with accuracies below 100 nm in knees of healthy and osteoarthritic
mice [210].

In addition to PBPC, the investigation of osteochondral samples under compression was
accomplished with other PC methods. At the SPring-8 synchrotron facility in Japan, GI- microCT
successfully resolved the cellular pattern of porcine AC, as confirmed by histology. The deformation
of the cellular pattern served as input for DVC analysis. Remarkably, the density map of sample was
shown to change accordingly to the imparted compression [269].

Despite the positive outcome of the above-described implementations, most studies making use of
PC techniques require a scanning or stepping of optical elements. As a result, they are focused on
imaging of AC in static configuration, because of the longer times related to acquisition procedures
and the limited time-resolving capabilities of laboratory-based systems, associated to the limited X-
ray flux. Interestingly, the time-resolved approach was successfully implemented with PBPC,
exploiting monochromatic SR. Its implementation was demonstrated at TOMCAT beamline, at Paul
Scherrer Institute in Switzerland, where a rheometric setup allowed the evaluation of dynamic
behavior through time of unprocessed bovine AC samples [205]. The tomographic experiment took
advantage of the shortest exposure time to date for the dynamic investigation of connective tissues,
resulting in acquisition times ranging from 40 down to 5 seconds. The advantageous experimental
condition achieved spatial resolutions compatible with the size of lacunae (2.75 um), with nearly no
radiation damage induced to the tissue. Notwithstanding the detrimental laminarization of the
monochromatized beam, the experiment benefited from a field of view large enough to accommodate
the whole AC (5.54x3.85 mm against 4-mm diameter samples). According to existing literature,

PBPC is the most straight-forward implementation for rheometric measurements. It offers favorable

45



acquisition time and image quality, while keeping as low as possible the complexity of the

experimental setup.

2.3. Benefits, challenges and future perspectives

The above discussed X-ray imaging techniques achieve optimal results in terms of contrast and detail
discernability of AC, in a variety of models and experimental conditions. Nevertheless, the choice of
the imaging approach should be tailored to the rationale of the investigation. The relatively large
number of studies applying CAs reflects the straightforward implementation of CECT to AC imaging.
The use of ionic CAs allows for a quantitative analysis of several components of AC (see Table 1).
Nevertheless, their possible impact on tissue’s mechanical properties draws concerns in rheologic
applications. For instance, hyperosmolar CA solutions modifies tissue stiffness [312-314].
Furthermore, certain staining protocols alter the mechanical response of the tissue and introduce
significant bias in rheometric evaluation of the whole osteochondral unit [70].

Additionally, the composition of CAs should be chosen to optimize the imaging outcome. The
imaging protocol should include X-ray energies compatible with the absorption signature of the
selected radiopaque element. In the context of spectral protocols, this aspect becomes more crucial.
In fact, mixtures of CAs with different absorbing features facilitate the material discrimination [315].
Furthermore, the CA concentration should be carefully chosen to simultaneously yield the optimal
contrast among details and reduce imaging artifacts. Despite its readiness, the use of CAs with
conventional microCT scasnners could impair the segmentation of tissues with similar radiopacity,
as in the case of contrast-enhanced AC and mineralized tissues [158].

Spectral approaches such as DE technigue could circumvent the issue, yet facing several limitations.
First, multiple acquisitions require volume co-registration in space or in time, whether images are
collected with two sources at different spatial locations simultaneously, or with a single source at
different time points, respectively. Second, the span of materials is restricted by the limited flexibility
of spectra provided by conventional X-ray sources. Third, the material decomposition worsens if the
number of materials entering the composition of the sample exceeds the beam energies [315]. Last,
radiation dose increases with the number of energy exposures. Photon-counting detectors overcome
these limitations, although their larger pixel sizes and/or smaller field-of-view limit the spatial
resolution. The development of the latest PCD technologies (i.e., modular structure and advanced
signal clustering) allows larger field of view, and a resolution finer than the pixel pitch [316,317].
Phase-contrast techniques enable the visualization of several structures in AC (namely collagen
arcades, lacunae and even chondrocytes) [54,200,205,216,254,256,264,269,273] without exogenous
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CAs, though most approaches require high-brilliance sources, ad-hoc optics, or their combination.
Propagation-based PC is the most promising method for rheologic evaluation of AC, provided the
implementation with SR [205]. The same considerations apply to ABI, plus the additional limitations
related to the use of monochromatic X-ray beams, laminar geometry and the need for multiple scans
at different analyzer orientations. Similarly to ABI, Gl is a multimodal approach sensitive to
refraction and scattering signals, delivering promising results in-vivo [270]. In research-oriented
applications, Gl allows for the visualization of cellular patterns in AC, pushing its applications to in-
situ testing of AC [269]. Nonetheless, high-end applications of Gl make the implementation with SR
essential, to compensate for the prolonged acquisition times associated with multiple-frame grating
stepping. The rigorous requirements on X-ray beam decay for non-interferometric El, as it is easily
implemented to compact laboratory-based systems. Furthermore, El potentially retrieves phase
information with only two images, by illuminating the pixels at their opposite sides, compared to Gl
method [318]. Nevertheless, studies adopting EI for AC imaging are the minority, with no reported
experience on in-situ evaluations. Focusing on the scattering signal, DF imaging is still under
development, specifically for AC evaluation. Despite the unique nature of the signal, DF imaging has
been mainly limited to plain radiographs or tomosynthesis only, as the tomographic approach would
significantly increase the acquisition times and the dose fractions.

Aside from in-depth analysis of the single techniques, more general observations arise by considering
the examined literature. In general, high resolution is obtained at the cost of reduced sample size,
increased photon fluxes and greater radiation doses. Furthermore, the evaluation of mechanical
response requires volumes representative of the whole tissue (i.e., ECM), rather than single structures
(i.e., collagen bundles). Recently, an imaging protocol has been proposed as optimal trade-off
between the sample size and spatial resolution for the visualization of lacunae, in the context of time-
resolved in-situ imaging [205].

Another concern arises from the time of exposure to radiation. The scanning time of each technique
is largely dependent on the X-ray source characteristics, the presence of optical elements and the
geometrical configuration. Synchrotron-radiation generally ensures the fastest exposure times,
especially when the full spectrum (i.e., white beam) is used coupled to the PBPC technique.
Conversely, the installation of any optical element in the beam generally leads to longer exposure
times both at synchrotrons and laboratory-based systems.

Radiation dose remains a major concern. Planar and tomosynthesis studies report mGy- level
exposures compatible with clinical translation [215,251,275,279,298], while tomographic
experiments may reach several Gy, inducing macroscopic (namely, heating of the sample) [93,319]

and microscopic (namely, degradation of ECM, oxidative stress, and cellular degeneration) effects
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[60,168,169,205,215,251] (see Table S4 in Supplementary Material for dose values). Furthemore, the
evaluation of the whole osteochondral unit should consider significant effect of prolonged X- ray
exposures on bone tissues [320,321]. Therefore, any rheologic experiment should consider cryogenic
expedients compensating the progressive dose deposition, with special mention to SR studies.

Aside from rheologic applications, more relaxed experimental conditions for AC imaging meet the
use of multimodal laboratory-based X-ray systems. Preliminary experiences retrieved successfully
attenuation, differential PC and DF channels on biological samples [184]. Similarly to the multimodal
X-ray system involved in the work of Olivo et al., the equipment installed at PEPILab features
specifications meeting the depiction of AC structures. In the perspective of preclinical applications,
a CT prototype has been developed to deliver USAXS images. Its application to lung evaluation on
healthy humans and patients with pulmonary disorders yielded results comparable to conventional
radiography [322,323]. Analogously, applications of DF could be extended to musculoskeletal
imaging. For instance, articular soft tissues might be distinguished, as well as their alteration, thanks

to the subpixel spatial resolution inferred by gratings configuration.

2.4. Conclusions

The present scoping review focused on X-ray techniques adopted for AC imaging. One of the main
differentiations accounts for the prompt implementation of these approaches with either commercial
systems or synchrotron-driven setups. In the first case, CE techniques can be easily implemented with
radiopaque CAs. Nonetheless, the use of CAs might alter the pristine properties of the tissue.
Conversely, PC methods do not imply any alteration of AC nature, but require stringent specifications
for the X-ray source. The sought-after coherence of the X- ray beam, crucial for PC imaging, is
achieved with SR. Thanks to the latter implementation, various optical configurations retrieve
valuable information of AC, down to the cellular scale. Regardless of the intrinsic contrast
enhancement associated with PC, the limited access to SR facilities hinders the full unfolding of
refraction-based imaging modalities. A promising option makes use of conventional X-ray sources,
together with suitable optical elements. Still, the low brilliance of conventional sources significantly
increases the acquisition times. Lastly, the scattering information associated with DF is still under
investigation for various biomedical applications, including the musculoskeletal system.

The context becomes further intricated in case rheologic studies are considered. Among the
approaches here discussed, PC methods provide visual and quantitative information. According to
the existing literature, PBPC and Gl successfully depict the inner structures of AC and enable their

implementation to DVC analysis. More in detail, PBPC features the shortest acquisition time to
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resolve the microscopic lacunae. On the contrary, Gl and, in general, PC methods based on optical
elements leads to increased exposure times, raising concerns on the deposited radiation dose and
sample stability. At present, this limits rheologic evaluation of AC samples mostly to synchrotron-
based experiments. However, the development of novel synchrotron-like X-ray sources with sources
with a smaller footprint and cost, such as laser-driven system of liquid- metal jet sources, hold the

promise to impact AC imaging, enabling advanced applications, such as rheology, in compact
laboratory environment.
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CHAPTER 3

Contrast-enhanced X-ray imaging of articular cartilage:
Impact, reversibility and reliability of a cationic contrast
agent
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The present Chapter reports activities related to contrast-enhanced X-ray imaging. As already
mentioned in Chapter 2, the use of contrast agents circumvents the inherent lack of sensitivity to soft
tissues. Besides the enhanced discernibility of the overall tissue, inner structures can be highlighted,
depending on the nature of the interaction between the contrast agent and the targeted component. In
the case of ionic contrast agents, their molecules interact with proteoglycans, owing to the negative
fixed charge of the latter. According to existing literature, cationic contrast agents provide superior
results compared to anionic formulations. Among all proposed molecules, CA4+ succeeded in
properly assessing the proteoglycan content of articular cartilage. Despite its experimental nature,
CA4+ proved promising findings in preclinical studies, assessing both healthy and degenerated
articular cartilage in a variety of models. The use of CA4+ was favourable for the evaluation of the
cellular pattern as well.

In light of such evidence, applications oriented to in-situ mechanical assessment of the tissue could
take advantage of the use of CA4+. Nevertheless, several aspects have not been deepened yet. For
instance, the use of CA4+ could imply non-negligible effects on articular cartilage, including its
mechanical response. Furthermore, the potential retention of CA4+ could be deleterious in the context
of in-vivo studies or concurrent analysis with alternative methods (e.g., histology). Such critical
aspects were investigated, as outlined hereafter:

e The impact of CA4+ on the mechanical response of articular cartilage was sifted, aiming at
ascertaining the suitability of CA4+-based contrast-enhanced protocol to in-situ mechanical
applications (Chapter 3, Section 1).

e The reversibility of effects induced by CA4+ on the mechanical behaviour of articular
cartilage was investigated to confirm the viability of CA4+ for research-oriented purposes.
Aspects such as the complete desorption and restoration of tissue properties were also
deepened (Chapter 3, Section 2).

e The test of reliability of contrast-enhanced X-ray imaging of articular cartilage, performed
with high-resolution peripheral quantitative computed tomography (HR-pQCT), sought for
correlations between imaging data and the mechanical behaviour of the tissue (Chapter 3,
Section 3).
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Section 1

Assessment of CA4+ impact on mechanical properties of
articular cartilage

This section was reproduced from the published manuscript:
“Assessment of CA4+ Impact on Mechanical Properties of Articular Cartilage”

M. Berni, S. Fantoni, R. Fognani, P. Cardarelli, F. Baruffaldi and M. Baleani
Materials, 18(13):2943 (2025). DOI: 10.3390/mal18132943
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Abstract

X-ray imaging of articular cartilage could be a breakthrough for the early diagnosis of tissue
degeneration. This approach relies on radiopaque contrast agents to enhance the visualization of soft
tissues. The potential impact of contrast agents on the mechanical response of articular cartilage
should be considered in the frame of both clinical and research applications. Attention has been drawn
to a solution containing molecules with six iodine atoms and four positive charges (CA4+), which
has been shown to improve the X-ray visibility of articular cartilage. This study aimed to determine
the effects of a CA4+ solution on tissues’ mechanical properties. An experimental pipeline based on
indentation tests was applied to paired samples of articular cartilage before and after the immersion
in either CA4+ or phosphate-buffered saline solution, maintained at a temperature of 22 + 2 °C, for
22 h to determine the differences in instantaneous, viscous, and equilibrium responses between the
articular cartilage of the two groups. The 22 h immersion of articular cartilage in either CA4+ or
phosphate-buffered saline solution had a significant detrimental effect on the overall response,
including the instantaneous, viscous, and equilibrium responses, of the articular cartilage. However,
this detrimental effect was greater with exposure to the CA4+ solution. Specifically, the articular
cartilage was found to be less stiff in both the instantaneous response (approximately —25%) and the
equilibrium response (approximately —38%). The softening effect could be attributable to an
alteration of the interaction between the proteoglycans of articular cartilage, induced by the positive
charges within the CA4+ contrast agent. Further investigations are needed to elucidate whether this

hypothesised mechanism is reversible.

57



58



3.1.1.Introduction

Acrticular cartilage (AC) is an avascular and aneural tissue that covers the ends of opposing bone
segments in diarthroses. Its unique mechanical properties, including the absorption of shocks and
distribution of articular contact pressure during locomotion, derive from the interplay between phases,
a solid matrix, and an interstitial fluid [324]. The main components of the solid matrix are bundles of
collagen fibrils and proteoglycans (PGs), the most abundant of which are aggrecans. The three-
dimensional arrangement and concentration of collagen and PGs define the extracellular matrix
(ECM) [325], in which a small population of chondrocytes is embedded. The interstitial fluid is
primarily composed of water and dissolved electrolytes (mainly Na+ ions) [326].

The response of such a complex structure to the sudden application of a localised pressure to the
articular surface must be split into an instantaneous flow-independent and a flow-dependent
viscoelastic response [325]. The instantaneous response is determined by the rapid localised
deformation of the ECM, resulting in the localised tensioning of the collagen network in the
superficial zone [327], reorientation of collagen network in the deep zone [328], and an increase in
both the mutual repulsive force of glycosaminoglycans [326] and fluid pressure [329,330]. The
localised increase in the fluid pressure drives interstitial fluid flow through the porous ECM and
outward across the AC tissue over time. This process continues until the equilibrium between the
applied load and the tissue reaction is reached, at which point the fluid flow ceases [56,331]. For the
purposes of this study, it is also important to note that the fixed charge density (FCD) of the AC
provides an osmotic pressure [332] counterbalanced by the restraining stress in the collagen network.
The osmotic pressure, together with the mutual electrostatic repulsion between the PGs, determines
the swelling of the AC tissue [325].

The degeneration of the complex structure of AC tissue, whatever the cause, can result in pain and
loss of joint function, e.g., as occurs with the onset of osteoarthritis [333]. X-ray imaging is a
diagnostic tool commonly used in the evaluation of a wide range of musculoskeletal disorders.
However, the X-ray visibility of AC tissue is impaired by its low radiopacity. Two approaches have
been proposed for enhancing the X-ray visualization of AC tissue: X-ray phase-contrast imaging and
the use of contrast agents (CAs). Although different streams of X-ray phase imaging, e.g.,
propagation-based, diffraction-enhanced, edge-illumination, and grating interferometry, can be found
in the literature [215,254,273,286], almost none have been successfully translated to clinical
applications in the management of joint pathologies. Notably, a clinical system implemented with
grating interferometry distinguished AC alterations in the metacarpophalangeal joints of patients
affected by rheumatoid arthritis [275]. Despite these promising results, its effectiveness on other

joints remains untested. On the other hand, CAs are selected for a specific imaging target depending
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on the tissue composition [64]. Limited to AC, the imaging outcome strictly depends on the net charge
of the molecule composing the considered CA [334]. CAs can be categorised as ionic and non-ionic,
based on whether the single molecule carries a net charge or is electrostatically neutral. lonic CAs
can be further subdivided into anionic and cationic, depending on whether the displayed charge is
negative or positive, respectively. Non-ionic and anionic CAs have been extensively tested for AC
X-ray imaging [90,154,160,189,190,335-339]. Despite their safety certified by regulatory bodies,
clinical use of anionic and non-ionic CAs require considerable concentrations, due to the indirect
correlation between their distribution and the AC composition cartilage (namely, a direct correlation
with water content and an inverse correlation with PGs) [154,160,338,339]. An experimental cationic
iodine-based CA, referred to as CA4+, was specifically developed to be electrostatically attracted by
the PGs of cartilage tissue [116]. The preliminary results regarding the safety and toxicity of CA4+
are encouraging [116]. Additionally, significant correlations have been reported between the
mechanical properties and CA4+-enhanced imaging features on different AC models and several X-
ray imaging systems [101,116,128,147,165,167,169,180]. Indeed, CA4+ permeates within AC, in
concentrations directly proportional to the PG content [116,128]. However, the exposure of AC tissue
to CAs has already highlighted a significant effect on tissue mechanical properties [313]. Therefore,
the impact of any new contrast agent, such as CA4+, on tissue mechanics should be thoroughly
investigated before its use in clinical practice or biomechanical research, as alterations to the
mechanical properties of AC may affect joint function or experimental outcomes.

The aim of this study was to investigate the possible effects of CA4+ on the mechanical behavior of
AC tissue. Indentation tests were performed on AC samples exposed to CA4+ to determine the
instantaneous, viscous, and equilibrium behavior of the tissue. The results were compared to the
behavior of a control group, which underwent the same experimental protocol except for the exposure
to the CA.

3.1.2.Materials and Methods

3.1.2.1. Preparation of contrast agent solution

The CA wused in the present work is CA4+ (5,50-[Malonylbis(azanediyl)]bis[N1,N3-bis(2-
aminoethyl)-2,4,6-triiodoisophthalamide] chloride). CA4+ molecules include six iodine atoms each.
They have the following characteristics: molecular weight mw = 1354 g/mol, iodine fraction per
molecule f = 0.5084, net positive charge q = +4. Therefore, CA4+ molecules are electrostatically
attracted to the negative FCD of PGs.

Synthesis of CA4+ salts was carried out according to the work of Stewart et al. [116]. CA4+ solution

was prepared dissolving its salts in phosphate-buffered saline (PBS) solution (7.4 pH, Life
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Technologies Europe B.V., Bleiswijk, The Netherlands), to obtain a concentration of 10 mgl/mL.
This value is lower than the 12 mgl/mL used in the aforementioned study. The rationale for this
reduction is that a concentration of 10 mgl/mL has been proven effective in achieving the X-ray
attenuation of AC [83]. Using a lower salt concentration to enhance AC radiopacity may reduce the
risk of a possible impact on tissue and side effects in patients. The pH of the obtained solution was
adjusted to a value of 7.4 by adding NaOH 4 M. The osmolality (osmometer TypM 10/25 pL,
accuracy 1 mOsm/kg, Loser Messtechnik, Berlin, Germany) of the CA4+ solution was 419 mOsm/Kkg.

For comparison, the osmolality of the PBS solution was 307 mOsm/kg.

3.1.2.2. Extraction of osteochondral tissue samples

Parallelepiped shaped samples, approximatively 20 mm in thickness, were excised from fresh
tibiofemoral surfaces of bovine stifle joints obtained from a local slaughterhouse within 24 h of
slaughter. The parallelepiped shaped samples were taken from regions with different AC thicknesses
to capture the full spectrum of thicknesses, and from both the femur and tibia to represent the entire
joint. After excision, parallelepiped shaped samples were wrapped in gauzes soaked in PBS solution
and frozen at T = —20 °C (first freezing cycle). After thawing in PBS at 4 °C for one hour,
osteochondral (OC) cores—10 mm in diameter—were extracted from each excised parallelepiped
shaped sample. Depending on its size, two or four OC cores were extracted from each parallelepiped
shaped sample. OC cores were extracted by means of a computer numerically controlled milling
machine (ProLight 2000, Light Machines Corporation, Manchester, NH, USA) equipped with a
diamond-coated coring tool with a 10 mm inner diameter. The parallelepiped shaped sample was kept
fully immersed in PBS solution at room temperature during the process. OC cores were extracted at
points where the surface was as flat as possible, perpendicular to the local articular surface. Each OC
core was cut on the trabecular bone side to adjust its height to approximately 10 mm. Therefore, each
OC core included AC tissue, subchondral, and trabecular bone. OC cores from adjacent locations
were paired. A total of 36 matched pairs of OC cores were extracted. For each pair of OC cores, one
was randomly assigned to the CA4+ treated (contrast-enhanced CE) group while the other was
assigned to the PBS-treated (Control) group. After harvesting, each OC core was enveloped in PBS-

soaked gauze and frozen at T = —20 °C until Parallelepiped indentation test (second freezing cycle).

3.1.2.3. Indentation tests

Subgroups of six OC cores were thawed in PBS solution at T = 4 °C overnight. The AC thickness

was measured prior to testing. Each OC core was blotted from any excess of PBS solution and placed

in a custom-made polymethyl methacrylate sample holder. Four planar images of each OC core were
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acquired via X-ray UCT system (SkyScan 1072, SkyScan, Aartselaar, Belgium), each after a 90—
rotation of the sample (X-ray tube voltage = 50 kV, current = 197 pA, 1-cm Al filter, pixel size =
11.5 um, exposure time = 5.9 s). AC thickness was determined using a custom-made MATLAB code
(MATLAB version R2022b, MathWorks, Natick, MA, USA), according to the following steps: (i)
preliminary crop of planar images to exclude residual portion of the sample holder; (ii) differentiation
of AC layer from mineralised tissue and air; (iii) binarization of AC layer; (iv) exclusion of possible
spurious pixels; (v) counting of the number of pixels within the AC layer in the vertical direction.
The counting was limited to a 10 pixel-thick peripheral annulus of the AC layer to avoid the inevitable
overlap caused by projecting the 3D curved layer onto the planar image, which could introduce errors
to the thickness calculation; (vi) averaging the calculated values over the four planar images.

The six OC cores were then placed in a custom-made polyacetal sample holder with six cavities, with
an inner diameter of 10 mm and depth of 20 mm. Before placing the OC cores in the cavities, a small
amount of polymethyl methacrylate was poured into the bottom of each cavity to constrain the core
on the trabecular bone side, and a silicone-based grease was applied to the lateral surface of AC. It
has been proven that a small continuous amount of grease around the entire circumference prevents
any leakage of aqueous solution into the small gap between the edge of AC and the inner surface of
the cylindrical cavity [83]. Then, 0.5 mL of PBS solution was added to each cavity, i.e., on the top
surface of the OC cores, to keep the AC wet. The sample holder was mounted on the X-Y motorised
table of the testing machine (Mach-1 V500css, Biomomentum Inc., Laval, QC, Canada). Each OC
core underwent the following procedure: (i) a preliminary indentation to precondition the AC tissue,
(i) three indentations, each performed after a resting period of 40 min, (iii) resting for 22 h at a
temperature of 22 + 2 °C, to ensure that diffusion equilibrium had been reached [83] while keeping
the sample mounted on the testing machine to ensure that the indentation test is performed in the
same position, after replacing the PBS solution with 0.5 mL of CA4+ (CE group) or fresh PBS
solution (Control group), (iv) an additional preliminary indentation, (v) three indentations, each
performed after a resting period of 40 min (see Figure S1 in the Supplementary Materials Section).
This two-groups experimental design was necessary to distinguish the effect of CA4+ from any
modifications in the mechanical response of the AC due to tissue alterations over time. The entire
process for each subgroup of six OC cores took 30 h, during which the OC cores were kept at room
temperature [340].

The indentation test involved applying a 6 mm spherical indenter perpendicular to the articular
surface of the OC core (see Figure S2 in the Supplementary Materials Section) at deformation rate of
0.15 s—1, i.e., 15%/s. To ensure consistent preloading at the start of the indentation test, the initial

contact between the indenter and AC was defined using a load-based criterion, i.e., when the load
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reached 70 mN. The test was conducted to achieve a maximum nominal deformation equal to 15%
of AC thickness at the centre of the OC core [341]. The nominal deformation was maintained for 300
s [342] to monitor the stress response over time (relaxation test). A pilot study had previously been
carried out to verify that this duration would result in a negligible load relaxation rate (<0.01 N/s) by
the end of the period. The above reported protocol was used for both the preliminary indentation and
the three indentations employed to determine the mechanical properties of AC (see Figure S1 in the
Supplementary Materials Section). The instantaneous response of AC was evaluated in terms of
maximum reaction load (So) reached during indentation, and instantaneous elastic modulus (Eo). So
was measured experimentally by the multiple-axis load cell (accuracy 1% within the measurement
range). Eo was calculated by fitting the load-displacement indentation curve to the Hayes model [343],
by setting the Poisson’s ratio to 0.45 [344]. The viscous behavior of the AC was evaluated in terms
of load decay, starting from the beginning of the test, and speed at which the equilibrium was reached.
This behavior was quantified by the time constant (1) and the stretching parameter (B) of a stretched
exponential function [345] used to fit the load—time relaxation curve (see Appendix A). Such a
function was implemented by minimizing the root mean square error through a custom-made
MATLAB script. The fluid flow-independent property of AC, i.e., when all fluid flow has ceased,
was evaluated in term of equilibrium modulus (Eeq). Eeq was calculated using the Hayes equation,
based on the load measured experimentally by the load cell at equilibrium, i.e., 300 s after the start
of the indentation test, and considering the involved geometries [342]. In calculating Eeq of AC, a
Poisson’s ratio of 0.3 was assumed [346,347]. All the values of the five parameters (So, Eo, T, B, Eeq)
were normalised to the value measured in the first indentation test to determine the percentage change

between subsequent indentation tests.

3.1.24. Statistical analysis

Differences in AC thickness between the CE and Control groups were assessed using the Wilcoxon
signed-rank test.

Differences in So, Eo, 1, B, or Eeq values measured during the first indentation between the CE and
Control groups were also evaluated with the Wilcoxon signed-rank test.

Any upward or downward trend in So, Eo, T, B, or Eeq values measured during the first three
indentations, i.e., before 22 h of immersion in solution, or the second three indentations, i.e., after 22
h of immersion in solution, were assessed using the Friedman test.

The effect of 22 h immersion in solution on the mechanical behavior of the AC within each group
was investigated by applying the Mann-Whitney signed-rank test to the normalised values of So, Eo,

T, B, or Eeq, i.€., the changes in the values of the five parameters between the two series expressed as
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per cent of the initial value (percentage change). Finally, the effect of the CA4+ solution was analyzed
by applying the Mann-Whitney test to compare the percentage changes between the CE and Control

groups.

3.1.3.Results

The AC thickness values of OC cores for the CE group and Control group were in the range of 0.8—
3.1 mm and 0.8-3.0 mm, respectively. No significant difference was found between the two groups
(CE group median thickness 1.5 mm, Control group median thickness 1.4 mm, Wilcoxon signed-rank
test: p = 0.82). By considering a sphere-plane Hertzian contact, the contact radius (a) was calculated
to be in the range of 0.8-1.6 mm. Since the AC area affected by indentation extends to less than 3a
[341]—which in our series was always smaller than the OC core radius—boundary effects were
unlikely to influence the AC tissue response to indentation.

A total of 432 indentation tests were performed, neglecting the preconditioning procedure of AC
tissue. The indentation procedure on the untreated AC tissue appeared to be repeatable, as evidenced

by the coefficient of variation calculated for the five mechanical parameters (Table 3.1).

Table 3.1. Distribution of the coefficient of variation for the five mechanical parameters across the first three indentation
tests (untreated AC tissue).

~ CE Group Control Group

Percentile

So Eo B Eeq So Eo 1 B Eeq
5t 03 06 04 01 05 06 04 02 01 05
25t 07 13 08 03 10 09 10 08 03 13
50t 13 16 13 05 21 16 19 14 04 22
750 29 31 28 07 35 19 28 26 07 32
95t 64 80 54 13 85 33 41 80 15 4.2

The mechanical response of the AC tissue of the 72 OC cores measured during the first indentation
differed by up to an order of magnitude. The range of variability, including the minimum and
maximum values, of the computed mechanical parameters are reported in the following: Se: 0.7-9.9
N; Eo: 0.6-28.9 MPa; t: 1.0-15.4 s; B: 0.326—0.657; Eeq: 0.1-1.2 MPa. No difference was found
between the two groups in the So (Wilcoxon signed-rank test: p = 0.24), Eo (Wilcoxon signed-rank
test: p = 0.73), t (Wilcoxon signed-rank test: p=0.27), B (Wilcoxon signed-rank test: p = 0.85), and

Eeq (Wilcoxon signed-rank test: p = 0.08) values measured during the first indentation.
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No significant trends over test repetitions were found in the first three or the second three indentations
in both the CE and Control group for all calculated parameters, except Eeq: Eeq Values showed a small,
but systematic, downward trend in both the first three and the second three indentations regardless of
the group (Friedman test: p < 0.001 in all four cases). The downward trend was similar for the two
groups in the first three repetition (median reduction between the first and the third indentations about
3%), as was the reduction observed in the CE group in the second three indentations (median
reduction between the fourth and the sixth indentations about 3%) The reduction observed in the
Control group in the second three indentations was a few percentage points greater (median reduction
between the fourth and sixth indentation about 8%). To exclude the effect of such a downward trend,
the effect of CA4+ on Eeq was calculated as the differences between the medians of the 36 values of
the third and fourth indentation sets. Normalised parameter trends across tests are shown in Figures
3.1-3.3.
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Figure 3.1. The median (markers), 75th percentile (upper edge of error bars), and 25th percentile (lower edge of error
bars) of the percentage changes in So (a) and Eo values (b) before (1st, 2nd, and 3rd indentation test) and after (4th, 5th,
and 6th indentation test) 22 hours of immersion in solution are shown (grey markers: CE group; white markers: Control
group). The values shown in the figure were calculated as the differences between the medians of the 108 values measured
in the first three and the 108 values measured in the second set of indentation tests. Reproduced under the terms of the
CC BY 4.0 license. © 2025 Berni et al.
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Figure 3.2. The median (markers), 75th percentile (upper edge of error bars), and 25th percentile (lower edge of error
bars) of the percentage changes in t (a) and  values (b) before (1st, 2nd, and 3rd indentation test) and after (4th, 5th, and
6th indentation test) 22 h of immersion in solution are shown (grey markers: CE group; white markers: Control group).
The values shown in the figure were calculated as the differences between the medians of the 108 values measured in the
first three and the 108 values measured in the second set of indentation tests. Reproduced under the terms of the CC BY
4.0 license. © 2025 Berni et al.
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Figure 3.3. The median (markers), 75th percentile (upper edge of error bars), and 25th percentile (lower edge of error
bars) of the percentage changes in Eeq values before (1st, 2nd, and 3rd in-dentation test) and after (4th, 5th, and 6th
indentation test) 22 h of immersion in solution are shown (grey markers: CE group; white markers: Control group). The
values shown in the figure were calculated as the differences between the medians of the 36 values measured in the third
and the 36 values measured in the fourth set of indentation tests to exclude the effect of the downward trend. Reproduced
under the terms of the CC BY 4.0 license. © 2025 Berni et al.

The 22 himmersion of AC in the CA4+ solution had the following significant effects (Mann—Whitney

signed-rank test: p < 0.001 in all five cases): 31.3% reduction in So, 29.5% reduction in Eo, 13.1%

reduction in 1, 1.8% increase in B, 59.0% reduction in Eeq, with the latter calculated as the difference

between the medians of the 3rd and 4th indentation tests.

On the other hand, keeping the AC immersed in the PBS solution had the following significant effects

(Mann—Whitney signed-rank test: p < 0.001 in all five cases): 6.9% reduction in Sg, 3.5% reduction
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in Eo, 16.0% reduction in t, 1.3% reduction in B, 21.2% reduction in Eeq, With the latter calculated as
the difference between the medians of the 3rd and 4th indentation tests.

When comparing the percentage changes between the two groups, immersion in CA4+ solution led
to the following significant differences relative to immersion in PBS solution: a 24.4% reduction in
So (Mann—Whitney: p <0.001), a 26.0% reduction in Eo (Mann—Whitney: p <0.001), 37.8% reduction
in and Eeq (Mann—Whitney: p < 0.001), and a 3.1% increase in 3 (Mann—Whitney: p < 0.001). No
significant difference was found in the t values between the two groups (Mann—Whitney: p = 0.76).
Figure 3.4 is representative of the response measured on matched paired OC cores after 22 h of

immersion in CA4+ or PBS solution.
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Figure 3.4. Load trends measured on matched paired OC cores (grey line: OC core immersed in CA4+ solution; white
line: OC core immersed in PBS solution) during the 4th indentation are shown as a function of indentation depth, up to
15% of AC thickness (a), and as a function of time (b). The peak load is reached in 1 s. In both graphs, the load values
have been normalised to the maximum load measured on the same OC core during the 1st indentation (note: if there were
no alterations in the mechanical response of the AC, the peak load should have reached 100%). Reproduced under the
terms of the CC BY 4.0 license. © 2025 Berni et al.

3.1.4.Discussion

The aim of the present study was to investigate possible alterations in the AC mechanical response
related to the use of a cationic iodine-based contrast agent CA4+.

The design of this study attempted to account for the altered mechanical response of the AC resulting
from simply managing the tissue. Indeed, immersion in PBS solution, maintained at a temperature of
22 + 2 °C, for 22 h, alters the AC tissue response, though to a lesser extent than immersion in CA4+
solution. This result deserves a brief discussion before addressing the effect of CA4+ on the tissue. It
has been found that immersion of AC in PBS solution, maintained at a temperature of 4 °C, for 6 days

does not significantly alter the mechanical behavior of the tissue, while a significant effect has been
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found after 12 days [348]. It is also known that increasing the temperature of the solution increases
the degradation rate [349]. Therefore, it is reasonable to assume that the temperature of 22 °C used
in this study accelerated the process reported by Changor et al [348]. On the other hand, it must also
be considered that the sample size of this study, along with the statistical analysis method—which
tracks variations in each specimen—allows for the detection of statistically significant, even small
percentage changes, even if of small entities. This is supported by the Eeq variation found in all 72
OC cores across the first three repetitions (Figure 3.3), which show a small but systematic decrease
in Eeq. In any case, the design of this study includes the control group with the aim of isolating the
effect of the CA4+ on the mechanical properties of AC.

The comparison between the data acquired from the two groups suggest that the exposure to CA4+
alters both the instantaneous and equilibrium response of AC to a localised compression (i.e.,
indentation). As both the responses do not imply any fluid flow, it can be inferred that the altered
response is due to a modification in the ECM tridimensional arrangement and, thus, a reaction to an
external impulse. PGs located within the ECM confer FCD to its structure. When the AC is immersed
in saline solution, FCD determines the Donnan osmotic pressure, AC swelling, and, ultimately, the
collagen framework pretension [314]. The key role of FCD in the compressive behavior of AC is
therefore heavily influenced by both the concentration and type (i.e., valence) of dissolved cations
[350]. Indeed, it has been demonstrated that AC immersed in a physiological concentration solution
in which monovalent ions (Na+) were replaced by divalent ions (Ca?*) leads to a compaction of the
PG layers as well as bridging between the opposing PG layers [314]. The compaction of the adjacent
PG layers, and the subsequent softening of AC, is expected to be further increased after AC immersion
in a solution with a higher ion concentration also containing quadrivalent cations [351]. This is the
case of the interaction between the positively charged molecules of CA4+ and negatively charged
PGs. As a result, the PG molecules crimp, decreasing their spatial extension and, thus, the pretension
applied to collagen bundles. The direct consequence of such a phenomenon could be associated with
a decrease in the fluid-independent mechanical response of AC, i.e., the instantaneous and
equilibrium response [352]. The osmolality of the solution is also a contributing factor to the softening
mechanism. Indeed, it has been demonstrated that the immersion of bovine AC in a hyperosmolar
solution of anionic CA induces an overall softening of the tissue. Such an effect was attributed to a
decrease in pressure between the tissue and the CA bath, along with diminished repulsive forces
exerted by PGs. Furthermore, the immersion in this hypertonic CA solution determined a net water
flow exiting the tissue. Overall, the tension among collagen fibres decreased, resulting in a reduced
fluid pressure under loading [312]. Although in the present study, the difference in osmolality

between the CA4+ solution and PBS (100 mOsm/kg) is smaller if compared to the aforementioned
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study (300 mOsm/kg), the described softening mechanism may have played a reduced, but still
present, role.

On the other hand, the exposure to CA4+ seems to have a minimal effect on the viscous properties of
AC tissue. Indeed, small variations—a slight increase in the value of the stretch parameter p—were
observed in the shape of the decay, specifically the final phase of the relaxation when the pressure
gradients within AC are reduced. It is worth noting that all other parameters—therefore, So and —
being equal, a slight increase in the stretch parameter 3 results in a slightly steeper knee of the curve,
leading to a shorter time to reach the horizontal asymptote (see Appendix A). However, not significant
variations were observed in the initial transient, i.e., in the fast initial decrease in the curve of Figure
3.4b, perhaps due to the large scatter of this response. On the other hand, the initial transient depends
on the pressure impulse produced by the indentation. As CA4+-treated AC exhibits smaller values of
instantaneous modulus, and therefore lower pressure impulse, it cannot be excluded a priori that under
similar pressure gradients, the initial transient might provide different results. Otherwise, the
following can also be hypothesised (i) the distorted ECM, due to the exposure to CA4+, was less
effective at counteracting the fluid flow through the AC layers than the undistorted ECM and/or (ii)
the amount of fluid that must flow is reduced due to the immersion in a hypertonic CA4+ solution,
which determined the aforementioned net water flow exiting the tissue. Whatever the cause, it seems
to be a minor effect compared to the effect on the instantaneous and equilibrium response.

This study has some limitations. First, OC cores were extracted from bovine stifle joints. This choice
was driven by the wide sample size of the paired OC cores—including intact AC—that needed to be
collected in a reasonable timeframe. Opting for OC cores from human knees would have made it
impossible to comply with the project timeline. Nevertheless, bovine AC presents similar viscoelastic
trends to those of human AC [353]. Therefore, the findings retrieved by the present study can be
extrapolated to human OC cores. Second, the AC of the OC cores exhibited highly variable
mechanical behavior, despite the preliminary optimised indentation testing protocol. The high
variability in the mechanical response has already been reported for AC [353-357] and was expected,
given the criterion used for OC core extraction. However, by pairing OC cores, it was possible to
obtain two groups with comparable mechanical properties. In addition, by using each OC core as its
own reference, it was possible to calculate the relative variation in percentage points of the computed
parameters, thus equalizing all OC cores regardless of the absolute mechanical response of their AC
[341]. Third, all OC cores underwent two freeze—thaw cycles. Previous studies have suggested that
freeze—thaw cycles may affect the mechanical properties of AC [358,359]. The design of this study
involved the paired OC cores of the Control and CE group undergoing the same procedure. Thus, any

effects of freeze—thaw cycles on the tissue mechanical properties should be equally reflected in both
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groups. Fourth, indentation tests were performed at a deformation rate of 0.15 s—1, i.e., 15%/s. Given
that the AC thickness ranged from 0.8 to 3.1 mm, the corresponding indenter speed required to
achieve this deformation rate was between 0.120 and 0.465 mm/s. To simulate impact loading
conditions, these values should be increased by two orders of magnitude [360]. However, it has been
demonstrated that the indenter speeds within the range used in this study ensure interstitial fluid
support [361], therefore are appropriate for evaluating the AC instantaneous response. Additionally,
the set deformation level of 15% is just one of the possible values that may occur in vivo.
Nevertheless, this value is representative of the AC deformation under full body weight [362,363]
and therefore is suitable for, and already adopted in, comparative biomechanical testing of the knee
AC [364]. Fifth, possible effects due to differences in the osmolality of the CA4+ solution were not
investigated. The investigation of modifications in osmolality would have introduced an additional
source of variability, making unfeasible the study of all the possible combinations. However, the
osmolality of the CA4+ solution used in the present study fell within the range reported in the
literature and was selected due to the efficacy of such a formulation in enhancing the radiopacity of
AC [116,338].

Despite these limitations, the acquired data enabled the evaluation, through comparison, of the effect
of the exposure to CA4+ on the response of AC to indentation, highlighting significant alterations in

both the instantaneous and equilibrium responses.

3.1.5.Conclusions

The exposure of AC to a CA4+ solution with an osmolarity of 419 mOsm/kg significantly alters both
the instantaneous and equilibrium responses of AC to indentation. The effect appears to be a softening
of the AC tissue, likely due to the interaction between the three-dimensional distribution of positive
charges within CA4+ and the PGs in the ECM, which may alter the PG—PG interaction contributing
to AC compressive behavior. Whether this hypothesised mechanism damages AC, or whether the

effects of CA4+ exposure are reversible through articular lavage, remains to be demonstrated.

3.1.6.Supplementary Materials

The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/mal8132943/s1, Figure S1. flow chart showing the

experimental design of this study. Figure S2: schematic of the indentation test. Annex S1: dataset of
So values normalized to the value measured in the first indentation; Annex S2: dataset of Eg values

normalized to the value measured in the first indentation; Annex S3: dataset of T values normalized
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to the value measured in the first indentation; Annex S4: dataset of  values normalized to the value
measured in the first indentation; Annex S5: dataset of Eeq values normalized to the value measured

in the first indentation.

Appendix A

The stretched exponential model [66] is described by the function:
S(t) = (So — Seq) & VPP + Seq
where
S(t) is the load value at time t;
So is the maximum load value reached at the end of the indentation test;
T 1S the time constant;
B is the stretching parameter (0 < § <1);
Seq is the equilibrium load value reached at the end of the relaxation.
The load cell of the testing machine measured the load value SO at the end of the indentation test,
which was the initial load from which load relaxation began. It also recorded the load S(t) at a given
time t and the equilibrium load Seq at the end of the relaxation test. The two parameters T and 3 were
determined using a non-linear least-squares fitting routine.
Figure A1 shows the effect of variations in the time constant t. A reduction in 7t results in a larger

value of 1/t and, consequently, a faster drop in S(t) at the beginning of the relaxation test.
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Figure Al. The effect of varying the time constant t is shown by comparing t= 6 s (black curve) and T =3 s (grey curve),
while keeping all other parameters of the stretched exponential function unchanged (So =5 N; B = 0.5; Seq = 0 N). Note:
The 50% reduction in the time constant was made for illustrative purposes only, to make the effect of the variation visible
in the graph. Seq was set to zero to better highlight how the final part of the curve tends toward a horizontal asymptote.
Reproduced under the terms of the CC BY 4.0 license. © 2025 Berni et al.
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Figure A2 shows the effect of variations in the stretching parameter . A reduction in 3 causes the
curve to stretch more, thereby modifying the rate of decay, making it more gradual after the initial

rapid drop.

0 50 100 150 200 250 300
Time (s)

Figure A2. The effect of varying the stretching parameter 3 is shown by comparing § = 0.5 (black curve) and = 0.4
(grey curve), while keeping all other parameters of the stretched exponential function unchanged (So=5N; t=6's; Seq =
0 N). Note: The 20% reduction in the stretching parameter was made for illustrative purposes only, to make the effect of
the variation visible in the graph. Seq was set to zero to better highlight how the final part of the curve tends toward a
horizontal asymptote. Reproduced under the terms of the CC BY 4.0 license. © 2025 Berni et al.
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Section 2

Reversibility of effects of CA4+ on mechanical properties
of articular cartilage: preliminary results
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Abstract

Articular cartilage is a specialised soft tissue essential for the smooth operation of synovial joints. Its
mechanical performance—shock absorption, load distribution to subchondral bone, and low-friction
lubrication—arises from the coordinated interaction of its structural components. The hierarchical
organisation of collagen mesh and PGs, combined with the reconfiguration of the interstitial fluid,
enables resistance to both compressive and tensile stresses. Degenerative alterations, such as those
occurring in osteoarthritis, impair these mechanisms and compromise the mechanical integrity of the
tissue.

Although conventional X-ray imaging techniques offer limited intrinsic sensitivity to soft tissues, their
high spatial resolution remains crucial for resolving the internal architecture of tissues such as AC.
Within advanced X-ray modalities, contrast-enhanced protocols can be readily implemented on
commercial micro-CT systems. The use of CAs enables quantitative assessment of specific tissue
components. For AC, cationic CAs—particularly CA4+—are preferred due to their electrostatic affinity
for proteoglycans. Despite its proven efficacy in visualising both healthy and degenerated AC, CA4+
has been shown to alter the mechanical response of the tissue. This makes the CA4+ radiopaque AC
unsuitable for rheological applications. Nevertheless, CA4+ remains a valuable probe for preclinical
studies, such as in-vivo animal models. However, its resorption and the reversibility of its mechanical
effects on AC have not been investigated yet. The present study aims to assess the reversibility of CA4+-
induced effects. Secondly, the washout time (required for total resorption of CA4+ from AC) was
assessed.

The indentation-based experimental protocol, illustrated in Section 1 of Chapter 3, included an
additional washout step and a final indentation test cycle. Such pipeline was applied to paired AC
samples before and after 22 h immersion in either CA4+ or PBS to compare their instantaneous, viscous,
and equilibrium mechanical responses.

The washout time, estimated as equal to 19 hours, confirmed the effective resorption of CA4+ from
AC. Indentation tests performed on small sample size groups revealed no significant differences in all
mechanical parameters between the treated and control groups. While these results must be considered
preliminary, the current findings suggest that the effects on the mechanical behaviour of AC are largely,

if not entirely, reversible.
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3.2.1.Introduction

Acrticular cartilage is a heterogeneous soft tissue, whose unique mechanical properties result from the
interaction of its components. Collagen and PGs build up the ECM, i.e., the solid phase of the tissue
[325]. The interstitial fluid, mainly composed of water and solutes, constitutes the fluid phase [326].
Owing to the packed, intertwined arrangement of collagen bundles and PGs, AC optimally responds
to both compressive and tensile stimuli [324]. The FCD, associated with the net negative charge of
GAGs, is mainly responsible for generating Donnan osmotic pressure and the pre-tensioning of the
matrix, following the osmotic balance between water content and solute concentration [332]. The
interstitial fluid, contained within the matrix, plays a crucial role in the tissue's response to mechanical
loading. Under compressive stress, the fluid is forced through the matrix, creating interstitial pressure
that resists deformation. This hydrodynamic resistance is critical during the initial stages of
compression, with the fluid contributing to the energy dissipation due to its viscosity [365]. On the
other hand, the interstitial fluid contributes to tensile resistance to a lesser extent, mainly by helping
to dissipate energy and reduce deformation, with the solid matrix playing a dominant role in resisting
tensile stresses [330]. The interaction between the interstitial fluid and the solid matrix ensures that
AC efficiently handles both compressive and tensile forces, maintaining its structural integrity and
function.

The way such a complex structure responds to the sudden application of a localised pressure on the
articular surface can be separated into two main components, namely an instantaneous, flow-
independent reaction and a flow-dependent viscoelastic response [325].

Following the rapid deformation of AC in a localised region, the immediate response includes the
tensioning of the collagen network in the superficial layer [327], the reorientation of collagen fibres
in the deeper layers [328], which accounts for the solid fibrillar component, and an increase in the
repulsive forces between GAGs [326]. The FCD of the GAGs contributes to the osmotic pressure,
which is crucial for withstanding further stresses transmitted through the collagen network [332].
Concomitantly, the fluid pressure within the matrix increases [329,330].

The mechanical competence of AC declines with the onset of tissue degeneration. Hallmarks of its
alterations (i.e., PG loss, fibrillation of collagen bundles, increased water content) progressively
disrupt the synovial environment and impact on the whole osteochondral unit [366]. Severe
complications derived from advanced stages of joint degenerative diseases such as osteoarthritis,
leading to the jeopardised functionality of the tissue, with significant impact on individuals’ daily
routine [333].

Early detection of such alterations could prevent the irreversible disruption of AC. Diagnostic tools

such as X-ray imaging ensure satisfactory spatial resolution in reasonable acquisition times.
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Nevertheless, approaches alternative to conventional absorption are demanded to circumvent the
radio-transparency of AC to X-rays.

Straightforward implementations to commercial X-ray scanners are offered using CAs. They are
radiopaque substances whose interaction with one or more components of the target tissues enhance
its overall X-ray visibility. In particular, the net molecular charge determines the interaction with the
tissue, and in turn the imaging outcome. Existing literature reports potential use of anionic clinical
CA:s, as they distribute in the ECM in an inverse fashion with the PGs distribution. Nevertheless, this
class of CAs requires significant concentration to compensate for the electrostatic repulsion.
Experimental cationic CAs have been recently designed to be electrostatically attracted by PGs.
Among their main advantages, cationic CAs require less concentrations, and distribute according to
the PGs depth-dependent arrangement [116,128]. Previous works highlighted the positive outcome
related to the use of CA4+, considering in-vitro, ex-vivo and in-vivo studies
[101,116,128,147,165,167,169,180].

Despite the promising results in terms of safety and cytotoxicity of CA4+ [116], no clue on its
potential impact on AC has been retrieved yet. Literature provides few evidence pointing out the
potential alteration of AC mechanical response due to the use of hyperosmolar CA solution [312] .
Recently, a study evaluating the impact of CA4+ in iso-osmolar conditions highlighted an overall
softening of bovine AC [367]. Apart from these findings, no information has been provided yet about
a possible reversal of the alteration induced by CAs exposure to the AC mechanical response.

The aim of this study was to investigate the potential reversibility of such effects, by focusing on the
mechanical response of bovine AC. The latter was assessed via indentation tests. Elastic, viscous and
equilibrium behaviour of the tissue was studied before and after the CA4+ exposure. Subsequently,
samples were immersed in PBS bath to achieve the complete washout of CA4+. To this end, the
washout time (i.e., the time required for AC to clear out CA4+) was also estimated. Similarly to the
previous study of Berni et al., the protocol included parallel testing on control samples, to single out

potential spurious phenomena affecting the native condition of AC.

3.2.2.Materials and Methods

3.2.2.1. Preparation of contrast agent solution

CA4+ (5,50-[Malonylbis(azanediyl)]bis[N1,N3-bis(2-aminoethyl)-2,4,6-triiodoisophthalamide]
chloride) is the cationic probe used in this study. Among the molecule properties (molecular weight
mw = 1354 g/mol, iodine fraction per molecule f = 0.5084), net positive charge q = +4 is responsible

for the electrostatic attraction of CA4+ to PGs.

78



CA4+ solution was prepared by dissolving salts (synthetised according to the work of Stewart et al.
[116] in PBS solution (7.4 pH, Life Technologies Europe B.V., Bleiswijk, The Netherlands), to obtain
a concentration of 10 mgl/mL. Further adding of NaOH led to the desired pH value of 7.4, and an
osmolality of 419 mOsm/kg (osmometer TypM 10/25 uL, accuracy 1 mOsm/kg, Léser Messtechnik,

Berlin, Germany).

3.2.2.2. Extraction of osteochondral tissue samples

Osteoarticular specimens were collected from bovine stifle joints, at a local abattoir within 24 hours
from slaughter. Parallelepiped shaped samples were harvested from both femur and tibia, to address
the heterogeneous thickness of AC. Following their collection, samples were stored at T = —20 °C,
wrapped in gauzes soaked in PBS solution, until the excision of osteochondral (OC) cores. Following
the thawing process, OC cores (10-mm diameter and 10-mm height) were obtained with the aid of a
computer numerically controlled milling machine (ProLight 2000, Light Machines Corporation,
Manchester, NH, USA) mounting a diamond-coated coring tool. Extraction of cylindrical OC cores
was performed by keeping the parallelepiped shaped samples fully immersed in PBS solution at room
temperature. Site of extraction was chosen to obtain AC surface as flat as possible. The design of the
experiment foresaw pairs of OC cores, each destining one to the CA4+ exposure (CE group) and the
remaining to the PBS bath (Control group). Cylindrical OC cores underwent second freezing cycle,
following the same freezing storage conditions.

3.2.2.3. Washout time

The washout time was assessed first, to establish the most suitable resorption time for the following
investigation of reversal. A set of N=10 cylindrical OC cores was immersed in CA4+ solution for 22
hours. Afterwards, they were acquired via X-ray microCT system (SkyScan 1072, SkyScan,
Aartselaar, Belgium). Volumetric reconstructions were retrieved from datasets collected with the
following imaging protocol: X-ray tube voltage = 50 kV, current = 197 pA, 1-cm Al filter, pixel size
=11.5 um, exposure time per frame = 5.9 s, angular step = 0.9°, angle range = 180°. The final pixel
size corresponded to 11.5 pum. The resulting microCT reconstruction was considered as the reference
volume for the following post-processing analysis. From it, the AC volume was semi-automatically
segmented, to yield a volumetric mask able to single out AC tissue from subsequent microCT scans.
Specimens were then immersed in a mechanically agitated bath of 100 ml of PBS, and microCT scans
were performed at several times (namely, 2 h, 4 h, 6 h, 22 h, 24 h, 26 h, 28 h). For each sample,
volumetric reconstructions at progressive washout time points underwent rigid volume registration to
the reference volume, taking advantage of the underlying trabecular bone. Following the
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segmentation of AC volumes, the radiopacity (i.e., CT numbers) was assessed at each washout time
point.
According to the diffusion of solutes in a membrane, the washout process was modelled as the Fick’s

second law:

_t
c = cpe w

Provided that c is the final concentration of solute, co the initial concentration of solute and tw the
characteristic time.

In this framework, the washout time was defined as the time required to achieve after washout a
decrease in the AC radiopacity of 99% of the value, resulting from the acquisition immediately after
the 22 hours exposure to CA4+:

tw = 51,

3.2.2.4. Indentation protocol

The experiment followed a modified version of the protocol illustrated in Subsection 3.1.2.3. At time
of writing, a total of N=42 samples were included in the experimental protocol, subdivided into CE
(N=21) and Control (N=21) group. This two-groups experimental design was necessary as samples
exposed to CA4+ undergo modifications in the mechanical response of the AC due to tissue
alterations over time, and therefore could not be treated in the same manner as the Control group.
Subgroups of up to six osteochondral cores were thawed in PBS solution at T = 4 °C overnight. Steps
of assessment of AC thickness and indentation test followed the experimental conditions already
illustrated in Subsection 3.1.2.3. Following the estimation of AC thickness, the specimens were
collocated in a custom-made polyacetal sample-holder, mounted on the testing machine (Mach-1
V500css, Biomomentum Inc., Laval, QC, Canada) and underwent the first indentation session,
consisting of a preliminary preconditioning indentation and three indentations, each performed after
a resting period of 40 min. Thus, the PBS solution was replaced with 0.5 mL of CA4+ (CE group) or
fresh PBS solution (Control group). Diffusion of the target solution was left for 22 h at a temperature
of 22 £ 2 °C [83]. Thus, the PBS solution was replaced with 0.5 mL of CA4+ (CE group) or fresh
PBS solution (Control group).
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Figure 3.5. Scheme of the indentation protocol. After their collection, samples were subdivided into treated (i.e., samples
undergoing contrast enhancement) and control (i.e., samples exposed to PBS only). Regardless of the group,
osteochondral samples underwent a preliminary cycle of indentation tests. After a 22 h-bath in the respective solution
baths, followed the 22-h washout in PBS. Eventually, samples from both groups were tested via indentation, following

the same protocol performed preliminarily.

81



Afterwards, the polyacetal sample-holder carrying the specimens was immersed in dynamical bath
for 22 hours at room temperature, in a volume of 380 ml of PBS, placed on a laboratory stirrer. In the
end, a second cycle of indentation test, again consisting of one pre-conditioning and three
indentations, was performed, with specifications identical to the first mechanical test session. For
each subgroup of N=6 osteochondral cores, the experimental protocol lasted 50 hours. The
indentation protocol is schematised in Figure 3.5.

The mechanical properties of AC were extrapolated from the indentations performed during the first
and second test sessions. The instantaneous mechanical response of AC was assessed by analysing
the peak reaction load (So) recorded during indentation and the instantaneous elastic modulus (Eo).
The value of So was obtained experimentally using a multi-axis load cell with an accuracy of 1%
within its operational range. Eo was determined by fitting the indentation load—displacement data to
the Hayes analytical model [343], assuming a Poisson’s ratio of 0.45 [344].

To characterise the viscoelastic properties of AC, load relaxation behaviour was evaluated in terms
of the initial load decay and the time required to reach equilibrium. This behaviour was quantified by
fitting the load—time relaxation curve with a stretched exponential function [345], from which the
time constant (t) and the stretch parameter () were extracted. Curve fitting was carried out by
minimising the root mean square error using a custom MATLAB script.

The fluid flow-independent mechanical response—after complete fluid exudation—was
characterised by the equilibrium modulus (Eeq). Eeq Was computed via the Hayes model, using the
equilibrium load measured at 300 seconds from the start of the indentation test and accounting for the
geometry of the setup [342]. For this calculation, a Poisson’s ratio of 0.3 was used [346,347].

All five parameters (So, Eo, 1, B, Eeq) were normalised to the values obtained in the initial indentation
test to express the relative changes observed in subsequent tests.

3.2.2.5. Statistical analysis

The relationship between the characteristic time tw and AC features was deepened. Monotonic trends
with AC thickness and radiopacity were investigated with Spearman p.

To assess differences in AC thickness between the CE and Control groups, the Wilcoxon signed-rank
test was used. Similarly, differences in the values of So, Eo, T, B, or Eeq measured during the first
indentation were evaluated between the two groups using the Wilcoxon signed-rank test. Trends in
So, Eo, 7, B, or Eeq Values observed during the first three indentations (before 22 hours of immersion
in solution) or the subsequent three indentations (after 22 hours of immersion) were examined using
the Friedman test. The impact of 22-hour immersion on the mechanical properties of the AC within
each group was analysed by applying the Mann—Whitney signed-rank test to the normalised values
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of So, Eo, 1, B, or Eeq, Where the percentage change in these parameters between the two series was
calculated relative to their initial values. Finally, the effect of the CA4+ solution on these parameters
was assessed by applying the Mann—Whitney test to compare the percentage changes between the CE
and Control groups.

3.2.3.Results
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Figure 3.6. Fit of experimental data to Fick’s law, modelling the resorption of CA4+ from AC.

Characteristic time t was estimated from fitting of resorption from single samples to Fick’s law
(Figure 3.6), showcasing thickness in range 0.4-1.4 mm. A median value of tw resulted 3.85 hours
(provided with 25" and 75" percentile value of 2.62 hours and 9.26 hours, respectively). The washout
time resulted in 19.3 hours. Upon the investigation of possible relations to AC features, median values
Tw shown monotonic increasing trend as a function of AC thickness (Spearman p = 0.91, p <0.001).
On the contrary, a monotonic decreasing trend was observed to CT numbers (Spearman p = -0.83, p
<0.01).

The AC thickness values of OC cores for the CE group and Control group were in the range of 1.1—
2.9 mm and 0.8-3.0 mm, respectively. No significant difference was found between the two groups
(CE group median thickness 1.7 mm, Control group median thickness 1.6 mm, Wilcoxon signed-rank
test: p = 0.54).

A total of 126 indentation tests were performed, neglecting the preconditioning procedure of AC
tissue. The indentation procedure on the untreated AC tissue appeared to be repeatable, as evidenced

by the coefficient of variation calculated for the five mechanical parameters (Table 3.2).
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Table 3.2. Distribution of the coefficient of variation for the five mechanical parameters — Sp peak reaction load, Eg
instantaneous elastic modulus, t time constant, p stretch parameter, Eeq equilibrium modulus — across the first three
indentation tests (untreated AC tissue).

) CE Group Control Group

Percentile

So Eo T B Eeq So Eo T B Eeq
5th 0.68 0.68 225 037 010 0.89 093 1.86 0.38 0.07
25 147 152 386 039 017 162 134 330 040 0.22
50t 223 3.01 468 041 028 248 394 510 041 0.27
75t 299 474 6.62 041 036 348 6.65 6.87 043 0.35
o5t 7.30 1567 9.78 050 045 557 1259 8.63 0.52 0.52

The mechanical response of the AC tissue of the 21 OC cores measured during the first indentation
differed by up to two orders of magnitude. The range of variability, including the minimum and
maximum values, of the computed mechanical parameters are reported in the following: Se: 0.6-11.8
N; Eo: 0.4-24.1 MPa; t: 1.4-10.7 s; B: 0.35-0.58; Eeq: 0.05-0.67 MPa. No difference was found
between the two groups in the So (Wilcoxon signed-rank test: p = 0.50), Eo (Wilcoxon signed-rank
test: p = 0.47), t (Wilcoxon signed-rank test: p = 0.62), B (Wilcoxon signed-rank test: p = 0.56), and
Eeq (Wilcoxon signed-rank test: p = 0.82) values measured during the first indentation.

Significant trends over test repetitions were found in the first three or the second three indentations
in both the CE and Control group for all calculated parameters. In particular S in the second three
repetitions of the Control group (Friedman test: p < 0.001), Eo in the second three repetitions of the
CE group (Friedman test: p <0.001), t in the second three repetitions of both groups (Friedman test:
p <0.001 for both groups), B in the first three repetitions of the CE group (Friedman test: p < 0.001
for both groups) and Eeq in the first three repetitions of the Control group (Friedman test: p < 0.001).
Contrasting trends were observed along with significant Friedman test (median variation between the
first and the third indentations up to 15%). To exclude the effect of such contrasting trends, the
reversibility of CA4+ effects on mechanical parameters were calculated as the differences between
the medians of the 21 values of the third and fourth indentation sets. Normalised parameter trends

across tests are shown in Figure 3.7.
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Figure 3.7. The median (markers), 75th percentile (upper edge of error bars), and 25th percentile (lower edge of error
bars) of the percentage changes in So (a) and Eq (b), T (c), B (d) and Eeq (€) values before (1st, 2nd, and 3rd indentation
test) and after (4th, 5th, and 6th indentation test) washout are shown (grey markers: CE group; white markers: Control
group). The values shown in the figure were calculated as the differences between the medians of the 63 values measured
in the first three and the 63 values measured in the second set of indentation tests.

The washout had the following significant effects on CE group (Mann—Whitney signed-rank test: p
<0.001 in all five cases), except for B: 57.1% reduction in So, 46.0% reduction in Eo, 43.1% reduction
in 1, 87.2% reduction in Eeq, all calculated as the difference between the medians of the 3rd and 4th
indentation tests. Similarly, significant effects were highlighted on Control group as well, except for
B (Mann—Whitney signed-rank test: p < 0.001): 29.1% reduction in So, 21.7% reduction in Eo, 55.8%
reduction in 1, 83.9% reduction in Eeq.

When comparing the percentage changes between the two groups, the washout procedure led to the
significant 6.4% reduction in Eeq with respect to the Control group. Contrariwise, the remaining
parameters showed no significant differences between the two groups (So: Mann—Whitney: p = 0.07,

Eo: Mann—Whitney: p = 0.26, 7: Mann—Whitney: p = 0.10, B: Mann—Whitney: p = 0.78).

3.2.4.Discussion

The aim of the study was to explore the potential reversal of alterations observed in AC mechanical

response, caused by its exposure to the cationic iodine-based contrast agent CA4+. The potential
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resorption of CA4+ was also investigated, pointing out the successful removal of CA4+ from AC.
This result supports the reversible nature of the electrostatic attraction exerted from negative FCD of
PGs on CA4+ molecules [160,154,116]. Despite the potential segregation of CA4+ molecules
occurring with such interaction, the concentration imbalance prevails and successfully vehicles the
exogenous substance out of the tissue. Rather than reporting the exact estimation of the washout time,
existing literature limits to mention the removal of CA4+ [133,120,107,89,83]. Nevertheless,
contrasting evidence urged a rigorous investigation of the phenomenon [368].

A few considerations regarding the washout time tw (and consequently the characteristic time tw)
warrant discussion in the light of their significant relationship with specific properties of AC. In this
framework, AC may be conceptualised as a permeable membrane separating two distinct
compartments, characterised by high and negligible concentrations of the target solute CA4+ (i.e.,
AC and PBS, respectively).

In general, phenomena such as diffusion or resorption in such membrane are governed by the
combination of solute properties (hamely, molecular size, charge, and concentration) and structural
features of the tissue itself (namely thickness and zonal organisation).

The faster resorption of CA4+ from more radiopaque AC (namely, tissue with higher PG content)
was observed to occur despite the electrostatic attraction. Other factors, such as molecular size, could
explain such trend. Smaller molecules diffuse more rapidly and penetrate deeper into the ECM. In
particular, studies using fluorescent tracers and radiolabelled molecules showed a size-dependent
decrease in diffusivity, particularly for macromolecules with consistent molecular weight [369,370].
Furthermore, the inverse relation between the diffusion coefficient and the solute molecular weight
confirmed that steric hindrance from the dense ECM limits the mobility of larger molecules [371].
The limited diffusivity of large molecules due to steric hindrance of ECM could be exacerbated by
AC thickness.

The thickness of AC has a direct influence on both the extent and kinetics of solute diffusion and
desorption. In diffusion-controlled systems, the characteristic time for solute transport scales with the
square of tissue thickness. A comparative study between rat and rabbit AC (namely, model presenting
significant differences in AC thickness) showed that the retention half-life of a cationic large
molecule, such as avidin, increased from ~29 hours in thin rat cartilage to ~154 hours in thicker rabbit
AC [372]. Alternative methodologies investigated the contribution of steric hindrance independently
of solute properties. For example, reduced water diffusivity and shortened relaxation times, as
measured by single-sided high-resolution nuclear magnetic resonance, were associated with a denser
ECM in the deep zone of AC [373]. This evidence supports the positive trend relating longer tw with
thicker AC.

86



In the wake of independent methods, the possible retention of CA4+ molecules was analysed in the
context of histological assessment of AC. In this regard, CA4+ was hypothesised to compete in
binding to PGs with Safranin-O, a cationic histological stain used in the standard assessment of PG
content [89]. Cartilage samples subjected to different environmental conditions (i.e., hydrated or fixed
in formalin) underwent CA4+ exposure, PBS bath and subsequent histological analysis. Interestingly,
only the hydrated samples exhibited optimal histological staining. Contrariwise, the poor staining
obtained on fixed samples indirectly pointed out the retention of CA4+ molecules [89]. Therefore,
the environmental conditions (i.e., suspension in PBS or fixation) impacts on the subsequent
assessment of the tissue using alternative methods, such as histology. In this scenario, the concurrent
microCT and histological analysis would require smaller batches of test animals, involving fewer
ethical concerns.

The confirmation of clearance of the CA from the tissue and the recovery of tissue’s pristine
properties evaluations would make the translation viable to in-vivo animal studies. In this sense,
previous studies addressed no adverse effects (i.e., cytotoxicity, renal clearance and inflammation)
on animals in-vivo, following the administration of CA4+ [68,107,116] . Concordance is met with a
previous study, demonstrating the removal of CA4+ from equine AC samples following an overnight
bath in PBS. However, no details on the precise process were provided [107]. Analogously, murine
femurs incubated in CA4+ underwent PBS bath overnight, exposing no differences in radiopacity
before CA4+ incubation and after PBS washout [120]. Desorption procedures of human AC samples
in saline solution allowed the subsequent Safranin-O histological staining as well [133].

Besides evidence suggesting the possible removal of CA4+ from AC, the present study shows little
to no difference in mechanical parameters between CE and Control groups following CA4+ washout.
The study was designed to single out any bias that could not be addressed to the exclusive alteration
of AC mechanical properties due to CA4+. In this regard, providing groups with similar features is
crucial to implement studies aiming to evaluate and compare the effect of different treatments on
biological tissues, i.e., AC. The approach of pairing samples harvested from nearby locations allowed
to provide experimental groups with comparable mechanical response [353-357].

The present study comes along with some limitations. Notwithstanding the complete desorption of
CA4+ from AC, the washout time evaluated might not be compatible with in vivo animal applications.
On the other hand, the washout time was measured under conditions far from the physiological ones.
For instance, thermal body temperature, integral synovial environment and motion protocols could
ideally shorten the washout time.

Long experimental times, associated with the use of no preservation agents (i.e., antifungal,

antibiotics, antiprotease) lead to a progressive deterioration of AC, as highlighted by the Control
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group. This phenomenon adds to the multiple freeze-thaw cycles withstood by OC cores. Despite the
impact of freeze—thaw cycles on the mechanical properties of AC has been proved [358,359], such
an effect should have equally affected both groups investigated by this study.

The limited sample size constitutes one further limitation and underpins the preliminary nature of the
results presented. Increasing the sample size would improve the statistical power and could either
confirm that the small differences between the two groups are statistically significant or show that
the small significant difference found in Eeq values is not actually significant.

Notwithstanding these weaknesses, these preliminary results suggest that even if a residual effect of

CA4+ on AC exists, it is small — only a few percentage points.

3.2.5.Conclusions

The preliminary results presented in this study support the reversible nature of interaction involving
CA4+ molecules and PGs in AC. The experimental study was performed on bovine OC cores
obtained from stifle joints, to demonstrate the resorption of CA4+ from AC and the reversibility of
its effects on tissue mechanical response. The analysis of resorption of CA4+ in time resulted in a
almost complete removal of the molecule from the tissue. Paired samples harvested from adjacent
locations of either tibial plate or femoral condyles were used to ensure comparable baseline
conditions. The inclusion of a control group was essential to distinguish the effects of CA4+ from
potential changes related to prolonged sample handling and tissue degeneration throughout the whole
experiment. Following the removal of CA, most differences between treated and control samples
were no longer significant, with the exception of a small residual difference (approximately 6%).
Overall, these findings support the hypothesis that CA4+-induced mechanical alterations are largely
reversible. Further studies should be carried out to further clarify whether this reversibility is
complete, minimising as much as possible uncertainties related to residual non-significant differences

observed in instantaneous response, together with sample variability and limited sample size.
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Section 3

Contrast-enhanced X-ray imaging of articular cartilage:
reliability of a cationic contrast agent in combination
with high-resolution peripheral guantitative computed
tomography system

This section was reproduced from the manuscript:

“Contrast-enhanced X-ray imaging of articular cartilage: reliability of a cationic contrast agent in
combination with high-resolution peripheral quantitative computed tomography system”

S. Fantoni, M. Berni, R. Fognani, G. Fraterrigo, P. Cardarelli, F. Baruffaldi and M. Baleani
Submitted to Frontiers in Bioengineering and Biotechnology

The preprint version of the manuscript has already been published on ArXiv repository:
https://arxiv.org/abs/2510.20391

The external reviewers asked to describe the novelty of this manuscript. Here such a description is
provided. These novelties will be included in the revision of the manuscript upon submission, but to
respect the integrity of the preprint, they will be added here and not in the body of the chapter.

Nickmanesh et al. found a correlation between stiffness and attenuation of the tissue following the
contrast enhancement. However, in this study, AC stiffness was defined as “the ratio of peak normal
load to normal displacement”. This definition assumes a linear tissue response and, therefore, may
represent a relatively simplified indicator of tissue mechanical behaviour. Lakin et al. found a strong
positive correlation between the contrast-enhanced attenuation of the tissue and its compressive
modulus. However, the imaging was performed using microCT, which cannot be implemented in

clinical practice.
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Abstract

Articular cartilage exhibits distinctive mechanical behaviour, attributable to its biphasic composition
and hierarchical organization. Proteoglycans, essential constituents of the extracellular matrix,
contribute to tissue swelling, stiffness, and viscoelasticity, thanks to their fixed charge density.
Degenerative alterations in proteoglycan content and collagen structure compromise the mechanical
integrity of articular cartilage. Early detection of these alterations is essential to increase the chance of
effectiveness of any innovative treatment. Although magnetic resonance imaging provides valuable
compositional information, its limited spatial resolution restricts its effectiveness in capturing subtle
alterations in articular cartilage. As an alternative, contrast-enhanced X-ray imaging circumvents such
limitation, resorting to the use of radiopaque contrast agents. In this context, cationic contrast agents,
like CA4+, enable the quantitative assessment of proteoglycan content via electrostatic attraction. High-
resolution peripheral quantitative computed tomography offers an optimal compromise between spatial
resolution and radiation exposure, making it a promising tool for clinical use. This study aimed to
explore the relationship between proteoglycan content—quantified through contrast-enhanced high-
resolution peripheral quantitative computed tomography combined with the use of CA4+—and the
viscoelastic properties of healthy bovine articular cartilage, assessed via indentation testing. These
preliminary data from a small sample size group support significant correlations between cartilage
enhanced radiopacity and parameters representing the tissue’s mechanical behaviour. These findings

should be confirmed in a larger sample size group.
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3.3.1.Introduction

Acrticular cartilage (AC) is a soft tissue showcasing unique mechanical properties, arising from its
composition and hierarchical structure. More precisely, two phases can be distinguished [9]. The solid
phase includes collagen network and proteoglycans (PGs), as the main components of the
extracellular matrix (ECM). The collagen network is composed by fibres locally collected into
bundles, anchored to the calcified cartilage, and expanding towards the articular surface in an arcade-
like configuration [325]. PG are macromolecules including glycosaminoglycan chains, featuring a
negative charge unbalance, the fixed charge density (FCD) [374]. Intertwined with collagen network,
PGs outstretch owing to the mutual repulsion, and distribute along the tissue depth according to a
characteristic concentration gradient [325]. The fluid phase, represented by the interstitial fluid, is
mainly composed of water and positively-charged ions [326].

Due to the interplay of those hierarchically arranged phases, AC responds to any local stimulus with
an instantaneous flow-independent response and a flow-dependent viscoelastic response [15]. The
instantaneous response originates from the tensile deformation of collagen bundles in the superficial
layer of the tissue, the rearrangement of the collagen network in the deep layer, the mutual repulsion
of glycosaminoglycans bound to PGs and fluid pressure. The originated fluid pressure triggers the
flow of interstitial fluid across the ECM. Viscous phenomena exhaust when the equilibrium between
the mechanical stimulus and the tissue reaction is reached [17]. The FCD of PGs plays a crucial role
in pretensioning the collagen network and, moreover, originates the osmotic pressure. The
combination of both phenomena induces the swelling of AC [332].

The degradation of AC owed to musculoskeletal diseases, i.e., osteoarthritis, leads to a progressive
decline of the tissue mechanical competence [1] Several alterations of AC serve as hallmarks for
potential identification of tissue degeneration, among which the loss of PG content implicates a
decrease in the tissue stiffness [375]. Moreover, the fibrillation of collagen network induces the
augmented permeability of ECM, held accountable for altering both the instantaneous and viscous
response of the tissue [376].

The early detection of any alteration of AC could be crucial in the field of regenerative medicine and
pharmacological treatments. For instance, the capability to monitor their impact on disease
progression could delay the need for invasive solutions such as prosthetic implant [377]. In this frame,
diagnostic techniques sensitive to one or more AC components should be considered in the
perspective of identifying early degenerative hallmarks. Magnetic resonance imaging (MRI) delivers
high-contrast images of hydrated tissues and enables the quantitative assessment of several
parameters signalling the tissue condition. For instance, T1p and T2 relate with the PG content and

state of collagen mesh, respectively [378]. Nevertheless, clinical MRI systems suffer from low spatial
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resolution, with major implications for the evaluation of thin layers of tissues, as in the case of AC
[379].

Conventional X-ray imaging methods have proved their reliability mainly in the evaluation of
mineralised tissues [380]. Although such methods can overcome the MRI limitation related to spatial
resolution [381], they are not suitable to identify soft tissues’ features due to their low electron
density.

To enhance the X-ray visibility of soft tissues, the use of radiopaque exogenous substances is
required. Contrast agents (CAs) are compounds that include electron-dense elements (e.g., iodine)
and are employed in both research and clinical context to increase the radiopacity of a target organ or
tissue [64]. Clinical CAs feature chemical properties (e.g., pH and osmolality) meeting strict
requirements for patient safety [382]. In the research context, CAs include polyoxometalate-based
histological stains, nanoparticles or experimental formulations, adopted in both ex vivo and in vitro
studies [383]. Regardless of the CA type, it is the net molecular charge that determines the CA affinity
for a specific tissue or component. Focusing on AC, cationic CAs provide superior results in terms
of imaging outcome, as demonstrated for CA4+. This formulation is an experimental iodine-based
cationic CA that allows the quantitative assessment of PG content in AC thanks to the electrostatic
attraction exerted by FCD of glycosaminoglycans [116]. Previous studies have reported a correlation
between CA4+ contrast enhancement and tissue properties, namely stiffness, compressive modulus,
and torsional coefficient of friction [114,147]. Therefore, contrast enhanced X-ray imaging protocols
implemented with CA4+ could predict the mechanical competence of AC, providing essential
outcomes in both preclinical and clinical contexts. In deploying such a framework clinical X-ray
imaging systems should be privileged, prioritizing the acquisition of patient limbs at acceptable
spatial resolutions and low radiation doses. High-resolution peripheral quantitative computed
tomography (HR-pQCT) scanners represent an optimal trade-off between relatively high spatial
resolution (i.e., from 40 to 60 um) and minimal radiation dose [384]. Nevertheless, insights about the
deep connection between the composition and mechanical competence of the tissue must be provided
first, e.g., by focusing on ex vivo experiments. The aim of this study was to investigate the relationship
between information related to the PG content of healthy bovine AC — retrieved by a contrast-
enhanced HR-pQCT clinical protocol — and the tissue viscoelastic properties, derived from

indentation test.

3.3.2.Materials and Methods

3.3.2.1. Preparation of contrast agent solution
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The CA employed by this study is CA4+, i.e., with formulation (5,50-
[Malonylbis(azanediyl)]bis[N1,N3-bis(2-aminoethyl)-2,4,6-triiodoisophthalamide] chloride). One
molecule of CA4+ includes six iodine atoms, and displays iodine fraction per molecule f = 0.5084,
net positive charge q = +4, molecular weight mw = 1354 g/mol. CA4+ salts synthesis was performed
according to literature [116]. CA solution was prepared by dissolving CA4+ salts in phosphate-
buffered saline (PBS) solution (1X, 7.4 pH, Life Technologies Europe B.V., Bleiswijk, The
Netherlands) until reaching a concentration of 10 mgl/mL, effective to enhance significantly the X-
ray attenuation of AC [385]. The pH of the CA solution was balance by adding NaOH 4M, i.e., up to
a value of 7.4. The osmolarity of PBS and CA solution was measured with an osmometer (TypM
10/25 pL, accuracy 1 mOsm/kg, Loser Messtechnik, Berlin, Germany), yielding 307 mOsm/kg and
419 mOsm/kg, respectively.

3.3.2.2. Osteochondral Tissue Samples

Osteochondral (OC) cuboids (N = 11) were excised from tibiofemoral surfaces of N = 6 fresh bovine
stifle joints, obtained from a local slaughterhouse within 24 hours post-slaughter for food production
purposes. Cuboid samples were obtained through the use of a diamond-coated blade mounted
assembled on a circular saw (MDP200 and TR60, respectively; Remet, Italy). The process was
performed under continuous water irrigation, to avoid the dehydration and heating of the OC tissues.
OC cuboids were then wrapped in gauzes soaked in PBS 1X and frozen at —20 °C (1 freezing cycle).
On a different day, OC cuboids were thawed at 4°C in PBS 1X for one hour, after which cylindrical
OC cores (10-mm in diameter and height, including AC, SB and TB) were excised by means of a
computer numerically controlled milling machine (ProLight 2000, Light Machines Corporation,
Manchester, NH, USA) equipped with a diamond-coated coring tool (10 mm inner diameter). Prior
to coring, OC cuboids were spatially tilted to retrieve cores with an AC surface as flat as possible. A
total of N = 18 OC cores were excised. OC cores were then stored at -20°C in a PBS 1X-soaked gauze

until indentation test (2" freezing cycle).

3.3.2.3. Indentation test

OC cores, in subgroups of N = 6, were thawed in PBS 1X at T =4 °C overnight. The AC thickness
was estimated before indentation by means of X-ray imaging. After placing each OC core in a custom-
made polymethyl methacrylate sample holder, four planar images (each after a 90—rotation of the
core) were acquired via X-ray microCT system (SkyScan 1072, SkyScan, Aartselaar, Belgium) by
applying a previously developed protocol [367], i.e., with a pixel size = 11.5 um. AC thickness was
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estimated by using a custom-made MATLAB code (MATLAB version R2022b, MathWorks, Natick,
MA, USA) [367].

Afterwards, subgroups of N = 6 OC cores were placed in a custom-made polyacetal sample holder
with six cavities [367]. Then, PBS 1X (0.5 mL) was poured on the top surface of the OC cores to
keep the AC hydrated.

The sample holder was mounted on the testing machine (Mach-1 VV500css, Biomomentum Inc., Laval,
QC, Canada), and each OC core underwent the following procedure: (i) a preconditioning of the AC,
i.e., preliminary indentation, (ii) three indentations, each performed after a resting period of 40 min,
(i) substitution of the PBS solution with 0.5 mL of CA solution, followed by a 22 h rest at a room
temperature (22 = 2 °C) to reach equilibrium of the diffusion phenomena [385].

The indentation test foresaw the application by a 6 mm spherical indenter of a maximum nominal
deformation equal to 15% of AC thickness, at a deformation rate of 15%/s, perpendicular to the
articular surface and at the centre of each OC core [386]. The nominal deformation was held for 300
s [342] to assess variation of stress over time. This protocol was employed to investigate the following
parameters: maximum reaction load (So), instantaneous elastic modulus (Eo), time constant (t) and
the stretching parameter (B) of the load—time relaxation curve, and equilibrium modulus (Eeg). Full

details regarding the computation of these parameters have been published elsewhere [386].

3.3.2.4. High-resolution peripheral quantitative computed tomography imaging

Following the exposure to CA solution, the subgroup of N = 6 OC cores was acquired using a HR-
pQCT system (XtremeCT IlI, SCANCO Medical AG, Briittisellen, Switzerland). After removing the
CA solution from the top surface of each OC core, the sample holder was placed within HR-pQCT,
1.e., by aligning the OC cores’ axial direction to the scanning axis, and the cores were acquired (X-
ray tube voltage = 68 kV, current = 1.47 mA, filtration = 1 mm Al + 0.2 mm Cu, pixel size = 60.7
um, scan time = 10 min). Afterward, OC cores were removed from the samples holder, wrapped in
gauzes soaked in PBS 1X, and stored at -20°C. HR-pQCT images were reconstructed using a
multithreaded Feldkamp-Davis-Kress reconstruction program [387]. The reconstructed volumes
underwent semi-automatic segmentation of contrast-enhanced AC. The segmented AC volumes were
further processed by a custom-made Matlab code to estimate i) the AC thickness, and ii) the depth-
dependent distribution of CA4+ across such a tissue, i.e., in term of attenuation — CT number (HU) —
profile.

3.3.2.5. Statistical analysis
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The distribution of AC thickness, assessed by microCT and HR-pQCT, mechanical parameters, and
volumetric distribution of CA4+ across AC samples was assessed via Kolmogorov-Smirnov test.
The replicability of measuring AC thickness by two different imaging approaches, i.e., microCT and
HR-pQCT, was investigated by Pearson correlation.

Eventual trend, i.e., upward or downward, of So, Eo, T, B, or Eeq values over the indentations was
assessed through the Friedman test (p < 0.05).

In absence of trend in the mechanical parameters’ values computed starting by the three indentations,
their median values were considered to investigate relationships with the volumetric distribution of
CA4+ within AC (Spearman correlation, p < 0.05).

3.3.3.Results
The AC thickness of OC cores computed by microCT- and HR-pQCT approaches was in the range

(0.8 + 3.0) mm and (0.6 + 2.7) mm, respectively. Both the approaches provided non-normal
distributed values (Kolmogorov-Smirnov test, p < 0.001; Table 3.3).

Table 3.3. Distribution of the AC thickness estimated by microCT and HR-pQCT approaches.

. AC thickness (mm)
Percentile -
microCT HR-pQCT
5t 0.8 0.9
25t 11 1.2
50t 1.8 18
75t 2.6 2.4
g5t 3.0 2.7

The replicability of measuring AC thickness by the two imaging approaches was investigated by
Pearson correlation, which highlighted a significant and strong (p > 0, p? = 0.98; p < 0.001)
relationship between microCT and HR-pQCT estimates.

Concerning the indentation of OC cores, a total of 54 tests were performed (neglecting the
preconditioning indentation). The testing procedure proved to be repeatable (see the percentage

coefficient of variation calculated for the mechanical parameters in Table 3.4).

Table 3.4. Distribution of the coefficient of variation (CV%) for the mechanical parameters across the three indentations.

Percentile So Eo T B Eeq
5th 0.4 0.9 0.5 0.9 0.5
25t 1.1 15 0.7 1.0 1.2
50t 2.0 2.0 1.2 1.0 1.8
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75 3.2 3.7 3.1 1.0 3.3
95t 5.2 5.2 4.3 1.0 14.1

The range of variability, i.e., minimum and maximum values, of the computed parameters are
reported in the following: Se: (0.8+4.3) N; Eo: (0.6+9.2) MPa; t: (1.7+10.3) s; B: (0.342+0.499); Eeq:
(0.1+0.6) MPa.

No significant trends over the three test repetitions were found regardless the parameter.
Considering the obtained results, the median value of the mechanical parameters across the three
indentations was analysed for each OC core, with the aim of investigating its correlation with the

volumetric distribution of CA4+ within AC.

0 500 1000 1500 2000 2500
CT number [HU]

Figure 3.8. Sections of reconstructed volumes from HR-pQCT acquisitions. Samples representative of thin (left), average
(centre) and thick (right) tissue are reported, displaying the radiopacity of contrast-enhanced AC. White line bar =1 mm.

In the context of HR-pQCT assessment, the range of CA concentration in AC tissue, defined by the
minimum and maximum CT numbers, was found to be comparable across OC cores with varying AC
thicknesses (Figure 3.8). Regarding the distribution of CT numbers across the AC thickness, an
increasing trend in attenuation values was observed from the articular surface to the deep zone (Figure
3.9).
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Figure 3.9. Average profile (red line) of radiopacity, evaluated on N=18 samples previously normalised to their maximum
CT number. The average profile points out an increasing radiopacity from the surface (i.e., tissue depth = 0) towards the
deep layer (i.e., tissue depth = 1) of AC.

Focusing on the relationship between AC morphology (thickness), composition (PG content), and
functionality (viscoelastic properties), several key findings were identified (Table 3.5, 3.6 and 3.7).
Regarding the relationship between AC morphology and composition, a significant negative

correlation was observed, specifically between tissue thickness and CT number: p = -0.888 (p <

0.001) (Table 3.5).

Table 3.5. Spearman’s correlation coefficients (p) between AC morphology — i.e., tissue thickness, computed by HR-
pQCT approach — and functionality — i.e., viscoelastic properties. * p < 0.05; ** p < 0.01; *** p < 0.001.

‘ Eo So T B Eeq

p=-0926 | p=-0.685 | p=0661 | p=-0.683
** **

*x*k

AC Thickness p=-0.323

Moving to the relationship between AC composition and functionality, significant, weak to strong,
positive correlations were found between CT number and tissue elastic properties (Table 3.6).

Table 3.6. Spearman’s correlation coefficients (p) between AC composition — i.e., PG content, computed by CE HR-
pQCT - and functionality — i.e., elastic properties. * p < 0.05; ** p < 0.01; *** p < 0.001.

‘ Eo ‘ So ‘ Eeq
CT number ‘ p=0.943 *** ‘ p=0.752 *** ‘ p=0.455
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Furthermore, significant, weak to moderate relationships were highlighted between CT number and

AC viscous properties (Table 3.7).

Table 3.7. Spearman’s correlation coefficients (p) between AC composition — i.e., PG content, computed by CE HR-
pQCT — and functionality — i.e., viscous properties. * p < 0.05; ** p < 0.01; *** p < 0.001.

| : | ;
CTnumber | $p=-0589* | p=0.660**

3.3.4.Discussion

The purpose of the present study was to investigate possible correlations between mechanical
properties and data achievable from high-resolution X-ray scan of the contrast-enhanced AC.

The findings for AC thickness estimates highlighted consistency between the microCT and HR-pQCT
approaches, supporting the reliability of HR-pQCT for evaluating contrast-enhanced AC thickness.
Minor discrepancies observed between the two modalities are likely attributable to differences in
image acquisition—planar in the case of microCT and volumetric for HR-pQCT—as well as
variations in spatial resolution. Specifically, the higher resolution of microCT allows for the detection
of finer structural features within the tissue.

The design of the study involved the investigation of the AC mechanical properties prior to
performing the protocol required by contrast-enhanced HR-pQCT. This choice was based on the
known effect of the contrast agent on the mechanical response of AC [367], which could have
introduced bias into the findings of the study.

The findings derived from contrast-enhanced HR-pQCT revealed a depth-dependent distribution of
CT numbers within the AC tissue. Owing to the cationic nature of the contrast agent employed in this
study, the observed increase in CT number with depth indicates a corresponding progressive increase
in PG content across the AC thickness [385]. These results align with previous evidence on PG
distribution, as demonstrated by a range of ex vivo reference techniques—including histology [388],
histochemistry [389], digital densitometry [390], FT-IR spectroscopy [391], and Raman spectroscopy
[392]—as well as imaging modalities such as contrast-enhanced X-ray techniques
[114,116,147,179,179].

The present study highlighted a significant negative correlation between AC thickness and tissue PG
content. This suggests that PGs play a crucial contribute in supporting compressive loads particularly
in healthy, thin AC. This evidence is at odds with the findings of a previous study, which showed an

increase in PG content as a function of AC thickness [393]. Such a discrepancy might be ascribed to
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both the nature of the species being investigated and sample size, rather than the specific approach
employed to estimate the amount of PG content. The correlations between AC thickness and
mechanical properties — i.e., considering the negative correlations with the elastic response support
the hypothesis that a high PG content within thin AC provides a stiff response to external,
compressive stimuli. Of course, these evidence and hypotheses are limited to healthy AC — as the one
herein investigated. They cannot be generalised to pathological tissue, in which a decrease in
thickness and PG content results in a progressive deterioration of the tissue mechanical properties as
the disease progresses [394-396].

Proteoglycans contribute significantly to the load bearing capacity of AC. Their FCD [397] generates
osmotic pressure within the interstitial fluid, which is crucial to withstand external compressive
stimuli [9]. By accounting for both electrostatic and non-electrostatic interactions, proteoglycans
contribute substantially to the overall modulus of AC. In addition to their role in stiffness,
proteoglycans are also involved in the tissue’s viscous behaviour, particularly through flow-
independent intrinsic mechanical responses of the ECM constituents [398]. AC is composed of
biological polymers engaged in heterogeneous and complex interactions. According to such
heterogeneity, different polymers and interactions are involved in the diverse phase of viscous
phenomenon, i.e., reptation of monodisperse polymers, and transient binding of polydisperse
polymers (macromolecules) [399].

In agreement with the available evidence, the results obtained in this study from a small sample
support the existence of correlations between CT number (PG content) and AC mechanical properties,
considering both elastic and viscous parameters.

Regarding the elastic properties, the positive correlations between CT number and So, Eo, and Eeq (see
Table 3.6) suggest that the higher the PG content, the stiffer the instantaneous and equilibrium
response of the AC. Such evidence are in strong agreements with the literature, considering both the
instantaneous [147,180,400,401] and equilibrium [87,169,180,402] elastic parameters and regardless
the approach employed to estimate the PG content.

Concerning the viscous parameters, correlations were found between CT number and t or
suggesting that the higher the CT number (PG content), the faster the exhaustion of the viscous
phenomena. Due to the complex nature of the phenomena underlying fluid-independent viscosity, the
topic deserves further discussion.

The relaxation time 7 is linked to the physical features of the polymers composing the system, e.g.,
concentration, mobility and stiffness. According to the theory of polymer dynamics, faster stress-
relaxation (i.e., lower 1 values) is associated with an increased molecular mobility and a decreased

molecular stiffness [350].This suggests that fluid-independent relaxation processes reach an
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equilibrium more rapidly in systems composed of more compliant polymers. This hypothesis is
supported by the findings of this study, where i) faster relaxation was observed in more compliant
AC, as evidence by a significant negative correlation between T and Eo (p = — 0.544, p < 0.05), and
ii) thicker tissue exhibited a more compliant mechanical response. In summary, the following trend
was observed: increased AC thickness is associated with lower CT numbers (i.e., lower PG content),
which in turn suggests higher molecular mobility of polymers, a more compliant tissue response, and
consequently, a more rapid dissipation of viscous phenomena.

The stretching parameter B depends on the type of polymers composing AC and on their relative
motion [396]. A previous study suggested that a decrease in £ is associated to an increase in the
molecular weight of the entangled polymers [403]. The positive correlation between CT number (PG
content) and B herein highlighted is supported by existing literature [87].

This study presents several limitations that should be acknowledged. First, no gold standard
techniques for the assessment of PG content were employed to validate the data obtained from
contrast-enhanced HR-pQCT. Nevertheless, it is important to note that the electrostatic affinity
between CA4+ molecules and the fixed negative charges of PG is a well-established and extensively
studied phenomenon, consistently confirmed across numerous studies [61,160,170,179,338].
Second, the time interval between the mechanical characterization of AC via indentation testing and
the estimation of PG content through HR-pQCT—approximately 22 hours—may have led to
progressive tissue degradation, potentially affecting its compositional integrity. However, this time
frame was previously identified as the minimum duration required to achieve equilibrium in CA4+
diffusion within AC [385], and thus represents the necessary condition for reliable volumetric PG
quantification.

Third, the sample size of the present study is limited. A larger cohort would be necessary to more
accurately characterise and statistically validate the correlations observed between morphological,
compositional, and mechanical parameters.

Moreover, the correlations reported in this work pertain exclusively to healthy AC. The onset and
progression of joint pathologies, such as osteoarthritis, are known to alter the principal features of
AC, notably reducing PG content and modifying its mechanical response [346,404-406].
Nonetheless, it is worth noting that findings from comparable studies investigating both healthy and
pathological AC report consistent results, suggesting that degenerative conditions do not corroborate
the fundamental relationships among tissue morphology, composition, and mechanics [87,407].
Despite the above limitations, the present study supports the existence of significant correlations

among the morphology, composition and the mechanical response of healthy AC. These findings lay
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the groundwork for a more comprehensive and integrative evaluation of key cartilage features in both

research and clinical contexts.

3.3.5.Conclusions

Contrast-enhanced X-ray imaging allows for the identification of a significant correlation between
AC thickness, PG content, and its viscoelastic mechanical properties. This approach holds
considerable potential for the prediction of critical tissue characteristics in future clinical contexts.
The methodologies introduced in this study may contribute to improving the early diagnosis of AC
degeneration. Furthermore, they offer a valuable tool for assessing the effectiveness of therapeutic
strategies and biomaterials aimed at AC repair and regeneration. Ultimately, these methods could
inform and refine tissue engineering strategies, supporting the development of scaffolds that more
accurately replicate the mechanical behaviour of native AC.
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CHAPTER 4

Quantitative spectral micro-CT of a CA4+ loaded
osteochondral sample with a tabletop system

This chapter was reproduced from the published manuscript:

“Quantitative spectral micro-CT of a CA4+ loaded osteochondral sample with a tabletop system”
S. Fantoni, F. Brun, P. Cardarelli, F. Baruffaldi, V. Cristofori, A. Taibi, C. Trapella, L. Brombal
Eur. Phys. J. Plus 139, 735 (2024). DOI: 10.1140/epjp/s13360-024-05428-0
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Abstract

Micro-computed tomography (UCT) is the gold standard for nondestructive 3D imaging of
biomedical samples in the centimeter scale, but it has limited effectiveness in revealing intricate soft
tissue details due to the limited attenuation contrast. Radiopaque contrast agents that accumulate in
the structures of interest are employed to enhance their visibility. However, the increased attenuation
provided by the contrast agents does not guarantee discrimination among tissues. This issue can be
solved by spectral uCT (SUCT) systems employing small-pixel chromatic photon-counting detectors.
These detectors, combined with material decomposition algorithms, allow the generation of high-
resolution material-specific 3D maps. This work aims to demonstrate the potential of photon-counting
X-ray SHCT on osteochondral samples loaded with a cationic iodinated contrast agent (CA4+) at a
spatial resolution below 50 pum, and to compare the results against a conventional uCT system. An
osteochondral sample extracted from a bovine stifle joint was loaded with CA4+ and imaged with a
novel multimodal X-ray imaging system, featuring a 62 um pixel CdTe spectral detector (Pixiradl-
Pixielll). After material decomposition, quantitative 3D density maps of iodine and hydroxyapatite
were reconstructed. The same sample was also scanned with a commercial uCT scanner with matched
spectrum and exposure time. SCTu images at a (measured) spatial resolution comparable with the
commercial scanner (~45 pm) were obtained. Spectral images allowed for a fully automatic
segmentation of cartilage and subchondral bone. The unambiguous discrimination between iodine and
hydroxyapatite revealed a more realistic representation of proteoglycan distribution compared to

conventional imaging.
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4.1. Introduction

Articular cartilage (AC) is a soft tissue conferring nearly frictionless and smooth motion at the
articular level. The interplay among its constituents, namely collagen, proteoglycans (PGs), and
interstitial fluid, delivers excellent mechanical properties to healthy AC [55]. Compositional and
morphological modifications of AC, identified as fibrillation of collagen fibers and depletion of PGs,
alter the homeostasis of AC with a severe negative impact on its mechanics. As a consequence,
progressive wear of AC triggers the onset of joint-affecting diseases such as osteoarthritis [333].
Further hallmarks of AC degeneration are also detected on the subchondral bone, the dense
mineralized layer supporting AC in load-bearing events [408]. For these reasons, the availability of
imaging tools enabling the identification and monitoring of the progression of osteoarthritis on both
AC and subchondral bone is of paramount importance. Nowadays, X-ray micro-computed
tomography (LCT) provides high-spatial resolution 3D reconstructions of biological samples.

For advanced systems featuring synchrotron radiation, spatial resolution reaches even the cellular
level [409,410]. Several studies demonstrated that pCT is a powerful tool for the evaluation of
mineralized tissues [411]. However, the low radiopacity of AC hinders the evaluation of the
progression of the pathological state through uCT. Recently, the adoption of dedicated contrast agents
(CAs) allowed advances in terms of qualitative and quantitative assessment of AC. In fact, CAs based
on high atomic number (Z) elements, such as iodine and gadolinium, significantly enhance X-ray
visualization of soft tissues [162]. Depending on the electrostatic properties of CAs, they can be
categorized into non-ionic and ionic CAs. lonic CAs can be further subdivided into anionic and
cationic, if the corresponding molecules host negative or positive charge density, respectively. The
ionic nature of CA molecules determines the electrostatic interaction with biological structures [64].
In this context, conventional commercial non-ionic and anionic CAs were tested for X-ray
visualization of AC, displaying negative or weak correlation to PG content, which exhibits a negative
fixed charge density [334]. As a result, high concentrations and long exposure times were required to
yield an effective AC imaging [154]. In recent times, dedicated CAs have been developed to improve
cartilage visualization, as in the case of cationic iodine-based CA4+ [160]. The positive charge
density generates electrostatic attraction between CA4+ molecules and negatively-charged PGs,
resulting in shorter diffusion times, lower CA concentrations required, and direct correlation of CA
distribution with PG content [154].

Although the use of CAs addresses the poor visibility of the cartilage, contrast-enhanced puCT
(CEPCT) still fails in distinguishing

109



tissues exhibiting similar X-ray attenuation, such as contrast-enhanced AC from subchondral bone,
potentially hindering their exact segmentation, quantification, and, more generally, a detailed
evaluation of osteoarthritis progression [158]. This limitation can be overcome by using X-ray
spectral imaging (XSI). XSI relies on measurements at two (or more) X-ray energy levels (or bins)
and provides tissue separation by exploiting the different attenuation energy dependence of the CA.

Historically, XSI has been implemented by using dual-energy or multi-energy methods based on
acquisitions of the sample performed with different X-ray spectra [175]. This typically implies the
use of complex dual source or fast kilovoltage switching systems or, alternatively, requires multiple
scans, posing concerns in terms of image registration and, for in-vivo applications, of deposited
radiation dose [412]. Along with studies based on conventional X-ray tubes, various XSl tests have
been carried out at synchrotron facilities for the visualization of AC with different combinations of
ionic contrast media [165,167-169]. Despite the demonstration of high-quality imaging, the peculiar
features of synchrotron radiation are hardly reproducible in laboratory-based setups.

The recent advent of photon-counting detectors (PCDs) is going to revolutionize XSI in preclinical
and clinical imaging applications, thus overcoming these concerns [181,413,414]. In fact, the
adoption of PCD devices brings a simplification in the hardware and, by employing a broad X-ray
spectrum, allows to target applications making use of different contrast media by simply adjusting
the energy-calibrated thresholds. The possibility of acquiring images over multiple energy bins in a
single shot guarantees exact spatial and temporal registration of spectral images and does not require
additional radiation dose [415]. Moreover, with respect to conventional integration devices, the
design of PCDs implies advantages in terms of electronic noise suppression (Poisson-dominated
noise), artifact suppression, and contrast-to-noise-ratio, the latter due to their intrinsic absence of
spectral weighting upon detection [414]. Even more recently, spectral uCT (SUCT) has been made
possible by the availability of devices featuring a small pixel size

(~50 um) and charge-sharing compensation or clustering mechanisms guaranteeing both spectral
performance and high-spatial resolution [416,417].

Focusing on AC applications, previous studies implemented XSI of AC with anionic and non-ionic
CAs, exploiting the anti-correlation between their distribution across the tissue and PG content
[189,190]. Cationic CAs were considered for quantitative imaging of AC with dual-energy techniques
implemented with indirect conversion detectors by using monochromatic synchrotron radiation
[166,168,169] and recently with a PCD-based CT system by Paakkari et al. [180], although in the
latter attention was drawn exclusively to the assessment of AC and not to the underlying subchondral
bone, and the achieved spatial resolution was in the order of 200 pm.
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In this framework, our research work demonstrates the potential of SUCT based on a novel system
integrating a chromatic PCD

(Pixiradl-Pixielll) in the context of osteoarticular imaging at a spatial resolution below 50 pum.
Following the treatment to CA4+ targeting PG’s structures, osteochondral samples were scanned with
scan time and X-ray spectrum, matched to a conventional state-of-the-art uCT scanner. Spectral
decomposition has been performed in two basis materials, and imaging performance on the same
sample was directly compared to a commercial CEUCT system. Results provide a simultaneous
evaluation (both qualitative and quantitative) of cartilage and bone tissues, with the smallest pixel
size reported so far referring to a tabletop PCD system, to the best of the authors’ knowledge.
Noteworthily, the SUCT system allowed a better understanding of the distribution of CA4+ at the

bone/CA interface and enabled the automatic segmentation of cartilage and subchondral bone.

4.2. Materials and Methods

4.2.1. Preparation of sample and contrast agent

The imaged sample was one cylindrical osteochondral plug (@ = 10 mm, height= 10 mm) extracted
from a bovine stifle joint, provided by a local slaughterhouse, and stored in phosphate-buffered saline
(PBS) solution-soaked lint at T = —20-C. Before the image acquisition, the sample was thawed in
PBS solution at T = 4-C overnight, inserted in a custom-made polymethyl-metacrylate (PMMA)
sample holder and immersed in CA solution [83]. The sample holder had an inner diameter of 10 mm,
so that a single cylindrical sample could fit inside, and a height of 30 mm, to fit both the sample and
the CA bath.

The used contrast agent was CA4+ (5, 50-[Malonylbis(azanediyl)]bis[N1,N3-bis(2-aminoethyl)-2, 4,
6-triiodoisophthalamide] chloride), which contains six iodine atoms per molecule. The net positive
charge (g = +4 per molecule) confers the characteristic affinity of CA4+ to PGs, which have instead
a negative fixed charge density. CA4+ salts were synthesized according to the work of Stewart et al.
[116], and dissolved in PBS solution to reach the desired iodine concentration of 10 mgl/ml. The pH
of the resulting aqueous compound was balanced to 7.4 by adding NaOH 4 M. The CA4+ solution
was poured on the surface of the cartilage tissue after the insertion of the plug in the sample holder.
In addition to the 10 mgl/ml solution, three other CA4+ solutions, with iodine concentrations of 20
mgl/ml, 15 mgl/ml, 5 mgl/ml, and 0 mgl/ml (pure water), respectively, were prepared and used for
the calibration of the SUCT system.

4.2.2. WCT acquisition
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Fig. 4.1 Photograph of the SuCT experimental setup at PEPILab. The inset shows a zoomed image of the osteochondral
sample where its main components are outlined. Reproduced under the terms of the CC BY 4.0 license. © 2024 Fantoni
et al.

SUCT acquisitions were performed at the multipurpose X-ray laboratory PEPILab [184] at the Italian
National Institute for Nuclear Physics (INFN) in Trieste: the experimental setup used for the
acquisition is shown in Fig. 4.1. X-rays are produced by a conventional microfocus source
(Hamamatsu L10101), operated at 50 kV and 200 pA. A filtration of 0.12 mm of Cu and 0.2 mm of
Al was introduced, resulting in a spectrum peaked at the iodine K-edge energy (33.2 keV). From
previous characterization measurements, the focal spot size was estimated to be 16+3 pum for the used
voltage and current settings [184]. The used chromatic PCD is a Pixirad1-Pixielll, featuring a 62 pum
pixel size and a sensitive area of 512x402 pixels, corresponding to 31.7x24.9 mm? [417].

The overall source-to-detector distance was set to 65 cm, while geometric magnification was 1.83,
corresponding to a reconstruction voxel size of 34 um and a field-of-view of 17.2x13.7 mm2. The
detector was operated in the charge-summing mode that compensates for the effect of charge sharing
and optimizes the intrinsic spatial resolution, corresponding to the dimension of one pixel [418].
Spectral images were generated by using the two-color mode, which yields two independent images
corresponding to low and high-energy bins. Bins are defined by two energy-calibrated thresholds,
which were set to 26 keV and 33 keV. The second threshold was chosen to maximize the iodine
signal, while the first was adjusted to reject the cadmium fluorescence (Ka at 23.2 keV), hence
reducing the spectral cross-talk between energy bins. It should be noted that in a CdTe sensor also
tellurium fluorescence is produced. However, it is locally self-absorbed in the sensor with high

probability as its energy (Ka at 27.5 keV) is just above the cadmium K-edge (26.7 keV) [418].
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Exposure time was set to 7.2 s per projection and 1000 projections were acquired over a 360-degree
rotation, corresponding to an overall acquisition time of 120 min. No relevant polarization time-
dependent effects [419] were observed during the acquisition, owing to the relatively low X-ray flux
(order of 500 photons/pixel/s) and the fast polariza- tion/depolarization cycles between consecutive
projections enabled by the step-and-shoot acquisition procedure. A random jittering motion of the
detector was introduced in between projections to mitigate ring artifacts [420].

In addition to the osteochondral sample, two calibration phantoms were imaged to achieve accurate
quantification of iodine concentration and bone density. The first was an epoxy resin phantom (QRM,
Moehrendorf, Germany) containing five inserts with different hydroxyapatite (HA) densities. The
second was custom-made phantom including five cuvettes filled with different concentrations of
CA+, as described in the previous section.

After the spectral scan, the same osteochondral core was acquired with a commercial uCT system
(Skyscan 1072, SkyScan, Aartselaar, Belgium) at the Medical Technology Laboratory of Istituto
Ortopedico Rizzoli in Bologna. Between acquisitions (~ 48 h), the sample was stored in CA4+
solution at T = 4°C. CEuCT acquisitions were performed with the parameters routinely used for
osteochondral samples. The X-ray tube was operated at a voltage of 50 kV and 200 p A (as for the
SUCT scan) with an added filtration of 1 mm-Al. 410 projections over 185¢ were acquired with an
exposure time of 11.8 s per frame, leading to a total scan time (including dead time) of 112 min,
which is comparable to the SUCT scan. Given the similar X-ray beam quality, total exposure time
and source-to-sample distance of SUCT and commercial CEUCT, the number of projections used
matched the integrated fluence at the sample. Images were collected with an energy-integrating
detector (Hamamatsu C4742-55), consisting of a CCD camera coupled to a scintillator. The CCD
array features a pixel size of 6.7 um, and an active area of 1024 x 1024 pixels. The scintillator is
coupled to the sensor with optical fibers and a 3.7:1 size ratio. Provided a source-to-detector distance
of 84 cm and geometric magnification of 2.2, the final reconstruction voxel size was 11.5 um and the

field-of-view 11.8 x 11.8 mm?Z.

4.2.3. Calibration, data processing, and analysis
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Fig. 4.2 HA (a) and iodine (b) density maps of the two calibration phantoms, respectively. In (c) and (d), the respective
measured against nominal density values and the linear fit functions. Fit parameters and associated uncertainties are
reported in the plots. Reproduced under the terms of the CC BY 4.0 license. © 2024 Fantoni et al.

High- and low-energy projection images of the two calibration phantoms underwent a dedicated
preprocessing procedure to mitigate detector-specific artifacts [421]. Preprocessed projections were
reconstructed via conventional cone-beam FDK [422] with Shepp-Logan filtering, by using the
implementation available in the open-source software library TIGRE [423]. Spectral basis material
decomposition was performed on the 3D reconstructed volumes through matrix inversion. The mass
attenuation coefficient system matrix accounts for the X-ray spectrum and the detector spectral
response (including fluorescence), which is obtained with an experimentally validated custom
simulation software [424,425]. The basis materials chosen for the decomposition of the two phantoms
were HA and iodine. From the resulting HA and iodine maps, shown in Fig. 4.2 a and b, mean
densities were measured from circular areas within the inserts/cuvettes and plotted against their
nominal value. Uncertainty on the measured data was calculated as the standard error of the mean.
Data were fitted with a linear function, whose parameters are used to calibrate the osteochondral

sample’s images. Calibration results are reported in Fig. 4.2 ¢c and d.
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The osteochondral sample’s data followed the same pipeline described for the calibration phantom
except for the addition of a self- supervised deep denoising procedure that is applied to reconstructed
datasets [421]. This processing step is carried out to mitigate noise amplification occurring in the
following spectral decomposition step [426]. Consistently with the calibration, the materials chosen
for the spectral decomposition of the osteochondral core were iodine and HA, for cartilage and bone
tissues, respectively. The former element accounts for the radiopacity of CA4+ targeting PGs in the
cartilage tissue. The latter is a mineral constituent of bone tissue and hosts calcium as its radiopaque
counterpart. As a result, mass density 3D maps of iodine and HA were obtained from the
reconstructed volumes. To carry out the direct comparison with CEUCT, a non-spectral attenuation
reconstruction was produced by summing high- and low-energy projections prior to processing. The
availability of spectrally decomposed volumes allowed for the implementation of an automatic
segmentation procedure for separating bone and cartilage based on the Otsu thresholding algorithm
[427]. The obtained volumetric masks were then applied on both (non-spectral) attenuation and
material decomposition volumes.

The CEuCT reconstruction was performed by using the manufacturer’s software (NRecon, Skyscan,
Aartselaar, Belgium). Since the two scans feature different voxel sizes and detector technologies, the
spatial resolution has been estimated from the reconstructed images for both CEUCT and (attenuation)
SUCT scans. Spatial resolution was evaluated by fitting with an error function (erf) the intensity
profile obtained across a sharp bone detail, and defined as the full width at half maximum (FWHM)
of the Gaussian obtained deriving the erf fit. Additionally, to apply the same segmentation masks on
the CEUCT image, the reconstructed attenuation volumes were co-registered. The registration of
volumes was performed in Matlab, by using the function imregister. Among the possible registration
methods, the similarity criterion was selected, which allows for rotation, translation and dilation of
target volume together with the erf fit. Profiles are extracted from the yellow line ROI drawn in (a)
and (b), respectively, pointed out by the arrows (CEUCT) to the reference volume (SUCT). The
metrics used is the mean square difference and the optimizer is regular step gradient descent. The
results of the registration were evaluated by visual inspection of the voxel-by-voxel subtraction of the
registered and target volumes.

After registration, the depth-wise intensity concentration profiles across the cartilage were extracted
and compared for both attenuation images obtained with the two systems and for the iodine
decomposed image of the SUCT system. Attention was focused on the differences between
attenuation and iodine density (i.e., PG) distributions close to the AC tidemark, which is the narrow
region of interface between calcified cartilage and subchondral bone. In fact, modifications to the

cartilage tidemark can be considered as a hallmark for recognition of osteoarticular pathologies like
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osteoarthritis [408]. For this reason, the tidemark voxels of all the images were realigned to a planar
surface via translation in order to study the profiles across the whole volume as a function of the
distance from the cartilage-bone interface. The tidemark position for each voxel column was

identified as the first pixel separating the subchondral bone from the segmented volume of cartilage.

4.3. Results
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Fig. 4.3 Section of reconstructed volume from CEUCT (a) and from SUCT (b). In both sections, the three main layers of
the osteochondral plug, namely CA4+ bath, cartilage, and bone are highlighted. In the bottom panels, the line profiles for
CEMCT (c) and SUCT (d) are reported together with the erf fit. Profiles are extracted from the yellow line ROI drawn in
(@) and (b), respectively, pointed out by the arrows. Reproduced under the terms of the CC BY 4.0 license. © 2024 Fantoni
et al.

One transverse slice obtained from the CEUCT reconstruction and the corresponding detail from the
(nonspectral) attenuation volume obtained with the SUCT are reported in Fig. 4.3. In both images,
three layers of the sample are fairly visible, corresponding (from top to bottom) to the CA4+ bath,
the contrast-enhanced cartilage, and the underlying bone tissue. As demonstrated by the line
profiles across a sharp bone detail, the spatial resolution of the two systems is similar and the FWHM
is estimated to be 45£15 pm for the SUCT and 43+15 um for the CEUCT, where uncertainties
correspond to the 95% confidence level given by the fitting procedure.

The same transverse slice reconstructed from the high- and low-energy bins of the SUCT dataset is

shown in panels (a) and (b) of Fig. 4.4. From the images, it is clear that, while the bone tissue signal
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decreases at high energy, the cartilage signal has an opposite behavior due to the presence of CA4+.

Panels (c) and (d) show the iodine and HA mass density maps after spectral decomposition and
automatic segmentation.
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Fig. 4.4 Section of the reconstructed volume of laboratory SUCT, taken from low-energy (a) and high-energy bins

reconstructions (b). Spectral decomposition in iodine (c) and HA basis (d) after the application of the automatic
segmentation. Reproduced under the terms of the CC BY 4.0 license. © 2024 Fantoni et al.
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Fig. 4.5 Sections from volumes realigned to a planar tidemark surface, from CEuUCT (a), and absorption (b) and iodine-
base decomposition (c) from SUCT. Their respective intensity profiles (solid lines), corresponding to the volume average
as a function of the distance from the tidemark, are shown in (d), (e), and (f). Similarly, for each profile, the data dispersion
(shaded area) corresponds to one standard deviation. For comparison, each profile is normalized to its maximum value.
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The distance from the tidemark position (0 mm) is reported in logarithmic scale in plots (d), (e), and (f ). Reproduced
under the terms of the CC BY 4.0 license. © 2024 Fantoni et al.

The intensity distributions across the cartilage volumes obtained from the CEUCT, (non-spectral)
attenuation SUCT, and the iodine mass density distribution obtained from the SUCT are shown in
panels (a) to (c) of Fig. 4.5, respectively.

Their respective normalized intensity profiles are reported in panels (d) to (f). From the profiles, it
can be noted that, regardless of the system used, attenuation-only pCT images have a signal peaked
at the bone/cartilage interface, while the spectral image reveals an iodine peaking approximately 150
pum above the interface. Albeit this value can be affected by possible misregistration errors (order of
1 pixel), the fact that the shift in the peak appears systematically across the whole volume indicates a
clear difference between the SUCT and CEUCT profiles.

Fig. 4.6 3D rendering of the sample acquired with the SUCT system. The blue palette displays iodine content (darker at
higher concentrations), the light brown palette displays the HA distribution. Reproduced under the terms of the CC BY
4.0 license. © 2024 Fantoni et al.

Starting from material decomposition volumes, a 3D rendering of the scanned sample was also
produced, as shown in Fig. 4.6. The CA4+ perfused cartilage has been rendered in blue, where a
darker color is related to a higher concentration, while the underlying bone structure is rendered with
a light brown palette.

4.4. Discussion

Given similar parameters in terms of acquisition time and X-ray spectrum, a qualitative comparison

between the conventional CEUCT and the (non-spectral) attenuation images acquired with the SUCT
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reveals comparable results in terms of image appearance, as seen in Fig. 4.3. This also demonstrates
that the sample was not significantly altered in the time elapsed between the two scans (48 h).
Quantitatively, the two systems revealed a similar spatial resolution in the order of 45um, despite a
factor of 3 difference in voxel size. This is related to the high efficiency and sharp response of the
PCD detector used in the SUCT. In both scans, features within the mineralized tissue, namely the
characteristic trabeculae found in cancellous bone, could be easily distinguished. On the other hand,
even if the SUCT image shows a generally higher image quality, the interface between cartilage and
CA4+ remained ambiguous. The same observation holds for the interface between cartilage tissue
and subchondral bone.

This limitation is overcome by spectral images delivered by the SUCT. A higher intensity of dense
structures is found in the low-energy channel with respect to the high-energy one, while the opposite
behavior is observed in the presence of iodine. This allows for the discrimination between the
cartilage and the mineralized tissue as well as for masking out the CA4+ bath that contains a lower
iodine concentration with respect to the cartilage, as reported in panel (c) of Fig. 4.4. Moreover,
further quantitative examination of bone tissue, based on quantification of the mineral density, is
promptly accessible in spectral modality, as shown in panel (d), while calibration curves are required
in attenuation modality.

Focusing on the cartilage layer, a depth-wise intensity/concentration dependence could be observed,
generally decreasing from the deep cartilage, rich in PG, to the superficial layer, as demonstrated in
Fig. 4.5. Noteworthily, the comparison between profiles from absorption and spectral imaging
outlines the potential of material decomposition. In particular, while the attenuation-based CTs show
a similar monotonically decreasing behavior regardless of the used imaging system, the peak in the
spectral density profile is shifted with respect to the bone/cartilage interface. This is due to the fact
that only the spectral decomposition can discriminate between different contributions to the
attenuation at the cartilage tidemark, distinguishing between the iodine, related to PG concentration,
and the calcified tissue. From a biological perspective, the PG distribution shown in the material
decomposition can be understood by considering that the cartilage tissue close to the tidemark shows
increased content of calcification, at the expense of PG concentration. These results are consistent
with previous literature. The work of Bansal et al. [154] demonstrated the correlation between CA4+
uptake and GAG overall content in the cartilage in bovine osteochondral samples from the femoral
condyles. The 3D CA4+ distribution reported in their study showed a clear gradient, with increasing
CA uptake in the deeper layer of cartilage. Similarly, the work by Honkanen et al [169] performed
on human cadaver samples showed that, at diffusion equilibrium (72 h of immersion), CA4+

distribution at increasing depths in the cartilage correlates with PG concentration. The hypothesis that
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the PG concentration decreases in calcified cartilage close to the tidemark is supported in the literature
by independent methods, which provided direct measurements of thickness of calcified cartilage.
Values of the order of 200 um were found in Kauppinen et al. [428], by segmenting histological
images from healthy human tissues.

In this context, the calcium quantification capabilities enabled by SUCT, could provide a powerful
tool for the nondestructive 3D assessment of the calcified cartilage region. Indeed, the simultaneous
but differentiated assessment of cartilage and subchondral bone is considered to be of great
importance for the understanding of pathologies such as osteoarthritis, which concurrently develops
in both tissues [408]. In previous works, the use of cationic CA4+ for the evaluation of cartilage tissue
[94] was extensively validated using reference methods [101], conventional CT, and synchrotron uCT
[147,166,171,339], but it was faced with the problem of comparable radiopacity of contrast-enhanced
cartilage and calcified tissue [158]. This further implies that manual segmentation procedures are
typically used for the delineation of articulating surfaces and cartilage-bone surfaces [165,167-169],
potentially being imprecise and/or subject to operator-dependent bias. On the other hand, spectral
data-based material decomposition enables the automatic segmentation of heterogeneous structures
as demonstrated, for instance, in the 3D rendering of Fig. 4.6.

Despite only few studies making use of detector-based spectral systems have been reported in the
literature on osteochondral samples, those works focused either on the diffusion of anionic CAs,
which anticorrelates with PG [189], or on PG-affine CA4+ but at a much coarser spatial resolution
(order of 200 pum) [180]. In this framework, to the best of the authors’ knowledge, our work reports
the first SUCT on an osteochondral sample loaded with an iodine-based cationic contrast agent to be
scanned with a laboratory spectral PCD system at a (measured) spatial resolution below 50 pm.

It is understood that the promising results demonstrated in this paper have been obtained on a single
sample, and need to be confirmed on a larger number of samples. This should also account for the
fact that the features in the articular cartilage strongly depend on the location in articulating sites
[173], hence differences in morphology (i.e., thickness) and composition (i.e., PG content) might
impact the imaging outcome. Another limitation of the study is the simplified (cylindrical) geometry
of osteochondral samples. In fact, the relatively small size and constrained geometry might
overestimate the potential of automatic segmentation provided by spectral imaging. A comprehensive
evaluation should include samples with complex geometries and greater size or, alternatively, whole-

sized condyles from small animal models.

120



4.5. Conclusion

The present study investigated the potential of the SUCT on an osteochondral sample perfused with
the iodine-based cationic contrast agent CA4+ and compared the results against a commercial CELCT
system. For similar acquisition time and spectrum, the results demonstrate that the SUCT provides a
better distinction among tissues, also enabling automatic segmentation, at comparable spatial
resolution. Spectral capabilities allowed for a more realistic description of proteoglycan distribution
across the cartilage. The material decomposition approach makes possible the unambiguous
discrimination between iodine and hydroxyhapatite at the cartilage/bone interface, having a potential
impact for the assessment of osteoarticular pathologies. Future studies will be aimed at extending the
analysis to a larger number of samples and sample types, while further improving spatial resolution
(by a factor between 1.5 and 2) using a higher magnification and the extended field-of-view

acquisition modality.

121



122



CHAPTER 5

Synchrotron-radiation based phase-contrast imaging:
Impact on mechanical behaviour of articular cartilage
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Abstract

The heterogeneous and anisotropic arrangement of the AC microstructure confers peculiar strain
gradients within the tissue under loads. Upon uniaxial compression, AC showcases a depth-dependent
strain distribution. For instance, higher strains in superficial layer manifest, compared to the deeper
zones, which feature higher compressive modulus. A comprehensive understanding of strain
distribution is crucial for a clearer picture of the aetiology of pathologies such as osteoarthritis, besides
the design of osteochondral scaffolds and tailored approaches for AC regeneration. Digital volume
correlation is a full-field technique that computes the fields of displacements and the three-dimensional
strain map by processing time-lapsed volumes acquired during in-situ mechanical testing. The key
condition for a successful employment of DVC relies upon the detection of features that can be tracked
within the structure-of-interest during mechanical testing, based on subsequent steps. Phase-contrast
already proved to clearly highlight chondrocyte lacunae of AC (namely, the pericellular environment
surrounding AC cells). Commercial microCT systems do not access resolutions high enough to
visualise the lacunae of a large portion of tissue in a reasonable time, without affecting the viscoelastic
properties of the osteochondral tissues. Indeed, the scan of small samples is not representative of the in-
Vvivo situation, as the sample size affects the mechanical load distribution and the tissue deformation.
Additionally, while a few commercial X-ray systems implementing phase-contrast exist, they feature
poor X-ray fluxes. In this context, contrast enhancement of the relevant structures of AC can be
achieved via radiopaque CAs, which, however, can affect the mechanical properties of the tissue. The
aim of the present study was to investigate the potential impact of SR on the mechanical properties of
AC. SR imaging was used during in-situ experiment, involving multiple scans to capture the tissue's

deformation at different levels.
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5.1. Introduction

The hierarchical multiphasic structure of AC allows the tissue to withstand a variety of stresses
(namely, compressive, shear, tensile). The mechanical competence of the tissue depends on the
integrity of the ECM. When the homeostasis of AC is disrupted (i.e., as a consequence of traumatic
events), the mechanical response is compromised. For instance, wear of collagen mesh reduces the
shear stiffness of AC [18]. The progressive loss of PGs leads to a diminished fixed charge density
(FCD), corresponding to a weakened compressive strength of the tissue [429]. Furthermore, the
altered porosity associated with the packed, entwined mesh of collagen bundles and PGs implies an
increased water content. When this microstructure is altered, this delicate balance is disrupted, and
the applied loads result in tissue damage [430].

Osteoarthritis represents a severe manifestation of AC degeneration, affecting the whole
osteochondral unit. In fact, OA interests the underlying mineralised tissue, especially at its late stages.
Tidemark duplication, increased thickness of calcified cartilage, and angiogenesis reflect the
progressive evolution of the disease. Eventually, pain manifests when the whole osteochondral unit
is irreversibly compromised [431].

To understand the aetiology of OA and to relate the progressive degradation of AC mechanical
quality, the combination of complementary approaches is essential. Mechanical testing provides
insights into the response of AC to external stimuli. In the case of incremental compressions being
imparted to the tissue, the imaging of AC could relate the morphological and compositional features
to the mechanical response. Consequently, displacements transmitted from external compression to
the internal architecture of AC may provide insight into the strain distribution in relation to the tissue's
functionality. In terms of visually detectable features, the most suitable structure is the chondrocyte
lacuna, the pericellular environment in which chondrocytes are enclosed. Nevertheless, the scarce X-
ray radiopacity of AC obliges the adoption of non-conventional imaging approaches. Contrast-
enhanced protocols are the most straightforward approach to the assessment of soft tissues, as the use
of CAs can be easily implemented on table-top X-ray scanners with no hardware modifications to the
setup. Several studies investigated the morphology and distribution of lacunae following the diffusion
of CAs [61,63,93,119]. Nonetheless, research-oriented studies confirmed the alterations of the AC
mechanical response, following the contrast enhancement [93,367,432,433]. Additionally, staining
procedures require processing (i.e., fixation) that alters the tissue properties [65]. In conclusion,
evidence discourages the use of CAs in rheologic studies, unless non-invasive approaches are adopted
[93,432].
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Phase-contrast imaging represents a valuable alternative to the contrast-enhanced approach, owing to
the superior contrast conferred to structures without the use of any CA. For instance, the interface
between chondrocytes and the surrounding pericellular environment gives rise to the sought-after
edge-enhancement effect at the fundamentals of PC imaging [54]. As already discussed in Chapters
1 and 2, the spatial coherence of the X-ray beam is crucial in generating the phase modulation, thanks
to the interference phenomena induced by the passage of wavefronts through the sample [434].
Laboratory-based microCTs allow the depiction of lacunae during in-situ mechanical compression,
provided the installation of nanofocus X-ray tubes featuring adequate lateral coherence. Nevertheless,
table-top microCT-driven imaging protocols are affected by prolonged exposure times, due to the
limited fluence of bremsstrahlung emission-based X-ray tubes [60,93].

This limitation is easily overcome with synchrotron radiation (SR), thanks to its unsurpassed
brilliance [435]. Several works have reported the successful outcome of rheologic studies carried out
at synchrotron facilities, investigating the mechanical response of osteochondral tissues to step-wise
increase of applied deformation [205,208-210,269]. Still, the radiation dose represents a major
drawback, especially in the case of large SR fluxes that irradiate the sample in a reduced time lapse
[436,437]. This controversial aspect is well documented for bone tissues, but still deserves further
investigation for AC.

The aim of the study was to investigate the potential impact of SR on the mechanical properties of
AC. SR imaging was used as the light source in a PC protocol to image bovine AC subjected to
incremental compressive steps. The experiment was carried out in SYRMEP (SYnchrotron Radiation
for MEdical Physics) beamline at Elettra synchrotron facility. In this frame, attention was addressed

in evaluating the potential effect of SR on the mechanical behaviour of irradiated AC.

5.2. Materials and Methods

5.2.1.Extraction of osteochondral tissue samples

Bovine stifle joints (N=8) were collected at a local slaughterhouse, within 24 hours of the culling.
Both femoral condyles and tibial plates were considered to address the varying morphological
features (i.e., thickness) of AC. Parallelepiped-shaped sections were collected from the sites of
interest, wrapped in PBS-soaked gauze and stored at -20°C until the extraction of osteochondral
samples. Once thawed, from parallelepiped-shaped sections 10 mm in diameter by 10 mm in height,
cylindrical cores were drilled out by means of a computer numerically controlled milling machine
(ProLight 2000, Light Machines Corporation, Manchester, NH, USA), equipped with a diamond-
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coated coring tool. The whole extraction procedure was carried out in a PBS bath to prevent heating
and dehydration of tissues. The procedure also accounted for the surface geometry of AC, aiming at
harvesting cores with the flattest configuration. As the experiment included the investigation of SR
effects, osteochondral cores were extracted in pairs to minimise the morphological differences. From
each pair, one sample was destined for the irradiated and the control group, respectively. Following
harvesting, specimens were frozen under the same storage conditions as the parallelepiped-shaped

sections.

5.2.2.Pre-irradiation indentation tests

The whole experimental pipeline is schematised in Figure 5.1. Samples from both irradiated and
control groups underwent a second thaw cycle overnight in PBS at 4°C, in preparation for the
mechanical testing. The thickness of AC was assessed via X-ray microCT imaging (SkyScan 1072,
SkyScan, Aartselaar, Belgium) and quantified using a custom MATLAB algorithm (MATLAB
version R2022b, MathWorks, Natick, MA, USA), which processed four planar images per sample to
compute the mean thickness of AC [367]. Specimens were embedded in a custom polyacetal holder,
secured with polymethyl methacrylate at their base, and sealed laterally with silicone grease.
Additional PBS was poured on the AC to prevent dehydration during the mechanical test. The
polyacetal holder was mounted on the X-Y motorised table of the testing machine (Mach-1 VV500css,
Biomomentum Inc., Laval, QC, Canada). Each osteochondral core underwent an initial
preconditioning indentation, followed by three tests with 40-minute intervals.

Indentation was performed with a 6 mm spherical indenter at 0.15 s™!, reaching 15% of AC thickness
and held for 300 s [341]. Instantaneous response was characterised by So and Eg (via the Hayes model,
Poisson’s ratio = 0.45) [343], while viscoelastic behaviour was described by the time constant (t) and
stretching exponent (B) from a stretched-exponential fit [430]. The equilibrium modulus (Eeq) was
calculated using the Hayes model at 300 s, assuming Poisson’s ratio = 0.3 [346]. All parameters were
normalised to the first indentation to express relative changes across tests.

Afterwards, samples were stored at 20°C, wrapped in PBS-soaked gauze, until the imaging session
at the SYRMEP beamline.
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10mm bovine @ osteochondral core
Control Treated

indentation test

in-situ compression

indentation test

Figure 5.1. Samples were divided into two groups: treated and control. All samples underwent a preliminary cycle of
indentation tests. Samples of the treated group were compressed at different deformation levels while being imaged at the
SYRMEP beamline (Elettra synchrotron facility, Trieste, Italy). Samples of the control group were compressed at
different deformation levels without being irradiated. Compression of the samples was accomplished using a dedicated
device. A polyethylene sphere, moved orthogonally to the articular surface via a micrometric screw, applied compression
to the articular surface. All samples underwent a final indentation test using the same protocol of the preliminary cycle.
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5.2.3.In-situ compression device

An ad hoc compression device was designed and realised to perform the rheological experiment at
the SYRMEP beamline. To minimise the absorption of X-rays, a polymethylmethacrylate (PMMA)
cylindrical holder was obtained, with a wall thickness of 1 mm. The design accounted for the
mechanical compression of cylindrical samples in a humid environment. In particular, the inner
diameter of the holder facing the AC was enlarged to host the PBS and the indenter. The latter
consisted of a 6-mm diameter polyethylene sphere, solidly attached to a PMMA cylinder fitting the
inner edge of the wet chamber. The indenter was surmounted by the load cell to measure the load
applied to the AC. A screw was used to apply a controlled axial displacement to the indenter, resulting

in a controlled deformation of the cartilage.

5.2.4.In-situ testing protocol

In preparation for PC imaging, each sample was thawed in PBS at 6°C (third thaw cycle) 22 hours
before the imaging session. Following the pouring of PBS, each sample was carefully placed in the
in-situ compressive device to avoid the trapping of air bubbles in the chamber. The whole assembled
device was plugged into the rotational stage, mounted on a six-degree-of-freedom hexapod. The
SYRMEP beamline comprises a Hamamatsu Orca Flash sSCMOS camera (Hamamatsu Photonics,
Shizuoka, Japan, 2048 pixels x 2048 pixels matrix with physical pixel size of 6.5 pm x 6.5 pm)
coupled with an optical magnification system. The magnification 5x provided the smallest pixel size
(i.e., 1.3 pm) and a field-of-view (FOV) of 5x5 mm. To maximise the FOV without affecting the
pixel size, the fly-scan method was adopted, provided the scan over 360° (3600 projections).

To maximise the photon flux, the polychromatic beam was selected, with a mean energy of 20 keV.
The configuration selected for the experiment was propagation-based phase-contrast (PBPC), namely
the simplest one pivoting exclusively on the propagation distance. The latter, defined as the sample-
to-detector distance, was set to 25 cm. Provided the propagation distance and the beam features, an
optimal exposure time per projection was 150 ms.

Following the automated alignment procedure [438], each sample of the irradiated group underwent
five irradiation cycles. Except for the first repetition, the deformation level was increased by 15% of
the original thickness at each subsequent step, reaching a maximum of 45%. Following each
deformation increment, a 20-minute resting period was respected to allow the AC to reach
equilibrium. The control group underwent the same experimental pipeline, except for the SR

irradiation.
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After the session, each sample of the irradiated group was rinsed in PBS, enveloped in PBS-soaked

gauze and stored at -20°C

5.2.5.Post-irradiation indentation tests

Following the fourth thaw cycle, samples underwent the identical protocol of indentation tests

illustrated in Subsection 5.2.2.

5.2.6.Statistical analysis

Statistical analyses were conducted as follows. Variations in AC thickness between the irradiated and
control groups were analysed using the Wilcoxon signed-rank test. The same test was employed to
compare the initial values of the mechanical parameters (So, Eo, 1, B, and Eeq) obtained during the first
indentation cycle between the two groups. The influence of in-situ mechanical protocol within each
group was evaluated by applying the Wilcoxon signed-rank test to the normalised parameter values,
calculated as percentage changes relative to baseline (namely, the very first indentation). Lastly, to
determine the effect of the SR, inter-group comparisons of these percentage changes were performed

using the Mann—Whitney U test.

5.3. Results

The AC thickness values of OC cores for the irradiated group and control group were in the range of
0.8-2.3 mm and 1.0-2.0 mm, respectively. No significant difference was found between the two
groups (irradiated group median thickness 1.5 mm, Control group median thickness 1.6 mm,
Wilcoxon signed-rank test: p = 0.96).

A total of 48 indentation tests were performed, neglecting the preconditioning procedure of AC tissue.
No significant difference was found between the parameters of the irradiated and control groups,
calculated from the first three indentations. Normalised parameter trends across tests are shown in

Figure 5.2.
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Figure 5.2. The median (central marker), 75th percentile (upper edge), and 25th percentile (lower edge) of the percentage
changes in So, Eo, 1, B and Eeq Values before and after in-situ testing protocol are shown. The values shown in the figure
were calculated as the differences between the medians of the 24 values measured in the first three and the 24 values
measured in the second set of indentation tests.

The exposure of AC to SR had the following significant effects on samples of the irradiated group
(Mann-Whitney signed-rank test) for the following parameters: 149% increase in So (p <0.01), 160%
increase in Eo (p <0.01), 149% increase in T (p <0.01), 286% increase in Eeq (p < 0.01). A statistically
non-significant 4% increase in  (p = 0.43) was found.

On the other hand, in-situ mechanical compression without irradiation induced no significant
differences in control samples (Mann—Whitney signed-rank test): 3% apparent decrease in So (p =
0.87), 6% apparent decrease in Eo (p = 0.51), 17% apparent decrease in t (p = 0.06), 0.3% apparent
increase in B (p = 0.60), 8% apparent decrease in Eeq (p = 0.51).

When comparing the percentage changes between the two groups, exposure to SR led to the following
significant differences relative to unexposed samples: a 152% increase in So (Mann—-Whitney: p <
0.01), a 166% increase in Eo (Mann—Whitney: p < 0.01), a 166% increase in T (Mann—Whitney: p <
0.001), 294% increase in (Mann—Whitney: p < 0.001). No significant difference was found in the
values between the two groups (Mann-Whitney: p = 0.44).
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5.4. Discussions

The aim of this study was to validate a PC imaging protocol at the SYRMEP beamline of Elettra. The
protocol included the sequential acquisition of bovine osteochondral samples under several
compressive steps. The inclusion of control samples, paired to the irradiated twins, aimed at
evaluating the potential impact of SR on the mechanical response of AC.

Considering rheological studies alone, PBPC modality allowed for scan times shorter than one minute
[205]. First, SR different specifications depend on the beamline of extraction. For instance, the
different design of storage rings (i.e., radius) and extraction devices (i.e., undulators and wigglers),
confers beam characteristics varying from beamline to beamline. The most important discrepancy is
primarily found in beam brilliance, which in turn directly impacts the acquisition time. Comparing
the brilliance of various X-ray imaging-dedicated beamlines around the world, SYRMEP features
average values. The study featuring the shortest acquisition time was conducted at the TOMCAT
beamline, in the Swiss Light Source of the Paul Scherrer Institute, based in Switzerland. Despite the
monochromatisation of the beam, a procedure known for hampering the fluence of the resulting beam,
the imaging protocol proposed in the work of Dejea et al. resulted in strikingly short exposure times
[205]. The almost two orders of magnitude discrepancy between the exposure time in the present
study and the one from Dejea et al. (i.e., 150 ms and 2.5 ms, respectively) is attributable to the fluence
of the beamlines employed [438]. Therefore, the present study maximised the beam fluence by
deliberately selecting the polychromatic modality. Second, to minimise the pixel size, the acquisition
protocol foresaw a 360° scan instead of a 180° scan by exploiting the fly-scan method [439].

In light of the benefits and limitations of the proposed protocol, a few considerations can be made on
the impact of SR on the mechanical response of AC. Statistical analysis confirmed that samples from
irradiated and control groups show comparable morphological and mechanical native features. That
said, a significant increase in mean values and variance of Eo, T and Eeq Was observed in the irradiated
group, in response to a localised compression imparted via indentation tests. As both groups
underwent the identical incremental compressive steps, it is plausible to attribute the overall increase
of the aforementioned values to SR exposure.

The increase of Eo reflects the stiffening of tissue upon the localised compression, pointing out
apparent modifications interesting the ECM. In general, literature reports contrasting evidence over
the impact of indirect ionising radiation on the mechanical properties of AC. Such discrepancies could
be addressed to potential inconsistencies in the type of radiation, the dosage of radiation, the dose

rate, and the model used. Independent of the aforementioned parameters, ionising radiation exerts
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effects across multiple scales, from mesoscopic (i.e., molecular-level alterations) to macroscopic
levels (i.e., structural changes affecting the tissue as a whole).

The fractioning of therapeutic X-rays on rabbit stifle joints in vivo was associated with no apparent
alterations in the mechanical properties of AC [440]. Contrariwise, studies based on nano- and micro-
indentation uncovered a diminished compressive stiffness of AC [441]. Independent imaging
approaches such as T2 mapping were considered, owing to their sensitivity to water interacting with
collagen of the ECM [442]. For instance, the study of Hutchinson et al. revealed decreased values of
T2 relaxations, indicative of collagen cross-linking in rat stifle AC [443]. The latter effect, artificially
induced in mature bovine AC, was associated with increased equilibrium stiffness [444], in line with
the results of the present study.

Interestingly, the relaxation time t shows increased values as well, meaning that the viscous
phenomena are exhausted in longer time lapses. This effect could result from the cleavage of GAGs
from PGs. The deposition of low radiation doses is associated with a release of GAGs from the ECM,
as confirmed by biochemical essays [441], resulting in a weakened electrostatic repulsion and
softening of the tissue. On the other hand, experimentally induced cross-linking of collagen mesh was
responsible for increased FCD [442] and mechanical stiffness of the bovine and human AC [442,445].
Additionally, a study based on Fourier-transform infrared (FTIR) analysis found denaturation of
proteins. Upon irradiation, it was suggested that water molecules decompose into unstable species
which, in cascade, form GAG free radicals and oxygen reactive species, with potential impact on AC
viscoelasticity [446]. Further modification of FTIR spectra suggested that collagen loses its
characteristic structure in favour of an amyloid-like shape, no longer functional in withstanding
external stresses [446].

In contrast with the aforementioned evidence, a recent rheologic study involving bovine AC found
no apparent impact of SR on the mechanical response of the tissue [205]. In the same study, the use
of a monochromatic beam could avoid the deposition of undesired energy components to the tissue.
Additionally, the very short acquisition times prevent the development of heat in the sample,
renowned as a macroscopic manifestation of radiation deposition, along with high dose rates. Heat
could potentially lead to alterations in the state of AC. Literature mainly addresses the impact of heat
on cell viability rather than the mechanical behaviour of AC. Notably, morphological alterations have
been reported following radiation exposure, potentially translating to AC functionality [447].
Compared to the study of Dejea et al., the present study was based on polychromatic radiation and
relatively long acquisition times to maximise the beam fluence. Such a choice could imply larger

radiation doses, together with the already outlined longer exposure times.
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The present study comes with several limitations. Above all, the limited sample size could bias the
soundness of statistical analysis and the reliability of results. Still, the number of samples
accommodated the limited beamtime available. Additionally, the design of the experiment sensibly
downsized the number of specimens to be included. As already mentioned, single samples underwent
several image acquisitions after the disposal of each compressive step. Furthermore, the choice to
include relaxation time, essential for the complete exhaustion of viscous phenomena in AC, was made
at the expense of the beamtime available.

Further considerations should be made regarding the AC model. The bovine model provides healthy
osteochondral tissues within reasonable timeframes. On the other hand, human osteochondral tissue
should be considered in the light of future investigation of OA progression. In this sense, the
morphological features of AC from the selected model rule the imaging outcome and, in turn, the
subsequent rheologic analysis. The site-dependent and interspecies variations in tissue morphology
have already been revealed in a comparative study, comparing human and bovine AC [173]. For
instance, histological inspections of human and bovine AC highlighted lacunae sizes corresponding
t0 16.9+3.0 and 19.7+2.6 um, respectively [173]. Except for the morphological differences between
the bovine and the human model, both provide AC with comparable viscoelastic properties [448]. For
inference, the impact of SR should manifest in a similar way on human AC as well.

Besides the morphological aspects, the site-dependent variability of mechanical behaviour exhibited
by AC should be considered [314,391,448-450]. Provided that the indentation protocol was
optimised, along with the criterion of specimen extraction. As a result, samples showed comparable
mechanical properties, regardless of the group. Eventually, the normalisation of mechanical
parameters to the very first indentation contributed to lowering the inherent variability of absolute
mechanical features [341].

As concerns the handling of specimens, a total of four freeze-thaw cycles were performed throughout
the whole experiment. The deleterious impact of such a procedure on the mechanical properties of
AC has already been addressed by previous studies [358,359]. Because the freeze-thaw procedure
was identical across groups, its effects are unlikely to bias comparisons between treated and control
samples. This supports the interpretation that observed differences between groups are attributable to
the radiation exposure rather than to specimen handling.

Despite the abovementioned pitfalls, significant alterations in the viscoelastic response of bovine AC
were highlighted, following the comparative evaluation of the SR effect on AC response to

indentation.
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5.5. Conclusions

The present study proposed an experimental protocol for the rheological evaluation of AC at the
SYRMEP beamline, in the Elettra synchrotron facility. The illustrated protocol combined high-
resolution PBPC imaging of chondrocyte lacunae with the application of incremental compressive
steps. The proposed protocol was implemented with indentation tests before and after irradiation, to
investigate the potential impact of SR on the mechanical response of AC. To this purpose, the
experimental design included irradiated and control groups.

The analysis of mechanical data highlighted a significant effect of SR on the mechanical response of
AC to localised compression. For instance, increased instantaneous modulus and equilibrium
modulus were associated with the stiffening of AC. Viscous phenomena were observed to exhaust in
longer time lapses. The comparison to the control group confirmed that the effects observed on the
irradiated group are attributable to SR.

Further improvements to the proposed imaging protocol could include the use of monochromatic
beams to lower the detrimental effect of unwanted components of X-rays. This could be possible after
the planned upgrade of Elettra synchrotron infrastructure, including SYRMEP. The beamline will
provide advanced X-ray imaging, including phase-contrast and monochromatic microCT with a
superior beam energy range (namely, 10-130 keV), enabling research in fields such as palaeontology,
materials science, and medicine. High flux will also allow fast 4D microCT scans within seconds,

crucial for concurrent in-situ mechanical investigations.
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CHAPTER 6

Conclusions
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This Chapter provides a comprehensive summary of the main outcomes of the PhD work, with
particular emphasis on the original contributions made to the application of advanced X-ray imaging
techniques for the study of articular cartilage. Subsequently, the principal limitations of the conducted
studies are discussed. Finally, potential future developments and implications arising from the presented

findings are outlined.
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6.1. Summary

The aim of the present PhD thesis was to evaluate the feasibility of X-ray techniques alternative to
the conventional imaging of AC. A high-resolution depiction of the inner structure is essential both
when the early effects of a pathology need to be investigated or when full-field techniques are
employed. For instance, chondrocyte lacunae allow the punctual evolution of three-dimensional
displacements in the tissue upon the application of external mechanical stresses on the sample. To
this end, several approaches have been sifted, ranging from contrast-enhanced imaging (Chapter 3),
detector-based spectral microCT (Chapter 4), to SR-based PBPC imaging (Chapter 5).

Aiming at the validation of the single protocols proposed in this work, ex-vivo approaches were
considered.

Prior to any experimental attempt, an extensive review of existing literature focused on
evidence supporting the application of advanced X-ray techniques to high-resolution imaging of AC
(Chapter 2). Briefly, the X-ray imaging field distinguishes among absorption-based, refraction-based
and scattering-based approaches. Absorption-based methods resort to the use of radiopaque CAs to
selectively enhance the discernibility of inner structures, allowing for a quantitative assessment of the
tissue, even with a table-top conventional X-ray scanner. In the light of such contrast improvements,
cutting-edge approaches such as spectral imaging further boost the visibility of details in one or more
tissues. Nevertheless, such implementations come at the cost of potential alterations of the
investigated tissue, increased radiation doses or low-resolution devices. Refraction-based approaches
circumvent these pitfalls. Notably, the intrinsic enhancement of interfaces at mesoscopic and
macroscopic scales substitutes the use of CAs. Essential requirements, such as the spatial coherence
of the X-ray beam, the insertion of dedicated optical elements, or their combination, limit their
implementation to a limited number of SR facilities or custom laboratory-based X-ray systems.
Scattering-based methods, implementable in most of the refraction-based configurations, retrieve
unique mesoscale information, typically not reached by other imaging approaches. Nevertheless, the
application of scattering-based methods suffers from the same limitations as refraction-based
configurations, and their potential has only been demonstrated in two-dimensional imaging
approaches. Pondering the advantages and limitations of their applications to AC imaging, PBPC
demonstrated the most promising results, especially in light of rheologic investigations, thanks to the
simplest experimental setup and the shortest acquisition time.

Chapter 3 focused on the use of an experimental iodine-based cationic CA, CA4+. The latter
exhibits a superior imaging outcome compared to other existing CA formulations, as it provides direct

insight into the PG content of AC. Furthermore, CA4+ use demonstrated the depiction of chondrocyte
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lacunae [61]. Aiming at the potential combination of CA4+ to rheologic assessment of AC, the
definition of experimental activities included multidisciplinary approaches, namely X-ray imaging
and mechanical testing. The following aspects were deepened:

1. The impact of CA4+ on the mechanical response of AC (Chapter 3, Section 1). This aspect is
crucial in establishing the suitability of CA4+ with in-situ testing of bovine AC. In this sense,
indentation testing was performed on two distinct groups of samples (namely, contrast-
enhanced and control) to single out effects solely attributable to the use of CA4+. The
experimental pipeline attempted to minimise jeopardising factors such as variability of AC
morphology and mechanical properties. Results highlighted significant alterations of AC
following the exposure to CA4+, pointing out an overall softening of the tissue (i.e., decreased
instantaneous and equilibrium response) to localised compressions. Such evidence
discourages any mechanical assessment of AC after its contrast-enhancement with CA4+.
Still, contrast-enhanced protocols could find remarkable applications in the research field,
aiming at either research-oriented or preclinical investigation of AC. To these aims, the
potential resorption of CA4+ from AC is required for downstream evaluations, such as
histology or for potential in-vivo animal studies. To date, no rigorous analysis has focused on
the reversibility of CA4+ effects highlighted here.

2. The reversibility of CA4+ effects on the mechanical response of AC (Chapter 3, Section 2).
To this end, the effective resorption of CA4+ from bovine AC was investigated first.
Dynamical washout in PBS bath was effective in clearing out CA4+ from the tissue in a
specific time (namely, washout time). This information contributed to refining the
experimental pipeline, as reprised from Section 1, Chapter 3. Indentation tests demonstrated
that samples undergoing a dynamical washout cycle in PBS bath share a similar mechanical
response, regardless of the group assignment.

3. The reliability of CA4+ on preclinical assessment of AC, resorting to HR-pQCT (Chapter 3,
Section 3). High-resolution peripheral quantitative computed tomography represents a viable
option for imaging of limbs, meeting unsurpassed spatial resolution and negligible radiation
doses, compared to other clinical X-ray scanners. In this study, the combination of CA4+-
enhanced HR-pQCT with indentation testing aimed at proving the potential predictability of
AC mechanical features, based on quantitative imaging data. The latter reflected the
characteristic concentration of PGs in the tissue, thanks to the electrostatic attraction exerted
from negatively charged GAGs on CA4+ molecules. Results provided correlations between
several mechanical parameters — accounting for the instantaneous, viscous and equilibrium

behaviour of AC in response to localised compressions — and the imaging data. In other words,
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the proposed contrast-enhanced imaging protocol supports the ability to predict AC

mechanical properties.
Chapter 4 investigated the feasibility of detector-based spectral imaging applied to CA4+-exposed
osteochondral samples. Despite the beneficial outcomes of CA4+ on AC assessment, its use could
face limitations if the whole osteochondral unit is considered. For instance, the comparable
radiopacity between contrast-enhanced AC and the underlying bone tissues could hinder their
discrimination [158]. Such a limitation can be overcome with detector-based spectral imaging.
This novel approach was possible at PEPILab, a multimodal X-ray imaging system equipped with
a PCD. Thanks to the direct discrimination of photons based on their energy, such technology
provided multiple datasets, serving as input for material-decomposition algorithms. Results
provided density maps of AC and bone tissue, reconstructed from a single X-ray exposure.
Notably, the density maps obtained featured the smallest spatial resolution retrieved from AC,
according to the existing literature. Additionally, further analysis of AC profiles indirectly
highlighted structural features at the AC-bone interface. For instance, the calcified cartilage,
anchoring AC to the underlying subchondral bone, is recognised as a hallmark in the onset of
osteoarthritis. Hence, detector-based X-ray spectral imaging could be a valuable tool in preclinical
studies. Yet, the imaging performance depends on both the selection of the CA and the energy
optimization. The choice of the CA governs the biochemical specificity and diffusion features
within AC. In contrast, the selection of certain energy thresholds primarily determines the
effectiveness with which the CA can be spectrally separated from pristine tissue, thereby affecting
the quantification accuracy and robustness. On the side of CAs, current developments are focusing
on improving the specificity to AC, favourable diffusion kinetics, and spectral signatures well
matched to clinically feasible energy ranges. Recently, attention has been drawn to the
development of smaller molecules (i.e., NPs) and different customisations (i.e., insertion of
functional groups). Elements with spectral features different from those of conventionally used
clinical formulations (i.e., iodine and gadolinium) could provide enhanced contrast and
distinguishability between contrast-enhanced AC and the underlying bone. Furthermore, the use
of high-atomic-number elements (e.g., tantalum, gold, bismuth) would enable acquisitions at
higher X-ray energies, with particular attention on radiation dose optimisation. On the side of
instrumentation, advances in detector technology, energy bin optimisation and dose-efficient
acquisition strategies will be critical to fully exploit existing and emerging CAs. Manufacturing
aspects, including pixel size, still offer significant potential for optimization, to deliver sensors

with inherently enhanced sensitivity to even finer structural details.
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In light of the results provided in Section 1, Chapter 3, any approach potentially altering the
mechanical behaviour of AC should be avoided. As already mentioned, refraction-based X-ray
imaging serves as a valuable alternative to contrast-enhanced approaches. The last activity,
reported in Chapter 5, reported the experiment carried out in the SYRMEP beamline, at the Elettra
synchrotron facility. The aim was to develop a protocol for in-situ loading of AC, combined with
high-resolution PBPC imaging. Similar to previous studies, attention was addressed to the
depiction of chondrocyte lacunae. The latter serves as an excellent marker for advanced full-field
analysis, such as DVC. Additionally, the potential impact of SR on the mechanical response of
AC was investigated to shed light on the contrasting evidence reported in the literature. Results
provided a valuable outcome in terms of lacunae depiction. Indentation tests pointed out a
significant effect of SR on the instantaneous, viscous and equilibrium behaviour of AC.
Interestingly, the resulting stiffening could be associated with modifications occurring at the
mesoscopic scale, following the exposure to ionising radiation. On the other hand, previous
studies evidence no clear impact of SR in the context of rheologic assessment of AC. The origin
of these contrasting results could lie in the different imaging protocols. For instance, the X-ray
spectrum, the exposure time per projection and the dose rate play a major role in determining
potential alterations of the irradiated tissue.

In summary, the imaging approaches included in the present PhD thesis delivered valuable results
under several aspects, but the applications are limited to the preclinical field. In the more
circumscribed context of rheological investigations, PBPC imaging meets demanding
requirements such as no alterations due to any CA, high spatial resolution and short acquisition

times.

6.2. Limitations and future perspectives

Limitations and potential improvements of each study are presented hereafter.

Above all, a critical limitation of all the reported activities is the use of bovine AC. The use

of animal tissue was driven by its availability — bovine tissues can be obtained within a few hours of

slaughter — and the absence of ethical implications — no animals were sacrificed specifically for the

aims of the studies. Comparative studies have reported similarities between bovine and human tissues

in terms of both morphological and mechanical features [173]. Therefore, bovine tissues have been

widely used in studies exploring the potential of several imaging approaches. By inference, results

demonstrating the soundness of these imaging approaches on bovine AC would imply equally robust

outcome also for human AC. While bovine AC represents a widely accepted and convenient model
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for ex vivo experimentation, it cannot fully substitute human tissue. Investigated bovine AC obtained
from the food industry consistently represents a healthy physiological state, lacking the spectrum of
degenerative changes typically observed in human specimens. In contrast, human AC samples
encompass a broad range of conditions, from intact to severely degraded, offering a more
comprehensive representation of the tissue’s pathological variability. Therefore, the validation of
experimental protocols, regardless of their specific nature, should not rely exclusively on healthy
tissue, but should also be extended to pathological samples to ensure translational relevance and
robustness of the reported findings.

Focusing on contrast-enhanced protocols included in Chapters 3 and 4, some considerations
should be addressed to the CA used. As already mentioned in Chapter 2, cationic CAs (CA4+
included) lead to superior contrast of AC when compared to non-ionic and anionic counterparts, due
to their preferential accumulation in negatively charged regions of the ECM. This electrostatic
interaction improves the visualisation of PG-rich zones and has been shown to correlate with tissue
composition [116]. However, this work relied on a single CA formulation at a fixed concentration,
following a standardised preparation protocol. While this choice ensured consistency across
experiments and simplified data interpretation, it inherently limited the scope of the findings.
Exploring alternative CA types, featuring different nature (i.e., NPs), charge, molecular size, or X-
ray attenuation properties, could have provided a broader understanding of contrast dynamics and
sensitivity. Similarly, varying concentrations might have revealed optimal trade-offs between
imaging contrast, diffusion time, and potential effects on tissue mechanics. In this sense, recent works
highlighted the suitability of polyoxometalates to mechanical probing of AC, granting the native
mechanical properties of the tissue [70].

Additional aspects regarding mechanical testing are included in Chapters 3. The integration
of X-ray imaging with indentation testing using millimetre-scale indenters (namely, 6 mm) enabled
a spatially resolved assessment of AC mechanical behaviour. The approach here adopted ensured
consistent indentation conditions across heterogeneous specimens, relatable to the intrinsic regional
variations of AC. All indentation tests reported in this PhD thesis were performed under
displacement-controlled condition, on the base of preliminary estimation of AC thickness. In healthy
AC, there is no issue applying such an approach. However, the thinner the residual AC layer, the
more difficult it becomes to apply this procedure. Indeed, the resulting load may exceed the
physiological range in stiffer regions, potentially limiting the direct biomechanical relevance of the
measured responses, and, in turn, of the correlations with the parameters derived from imaging data.

Despite the novelty of detector-based spectral imaging presented in Chapter 4, several

limitations should be underlined. First, the experiment was carried out on a single osteochondral
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sample. Second, the evidence provided on calcified cartilage was not confirmed by reference methods
(i.e., histology). On the other hand, the study proposed itself as a methodology work, highlighting the
benefits of detector-based spectral imaging over conventional approaches. Insights on calcified
cartilage could be replicated on multiple samples, possibly from alternative models to bovine. For
instance, the inclusion of samples with increasing stages of degeneration would deepen the suitability
of such a protocol in recognising several hallmarks of osteoarthritis, on the scale of the whole
osteochondral unit. Third, the spatial resolution of the reconstructed volume is incompatible with
rheological applications, owing to the relatively large physical pixel size of PCD. Laboratory-based
experiments based on conventional EID technology were carried out at significantly higher spatial
resolutions. Still, improvements in geometrical configuration and field of view would improve the
final spatial resolution.

As for Chapter 5, the main limitations regard the protocol design. Considering the potential
impact of SR on the mechanical properties of AC, an optimal trade-off between beam features
(namely, monochromaticity and fluence) and in-situ protocol (namely, number of acquisitions)
should be contemplated. Furthermore, incorporating the underlying bone tissues into the experimental
protocol could yield a more complete understanding of the mechanical load transfer and stress
distribution throughout the entire osteochondral unit, capturing the interactions between AC, calcified
cartilage, and subchondral bone under physiological and pathological conditions. Another significant
limitation of the study presented in Chapter 5 is the absence of image analysis, which, at the time of
writing, remained in an early and exploratory phase

In conclusion, the present PhD thesis analysed several X imaging approaches for AC imaging,
integrating mechanical tests to validate or corroborate the suitability of each for potential rheologic
applications. Considering advantages and limitations, the following aspects emerged:

e Contrast-enhancement with CA4+ allows for guantitative imaging of AC, with potential
towards the predictability of tissue mechanical behaviour, in the frame of localised
compression. Nevertheless, the impact of CA4+ on the mechanical response of AC is not
suitable for any application to in-situ mechanical evaluation of the tissue.

e Detector-based spectral imaging distinguishes among tissues in a single X-ray exposure,
thanks to the photon energy discrimination performed by PCD technology. Notably, this
approach implemented at a laboratory-based X-ray microCT provided insights into calcified
cartilage. On the other hand, the limited spatial resolution hinders the adoption of the proposed
experimental setup for rheological studies on AC.

e Propagation-based phase-contrast imaging of AC successfully depicted chondrocyte lacunae,

following the design and testing of an in-situ mechanical protocol in the SYRMEP beamline.
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Refinements to the protocol could reduce the effect of SR on the mechanical response of AC,

including a remodulation of compressive steps and the adoption of monochromatic X-ray

beams.
As general remarks for this PhD thesis, PG content and chondrocyte lacunae were successfully
characterised. Conversely, collagen bundles remained unresolved due to their submicron dimensions.
For example, spatial resolutions as fine as 0.1 pum, reported in the context of AC imaging, could not
resolve collagen bundles [200]. In light of advancements in X-ray imaging, novel SR-based
techniques have been developed to probe sub-micron structural features that are typically beyond the
resolution limits of high-resolution microCT. Noteworthily, SAXS tensor tomography combines
scattering-based measurements with tomographic reconstruction to provide three-dimensional maps
of nanoscale anisotropic structures within tissues [451]. This method could enable the quantitative
assessment of collagen fibre orientation and organisation at length scales inaccessible to conventional

microCT.
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