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Abstract

Osteoarthritis (OA) is the most common joint disease that causes disability in the adult population.
While the etiology and pathogenesis of OA remain unclear, it is now commonly accepted that the
entire joint is affected by OA. The deep zone of hyaline articular cartilage, calcified cartilage, and
cortical subchondral bone plate form the osteochondral junction that is specially adapted to
transferring loads during weight-bearing and joint motion. Although the OA-related changes in
articular cartilage and subchondral trabecular bone have been extensively studied, the changes in
the osteochondral junction, especially in the calcified cartilage, remain under explored.

Calcified cartilage is a relatively thin tissue layer and has a similar mineral phase to the
underlying bone. Hence, it is a major challenge to quantitively study calcified cartilage separately
from the whole osteochondral junction, due to the limitations in spatial resolution and the contrast
of current microscopic imaging modalities. Therefore, this doctoral dissertation aims to study the
biochemical composition, mineral crystal structure, micromechanical and structural properties of
calcified cartilage, and the subchondral bone plate in healthy and osteoarthritic knee joints in vitro.

Raman microspectroscopy was used to investigate biochemical composition from unfixed and
fully hydrated human osteochondral specimens. State-of-the-art micro-focus small-angle X-ray
scattering (μSAXS) measurements were performed to map the mineral crystal thickness across the
junction. Finally, a bovine patella model was utilized to explore the micromechanical changes in
the junction as a function of degeneration and associate these changes with site-specific
microstructure.

Results show that calcified cartilage had a higher degree of mineralization, with thicker mineral
crystals having greater stoichiometric perfection in a proteoglycan-rich matrix than underlying
bone. The alterations in the degree of mineralization, type-B carbonate substitutions, mineral
crystal thickness, tissue stiffness, and microstructure in both calcified cartilage and subchondral
bone plate were observed during OA development. Some of these changes were found to occur at
the very early stages of OA. In conclusion, this study shows that both mineralized tissues at the
osteochondral junction undergo marked alterations during the evolution of OA, contributing to our
current understanding of OA.

Keywords: bone formation, bone remodeling, calcified cartilage, mineralization,
osteoarthritis, osteochondral junction, Raman microspectroscopy, SAXS, subchondral
bone, tissue stiffness
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Tiivistelmä

Nivelrikko on aikuisväestön yleisin invalidoiva nivelsairaus. Nivelrikon tarkkaa syntytapaa ei
edelleenkään tiedetä, mutta nykyisin on yleisesti hyväksytty, että nivelrikko vaikuttaa kaikkiin
nivelen kudoksiin. Nivelessä sijaitseva luu-rustorajapinta muodostuu hyaliiniruston pohjakerrok-
sen, kalkkeutuneen ruston ja rustonalaisen luun yhdistelmästä. Luu-rustorajapinnan rooli on
välittää mekaanista kuormitusta rustosta luuhun nivelen liikkuessa. Nivelruston ja sen alaisen
luun kudosmuutoksia nivelrikon eri vaiheissa on tutkittu laajasti, mutta luu-rustorajapinnan - eri-
tyisesti kalkkeutuneen ruston – kudosmuutoksia nivelrikon aikana on tutkittu vain vähän.

Kalkkeutunut rusto on ohut kudoskerros, jossa on myös mineraalifaasi samoin kuin alla ole-
vassa luukudoksessa. Tämä tekee kalkkeutuneen ruston kvantitatiivisesta tutkimisesta hankalaa,
koska luun ja kalkkeutuneen ruston erottaminen on vaikeaa mikroskooppisten kuvantamismene-
telmien rajoittuneen kontrastin ja erotuskyvyn vuoksi. Tässä väitöskirjassa tutkittiin nivelrikkoi-
sen ja terveen kalkkeutuneen ruston biokemiallista koostumusta, mikrorakennetta sekä mikro-
mekaanisia ominaisuuksia.

Ihmisestä saatuja tuoreita ja käsittelemättömiä luu-rustonäytteitä tutkittiin aluksi Raman-mik-
roskopialla, jonka perusteella kartoitettiin niiden biokemiallista koostumusta eri kohdissa kudos-
ta. Mineraalikristalleja analysoitiin pienkulmaröntgensironnan avulla, jolla pystyttiin kartoitta-
maan kristallien paksuutta koko luu-rustorajapinnan alueelta. Tutkimuksessa käytettiin myös
naudan polvilumpiosta otettuja näytteitä, joiden avulla tutkittiin luu-rustorajapinnan mikrome-
kaanisia muutoksia nivelrikon eri kehitysvaiheissa. Lisäksi tutkittiin mikromekaanisten muutok-
sien ja mikrorakenteen muutoksien välistä yhteyttä toisiinsa.

Tulokset osoittavat, että kalkkeutuneessa rustossa on luuhun verrattuna korkeampi minerali-
soitumisen aste, paksummat ja stoikiometrisesti täydellisemmät mineraalikristallit, sekä suurem-
pi proteoglykaanipitoisuus. Lisäksi tutkimuksessa havaittiin selkeitä muutoksia mineralisaation
määrässä, tyypin B karbonaattisubstituutiossa, mineraalikristallien paksuudessa, kudoksen jäyk-
kyydessä sekä mikrorakenteessa nivelrikon kehittyessä. Osa muutoksista havaittiin hyvin varhai-
sessa nivelrikon kehitysvaiheessa. Tässä väitöskirjassa saatiin tärkeää uutta tietoa siitä, että luu-
rustorajapinnnassa tapahtuu merkittäviä muutoksia nivelrikon kehittyessä. Tämä lisää nykyistä
tietämystämme nivelrikon etiologiasta.

Asiasanat: kalkkeutunut rusto, kudosjäykkyys, luu-rustorajapinta, luun
uudismuodostuminen, mineralisaatio, nivelrikko, pienkulmaröntgensironta, Raman-
mikroskopia, rustonalainen luu
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1 Introduction  
In the synovial joint, the osteochondral junction is the transition between the soft 
and hard tissues, consisting of the deep zone of hyaline articular cartilage, calcified 
cartilage, and the cortical subchondral bone plate (Fig. 1) (Suri et al., 2012). This 
junction helps to maintain the structural integrity of the joint during weight-bearing 
and motion by transferring loads from the viscoelastic cartilage to considerably 
stiffer mineralized tissues (Oegema et al., 1997). Changes in composition or 
structure of any individual tissue of this junction might cause disturbance in joint 
integrity and lead to loss of joint function—characterized by the clinical syndrome 
of osteoarthritis (OA) (Goldring et al., 2016).  

 

Fig. 1. Images of the osteochondral tissue using reflected light microscopy (A) and 
differential interference contrast (DIC) optical light microscopy (B), respectively. The 
osteochondral junction, the full thickness of the hyaline articular cartilage, and the 
subchondral trabecular bone are marked with red boxes, purple lines, and yellow lines, 
respectively.  

OA is a slowly progressive joint disease, causing pain and leading to disabilities,  
especially in the adult population (Hunter et al., 2019). OA is a major public health 
challenge—there were almost 303.1 million prevalent cases and 14.9 million 



20 

incident cases of hip or knee OA globally in 2017 (Safiri et al., 2020). OA is more 
prevalent among women, and the prevalence increases with age (Safiri et al., 2020). 
With a recent rise in life expectancy in countries with established market economies 
like Finland, OA is even more common. A recent study on Finnish occupational 
healthcare patients showed that OA also affects working-age individuals, causing a 
reduction in their productivity and an increase in healthcare resource utilization and 
medical costs (Summanen et al., 2021). Despite the massive socio-economic 
impact of OA worldwide, there is no effective disease-modifying treatment for OA. 
Current treatments for OA are limited to nonpharmacological therapies, anti-
inflammatory agents, intra-articular injections, and the joint surgery (e.g., total joint 
replacement) being the most recommended treatment option at late stages (Katz et 
al., 2021). Hence, disease-modifying drugs are desperately needed to slow down or 
halt OA development. The etiology and pathogenesis of OA are still not understood, 
and this is probably one of the main reasons for failing to find effective therapeutic 
targets and develop disease-modifying drugs. 

The entire joint (e.g., articular cartilage, bone, synovium, ligaments, 
periarticular fat, meniscus, and muscle) is believed to be involved in the evolution 
of OA, which is mainly characterized by articular cartilage degeneration, 
subchondral bone remodeling, osteophyte formation, joint inflammation, and loss 
of normal joint function (Hunter et al., 2019; Kraus et al., 2015). Being a 
heterogeneous and multifaceted disease, multiple molecular and clinical 
phenotypes of OA are likely to exist (Mobasheri et al., 2019). Recent observations 
have demonstrated that the degeneration of articular cartilage is associated with 
changes in the architecture of subchondral bone (Finnilä et al., 2017; Ko et al., 
2013). In particular, the osteochondral junction undergoes multiple marked 
pathological and morphological alterations during OA progression, including the 
advancement of calcified cartilage into the articular cartilage, increasing roughness 
of the interface between the articular cartilage and calcified cartilage (i.e., 
tidemark), changing the thickness of the calcified cartilage, the occurrence of 
endochondral ossification, the presence of microcracks, and elevated levels of 
crosstalk through the calcified cartilage (Burr et al., 2012; Fan et al., 2021; Goldring 
et al., 2016; Suri et al., 2012; Thambyah et al., 2009). All those changes involve 
biochemical and mechanical alterations in the osteochondral junction.  

To understand these changes, it is imperative that the biochemical and 
mechanical properties of the different tissues at this junction are characterized 
accurately. However, it is a major challenge to distinguish relatively thin calcified 
cartilage from the complex osteochondral junction owing to limitations in the 
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spatial resolution or contrast of current imaging modalities. Because of this, only a 
few studies have reported OA-related biochemical and/or associated mechanical 
alterations of calcified cartilage compared with other joint tissues (Doube et al., 
2007; Ferguson et al., 2003; Hargrave-Thomas et al., 2015; Pragnère et al., 2018; 
Sato et al., 2004). However, most of those studies have been conducted on 
chemically treated (fixed/embedded) samples, which potentially alter tissue 
composition and their mechanical properties (Bushby et al., 2006; Ó Faoláin et al., 
2005; Yeni et al., 2006). Moreover, the nano-structural changes to calcified 
cartilage due to OA development are inadequately understood. A thorough 
understanding of the tissue-specific biochemical composition, mineral crystal 
structure, and mechanical changes during the disease process will advance our 
current understanding of OA progression and inform the development of effective 
therapeutic targets. 

Recent efforts related to engineering complex tissues for osteochondral repair 
have met with limited success, possibly because they were unable to recapitulate 
the spatial distribution in compositional, structural, and mechanical properties 
inherent between hard and soft tissues (Qu et al., 2015). Incorporating a 
physiologically relevant layer representing calcified cartilage in scaffold design is 
often underemphasized, yet it may be essential for achieving graft integration and 
physiologic function (Qu et al., 2015). Better knowledge of the biochemical 
composition and the mechanical properties of calcified cartilage in both healthy 
and osteoarthritic joints will enable better tissue engineering strategies for 
osteochondral repair.  

This doctoral dissertation aims to investigate the biochemical composition, 
mineral crystal structure, micromechanics of calcified cartilage, and subchondral 
bone plate in healthy and osteoarthritic knee joints in vitro. The first part of the 
dissertation focuses on the alterations in both the mineral and organic compositions 
of these tissues as a function of histopathological OA severity from hydrated and 
chemically untreated human osteochondral specimens, using Raman 
microspectroscopy. Following on from this work, the mineral phase of both 
calcified cartilage and subchondral bone from healthy and osteoarthritic human 
knee joints is exclusively explored. The thicknesses of mineral crystals across the 
junction are mapped using micro-focus small-angle X-ray scattering (µSAXS), and 
the mineral composition is studied using Raman microspectroscopy. Finally, a well-
established bovine patella model of early joint degeneration (Hargrave-Thomas et 
al., 2013) is employed to investigate the micromechanical changes in the fully 
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hydrated osteochondral junction and associate these changes with site-specific 
microstructure as a function of tissue degeneration.  
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2 Articular cartilage and the osteochondral 
junction 

This section introduces the composition and structure-function relations of hyaline 
articular cartilage, calcified cartilage, and subchondral bone plate.  

2.1 Hyaline articular cartilage 

Cartilage tissue can be classified into three types—hyaline, elastic, and 
fibrocartilage. Articular cartilage is an example of hyaline cartilage that covers the 
entire articulating surface of long bones and sesamoid bones within diarthrodial 
joints (Mow et al., 1992). Human articular cartilage is around 2.4 mm thick 
(Hunziker et al., 2002); however, its thickness varies greatly depending on the 
anatomical location. Articular cartilage lacks blood vessels, lymphatics, and nerves; 
therefore it has a limited intrinsic healing and repair ability (Sophia Fox et al., 2009). 
It provides a lubricated, low-frictional interface between the bones to facilitate the 
load transmission during locomotion (Sophia Fox et al., 2009; Wong et al., 2008).  

Articular cartilage comprises a dense extracellular matrix with sparsely 
distributed chondrocytes. Chondrocytes are highly specialized cartilage cells that 
are responsible for the synthesis, maintenance, and turnover of the extracellular 
matrix components; however, they make up only 2% of the total volume of adult 
articular cartilage (Alford et al., 2005). Chondrocytes rarely form cell-to-cell 
contacts for transducing signals, yet they are responsive to stimuli like growth 
factors, mechanical loads, piezoelectric forces, and hydrostatic pressures (Sophia 
Fox et al., 2009). 

The extracellular matrix primarily contains water, collagen fibrils, 
proteoglycans (PGs), other non-collagenous proteins, and glycoproteins. Normal 
articular cartilage is rich in water, having 80% of its wet weight as water (Sophia 
Fox et al., 2009). Besides providing lubrication, the water flows through the 
cartilage and over the articular surface, aiding in the transportation and distribution 
of nutrients to chondrocytes. The interfibrillar water (around 30% of total water in 
cartilage) might move through the extracellular matrix either by solid matrix 
compression or due to the pressure gradient across the tissue (Mow et al., 1992).  
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Fig. 2. DIC optical light microscopic image showing the zonal structure of hyaline 
articular cartilage along with schematic representations of the collagen orientation and 
the chondrocyte morphology. 

The fibrillar collagen network and the highly negatively charged proteoglycans are 
mainly responsible for the load-bearing capacity of articular cartilage. The fibrillar 
collagen network makes up almost 60% of the dry weight of articular cartilage 
(Sophia Fox et al., 2009). Type II collagen is the predominant type in articular 
cartilage, representing almost 90% of collagen (Han et al., 2011). Besides type II, 
collagen types III, VI, IX, X, XI, XII, and XIV are all found in the mature cartilage 
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matrix. The collagen types II, IX, and XI are assembled into a heterotypic fibril 
polymer, where the center filaments of collagen type XI are surrounded by both 
collagen type II fibrils and an outer layer of type IX fibrils (Eyre, 2002). All 
collagen types have three polypeptide chains (α-chains) wound into a triple helix 
[collagen type II contains three α1(II), collagen type IX contains three different 
chains of α1(IX), α2(IX), α3(IX), and collagen type XI contains three different 
chains of α1(XI), α2(XI), α3(XI)] (Mow et al., 1992). The amino acid composition 
of the α-chains is primarily glycine and proline, while the hydrogen bonds of 
hydroxyproline give them stability. 

PGs make up 10% to 15% of the wet weight or 35% of the dry weight of 
articular cartilage, representing the second-largest portion of macromolecules in the 
extracellular matrix (Dudhia, 2005; Sophia Fox et al., 2009). PGs are protein 
monomers having a protein core to which one or more linear glycosaminoglycan 
(GAG) chains covalently attach and form a bottlebrush-like structure (Wong et al., 
2008). Several PGs including aggrecan, decorin, biglycan, and fibromodulin can 
be found in articular cartilage. Among them, aggrecan is the most abundant PG 
which has more than a hundred GAG (chondroitin sulfate and keratin sulfate) 
chains (Dudhia, 2005). Aggrecan molecules bind noncovalently to molecules of 
hyaluronan (another long-chained GAG, also known as hyaluronic acid) and a link 
protein i.e., glycoprotein, to form large PG aggregates. Due to the very large 
numbers of GAG chains, these aggregates have a high fixed negative charge. In 
articular cartilage, these fixed charge groups (carboxyl and sulfate) attract water 
molecules, generating high osmotic pressure into the cartilage. 

Healthy hyaline articular cartilage is structurally inhomogeneous and can be 
divided into the surface, middle, and deep zones (Fig. 2) (Lane et al., 1975; Mow 
et al., 1992; Redler et al., 1970). The distributions of extracellular matrix materials, 
the orientations of collagen fibril and chondrocyte, as well as the chondrocyte 
density and morphology, all depend on the tissue depth. The surface (superficial or 
tangential) zone makes up approximately 10% of total cartilage thickness (Sophia 
Fox et al., 2009). This zone contains thin, tightly packed, and parallel-aligned (to 
the articular surface) collagen fibrils. A relatively large number of flattened 
chondrocytes and few PGs are present in this zone. The surface zone is in contact 
with synovial fluid and protects deeper layers from shear stresses imposed by 
articulation. The middle (transitional) zone occupies approximately 40% to 60% of 
the total cartilage volume (Sophia Fox et al., 2009). The thicker collagen fibers are, 
on average, randomly oriented, which helps to resist the compressive forces. In this 
zone, the chondrocytes are round, with lower cell density compared to the surface 
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zone. The PG content increases and the water content decreases with articular 
cartilage depth. Finally, the deep zone (radial zone) accounts for approximately 30% 
of the articular cartilage volume (Sophia Fox et al., 2009). This zone contains 
radially organized, thickest collagen fibrils, the highest PG contents, and the lowest 
water concentration. This results in substantial osmotic pressure within the 
hydrated cartilage, creating a high-energy state providing the greatest resistance to 
compressive forces. As a result of the microstructural arrangement of the hyaline 
articular cartilage, the compressive and shear loads from the articulating surface 
are directed into the calcified cartilage and the underlying subchondral bone. 

2.2 Calcified cartilage 

The hyaline articular cartilage anchors itself to the subchondral bone plate by a 
layer of mineralized cartilage, known as calcified cartilage (also called the “zone 
of calcified cartilage”). Calcified cartilage is formed during postnatal development 
by the mineralization of hyaline articular cartilage via a mechanism similar to that 
in the terminal stages of endochondral ossification of growth plate cartilage during 
long bone growth (described in section 3.1.1) (Ferguson et al., 2013; Hwang et al., 
2010). The mineralization begins near the hypertrophic chondrocytes in the 
territorial matrix and extends to the extraterritorial matrix (Hwang et al., 2010). 
Some chondrocytes survive within the calcified cartilage and might be responsible 
for regulating mineralization, since highly mineralized areas have been found 
around necrotic chondrocytes in osteoarthritic human joints (Ferguson et al., 2013). 
These chondrocytes are sparsely distributed, organized in columns, and wrapped in 
a calcified hyaline cartilage matrix (Fan et al., 2021; Hunziker et al., 2002).  

The collagen fibrils in the deep zone of the hyaline articular cartilage penetrate 
through calcified cartilage, maintaining their perpendicular (to the articular surface) 
orientation. Thus, hyaline cartilage and calcified cartilage form a continuous, 
anisotropic, and multilayered structure (Ferguson et al., 2013). The extracellular 
matrix of the calcified cartilage includes collagen types II and X, PGs, and 
carbonated hydroxyapatite [Ca10(PO4)6(OH)2] crystals (Fratzl et al., 1992). 
Compared to hyaline cartilage, calcified cartilage has a much lower (about half) PG 
content (Lovell et al., 1988). The mineralization and calcium levels in the calcified 
cartilage (calcium: 1–28% of total wet weight) might be more variable but can 
exceed that of the underlying subchondral bone (calcium: 16–26% of wet wight) 
(Burr, 2004; Ferguson et al., 2003; Gupta et al., 2005; Zizak et al., 2003). 
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Fig. 3. High-resolution DIC optical light microscopy image of the osteochondral 
junction. The calcified cartilage lies between the hyaline articular cartilage and 
subchondral bone plate. Non-calcified cartilage connects to calcified cartilage at the 
tidemark (white dashed line, while the cement line (red dashed line) separates the 
calcified cartilage from the underlying subchondral bone. 

Depending on the species, age, and joint location, calcified cartilage can account 
for approximately 5% (a range of 3–8%) of total cartilage thickness (Oegema et al., 
1997), or 100–300 µm (Gupta et al., 2005; Rytky et al., 2021; Wang et al., 2009). 
In a study of femoral and humeral heads from human cadavers, the thickness of 
calcified cartilage was found to decrease with increasing age (Bullough, 2004). 
However, in another study, both calcified cartilage volume and thickness were 
positively associated with age in women, but not in men (Nielsen et al., 2019). 



28 

Exercise and loading might also affect the thickness of calcified cartilage (Doube 
et al., 2007; Thambyah et al., 2006; Tranquille et al., 2009).  

Although blood vessels rarely penetrate calcified cartilage, an anatomically 
reproducible clustering of canals (diameter: 50–200 µm) resulting from osteoclastic 
resorption was found in the calcified cartilage of equines, penetrating from the 
subchondral bone into the hyaline articular cartilage (Boyde et al., 2004). 
Mechanical strains on the mineralizing front of calcified cartilage may also force 
mineral-containing, watery interstitial fluid all the way into the hyaline cartilage 
(Ferguson et al., 2013). The diffusion transport was also strongly correlated to 
increased porosity of subchondral bone plate and decreased thickness of calcified 
cartilage (Pouran et al., 2017). The hydraulic conductance of the osteochondral 
tissue was also found to be increased in the osteoarthritic joints (Hwang et al., 2008). 
These studies suggest that calcified cartilage serves as a node for small molecular 
transport, facilitating crosstalk between hyaline cartilage and subchondral bone 
(Arkill et al., 2008). 

Besides attaching subchondral bone to hyaline cartilage, calcified cartilage is 
thought to dissipate mechanical stresses through the hydrated proteoglycans and 
collagen fibrils (Oegema et al., 1997). It has also been suggested that, by providing 
an intermediate stiffness, calcified cartilage helps to reduce the mismatch of 
stiffness modulus between the hyaline cartilage and bone at the osteochondral 
junction (Hargrave-Thomas et al., 2015; Mente et al., 1994). On the other hand, 
calcified cartilage has also been reported to have a similar stiffness to adjacent bone 
(Ferguson et al., 2003, 2008; Gupta et al., 2005). Previous studies on the 
mechanical properties of the calcified cartilage are discussed in detail in section 5.5. 

The tidemark (or mineralizing front), a thin and irregular basophilic line visible 
in histological sections, forms the interface between the articular cartilage and 
calcified cartilage (Broom et al., 1982; Havelka et al., 1984). In 1953, Fawns and 
Landell were the first to histologically describe the “tidemark” as the most recent 
point of advancement of calcification into the articular cartilage (Fawns et al., 
1953). It has a wavy morphology which helps to reduce stress concentrations on 
the calcified cartilage (Oegema et al., 1997). Sex is an influencing factor in 
determining tidemark surface area since it has been shown that men have a 
significantly larger tidemark surface area than women (Nielsen et al., 2019). 
Previous studies have reported a higher level of mineralization near the tidemark 
than in the region of calcified cartilage near the bone (Ferguson et al., 2008; Gupta 
et al., 2005).  
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The presence of two or more tidemarks (also known as tidemark multiplication 
or duplication) is a sign of advancement of calcified cartilage into the hyaline 
articular cartilage (Oegema et al., 1997). Similar to the endochondral ossification 
of long bone growth, chondrocytes near the tidemark have been shown to have a 
hypertrophic phenotype, express type X collagen, and become mineralized (van der 
Kraan et al., 2001). This non-continuous but periodic process of slow upward 
mineralization of articular cartilage, indicated by tidemark multiplication, was 
demonstrated in the femoral heads of mature rabbits as early as in 1971 by Lemperg 
(Lemperg, 1971) and in osteoarthritic human joints by Green et al. (Green et al., 
1970). However, the tidemark multiplication is not exclusive to osteoarthritic joints; 
this phenomenon may also occur with aging (Lane et al., 1980), change in loading 
states (O’Connor, 1997), and exercise (Doube et al., 2007).  

The cement line (or ossification front) denotes the transition between the 
calcified cartilage and the subchondral bone plate. In the scientific literature, there 
are only a few studies on the composition of the cement line. The 3D model of the 
osteochondral junction showed that the cement line structure resembled a regular 
comb—in longitudinal sections, forming an irregular arc path—in cross-section 
(Wang et al., 2009). Using scanning electron microscopy (SEM) and light 
microscopy, a clear distinction between collagen type I (of calcified cartilage) and 
type II (of bone) at the cement line has been observed (Gupta et al., 2005). It was 
also shown with SEM that at the cement line, the overall radial alignment of the 
collagen fibrils in the calcified cartilage abruptly meets a quite different 
arrangement of fibrils that make up the lamellar subchondral bone (Broom et al., 
2018). This disruption of collagen fiber arrangement at the cement line may be 
suggestive of a mechanical interlocking mechanism (rather than an organic/mineral 
bonding) between bone and cartilage, which plays a role in attaching the cartilage 
to bone (Oegema et al., 1997). However, high-resolution second-harmonic 
generation imaging of the equine’s cement line revealed that some collagen fibers 
of calcified cartilage cross the cement line (Mansfield et al., 2012). The same 
observation was also made with bone samples (Broom et al., 2018). The collagen 
fibers of bone and calcified cartilage differ in thickness, with subchondral bone 
having thicker collagen fibers (Mansfield et al., 2012). All the above evidence 
indicates that bone and calcified cartilage have relatively similar mechanical 
properties with a high degree of structural discontinuity across the cement line 
(which may be due to their relatively similar mineral phases). This is quite the 
opposite at the tidemark, where hyaline articular cartilage and calcified cartilage 
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have different mechanical properties, yet they have a high degree of structural 
similitude at the fibrillar level (Broom et al., 2018). 

2.3 Subchondral bone plate 

Subchondral bone plate, subchondral trabecular bone, and bone at the joint margins 
are the three anatomic entities that make up the periarticular bone (Goldring et al., 
2010). The subchondral bone plate is dense and cortical-like bone (Goldring et al., 
2010). It is relatively nonporous (porosity is approximately 5–10%), and includes 
mainly vascular and lacunar-canalicular pores (Maghsoudi-Ganjeh et al., 2020). 
The subchondral bone supports the overlying cartilage by absorbing most of the 
joint forces. The mean thickness of subchondral bone plate varies from 100 µm to 
500 µm in humans (Finnilä et al., 2017) or 400 µm to 1000 µm in bovines 
(Hargrave-Thomas et al., 2015). The thickness and volume of the subchondral bone 
plate are unaffected by variations in age or sex (Nielsen et al., 2019). 

The cortical bone is a hierarchically structured material with several distinct 
levels of organization (Fig. 4). At the tissue level, the lamellae (thickness = 3–5 µm) 
are concentrically deposited around a central Haversian canal forming an osteon 
(200–300 μm in diameter), the basic structural unit of bone (Schwarcz et al., 2017). 
At the lamellar level, bone is a nanocomposite material, composed of an organic 
phase (mostly collagen fibrils with a small amount of non-collagenous proteins), a 
mineral phase (hydroxyapatite), and water (10–20% of the volume of cortical bone) 
(Reznikov et al., 2014). The collagen in bone is mainly type I, which forms a triple 
helix structure consisting of two α1 chains and one α2 chain (Schwarcz et al., 2017). 
The amount and nature of fibrillar (pyrroles) and intrafibrillar (pyridinoline, 
deoxypyridinoline) cross-linking of collagen are important for the functional 
integrity of the bone (Burr, 2019). Collagen cross-linking in the bone can be 
broadly grouped into immature-reducible (divalent), and mature-irreducible 
(trivalent)—these are formed by either enzymatic or non-enzymatic processes 
(Burr, 2019; Ruppel et al., 2008). 

Early studies on the ultrastructure of bone using electron microscopy in the 
1950s showed that the mineral crystals in the subchondral bone are plate-shaped 
and roughly aligned with their long axes parallel to the long axes of the collagen 
fibrils (Robinson, 1952; Robinson et al., 1952). Besides plate-like geometry, 
needle-like geometry has also been observed in several studies (Fratzl et al., 1996a; 
Landis et al., 1991). Recent evidence using a combination of 3D electron 
tomography and 2D electron microscopy suggests a fractal-like hierarchical bone 
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architecture at the nanoscale, where needle-shaped mineral crystals merge laterally 
to form platelets that organize into stacks of roughly parallel platelets (thickness = 
5 nm) bridging multiple collagen units (Reznikov et al., 2018).  

Bone can be considered as a reinforced composite material having type I 
collagen matrix, ground substance, and mineral particles (Katz, 1971). The mineral 
content has a huge impact on the stiffness of cortical bone; even slight changes in 
the mineral content may cause major changes in the stiffness. Nanoindentation tests 
of bone showed no one-to-one relationship between mechanical stiffness and bone 
composition (Oyen et al., 2008). For instance, the typical stiffness of antler cortical 
bone is 6–10 GPa with a 35–40% mineral content in volume (around 50–60% 
weight), whereas femur cortical bones have a slightly higher mineral content (40–
45%) in volume (around 60–70% weight) but significantly higher stiffness (18–30 
GPa) (Bar-On et al., 2013). 

 

Fig. 4. Schematic illustration of the hierarchical structure of critical bone spanning from 
the whole organ to the nanoscale components. Modified from (Maghsoudi-Ganjeh et al., 
2020) and (Burr, 2019). 

The hydroxyapatites are structurally disordered and compositionally 
nonstoichiometric with a substantial amount of impurities, including HPO4

2−, 
CO3

2−, Cl− (anionic), and Na+, Mg2+(cationic) species, present in the crystal lattice 
(Poundarik et al., 2018). Two types of carbonate substitutions mainly occur in the 
hydroxyapatite lattice. The first is type-A carbonate substitution where CO3

2− ions 
occupy the OH– sites. The second is type-B substitution where CO3

2− ions occupy 
the PO4

3− sites. Moreover, CO3
2− ions can be loosely bound on the crystal surface 
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(Rey et al., 1991). During the natural aging of bone tissue, the mineral crystals 
lengthen and become more crystalline (Akkus et al., 2004; Burr, 2019). An increase 
in crystallinity with age has been associated with decreased ultimate strain and 
toughness (Akkus et al., 2004; Zioupos et al., 1998), whereas the age-related 
changes in the stoichiometry of mineral crystals have been associated with reducing 
the stiffness of the bone matrix (Akkus et al., 2004). 

Earlier studies by Clarke showed that bone cavities can disrupt the subchondral 
bone plate (Clark, 1990; Clark et al., 1990), and it was later summarized that there 
are at least three types of cavities that penetrate the subchondral bone plate 
(Oegema et al., 1997). The first type is the trabecular marrow cavity extension, 
which is relatively large (> 100 µm) and contains fat cells. The second type is the 
cylindrical canals (width: 30–70 um), which are mostly a branch of larger cavities 
consisting of bone marrow cells. The last type is the narrow canals, which are 
cuffed in lamellar bone and contain a blood vessel. Some of the vessels also 
penetrate calcified cartilage and have either an open structure with endothelial and 
extravascular cells at the end, or a closed structure encapsulated by the lamellar 
bone (Clark, 1990; Oegema et al., 1997). Such formation of cone-shaped vascular 
canals surrounded by a lamellar bone cuff, or “bony spicules” (Thambyah et al., 
2009), has been reported as a subchondral bone response associated with joint 
degeneration (Thambyah et al., 2009). 
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3 The life cycle of joint tissues 
In a healthy joint, mineralized tissues continually undergo the process of growth, 
modeling, and remodeling throughout life (Burr, 2004). Understanding the regular 
life cycle of these tissues would provide insight into the abnormal alterations 
occurring due to joint diseases like OA. In this section, an overview of the natural 
process of growth formation, modeling, and remodeling of the mineralized tissues, 
and their changes due to aging is given. 

3.1 Endochondral ossification 

The process of bone formation may occur within cartilage (endochondral), within 
organic matrix membrane (intramembranous), or by deposition of new bone on 
existing bone (appositional) (Buckwalter et al., 1995). It occurs throughout life and 
plays an important role in restoring the mineralized tissues after injury or disease.  

Long bones form, grow, and mineralize throughout embryogenesis into a 
highly complex architecture with a hierarchical organization to withstand different 
loading conditions. A growing bone has epiphyses and metaphyses at each end and 
the diaphysis (shaft) in the middle (Fig. 5). The transverse and spherical growth of 
the bone happens in the epiphyses, while most of the longitudinal growth happens 
in the metaphyses and diaphysis regions. All regions are formed via endochondral 
ossification by which a cartilage template is gradually replaced with bone. There 
are two temporo-regional mechanisms of endochondral ossification: primary and 
secondary (Aghajanian et al., 2018).  

The mechanism of the primary ossification (Fig. 5A) begins in the embryo, 
where the aggregated mesodermal cells secrete a cartilaginous matrix (contains 
mainly collagen type II) and proliferate into immature chondrocytes (Aghajanian 
et al., 2018; Buckwalter et al., 1995). This hyaline cartilage template forms both 
the perichondrium and the immature chondrocytes of the diaphysis. The 
chondrocytes then undergo hypertrophic (swollen) differentiation, express type X 
collagen, and secrete vascular endothelial growth factor (VEGF) and matrix 
metalloprotease 13 (MMP13), resulting in an invasion of the vasculature 
(Aghajanian et al., 2018; Ono et al., 2019). The expression of MMP13 by 
hypertrophic chondrocytes is essential for the invasion of blood vessels, osteoclasts, 
and osteogenic cells (Mackie et al., 2008). The osteoclasts play an important role 
in establishing the primary center of ossification by assisting in the removal of the 
cartilage matrix. The cellular tissue surrounding the hypertrophic cartilage 
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differentiates into the periosteum, while the inner layer of the periosteum forms a 
bone collar (by intramembranous ossification), which eventually becomes the 
cortical bone (Ono et al., 2019). 

 

Fig. 5. Schematic representation of bone growth by endochondral ossification. The 
cartilage template is gradually converted into bone via the primary (A) and secondary 
(B) centers of ossification. The long bone has epiphyses and metaphyses at each end 
and the diaphysis (shaft) in the middle. (A) and (B) figures are modified from Aghajanian 
& Mohan, 2018. 

The hypertrophic chondrocytes then begin to die; however, the process of death is 
debatable (Mackie et al., 2008). The most common suggestion for this cell death 
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process, based on the detection of DNA strand breaks or other molecular features, 
is apoptosis (Adams et al., 2002). Another hypothesis is the non-apoptotic modes 
of death (i.e., autophagic cell death), which is based on ultrastructural studies 
(Ahmed et al., 2007; Mackie et al., 2008). After the vascular invasion, the 
mesenchymal stromal cells replace dead hypertrophic chondrocytes, differentiate 
into preosteoblasts and then into osteoblasts. Moreover, the cells in the 
perichondrium adjacent to hypertrophic chondrocytes differentiate into mature 
osteoblasts (Ono et al., 2019). Osteoblasts secrete collagen type I and other bone 
matrix proteins, including bone sialo protein (BSP) and osteocalcin, which 
stimulate bone mineralization (Aghajanian et al., 2018). 

The deposition of hydroxyapatite mineralizes the cartilage matrix around the 
dead hypertrophic chondrocytes. The nucleation site for mineralization is assumed 
to be membrane-bound matrix vesicles released from the surface of hypertrophic 
chondrocytes (Kirsch, 2006). These vesicles contain a unique combination of 
proteins, including annexins, phosphate transporters, and phosphatases (Kirsch, 
2006). Based on the studies on tissue non-specific alkaline phosphatase (TNAP)- 
deficient mice, it has been suggested that the alkaline phosphatase activity plays an 
important role in the mineralization of matrix vesicles and cartilage matrix by 
removing extracellular pyrophosphate (one of the inhibitors of mineralization) 
(Kirsch, 2006; Mackie et al., 2008). Moreover, the extracellular inorganic 
phosphate concentration plays a major role in the mineralization process as it has 
been shown that the medium having increased inorganic phosphate concentration 
has an increased degree of mineralization of osteoblasts (Murshed et al., 2005).  

The mechanism of secondary endochondral ossification is very similar to the 
primary one. The main distinction between them is the timing of their occurrence. 
Secondary ossification begins in the mid-epiphysis, lacks a periosteal layer, and 
ossification of both ends of the long bone epiphysis may occur at separate times. 
The metaphyseal physis (which has the primary ossification center) meets the 
epiphyseal physis (originating from the secondary ossification center) to form the 
growth plate. Secondary ossification subsequently spreads outward to widen the 
bone, whereas primary ossification mainly stimulates longitudinal growth 
(Aghajanian et al., 2018). The pace of growth slows down in the later stages of 
epiphyseal development, the growth plate thins out, and a continuous subchondral 
bone plate is formed, indicating the preterminal stage of total growth plate stoppage 
(Rivas et al., 2002). The growth plate is resorbed in the final stages of maturation 
as the bone marrow continuity is observed between the epiphysis and the 
metaphysis. Following the development of the subchondral bone plate, the lowest 
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zone of articular cartilage calcifies and develops the tidemark (Rivas et al., 2002). 
In adulthood, the mineralization of cartilage continues at the tidemark, which does 
not increase the length of the bone but alters the distribution of forces applied to 
the cartilage surface (Burr, 2004).  

3.2 Bone modeling and remodeling 

Following the development of the embryonic skeleton, osteoblasts and osteoclasts 
begin modeling and remodeling processes to “construct” and “reconstruct” the 
mineralized tissues, respectively. These two processes frequently occur at the same 
time, making it difficult to distinguish between them. Generally, modeling alters 
the shape of the bone, whereas remodeling refers to bone turnover without changing 
the shape (Buckwalter et al., 1995). Moreover, a recent study has reported that the 
mineralization process between modeling and remodeling sites is quite different; 
the mineral crystals at the modeling sites are distinctly larger with higher 
crystallinity and exhibit lower calcium to phosphorus ratio and elevated Na and Mg 
content (Roschger et al., 2020).  

The bone modeling process refers to the shaping or reshaping of bones in which 
osteoblasts and osteoclasts can work independently. This starts before birth and is 
most evident throughout the skeletal development and in young adults; however, it 
can also happen in adults in reaction to mechanical load at a specific location (Burr, 
2004; Langdahl et al., 2016). Hattner et al. were the first to report modeling in adult 
bones—they investigated the shape of cement line at the bone-forming sites in 
cancellous bone from healthy adults and found indications of bone formation 
without the bone being resorbed, suggesting bone modeling (Hattner et al., 1965). 
Besides altering the shape of bones, the modeling process also alters bone mass 
(Langdahl et al., 2016). Direct apposition of bone to the distal part of the 
subchondral bone plate via a modeling process of bone results in thickening of the 
subchondral bone plate, which is known to be associated with OA (Burr, 2004).  

In contrast to the modeling, bone remodeling is a homeostatic renewal process 
where resorption and formation are spatially and temporally coupled (Owen et al., 
2018). Each year, approximately 5% of cortical and 20% of trabecular bone are 
remodeled. The bone remodeling process has three goals (Burr, 2002). The first is 
to alter/establish the balance of essential minerals of the body. The second is to 
adapt to the mechanical environment of the skeleton, thus, reducing the fracture 
risk. The third is to repair the damage created in bone (e.g., by repetitive cycles of 
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mechanical loading). The first aim is not site-dependent, but the other two aims 
need site-dependent targeted remodeling.  

Bone remodeling occurs via discrete packets of cells, known as basic 
multicellular units (BMUs) (Parfitt, 1994). BMUs are made up of osteoclasts and 
osteoblasts, as well as a blood supply and connective tissue to support them (Jilka, 
2003). In cortical bone, BMUs form a cutting cone structure (with osteoclasts are 
at the front and the osteoblasts are in behind forming the closing cone) and refill 
tunnels through the bone (Fig. 6), whereas in the trabecular bone BMUs create 
trenches by forming a hemi-cone structure on the surface of the bone. Since the 
BMUs of the trabecular bone are on the bone surface, they can only move in two 
axes, while cortical BMUs can move in all three axes in bone (Owen et al., 2018). 
In the cortical bone, BMUs originate on the wall of a Haversian or Volkmann canal, 
and the necessary cells travel to the selected site via circulation (Parfitt, 1994). In 
the trabecular bone, they initiate underneath bone remodeling canopies formed 
from bone lining cells (Owen et al., 2018). Bone lining cells are the elongated 
mature osteoblasts existing on the endosteal surface and they work as the 
gatekeepers for the initiation of bone remodeling. Although they are members of 
the osteoblast family, they do not perform the main function of osteoblast which is 
to make bone matrix (Parfitt, 1994).  

According to the current understanding of the bone remodeling cycle, it can be 
split into five phases, even though terminology for each phase is not universal 
(Kenkre et al., 2018; Owen et al., 2018). These phases take place at nontargeted 
remodeling sites (stochastic), as well as targeted remodeling sites that require repair 
(Burr, 2002). The phases of bone remodeling are: 1) quiescent, 2) activation, 3) 
resorption, 4) formation, and 5) mineralization. 

1. Quiescent phase: At this phase, the bone is at rest prior to remodeling initiation.  
2. Activation phase: This phase can start following different events, e.g., 

microfracture, change in the mechanical environment, low calcium due to 
pregnancy, or a deficient diet (Owen et al., 2018). The remodeling process has 
also been shown to have a connection with osteocyte apoptosis (Burr, 2002). 
These events prepare the bone for remodeling by recruiting and activating 
osteoclast precursor cells from circulation (Kenkre et al., 2018). 
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Fig. 6.  Schematic representation of bone remodeling in the cortical bone. (A) Basic 
multicellular unit (BMU): osteoclasts (in red) form a cutting cone structure that resorbs 
old bone, and osteoblasts (in green) deposit new bone, forming the closing cone. (B) 
DIC optical light microscopy images of secondary osteon formation by BMU in the 
cortical subchondral bone plate. 

1. Resorption phase: Osteoclasts start to dissolve the mineral matrix and 
decompose the osteoid matrix, resulting in the release of the growth factors 
trapped within the matrix (Owen et al., 2018). It is suggested that osteocytes 
control the differentiation and activation of osteoclasts (Kenkre et al., 2018). 
The resorption phase is terminated by the apoptosis of osteoclasts, and the 
debris in the resorption cavities is cleared away by macrophages. 

2. Formation phase: The preosteoblasts are attracted by the released growth 
factors of the matrix (Del Fattore et al., 2012). They synthesize a cementing 
substance and differentiate into osteoblasts. There are two stages to the new 
bone formation. First, osteoblasts secrete an osteoid matrix which is rich in 
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collagen type I to fill the cavity. Subsequently, osteoblasts participate in the 
regulation of osteoid mineralization (Kenkre et al., 2018). 

3. Mineralization phase: The osteoid matrix mineralizes over the following 3–6 
months by osteoblasts secreting matrix vesicles, which create an environment 
suitable for mineralization by increasing the concentration of calcium and 
phosphorous ions. About 65–70% mineralization level of the new bone is 
completed relatively quickly, but full mineralization takes about 6–12 months 
(Burr, 2004). While the mineralization process is ongoing, some osteoblasts 
become trapped and undergo osteocytogenesis while others undergo apoptosis 
or become bone lining cells (Owen et al., 2018).  

3.3 Aging 

Articular cartilage changes structurally, compositionally, and mechanically as it 
ages, but these changes in many ways are not the same as those found in 
osteoarthritic joints (Martin et al., 2002). Increased articular surface fibrillation is 
the most apparent structural change in articular cartilage with aging, which does 
not necessarily lead to progressive articular cartilage degeneration (Martin et al., 
2002). The function of chondrocytes declines with age, reducing their ability to 
maintain and repair articular cartilage—they become less responsive to growth 
factors, regulative molecules, as well as mechanical stimuli, and their synthetic 
activities decline (Buckwalter et al., 2006). Age-related compositional alterations 
in cartilage include the degradation of PGs (e.g., hyaluronan filaments and 
aggrecans shorten and the length of the aggrecans varies more), which reduces the 
matrix’s capacity to bind water, resulting in a weaker tissue (Martin et al., 2002). 
Moreover, the cross-linking of collagen by advanced glycation end products (AGEs) 
increases with aging (Rieppo et al., 2017; Verzijl et al., 2002). These age-related 
changes in structure and composition are believed to be responsible for 
deteriorating the mechanical properties of articular cartilage (e.g., declines in 
tensile stiffness and strength), which then may make the cartilage more susceptible 
to degradation or injury (Buckwalter et al., 2006; Martin et al., 2002).  

At the tidemark, the mineralization of articular cartilage occurs throughout life, 
resulting in the advancement of tidemark into articular cartilage, which might 
increase the thickness of calcified cartilage (Burr, 2004). A recent study on the 
femoral heads from 29 women (20–74 years) and 32 men (23–78 years), who had 
suddenly or accidentally died, reported that the calcified cartilage volume and 
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thickness correlated with age in women but only showed a positive trend in men 
(Nielsen et al., 2019). 

The composition of bone also changes with aging. The matured bone is 
generally more mineralized (although it also depends on the rate of bone 
remodeling) and has higher mineral crystallinity than younger bone (Akkus et al., 
2004; Burr, 2019; Burr et al., 1999; Turunen et al., 2011). Both enzymatically-
mediated and non-enzymatically-mediated collagen cross-links increase with age, 
while the collagen and mineral-bound water decrease with age (Burr, 2019). 
Moreover, in human cortical bone, it was reported that the elastic modulus, the 
critical stress intensity level and the damage required to initiate a macrocrack, and 
the energy needed for a macrocrack to drive through the tissue, are all reduced with 
age (Zioupos et al., 1998).  
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4 Osteoarthritis and its effects on articular 
cartilage and the osteochondral junction 

4.1 Osteoarthritis 

Osteoarthritis (OA) is the most common disorder of the synovial joints (Hunter et 
al., 2019). The knee is the highest prevalent location of clinical OA, followed by 
the hand and hip joints (Prieto-Alhambra et al., 2014). OA arises from complex 
biological processes involving mechanical, inflammatory, and metabolic factors 
(Hunter et al., 2019). It is now believed that the whole joint becomes involved at 
some point in the disease progression, including degeneration of the articular 
cartilage, remodeling and sclerosis of the subchondral bone, osteophyte formation, 
periarticular muscle weakness, loss of meniscal function, and inflammation of the 
synovium tissue and tendon (Loeser et al., 2012). The progressive loss of articular 
cartilage results in joint space narrowing and increases direct loading on the 
underlying bone, eventually causing pain and loss of joint mobility (Katz et al., 
2021). Being a heterogeneous disorder with several different phenotypes 
(Mobasheri et al., 2019), it is challenging to unanimously define OA as a disease. 
However, the Osteoarthritis Research Society International (OARSI) has given the 
most recent definition of OA (Kraus et al., 2015): “Osteoarthritis is a disorder 
involving movable joints characterized by cell stress and extracellular matrix 
degradation initiated by micro-and macro-injury that activates maladaptive repair 
responses including pro-inflammatory pathways of innate immunity. The disease 
manifests first as a molecular derangement (abnormal joint tissue metabolism) 
followed by anatomic and/or physiologic derangements (characterized by cartilage 
degradation, bone remodeling, osteophyte formation, joint inflammation, and loss 
of normal joint function), that can culminate in illness.” 

4.2 The prevalence, impact, and risk factors of OA 

The prevalence of OA is 528 million among the total global population (over 7%), 
with knee OA alone accounting for 365 million cases (Leifer et al., 2021). Although 
changes in OA prevalence differ by geographical region, the global prevalence of 
OA has increased by 48% between 1990 and 2019 (Leifer et al., 2021). For example, 
the age-standardized prevalence of knee and hip OA is the highest in regions with 
established market economies, like North America, followed by North Africa, the 
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Middle East, and then Australasia (Safiri et al., 2020). Among all countries, the US 
has the most prevalence of knee and hip OA (approximately 32.5 million people, 
or 14% of US adults) (Leifer et al., 2021; Safiri et al., 2020).  

Based on a recent retrospective registry study utilizing the electronic medical 
records of Finnish occupational healthcare patients (working-age population) from 
January 2012 to April 2020, the overall prevalence of hip or knee OA in a subcohort 
of 35,109 patients was 5.6% (5.2% for males and 5.9% for females) at the end of 
the study period (Summanen et al., 2021). The prevalence was highest in the 60–
64 age group. Importantly, OA patients had more comorbidities, more analgesic 
prescriptions, and utilized more healthcare resources (2.8 times more sick days, and 
2.2 times more healthcare contacts) compared to an age- and gender-matched 
control cohort without OA (Summanen et al., 2021). This shows that OA not only 
affects the elderly population but also the younger working-age population. This 
often causes a reduction in productivity and an increase in healthcare resource 
utilization. The medical costs of OA are estimated to be between 1% and 2.5% of 
a country’s gross domestic product in various high-income nations (Hunter et al., 
2014). In Finland alone, the annual OA-related costs were nearly a billion euros in 
2008, while OA accounted for 6% of all paid disability pensions (Heliövaara et al., 
2008). 

OA has been found to be more common among the female and the elderly 
population in many studies (Safiri et al., 2020). For example, in the Framingham 
osteoarthritis study (a large cohort study), the prevalence of symptomatic, 
radiographic knee OA was 11.4% in females and 6.8% in males (Felson et al., 1987). 
In another cohort study, the Johnston County Osteoarthritis Project, the prevalence 
of knee OA was 18.7% in women and 13.5% in men (Jordan et al., 2009). Besides 
older age and female sex, other risk factors for OA include obesity, prior traumatic 
joint injury, malalignment, genetic predisposition, and lower muscle mass 
(Garstang et al., 2006).  

4.3 Current treatments of OA 

Despite the high burden of OA worldwide, the disease process is still poorly 
understood, and no effective disease-modifying treatment exists. A summary of OA 
treatment guidelines from major professional societies is available in a recent 
review by Katz et al. (Katz et al., 2021). The role of non-pharmacological 
treatments, rehabilitation, and exercise programs is being focused on these 
guidelines, including the Finnish national guidelines (Summanen et al., 2021). 
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According to the Finnish national guideline (working group appointed by the 
Finnish Medical Society Duodecim and the Finnish Orthopaedic Association in 
2014), pharmaceutical treatment for OA-related pain should start with paracetamol, 
followed by nonsteroidal anti-inflammatory drugs, and lastly opioids (Summanen 
et al., 2021). For end-stage OA, the patient might be referred for surgery of the joint, 
including total joint replacement surgery, knee osteotomy, knee joint distraction, 
and arthroscopic knee surgery (Hunter et al., 2019). 

4.4 Tissue level changes in articular cartilage and osteochondral 
junction in osteoarthritis 

4.4.1 Articular cartilage 

Increased water content is one of the first osteoarthritic changes in articular 
cartilage, which is linked to the loss of negatively charged GAGs and results in 
matrix swelling (Calvo et al., 2004; Goldring et al., 2016). Surface fibrillation 
characterized by microscopic cracks in the superficial zone can be an early 
macroscopic representation of the disruptions in the matrix (Pritzker et al., 2006). 
Exfoliation of cartilage fragments and fissures spreading into the deeper zones of 
cartilage occurs as OA develops to more advanced stages (Pritzker et al., 2006). 
The chondrocytes also respond to changes in the structure and composition of 
articular cartilage. The anabolic and catabolic activity of chondrocytes (including 
the activity of metalloproteinases, aggrecanases, and other proteases) increases 
with tissue degradation, reflecting the influence of local biomechanical conditions 
(Goldring et al., 2016). For instance, a study on human OA patients reported 
elevated chondrocyte synthetic activity in the areas of increased staining for PGs 
concentrated around cells, which is visible in the early stages of OA indicating 
attempts at repair (Lorenzo et al., 2004). Eventually, the chondrocytes become 
hypertrophic, multiply to form clusters, and undergo apoptosis (indicated by the 
presence of chondrocytes with a cell membrane ‘‘ghost’’ and with a nucleus lacking 
basophilic staining) (Pritzker et al., 2006). With disease progression, the dead 
chondrocytes, complex chondrons containing multiple chondrocytes, and 
disoriented chondrocytes are all likely to become more prominent in the deep zone 
of cartilage (Pritzker et al., 2006). At advanced stages of OA, deep fissures cause 
cartilage delamination and expose the underlying calcified cartilage and 
subchondral bone (Goldring et al., 2016; Pritzker et al., 2006). 
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4.4.2 Tidemark region and calcified cartilage 

The changes in the tidemark region, calcified cartilage, and cement line due to OA 
are still not well understood, and even conflicting results can be found in the 
published literature.  

A quantitative study on the morphology of calcified cartilage from the lateral 
tibial plateau of OA patients found tidemark multiplication even in 
histopathologically intact samples and the tidemark multiplication had no statistical 
association with histopathological severity or the thickness of calcified cartilage 
(Deng et al., 2016). This finding conflicts with the generally accepted notions of 
OA progression, which tends to associate the advancement of calcified cartilage 
into hyaline articular cartilage, and tidemark multiplication with the progression of 
OA (Goldring et al., 2016; Thambyah et al., 2009). However, several studies have 
reported that the roughness of tidemark is linked with OA severity (Deng et al., 
2016; Kauppinen et al., 2019; Schultz et al., 2015). It has been suggested that the 
mechanism of these morphological changes during OA progression may include 
the neurovascular invasion through the tidemark (Goldring et al., 2016). The 
migration and infiltration of macrophages, the release of pro-angiogenesis factors 
such as VEGF from hypertrophic chondrocytes in the deep zones of the articular 
cartilage, and the possible influence of targeted remodeling due to the microcracks 
in calcified cartilage, are all suggested to be linked with vascular invasion through 
the tidemark (Fan et al., 2021; Goldring et al., 2010, 2016; Mapp et al., 2012).  

With the progression of OA, the advancement of calcified cartilage into hyaline 
articular cartilage may reduce the thickness of the articular cartilage, which cannot 
replace itself (Burr, 2004). This process may also increase the thickness of calcified 
cartilage. After 6–9 weeks of repetitive impulsive loading on the rabbit’s proximal 
tibia, it was reported that the thickness of the calcified cartilage increased by about 
25% (Burr, 2004; Radin et al., 1984). In another study, excessive running in rats 
increased the thickness of calcified cartilage (Beckett et al., 2012). However, the 
replacement of the lower calcified cartilage by subchondral bone via endochondral 
ossification might reduce the thickness of calcified cartilage, as shown in bovine 
(Thambyah et al., 2009). Moreover, when all the cartilage has been removed with 
denudation at severe OA, the erosion continues on the mineralized surfaces which 
may contribute to thinning of calcified cartilage (Pritzker et al., 2006). It should be 
also noted that several studies were not able to capture any changes in the calcified 
cartilage thickness with OA progression in anterior cruciate ligament dissection in 
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the rat model (Schultz et al., 2015) or the bovine patella model (Hargrave-Thomas 
et al., 2015). 

It has been proposed that the advancement of calcified cartilage into the 
overlying hyaline cartilage reduces the mechanical efficacy of the hyaline cartilage 
(Burr, 2004; Burr et al., 2003). Mechanical testing of bovine tissue shows that in 
early joint tissue degeneration, the stiffness gradient between the calcified cartilage 
and the adjacent bone is reduced by 50% (Hargrave-Thomas et al., 2015). A 
decrease in stiffness in the calcified cartilage was also reported in rabbit joints in 
the early stages of OA (Pragnère et al., 2018). In contrast, increased mineralization 
of the calcified cartilage correlated with an increase in the stiffness modulus in 
samples of tissue (from superior regions of joint) obtained from end-stage OA 
patients (Ferguson et al., 2003), highlighting the connection between composition, 
structure, and mechanical response. 

4.4.3 Subchondral bone plate  

Throughout the OA process, subchondral bone exhibits several pathological 
alterations including subchondral bone plate thickening, alterations in the 
architecture and volume of subchondral trabecular bone, development of 
subchondral bone cysts, and bone marrow lesions (Goldring, 2012). Studies have 
shown that the articular cartilage degeneration with OA progression is associated 
with the changes in subchondral bone architecture (Aho et al., 2017; Finnilä et al., 
2017; Ko et al., 2013). For example, in vivo cyclic compression of mouse knees 
has been shown to cause a decrease in the thickness of articular cartilage and an 
increase in the underlying subchondral cortical bone thickness (Ko et al., 2013). 
Moreover, histopathological and micro-computed tomography (µCT) assessments 
of late-stage OA patients revealed a strong link between the histopathological 
grades and the “subchondral plate” (consists of both calcified cartilage and 
subchondral bone plate) thickness, and the trabecular bone volume fraction, 
indicating that sclerosis of the subchondral bone and cartilage degeneration might 
be coupled—even at the lowest histopathological grades (Finnilä et al., 2017). The 
cartilage-bone crosstalk with OA progression was also hypothesized by the 
evidence of colocalized subchondral bone plate perforations and cartilage 
degeneration at the region of the point receiving mechanical loads during 
ambulation in a rat model of destabilized medial meniscus (Iijima et al., 2016). 
However, the changes in the cortical subchondral bone plate were reported to differ 
from those in the subchondral trabecular bone, especially in the late stages of the 
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disease—as detected in a canine model (Dedrick et al., 1993) or guinea pigs model 
(Zamli et al., 2016).  

Post-traumatic animal OA models have provided a lot of insight into 
subchondral bone alterations with OA progression. Unfortunately, many of them 
reported conflicting results. A study on three canine OA models (anterior cruciate 
ligament transection (ACLT), medial femoral condylar groove creation (GR), and 
medial meniscal release (MR)) found that the thickness of subchondral plate 
decreased in ACLT and GR models, whereas, the thickness increased in the MR 
model, compared to sham-operated controls (Kuroki et al., 2011). A thinning of the 
subchondral plate was observed after OA was induced in two strains of mice having 
either a high or low bone phenotype independent of the site of cartilage damage 
(Botter et al., 2008); while a site-specific thinning of the subchondral plate was 
found in a rabbit ACLT model (Florea et al., 2015). However, thicker subchondral 
bone plates have been also reported in a rabbit OA model after medial 
meniscectomy (Fahlgren et al., 2003). An inherent limitation of these post-
traumatic OA models is the surgical procedures that may suddenly change the 
weight-bearing patterns and physical activity, thus, modifying subchondral bone 
remodeling differently than in the spontaneous OA process. 

The modeling and remodeling of subchondral bone are integral parts of OA 
development for adapting to changing mechanical environments and metabolic 
needs (Goldring et al., 2016). The dynamic balance of the activities of osteoblasts 
and osteoclasts gets disrupted, and the rate of bone remodeling alters across the 
disease process (Burr et al., 2012; Findlay et al., 2014). In the early stages of OA, 
the subchondral remodeling rate is accelerated accompanied by increased 
vascularity (Burr et al., 2012), subchondral bone resorption occurs (Bolbos et al., 
2008), and the subchondral plate thickness is decreased (Florea et al., 2015). At the 
late stages of OA, the bone resorption is reduced with a bias toward bone 
formation—as reported in an investigation of histomorphometric indices from 
twenty-three primary end-stage OA samples (Kumarasinghe et al., 2010). The bone 
marrow lesions, one of the earliest clinical signs of OA in subchondral bone 
detected by magnetic resonance imaging (MRI), are thought to be a consequence 
of the remodeling activities in the subchondral bone due to mechanical factors 
(Donell, 2019). Besides the mechanical factors, targeted subchondral bone 
remodeling might occur in the areas of local bone damage caused by excessive 
loading, and characterized by the appearance of microcracks in the bone (Goldring, 
2012). Microcracks in subchondral bone or calcified cartilage are believed to 
reactivate the secondary ossification center, which eventually leads to a thickening 
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of these mineralized tissues and a thinning of articular cartilage (Burr et al., 2003). 
Finally, new bone formation beneath the intact articular cartilage during OA 
progression was observed in bovines (Thambyah et al., 2009), and it has been 
suggested that a combination of primary bone remodeling and de novo bone 
formation is responsible for the new bone formation in OA (Hargrave‐Thomas et 
al., 2021).  
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5 Quantitative preclinical imaging of the 
osteochondral junction 

When evaluating the matrix and mineral quality of the tissue, microscopic 
heterogeneity must be considered. Preclinical microscopic imaging methods [e.g., 
atomic force microscopy (AFM), quantitative backscattered electron imaging 
(qBEI), SAXS, Raman microspectroscopy, and Fourier transform infrared (FTIR) 
microspectroscopy and imaging] are useful because they can account for both 
patient and tissue age (Fratzl et al., 2004; Gamsjaeger et al., 2014c; Paschalis et al., 
2017). In this dissertation, Raman microspectroscopy was applied to assess both 
qualitative and quantitative information of the mineral and organic phases of each 
tissue region at the osteochondral junction in a nondestructive, spatially resolved 
2D imaging manner using fully hydrated, chemically untreated specimens. 
Moreover, mineral crystal thickness was mapped across the osteochondral junction 
in a spatially resolved 2D imaging manner using µSAXS. This chapter gives a brief 
introduction to the Raman microspectroscopy and µSAXS techniques, as well as 
multivariate analysis techniques that have been used to identify tissues from the 
images of the osteochondral junction. Finally, previously published reports on the 
quantitative pre-clinical imaging of the osteochondral junction are discussed. 

5.1 Raman microspectroscopy 

In 1928, Sir C.V. Raman and K.S. Krishnan were the first to show the inelastic 
scattering of light by a fluid, and for this work, Raman was honored with the Nobel 
Prize in 1930.  
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Fig. 7. (A) Raman scattering effect and (B) diagram of energetic transitions involved in 
Raman scattering. When light illuminates a sample, most of the light undergoes elastic 
scattering (Rayleigh scattering). If the energy of the illuminating photons matches an 
electronic energy level of the molecule, they can excite the molecule to the state and 
de-excitation subsequently occurs through the emission of a photon of a longer 
wavelength than the incident photon (fluorescence). Raman scattering is inelastic. In 
Stokes scattering, the incident photon is of greater energy than the scattered photon, 
while in anti-Stokes scattering, the incident photon is of lower energy. EA = energy of 
anti-Stokes photon; ER = energy of Rayleigh scattered photon; ES = energy of Stokes 
photon; EVIB = energy of molecular vibrational transition. 
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5.1.1 Raman effect 

Raman spectroscopy is based on inelastic scattering, or the “Raman effect”, by 
using monochromatic light, usually in the near-IR (NIR), visible, or UV range 
(Butler et al., 2016). When light interacts with the molecules, most of the scattered 
photons undergo elastic Rayleigh scattering, where the incident photons will cause 
an interacting molecule to instantaneously oscillate at the same frequency as the 
incident photon before re-emitting another photon of the same energy in a different 
direction. An inelastic or Raman scattering event can occur when a molecule has a 
fundamental vibrational mode at considerably lower energy than the incident 
photon that involves a change in the polarizability of the molecule (Nakamoto et 
al., 1994). This event takes place only once per 106–108 elastic scattering events 
(Long, 2002). Stokes scattering is one form of Raman scattering that involves the 
excitation of a molecule to a virtual energy level, followed by the emission of a 
photon at the incident energy minus the energy contributed to causing the molecular 
vibration. Another form, i.e, anti-Stokes, occurs when a photon incident on a 
vibrationally excited molecule gains energy and emits a photon with greater energy 
(higher frequency) than the incident photon (Fig. 7).  

In vibrational spectroscopy, one usually refers to wavenumber ῡ [cm−1] instead 
of wavelength λ (Nakamoto et al., 1994). If ν is the frequency of the incident 
radiation and c is the speed of light in a vacuum, then the energy of incident 
radiation is  

 E = ђv = ђc/ λ = ђcῡ    (1) 

Here, ђ is Planck’s constant. Based on equation (1), the energy in anti-Stokes and 
Stokes Raman scattering can be expressed as: 

 E =ђc (ῡ0± ῡm);     (2) 

where ῡ0 is the incident photon wavenumber and ῡm is the wavenumber of the 
scattered photon. In the case of Stokes and anti-Stokes Raman scattering, the 
wavenumber is ῡ0-ῡm and ῡ0+ῡm, respectively. At room temperature, anti-Stokes 
scattering is a relatively rare event for higher wavenumbers. For instance, following 
excitation with an 830 nm laser at 20 °C, the anti-Stokes to Stokes signal intensity 
ratios for Raman wavenumbers of 100 cm–1, 800 cm–1, and 1,600 cm–1 are 0.64, 
0.029, and 0.00086, respectively (Mosca et al., 2021).  

The specific shifts in photon energy following Stokes or anti-Stokes scattering 
corresponds to the frequency of a specific vibrational or rotational mode of the 
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molecule (Nakamoto et al., 1994). These Raman shifts can be recorded in a 
resultant Raman spectrum and serve as a “molecular fingerprint” that allows 
chemicals and materials to be identified. They can also reflect the local 
environment of the molecule, such as the polarity of a solution or the presence or 
absence of hydrogen bonds (Singh et al., 2016). The obtained Raman spectra can 
be compared to those from standard samples recorded in a library database to 
perform molecular identification. The spectral range of a Raman spectrum is 
generally 0–4,000 cm–1, where most vibrational modes are found. The signal 
detected at a wavenumber of 0 cm–1 indicates photons from the incident laser. 

Fig. 8. Example of Raman-active and infrared-active bond vibrations for CO2. A CO2 
molecule has four fundamental vibrational modes: C–O asymmetrical stretching, C–O 
symmetrical stretching, and two O–C–O bending modes that are degenerate (of 
identical frequencies). A change in polarizability of the molecule happens only in the 
case of the symmetrical stretching mode and therefore, only this mode is Raman-active. 
However, it is not infrared-inactive; thus, it is not observed in infrared absorption 
spectroscopy. Modified from (Mosca et al., 2021). 

Raman spectroscopy and infrared absorption spectroscopy provide complementary 
information about molecular vibration (Hashimoto et al., 2019). Infrared absorption 
spectroscopy is active for anti-symmetric vibrations that alter the dipole moment, 
while the symmetrical stretching vibrational modes that alter the molecule 
polarizability tend to yield stronger Raman bands (Fig. 8) (Hashimoto et al., 2019). 
The polarizability of a Raman-active molecule must be non-zero. When a molecule 
is positioned in an electrical field E, an electrical dipole moment P is induced. The 
relation between them can be expressed as:  

 P = αE   (3) 
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Here, α is the electronic polarizability tensor of the molecule, which is dependent 
on the shape and dimensions of the chemical bond (Vandenabeele, 2013). A 
homonuclear diatomic molecule (e.g., H2) possesses a zero electric dipole moment 
(non-polar), making it infrared-inactive, but it has non-zero polarizability, making 
it Raman-active. The electric dipole moment of a heteronuclear diatomic molecule 
(e.g., HCl) is non-zero, making it infrared-active. It also has non-zero polarizability, 
hence it is also Raman-active (Vandenabeele, 2013). Thus, Raman spectroscopy 
detects both polar and non-polar molecular bonds. In biochemical molecules, 
nearly all the vibrations are both infrared- and Raman-active due to their relatively 
low symmetry (Vandenabeele, 2013). 

5.1.2 Confocal Raman Microspectroscopy 

Raman microspectroscopy has a practical diffraction limit that is in the order of the 
excitation wavelength, which is about 10 times smaller for Raman spectroscopy 
with a visible laser than that for mid-infrared spectroscopy, resulting in much 
smaller laser spot sizes (∼1 μm or less) than that of mid-infrared radiation (Salzer 
et al., 2014). The notion of Raman microspectroscopy is not recent. Delhaye and 
Migeon demonstrated in 1966 that a laser beam can be focused tightly on a sample 
and that Raman-scattered light can be captured and transmitted to a spectrometer 
with minimum loss (Salzer et al., 2014). Subsequently, in 1975, Delhaye and 
Dhamelincourt reported the first Raman microscope (Delhaye et al., 1975). 
Generally, Raman microspectroscopy features a confocal design where the laser 
beam is typically focused on a narrow aperture and then refocused by an objective 
lens with a large numerical aperture (NA) onto a small focal volume (preferably 
diffraction-limited) within the sample (Salzer et al., 2014). The large NA of the 
objective lens allows the light (containing both Rayleigh and Raman-scattered light) 
from the illuminated spot to be collected over a solid angle of almost a full 
hemisphere. A dichroic beam splitter (typically a notch filter or an edge filter) is 
used to filter the Rayleigh scattered light and the acquired data consists of only the 
Raman-scattered light (stokes-shifted). The remaining Raman-scattered light is 
then focused through a confocal pinhole and passed into the spectrograph where it 
is wavelength-separated, and the spectrum is detected using an array detector (Fig. 
9A). The most common array detector is the charge-coupled device (CCD) which 
has a very high quantum efficiency. The dark current (mostly caused by thermal 
emission) and readout noise are two main sources of noise for CCD cameras (Salzer 
et al., 2014). An EMCCD (electron multiplying charge-coupled device) is like a 
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regular CCD but contains an additional on-chip electron-multiplying amplification 
stage that is driven with a significantly higher clock voltage than CCD, enabling 
faster data readouts while preserving high sensitivity. EMCCD cameras are the 
preferred detector for rapid Raman mapping with short acquisition times. EMCCD 
cameras have high gain and improve SNR of Raman spectrum, since the SNR of 
Raman bands does not increase linearly with the gain. 

 

Fig. 9.  (A) Schematic picture of a confocal Raman microscope. Excitation light is 
represented by a green line, while the blue line represents scattered light. (B) Example 
of a pre-processed and baseline-corrected Raman spectrum, collected from a human 
bone sample with a 785 nm laser at 30mW power through a 60× water immersion 
objective. 
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5.1.3 Raman imaging 

Raman images (or Raman maps) illustrate the variation in spectral information in 
the sample, usually in a 2D manner. Raman images are especially useful for 
depicting how a Raman spectral feature or parameter (e.g., integrated area of 
particular Raman band ratio) alters spatially. The most common way of collecting 
Raman images is point-by-point mapping. In this way, the laser is focused on a spot 
on the sample and a motorized stage moves the sample under the laser (Sil et al., 
2018). Raman spectra are collected sequentially from an array of points on the 
sample covering the region of interest (Fig. 10). Another way to collect the Raman 
spectra is line-focused mapping. In this case, the laser illuminates a line on the 
sample rather than a spot, enabling the simultaneous collection of Raman spectra 
hence, saving date collection time (Sil et al., 2018). Furthermore, Raman images 
can be acquired by global (wide-field) illumination. In this case, the laser 
illuminates a square or circular region on the sample. Because the laser is generally 
defocused to produce global illumination, the power density is significantly lower 
than with a point focus.  

In the point-by-point mapping, the spatial resolution is determined by a 
combination of the laser spot size (a function of the magnification of the objective 
lens and the wavelength of the excitation laser) and the spacing between acquisition 
points (a function of the sample stage) on the sample. In line-focused mapping, the 
spatial resolution is determined by the convolution of the microscope magnification 
at the detector and the pixel size (Sil et al., 2018). The spatial resolution of the 
wide-field imaging method is also determined by the magnification of the optics in 
the system and the pixel size in the detector (Sil et al., 2018). 

When using a focused laser beam, the sample absorption and refractive indices, 
wavelength, and intensity of laser, objective magnification, and NA all influence 
the Raman signal received from a sample (Sil et al., 2018). Increasing the laser 
exposure time allows the CCD detector to register more Raman-scattered light and 
should increase the signal-to-noise ratio (SNR). Since the spectral noise is random 
but the signals are systematic, the summation of identical spectra also increases the 
SNR. Furthermore, pixel binning (the summation of the charge of adjacent pixels) 
on the CCD detector increases SNR. Finally, the signal-to-background ratio (SBR) 
decreases mainly due to fluorescence, which arises because of the sample itself or 
because of impurities present in the sample. The SBR can be maximized either by 
photobleaching the sample before acquiring the Raman spectrum, or by avoiding 
the background contribution from the out-of-focus region by using the confocal 
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mode of the system or by choosing an excitation wavelength away from the 
absorption maxima. Once all the Raman spectra are collected, they can be used to 
produce profiles, images, or rendered volumes and analyzed by univariate or 
multivariate approaches. 

Fig. 10. Example of point-by-point data collection to generate a Raman image (map). 
Left side: a microscopic image of dental hard tissues. The red region is the Raman 
measurement region (region of interest). Each point in the measurement region 
contains a Raman spectrum. Right side: False color map of the integrated area of the 
Raman band due to the symmetric stretching vibration (V1) of the phosphate ion is 
overlapped on the microscopic image. The image shows the distribution of that Raman 
band across the region. The red represents the high values and the blue represents the 
low values of the band. 

5.1.4 Raman spectroscopic parameters for analyzing tissue matrix  

The integrated area or the peak height of a Raman band is directly proportional to 
the concentration of the specific molecular component that gives rise to the specific 
band (Paschalis et al., 2017). Being a scattering-based technique, absolute 
measurements of Raman band intensities are challenging, especially in turbid 
media such as bone (Mandair et al., 2015). For this reason, Raman-based 
parameters are usually band intensity ratios e.g., the mineral-to-matrix ratio. One 
of the major exceptions is the Raman crystallinity index. The Raman compositional 
parameters that have been used in this dissertation to investigate mineral and 
organic phases of the osteochondral junction are described in this section. 
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Mineral-to-matrix ratio 

The mineral-to-matrix ratio represents the degree of mineralization in the tissue; in 
other words, the extent of mineralization of collagen fibers or the amount of mineral 
per amount of collagen in the tissue. This is the most widely reported parameter of 
vibrational spectroscopic analysis of the mineralized tissues. Unlike other measures 
of bone density, such as bone mineral density (BMD) by dual µX-ray 
absorptiometry, tissue mineral content or degree of mineralization of bone by CT, 
the mineral-to-matrix ratio directly measures and compensates for the quantity of 
organic matrix in the sample volume examined (Paschalis et al., 2017). Typically, 
in Raman spectroscopy, the ratio of the integrated areas of V1, V2, or V4 PO4

3- band 
to either amide I or III band is commonly reported as the mineral-to-matrix ratio 
(Gamsjaeger et al., 2014c; Paschalis et al., 2017). The strongest marker of mineral 
content is the symmetric stretching vibration (V1) of the phosphate ion represented 
by the Raman band at 961 cm−1. The bending vibrations (V2 and V4) of the 
phosphate ion appear at 430 cm−1 and 589 cm−1, respectively (Goodyear et al., 2009; 
Mandair et al., 2015). However, all of these bands either partially overlap with or 
are close to spectral contributions from the organic component (Shah, 2020).  

The choice of the mineral and matrix representative bands is important since 
polarization effects and tissue orientation can influence the band intensities in 
confocal Raman microscopy (Kazanci et al., 2006). The effects of tissue orientation 
on the Raman signal from bone can be explained by the osteonal structure of the 
lamellar bone (Fig. 11). The collagen fibril arrangement inside one single lamella 
follows a particular fibril orientation pattern that the mineralized collagen fibrils 
spiral around the central axis with varying degrees of tilt (Wagermaier et al., 2006). 
The crystallographic c-axis of mineral crystals are partly aligned with the long axes 
of the collagen fibrils (Reznikov et al., 2018). The strongest Raman signal of V1 
PO4

3- band is produced when the polarization of the exciting radiation is parallel to 
the axis of the fiber (Leroy et al., 2002; Tsuda et al., 1994). However, V2 and V4 
PO4

3- bands consist of two Raman polarization tensors and they do not show any 
preferential orientations (Kazanci et al., 2006; Leroy et al., 2002; Tsuda et al., 1994). 
Moreover, the amide I and III bands have completely different polarization 
behaviors (Kazanci et al., 2006). The amide I band (1690 cm−1) is mostly associated 
with the C=O stretching vibration, whereas the amide III band (1272 cm−1) has a 
major contribution from the C–N vibrational mode which has two different 
components, one parallel to the mineral c-axis and the other parallel to C=O axis 
(Kazanci et al., 2006). Hence, the amide III band is less susceptible to the 
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orientational effects compared to the amide I band. Besides these two amide bands, 
CH2 deformation (1446 cm−1), phenylalanine (1003 cm−1), and proline (853 cm−1) 
or [proline + hydroxyproline] (853+876 cm−1) bands have been used as a measure 
of matrix content (Mandair et al., 2015). The issue of polarization effects in the 
determination of the mineral-to-matrix ratio can be minimized by using a 
depolarized laser for Raman excitation or by using bands that are polarization-
insensitive, i.e., V2, V4 PO4

3- and amide III bands.  
 

Fig. 11. (A) A single osteon is formed by bone lamellae. Schematic presentation of 
fibrillar orientation relative to the osteon axis (radial direction: X-axis, circumferential 
direction: Y-axis, axial direction: Z-axis), modeled by Wagermaier et al., 2006. The 
orientation of the collagen fibrils changes with a periodicity of 5–7 µm. The strongest 
Raman signal of the V1 PO4

3- band is produced when the polarization of the exciting 
radiation is parallel to the axis of the fiber. (B) A typical sequence in the collagen 
molecule. The C=O bonds (amide I) are perpendicular to the backbone, while C-N bonds 
(amid III) are both in the backbone and perpendicular to it in the prolines and 
hydroxyprolines.  
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Owing to the fact that the mechanical characteristics of mineralized tissues are 
influenced by the quantity and quality of both mineral and organic matrix 
components (Unal et al., 2018), it is extremely important and useful that the 
mineral-to-matrix ratio includes the amount of organic matrix. For instance, the 
mineral-to-matrix ratio was directly proportional to the bending stiffness and 
failure moment of whole bone and a superior predictor of the bone-bending 
stiffness compared to tissue mineral density (= bone mineral content/ bone volume) 
alone (Donnelly et al., 2010). In a more recent study, Unal has reported that the 
mineral-to-matrix ratios of V1PO4

3-/amide I, V1PO4
3-/amide III, V1PO4

3-/proline, 
and V1PO4

3-/CH2 are associated with the mechanical properties of human cortical 
bone (Unal, 2021). In particular, the V1PO4

3-/amide III ratio was positively 
correlated to yield strength, ultimate strength, and elastic modulus, and negatively 
correlated to toughness and post-yield toughness of the cortical bone (Unal, 2021). 

A few Raman-measured mineral-to-matrix ratios have been validated against a 
gold standard or secondary method. Taylor et al. have reported that V1PO4

3-/amide 
I, V1PO4

3-/amide III, V1PO4
3-/ [proline + hydroxyproline], V1PO4

3-/phenylalanine, 
V1PO4

3-/CH2 peak area ratios correlate strongly to ash weight fraction calculated 
using thermal gravimetric analysis, and to its FTIR counterpart (Taylor et al., 2017). 
Turunen et al. reported that the mineral-to-matrix ratio (V1PO4

3-/amide I) measured 
by Raman spectroscopy was significantly associated with FTIR measurement of 
the mineral-to-matrix ratio (V3PO4

3-/amide I) and BMD obtained by the micro-
computed tomography (Turunen et al., 2011). A strong correlation has been 
reported between the Raman- and FTIR-measured mineral-to-matrix ratios from 
the same bone samples (Gourion-Arsiquaud et al., 2009). The mineral-to-matrix 
ratio, measured using the V2PO4

3-/amide III area ratio, is also associated with the 
calcium content determined by qBEI (Roschger et al., 2014). 

Carbonate-to-phosphate ratio 

Unlike synthetic hydroxyapatites, mineralized tissues contain non-stoichiometric 
substitutions in the crystal lattice (see section 2.3). Carbonate substitution in the 
form of type-A, type-B, or labile (loosely bound) is one of the most abundant 
substitutions in the crystal lattice (Rey et al., 1991). In the Raman spectrum, the 
type-A carbonate substitution (substitution of the OH– group by CO3

2-) rises to a 
weak peak ∼1103 cm-1 in the Raman spectrum (Paschalis et al., 2017), while the 
type-B carbonate substitution (substitution of the PO4

3- group by CO3
2-) exhibits a 

distinct peak at 1070 cm-1 (Mandair et al., 2015). Although this V1CO3
2- peak at 
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1070 cm-1 overlaps with the V3PO4
3- sub-component peak at 1076 cm-1 (Penel et al., 

2005), the ratio of the type-B carbonate and phosphate bands allows for the 
estimation of type-B carbonate substitution in the apatite crystal lattice (Akkus et 
al., 2004; Gamsjaeger et al., 2010). The V1CO3

2-/ V1PO4
3- peak area ratio has been 

validated against a series of synthetic apatites with varying carbonate levels and 
bovine bone (Awonusi et al., 2007). Moreover, a strong association has been 
reported between Raman-derived type-B carbonate substitution (V1CO3

2-/ V1PO4
3-) 

and the corresponding FTIR-derived parameter (Turunen et al., 2011). The type-B 
carbonate-to-phosphate ratio is negatively associated with elastic modulus, yield, 
ultimate strengths, toughness, and post-yield toughness (Unal, 2021). The type-B 
carbonate-to-phosphate ratio has been reported to be increased during tissue 
maturation (Akkus et al., 2004; Turunen et al., 2011).  

Carbonate-to-matrix ratio 

Another carbonate-related Raman parameter is the carbonate-to-matrix ratio. 
Because the ratio is normalized to the organic matrix content, it does not reflect the 
degree of carbonate substitution in mineral crystallites but rather describes the 
mineralization of the bone. A positive correlation was found between the carbonate-
to-matrix ratio with BMD (Huang et al., 2002) and its FTIR counterpart (Turunen 
et al., 2011). It has been reported that the femoral trabecular bone in women with 
fractures had a higher carbonate-to-amide I area ratio than in women without 
fractures (McCreadie et al., 2006). Moreover, the FTIR-derived carbonate-to-
amide I area ratio was related to altered bone turnover and remodeling activities of 
renal osteodystrophy patients (Isaksson et al., 2010). The Raman-derived 
carbonate-to-amide I ratio is directly associated with the elastic modulus, yield, and 
ultimate strengths of human cortical bone (Unal, 2021). 

The full width at half maximum (FWHM) of V1PO43- band 

Crystal solubility, as well as size and shape, are all influenced by the type and 
degree of substitutions and vacancies in the crystal lattice (Paschalis et al., 2017). 
While the chemical makeup of the mineral crystal is generally referred to as crystal 
maturity—that is, how similar it is to that of pure hydroxyapatite—the size and 
shape of crystals are referred to as mineral crystallinity (Paschalis et al., 2017). 
Since stoichiometric perfection also drives the changes in the size and shape of 
crystals, the mineral crystallinity reflects not only the crystal size but also the 
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crystal stoichiometric perfection (Törnquist et al., 2020). In Raman spectroscopic 
analysis, the mineral crystallinity is determined by either the inverse of the FWHM 
of the V1PO4

3- band or the position of the maxima of this band (Paschalis et al., 
2017). 

A strong correlation has been found between the Raman assessment of mineral 
crystallinity by the FWHM of the V1PO4

3- band and X-ray diffraction-standard c-
axis crystallinity determination (Querido et al., 2018). The Raman assessment of 
mineral crystallinity was also found to be directly associated with the SAXS 
measurement of mineral crystal thickness in the cortical bone from rabbits 
(Törnquist et al., 2020). Furthermore, this Raman compositional parameter was 
correlated to elastic modulus, yield strength, and ultimate strength of human 
cortical bone (Unal, 2021). 

The relative amount of PG (PG-to-collagen ratio) 

The PGs, in their native state, are negative regulators of the mineralization process 
and play an important role in bone homeostasis by altering bone remodeling rates, 
organization of collagen fibrils, and directly influencing the nucleation and 
subsequent growth of bone mineral crystals (Boskey et al., 1997; Campo et al., 
1986; Gualeni et al., 2013; Rucci et al., 2009; Viviano et al., 2005). 

Two Raman bands are potential candidates for assessing tissue PGs: one at 
∼1375 cm-1 arising from the CH3 symmetric deformation of GAG groups 
(Gamsjaeger et al., 2014b) and another at ~1060 cm-1, indicative of sugar rings 
(Kunstar et al., 2012). In the mineralized tissues, the ~1060 cm-1 band overlaps with 
the strong type-B carbonate band at ~1070 cm-1. Hence, the Raman band at ~1375 
cm-1 normalized by the amide III band can be used as a PG marker in both cartilage 
and bone (Gamsjaeger et al., 2014b). The PG-to-collagen ratio has been reported 
to be positively associated with the yield strength, ultimate strength, toughness, and 
post-yield toughness of human cortical bone (Unal, 2021). This ratio has not been 
directly validated against a gold standard, but the location of the peaks and their 
associations with GAG and amide III have been validated (Gamsjaeger et al., 
2014b).  

The relative amount of lipid (Lipid-to-collagen ratio) 

Lipid distribution is also an important factor to consider when attempting to 
understand factors contributing to tissue mineralization and bone strength 
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(Paschalis et al., 2017). Lipids have been reported as nucleators of collagen fiber 
mineralization, with a layer of lipids presents just behind the first mineral deposit 
(Goldberg et al., 1996). They are also parts of matrix vesicle membranes, which are 
involved in endochondral and bone mineralization (Akisaka et al., 1985; Kirsch, 
2006). Furthermore, oxidized lipids serve as a substratum for AGEs formation and 
accumulation (Ramasamy et al., 2005). 

In Raman spectroscopic analysis, spectral bands ~1060 cm-1, ~1079 cm-1, 
~1296 cm-1, ~1300 cm-1, ~1439 cm-1, and ~1745 cm-1 are characteristic of tissue 
lipids (Gamsjaeger et al., 2014c). Previously, the spectral bands arising from CH2 
twisting vibration at 1296 cm-1 and 1305 cm-1 have been assigned as saturated and 
unsaturated lipids, respectively (Mansfield et al., 2017). The integrated area of 
these bands normalized to the integrated area of the amide III band may be used to 
describe the relative lipid content in mineralized tissues (Gamsjaeger et al., 2014a; 
Mansfield et al., 2017). The lipid-to-collagen ratio has been reported to be 
positively associated with the yield strength and negatively associated with the 
post-yield strain of human cortical bone (Unal, 2021). Although these lipid-to-
collagen ratios have not been validated, the peak locations and their associations 
with lipid and amide III were validated (Czamara et al., 2015; Penel et al., 2005; 
Zhang et al., 2007).  

5.2 Small-angle X-ray scattering 

The interaction of X-rays with inhomogeneities in the matter can cause a small 
deviation from its incident direction, called small-angle X-ray scattering (SAXS) 
(Pauw, 2014). This scattering of X-rays (wavelength of ∼1 Å) is utilized in a micro-
focused SAXS (µSAXS) experiment to gather information on the target structure 
on a nanometer scale. Differences in electron density generate the SAXS signal 
intensities, which in the case of mineralized tissues like bone mainly originates 
from the differences in electron density between inorganic minerals and the organic 
matrix (Bünger et al., 2010). Bone might be considered as a two-phase material, 
owing to the fact that when compared to the mineral, water has an electron density 
that is similar to that of the organic matrix (Bünger et al., 2010). As a result, using 
this two-phase material assumption, the recorded SAXS signal gives information 
on the mineral structure, i.e., the spatial arrangement of mineral crystals and 
collagen fibrils in the bone or other mineralized tissues (Bünger et al., 2010). 

Using an automated scanning stage in the SAXS experiment (Fig. 12), spatial 
maps of the sample can be acquired, where each pixel contains a 2D scattering 
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pattern. The first step of the SAXS data analysis is the conversion of the 2D SAXS 
patterns into 1D data by summing the pixel values from the 2D detector (Pabisch 
et al., 2013). The radial intensity profile, which is dependent on the length of the 
scattering vector q, and the azimuthal intensity profile, which is dependent on the 
azimuthal angle Ψ of the 2D SAXS patterns, are the two most common intensity 
profiles used. Binning all pixels with the same radial distance q to the beam center 
yields the radial intensity profile I(q), while all pixels with the same azimuthal 
degree Ψ are binned to achieve the azimuthal intensity profile I(Ψ) (Pabisch et al., 
2013). 

 

Fig. 12.  The basic principle of an X-ray scattering experiment of osteochondral samples, 
where the incident X-ray beam is scattered on the sample and measured by the 2D 
detector.  

The three most common quantitative SAXS parameters for analyzing the 
ultrastructure of the mineralized tissue are the mineral crystal thickness (also 
known as mineral particle thickness, mineral plate thickness, or T-parameter), the 
predominant orientation of the mineral crystal (and collagen fiber), and the degree 
of orientation (anisotropy of the orientation) of the mineral crystal. This dissertation 
only focuses on the SAXS parameter of the mineral crystal thickness (Fig. 13). This 
parameter should not be confounded with the mineral crystal size (length) 
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determined with X-ray diffraction or the mineral crystallinity measured by the 
Raman spectroscopy. 

 

Fig. 13. Schematic illustration of mineral platelets within a collagen fibril (not to scale). 
Modified from Pabisch et al. 2013. The mineral platelet thickness is referred to as the 
mineral crystal thickness in this dissertation. 

Mineral crystal thickness is mainly calculated by one of the following approaches. 
The first approach is based on the two-phase assumption of bone, which was 
initially suggested by Fratzl et al. (Fratzl et al., 1996b). This approach relies on the 
measure of the crystal/matrix interfacial area, derived from fitting the expression 
P/q4 (here, P = Porod constant) to the I(q) data at the high q range. This approach 
assumes that the mineral crystals are plate-shaped and the volume fraction of 
mineral crystals in the specimen is 50%. This yields the following expression of 
mineral crystal thickness:  

 𝑇𝑇 =  4
𝜋𝜋𝜋𝜋 ∫ 𝐼𝐼(𝑞𝑞)𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
𝑞𝑞2𝑑𝑑𝑞𝑞    (4) 

However, in this approach, the dependency of determining the Porod constant from 
relatively weak “high q range” data results in large statistical uncertainty (Bünger 
et al., 2010). Moreover, the assumption of the 50% mineral phase fraction might 
not be valid for, the newly formed bone where the degree of mineralization may 
alter considerably, for example (Turunen et al., 2014). 
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Bünger et al. proposed an alternative approach to extract the mineral crystal 
thickness information by iteratively fitting a curve to the I(q) data (Bünger et al., 
2010). This approach assumes that the mineral crystals have a finite thickness, T, 
along one dimension and infinite size in the other two dimensions, thus, assuming 
the mineral crystals are so large in these two dimensions that they do not add to the 
scattering in the q range of the SAXS experiment. The scattering of such plate-
shaped crystal in the q range is given by: 

  𝑃𝑃(𝑞𝑞) =  1
𝑞𝑞2
�sin (𝑞𝑞𝑞𝑞/2)

𝑞𝑞𝑞𝑞/2
�
2

     (5) 

Considering the internal variation in crystal thicknesses follows a Schultz-Zimm 
distribution, D (T, Tav), the average scattering, Pav, can be expressed as:  

   𝑃𝑃𝑎𝑎𝑎𝑎 =  ∫
𝑞𝑞2𝜋𝜋(𝑞𝑞)𝐷𝐷(𝑞𝑞,𝑞𝑞𝑚𝑚𝑎𝑎)𝑑𝑑𝑞𝑞∝

0
∫ 𝑞𝑞2𝐷𝐷(𝑞𝑞,𝑞𝑞𝑚𝑚𝑎𝑎)𝑑𝑑𝑞𝑞∝
0

                      (6) 

Since, in bone, two mineral crystals cannot have the same location or occupy the 
same volume, the Pav expression is further expanded to consider these excluded 
volume effects. A random phase approximation is used to account for these 
excluded volume effects, as in examples of the stiff polymer chains (Shimada et al., 
1988). The effective scattering, Peff, can be written as:  

  𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒(𝑞𝑞) =  𝜋𝜋𝑚𝑚𝑎𝑎(𝑞𝑞)
1+𝑎𝑎𝜋𝜋𝑚𝑚𝑎𝑎(𝑞𝑞)

    (7) 

where ν is an adjustable parameter that increases with elevating concentrations. 
Moreover, large crystals on a given collagen fibril are located closely together and 
may even fuse (Bünger et al., 2010). To consider these inhomogeneities in the 
electron density at longer length scales, an effective structure factor is introduced. 
This factor describes the fractal fluctuations at low q values as follows: 

  𝑆𝑆𝑒𝑒𝑓𝑓𝑎𝑎𝑓𝑓(𝑞𝑞) = 1 + 𝐴𝐴𝑞𝑞−𝛼𝛼   (8) 

where A is a parameter scaling the contribution and α is the fractal dimension of 
the fluctuations. The total intensity I(q) is then given by: 

  𝐼𝐼(𝑞𝑞) = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒(𝑞𝑞)(1 + 𝐴𝐴𝑞𝑞−∞)𝐶𝐶 (9) 

where C is the scale factor. The model curve in equation 9 is then fitted to the 
measured I(q) data by an iterative weighted nonlinear least-squares method. The 
adjustable parameters include the mineral plate thickness T, the width of the 
Schultz-Zimm distribution, the random phase approximation value ν, and the scale 
factors C, α, and A (Bünger et al., 2010). 
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5.3 Multivariate analysis to identify different tissues  

Identification of different tissues or samples based on their Raman spectra/SAXS 
signal is often desirable. In both Raman and SAXS imaging, Raman spectra/SAXS 
signals can be classified based on the prior user input (supervised classification) or 
the spectral/signal variance alone (unsupervised). Clustering techniques, such as 
hierarchical cluster analysis (HCA) (Xu et al., 2005), K-means clustering (KMC) 
(Hartigan et al., 1979), and fuzzy C-means clustering (Xu et al., 2005) are 
commonly used in unsupervised classification (Butler et al., 2016).  

5.3.1 Cluster analysis 

Cluster analysis is an unsupervised method designed for grouping data into two or 
more groups. Clustering methods are often classified into hierarchical and 
partitional approaches, as well as “hard” and “fuzzy” approaches (Kobrina et al., 
2010; Xu et al., 2005). In “hard” clustering methods, each data point is given a 
membership degree value of 0 (no membership) or 1 (full membership). Both KMC 
and HCA are examples of “hard” clustering methods. HCA needs no assumptions 
regarding the number of data groups, whereas KMC requires this information prior 
to analysis (Wang et al., 2008). These methods group the analytical data, i.e., 
Raman spectra/SAXS signal, based on the similarity between the data points. 

The KMC algorithm starts with a random solution (or predefined by the user 
initial partition) (Fig. 14). The algorithm classifies the data points into a predefined 
number of clusters by iteratively recomputing means of clusters until the criteria 
are satisfied. The most common criteria employed by the partitional clustering 
algorithms like KMC is minimizing a sum of squared errors of Euclidean distance 
between the data point and its closest centroid (mean of a cluster). Finally, interclass 
variance has a maximum value, and the intraclass variance is minimal. In the case 
of KMC of Raman spectral data, the spectra are partitioned into predefined clusters 
(usually user-defined) where each spectrum belongs to the cluster with the nearest 
mean. The clustering of Raman spectra can give insights into tissues that have a 
similar or different chemical composition (Wang et al., 2008). KMC is sensitive to 
outliers that can be also unnecessarily grouped into clusters. 
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Fig. 14. KMC randomly locates cases into a predefined number of clusters (centroids). 
In this case, the number of clusters is two. It then computes the distances between each 
data point and all centroids. Subsequently, it forms clusters by assigning each point to 
its closest centroid. It iterates these two steps until convergence has been reached. 

The agglomerative HCA is the second type of “hard” clustering employed in this 
dissertation. It is a bottom-up approach where each data point is initially assigned 
as a separate cluster, this is followed by the sequential fusing of similar clusters 
(Tuck et al., 2021) (Fig. 15). The number of clusters is reduced in each step until 
only one cluster is left. Different rules for the characterization of similarity between 
data points are used to construct the clusters. Ward’s algorithm of minimum-
variance is one of the most popular, and, in general, is highly efficient (Joe H. Ward, 
1963). In order to visualize the hierarchical clustering structure, a “dendrogram” is 
rendered. A dendrogram is a tree containing objects located at the ends of branches. 
The length of the branch represents the distance between the clusters. The optimal 
number of clusters can be obtained by “cutting” the tree at a certain level, i.e., at 
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the largest length of a branch. Hence, HCA does not require defining the number 
of clusters before running the algorithm. 

 

Fig. 15. The bottom-up approach of the agglomerative hierarchical cluster analysis. It is 
initiated with each data point in a separate cluster followed by the sequential fusing of 
clusters. The dendrogram illustrates the hierarchical arrangement of the clusters. 

The clustering results of a Raman spectral data set are usually represented as a 
false-color-coded image where the spectra belonging to the same clusters are 
rendered in the same colors.  

5.3.2 Random forests classifier  

The initial stage in supervised classification techniques is to feed a training dataset 
(labeled spectra) to the learner in order to create a model that is then used to 
predict/classify labels on unknown spectra. The random forests (RF) or random 
decision forests algorithm (Fawagreh et al., 2014) is a supervised machine learning 
technique based on an array of decision trees (Fig. 16). The RF algorithm is one of 
many ensemble methods. The ensemble learning method is a machine learning 
paradigm that is a way of combining many classifiers (less accurate or weak 
learners) into a single highly accurate classifier (Kuncheva et al., 2003). In a 
classification problem, a voting scheme is used, where each classifier (weak 
learners: in this case decision trees) casts a vote to determine the class label for 
unlabeled data. This type of ensemble approach is called “bagging”. Bagging 
involves building each classifier (decision tree) in the ensemble using a randomly 
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drawn sample of the data (bootstrapping), with each classifier giving an equal vote 
when predicting the class for the unseen data. 
 

Fig. 16.  A schematic diagram of the random forest (RF) classifier model. Features in the 
training data are divided into multiple subsets (bootstrapping) and used to train 
individual decision trees in the forest. 

During the RF model building process, the RF algorithm creates many decision 
trees (as required), each with a different sub-sample with a replacement from the 
training data. Each decision tree will build its route to classification. 
Randomization of a subset of total features in the dataset is used to choose the 
optimal node to split on during the building of the individual trees in the RF. 
Typically, subset size is equal to the square root of the total number of features in 
the data set. The trees are built to maximal depth and not pruned. When testing the 
RF model for unseen data (in this case, the Raman spectrum), each tree “votes” for 
the class to which it predicts an unknown spectrum belongs. Subsequently, the 
predictions are recorded and the overall RF model produces the final classification 
outcome after the “majority vote” among all the decision trees. Misclassification 
can happen when similar votes are cast for each class or where there is only a slim 
majority.  



70 

5.4 Previous literature on preclinical quantitative imaging of tissue 
composition across the osteochondral junction  

Relevant studies on the composition of different tissues at the osteochondral 
junction using preclinical quantitative imaging methods have been summarized in 
Table 1. Although multiple studies have used vibrational spectroscopy for detecting 
OA-related changes in the composition of articular cartilage and/or subchondral 
bone, only a handful of studies have considered the calcified cartilage. In particular, 
FTIR spectroscopy was used to investigate the mineral composition in calcified 
cartilage and subchondral bone in the guinea pig OA model (Sato et al., 2004). The 
authors reported a lower mineral-to-matrix ratio and higher carbonate-to-phosphate 
ratio on the medial side when compared to the lateral side of the male Hartley strain 
guinea pigs with higher OA scores. The control group (Strain 13 guinea pig) with 
lower OA scores did not show compositional differences (Sato et al., 2004). 
Moreover, FTIR imaging was used to map tissue-specific mineral and organic 
compositions of the bovine osteochondral junction as a function of age (Khanarian 
et al., 2014). Samples were compared with the profile analysis, and the subchondral 
bone was found to be more mineralized than the PG-rich calcified cartilage, while 
the mineralization of bone decreased with maturation (Khanarian et al., 2014). To 
date, Raman spectroscopy has not been used to image and study calcified cartilage 
as a function of OA. However, a Raman spectroscopic-based descriptive study 
reported a PG marker band in both cartilage and bone (Gamsjaeger et al., 2014b). 
The authors presented chemical images of PG content across the osteochondral 
junction, which showed that the PG-to-amide III ratio is lower in calcified cartilage 
than in bone (Gamsjaeger et al., 2014b). 

Using qBSE microscopy, multiple studies have reported the mineral quantity 
in calcified cartilage. Ferguson et al. reported that the calcified cartilage is more 
mineralized than the subchondral bone, and in OA the mineralization was lower in 
medial calcified cartilage and higher in superior calcified cartilage compared to the 
relatively healthy post-mortem samples (Ferguson et al., 2003). The calcified 
cartilage also needed more mineral content to achieve the same mechanical 
stiffness and hardness as the underlying bone (Gupta et al., 2005). Furthermore, 
using confocal scanning light microscopy and qBSE microscopy, the 
mineralization density of calcified cartilage was found to be positively correlated 
with the tidemark linear accretion rate (Doube et al., 2007).  

SAXS has been also used earlier for the evaluation of the ultrastructure of 
calcified cartilage. The thickness of mineral crystals in calcified cartilage was 
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found to be similar to underlying bone (Zizak et al., 2003). Moreover, the 
orientation of the collagen fiber network in calcified cartilage has been studied 
using SAXS (Kaabar et al., 2010; Moger et al., 2007).  

Table 1. A summary of relevant studies on the tissue composition of the osteochondral 
junction using preclinical quantitative imaging methods  

Imaging 

method(s) 

Author 

(year) 

Species Sample 

size 

Chemical 

treatment 

Measurement 

interval 
Aim(s) 

FTIR (Khanarian 

et al., 2014) 

Bovine 3 PMMA 

embedding  

6.25 µm To characterize the 

osteochondral junction as a 

function of age. 

       

TIR (Sato et al., 

2004) 

Guinea 

pigs 

(Two 

strains) 

30 OCT 

embedding 

30 µm To investigate the quantity 

and quality of hydroxyapatite 

in the calcified cartilage and 

subchondral bone as a 

function of OA. 

       

Raman 

spectroscopy 

(Gamsjaege

r et al., 

2014b) 

 

Human 

and 

Turkey 

H=1 

and 

T=1 

PMMA 

embedding 

5 µm To identify Raman bands 

that are representative of PG 

concentration in both bone 

and cartilage. 

       

qBSE (Ferguson et 

al., 2003) 

Human 11 Dehydrated

, PMMA 

embedded 

N/A 

 

To investigate 

nanomechanical properties 

and mineral concentration in 

calcified cartilage and 

subchondral bone from 

healthy and OA subjects. 

       

qBSE (Gupta et 

al., 2005) 

Human 3 Dehydrated

, PMMA 

embedded 

N/A 

 

To determine the micron-

level mechanical properties 

and their correlation to 

mineral concentration in the 

calcified cartilage and 

subchondral bone. 
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Imaging 

method(s) 

Author 

(year) 

Species Sample 

size 

Chemical 

treatment 

Measurement 

interval 
Aim(s) 

qBSE (Doube et 

al., 2007) 

Equine 12 Dehydrated

, PMMA 

embedded 

N/A To interrelate site- and 

exercise-related variation of 

calcified cartilage thickness, 

mineralization density, 

tidemark count, and tidemark 

linear accretion rate.  

       

qBSE and 

SAXS 

(Zizak et al., 

2003) 

Human 3 Dehydrated

, PMMA 

embedded 

SAXS: 20 µm To determine calcium 

content, mineral particle size 

and alignment, and collagen 

orientation of calcified 

cartilage and underlying 

subchondral bone. 

       

SAXS and 

WAXD 

(Žižak et al., 

2000) 

Human 1 Dehydrated

, PMMA 

embedded 

20 µm Pilot experiment using SAXS 

and WAXD for determining 

mineral particle size and 

alignment, and collagen 

orientation of calcified 

cartilage and bone. 

       

SAXS and  

µ-PIXE 

(Kaabar et 

al., 2010) 

Human 1 Decalcified SAXS:  

20µm × 5µm 

(Hor × Ver) 

To explore the structural and 

organizational changes of 

collagen networks and the 

elemental distribution of 

osteochondral junction. 

       

SAXS (Moger et 

al., 2007) 

Equine 5 Chemically 

untreated 

and 

hydrated 

25 µm  To determine regional 

differences in the orientation 

of collagen in the normal and 

diseased articular cartilage 

and subchondral bone. 

PMMA = polymethylmethacrylate, SAXS= small-angle X-ray scattering, qBSE = quantitative back-

scattered electron imaging, µ-PIXE= micro proton induced X-ray emission, WAXD = wide-angle X-ray 

diffraction, Hor= Horizontal, and Ver= Vertical. 
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5.5 Previous literature on the mechanical properties of the calcified 
cartilage 

Being a relatively thin region at the complex osteochondral junction, it is 
challenging to separate the calcified cartilage from the junction and perform 
mechanical tests on it. Still, several studies have reported the mechanical properties 
of the calcified cartilage using different testing methods. Table 2 summarizes 
relevant studies on the osteochondral junction that reported mechanical data from 
the calcified cartilage at different length scales. Table 2 shows that nanoindentation 
is the most used technique for characterizing the mechanical properties of calcified 
cartilage. Only one study has reported three scalar levels of mechanical testing that 
takes into account the complexity of the hierarchical structure of the calcified 
cartilage and bone from the molecular level up to the joint level (Hargrave-Thomas 
et al., 2015). Mente and Lewis were the first to report the elastic modulus of the 
calcified cartilage by measuring a relatively averaged macro response from three-
point bending of composite calcified cartilage/subchondral bone beams, and they 
found that the calcified cartilage is an order of magnitude stiffer than the articular 
cartilage and a similar order of magnitude less stiff than the underlying subchondral 
bone (Mente et al., 1994). Later on, the same three-point bending tests, as well as 
microhardness and nanoindentation tests, were carried out by Hargrave-Thomas et 
al. (Hargrave-Thomas et al., 2015). Interestingly, the three-point bending tests 
showed a ten times larger modulus of the subchondral bone plate compared to the 
calcified cartilage; while, that difference was reduced to only two times with 
nanoindentation testing (Hargrave-Thomas et al., 2015). It is important to note that 
these previous studies tested hydrated tissues (Hargrave-Thomas et al., 2015; 
Mente et al., 1994). When dehydrated, and using nanoindentation, the calcified 
cartilage and underlying bone were found to have similar mechanical stiffness 
(Ferguson et al., 2003, 2008; Gupta et al., 2005). Finally, only a few studies have 
reported mechanical changes in the calcified cartilage in osteoarthritic conditions 
(Table 2) (Ferguson et al., 2003; Hargrave-Thomas et al., 2015; Pragnère et al., 
2018). 
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Table 2. A summary of relevant studies on the mechanical properties of the 
osteochondral junction is listed in no particular order 

Method(s) Author 

(year) 

Species 

(size) 

Measurements/results summary 

Three-point 

bending test 

(Mente et 

al., 1994) 

Bovine 

(2) 

Chemically untreated and hydrated samples 

Aim: To measure the elastic modulus of calcified cartilage and 

compare it with the modulus of the underlying bone. 

Elastic modulus (from composite beam): 

Calcified cartilage = 0.32 ± 0.25 GPa 

Subchondral bone = 5.7 ± 0.25 GPa 

    

Nanoindentation (Ferguson 

et al., 2003) 

Human 

(11) 

Dehydrated, PMMA embedded samples 

Spherical tip, Berkovich tip 

Measurement interval: 20 µm  

Aim: described in Table 1 

In OA, the indentation modulus of subchondral bone (mean: 

19.05 GPa) tends to decrease from post-mortem samples 

(mean: 18.43 GPa). Calcified cartilage from the superior region 

had an increased indentation modulus (mean: 20.39 GPa) but 

calcified cartilage from the medial region had a decreased 

indentation modulus (mean: 17.84 GPa), from post- mortem 

samples (mean: 19.01 GPa and 19.22 GPa, respectively). 

    

Nanoindentation (Gupta et 

al., 2005) 

Human 

(3) 

Dehydrated, PMMA embedded samples 

Diamond Berkovich tip 

The total count of indents differs in each sample.  

Aim: described in Table 1 

A strong increase in the indentation modulus and hardness 

was found between hyaline cartilage and calcified cartilage. 

Variations in indentation modulus (range: 13–25 GPa) and 

hardness (range: 0.52–0.96 GPa) within calcified cartilage and 

bone were small.  

    

Nanoindentation 

and AFM 

(Campbell 

et al., 2012) 

New 

Zealand 

white 

rabbit (1) 

Dehydrated, PMMA embedded samples 

Diamond Berkovich tip 

Measurement interval: 5 µm 

Aim: To investigate the multiscale mechanical properties 

across the osteochondral junction. 

Indentation modulus:  

   articular cartilage (deep zone) = 5.7 ± 1.0 GPa 

   calcified cartilage = 21.3 ± 1.8 GPa  

   Subchondral bone = 22.8 ± 1.8 GPa 
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Method(s) Author 

(year) 

Species 

(size) 

Measurements/results summary 

Nanoindentation (Doube et 

al., 2010) 

Equine 

(12) 

PMMA embedded samples 

Spherical diamond indenter tip 

Measurement interval: 20 μm 

Aim: to correlate mineralization density and tissue stiffness of 

calcified cartilage and subchondral bone at the micron scale for 

discovering material deficiencies within them, in abnormal Mc3 

sagittal grooves. 

Subtle differences in elastic modulus were found between 

affected and unaffected calcified cartilage and subchondral 

bone in both sagittal ridge and condyle sites. 

Elastic modulus (from Sagittal Groove):  

calcified cartilage = 13.37 ± 1.74 GPa (unaffected group); 

12.45 ± 2.37 GPa (affected group) 

Subchondral bone = 14.81 ± 1.72 GPa (unaffected group); 

15.03 ± 1.89 GPa (affected group) 

Elastic modulus (from distal condyle):  

calcified cartilage = 12.90 ± 1.66 GPa (unaffected group); 

13.65 ± 1.97 GPa (affected group) 

Subchondral bone = 14.57 ± 1.76 GPa (unaffected group); 

15.20 ± 2.00 GPa (affected group) 

    

Three-point 

bending, 

microhardness 

indention, and 

nanoindentation 

(Hargrave-

Thomas et 

al., 2015) 

Bovine 

(16) 

Chemically untreated and hydrated samples 

Nanoindentation: Berkovich tip 

Aim: To investigate the multiscale mechanical properties 

across the osteochondral junction as a function of OA. 

Indentation modulus:  

Macro-scale: calcified cartilage = 0.2–1 GPa 

                     Subchondral bone = 2–6.5 GPa 

Microscale: calcified cartilage = 3–6 GPa 

                     Subchondral bone = 5.5–8 GPa 

Nanoscale: calcified cartilage = 2–13 GPa 

                   Subchondral bone = 5–18 GPa 

The macroscopic modulus ratio of bone to calcified cartilage 

decreased in the G1 group from the G0 group, then increased 

in the G2 group from the G1 group.  
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Method(s) Author 

(year) 

Species 

(size) 

Measurements/results summary 

Nanoindentation (Boi et al., 

2019) 

Scaffolds 

and 

sheep (3) 

PMMA embedded sample 

Diamond Berkovich tip 

Measurement interval: 8 µm 

Aim: to design and investigate the mechanical transition 

between articular cartilage and calcified cartilage. 

Indentation modulus:  

articular cartilage (deep zone) = 4.6–5.1 GPa  

calcified cartilage = 15–18 GPa 

 

Nanoindentation (Antons et 

al., 2018) 

Human 

(6) 

Chemically untreated and hydrated sample 

Spherical indenter tip 

Measurement interval: 100 µm 

Aim: To investigate the zone-dependent mechanical properties 

of articular cartilage. 

Elastic modulus:  

articular cartilage (surface zone) = 0.02 ± 0.003 MPa  

calcified cartilage = 6.44 ± 1.02 MPa 

 

Nanoindentation (Pragnère 

et al., 2018) 

New 

Zealand 

White 

rabbit 

(12) 

Chemically untreated and hydrated samples 

Spherical sapphire tip (for articular cartilage) 

Berkovich tip (for calcified cartilage and bone) 

Measurement interval: 100 µm  

Aim: to assess tissue-specific mechanical properties of the 

osteochondral junction, in an ACLT model. 

Equilibrium modulus: Hyaline cartilage = 1.47 ± 0.35 MPa 

(control group); 0.85 ± 0.29 MPa (ACLT group) 

Elastic modulus: calcified cartilage = 15.62 ± 0.90 GPa (control 

group); 9.85 ± 1.30 GPa (ACLT group) 

Subchondral bone = 17.31 ± 1.27 GPa (control group); 14.49 ± 

1.43 GPa (ACLT group) 

PMMA = polymethylmethacrylate, ACLT= anterior cruciate ligament transection, AFM = atomic force 

microscopy, and OA = osteoarthritis 
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6 Research objectives 
This doctoral dissertation aims to study the biochemical composition, mineral 
crystal structure, and micromechanical and structural properties of calcified 
cartilage and subchondral bone plate at the osteochondral junction in healthy and 
osteoarthritic specimens in vitro. The specific aims are the following: 

1. To compare the biochemical composition and the mineral crystal thickness in 
between the calcified cartilage and the underlying subchondral bone. 

2. To study the changes in the biochemical composition and the mineral crystal 
thickness of calcified cartilage and subchondral bone plate during OA 
development. 

3. To evaluate tissue-specific mechanical alterations of the osteochondral 
junction at microscale with progressive cartilage degeneration. 

4. To investigate microstructural modifications at the osteochondral junction 
during OA development. 
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7 Overview of study designs  
To achieve the research objectives, this doctoral dissertation is divided into four 
independent in vitro studies. A summary of the study design for each study and 
methodology is presented in Table 3. 

Table 3. Overview of study designs and methodology of four studies included in this 
dissertation. 

Characteristics Study I Study II Study III Study IV 

Study design Cross-sectional  Cross-sectional  Cross-sectional  Cross-sectional  

Study population Cadaveric donors 

=7 

 

Cadaveric donors 

=10 and 

TKR patients =15 

Cadaveric donors 

=10 and 

TKR patients =15 

Bovine patellae =42 

Sex distribution  Male = 6,  

Female= 1 

Male= 12,  

Female= 13 

Male= 12,  

Female= 13 

All female 

Tissue location Tibial plateau Femoral condyles Femoral condyles Distal-lateral region 

Sample size  28 50 49* 42 

Compartment 

distribution  

Medial=12, 

Lateral=16 

Medial =25,  

Lateral =25 

Medial =24,  

Lateral =25 

 

Laboratory methods Raman 

microspectroscopy, 

Histopathology 

µSAXS imaging, 

Histopathology 

Raman 

microspectroscopy,  

Histopathology 

Compression test, 

DIC microscopy 

 

Sample thickness ~1.7 mm  5 µm 1 mm 4 mm 

Area measured  Width: 60 µm 

Height: ~330 µm 

Width: 500 µm 

Height: ~1000 µm 

Width: 60 µm 

Height: ~330 µm 

Width: 200 µm 

Height: 1000 µm 

M.I. 1–3 µm 5 µm 2–3 µm 50 µm 

Tissue identification 

approach 

Unsupervised Unsupervised Supervised Manual 

Comparison  1. Calcified cartilage 

vs subchondral 

bone plate 

2. OARSI grade 

groups 

1. Calcified cartilage 

vs subchondral 

bone  

2. Healthy vs OA 

(compartment-wise) 

1. Healthy vs OA 

(compartment-wise) 

 

1. Modified 

Outerbridge grade 

groups 

TKR= Total knee replacement, µSAXS= micro-focus small-angle X-ray scattering, DIC= Differential 

interface contrast optical light microscopy, OARSI= Osteoarthritis research society international, 

M.I.=Measurement interval. * One sample was damaged during the preparation phase for Raman 

measurements. 

Study I acted as a pilot study for identifying calcified cartilage and subchondral 
bone plate from hydrated human osteochondral sections using Raman 
microspectroscopy. Study II focused on investigating tissue-specific mineral 
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crystal thickness of the osteochondral junction in patients with and without knee 
OA, using µSAXS imaging. Study III investigated the tissue-specific mineral 
composition of the osteochondral junction from the adjacent sections of the 
samples of study II, using Raman microspectroscopy (Fig. 17). In study IV, a 
bovine patella model was used to investigate micromechanical and structural 
modifications of the osteochondral junction due to early tissue degeneration. 

Fig. 17. Schematic representation of the osteochondral sample collection for studies I–
III. For study I, 28 osteochondral plugs from the tibial plateau of seven cadaveric donors 
were collected and further prepared for Raman microspectroscopy measurement and 
histopathology. For studies II and III, 50 osteochondral plugs were obtained from the 
femoral condyles of total knee replacement patients and cadaveric donors. They were 
further prepared for µSAXS measurement and Raman microspectroscopy 
measurements. Histopathological assessments were performed on the adjacent 
sections of both Raman microspectroscopy and µSAXS measurement sites, 
respectively. PMMA= polymethylmethacrylate 

Studies I–III were carried out mostly at the Research Unit of Medical Imaging, 
Physics, and Technology, University of Oulu, Finland. Study IV was performed at 
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the University of Auckland, New Zealand. The SAXS measurements for study II 
were conducted at the cSAXS–X12SA beamline at Swiss Light Source, Paul 
Scherrer Institut, Villigen, Switzerland.  
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8 Materials and methods 

8.1 Study population and ethical permission 

In study I, 28 osteochondral samples were obtained from the tibial plateau (lateral 
compartment: 16 samples and medial compartment: 12 samples) of cadaveric 
donors (N = 7; 6 men and 1 woman; average age = 70 years) (approval no 134/2015 
Research Ethics Committee of the Northern Savo Hospital District, Kuopio, 
Finland). 

For studies II and III, we collected 50 osteochondral samples from both medial 
(n = 25) and lateral (n = 25) femoral condyles of patients with medial compartment 
knee OA (N=15; 8 women, 7 men; average age = 65 years) undergoing total knee 
replacement (TKR) and from the right knee of cadaveric donors (N=10; 5 women, 
5 men; average age = 53.5 years). During the TKR surgery, the surgeon’s 
Outerbridge classification of the knee joint cartilage (Outerbridge, 1961) was 
required to be a grade IV in the medial compartment and grade 0 or I in the lateral 
compartment for a patient to be classified to have a medial compartment OA. 
Moreover, no known diagnosis of knee OA or rheumatoid arthritis was allowed for 
the cadaveric donors included in these studies. Samples were obtained from 
MENIX, a local biobank at Skåne University Hospital, Sweden (regional ethical 
review board: Lund University; Dnr 2015/39 and Dnr 2016/865).  

In study IV, 42 patellae from mature female bovine animals (age range ~ 5–9 
years), with different visible cartilage fibrillation corresponding to normal to 
moderate OA states, were collected following slaughter. Being consumer-grade 
products, no ethical permission was needed for the patellae.    

8.2 Sample preparation 

For study I, collected cylindrical osteochondral plugs (diameter, d = 4 mm) were 
prepared with a dental drill from tibial plateaus and stored in 1× Dulbecco’s 
phosphate-buffered saline (PBS) at -20 °C. In studies II and III, obtained femoral 
condyles of cadaveric donors and TKR patients were frozen at -80ºC within 2h of 
extraction. On the preparation day, samples were thawed, and cylindrical 
osteochondral plugs (TKR: d = 6 mm; donors: d = 12 mm) were extracted with a 
dental drill, and then stored in 1x Dulbecco’s phosphate-buffered saline at -20 °C. 
The plugs were further sectioned for different imaging modalities (i.e., Raman 
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microspectroscopy, μSAXS, and histopathology) with a low-speed diamond saw 
(Isomet 1000, Buehler, USA) (Fig. 17).  

Raman microspectroscopic measurements were performed on ~1.7 mm thick 
section and ~1 mm thick section, in studies I and III, respectively. These samples 
were ultra-sonicated (W-181, Wagner Instrusonic, Finland) for 5 min. The samples 
were kept moist during all preparation stages. 

The osteochondral sections were embedded in polymethyl methacrylate 
(PMMA) before μSAXS measurements. First, we fixed the sections in 4% saline-
buffered formaldehyde for 7 days at 4 ºC. Subsequently, the samples were 
immersed in 70% ethanol for 24h for fixation, and dehydrated in ascending ethanol 
concentrations (80% – 95% – 100% – 100%), with each step lasting for at least 6h. 
After dehydration, the samples were embedded in PMMA. To deactivate the 
monomer, we filtered methyl methacrylate (MMA) through a column filled with 
aluminum oxide. We infiltrated samples first with MMA in a solution containing 
deactivated MMA, 1.4 (vol%) Nonylphenyl-polyethyleneglycol acetate, and 5.5 
µg/ml Benzoyl peroxide at 4 ºC for 24h, after which the solution was replaced with 
a fresh one. In the last step, we added 5 µl/ml of N,N-Dimethyl-p-toluidine for 
plastification which was completed in the following 24h at 4 ºC. Finally, we cut 5 
µm-thick sections from the PMMA blocks for the μSAXS measurements. 

Histopathological assessments were performed on the osteochondral sections 
adjacent to both Raman microspectroscopy (study I and III) and μSAXS (study II) 
measurements (Fig. 17). In studies I and III, osteochondral sections for the 
histopathology were fixed (formalin), decalcified (ethylenediaminetetraacetic acid), 
dehydrated (ethanol), and embedded in paraffin. Finally, three sections (thickness 
= 3 µm) were cut using a microtome (Microm HM 355S, Thermo Fisher Scientific, 
USA) and stained with Safranin-O. In study II, six sections (thickness = 3 µm) 
were cut from the PMMA blocks. Three sections were stained with Safranin-O and 
three with Goldner trichrome. 

In study IV, bovine patellae were stored at -20 ºC. On sample preparation day, 
each patella was thawed in cold running water for at least 30 min and stained with 
India ink to classify the extent of macroscopic degenerative changes on the 
cartilage surfaces by using a modified Outerbridge classification (Fig. 18) 
(Outerbridge, 1961). An osteochondral block (en-face dimensions ~15 mm × 20 
mm × 10 mm) was extracted from the distal-lateral region (common degeneration 
site in the bovine patellae (Thambyah et al., 2007)) of each patella using a hacksaw 
(red boxes in Fig. 18). The sample block was further processed by cutting a 4mm-
thick section with a low-speed diamond saw (Isomet 1000, Buehler, USA) and kept 
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in 0.15 M saline for mechanical testing. After the mechanical test, the sample 
blocks underwent chemical fixation in 10% formalin for 24h, followed by mild 
decalcification in 10% formic acid for 48h. Cryo-sections (thickness = 30 µm) were 
prepared from the sample blocks using a sledding microtome. 

Fig. 18. Representative macroscopic view of bovine patellae used in study IV, washed 
with India ink to illustrate the gradual increase in cartilage surface degeneration across 
the distal-lateral region (red boxes). Macroscopic cartilage degeneration was evaluated 
with a modified Outerbridge classification system. (A) Normal healthy-appearing patella 
with no uptake of ink (G0), (B) patella with very mild staining (G1). (C) The G2-graded 
patella with relatively deeper staining. (D) The G3-graded patella with high staining 
intensity indicates deeper fissures covering a wide area. From every sample block, a 
4mm-thick osteochondral section was prepared for mechanical testing. 

8.3 Mapping of biochemical composition using Raman 
microspectroscopy (studies I and III) 

8.3.1 Protocols for Raman microspectroscopic measurements 

A confocal Raman imaging microscope system (DXR™2xi, Thermo Fisher 
Scientific, USA) was used for acquiring Raman signals. To excite the Raman signal, 
we used a depolarized 785 nm laser at 30 mW power, which was combined with a 
60× immersion objective (numerical aperture, NA = 1.0). This resulted in a 
maximum lateral resolution of ~ 0.5 µm [lateral resolution = (0.61 × laser 
wavelength) / NA] and a laser spot diameter of ~ 0.95 µm [laser spot diameter = 
(1.22 × laser wavelength) / NA]. Raman spectra were acquired using an air-cooled 
electron-multiplied charge-coupled device (EM–CCD) behind a 50 µm confocal 
pinhole aperture and wide-range grating (50–3250 cm–1 with a spectral resolution 
of 5 cm–1).  
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The osteochondral sections were placed on a petri dish with dental wax and 
submerged in the aqueous medium (study I: distilled water; study III: 1× 
Dulbecco’s modified eagle medium) for the Raman microspectroscopic 
measurements. The Raman acquisition in an aqueous solution can potentially 
modify the highly labile mineral crystals (Landis et al., 1977). However, we 
demonstrated that the acquisition in the aqueous medium did not considerably 
affect the Raman spectra of mineralized tissues (Das Gupta et al., 2020). 

Fig. 19. A schematic representation of Raman microspectroscopic measurements of 
the human osteochondral junction in study I (A) and study III (B), respectively. The 
measurement regions are marked with green boxes. The region containing the tidemark 
was measured with step sizes of 1 µm and 2 µm in studies I and III, respectively. 

Before Raman microspectroscopic measurements, an optical microscopic image of 
the whole osteochondral section was acquired. Based on the visual inspection of 
that image, a rectangular region containing the deep articular cartilage, tidemark, 
calcified cartilage, and subchondral bone plate was selected for Raman mapping. 
Owing to the remaining sample surface irregularities, measurements were divided 
into small rectangular sections (Fig. 19) and a section-specific focus was set ~10 
μm below the surface of the sample. The section containing the tidemark (region 
size: 60 μm × 60 μm) was imaged with a step size of 1 μm (study I) or 2 μm (study 
III), and the remaining section(s) with 3 μm (region size: ~ 60 μm × 270 μm). In 
study I, the Raman spectra were acquired using an exposure time of 0.5 sec with 
15 repeated accumulations (total acquisition time: ~ 12 h / sample). However, in 
study III, the Raman spectra were acquired using an exposure time of 1 sec and 
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two repeated accumulations (total acquisition time: ~ 95 mins/sample). These 
changes in protocols allowed us to measure a sample with minimal tissue swelling 
due to aqueous Raman measurement compared to study I. 

8.3.2 Raman spectral preprocessing 

In both Raman microspectroscopic studies, the spectra underwent the same 
preprocessing steps. At first, the raw spectra were truncated to the fingerprint region 
(350–1750 cm−1) and subjected to cosmic spike removal (sensitivity: 0.4, spike 
width: 7) (Fig. 20).  

Fig. 20. (A) The raw Raman spectra from the deep articular cartilage, calcified cartilage, 
and subchondral bone plate were truncated (B) to the fingerprint region (350–1750 cm−1), 
respectively. The truncated raw spectra were also subjected to the cosmic spike 
removal algorithm. (Under CC BY 4.0 license from Paper I). 

A principal component analysis-based noise filter was used to reduce the spectral 
noise (Fig. 21). Ten principal components were selected to reproduce the Raman 
spectra, which explained over 99% of the variance within the spectral data. The 
spectral baseline caused by tissue autofluorescence was subtracted by fitting a 
third-order polynomial. Finally, the Raman spectra were vector-normalized to 
remove the differences in total Raman intensity due to the differences in laser 
focusing and the optical properties of tissues. Examples of preprocessed mean 
spectra from the (deep) articular cartilage, calcified cartilage, and subchondral bone 
plate are shown in Fig. 22. Detailed Raman peak assignments are given in Table 4. 
All preprocessing steps were performed using in-house scripts written in MATLAB 
(MathWorks Inc., MA, USA), except for the cosmic spike removal step, which was 
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performed with a commercial MATLAB toolbox (Cytospec 2.00.05, built 353, 
Berlin, Germany). 

 

Fig. 21. Spectral noise removal using principal component analysis (PCA). (A) Mean 
spectra associated with the first 10 principal components (PCs). (B) Cumulative 
variance is explained by the components (10 PCs explain over 99% of variance). (C) and 
(D) shows the comparison between the raw and filtered spectra for the calcified 
cartilage and the articular cartilage, respectively. Since the PCA has explained over 99% 
of the variance, only minimal changes are expected in the filtered spectra. (Under CC 
BY 4.0 license from Paper I). 
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Fig. 22. Mean baseline-corrected and vector-normalized Raman spectra (reproduced 
with 10 principal components) from the (deep) articular cartilage, calcified cartilage, and 
subchondral bone plate, respectively. The major mineral peaks are annotated with red 
text and organic peaks with green text. (Under CC BY 4.0 license from Paper I). 

8.3.3 Tissue identification from the Raman spectral maps 

Unsupervised approach (study I) 

In study I, unsupervised cluster analysis was performed on Raman spectra to 
identify different tissues, where spectra were classified based on their 
(dis)similarity or “distance”. Spectra of calcified cartilage and subchondral bone 
plate from the Raman maps were identified using KMC analysis. On the other hand, 
HCA was used particularly to identify the tidemark, as it produces a dendrogram 
that is useful in interpreting the relationships between clusters. 

We hypothesized that Raman spectra of different tissues can be classified 
exclusively based on their organic and/or mineral signatures, as cartilage and bone 
have different organic matrices that might influence their mineralization (Ferguson 
et al., 2003). To test this, we divided the Raman spectra into two ranges and cluster 
analyses were performed separately on them. One range contained only organic 
vibrations (1144–1750 cm-1) and another contained mostly mineral vibrations 
(350–1143 cm-1). We excluded the dominant V1PO4

3- band (900–987 cm-1) along 
with proline peaks between 800–1020 cm-1 from the mineral vibrational range to 
further improve the sensitivity of cluster analysis.  
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Table 4. The assignments of major mineral and organic Raman peaks, observed in the 
Raman spectra. (Under CC BY 4.0 license from Paper I). 

Raman shift (cm-1) Assignment 

430  V2 PO4 3-  (Mandair et al., 2015) 

582  V4 PO4 3-  (Mandair et al., 2015) 

856  Proline (Bonifacio et al., 2010) 

876  Hydroxyproline (Bonifacio et al., 2010) 

921  Proline (Bonifacio et al., 2010; Mandair et al., 2015) 

959  V1 PO4 3-  (Mandair et al., 2015) 

1003  Phenylalanine (Bonifacio et al., 2010) 

1035  V3 PO43-  (Mandair et al., 2015) 

1070  V1 CO32- (type B) (Mandair et al., 2015) 

1103  V1 CO32- (type A) (Buchwald et al., 2012) 

~1181  Phenylalanine, Tyrosine (Mandair et al., 2015) 

1209  Hydroxyproline, Tyrosine (Bonifacio et al., 2010) 

1246  Amide III (Mansfield et al., 2017) 

1272  Amide III (Mandair et al., 2015) 

~ 1292  Saturated lipids (Mansfield et al., 2017) 

~ 1304  Unsaturated lipids (Mansfield et al., 2017) 

1319  CH2 twist (Richardson et al., 2015) 

1342  Glycosaminoglycans (Bonifacio et al., 2010) 

~ 1375  Proteoglycan (Mandair et al., 2015) 

1410  β(CH2) lipids (Czamara et al., 2015) 

1441  CH lipids (Mansfield et al., 2017) 

1450  CH2 wag (Bonifacio et al., 2010) 

1468  β (CH2/ CH3) lipids (Czamara et al., 2015) 

1554  Tryptophan, Tyrosine (Bonifacio et al., 2010) 

1606  Phenylalanine, Tyrosine (Bonifacio et al., 2010) 

1668  Amide I (Mandair et al., 2015) 

1690  Amide I (Mandair et al., 2015) 

All Raman maps (collected from the entire sample set) were combined into a single 
spectral data matrix for KMC analysis. We increased the number of clusters 
iteratively and visually compared the false-colored cluster images to the optical 
microscopic (dark-field) images until we observed a satisfactory match. The 
optimal number of clusters to distinguish different tissue types was found to be five 
and six for organic and mineral vibrational ranges, respectively. The generated 
false-colored cluster images were annotated using the optical images as references. 
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Finally, the mean spectrum of each cluster and spectral differences between tissues 
in both organic and mineral vibrations were calculated. 

For HCA, all Raman maps containing the tidemark (Fig. 19: 60 μm × 60 μm 
regions collected with a step size of 1 μm) were combined into another spectral 
data matrix, and only the mineral vibrational range was fed into the HCA algorithm. 
The dendrogram was created using Ward’s algorithm and the Euclidean distance 
metric. Four clusters were found to be optimal by analyzing the extended 
dendrogram structure. 

Supervised approach (study III) 

Due to the faster Raman signal acquisition protocol in study III, which resulted in 
spectral data with lower SNR compared to study I, we did not achieve a satisfactory 
tissue identification using the unsupervised cluster analysis. Hence, in study III, 
we opted for a supervised approach to identify Raman spectra of different tissues. 

First, we selected 35 (out of 49) Raman spectral maps and manually labeled 
pixels of these Raman maps with one of four classes: articular cartilage, calcified 
cartilage, subchondral bone plate, and miscellaneous regions (i.e., bone marrow 
space, osteocytes, secondary osteons, and background). This labeling was 
performed by visually comparing the chemical maps of the mineral-to-matrix ratio 
(see section 8.3.4) to the optical microscopic images (Fig. 23). Subsequently, those 
35 Raman spectral maps were randomly divided into a training set (23 maps) and 
a testing set (12 maps). The training data matrix consisted of 31 650 articular 
cartilage, 119 233 calcified cartilage, 197 787 subchondral bone plate, and 8978 
miscellaneous spectra; while the testing data matrix consisted of 16 038 articular 
cartilage, 69 780 calcified cartilage, 87 299 subchondral bone plate, and 2793 
miscellaneous spectra. The training data matrix was used to train a supervised 
learning algorithm based on a multiclass random forest (RF) classifier (Fawagreh 
et al., 2014) (open-source package: https://github.com/jrderuiter/randomforest-
matlab/) to differentiate relevant tissues. We constructed the RF with 500 decision 
trees, and the square root of the total data points of a spectrum was set as the 
candidate for splitting while building each tree. Subsequently, we tested the RF 
classifier on the testing data matrix. To measure the performance of the classifier, 
a confusion matrix was generated. Finally, all Raman maps were combined into a 
single spectral data matrix (contained 979 920 spectra) before feeding to the trained 
RF model to identify spectra of different tissues. Separate binary masks of calcified 
cartilage and subchondral bone plate were generated from the segmented Raman 



92 

maps after area opening operations to remove noisy pixels (despeckling; less than 
5 pixels). 

Fig. 23. Identification of Raman spectra of different tissues using a random forest (RF) 
classifier (study III). (A) The dark-field microscopy image was collected with a 60× water 
immersion objective. The red rectangular boxes represent the Raman 
microspectroscopic measurement regions. (B) The chemical map of mineral-to-matrix 
ratio, e.g., V4PO4

3− / [hydroxyproline + proline] is showing the distribution of the relative 
mineral contents across the osteochondral junction. (C) False-colored map illustrating 
four tissue classes (AC, CC, SBP, Misc.) and the uncertain pixels. The miscellaneous 
class includes pixels for bone marrow space, osteocytes, secondary osteons, and 
background. (D) Raman maps from 35 samples out of 49 samples were labeled. They 
were randomly divided into a training set (23 maps) and a testing set (12 maps). (E) 
Protocol for training, and testing of the RF classifier performance. [abbreviation: AC = 
articular cartilage, CC = calcified cartilage, SBP = subchondral bone plate, Misc. = 
miscellaneous regions] 
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8.3.4 Compositional analysis 

We calculated mineral-to-matrix ratios, type-B carbonate substitutions, carbonate-
to-matrix ratio, and mineral crystallinity to quantitatively study the mineral phase 
of tissues (Table 5). To understand the organic phases, the relative PG contents, as 
well as the relative saturated and unsaturated lipid contents were investigated.  

Table 5. Investigated Raman compositional parameters with respective band 
assignments and investigation methods.  

Raman parameters Raman band ratios Band assignments Methods 

Mineral-to-matrix ratio V4PO43- / amide III (584-600) : (1215-1300) Integral 

V4PO43- / 

[hydroxyproline + proline] 

(584-600): 

[(835-862) +(866-890)] 

Integral 

Carbonate-to-phosphate ratio V1CO32-/ V4PO43- (1050-1100) : (584-600) Integral 

Carbonate-to-matrix ratio V1CO32-/ amide III (1050-1100) : (1215-1300) Integral 

FWHM of V1PO43- band  930-980 FWHM Integral 

Relative amount of PGs  PG / amide III (~1375) : (1215-1300) Peak fitting 

Relative amount of lipids Saturated lipids / amide III (~1292) : (1215-1300) Peak fitting 

Unsaturated lipids / amide III (~1304) : (1215-1300) Peak fitting 

The asymmetric V4PO4
3- band (584–600 cm-1) was used for measuring the mineral 

content. This band was reported to be less vulnerable to tissue orientation effects 
(Goodyear et al., 2009; Kazanci et al., 2006); unlike the commonly used V1PO4

3- 
band (930–980 cm-1) which is strongly sensitive to the tissue orientation and 
polarization effect of laser in the confocal Raman microscopy system (Kazanci et 
al., 2006). The amide I band (1620–1700 cm-1), as a representative of the organic 
matrix, is mostly associated with the C=O stretching vibration and is strongly 
orientation-dependent (Rousseau et al., 2004). Other candidates to represent the 
matrix contents include the amide III band (1215–1300 cm-1), CH2 deformation 
(1446 cm-1), proline (866–890 cm-1), or [proline + hydroxyproline] (835–862 cm-

1). The amide III band has a major contribution from the C–N vibration mode and 
was reported to not display any orientation effect (Kazanci et al., 2006), while the 
proline and hydroxyproline are collagen-specific. Minor contributions from other 
components of the organic matrix to these peaks are present (tyrosine is present in 
the proline peak (Ellis et al., 2009), and hyaluronan and aggrecan contribute to the 
amide III band (Ellis et al., 2009)). However, as we are using these peaks to 
represent the organic matrix (e.g., not type I or II collagen), this should not be a 
concern. Since there is a limited amount of validation studies on the mineral-to-
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matrix ratio using V4PO4
3- as a mineral representative band, we have used both 

V4PO4
3-/amide III (Goodyear et al., 2009) and V4PO4

3-/[proline + hydroxyproline] 
to represent the mineral-to-matrix ratio.  

The type-B carbonate substitution was measured by the carbonate symmetric 
stretch band (1050–1100 cm-1) normalized by the mineral content (Shah et al., 
2016). Moreover, type-B carbonate content present in the tissue matrix was 
measured by calculating the ratio of the carbonate symmetric stretch band to the 
amide III band. Finally, the FWHM of the V1PO4

3- band was calculated, which is 
inversely correlated with the degree of mineral crystallinity (Gamsjaeger et al., 
2014c). We used the ratio of CH3 symmetric deformation of GAG groups (~1375 
cm-1) (Gamsjaeger et al., 2014b; Mandair et al., 2015) to amide III band to represent 
the relative PG content in the organic matrix. We did not use the PG peak at ~1060 
cm-1, since it overlaps with the strong type-B carbonate peak found in the 
mineralized tissues. PG peak, saturated lipid, and unsaturated lipids peaks were 
calculated via peak fitting (Fig. 24).  

Chemical maps were constructed by calculating the ratios of the area under the 
desired Raman bands for each pixel, and the area was calculated for the local 
baseline within a given wavenumber range. The cluster images (in study I) or the 
rendered images (in study III) were used as a mask to identify pixels of different 
tissue types. Finally, for statistical analysis, the pixel-by-pixel calculated 
compositional parameters were averaged for the total pixels of each tissue type.  

Fig. 24. Examples of the peak fitting analysis conducted to resolve peaks 
corresponding with proteoglycan (~1375 cm-1), saturated lipids (~1292 cm-1), and 
unsaturated lipids (~1304 cm-1). The residuals of the fits are displayed by the dashed 
line. (Under CC BY 4.0 license from Paper I). 
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8.4 Mineral crystal thickness mapping using small-angle X-ray 
scattering (SAXS) 

In study II, the osteochondral samples were placed on the Kapton tape for the 
µSAXS measurements. Photon energy was set to 12.4 keV and beam size at the 
sample position was tuned to 5×5 µm2. SAXS patterns were recorded with a Pilatus 
2M detector placed 7.1 m from the sample and using 30 ms exposure time per point. 
An area extending from the upper-most tidemark to the bone marrow space (width: 
500 µm; height: 500–1000 µm) was scanned with a 5 µm measurement interval in 
a continuous line-scan mode.  

Fig. 25. Tissue segmentation from 2D µSAXS images (study II). Step 1: the mineral 
crystal thickness maps were binarized using an absolute threshold on scattering 
intensity. Step 2: K-means cluster analysis of the fitted I(q) curves at the q range of 0.32–
1.40 nm–1 (representative raw I(q) curves and fitted I(q) curves are shown in the black 
box). Step 3: eight clusters were found optimal for most of the samples when comparing 
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the cluster image to the crystal orientation image. The cluster assignment was further 
confirmed by comparing the cluster image to the histopathological images. Step 4: final 
tissue-specific binary masks for calcified cartilage (CC) and subchondral bone (SB) 
were generated after despeckling. 

Recorded scattering patterns were azimuthally integrated to obtain the intensity I 
as a function of scattering vector q, I(q) scattering curves (Bunk et al., 2009). The 
mineral crystal thickness at each point was evaluated from the I(q) curves, using 
weighted iterative curve fittings as described in section 5.2 (Bünger et al., 2010). 
However, in the present model, the low q region in the I (q) curve is excluded from 
the fitting, and the curve fitting was performed in the q range of 0.32–1.40 nm–1 
(Turunen et al., 2016). Hence, the effective structure factor was not optimized in 
the fitting. Moreover, a background term, which was evaluated from the Porod-
region was added to the fitting routine (Turunen et al., 2016). Therefore, the total 
intensity I(q) in the q range of 0.32–1.40 nm–1 is 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒(𝑞𝑞) + 𝐵𝐵. Here, 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒(𝑞𝑞) is 
effective scatting as in equation (7) in section 5.2 and B is the background term. 

The scattering curves of calcified cartilage and subchondral bone were 
identified by applying unsupervised KMC analysis (Fig. 25) on the fitted I(q) 
curves. We verified cluster results by visually comparing cluster images to the 
mineral crystal orientation images, as well as the adjacent histological sections. 
Typically, eight clusters were found optimal to segment calcified cartilage and 
subchondral bone regions from the maps. However, if the reference images 
indicated incorrect tissue identification, then the number of clusters was iteratively 
increased until accurate identification was achieved or a maximum number of 20 
clusters was reached. 

8.5 Histopathological analyses (studies I–III) 

The Safranin-O-stained osteochondral sections were imaged with a digital 
pathology slide scanner (Aperio AT2, Leica Biosystems, Germany) using 40× 
magnification. Those images were used to grade the OA severity according to the 
cartilage histopathology assessment system developed by the Osteoarthritis 
Research Society International (OARSI) (Pritzker et al., 2006). Grading was 
always conducted independently by more than one reader (study I: three readers; 
study II and III: two readers). In the event of disagreement, the consensus grade 
was used as the final grade of the sample. In study II, we also counted the number 
of tidemarks from the Goldner trichrome stained images.  
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8.6 Mechanical testing 

In study IV, a modular micro-robotic force acquisition system (FT-RS1002; 
FemtoTools AG, ZH, Switzerland) equipped with a micro-force sensing probe (FT-
FS1000) and a micro-assembler (FT-GS1000) was used to perform the compression 
tests. The micro-force sensing probe (range: ±100 μN, sensitivity: 50 μN/V, 
resolution: 0.05 μN at 10 Hz) has a flat tip (width: 50 μm, thickness: 50 μm) that 
tapers to a width of 300 μm at an angle of 45 degrees (Fig. 26). The sensing probe 
was set at a 15-degree offset to provide visual clearance for the stereomicroscope 
view, hence the mechanical measurements needed to account for this offset. We 
applied a cosine function (FR = FM × Cos 15˚) to the force (FM) measured by the 
robotic system to obtain the reaction force (FR) in the material relative to the applied 
force (Wang et al., 2015). Besides the sample deformation, the micro force sensing 
probe, the sensing arm, and the sample holder will also deform due to the applied 
force during a compression test. To account for this, the system configuration was 
modeled as a set of springs placed in series (Fig. 27) with another spring 
representing the sample. During a compression test, the total deformation (DT) 
measured by the system would be a sum of sample deformation (DS) and 
measurement system deformation (DM): 

 𝐷𝐷𝑞𝑞 = 𝐷𝐷𝑆𝑆 + 𝐷𝐷𝑀𝑀    (10) 

Fig. 26. Mechanical testing of the bovine osteochondral samples, used in study IV. (A) 
Schematic of measurement system configuration. (B) FemtoTools FS-1000 Micro-force 
Sensing Probe dimensions.  
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We performed a reference measurement to calculate the deformation of the 
measurement system, where the sample was replaced by a rigid microscopic glass 
slide; therefore, the actual structure of interest does not influence the deformation. 
Using this reference measurement data, the stiffness of the measurement system 
(KM) was calculated from equation (11): 

 𝐹𝐹𝑀𝑀 =  𝐾𝐾𝑀𝑀 × 𝐷𝐷𝑀𝑀   (11) 

By knowing the KM and FM, the sample deformation (DS) can be calculated by using 
the equation (10). 

Fig. 27. Symbolic schematics of the measurement system configuration (study IV). 
Abbreviation: DT = total deformation, DS = sample deformation, DM = measurement 
system deformation, KM = stiffness of the measurement system, and KS = stiffness of 
the sample. 

After positioning the force-sensing probe over the desired location, the probe was 
moved closer to the sample with an approach speed of 200 µm/s and a force 
threshold of 5 μN. Once that threshold was exceeded (contact found), the tip was 
moved back by 15 µm (offset distance). The force acquisition system then 
performed compression tests over an array (200 µm × 1000 µm) with a step size of 
50 µm (a total of 80 tests in one array measurement). The test protocol was as 
follows: 1 µm/s indenter speed (step size: 0.2 µm) with a force threshold of 90 µN 
and a maximum indentation depth of 55 µm. After performing each compression 
test, the sensing probe moved 500 µm away from the surface and then moved along 
the array directions to the next test location. After moving to the next array point, 
it repeated the “contact found” routine before the compression test. The tissue 
stiffness for each compression test was estimated from the linear-least-squares 
regression of the linear portion of the load-displacement curve, using an in-house 
MATLAB (MathWorks Inc., MA, USA) script. A window of points within the load-
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displacement curve (Fig. 28) was tuned to achieve the maximum value of R2 of the 
regression data, to identify the linear portion of the curve (Deymier et al., 2019). 

 

Fig. 28. A representative force-displacement curve of the mechanical measurement 
from the deep articular cartilage. The stiffness was estimated from the linear-least-
squares regression of the linear portion of the curve. (Under CC BY 4.0 license from 
Paper IV). 

The sensing probe tip was microscopically guided and positioned away from the 
trabecular spaces (Fig. 29). We drew a black dot along with two lines with a 
waterproof marker indicating horizontal and vertical axes above the visible 
trabecular spaces.  

After the mechanical test, each sample underwent chemical fixation, followed 
by mild decalcification. This chemical processing does not degrade the markings 
on the sample (Fig. 30). We cut the relatively soft but only mildly decalcified bone 
with a fine microtome blade to physically mark the horizontal and vertical axes that 
converge to the dot. The dot served as a landmark for the locations of the 
mechanical tests and was used as a gross reference in defining the indentation area 
by correlating with the microscopic images. 
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Fig. 29. Stereomicroscopic view of the indenter over the hydrated osteochondral 
section (study IV). (A) The start of the test and (B) at the end. A landmark (black dot 
along with two lines indicating horizontal and vertical axes) above the visible trabecular 
spaces was drawn with a waterproof marker. Before starting the experiment, the 
sensing probe was positioned near the landmark and the array of indents was 
programmed over a region indicated here by the rectangle box. (Under CC BY 4.0 
license from Paper IV). 

Fig. 30. Microscopic images from study IV. (A) Each sample was formalin-fixed and 
underwent mild decalcification, following which two cuts were easily made that were 
aligned to the landmarks (see also Fig. 29). (B) DIC image obtained from the cryosection 
of the mildly decalcified sample, showing how the axes of the cuts are obtained and 
used to determine the location of the indentation map. (C) A higher magnification image 
of the region of interest, corresponding to the location of the indentation and showing 
how the calcified cartilage (CC) and subchondral bone plate (SBP) can be determined 
and separated from the articular cartilage (AC). Here, an example of how the indentation 
map was superimposed on the actual indentation site is demonstrated, with blue being 
the least stiff and yellow being the stiffest value. (Under CC BY 4.0 license from Paper 
IV). 
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For each sample, we superimposed the stiffness map on the high-magnification 
DIC optical light microscopic image by following the landmarks (Fig. 30). Each 
point on the map was manually labeled as one of three tissues: (deep) articular 
cartilage, calcified cartilage, and the subchondral bone plate. Any point on the 
stiffness map that was positioned on the porosities of subchondral bone (mainly 
due to vascular channels), was omitted from the calculation of the mean stiffness 
of the bone plate. Furthermore, points of the map having uncertainties, especially 
at the highly irregular regions of the tidemark and the cement line, were omitted 
(maximum 5% of total data points) from the tissue-specific mean stiffness 
calculation. 

8.7 Differential interference contrast (DIC) optical light microscopy 
(study IV)  

Cryo-sections (thickness = 30 µm) of the mildly decalcified samples were mounted 
in their fully hydrated state for imaging with a DIC optical light microscopy (Nikon 
Eclipse 80i, Nikon Instruments) at different magnifications (1×, 4×, and 10×). The 
mean thicknesses of calcified cartilage and subchondral bone plate were calculated 
after manual segmentation of these tissue structures from the DIC images (4× 
magnified image and 1× magnified image, respectively) using ImageJ software (v 
1.47t, National Institutes of Health, USA) (Wang et al., 2009). Moreover, the 
number of tidemarks, the rugosity of the cement line, and the number of bony 
spicules (per mm) were measured from the DIC images (4× magnification) (Fig. 
31).  

8.8 Statistical analyses 

Based on the histopathology assessment, the sample set of study I was divided into 
three groups to investigate compositional changes from healthy to early stages of 
OA and then to advanced OA. Samples in group 1 (healthy) had OARSI grades 
from 0 to 1.5 (n = 5); group 2 (Early OA) had grades from 2.0 to 3.5 (n = 8); and 
group 3 (Advanced OA) had grades from 4.0 to 4.5 (n = 15). To account for inherent 
dependencies between samples from the same subject, comparisons between the 
grade groups were made with a linear mixed-effects model (Ranstam, 2002). For 
calculating statistical differences between the groups, the OARSI grades and 
compartment location (e.g., either medial or lateral) were set as fixed effects and 
the cadaveric donor was set as a random effect. Furthermore, for calculating the  
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Fig. 31. High-resolution differential interference contrast (DIC) optical light microscopy 
imaging (study IV) of the calcified cartilage (CC) facilitates easy identification of the 
cement line boundary, tidemarks (indicated by the white arrows), and bone spicules in 
the subchondral bone plate (SBP) (black arrows). The rugosity measurements are 
obtained by measuring the cement line across the image and dividing that length by the 
horizontal straight-line length across the image. 

differences between the tissue-specific compositional parameters, the tissue type 
was set as a fixed effect and the cadaveric donor was set as a random effect. 
Restricted maximum likelihood was used as the estimation method.  

In studies II and III, we divided the osteochondral sample set into four groups 
based on their compartmental location and disease status: (1) LateralDonor (n=10), 
(2) MedialDonor (n=10), (3) LateralTKR (n=15), and (4) MedialTKR (n=15). In study II, 
the mineral plate thickness between groups was compared by using a linear mixed-
effects model with the patient/donor as a random effect. The groups, the 
compartment locations, and their interactions were included in the model. 
Additionally, we adjusted the model for age and BMI. Due to the small sample size, 
Kenward and Roger’s method was used for estimating the degrees of freedom. 
Moreover, similar mixed-effects models were used to estimate the differences in 
the mineral crystal thickness between the tissue types, as well as between two 
different layers of calcified cartilage. When calculating the difference between the 
tissue types, we set both sample groups, tissue types, and their interactions as fixed 
effects and patient/donor as a random effect. Furthermore, we set both compartment 
locations, calcified cartilage layers, and their interactions as fixed effects and 
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patient/donor as a random effect to estimate the difference between two different 
layers of calcified cartilage. 

In study III, we found that the distributions of Raman compositional 
parameters were often bimodal and skewed with outliers. Hence, we used quantile 
regression models for the statistical analysis. We set sample groups as the 
independent variable with clustered standard errors to account for the dependence 
of the measurements coming from the same knee. We estimated differences 
between the groups at five quantiles (e.g., 5th, 25th, 50th (median), 75th, and 90th 
percentiles). Separate models were fitted for the medial and lateral compartments. 
First, the model was fitted unadjusted, and subsequently adjusted for patient age. 
To estimate the association between compositional parameters and patient age, we 
used only the donors, as they can be assumed to represent the general population 
without OA. To estimate the relationship between Raman and µSAXS parameters, 
we also used a linear mixed regression model. Here, from each sample, we used 
the mean value of the parameters from both Raman microspectroscopy and µSAXS 
measurements, for consistency. We used the mineral crystal thickness as the 
outcome, and the Raman compositional parameters, the compartment locations, 
and the tissue types were included as independent variables. Moreover, the model 
allowed the Raman compositional parameters to have interactions with the tissue 
types and the compartment locations, which permitted potential different 
associations for each tissue and compartment. The model had a good fit as assessed 
with residual diagnostics.  

In study IV, we established four grade groups: G0 (n = 10), G1 (n = 11), G2 (n 
= 09) and G3 (n = 12) based on the level of macroscopical cartilage surface 
degeneration. The differences in stiffness, as well as morphometric parameters 
between the grade groups, were analyzed using the Kruskal–Wallis test, the non-
parametric equivalent of one-way analysis of variance (ANOVA), followed by the 
Wilcoxon test to identify the significance of the difference between grade groups. 
Associations between the stiffness values and the morphometric data were 
calculated using the Spearman correlation analysis. The descriptive statistics were 
presented as mean ± standard deviation. 

The statistical analyses were performed using SPSS 26 software (IBM SPSS 
Statistics, SPSS Inc., Chicago, IL, USA) in study I, Stata software (Stata Corp, 
College Station, TX) in studies II and III, and R Studio (v1.3.959, RStudio, Inc.) 
in study IV, respectively. 
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9 Results 
This chapter summarizes the most important results of studies I-IV. To get 
additional details, see the original publications.  

9.1 Identification of the osteochondral tissues  

To identify spectra of different osteochondral tissues from Raman spectral maps, 
unsupervised and supervised approaches were used in studies I and III, respectively. 
In study I, KMC analysis was separately performed on the organic and mineral 
vibrational ranges to identify spectra of calcified cartilage and subchondral bone 
plate from the Raman maps. HCA was also used to identify the spectra of tidemark 
from the Raman spectral data measured with a 1 µm step size. In study III, an RF 
classifier was trained to identify Raman spectra of different tissues. Finally, the X-
ray scattering signals of calcified cartilage and subchondral bone are identified by 
performing KMC analysis on the fitted I(q) curves. The tissue identification from 
Raman spectral maps allowed us to quantitatively study biochemical composition 
across this biomechanically crucial junction and detect subtle tissue-specific 
chemical changes in OA.  

9.1.1 Unsupervised classification of Raman spectra (study I) 

KMC analysis results 

The KMC analyses with the organic and mineral vibrational ranges are shown in 
Fig. 32. The clusters were annotated using the optical images (Fig. 32A), where all 
the relevant features (i.e., tidemark, calcified cartilage, subchondral bone plate, and 
bone marrow space) can be identified. The visual comparisons between the cluster 
images and the optical images indicate that the tissues were better identified using 
the organic vibrational range than the mineral vibrational range. Moreover, there 
was a clear transition between the calcified cartilage and underlying bone in the 
cluster images with the organic vibrational range. However, different mineralized 
layers between the (deep) articular cartilage and calcified cartilage could be 
detected only using the mineral vibrational range (Fig. 32C).  
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Fig. 32. Comparison between the optical microscopic images, the chemical maps of 
mineral-to-matrix ratio (V4PO4

3-/amide III), and the K-means cluster (KMC) analysis for 
three subjects (study I). (A) The measurement regions are marked by green boxes in 
the microscopic images. White dotted lines illustrate the approximate location of the 
tidemark (TM) and cement line (CL). The measured regions might contain bone marrow 
space (BMS) and lacunae of osteocytes (Ost). (B) The chemical maps show the 
distribution of the relative mineral contents across the osteochondral junction. (C) 
Respective false-color-coded KMC images, for both organic and mineral vibrational 
ranges with respective cluster assignments. [Abbreviation: AC: articular cartilage, CC: 
calcified cartilage, and SBP: subchondral bone plate] 
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HCA results 

The HCA results of Raman spectral data measured with 1 µm step size are shown 
in Fig. 33. The Raman spectrum of articular cartilage (purple) has the lowest 
intensity while the calcified cartilage spectrum (yellow) has the highest intensity in 
the phosphate and type-B carbonate peaks among the clusters (Fig. 33C). The 
orange and blue spectra have intensities between those spectra, indicating that they 
represent the transitional region between the articular cartilage and calcified 
cartilage. In the dendrogram structure with four leaves (Fig. 33D), the root node is 
divided into two leaves; one leaf represents non-mineralized cartilage and the other 
represents mineralized cartilages, suggesting the Raman spectral dataset was first 
divided into two groups based on tissue mineralization. The mineralized leaf is 
again divided into three sub-leaves, and the chemical maps (Fig. 33A) clearly show 
that the yellow cluster (in Fig. 33B) represents calcified cartilage. Hence, the 
remaining two clusters represent a region with different mineralization levels than 
articular cartilage and calcified cartilage. These clusters also correspond to a region 
containing the tidemark as viewed earlier by optical microscopy (Fig. 33A).  

9.1.2 Supervised classification of Raman spectra (study III) 

The confusion matrices of the RF classifier model for both the training and the test 
data sets are shown in Fig. 34A. The confusion matrix for the test data indicates 
that the overall accuracy of the model is above 95%. The Raman spectra of calcified 
cartilage and subchondral bone plate were accurately predicted by the model 
[sensitivity: (calcified cartilage: 91.5%, subchondral bone plate: 99.3%), precision 
(calcified cartilage: 98.6%, subchondral bone plate: 94.4%)].  
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Fig. 33.  Hierarchical cluster analysis of Raman spectral data (study I). (A) The chemical 
maps of the mineral-to-matrix ratio (V4PO4

3-/amide III) of the measurement regions (60 
µm × 60 µm, step size: 1 µm), each containing deep articular cartilage (AC), tidemark, 
and calcified cartilage (CC). (B) Cluster images were constructed by the HCA using the 
mineral vibrational range. (C) The mean spectra of each cluster. The major peaks are 
annotated. The colors of the spectra correspond to the cluster colors. (D) Dendrogram 
structure with four leaves, showing the hierarchical arrangement of clusters. Note that 
mineralized layers 1 and 2 contain the tidemark and are thus together called the 
tidemark region.  
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Fig. 34. (A) The confusion matrices of the random forest classifier model for the training 
and the test data set, respectively (study III). The diagonal cells correspond to correctly 
classified spectra and the off-diagonal cells correspond to incorrectly classified spectra.  
The lower-right value of the confusion matrix corresponds to the overall accuracy of 
the model. The bottom row represents the recall in green color and the false-negative 
rate in red color, respectively. The rightmost column represents the precision (in green 
color) and false discovery rate (in red color) for a class. (B) False-color-coded images 
of the classified Raman maps (rendered images) overlaid on the optical microscopic 
images, for two examples, show the agreement between the rendered images and 
optical images (study III).  

However, the RF model faced difficulty in detecting the spectra of the 
miscellaneous class. Twenty-eight percent of the spectra from the miscellaneous 
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class were misclassified as other classes, whereas 2116 spectra of the calcified 
cartilage were misclassified as the miscellaneous spectra. One of the main reasons 
behind this misclassification is the variety of Raman spectra (from bone marrow 
space, osteocytes, secondary osteons, and background) included in the 
miscellaneous class. Finally, the rendered images were overlaid on top of the 
microscopic images (Fig. 34B) to visually compare the RF classifiers’ performance.  

9.1.3 Classification of X-ray scattering signals (study II) 

We classified the X-ray scattering signals of calcified cartilage and subchondral 
bone by applying unsupervised KMC to the fitted I(q) curves (Fig. 25). The cluster 
images were visually compared to coherent small-angle X-ray scattering (cSAXS) 
visualizations of mineral crystal orientation, as well as adjacent histological images 
to verify the KMC analysis.  

In the samples with multiple tidemarks, as seen in the reference images, we 
observed that the uppermost cluster in calcified cartilage was colocalized with a 
layer between the two uppermost tidemarks in the calcified cartilage (Fig. 35). This 
layer is further referred to as the uppermost mineralization front of calcified 
cartilage. We also segmented this layer from the rest of the calcified cartilage (Fig. 
35). 

Fig. 35. Segmentation of the uppermost mineralization front of the calcified cartilage 
(CC) in samples with multiple tidemarks (study II). By comparing the K-means cluster 
image with the mineral crystal orientation image and the adjacent histopathological 
image, the uppermost cluster of the CC was assigned as the top mineralization front. 
Binary masks of the uppermost mineralization front and the rest of CC were generated 
after despeckling. Abbreviation: AC = articular cartilage and SB = subchondral bone. 
(Under CC BY 4.0 license from Paper II). 
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9.2 Biochemical composition and mineral crystal thicknesses in 
the osteochondral junction (studies I and II) 

Mean spectra representing each cluster from the KMC analysis are presented in Fig. 
36. In the organic vibrational range, the mean spectrum of articular cartilage mainly 
differs from the mean spectrum of calcified cartilage in the amide III, GAGs, and 
lipid peaks. Compared to the calcified cartilage, the articular cartilage has a higher 
intensity in hydroxyproline, tyrosine, CH2 twist, and amide III peaks, while it has 
a lower intensity in the β(CH2) lipids, CH lipids, and amide I peaks (Fig. 37A).  

 

Fig. 36. Mean cluster spectra of K-means cluster analysis using mineral and organic 
vibrational ranges, respectively (study I). Major peaks are annotated. 

Compared to the mean spectrum of the subchondral bone plate (Fig. 37C), the 
spectrum of calcified cartilage has a higher intensity in GAGs, lipids, phenylalanine, 
and tyrosine peaks; and a lower intensity in v(C-O-C), amide III, lipids, and amide 
I peaks. In the mineral range, the intensities of V2PO4

3-, V4PO4
3-, and type-B 

carbonate bands are higher in the calcified cartilage than in the bone plate (Fig. 
37B).  

Both mineral-to-matrix ratios are greater (p < 0.001) in the calcified cartilage 
than in the subchondral bone plate (Table 6). The carbonate-to-phosphate ratio is 
higher (p < 0.001) in the subchondral bone plate, while the mineral crystallinity is 
higher (p < 0.001) in the calcified cartilage. Moreover, the organic matrix of 
calcified cartilage has a relatively higher (p = 0.005) PG content compared with the 
subchondral bone plate. 
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Fig. 37. The difference spectra between (A) articular cartilage and calcified cartilage in 
the organic vibrational range, (B) calcified cartilage and subchondral bone plate in the 
mineral vibrational range, and (C) in the organic vibration range (study I). In (A), any 
peak having an intensity above the dotted line indicates a higher value in the articular 
cartilage, and below the dotted line indicates a higher value in the calcified cartilage. In 
(B) and (C), peaks having intensities above the dotted line indicate a higher value in the 
calcified cartilage, and below the dotted line indicates a higher value in the subchondral 
bone plate. Where possible, the peaks are annotated. 

Table 6. Estimated marginal mean value with the standard error (SE) of the investigated 
Raman compositional parameters of the calcified cartilage and subchondral bone plate, 
along with the differences between the means with 95% confidence interval from the 
linear mixed models (study I). 

Raman compositional parameters Calcified 

cartilage 

Mean (SR) 

Subchondral bone 

plate 

Mean (SR) 

Difference  

(95% confidence interval) 

V4PO43- /amide III 0.055 (0.001) 0.037 (0.001) 0.018 (0.016; 0.021) 

V4PO43- / [hydroxyproline + proline] 0.348 (0.013) 0.234 (0.013) 0.115 (0.093; 0.136) 

V1CO32-/ V4PO43- 14.716 (0.592) 19.246 (0.468) -4.531 (-6.210; -2.851) 

V1CO32-/ amide III 0.815 (0.015) 0.637 (0.016) 0.178 (0.147; 0.209) 

FWHM of V1PO43- (cm-1) 17.669 (0.052) 18.119 (0.052) -0.450 (-0.548; -0.351) 

PG / amide III 0.095 (0.003) 0.090 (0.002) 0.005 (0.002; 0.008) 

Saturated lipids / amide III 0.115 (0.005) 0.117 (0.004) -0.002 (-0.016; 0.012) 

Unsaturated lipids / amide III 0.077 (0.003) 0.074 (0.003) 0.003 (-0.004; 0.011) 

In study II, we observed that in all four sample groups, the mineral crystal 
thicknesses in calcified cartilage are higher compared to those in the subchondral 
bone (Table 7).   
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Table 7. Descriptive statistics of the tissue-specific mineral crystal thickness. Results 
are displayed as means (standard deviations) of the mineral crystal thicknesses of 
tissues together with the difference (with 95% confidence interval) between them, in all 
sample groups. (Under CC BY 4.0 license from Paper II). 

Group Mineral crystal thickness (nm) Difference (95% CI) 

Calcified cartilage Subchondral bone 

LateralDonor 3.15 (0.18) 3.01 (0.22) 0.14 (0.05, 0.23) 

MedialDonor 3.19 (0.21) 2.96 (0.16) 0.23 (0.10, 0.35) 

LateralTKR 3.41 (0.16) 3.19 (0.19) 0.22 (0.11, 0.33) 

MedialTKR 3.24 (0.10) 3.03 (0.12) 0.21 (0.14, 0.29) 

Moreover, in the samples with multiple tidemarks, the mineral crystals in the 
uppermost mineralization front of the calcified cartilage were almost 0.32 nm 
thicker compared to the rest of the calcified cartilage (Fig. 38) [difference in the 
lateral compartment is 0.36 nm (95% CI 0.26, 0.47) and in the medial compartment 
it is 0.23 nm (95% CI 0.01, 0.46)]. 

Fig. 38. Mineral crystal thickness in the two layers of calcified cartilage (CC) (study II). 
Boxplot showing the pairwise comparison of the mineral crystal thickness between the 
uppermost mineralization front in the CC and the rest of the CC, from both lateral and 
medial compartments, in the osteochondral specimens with multiple tidemarks (fifteen 
and eight specimens for lateral and medial compartment, respectively). (Under CC BY 
4.0 license from Paper II). 
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9.3 Associations between Raman compositional parameters and 
mineral crystal thickness measured by μSAXS (studies II and 
III) 

We found that the μSAXS measurement of mineral crystal thickness was only 
associated with the FWHM of the V1PO4

3- band (inverse of mineral crystallinity 
index), and not with the Raman microspectroscopic measurement of type-B 
carbonate substitution, type-B carbonate-to-matrix ratio, or degree of 
mineralization (Fig. 39). With a 1 cm-1 increase in FWHM of the V1PO4

3- band, the 
crystal thickness decreases by 0.28 nm (95%CI 0.15, 0.41) in calcified cartilage 
and 0.22 nm (95%CI 0.12, 0.32) in the subchondral bone plate, respectively.  

Fig. 39. Scatter plots showing the predictive margin with 95% confidence intervals 
between the investigated Raman compositional parameters (the FWHM of V1PO4

3- band, 
type-B carbonate substitution, type-B carbonate-to-matrix ratio, and degree of 
mineralization) and the μSAXS measurement of mineral crystal thickness in 
subchondral bone plate and calcified cartilage, respectively. It should be noted that both 
measurements were performed on the adjacent sections of the same samples (see Fig. 
17). 
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9.4 Age-related changes in calcified cartilage and subchondral 
bone plate (studies II and III) 

9.4.1 Mineral crystal thickness (study II) 

Fig. 40 shows that in both lateral and medial compartments of the femoral condyle 
of the cadaveric donors, the mineral crystals in calcified cartilage and subchondral 
bone got thicker with increasing patient age. This effect is more prominent in the 
subchondral bone from the lateral compartment. 
 

Fig. 40. Scatter plots showing the changes in the mineral crystal thickness with patient 
age in the femoral condyle of the cadaveric donors. The dotted lines in each sub-plot 
represent the linear trend lines. 

9.4.2 Mineral composition (study III) 

In study III, an increase in the Raman mineral crystallinity index was found in the 
osteochondral tissues with the donor’s increasing age. In both compartments, with 
a difference of 10 years in subject age, the FWHM of V1PO4

3- bands are expected 
to differ by -0.3 to -0.1 cm-1 (Fig. 41).   
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Fig. 41. Scatter plots showing the changes in the FWHM of the V1PO4
3- band with age in 

the femoral condyle of the cadaveric donors (study III). The estimated slope represents 
the difference in the FWHM of the V1PO4

3- band per one-year difference in subject age. 

However, the age-related effects on the other Raman compositional parameters 
were not entirely clear as strong associations were not observed in both 
compartments. For example, we found that the V4PO4

3- / [hydroxyproline + proline] 
ratio in both tissues tends to decrease with age, but only in the lateral compartment.  

9.5 Histopathological assessment of human samples (studies I–III) 

The OARSI histopathological assessments of the osteochondral sections from the 
donor subjects in study I resulted in only five samples (out of 28 in total) with an 
almost intact cartilage surface (OARSI grade 0: 2 samples, OARSI Grade 1: 3 
samples). Eight samples had articular surface fibrillation and minor abrasion of the 
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most superficial cartilage layer (OARSI grade 2: 5 samples, OARSI Grade 3: 3 
samples). Fifteen samples had fissures, cartilage erosion, and cartilage matrix loss 
in the superficial zone of the articular cartilage (OARSI grade 4: 15 samples). We 
did not select any samples with denudation of articular cartilage; hence, no samples 
were graded above OARSI grade 5 or above.  

 

Fig. 42. (A)–(D): Representative Safranin-O-stained images of the osteochondral 
sections of both lateral and medial femoral condyles from cadaveric donors (Donor) 
and total knee replacement (TKR) patients. (E)–(H): Close-up view of the osteochondral 
junction showing tidemarks (black arrows) and bony spicules (black stars). Scale bar: 
400 μm 

We performed separate histopathological assessments on two different sections of 
the same osteochondral plug, in studies II and III (Fig. 17). One osteochondral 
section was adjacent to the μSAXS measurement, and another was adjacent to the 
Raman microspectroscopic measurements. Fig. 42 illustrates representative 
Safranin-O-stained images of the osteochondral sections of both lateral and medial 
compartments from femoral condyles of cadaveric donors and TKR patients. In the 
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donors, we observed mostly healthy cartilage with an intact surface. While many 
osteochondral sections from the lateral compartment of TKR patients showed 
obvious reductions in PG staining, all medial compartment sections had some 
degree of cartilage matrix loss. We also observed the presence of bony spicules in 
the calcified cartilage of both donors (Fig. 42F) and TKR patients (Fig. 42H). We 
did not find any bony spicule that crossed the uppermost tidemark and penetrated 
the articular cartilage (Fig. 42). However, a few of them have been seen to reach 
the uppermost tidemark (Fig. 43D). 
 

Fig. 43. (A)–(E): Representative images of bony spicules with their central canals 
penetrating through the calcified cartilage. No spicule was found that crossed the 
uppermost tidemark (black arrow). Scale bar: 100 μm 

Fig. 44A shows the results of the histopathological evaluation of the osteochondral 
sections adjacent to the μSAXS measurement. We observed that some of the donor 
samples showed features of mild OA and there was the presence of vertical fissures 
or even cartilage matrix loss. The OARSI grade distribution in the lateral 
compartment of TKR patients resembled the grade distribution in the medial side 
of the cadaveric donors. Furthermore, the histopathological evaluation indicated 
that we were successful in selecting TKR patients with medial compartment OA 
based on the surgeon’s Outerbridge classification, since all samples from the medial 
compartment had severely degenerated articular cartilage matrix (OARSI grades: 
4.5–5.5) and, in some cases, there was a total loss of the cartilage matrix (OARSI 
grades: 6–6.5).  

When we compared the histopathological assessments of the sections adjacent 
to the μSAXS measurement to the histopathological assessments of the sections 
adjacent to the Raman microspectroscopic measurement, we observed several 
disagreements between them (Fig. 44B). Most disagreements were observed in the 
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lateral compartments of either donors or TKR patients. While two samples from 
the LateralDonor group scored an OARSI grade of two points higher with the 
μSAXS-adjacent section than the Raman-adjacent section; three samples from the 
LateralTKR group scored an OARSI grade of more than two points lower with the 
μSAXS-adjacent section than the Raman-adjacent section (Fig. 44B). Hence, with 
the Raman-adjacent sections, we observed lower OARSI grades (median: 1.5, 
range: 0–2.5) in the lateral compartment of TKR patients than that of the donors 
(OARSI grade median: 2.5, Range: 0–3.5).  

In addition to OARSI grading, we counted the number of tidemarks from the 
histopathological images from μSAXS-adjacent sections. We observed a greater 
number of tidemarks in TKR patients compared to the donor. However, we could 
not identify any clear pattern for tidemark duplication between the medial and 
lateral compartments (Fig. 44C). 

9.6 Alterations in the osteochondral junction in osteoarthritic 
specimens 

9.6.1 Biochemical composition of the tibial plateau of cadaveric 
donors as a function of histopathological OA severity (study I) 

In the tidemark region, we observed that the V4PO4
3-/amide III ratio decreased (p 

< 0.05) but the carbonate-to-phosphate ratio increased (p < 0.05) in the advanced 
OA group from the healthy group (Table 8). Moreover, the saturated lipids 
(normalized to amide III) were found to decrease (p < 0.05) in the early OA stages. 
No group-wise changes were found in other Raman compositional parameters in 
the tidemark region. 

In the calcified cartilage, the V4PO4
3-/ [hydroxyproline + proline] ratio 

increased (p = 0.083) in early OA stages and then decreased (p < 0.05) in advanced 
OA stages (compared with early OA). Meanwhile, the carbonate-to-mineral ratio 
tended to decrease (p = 0.074) in the early OA stages and increased (p < 0.05) in 
advanced OA stages (with respect to early OA) (Table 8).   

Finally, in the subchondral bone plate, the V4PO4
3-/ [hydroxyproline + proline] 

ratio increased (p = 0.08) in early OA stages and decreased (p < 0.05) in advanced 
OA with respect to early OA, while the carbonate-to-mineral ratio decreased (p < 
0.05) in early OA from the healthy group. In organic composition, only the 
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unsaturated lipids (normalized to amide III) were found to increase (p < 0.05) in 
the early OA compared to the healthy group.  

Fig. 44. Histopathology of the osteochondral samples (studies II and III). (A) Boxplot 
with jitter showing the OARSI grades (with sub-grades) in the lateral and medial 
condyles of cadaveric donors and total knee replacement (TKR) patients. Each grade 
represents the following key feature. Grade 0: fully intact cartilage; Grade 1: intact 
surface with cellular changes and/or edema; Grade 2: surface discontinuity; Grade 3: 
vertical fissures; Grade 4: cartilage erosion; Grade 5: denudation (articular cartilage 
matrix loss to calcified cartilage); and Grade 6: deformation. (B) Bland-Altman plot 
shows the (dis)agreement between the histopathological assessments from the 
adjacent osteochondral sections of the Raman microspectroscopic and μSAXS 
measurements. (C) Boxplot with a pairwise comparison showing the number of 
tidemarks, which were counted from the histopathological images. There was complete 
erosion of calcified cartilage in three samples from the MedialTKR group and these 
patients were excluded from the pairwise comparison.
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9.6.2 Mineral crystal thickness and biochemical composition of 
femoral condyles from cadaveric donors and total knee 
replacement patients (studies II and III) 

Mineral crystal thickness (study II) 

The mean differences in the mineral crystal thicknesses between the four groups in 
the calcified cartilage and subchondral bone are displayed in Fig. 45. The mean 
mineral crystal thickness in the calcified cartilage of the LateralTKR group was 0.23 
nm (95%CI 0.11, 0.35) higher than the MedialTKR group, after adjusting for age and 
BMI. In the subchondral bone, the difference between the mineral crystal thickness 
of the LateralDonor and LateralTKR groups was 0.17 nm (95%CI 0.08, 0.26). However, 
after adjusting for age, the confidence interval of difference included the null 
hypothesis. 

Fig. 45. Compartment-specific comparison of the mineral crystal thickness between 
cadaveric donors (donor) and total knee replacement (TKR) patients. Differences in 
mineral crystal thickness are displayed with a 95% confidence interval in the calcified 
cartilage and the subchondral bone. The model was adjusted for age, and then for age 
and BMI. The comparison between medial and lateral compartments from the same 
knee is adjusted for all person- and knee-level confounding through the design and use 
of a mixed-effects model. (Under CC BY 4.0 license from Paper II). 
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Biochemical composition (study III) 

Fig. 46. Violin plots (mirrored histogram) showing the changes in the degree of 
mineralization [V4PO4

3-/ (hydroxyproline + proline)], FWHM of V1PO4
3- band, type-B 

carbonate substitution, and type-B carbonate-to-matrix ratio from the donor to TKR 
patients in both compartments. Multiple mixed linear quantile regression models were 
fitted after adjusting for age in the calcified cartilage and the subchondral bone plate of 
both lateral and medial compartments. Note: these plots do not contain the outliers of 
the distributions. 

Fig. 46 shows the age-adjusted comparison between the four groups. We observed 
an indication of a lower (all quantiles have a negative slope in the regression 
analysis) V4PO4

3-/ [hydroxyproline + proline] ratio in the calcified cartilage of the 
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LateralTKR group compared to the LateralDonor group. In the 25th and 50th percentiles 
(median), the differences are 0.04 (95% CI 0.02, 0.06) and 0.036 (95% CI 0.01, 
0.06), respectively. In other percentiles, the confidence intervals of difference 
include the null hypothesis (in our case: “zero” value). The quantile regression 
analyses of the V4PO4

3-/ amide III ratio indicated similar results (not shown in Fig. 
46); where, in the 10th and 25th percentiles of the subchondral bone plate, the 
differences in the lateral compartment are 0.02 (95% CI 0.01, 0.02), and 0.01 (95% 
CI 0.003, 0.03), respectively. There was also an indication of an increase (all 
quantiles have a positive slope in the regression analysis) in the type-B carbonate 
substitutions of the calcified cartilage and subchondral bone plate in the LateralTKR 
group compared to the LateralDonor group. In the calcified cartilage, differences are 
1.3 (95% CI 0.3, 3.1), 1.5 (95% CI 0.2, 2.9), and 3.1 (95% CI 0.4, 5.8), in the 10th, 
25th, and 75th percentiles, respectively, and in the subchondral bone plate, the 
differences are 10.4 (95% CI 1.4, 19.4), 22.4 (95% CI 6.4, 38.4), in the 75th, and 
90th percentiles, respectively.  

9.6.3 Tissue-specific stiffness and micro-structure of the bovine 
osteochondral junction (study IV) 

In study IV, three regions of tissue at the bovine osteochondral junction were 
mechanically tested: the deep articular cartilage, calcified cartilage, and 
subchondral bone plate. The stiffness of both the calcified cartilage (Kruskal-Wallis 
test: chi-squared value = 7.846, p = 0.049) and subchondral bone plate (chi-squared 
value = 23.897.846, p < 0.001) changed across the grade groups (Fig. 47). The 
stiffness of the subchondral bone plate decreased (p < 0.05) from the G0 group to 
the G1 group and continued to decrease (p < 0.001) in the G2 group. There was a 
23.6% decrease (p < 0.001) in the mean stiffness of the subchondral bone plate in 
the G3 group when compared to the G0 group. The stiffness of the calcified 
cartilage only decreased (20.3%, p < 0.05) in the G3 group compared to the G0 
group. We did not observe any changes (Kruskal-Wallis test: chi-squared value = 
3.94, p = 0.26) in the stiffness of the deep articular cartilage across the grade groups. 

We observed that the macroscopic differences in the G0 and G1 bovine samples 
are hard to differentiate since the surface disruptions are mostly at the microscale 
(Fig. 48), and the mid to deep zone collagen network destructuring is at the 
ultrastructural scale (Thambyah et al., 2012, 2007). 
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Fig. 47. The boxplot with jitter illustrates the stiffness response of (deep) articular 
cartilage (AC), calcified cartilage (CC), and subchondral bone plate (SBP), relative to the 
grade groups (study IV). Based on the level of cartilage surface degeneration, four grade 
groups: G0 (n = 10), G1 (n = 11), G2 (n = 09), and G3 (n = 12) were established. * Indicates 
a p-value of less than 0.05 in the Wilcoxon test. (Under CC BY 4.0 license from Paper 
IV). 

Fig. 49 illustrates different morphological features of fully hydrated and mildly 
decalcified osteochondral sections, imaged with DIC optical light microscopy. 
Tidemark and cement line boundaries at the osteochondral junction were clear in 
the images (Fig. 49D). At the higher degree of cartilage degeneration, we observed 
a frequent presence of bony spicules, which originate from Haversian-like canals 
within the deeper subchondral region and penetrate through the cement line (Fig. 
49E). 
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Fig. 48. (A) A typical G0 sample with an intact surface layer compared with (B) a G1 
sample that appears intact at this scale. (C) and (D) are DIC images of the arrowed 
surfaces shown in (A) and (B). The vertical lines in (C) and (D) indicate the “tangential” 
or surface zone of articular cartilage where the chondrocytes and collagen fibrillar 
network are aligned parallel to the articular surface. (Under CC BY 4.0 license from 
Paper IV). 

The results of the morphometric analysis from the DIC images are presented in Fig. 
50 and the descriptive statistical data are given in Table 9. The mean thickness of 
the subchondral bone plate (Kruskal-Wallis test: chi-squared value = 30.168, p < 
0.001), the number of tidemarks (chi-squared value = 17.393, p < 0.001), and the 
number of bony spicules (per mm) (chi-squared value = 10.082, p < 0.05) changed 
across grade groups. The mean thickness of the subchondral bone plate increased 
(p < 0.001) by almost 130% in the G3 group from the G0 group. The tidemark 
counted more than doubled (p < 0.05) in the G3 group when compared to the G0 
group. In the G3 group, the number of bony spicules (per mm) also increased (p < 
0.05) compared to the G0 group. Moreover, the rugosity of the cement line 
increased (p < 0.05) in the G3 group compared to the G1 group. Finally, we did not 
observe any changes (chi-squared value = 0.975, p = 0.807) in the mean thickness 
of calcified cartilage with cartilage surface degeneration. 
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Fig. 49. (A) Representative G1 sample showing mostly intact full-thickness cartilage, 
compared with (B) G3 sample with a severely disrupted surface. (D) Higher 
magnification image of (A) indicating the boundaries of the cement line (CL) and 
uppermost tidemark (TM), the latter separating the calcified cartilage from the non-
calcified cartilage. (E) A higher magnification image of (B) showing advanced CL (arrow), 
which also appears more undulated (increased rugosity); the circle in (D) is a bone 
spicule. Multiplication of tidemark (arrow) in (C) and (F) indicates the advancement of 
calcified cartilage towards articular cartilage. The scale bar in each image is 200µm. 
(Under CC BY 4.0 license from Paper IV). 

Fig. 51 shows the Spearman correlation analysis between the mechanical and the 
morphometric data. The stiffness of (deep) articular cartilage showed a positive 
association (p < 0.05) with the frequency of bony spicules. The stiffness of calcified 
cartilage had a negative association (p < 0.05) with the mean thickness of the bone 
plate, but positive associations (p < 0.05) with the mean thickness of calcified 
cartilage and the stiffness of the subchondral bone plate. Moreover, the stiffness of 
the subchondral bone plate, itself was negatively associated (p < 0.05) with the 
number of bony spicules, tidemark numbers, and the mean thickness of the bone 
plate. We found that the mean thickness of the subchondral bone plate was 
associated with all micromechanical and microstructural parameters, except for the 
stiffness of the articular cartilage. 
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Fig. 50. Boxplots with jitter showing the morphometric measurements from the DIC 
images of the osteochondral junction at different grade groups. * Indicates a p-value of 
less than 0.05 in the Wilcoxon test. 

Table 9. Descriptive of the morphometric analysis from DIC images. Mean ± standard 
deviation. (Under CC BY 4.0 license from Paper IV). 

Outerbridge 

grade group 

(number of samples, n) 

Calcified 

cartilage 

thickness (µm) 

Subchondral 

bone plate 

thickness (µm) 

Number of 

tidemarks 

Rugosity of 

cement line 

Bony spicules 

(per mm) 

G0 (n = 10) 202.07 ± 69.00 378.24 ± 106.10 2.00 ± 0.94 1.78 ± 0.25 1.03 ± 0.88 

G1 (n = 11) 221.25 ± 89.30 327.40 ± 140.69 3.73 ± 1.79 1.65 ± 0.25 0.89 ± 0.39 

G2 (n = 9) 219.98 ± 45.70 762.70 ± 185.17 4.33 ± 1.32 1.80 ± 0.29 1.02 ± 0.34 

G3 (n = 12) 230.82 ± 58.30 869.24 ± 172.38 5.00 ± 1.41 1.98 ± 0.33 1.48 ± 0.53 
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Fig. 51. Spearman correlations calculated across the mechanical and morphometric 
data with those which are significant (p < 0.05) indicated. Abbreviation: CC = calcified 
cartilage, SBP = Subchondral bone plate, AC = Articular cartilage, CL = Cement line, R 
= correlation co-efficient. (Under CC BY 4.0 license from Paper IV). 
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10 Discussion 
This doctoral dissertation focuses on assessing the biochemical composition 
(studies I and III), mineral crystal thickness (study II), micromechanical (study 
IV), and microstructural properties (studies II and IV) of calcified cartilage and 
subchondral bone plate at the osteochondral junction in healthy and osteoarthritic 
specimens in vitro. Several microimaging modalities are applied on the 
osteochondral junction of both human (studies I–III) and bovine specimens (study 
IV). The first part of this dissertation focuses on identifying different tissues from 
the microimaging of the osteochondral junction. In the second part, the biochemical 
composition, and mineral crystal thickness of the calcified cartilage are compared 
to the underlying subchondral bone. Finally, the changes in these mineralized 
tissues due to OA development are investigated. 

10.1 Raman microspectroscopy and µSAXS imaging of the 
osteochondral junction 

Conventionally, various microscopic methods including general histology, electron 
microscopy, light microscopy (LM)-confocal scanning LM or polarized LM, and 
DIC optical light microcopy have been used to image and qualitatively explore the 
osteochondral junction (Boyde, 2021; Broom et al., 1982; Bullough et al., 1983; 
Havelka et al., 1984; Müller-Gerbl et al., 1987; Oegema et al., 1997; Thambyah et 
al., 2009). In general, it is a major challenge to quantitatively characterize different 
tissues at this junction via these techniques. Previous studies using qBSE and 
SAXS imaging were conducted on chemically treated samples to primarily obtain 
information on the mineral phase of the specimens (Doube et al., 2007; Ferguson 
et al., 2003; Gupta et al., 2005; Zizak et al., 2003). However, chemical fixation or 
embedding could alter tissue composition or protein conformation (Yeni et al., 
2006). For instance, the commonly used fixative agent formaldehyde preserves 
biological tissues by introducing cross-links to the organic components (Fiedler et 
al., 2018). Among vibrational spectroscopic techniques like FTIR (Khanarian et al., 
2014; Sato et al., 2004) and Raman spectroscopy (Gamsjaeger et al., 2014b), a few 
studies investigating the osteochondral junction have been conducted with 
chemically treated tissue samples from the animal model and they focused only on 
tissue characterization. 

In this dissertation, we took advantage of the high spatial resolution of Raman 
microspectroscopy and its insensitivity to water. The main strength of our Raman 
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microspectroscopic studies is that the experiments were carried out on unfixed, 
hydrated specimens with a high spatial resolution (1–3 µm), where alterations in 
both the mineral and organic compositions can be simultaneously investigated. We 
identified (deep) articular cartilage, calcified cartilage, subchondral bone plate, and 
even a tidemark region (in study I) from the osteochondral junction using Raman 
spectral analyses. The tissue identification from Raman spectral maps allowed us 
to quantitatively study biochemical composition across this biomechanically 
crucial junction and detect subtle tissue-specific chemical changes in OA. To the 
best of our knowledge, these Raman microspectroscopic studies represent the first 
comprehensive analysis of the biochemical composition of all tissue regions across 
the human osteochondral junction from hydrated and chemically untreated samples 
as a function of OA.  

In µSAXS analysis, the X-ray scattering curves are sensitive to both the 
structural and crystalline composition of specimens and provide two-dimensional 
maps of the spatial phase distribution. We classified the scattering curves of µSAXS 
measurement using the K-means clustering approach (Fig. 25). The mineral crystal 
thickness maps of the osteochondral junction were segmented into the regions of 
calcified cartilage and subchondral bone, based on the (dis)similarities of SAXS 
signals. The segmentation of the maps was performed by tuning the cluster numbers 
for each sample, where we visually compared the cluster images to the reference 
images (i.e., the mineral crystal orientation images, and the histological images of 
adjacent sections) to verify the cluster results. Alternative approaches reported in 
the literature include combining SAXS signals of all samples in a single data matrix 
and pre-determining the number of clusters for the tissue segmentation (e.g., by 
using silhouette criterion) (Lutz-Bueno et al., 2018).  

This approach (tuning the cluster numbers for each sample) allowed us to not 
only segment the junction’s tissue regions, but also to segment the mineralization 
layers in the calcified cartilage in the samples with multiple tidemarks. Comparing 
the cluster images with the reference images, we related the uppermost cluster to a 
layer of calcified cartilage separated by the two uppermost tidemarks (Fig. 35). This 
allows us to study the mineral crystal thickness of a layer of calcified cartilage 
representing the most recent (re-)institution of the mineralization process in 
articular cartilage. To our knowledge, the mineral crystal thickness of the 
uppermost mineralization front of calcified cartilage has not been reported before 
in the literature. 
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10.2 Biochemical characterization of the osteochondral junction  

10.2.1 Calcified cartilage has a higher degree of mineralization and 
thicker mineral crystals with fewer non-stoichiometric 
substitutions than underlying bone 

The conventional understanding of the mineral phase of calcified cartilage is that it 
has a similar mineral crystal structure to that of underlying bone (Zizak et al., 2003) 
and could reach a higher mineral density than bone (Burr, 2004; Ferguson et al., 
2003; Gupta et al., 2005; Zizak et al., 2003). However, a more recent study, using 
FTIR imaging on bovine samples, has reported a lower mineral-to-matrix ratio in 
the calcified cartilage than the bone (Khanarian et al., 2014). Our Raman spectral 
analysis depicted that the calcified cartilage has a higher degree of mineralization 
(measured by the mineral-to-matrix ratio) than the underlying subchondral bone 
plate. One of the possible explanations for this mineralization difference could be 
the differences in their organic matrices. The organic matrix of cartilage has a 
higher amount of extrafibrillar space filled with water than that of bone. Water 
makes up about 10–20% of the volume of cortical bone and can drop to as low as 
5% with increasing age (Burr, 2019), whereas water composes about 60–85% of 
normal adult cartilage (Mow et al., 1992). This availability of extrafibrillar space 
might allow higher mineral content in the calcified cartilage. 

Zizak et al. have reported that the size, shape, and orientation of the mineral 
particles of the calcified cartilage are similar to bone (Zizak et al., 2003). In contrast 
to that report, using the µSAXS analysis, we found thicker mineral crystals in the 
calcified cartilage compared to the subchondral bone. This finding is aligned with 
our Raman spectral analysis, where we found that calcified cartilage has narrower 
V1PO4

3- bands (i.e., higher mineral crystallinity) and fewer type-B carbonate 
substitutions in the crystal lattice than in the adjacent bone (Fig. 52). The carbonate 
substitutions in the crystal lattice have been reported to decrease mineral 
crystallinity, as well as cause a contraction of the a-axis and an expansion of the c-
axis (long axis) dimensions of the unit cell (Baig et al., 1999). We propose that the 
fewer non-stoichiometric substitutions of carbonate for phosphate ions in the 
crystal lattice of the calcified cartilage might be one of the reasons for the thicker 
mineral crystals found in calcified cartilage. Another possibility is that these 
mineral crystal structural differences might be due to the differences between the 
structure of organic matrices (Fratzl et al., 1991) or the non-collagenous proteins 
(Hunter et al., 1996) of these adjoining tissues. For example, the high alignment of 



 

134 

the type II collagen fibrils (perpendicular to the articular surface) in calcified 
cartilage may permit for more aligned and thicker mineral crystals in the calcified 
cartilage than in subchondral bone. 

Although the tissue stiffness and degree of mineralization are positively 
associated (Ferguson et al., 2003; Gamsjaeger et al., 2014c; Gupta et al., 2005; 
Paschalis et al., 2017), it has been reported that osteochondral mineralized tissues 
have different mineralization-modulus relations (Gupta et al., 2005). The calcified 
cartilage needs more minerals to achieve the same stiffness and hardness level as 
underlying bone (Gupta et al., 2005). In another study, the mean indentation 
modulus was reported to be the same for both tissues, despite having different 
mineralization levels (Ferguson et al., 2003). Both groups of authors suggested that 
the difference in the organic matrices between two tissues is the most likely 
candidate for the different mineralization-modulus relations. However, the 
differences in the mineral crystal thickness and stoichiometric perfection between 
these tissues, observed in our studies, might also contribute to the mineralization-
modulus relation differences. 

10.2.2 Calcified cartilage contains more PGs than subchondral 
bone plate  

We found that the calcified cartilage has more PGs (normalized to amide III) than 
the subchondral bone plate. The PGs are responsible for sustaining tissue hydration 
through the osmotic swelling pressure. Moreover, it plays a pivotal role in 
modulating biomineralization and remodeling rates in bone (Boskey et al., 1997; 
Campo et al., 1986; Gamsjaeger et al., 2014c; Gualeni et al., 2013; Paschalis et al., 
2017). For example, it has been reported that the biglycan deficiency could increase 
osteoclast differentiation due to defective osteoblasts (Bi et al., 2006) and the 
decorin could modulate the timing of matrix mineralization (Mochida et al., 2009). 
In the articular cartilage, biomechanical properties like compressive and shear 
strength are positively correlated with the relative amount of PGs and collagen, 
respectively, as well as with the structural orientations and physical interactions 
between them (Zhu et al., 1993). However, the biomechanical effect of PGs in the 
calcified cartilage might differ from its effect in the more hydrated, uncalcified 
articular cartilage. In the mineralized tissues like bone, PGs may influence tissue 
toughness (Wang et al., 2018). Therefore, the difference found in relative PG 
contents between the calcified cartilage and subchondral bone plate could result in 
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a difference in their mechanical properties (e.g., toughness). However, the role of 
PGs in the biomechanics of calcified cartilage should be further investigated. 

 

Fig. 52. Schematic view of the tissue-specific biochemical composition, mineral crystal 
thickness, and mechanical properties of the osteochondral junction, measured in this 
dissertation. Cartilage and bone are composed of mainly type II and type I collagen, 
respectively. The calcified cartilage was found to have a higher degree of mineralization 
and thicker mineral crystals with greater stoichiometric perfection than the subchondral 
bone plate. Furthermore, the calcified cartilage has more proteoglycans (normalized to 
amide III) than the subchondral bone plate. In bovine patellae (study IV: Fig.47), the 
stiffness of the subchondral bone plate was higher than the calcified cartilage.  

10.3 Osteochondral junction in osteoarthritic subjects 

10.3.1 Degree of mineralization and type-B carbonate substitutions 
both modulate in OA   

Changes in the degree of mineralization of bone are often related to age (Akkus et 
al., 2004) and recent remodeling history (Burr, 2004). Accelerated subchondral 
bone remodeling is a common hallmark of OA progression; where bone resorption 
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markers are reported to be elevated in the early OA (Bolbos et al., 2008), and at the 
late stages, bone resorption decreases without a reduction in bone formation (Burr 
et al., 2012). Since accelerated remodeling often results in a new and immature 
bone, we hypothesized that the degree of mineralization would decrease in OA. 
Our hypothesis was only partially confirmed with osteochondral samples from the 
human tibial plateau (study I, Table 8). We observed that the degree of 
mineralization in both calcified cartilage and subchondral bone plate increased in 
the early stages of OA (OARSI grade 2.0–3.5) when compared with the healthy 
group (OARSI grade 0–1.5), and then it decreased in the advanced OA (OARSI 
grade 4.0–4.5) from early OA.  

It is known that during OA development the calcified cartilage advances 
toward the articular cartilage, by endochondral ossification (Burr, 2004). It can be 
speculated that the increased degree of mineralization observed in the calcified 
cartilage in early OA might be related to the early stages of such ossification 
process, where the advancement of the tidemark occurs in conjunction with 
chondrocyte death in the deep zones of the articular cartilage. Similarly, the 
increased degree of mineralization observed in the subchondral bone plate in early 
OA might be analogous to the process where the cement line advances and 
diminishes the calcified cartilage via endochondral ossification (as in the long bone 
formation) (Thambyah et al., 2009). 

While we did not have the end-stage histopathological OA grades in study I, 
we had specimens with a wide spectrum of osteoarthritis severities in study III. 
Here, we compared both lateral and medial compartments of the femoral condyles 
from TKR patients with end-stage medial compartment knee OA and deceased 
donors without known OA. Although we did not observe any changes in the 
composition of osteochondral junction in the medial compartment, we observed an 
indication of a decrease in the degree of mineralization in the mineralized tissues 
from the lateral compartment of TKR patients compared to the donor group (Fig. 
46).  

Owing to the fact that the degree of mineralization is related to the bone 
formation by osteoblasts as well as bone matrix remodeling dynamics (Cox et al., 
2012; Lories et al., 2011), the demineralized osteochondral tissues observed in our 
Raman microspectroscopic studies might be indicative of an increased remodeling 
rate in the subchondral bone, and perhaps even in calcified cartilage (Bloebaum et 
al., 2004). In OA, the subchondral bone remodeling, measured by the appositional 
bone rate, was reported to increase by almost fivefold (Amir et al., 1992). A recent 
study on human patients with end-stage knee OA found evidence of profound 
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defects in osteocyte function that limited bone remodeling, supporting the idea that 
a bone remodeling response would be a protective response against OA progression 
(Mazur et al., 2019). The subchondral bone remodeling might provide structural 
rigidity to the joint tissue system through its remodeled architecture (e.g., increased 
trabecular number and plate thickness) (Burr et al., 1997; Finnilä et al., 2017), 
however, while the bone remodels and creates new, immature tissues with a lower 
degree of mineralization. Cox et al. have speculated that the demineralization of 
bone could be one of the causes of subchondral bone sclerosis in OA (Cox et al., 
2012).  

In the previous literature, the demineralization of subchondral bone in OA has 
been reported multiple times. For example, Ferguson et al. used qBSE imaging to 
show lower mineralization in the subchondral bone without any change in the mean 
indentation modulus (Ferguson et al., 2003). By using FTIR, a lower mineral-to-
matrix ratio and a higher carbonate-to-phosphate ratio in calcified cartilage and 
subchondral bone were reported in the medial side than in the lateral side of the 
Hartley strain guinea pigs with higher OA scores (Sato et al., 2004). Kazakia et al. 
also found a reduction in the mineral-to-matrix ratio of bone (measured by FTIR), 
as well as evidence of increased bone remodeling (Kazakia et al., 2013). Recently, 
a Raman microspectroscopic study showed a decrease in the mineralization of the 
subchondral bone marrow lesions in knee OA (Lee et al., 2020). Besides an 
increased rate of bone remodeling, authors speculated that the abnormalities in the 
differential expression of collagen type I α1 and α2 chains could be responsible for 
generating an organic matrix that decreases mineralization in osteoarthritic 
osteoblasts, as reported in an in vitro study (Couchourel et al., 2009).  

In both Raman microspectroscopic studies of this dissertation, we observed 
that the type-B carbonate substitutions (measured by carbonate-to-phosphate ratio) 
followed the opposite trend to the change of degree of mineralization (Table 8 and 
Fig. 46). In the literature, there are two conflicting descriptions of the relationship 
between the type-B carbonate substitutions and the tissue remodeling activities: 1) 
The carbonate substitutions increase with tissue age (Akkus et al., 2004; Isaksson 
et al., 2010) because the carbonate substitutions in the crystal lattice are random 
phenomena; 2) Since the carbonate is an imperfection in the crystal lattice, 
immature mineral crystal has more substituted carbonate and it should decrease 
with maturity. Both Paschalis et al. and Akkus et al. separately reported a higher 
type-B carbonate-to-phosphate ratio for the younger mineral crystals (Akkus et al., 
2003; Paschalis et al., 1997). We were unable to establish any significant 
association between the carbonate-to-phosphate ratio and patient age in study III, 
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indicating that the carbonate-to-phosphate ratio may be primarily governed by the 
individual crystal age rather than the patient age. Hence, we suggest that the second 
description in the literature better fits our findings: the younger mineral crystals 
have a higher carbonate-to-phosphate ratio. Our findings also suggest that an 
increase in this ratio might be in response to the demineralization of the tissue. The 
argument that the carbonate-to-phosphate ratio is influenced by the phosphate 
content rather than the carbonate itself is further supported by the lack of change 
observed in the carbonate-to-matrix ratio with OA, in studies I and III. Finally, we 
did not observe any change in the Raman crystallinity index (1/FWHM of the 
V1PO4

3- band) with OA. Indeed, change in the mineral crystallinity was not always 
observed, even when the variation was found in carbonate substitutions (Morris et 
al., 2011; Yerramshetty et al., 2006). 

Since the degree of mineralization and the stiffness of the osteochondral 
mineralized tissues are interrelated, based on our Raman microspectroscopic 
studies, we propose that the stiffnesses of both mineralized tissues increase in the 
early OA owing to alterations in tissue quality, and later decrease because of 
increased volume fraction (Finnilä et al., 2017). Therefore, an imaging biomarker 
accurately reflecting the degree of mineralization would provide information about 
mechanical changes, hence early OA. 

10.3.2 Changes in the tidemark region are indicative of an 
ossification process in the deep zone of articular cartilage 

Tidemark multiplication is an indication of the continued ossification process in 
cartilage and a common hallmark of OA development (Thambyah et al., 2007). 
With Raman microspectroscopic imaging, we identified a region that contains the 
uppermost tidemark (study I). We observed a decrease in the degree of 
mineralization along with an increase in type-B carbonate substitutions in the 
tidemark region at advanced OA compared to healthy samples (Table 8). As 
discussed earlier, the reduction in mineralization is typical of less mature tissue; we 
suggest that our Raman microspectroscopic findings are indicative of the 
ossification process during tidemark advancement in OA development (Goldring, 
2012), where the newly deposited mineral in the cartilage has lower mineralization 
and the younger crystals are rich in substituted carbonate.  

We found more tidemarks in the TKR patients compared to the donors, by 
counting them from the histopathological images of the osteochondral sections 
adjacent to the µSAXS measurement (Fig. 44). Although the LateralTKR group has 
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relatively more tidemarks than the MedialTKR group, we did not observe any pattern 
between the compartments in individual TKR patients. However, in the samples 
with multiple tidemarks, we identified the uppermost mineralized layer of calcified 
cartilage. We propose that this layer is indicative of the most recently mineralized 
layer of calcified cartilage due to the ossification process. Remarkably, we found 
the thickest mineral crystals in this layer, and to our knowledge, this has not been 
reported before in the literature. This may suggest that during the tidemark 
advancement via ossification, the newly deposited mineral crystals around the 
hypertrophic chondrocytes have greater thickness and they restructure to thinner 
plates with maturation. 

10.3.3 Mineralization in the osteochondral junction might be an 
independent process compared to articular cartilage 
degeneration 

We found that the lateral compartment from the femoral condyle of TKR patients 
has a lower degree of mineralization and thicker mineral crystals with more type-
B substituted carbonate in both calcified cartilage and the subchondral bone, 
compared to the lateral compartment from donors (Fig. 53). Those compositional 
and mineral crystal structural changes in the calcified cartilage were found even 
after adjusting for age, indicating patient age has minimal influence on those 
changes. In subchondral bone, age adjustment reduces the difference in group-wise 
comparison of the Raman crystallinity index and mineral crystal thickness (Fig. 45). 
Importantly, these changes occur in the lateral compartment while the greatest 
cartilage degeneration occurs in the medial compartment (Fig. 42 and 53). This 
indicates that the mineralization in the osteochondral junction of the lateral 
compartment from the femoral condyle might be an independent process compared 
to articular cartilage degeneration.  
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Fig. 53. Schematic representation of findings from studies II and III on the femoral 
condyle of the TKR patients. In the medial compartment, the articular cartilage had 
severe degradation (as seen in histological images); but had lower tidemark counts 
compared to the lateral compartment (see Fig. 44). Both Raman microspectroscopic 
and µSAXS analyses showed that biochemical composition and mineral crystal 
thickness in the calcified cartilage and underlying bone of the lateral compartment 
changed compared to the donors; however, no changes were observed in the medial 
compartment. 

The biomechanical environment of the joint might influence the mineralization 
process of the osteochondral junction. In individuals with a healthy knee joint, the 
load distribution is not equal between the medial and lateral tibiofemoral 
compartments with the medial compartment exhibiting higher loads during the gait 
cycle in normal walking (Moisio et al., 2011; Sharma, 2007). Due to this unequal 
mediolateral loading distribution, the medial compartment is usually most affected 
by OA (Kumar et al., 2013). This potential lack of loading in the lateral 
compartment of TKR patients might be related to the higher tidemark counts and 
altered mineralization of the osteochondral junction, found in our studies. 
Previously, O’Connor reported that the unweighting in the immobile hind limb of 
rats increased the chondroclastic resorption activity at the cement line without 
concurrent acceleration of tidemark advancement, while the unweighting in the 
mobile joints increased the tidemark mineral apposition rate resulting in calcified 
cartilage thickening (O’Connor, 1997).  Roemhildt et al. attached a varus loading 
device to the left hind limb of rats and reported that decreased compression in the 
lateral compartment increased cartilage cellularity and calcified cartilage thickness 
(Roemhildt et al., 2013). Moreover, joint unloading introduced by knee distraction 
in rabbits resulted in increased articular cartilage cellularity (Hung et al., 1997).    
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10.3.4 Decrease of subchondral bone plate stiffness and presence 
of bony spicules indicate new bone formation during early 
cartilage degeneration  

In study IV, we used a well-established bovine patella model of early joint 
degeneration (Hargrave-Thomas et al., 2013). Here, the G1 graded samples had 
mostly intact full-thickness cartilage (Fig. 48). This tissue state is arguably difficult 
to capture in several other animal models. For example, six weeks after inducing 
experimental OA in rabbits by transection of the anterior cruciate ligament, it was 
found that all of them had fibrillation or erosion in the articular surface (Pragnère 
et al., 2018). We did not observe apparent cartilage fibrillation in the G1 graded 
samples, yet we found an increased number of tidemarks and a decrease in the 
stiffness of the subchondral bone plate at that tissue state. These indicate the 
osteochondral junction undergoes major structural modification along with 
mechanical changes, even before visible macroscopic changes on the cartilage 
surface. Previous studies on the osteochondral junction also reported a decrease in 
stiffness in calcified cartilage and the subchondral bone plate during OA 
development (Li et al., 1997; Pragnère et al., 2018). 

We observed a strong positive association between stiffnesses of the calcified 
cartilage and the subchondral bone plate, suggesting a mechanical interdependency 
of these osteochondral tissues. While we found that the subchondral bone plate 
stiffness started decreasing with early cartilage degeneration, the decrease in the 
stiffness of calcified cartilage was only observed in the later stages of degeneration. 
This suggests that subchondral bone may be more sensitive to changes in the 
mechanical environment than calcified cartilage. A 2016 study reported that a 
single traumatic loading session on mice knees produces irreversible adverse 
effects on chondrocyte function and leads to the development of OA; however, the 
loading only transiently increased bone remodeling that was resolved by 6 weeks—
indicating the differential capacity of cartilage and bone to adapt to the local 
mechanical environmental changes (Ko et al., 2016). 

At severe cartilage surface degeneration, the stiffness reductions in both 
mineralized tissues were coupled with a higher number of bony spicule intrusions 
causing a greater rugosity of the cement line. At early to mild OA, an irregular 
cement line due to intrusion of spicules and their related vascular channels was 
previously reported in both bovines (Hargrave-Thomas et al., 2013; Thambyah et 
al., 2012, 2007, 2009) and humans (Hargrave-Thomas et al., 2013). These spicules 
have a central canal surrounded by the lamellar bone structure, and they are like 
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Haversian canals with bifurcations and blind ends. Based on these structural 
features of the bony spicules and the lack of chondrocyte stacking in the calcified 
cartilage, Thambyah and Broom suggested that the prominence of spicule 
intrusions represents new bone formation by the process of subchondral remodeling 
rather than endochondral or intramembranous ossification (Thambyah et al., 2009). 
Since the newly formed bone is less stiff than secondary Haversian bone (Carter et 
al., 1976), it might also explain the reduction of subchondral bone plate stiffness 
found in our study. This mechanobiological process could be similar to that found 
in fracture healing, where the newly formed bone is weaker than the native bone 
(Mora-Macías et al., 2017). 

10.3.5 Tidemark advancement is coupled with cement line 
advancement in the bovine patella 

An actively advancing cement line would be expected to result in thinning of 
calcified cartilage and thickening of the subchondral bone plate. However, in study 
IV, we found that the mean thickness of calcified cartilage did not change with 
progressive tissue degeneration, whereas the mean thickness of the subchondral 
bone plate increased. An increased number of tidemarks but with no change in the 
mean thickness of calcified cartilage may indicate that any advancement of the 
tidemark could be in conjunction with the cement line advancement (Fig. 54). 
Moreover, we observed that the bony spicules were rarely seen in direct contact 
with the upper-most tidemark, suggesting the advancement of the mineralization 
front might be ahead or combined with the vascular invasion (Thambyah et al., 
2009). Previously, E. Hargrave-Thomas et al. also reported a “paired advance” of 
the uppermost tidemark and cement line in bovine (Hargrave-Thomas et al., 2015). 

10.3.6 Subchondral bone plate thickness is associated with early 
osteochondral micromechanical and microstructural 
changes in the bovine patella  

We found that the mean thickness of the subchondral bone plate is associated with 
both micromechanical and microstructural changes in the bovine osteochondral 
junction with different levels of cartilage degeneration (Fig. 51). Importantly, these 
associations were derived between the micromechanical and microstructural 
measurements taken from the very same sample, allowing in-depth discussion 
around how structural changes with degeneration may be rationalized by material 
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property changes or vice versa. These relationships could be harnessed for future 
research, where the subchondral bone plate thickness could be used as a surrogate 
marker of early degenerative-related mechanical and structural changes in the joint 
tissues. 

Previously, it has been demonstrated that the mean thickness of the 
subchondral plate of TKR patients was positively correlated with their 
histopathological OA severities (Finnilä et al., 2017). In a more recent study, Oláh 
et al. modeled early human OA by surgically inducing knee OA in sheep and 
generating detailed maps of disease progression (Oláh et al., 2019). The authors 
observed that the correlations of cartilage and subchondral bone plate thickness 
were severely disturbed in the sheep 6 months after injury, this phenomenon was 
also seen in the case of human OA (Oláh et al., 2019). 

 

Fig. 54. Schematic figure to explain reduced bone stiffness and how the mean thickness 
of calcified cartilage might be conserved in study IV. The black rectangles represent the 
regions that were mechanically tested. The light blue region in (B) indicates the new 
bone formation associated with the advancing cement line (white arrow), which may 
have contributed to an overall reduction in subchondral bone plate stiffness. We 
suggest that an advancing tidemark (black arrow) is paired with the advancing cement 
line; hence the mean thickness of the calcified cartilage in (B) versus (A) is not 
discernably different. 
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10.4 Limitations 

Study I is limited by the small number of subjects (seven donors) because of the 
challenges in obtaining intact cadaveric donor specimens. From both compartments 
of those subjects, we extracted a total of 28 osteochondral samples with no visible 
cartilage denudation. We used a mixed-effects model for statistical analysis to 
consider the inherent dependencies between the samples from the same subject and 
the compartment location. However, only five samples from the lateral 
compartment were classified as healthy after histopathological assessment. This 
reduced the statistical power and should be considered carefully during the 
interpretation of the OA group-wise comparison (Table 8). These issues were 
addressed in studies II and III. However, in these studies, we do not have a perfect 
overlap in the subject age between donor and TKR groups, which also needs to be 
considered during the interpretation of the findings. 

Another important limitation that might influence both composition (studies I–
III) and mechanical properties (study IV) of the osteochondral tissues is the freeze-
thaw cycle before sample preparation. It has been reported that the Raman 
crystallinity index of bone decreases after just one freeze-thaw cycle (McElderry 
et al., 2011). However, on the contrary, studies also reported that a single freeze-
thaw cycle does not affect the mechanical behavior of cartilage (Changoor et al., 
2010; Szarko et al., 2010) or bone (Conrad et al., 1993; Linde et al., 1993). 
Importantly, we kept all the sample preparation and the data measurement steps 
constant for all samples in each study. Hence, we expect a reliable comparison 
between them despite this limitation. 

Furthermore, the micro-mechanical technique used in study IV was limited by 
the following factors: 1) The force-sensing probe has a flat rectangular tip, which 
has the potential to cause permanent tissue deformation. However, we used a 
relatively small force threshold (90 µN) in the indentation tests and did not find any 
signs of permanent deformation of tissue in the high-magnification (4× and 10×) 
DIC images; 2) It was extremely challenging to prepare the topmost surface of the 
sample block (the mechanical measurement surface) due to the nature of cryo-
sectioning using a sledding microtome. This forced us to image approximately 30–
90 µm adjacent to the topmost surface using DIC light microscopy. Thus, the exact 
superimposition of the stiffness map on the tissue structure was not possible; 3) The 
indentation was performed orthogonal to the physiological loading direction 
resulting in a non-physiologically representative stiffness compared to measuring 
tissue across the transverse plane. This limitation is especially relevant since the 
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bone is anisotropic in its structure and its mechanical response; 4) Considering the 
hierarchy of structures in the mineralized tissues, a range of orientations exists with 
respect to the loading axis. Therefore, the physiological loading by probing 
techniques is mostly multiaxial rather than uniaxial and less influenced by tissue 
anisotropy, which might result in a higher modulus value than a uniaxial test.  

10.5 Impact of the outcomes 

This doctoral dissertation provides a tissue-specific quantitative biochemical 
characterization of the osteochondral junction using Raman microspectroscopy and 
µSAXS imaging. In particular, the composition of calcified cartilage and its 
differences with the adjacent tissues could serve as critical benchmark parameters 
when designing biomaterials for osteochondral repair. For example, in biphasic (i.e., 
cartilage-bone) scaffold design for tissue engineering, incorporating a 
physiologically relevant layer representing the calcified cartilage has often been 
underemphasized (Qu et al., 2015). The scaffolds should be designed to mimic the 
tissue composition of this osteochondral interface to integrate musculoskeletal 
tissue systems, as well as to restore the physiological and biomechanical function 
of the joint. 

These results contribute to the current understanding of the micro-level 
changes of the osteochondral junction occurring during OA development. This 
could, in turn, provide new ways of discovering more effective preventive measures 
and treatment planning. For example, studies I-III underline that imaging 
biomarkers accurately reflecting the osteochondral mineral phase could provide 
information about both biochemical and biomechanical environments during OA 
initiation and progression. This could also supplement the current gold standard for 
histopathological assessment (i.e., the OARSI grading system) which only focuses 
on the subchondral bone changes in the final stages of OA (Pritzker et al., 2006). 
Furthermore, study IV highlights that the mean thickness of the subchondral bone 
plate could potentially be used as an imaging biomarker of the early OA-related 
structural, as well as mechanical changes in the joint tissues. 

Because the human tissues with signs of early OA are difficult to collect and 
animal models might not be able to accurately simulate the spontaneous human OA, 
computational knee joint models might be useful for elucidating the mechanical 
behavior of the osteochondral junction in OA development. The findings of this 
dissertation, especially the mechanical data of the junction (generated in study IV), 
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could be used for building computational models incorporating the calcified 
cartilage to provide a better understanding of OA progression as well as predict it. 

10.6 Future perspectives 

Since OA is often defined as a disease where the molecular derangements precede 
physiologic derangements (like bone remodeling and osteophyte formation) (Kraus 
et al., 2015), the molecular mechanisms in the osteochondral junction should be 
studied and associated with structural alterations using microimaging techniques. 
For example, the associated proteins for bony spicules formation (using 
immunostaining), cells responsible for cement line advancement via resorbing the 
calcified cartilage (using monoclonal antibodies of macrophage and osteoclast 
markers), and chondrocytes responsible for the tidemark advancement should be 
investigated. 

It is a challenge and important research priority to identify different OA 
phenotypes and their molecular endotypes (Mobasheri et al., 2019). Moreover, 
different OA phenotypes might have overlapping molecular mechanisms and 
signaling pathways. How composition and structure-function relationships in the 
articular cartilage, calcified cartilage, and subchondral bone relate to each other in 
different OA stages should be better understood. Finding osteochondral samples 
having degenerative changes only in the cartilage or only in the bone with early OA 
stages could lead to imaging biomarkers to identify cartilage- and bone-driven 
phenotypes of OA. 

While we have proposed that changes found in the composition and mechanical 
properties with OA development are related to the dynamics of subchondral 
remodeling, we were unable to determine a relationship between the remodeling 
rate and the mechanical or compositional parameters. This should be the next step 
for establishing the imaging-based parameters to accurately predict the remodeling 
rate of subchondral bone, even of calcified cartilage. One way to accomplish this 
could be to determine the relationships between the compositional parameters and 
the standard histomorphometric parameters that reflect bone remodeling. 

Previously, relationships between the mineralization and stiffness (modulus) in 
the calcified cartilage and the subchondral bone were reported using qBSE and 
nanoindentation (Gupta et al., 2005). The tissue-specific mineralization-modulus 
relationships in the osteochondral junction could be studied at the microscale by 
using both Raman microspectroscopy (study I) and micro-force acquisition system 
(study IV) from the same osteochondral (hydrated) samples. Further, the possible 
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changes in the mineralization-modulus relationship due to OA should be 
investigated. Finally, since osteochondral tissues are hierarchical materials, a multi-
scale approach to mechanical testing could help to model the complex 
mechanobiological state of the osteochondral junction in OA (Stender et al., 2017). 

Regarding the mineral crystal structure of osteochondral tissues, additional 
properties like mineral crystal orientation (direction of the long axis), and degree 
of orientation should be considered for obtaining a complete picture of the 
ultrastructural alterations in the osteochondral tissues as a function of OA and age. 
Finally, the associations between Raman microspectroscopic and μSAXS 
measurements were performed on the adjacent sections from the same 
osteochondral plug (due to logistical reasons). Therefore, this study should be 
extended to perform measurements on the same sections. This could be achieved 
by fixing the sections for μSAXS measurements after the Raman 
microspectroscopy with hydrated sections. Developing prediction models based on 
reliable associations would allow us to perform much cheaper and more widely 
available Raman microspectroscopy instead of synchrotron-based μSAXS 
measurements, which are also dependent on beamline availability. 
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11 Conclusions 
In this doctoral dissertation, several imaging methods were applied to individually 
assess the biochemical composition, mineral crystal thickness, and mechanical 
properties of both calcified cartilage and subchondral bone plate. Chemical 
signatures of all tissue compartments at the osteochondral junction were identified 
using Raman spectral analysis from fully hydrated, chemically untreated specimens. 
Further, the tissue-specific mineral crystal thickness of the osteochondral junction 
was accessed by using µSAXS imaging. Finally, the tissue-specific stiffness from 
fully hydrated, chemically untreated osteochondral specimens was determined by 
correlating stiffness maps with the microstructure imaged by a high-resolution DIC 
optical light microscope. The main conclusions of the thesis are as follows: 

1. The calcified cartilage has a higher degree of mineralization and thicker 
mineral crystals with greater stoichiometric perfection than the underlying 
bone. Moreover, the calcified cartilage contains more PGs than the subchondral 
bone plate. 

2. The biochemical composition and mineral crystal thickness of both tissues can 
change during OA development. In tibial condyles of cadaveric donors, the 
degree of mineralization in both calcified cartilage and subchondral bone plate 
started to change from the early stages of OA, and in advanced OA, the mineral 
crystals were rich in carbonate while the degree of mineralization decreased. 
Moreover, indications of a decrease in the degree of mineralization 
accompanied by an increased substituted carbonate in both tissues were found 
in the lateral femoral condyles of TKR patients with medial compartment knee 
OA. The mineral crystal thickness was also found to increase in the calcified 
cartilage of the lateral compartment of TKR patients. 

3. The tissue-specific micromechanical properties of the osteochondral junction 
change with progressive tissue degeneration. In bovine tissue, the subchondral 
bone plate stiffness started decreasing in the early stages of tissue degeneration, 
while the stiffness of calcified cartilage only decreased in the later stages of 
degeneration. 

4. The number of tidemarks, the frequency of bone spicules, and the mean 
thickness of the subchondral bone plate increase with tissue degeneration. In 
bovine tissue, the mean thickness of the subchondral bone plate was associated 
with both micromechanical and microstructural changes with different levels 
of tissue degeneration. 
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This doctoral dissertation provides compelling evidence of compositional, 
structural, and mechanical alterations in both the calcified cartilage and 
subchondral bone plate at the osteochondral junction during OA development. 
Some of these changes were found to occur at very early stages of degeneration. 
Thus, this doctoral dissertation proposes that mineralized tissues at the 
osteochondral junction should be considered separately as vital targets for 
elucidating the etiology and pathogenesis of OA. 

 



 

151 

List of references 
Adams, C. S., & Shapiro, I. M. (2002). The fate of the terminally differentiated chondrocyte: 

evidence for microenvironmental regulation of chondrocyte apoptosis. Critical Reviews 
in Oral Biology and Medicine : An Official Publication of the American Association of 
Oral Biologists, 13(6), 465–473. https://doi.org/10.1177/154411130201300604 

Aghajanian, P., & Mohan, S. (2018). The art of building bone: Emerging role of 
chondrocyte-to-osteoblast transdifferentiation in endochondral ossification. Bone 
Research, 6(1). https://doi.org/10.1038/s41413-018-0021-z 

Ahmed, Y. A., Tatarczuch, L., Pagel, C. N., Davies, H. M. S., Mirams, M., & Mackie, E. J. 
(2007). Physiological death of hypertrophic chondrocytes. Osteoarthritis and Cartilage, 
15(5), 575–586. https://doi.org/10.1016/j.joca.2006.10.016 

Aho, O. M., Finnilä, M., Thevenot, J., Saarakkala, S., & Lehenkari, P. (2017). Subchondral 
bone histology and grading in osteoarthritis. PLoS ONE, 12(3), 1–16. 
https://doi.org/10.1371/journal.pone.0173726 

Akisaka, T., & Gay, C. V. (1985). The plasma membrane and matrix vesicles of mouse 
growth plate chondrocytes during differentiation as revealed in freeze‐fracture replicas. 
American Journal of Anatomy, 173(4), 269–286. https://doi.org/10.1002/aja. 
1001730404 

Akkus, O., Adar, F., & Schaffler, M. B. (2004). Age-related changes in physicochemical 
properties of mineral crystals are related to impaired mechanical function of cortical 
bone. Bone, 34(3), 443–453. https://doi.org/10.1016/j.bone.2003.11.003 

Akkus, O., Polyakova-Akkus, A., Adar, F., & Schaffler, M. B. (2003). Aging of 
Microstructural Compartments in Human Compact Bone. Journal of Bone and Mineral 
Research, 18(6), 1012–1019. https://doi.org/10.1359/jbmr.2003.18.6.1012 

Alford, J. W., & Cole, B. J. (2005). Cartilage restoration, part 1: Basic science, historical 
perspective, patient evaluation, and treatment options. American Journal of Sports 
Medicine, 33(2), 295–306. https://doi.org/10.1177/0363546504273510 

Amir, G., Pirie, C. J., Rashad, S., & Revell, P. A. (1992). Remodelling of subchondral bone 
in osteoarthritis: A histomorphometric study. Journal of Clinical Pathology, 45(11), 
990–992. https://doi.org/10.1136/jcp.45.11.990 

Antons, J., Marascio, M. G. M., Nohava, J., Martin, R., Applegate, L. A., Bourban, P. E., & 
Pioletti, D. P. (2018). Zone-dependent mechanical properties of human articular 
cartilage obtained by indentation measurements. Journal of Materials Science: 
Materials in Medicine, 29(5). https://doi.org/10.1007/s10856-018-6066-0 

Arkill, K. P. P., & Winlove, C. P. P. (2008). Solute transport in the deep and calcified zones 
of articular cartilage. Osteoarthritis and Cartilage, 16(6), 708–714. https://doi.org/ 
10.1016/j.joca.2007.10.001 

Bar-On, B., & Wagner, H. D. (2013). Structural motifs and elastic properties of hierarchical 
biological tissues – A review. Journal of Structural Biology, 183(2), 149–164. https:// 
doi.org/10.1016/j.jsb.2013.05.012 



 

152 

Beckett, J., Jin, W., Schultz, M., Chen, A., Tolbert, D., Moed, B. R., & Zhang, Z. (2012). 
Excessive running induces cartilage degeneration in knee joints and alters gait of rats. 
Journal of Orthopaedic Research, 30(10), 1604–1610. https://doi.org/10.1002/jor. 
22124 

Bi, Y., Nielsen, K. L., Kilts, T. M., Yoon, A., A. Karsdal, M., Wimer, H. F., Greenfield, E. 
M., Heegaard, A. M., & Young, M. F. (2006). Biglycan deficiency increases osteoclast 
differentiation and activity due to defective osteoblasts. Bone, 38(6), 778–786. 
https://doi.org/10.1016/j.bone.2005.11.005 

Bloebaum, R. D., & Kopp, D. V. (2004). Remodeling capacity of calcified fibrocartilage of 
the hip. Anatomical Record - Part A Discoveries in Molecular, Cellular, and 
Evolutionary Biology, 279(2), 736–739. https://doi.org/10.1002/ar.a.20066 

Boi, M., Marchiori, G., Berni, M., Gambardella, A., Salamanna, F., Visani, A., Bianchi, M., 
Fini, M., & Filardo, G. (2019). Nanoindentation: An advanced procedure to investigate 
osteochondral engineered tissues. Journal of the Mechanical Behavior of Biomedical 
Materials, 96(March), 79–87. https://doi.org/10.1016/j.jmbbm.2019.04.042 

Bolbos, R. I., Zuo, J., Banerjee, S., Link, T. M., Benjamin Ma, C., Li, X., & Majumdar, S. 
(2008). Relationship between trabecular bone structure and articular cartilage 
morphology and relaxation times in early OA of the knee joint using parallel MRI at 3 
T. Osteoarthritis and Cartilage, 16(10), 1150–1159. https://doi.org/10.1016/j.joca. 
2008.02.018 

Bonifacio, A., Beleites, C., Vittur, F., Marsich, E., Semeraro, S., Paoletti, S., & Sergo, V. 
(2010). Chemical imaging of articular cartilage sections with Raman mapping, 
employing uni- and multi-variate methods for data analysis. The Analyst, 135(12), 3193. 
https://doi.org/10.1039/c0an00459f 

Boskey, A. L., Spevak, L., Doty, S. B., & Rosenberg, L. (1997). Effects of bone CS-
proteoglycans, DS-decorin, and DS-biglycan on hydroxyapatite formation in a gelatin 
gel. Calcified Tissue International, 61(4), 298–305. https://doi.org/10.1007/ 
s002239900339 

Botter, S. M., van Osch, G. J. V. M., Waarsing, J. H., van der Linden, J. C., Verhaar, J. A. 
N., Pols, H. A. P., van Leeuwen, J. P. T. M., & Weinans, H. (2008). Cartilage damage 
pattern in relation to subchondral plate thickness in a collagenase-induced model of 
osteoarthritis. Osteoarthritis and Cartilage, 16(4), 506–514. https://doi.org/10.1016/ 
j.joca.2007.08.005 

Boyde, A. (2021). The Bone Cartilage Interface and Osteoarthritis. Calcified Tissue 
International, 0123456789. https://doi.org/10.1007/s00223-021-00866-9 

Boyde, A., & Firth, E. C. (2004). Articular calcified cartilage canals in the third metacarpal 
bone of 2-year-old thoroughbred racehorses. Journal of Anatomy, 205(6), 491–500. 
https://doi.org/10.1111/j.0021-8782.2004.00354.x 

Broom, N. D., & Poole, C. A. (1982). A functional-morphological study of the tidemark 
region of articular cartilage maintained in a non-viable physiological condition. Journal 
of Anatomy, 135(Pt 1), 65–82.  



 

153 

Broom, N. D., & Thambyah, A. (2018). The Osteochondral Junction. In The Soft–Hard 
Tissue Junction (pp. 42–83). Cambridge University Press. 
https://doi.org/10.1017/9781316481042.003 

Buchwald, T., Niciejewski, K., Kozielski, M., Szybowicz, M., Siatkowski, M., & Krauss, H. 
(2012). Identifying compositional and structural changes in spongy and subchondral 
bone from the hip joints of patients with osteoarthritis using Raman spectroscopy. 
Journal of Biomedical Optics, 17(1), 017007. https://doi.org/10.1117/1.JBO.17. 
1.017007 

Buckwalter, J. A., GLIMCHER, M. J., COOPER, R. R., & RECKER, R. (1995). Bone 
biology. II: Formation, form, modeling, remodeling, and regulation of cell function. The 
Journal of Bone & Joint Surgery, 77(8), 1276–1289. 

Buckwalter, J. A., & Martin, J. A. (2006). Osteoarthritis. Advanced Drug Delivery Reviews, 
58(2), 150–167. https://doi.org/10.1016/j.addr.2006.01.006 

Bullough, P. G. (2004). The role of joint architecture in the etiology of arthritis. 
Osteoarthritis and Cartilage, 12, 2–9. https://doi.org/10.1016/j.joca.2003.09.010 

Bullough, P. G., & Jagannath, A. (1983). The morphology of the calcification front in 
articular cartilage. Its significance in joint function. The Journal of Bone and Joint 
Surgery British Volume, 65-B, 72–78. 

Bünger, M. H., Oxlund, H., Hansen, T. K., Sørensen, S., Bibby, B. M., Thomsen, J. S., 
Langdahl, B. L., Besenbacher, F., Pedersen, J. S., & Birkedal, H. (2010). Strontium and 
bone nanostructure in normal and ovariectomized rats investigated by scanning small-
angle X-ray scattering. Calcified Tissue International, 86(4), 294–306. https:// 
doi.org/10.1007/s00223-010-9341-8 

Bunk, O., Bech, M., Jensen, T. H., Feidenhans’l, R., Binderup, T., Menzel, A., & Pfeiffer, 
F. (2009). Multimodal x-ray scatter imaging. New Journal of Physics, 11(12), 123016. 
https://doi.org/10.1088/1367-2630/11/12/123016 

Burr, D. B. (2002). Targeted and nontargeted remodeling. Bone, 30(1), 2–4. 
https://doi.org/10.1016/S8756-3282(01)00619-6 

Burr, D. B. (2004). Anatomy and physiology of the mineralized tissues: Role in the 
pathogenesis of osteoarthrosis. Osteoarthritis and Cartilage, 12(SUPLL.), 20–30. 
https://doi.org/10.1016/j.joca.2003.09.016 

Burr, D. B. (2019). Changes in bone matrix properties with aging. Bone, 120(September 
2018), 85–93. https://doi.org/10.1016/j.bone.2018.10.010 

Burr, D. B., & Gallant, M. a. (2012). Bone remodelling in osteoarthritis. Nature Reviews. 
Rheumatology, 8(11), 665–673. https://doi.org/10.1038/nrrheum.2012.130 

Burr, D. B., & Radin, E. L. (2003). Microfractures and microcracks in subchondral bone: 
Are they relevant to osteoarthrosis? Rheumatic Disease Clinics of North America, 29(4), 
675–685. https://doi.org/10.1016/S0889-857X(03)00061-9 

Burr, D. B., & Schaffler, M. B. (1997). The involvement of subchondral mineralized tissues 
in osteoarthrosis: Quantitative microscopic evidence. Microscopy Research and 
Technique, 37(4), 343–357.  



 

154 

Burr, D. B., & Turner, C. H. (1999). Biomechanical Measurements in Age-Related Bone 
Loss. In The Aging Skeleton (pp. 301–311). Elsevier. https://doi.org/10.1016/B978-
012098655-2/50028-4 

Bushby, A. J., Ferguson, V. L., & Boyde, A. (2006). Nanoindentation of bone: Comparison 
of specimens tested in liquid and embedded in polymethylmethacrylate. Journal of 
Materials Research, 19(1), 249–259. https://doi.org/10.1557/jmr.2004.0029 

Butler, H. J., Ashton, L., Bird, B., Cinque, G., Curtis, K., Dorney, J., Esmonde-White, K., 
Fullwood, N. J., Gardner, B., Martin-Hirsch, P. L., Walsh, M. J., McAinsh, M. R., Stone, 
N., & Martin, F. L. (2016). Using Raman spectroscopy to characterize biological 
materials. Nature Protocols, 11(4), 664–687. https://doi.org/10.1038/nprot.2016.036 

Calvo, E., Palacios, I., Delgado, E., Sanchez-Pernaute, O., Largo, R., Egido, J., & Herrero-
Beaumont, G. (2004). Histopathological correlation of cartilage swelling detected by 
magnetic resonance imaging in early experimental osteoarthritis. Osteoarthritis and 
Cartilage, 12(11), 878–886. https://doi.org/10.1016/j.joca.2004.07.007 

Campbell, S. E., Ferguson, V. L., & Hurley, D. C. (2012). Nanomechanical mapping of the 
osteochondral interface with contact resonance force microscopy and nanoindentation. 
Acta Biomaterialia, 8(12), 4389–4396. https://doi.org/10.1016/j.actbio.2012.07.042 

Campo, R. D., & Romano, J. E. (1986). Changes in cartilage proteoglycans associated with 
calcification. Calcified Tissue International, 39(3), 175–184. https://doi.org/ 
10.1007/BF02555115 

Carter, D. R., Hayes, W. C., & Schurman, D. J. (1976). Fatigue life of compact bone-II. 
Effects of microstructure and density. Journal of Biomechanics, 9(4). https://doi. 
org/10.1016/0021-9290(76)90006-3 

Changoor, A., Fereydoonzad, L., Yaroshinsky, A., & Buschmann, M. D. (2010). Effects of 
refrigeration and freezing on the electromechanical and biomechanical properties of 
articular cartilage. Journal of Biomechanical Engineering, 132(6), 1–6. 
https://doi.org/10.1115/1.4000991 

Clark, J. M. (1990). The structure of vascular channels in the subchondral plate. Journal of 
Anatomy, 171, 105–115. http://www.ncbi.nlm.nih.gov/pubmed/2081697 

Clark, J. M., & Huber, J. D. (1990). The structure of the human subchondral plate. The 
Journal of Bone and Joint Surgery. British Volume, 72, 866–873. https://doi.org 
/http://www.bjj.boneandjoint.org.uk/content/72-B/5/866.long 

Conrad, E. U., Ericksen, D. P., Tencer, A. F., Strong, D. M., & Mackenzie, A. P. (1993). 
The effects of freeze-drying and rehydration on cancellous bone. Clinical Orthopaedics 
and Related Research, 290, 279–284. 

Couchourel, D., Aubry, I., Delalandre, A., Lavigne, M., Martel-Pelletier, J., Pelletier, J. P., 
& Lajeunesse, D. (2009). Altered mineralization of human osteoarthritic osteoblasts is 
attributable to abnormal type I collagen production. Arthritis and Rheumatism, 60(5), 
1438–1450. https://doi.org/10.1002/art.24489 

Cox, L. G. E., van Donkelaar, C. C., van Rietbergen, B., Emans, P. J., & Ito, K. (2012). 
Decreased bone tissue mineralization can partly explain subchondral sclerosis observed 
in osteoarthritis. Bone, 50(5), 1152–1161. https://doi.org/10.1016/j.bone.2012.01.024 



 

155 

Czamara, K., Majzner, K., Pacia, M. Z., Kochan, K., Kaczor, A., & Baranska, M. (2015). 
Raman spectroscopy of lipids: A review. Journal of Raman Spectroscopy, 46(1), 4–20. 
https://doi.org/10.1002/jrs.4607 

Das Gupta, S., Finnilä, M. A. J., Karhula, S. S., Kauppinen, S., Joukainen, A., Kröger, H., 
Korhonen, R. K., Thambyah, A., Rieppo, L., & Saarakkala, S. (2020). Raman 
microspectroscopic analysis of the tissue-specific composition of the human 
osteochondral junction in osteoarthritis: A pilot study. Acta Biomaterialia, 106, 145–
155. https://doi.org/10.1016/j.actbio.2020.02.020 

Dedrick, D. K., Goldstein, S. A., Brandt, K. D., O’Connor, B. L., Goulet, R. W., & Albrecht, 
M. (1993). A longitudinal study of subchondral plate and trabecular bone in cruciate‐
deficient dogs with osteoarthritis followed up for 54 months. Arthritis & Rheumatism, 
36(10), 1460–1467. https://doi.org/10.1002/art.1780361019 

Del Fattore, A., Teti, A., & Rucci, N. (2012). Bone cells and the mechanisms of bone 
remodelling. Frontiers in Bioscience (Elite Edition), 4, 2302–2321. https://doi.org 
/10.2741/543 

Delhaye, M., & Dhamelincourt, P. (1975). Raman microprobe and microscope with laser 
excitation. Journal of Raman Spectroscopy, 3, 33–43. 

Deng, B., Wang, F., Yin, L., Chen, C., Guo, L., Chen, H., Gong, X., Li, Y., & Yang, L. 
(2016). Quantitative study on morphology of calcified cartilage zone in OARSI 0∼4 
cartilage from osteoarthritic knees. Current Research in Translational Medicine, 64(3), 
149–154. https://doi.org/10.1016/j.retram.2016.01.009 

Deymier, A. C., Schwartz, A. G., Cai, Z., Daulton, T. L., Pasteris, J. D., Genin, G. M., & 
Thomopoulos, S. (2019). The multiscale structural and mechanical effects of mouse 
supraspinatus muscle unloading on the mature enthesis. Acta Biomaterialia, 83, 302–
313. https://doi.org/10.1016/j.actbio.2018.10.024 

Donell, S. (2019). Subchondral bone remodelling in osteoarthritis. EFORT Open Reviews, 
4(6), 221–229. https://doi.org/10.1302/2058-5241.4.180102 

Donnelly, E., Chen, D. X., Boskey, A. L., Baker, S. P., & Van Der Meulen, M. C. H. (2010). 
Contribution of mineral to bone structural behavior and tissue mechanical properties. 
Calcified Tissue International, 87(5), 450–460. https://doi.org/10.1007/s00223-010-
9404-x 

Doube, M., Firth, E. C., & Boyde, A. (2007). Variations in articular calcified cartilage by 
site and exercise in the 18-month-old equine distal metacarpal condyle. Osteoarthritis 
and Cartilage, 15(11), 1283–1292. https://doi.org/10.1016/j.joca.2007.04.003 

Doube, M., Firth, E. C., Boyde, A., & Bushby, A. J. (2010). Combined nanoindentation 
testing and scanning electron microscopy of bone and articular calcified cartilage in an 
equine fracture predilection site. European Cells and Materials, 19(0), 242–251. 
https://doi.org/10.22203/eCM.v019a23 

Dudhia, J. (2005). Aggrecan, aging and assembly in articular cartilage. Cellular and 
Molecular Life Sciences, 62(19–20), 2241–2256. https://doi.org/10.1007/s00018-005-
5217-x 



 

156 

Ellis, R., Green, E., & Winlove, C. P. (2009). Structural analysis of glycosaminoglycans and 
proteoglycans by means of Raman microspectrometry. Connective Tissue Research, 
50(1), 29–36. https://doi.org/10.1080/03008200802398422 

Eyre, D. (2002). Collagen of articular cartilage. Arthritis Research & Therapy, 4(1), 30–35. 
https://doi.org/10.1186/ar380 

Fahlgren, A., Messner, K., & Aspenberg, P. (2003). Meniscectomy leads to an early increase 
in subchondral bone plate thickness in the rabbit knee. Acta Orthopaedica Scandinavica, 
74(4), 437–441. https://doi.org/10.1080/00016470310017758 

Fan, X., Wu, X., Crawford, R., Xiao, Y., & Prasadam, I. (2021). Macro, Micro, and 
Molecular. Changes of the Osteochondral Interface in Osteoarthritis Development. 
Frontiers in Cell and Developmental Biology, 9(May), 1–17. https://doi. 
org/10.3389/fcell.2021.659654 

Fawagreh, K., Gaber, M. M., & Elyan, E. (2014). Random forests: From early developments 
to recent advancements. Systems Science and Control Engineering, 2(1), 602–609. 
https://doi.org/10.1080/21642583.2014.956265 

Fawns, H. T., & Landells, J. W. (1953). Histochemical studies of rheumatic conditions. I. 
Observations on the fine structures of the matrix of normal bone and cartilage. Annals 
of the Rheumatic Diseases, 12(2), 105–113. https://doi.org/10.1136/ard.12.2.105 

Felson, D. T., Naimark, A., Anderson, J., Kazis, L., Castelli, W., & Meenan, R. F. (1987). 
The prevalence of knee osteoarthritis in the elderly. the framingham osteoarthritis study. 
Arthritis & Rheumatism, 30(8), 914–918. https://doi.org/https://doi.org/10.1002 
/art.1780300811 

Ferguson, V., Bushby, A. J., & Boyde, A. (2003). Nanomechanical properties and mineral 
concentration in articular calcified cartilage and subchondral bone. Journal of Anatomy, 
203(2), 191–202. https://doi.org/10.1046/j.1469-7580.2003.00193.x 

Ferguson, V. L., Bushby, A. J., Firth, E. C., Howell, P. G. T., & Boyde, A. (2008). Exercise 
does not affect stiffness and mineralisation of third metacarpal condylar subarticular 
calcified tissues in 2 year old thoroughbred racehorses. European Cells and Materials, 
16, 40–46. https://doi.org/10.22203/eCM.v016a05 

Ferguson, V. L., & Paietta, R. C. (2013). The Bone–Cartilage Interface. In S. Thomopoulos, 
V. Birman, & G. M. Genin (Eds.), Structural Interfaces and Attachments in Biology 
(Vol. 9781461433, pp. 91–118). Springer New York. https://doi.org/10.1007/978-1-
4614-3317-0_5 

Fiedler, I. A. K., Casanova, M., Keplinger, T., & Busse, B. (2018). Effect of short-term 
formaldehyde fixation on Raman spectral parameters of bone quality. Journal of 
Biomedical Optics, 23(11), 1. https://doi.org/10.1117/1.jbo.23.11.116504 

Findlay, D. M., & Atkins, G. J. (2014). Osteoblast-chondrocyte interactions in osteoarthritis. 
Current Osteoporosis Reports, 12(1), 127–134. https://doi.org/10.1007/s11914-014-
0192-5 



 

157 

Finnilä, M. A. J., Thevenot, J., Aho, O.-M., Tiitu, V., Rautiainen, J., Kauppinen, S., 
Nieminen, M. T., Pritzker, K., Valkealahti, M., Lehenkari, P., & Saarakkala, S. (2017). 
Association between subchondral bone structure and osteoarthritis histopathological 
grade. Journal of Orthopaedic Research, 35(4), 785–792. https://doi.org/10.1002/ 
jor.23312 

Florea, C., Malo, M. K. H., Rautiainen, J., Mäkelä, J. T. A., Fick, J. M., Nieminen, M. T., 
Jurvelin, J. S., Davidescu, A., & Korhonen, R. K. (2015). Alterations in subchondral 
bone plate, trabecular bone and articular cartilage properties of rabbit femoral condyles 
at 4 weeks after anterior cruciate ligament transection. Osteoarthritis and Cartilage, 
23(3), 414–422. https://doi.org/10.1016/j.joca.2014.11.023 

Fratzl, P., Groschner, M., Vogl, G., Plenk, H., Eschberger, J., Fratzl‐Zelman, N., Koller, K., 
& Klaushofer, K. (1992). Mineral crystals in calcified tissues: A comparative study by 
SAXS. Journal of Bone and Mineral Research, 7(3), 329–334. https://doi.org/10.1002/ 
jbmr.5650070313 

Fratzl, P., Gupta, H. S., Paschalis, E. P., & Roschger, P. (2004). Structure and mechanical 
quality of the collagen-mineral nano-composite in bone. Journal of Materials 
Chemistry, 14(14), 2115–2123. https://doi.org/10.1039/b402005g 

Fratzl, P., Schreiber, S., & Boyde, A. (1996a). Characterization of bone mineral crystals in 
horse radius by small-angle X-ray scattering. Calcified Tissue International, 58(5), 
341–346. https://doi.org/10.1007/bf02509383 

Fratzl, P., Schreiber, S., & Klaushofer, K. (1996b). Bone Mineralization as Studied by 
Small-Angle X-Ray Scattering. Connective Tissue Research, 34(4), 247–254. 
https://doi.org/10.3109/03008209609005268 

Gamsjaeger, S., Brozek, W., Recker, R., Klaushofer, K., & Paschalis, E. P. (2014a). 
Transmenopausal changes in trabecular bone quality. Journal of Bone and Mineral 
Research, 29(3), 608–617. https://doi.org/10.1002/jbmr.2073 

Gamsjaeger, S., Klaushofer, K., & Paschalis, E. P. (2014b). Raman analysis of proteoglycans 
simultaneously in bone and cartilage. Journal of Raman Spectroscopy, 45(9), 794–800. 
https://doi.org/10.1002/jrs.4552 

Gamsjaeger, S., Masic, A., Roschger, P., Kazanci, M., Dunlop, J. W. C., Klaushofer, K., 
Paschalis, E. P., & Fratzl, P. (2010). Cortical bone composition and orientation as a 
function of animal and tissue age in mice by Raman spectroscopy. Bone, 47(2), 392–
399. https://doi.org/10.1016/j.bone.2010.04.608 

Gamsjaeger, S., Mendelsohn, R., Boskey, A. L., Gourion-Arsiquaud, S., Klaushofer, K., & 
Paschalis, E. P. (2014c). Vibrational spectroscopic imaging for the evaluation of matrix 
and mineral chemistry. Current Osteoporosis Reports, 12(4), 454–464. 
https://doi.org/10.1007/s11914-014-0238-8 

Garstang, S. V., & Stitik, T. P. (2006). Osteoarthritis. American Journal of Physical 
Medicine & Rehabilitation, 85(Supplement), S2–S11. https://doi.org/10.1097/01. 
phm.0000245568.69434.1a 



 

158 

Goldberg, M., & Boskey, A. L. (1996). Lipids and biomineralizations. In Progress in 
Histochemistry and Cytochemistry (Vol. 31, Issue 2). Gustav Fischer 
Verlag · Stuttgart · Jena · Lübeck · Ulm. https://doi.org/10.1016/S0079-6336(96) 
80011-8 

Goldring, M. B., & Goldring, S. R. (2010). Articular cartilage and subchondral bone in the 
pathogenesis of osteoarthritis. Annals of the New York Academy of Sciences, 1192, 230–
237. https://doi.org/10.1111/j.1749-6632.2009.05240.x 

Goldring, S. R. (2012). Alterations in periarticular bone and cross talk between subchondral 
bone and articular cartilage in osteoarthritis. Therapeutic Advances in Musculoskeletal 
Disease, 4(4), 249–258. https://doi.org/10.1177/1759720X12437353 

Goldring, S. R., & Goldring, M. B. (2016). Changes in the osteochondral unit during 
osteoarthritis: Structure, function and cartilage bone crosstalk. Nature Reviews 
Rheumatology, 12(11), 632–644. https://doi.org/Changes in the osteochondral unit 
during osteoarthritis: Structure, function and cartilage bone crosstalk 

Goodyear, S. R., Gibson, I. R., Skakle, J. M. S., Wells, R. P. K., & Aspden, R. M. (2009). A 
comparison of cortical and trabecular bone from C57 Black 6 mice using Raman 
spectroscopy. Bone, 44(5), 899–907. https://doi.org/10.1016/j.bone.2009.01.008 

Gourion-Arsiquaud, S., Burket, J. C., Havill, L. M., DiCarlo, E., Doty, S. B., Mendelsohn, 
R., Van Der Meulen, M. C. H., & Boskey, A. L. (2009). Spatial variation in osteonal 
bone properties relative to tissue and animal age. Journal of Bone and Mineral Research, 
24(7), 1271–1281. https://doi.org/10.1359/jbmr.090201 

Green, W. T., Martin, G. N., Eanes, E. D., & Sokoloff, L. (1970). Microradiographic study 
of the calcified layer of articular cartilage. Archives of Pathology, 90(2), 151–158. 
http://www.ncbi.nlm.nih.gov/pubmed/5433599 

Gualeni, B., de Vernejoul, M. C., Marty-Morieux, C., De Leonardis, F., Franchi, M., Monti, 
L., Forlino, A., Houillier, P., Rossi, A., & Geoffroy, V. (2013). Alteration of 
proteoglycan sulfation affects bone growth and remodeling. Bone, 54(1), 83–91. 
https://doi.org/10.1016/j.bone.2013.01.036 

Gupta, H. S., Schratter, S., Tesch, W., Roschger, P., Berzlanovich, A., Schoeberl, T., 
Klaushofer, K., & Fratzl, P. (2005). Two different correlations between nanoindentation 
modulus and mineral content in the bone–cartilage interface. Journal of Structural 
Biology, 149(2), 138–148. https://doi.org/10.1016/j.jsb.2004.10.010 

Han, L., Grodzinsky, A. J., & Ortiz, C. (2011). Nanomechanics of the Cartilage Extracellular 
Matrix. Annual Review of Materials Research, 41(1), 133–168. https://doi.org/10.1146/ 
annurev-matsci-062910-100431 

Hargrave-Thomas, E. J., Thambyah, A., Mcglashan, S. R., & Broom, N. D. (2013). The 
bovine patella as a model of early osteoarthritis. Journal of Anatomy, 223(6), 651–664. 
https://doi.org/10.1111/joa.12115 

Hargrave-Thomas, E., van Sloun, F., Dickinson, M., Broom, N., & Thambyah, A. (2015). 
Multi-scalar mechanical testing of the calcified cartilage and subchondral bone 
comparing healthy vs early degenerative states. Osteoarthritis and Cartilage, 23(10), 
1755–1762. https://doi.org/10.1016/j.joca.2015.05.012 



 

159 

Hargrave‐Thomas, E. J., & Thambyah, A. (2021). The micro and ultrastructural anatomy of 
bone spicules found in the osteochondral junction of bovine patellae with early joint 
degeneration. Journal of Anatomy, April, joa.13518. https://doi.org/10.1111/joa.13518 

Hartigan, J. A., & Wong, M. A. (1979). Algorithm AS 136: A K-Means Clustering 
Algorithm. Applied Statistics, 28(1), 100. https://doi.org/10.2307/2346830 

Hashimoto, K., Badarla, V. R., Kawai, A., & Ideguchi, T. (2019). Complementary 
vibrational spectroscopy. Nature Communications, 10(1), 1–6. https://doi.org/10.1038/ 
s41467-019-12442-9 

Hattner, R., EPKER, B. N., & FROST, H. M. (1965). Suggested Sequential Mode of Control 
of Changes in Cell Behaviour in Adult Bone Remodelling. Nature, 206(4983), 489–490. 
https://doi.org/10.1038/206489a0 

Havelka, S., Horn, V., Spohrova, D., & Valouch, P. (1984). The calcified-noncalcified 
cartilage interface: The Tidemark. Acta Biologica Hungarica, 35(2–4), 271–279. 

Heliövaara, M., Slätis, P., & Paavolainen, P. (2008). Nivelrikon esiintyvyys ja kustannukset. 
Duodeccim 124, 16, 1869–1874. 

Huang, R. Y., Miller, L. M., Carlson, C. S., & Chance, M. R. (2002). Characterization of 
bone mineral composition in the proximal tibia of cynomolgus monkeys: Effect of 
ovariectomy and nandrolone decanoate treatment. Bone, 30(3), 492–497. 
https://doi.org/10.1016/S8756-3282(01)00691-3 

Hung, S. C., Nakamura, K., Shiro, R., Tanaka, K., Kawahara, H., & Kurokawa, T. (1997). 
Effects of continuous distraction on cartilage in a moving joint: An investigation on 
adult rabbits. Journal of Orthopaedic Research, 15(3), 381–390. https://doi.org/ 
10.1002/jor.1100150310 

Hunter, D. J., & Bierma-Zeinstra, S. (2019). Osteoarthritis. The Lancet, 393(10182), 1745–
1759. https://doi.org/10.1016/S0140-6736(19)30417-9 

Hunter, D. J., Schofield, D., & Callander, E. (2014). The individual and socioeconomic 
impact of osteoarthritis. Nature Reviews Rheumatology, 10(7), 437–441. 
https://doi.org/10.1038/nrrheum.2014.44 

Hunziker, E. B., Quinn, T. M., & Häuselmann, H. J. (2002). Quantitative structural 
organization of normal adult human articular cartilage. Osteoarthritis and Cartilage, 
10(7), 564–572. https://doi.org/10.1053/joca.2002.0814 

Hwang, J., Bae, W. C., Shieu, W., Lewis, C. W., Bugbee, W. D., & Sah, R. L. (2008). 
Increased hydraulic conductance of human articular cartilage and subchondral bone 
plate with progression of osteoarthritis. Arthritis & Rheumatism, 58(12), 3831–3842. 
https://doi.org/10.1002/art.24069 

Hwang, J., Kyubwa, E. M., Bae, W. C., Bugbee, W. D., Masuda, K., & Sah, R. L. (2010). 
In vitro calcification of immature bovine articular cartilage: Formation of a functional 
zone of calcified cartilage. Cartilage, 1(4), 287–297. https://doi.org/10.1177/ 
1947603510369552 



 

160 

Iijima, H., Aoyama, T., Tajino, J., Ito, A., Nagai, M., Yamaguchi, S., Zhang, X., Kiyan, W., 
& Kuroki, H. (2016). Subchondral plate porosity colocalizes with the point of 
mechanical load during ambulation in a rat knee model of post-traumatic osteoarthritis. 
Osteoarthritis and Cartilage, 24(2), 354–363. https://doi.org/10.1016/j.joca. 
2015.09.001 

Isaksson, H., Turunen, M. J., Rieppo, L., Saarakkala, S., Tamminen, I. S., Rieppo, J., Kröger, 
H., & Jurvelin, J. S. (2010). Infrared spectroscopy indicates altered bone turnover and 
remodeling activity in renal osteodystrophy. Journal of Bone and Mineral Research, 
25(6), 1360–1366. https://doi.org/10.1002/jbmr.10 

Joe H. Ward, J. (1963). Hierarchical Grouping to Optimize an Objective Function. Journal 
of the American Statistical Association, 58(301), 235–244. 

Jordan, J. M., Helmick, C. G., Renner, J. B., Luta, G., Dragomir, A. D., Woodard, J., Fang, 
F., Schwartz, T. A., Nelson, A. E., Abbate, L. M., Callahan, L. F., Kalsbeek, W. D., & 
Hochberg, M. C. (2009). Prevalence of hip symptoms and radiographic and 
symptomatic hip osteoarthritis in African Americans and Caucasians: The Johnston 
County osteoarthritis project. Journal of Rheumatology, 36(4), 809–815. 
https://doi.org/10.3899/jrheum.080677 

Kaabar, W., Gundogdu, O., Laklouk, A., Bunk, O., Pfeiffer, F., Farquharson, M. J., & 
Bradley, D. A. (2010). μ-PIXE and SAXS studies at the bone-cartilage interface. 
Applied Radiation and Isotopes, 68(4–5), 730–734. https://doi.org/10.1016/j. 
apradiso.2009.09.038 

Katz, J. L. (1971). Hard tissue as a composite material-I. Bounds on the elastic behavior. 
Journal of Biomechanics, 4(5), 455–473. https://doi.org/10.1016/0021-9290(71)90064-
9 

Katz, J. N., Arant, K. R., & Loeser, R. F. (2021). Diagnosis and Treatment of Hip and Knee 
Osteoarthritis: A Review. JAMA - Journal of the American Medical Association, 325(6), 
568–578. https://doi.org/10.1001/jama.2020.22171 

Kauppinen, S., Karhula, S. S., Thevenot, J., Ylitalo, T., Rieppo, L., Kestilä, I., Haapea, M., 
Hadjab, I., Finnilä, M. A., Quenneville, E., Garon, M., Gahunia, H. K., Pritzker, K. P. 
H., Buschmann, M. D., Saarakkala, S., & Nieminen, H. J. (2019). 3D morphometric 
analysis of calcified cartilage properties using micro-computed tomography. 
Osteoarthritis and Cartilage, 27(1), 172–180. https://doi.org/10.1016/j. 
joca.2018.09.009 

Kazakia, G. J., Kuo, D., Schooler, J., Siddiqui, S., Shanbhag, S., Bernstein, G., Horvai, A., 
Majumdar, S., Ries, M., & Li, X. (2013). Bone and cartilage demonstrate changes 
localized to bone marrow edema-like lesions within osteoarthritic knees. Osteoarthritis 
and Cartilage, 21(1), 94–101. https://doi.org/10.1016/j.joca.2012.09.008 

Kazanci, M., Roschger, P., Paschalis, E. P., Klaushofer, K., & Fratzl, P. (2006). Bone 
osteonal tissues by Raman spectral mapping: Orientation-composition. Journal of 
Structural Biology, 156(3), 489–496. https://doi.org/10.1016/j.jsb.2006.06.011 

Kenkre, J. S., & Bassett, J. H. D. (2018). The bone remodelling cycle. Annals of Clinical 
Biochemistry, 55(3), 308–327. https://doi.org/10.1177/0004563218759371 



 

161 

Khanarian, N. T. N. T., Boushell, M. K. M. K., Spalazzi, J. P. J. P., Pleshko, N., Boskey, A. 
L. A. L., & Lu, H. H. H. (2014). FTIR-I compositional mapping of the cartilage-to-bone 
interface as a function of tissue region and age. Journal of Bone and Mineral Research, 
29(12), 2643–2652. https://doi.org/10.1002/jbmr.2284 

Kirsch, T. (2006). Determinants of pathological mineralization. Current Opinion in 
Rheumatology, 18(2), 174–180. https://doi.org/10.1097/01.bor.0000209431.59226.46 

Ko, F. C., Dragomir, C. L., Plumb, D. A., Hsia, A. W., Adebayo, O. O., Goldring, S. R., 
Wright, T. M., Goldring, M. B., & van der Meulen, M. C. H. (2016). Progressive cell-
mediated changes in articular cartilage and bone in mice are initiated by a single session 
of controlled cyclic compressive loading. Journal of Orthopaedic Research, 34(11), 
1941–1949. https://doi.org/10.1002/jor.23204 

Ko, F. C., Dragomir, C., Plumb, D. A., Goldring, S. R., Wright, T. M., Goldring, M. B., & 
Van Der Meulen, M. C. H. (2013). In vivo cyclic compression causes cartilage 
degeneration and subchondral bone changes in mouse tibiae. Arthritis and Rheumatism, 
65(6), 1569–1578. https://doi.org/10.1002/art.37906 

Kobrina, Y., Turunen, M. J., Saarakkala, S., Jurvelin, J. S., Hauta-Kasari, M., & Isaksson, 
H. (2010). Cluster analysis of infrared spectra of rabbit cortical bone samples during 
maturation and growth. The Analyst, 135(12), 3147–3155. https://doi.org/ 
10.1039/c0an00500b 

Kraus, V. B., Blanco, F. J., Englund, M., Karsdal, M. A., & Lohmander, L. S. (2015). Call 
for standardized definitions of osteoarthritis and risk stratification for clinical trials and 
clinical use. Osteoarthritis and Cartilage, 23(8), 1233–1241. https://doi.org/10.1016/ 
j.joca.2015.03.036 

Kumar, D., Manal, K. T., & Rudolph, K. S. (2013). Knee joint loading during gait in healthy 
controls and individuals with knee osteoarthritis. Osteoarthritis and Cartilage, 21(2), 
298–305. https://doi.org/10.1016/j.joca.2012.11.008 

Kumarasinghe, D. D., Perilli, E., Tsangari, H., Truong, L., Kuliwaba, J. S., Hopwood, B., 
Atkins, G. J., & Fazzalari, N. L. (2010). Critical molecular regulators, 
histomorphometric indices and their correlations in the trabecular bone in primary hip 
osteoarthritis. Osteoarthritis and Cartilage, 18(10), 1337–1344. https://doi.org/10. 
1016/j.joca.2010.07.005 

Kuncheva, L. I., & Whitaker, C. J. (2003). Measures of Diversity in Classifier Ensembles 
and Their Relationship with the Ensemble Accuracy. Machine Learning, 51(2), 181–
207. https://doi.org/10.1023/A:1022859003006 

Kunstar, A., Leijten, J., van Leuveren, S., Hilderink, J., Otto, C., van Blitterswijk, C. A., 
Karperien, M., & van Apeldoorn, A. A. (2012). Recognizing different tissues in human 
fetal femur cartilage by label-free Raman microspectroscopy. Journal of Biomedical 
Optics, 17(11), 116012. https://doi.org/10.1117/1.jbo.17.11.116012 

Kuroki, K., Cook, C. R., & Cook, J. L. (2011). Subchondral bone changes in three different 
canine models of osteoarthritis. Osteoarthritis and Cartilage, 19(9), 1142–1149. 
https://doi.org/10.1016/j.joca.2011.06.007 



 

162 

Landis, W. J., Moradian-Oldak, J., & Weiner, S. (1991). Topographic imaging of mineral 
and collagen in the calcifying Turkey tendon. Connective Tissue Research, 25(3–4), 
181–196. https://doi.org/10.3109/03008209109029155 

Landis, W. J., Paine, M. C., & Glimcher, M. J. (1977). Electron microscopic observations 
of bone tissue prepared anhydrously in organic solvents. Journal of Ultrasructure 
Research, 59(1), 1–30. https://doi.org/10.1016/S0022-5320(77)80025-7 

Lane, J. M., & Weiss, C. (1975). Review of articular cartilage collagen research. Arthritis & 
Rheumatism, 18(6), 553–562. https://doi.org/10.1002/art.1780180605 

Lane, L. B., & Bullough, P. G. (1980). Age-related changes in the thickness of the calcified 
zone and the number of tidemarks in adult human articular cartilage. Journal of Bone 
and Joint Surgery - Series B, 62(3), 372–375. 

Langdahl, B., Ferrari, S., & Dempster, D. W. (2016). Bone modeling and remodeling: 
potential as therapeutic targets for the treatment of osteoporosis. Therapeutic Advances 
in Musculoskeletal Disease, 8(6), 225–235. https://doi.org/10.1177/ 
1759720X16670154 

Lee, Y. R., Findlay, D. M., Muratovic, D., Gill, T. K., & Kuliwaba, J. S. (2020). Raman 
microspectroscopy demonstrates reduced mineralization of subchondral bone marrow 
lesions in knee osteoarthritis patients. Bone Reports, 12(February). https://doi.org/ 
10.1016/j.bonr.2020.100269 

Leifer, V. P., Katz, J. N., & Losina, E. (2021). The burden of OA-health services and 
economics. Osteoarthritis and Cartilage, xxxx. https://doi.org/10.1016/j.joca. 
2021.05.007 

Lemperg, R. (1971). The subchondral bone plate of the femoral head in adult rabbits. 
Virchows Archiv A, 352(1), 1–13. https://doi.org/10.1007/BF00549758 

Leroy, G., Penel, G., Leroy, N., & Brès, E. (2002). Human tooth enamel: A Raman polarized 
approach. Applied Spectroscopy, 56(8), 1030–1034. https://doi.org/10.1366/ 
000370202760249765 

Li, B., & Aspden, R. M. (1997). Mechanical and material properties of the subchondral bone 
plate from the femoral head of patients with osteoarthritis or osteoporosis. Annals of the 
Rheumatic Diseases, 56(4), 247 LP – 254. https://doi.org/10.1136/ard.56.4.247 

Linde, F., & Sørensen, H. C. F. (1993). The effect of different storage methods on the 
mechanical properties of trabecular bone. Journal of Biomechanics, 26(10), 1249–1252. 
https://doi.org/10.1016/0021-9290(93)90072-M 

Loeser, R. F., Goldring, S. R., Scanzello, C. R., & Goldring, M. B. (2012). Osteoarthritis: A 
disease of the joint as an organ. Arthritis & Rheumatism, 64(6), 1697–1707. 
https://doi.org/10.1002/art.34453 

Long, D. A. (2002). The Raman Effect. In West Sussex, England: John Wiley & Sons Ltd 
(Vol. 8). John Wiley & Sons, Ltd. https://doi.org/10.1002/0470845767 

Lorenzo, P., Bayliss, M. T., & Heinegård, D. (2004). Altered patterns and synthesis of 
extracellular matrix macromolecules in early osteoarthritis. Matrix Biology, 23(6), 381–
391. https://doi.org/10.1016/j.matbio.2004.07.007 

Lories, R. J., & Luyten, F. P. (2011). The bone-cartilage unit in osteoarthritis. Nature 
Reviews Rheumatology, 7(1), 43–49. https://doi.org/10.1038/nrrheum.2010.197 



 

163 

Lovell, T. P., & Eyre, D. R. (1988). Unique biochemical characteristics of the calcified zone 
of articular cartilage. Trans. Orthop. Res. Soc, 13, 511. 

Lutz-Bueno, V., Arboleda, C., Leu, L., Blunt, M. J., Busch, A., Georgiadis, A., Bertier, P., 
Schmatz, J., Varga, Z., Villanueva-Perez, P., Wang, Z., Lebugle, M., David, C., 
Stampanoni, M., Diaz, A., Guizar-Sicairos, M., & Menzel, A. (2018). Model-free 
classification of X-ray scattering signals applied to image segmentation. Journal of 
Applied Crystallography, 51(5), 1378–1386. https://doi.org/10.1107/ 
S1600576718011032 

Mackie, E. J., Ahmed, Y. A., Tatarczuch, L., Chen, K. S., & Mirams, M. (2008). 
Endochondral ossification: How cartilage is converted into bone in the developing 
skeleton. International Journal of Biochemistry and Cell Biology, 40(1), 46–62. 
https://doi.org/10.1016/j.biocel.2007.06.009 

Maghsoudi-Ganjeh, M., Wang, X., & Zeng, X. (2020). Nanomechanics and Ultrastructure 
of Bone: A Review. Computer Modeling in Engineering & Sciences, 125(1), 1–32. 
https://doi.org/10.32604/cmes.2020.012123 

Mandair, G. S., & Morris, M. D. (2015). Contributions of Raman spectroscopy to the 
understanding of bone strength. BoneKEy Reports, 4(August 2014), 1–8. 
https://doi.org/10.1038/bonekey.2014.115 

Mansfield, J. C., & Peter Winlove, C. (2012). A multi-modal multiphoton investigation of 
microstructure in the deep zone and calcified cartilage. Journal of Anatomy, 220(4), 
405–416. https://doi.org/10.1111/j.1469-7580.2012.01479.x 

Mansfield, J. C., & Winlove, C. P. (2017). Lipid distribution, composition and uptake in 
bovine articular cartilage studied using Raman micro-spectrometry and confocal 
microscopy. Journal of Anatomy, 231(1), 156–166. https://doi.org/10.1111/joa.12624 

Mapp, P. I., & Walsh, D. A. (2012). Mechanisms and targets of angiogenesis and nerve 
growth in osteoarthritis. Nature Reviews Rheumatology, 8(7), 390–398. 
https://doi.org/10.1038/nrrheum.2012.80 

Martin, J. A., & Buckwalter, J. A. (2002). Aging, articular cartilage chondrocyte senescence 
and osteoarthritis. Biogerontology, 3(5), 257–264. https://doi.org/10.1023/ 
A:1020185404126 

Mazur, C. M., Woo, J. J., Yee, C. S., Fields, A. J., Acevedo, C., Bailey, K. N., Kaya, S., 
Fowler, T. W., Lotz, J. C., Dang, A., Kuo, A. C., Vail, T. P., & Alliston, T. (2019). 
Osteocyte dysfunction promotes osteoarthritis through MMP13-dependent suppression 
of subchondral bone homeostasis. Bone Research, 7(1), 1–17. https://doi.org/10.1038/ 
s41413-019-0070-y 

McCreadie, B. R., Morris, M. D., Chen, T. ching, Sudhaker Rao, D., Finney, W. F., Widjaja, 
E., & Goldstein, S. A. (2006). Bone tissue compositional differences in women with 
and without osteoporotic fracture. Bone, 39(6), 1190–1195. https://doi.org/10. 
1016/j.bone.2006.06.008 

McElderry, J.-D. P., Kole, M. R., & Morris, M. D. (2011). Repeated freeze-thawing of bone 
tissue affects Raman bone quality measurements. Journal of Biomedical Optics, 16(7), 
071407. https://doi.org/10.1117/1.3574525 



 

164 

Mente, P. L., & Lewis, J. L. (1994). Elastic modulus of calcified cartilage is an order of 
magnitude less than that of subchondral bone. Journal of Orthopaedic Research, 12(5), 
637–647. https://doi.org/10.1002/jor.1100120506 

Mobasheri, A., Saarakkala, S., Finnilä, M., Karsdal, M. A., Bay-Jensen, A.-C., & van Spil, 
W. E. (2019). Recent advances in understanding the phenotypes of osteoarthritis. 
F1000Research, 8, 2091. https://doi.org/10.12688/f1000research.20575.1 

Mochida, Y., Parisuthiman, D., Pornprasertsuk-Damrongsri, S., Atsawasuwan, P., 
Sricholpech, M., Boskey, A. L., & Yamauchi, M. (2009). Decorin modulates collagen 
matrix assembly and mineralization. Matrix Biology, 28(1), 44–52. https://doi.org/ 
10.1016/j.matbio.2008.11.003 

Moger, C. J. J., Barrett, R., Bleuet, P., Bradley, D. A. A., Ellis, R. E. E., Green, E. M. M., 
Knapp, K. M. M., Muthuvelu, P., & Winlove, C. P. P. (2007). Regional variations of 
collagen orientation in normal and diseased articular cartilage and subchondral bone 
determined using small angle X-ray scattering (SAXS). Osteoarthritis and Cartilage, 
15(6), 682–687. https://doi.org/10.1016/j.joca.2006.12.006 

Moisio, K., Chang, A., Eckstein, F., Chmiel, J. S., Wirth, W., Almagor, O., Prasad, P., Cahue, 
S., Kothari, A., & Sharma, L. (2011). Varus-valgus alignment reduced risk of 
subsequent cartilage loss in the less loaded compartment. Arthritis and Rheumatism, 
63(4), 1002–1009. https://doi.org/10.1002/art.30216 

Mora-Macías, J., Pajares, A., Miranda, P., Domínguez, J., & Reina-Romo, E. (2017). 
Mechanical characterization via nanoindentation of the woven bone developed during 
bone transport. Journal of the Mechanical Behavior of Biomedical Materials, 
74(February), 236–244. https://doi.org/10.1016/j.jmbbm.2017.05.031 

Morris, M. D., & Mandair, G. S. (2011). Raman Assessment of Bone Quality. Clinical 
Orthopaedics & Related Research, 469(8), 2160–2169. https://doi.org/10.1007/s11999-
010-1692-y 

Mosca, S., Conti, C., Stone, N., & Matousek, P. (2021). Spatially offset Raman spectroscopy. 
Nature Reviews Methods Primers, 1(1), 21. https://doi.org/10.1038/s43586-021-00019-
0 

Mow, V. C., Ratcliffe, A., & Robin Poole, A. (1992). Cartilage and diarthrodial joints as 
paradigms for hierarchical materials and structures. Biomaterials, 13(2), 67–97. 
https://doi.org/10.1016/0142-9612(92)90001-5 

Müller-Gerbl, M., Schulte, E., & Putz, R. (1987). The thickness of the calcified layer of 
articular cartilage: a function of the load supported? Journal of Anatomy, 154, 103–111. 
http://www.ncbi.nlm.nih.gov/pubmed/3446655%0A 

Murshed, M., Harmey, D., Millán, J. L., McKee, M. D., & Karsenty, G. (2005). Unique 
coexpression in osteoblasts of broadly expressed genes accounts for the spatial 
restriction of ECM mineralization to bone. Genes and Development, 19(9), 1093–1104. 
https://doi.org/10.1101/gad.1276205 

Nakamoto, K., & Brown, C. W. (1994). Introductory Raman Spectroscopy. In Introductory 
Raman Spectroscopy. Elsevier. https://doi.org/10.1016/C2009-0-21238-4 



 

165 

Nielsen, A. W., Klose-Jensen, R., Hartlev, L. B., Boel, L. W. T., Thomsen, J. S., Keller, K. 
K., & Hauge, E. M. (2019). Age-related histological changes in calcified cartilage and 
subchondral bone in femoral heads from healthy humans. Bone, 129(April), 115037. 
https://doi.org/10.1016/j.bone.2019.115037 

O’Connor, K. M. (1997). Unweighting accelerates tidemark advancement in articular 
cartilage at the knee joint of rats. Journal of Bone and Mineral Research, 12(4), 580–
589. https://doi.org/10.1359/jbmr.1997.12.4.580 

Ó Faoláin, E., Hunter, M. B., Byrne, J. M., Kelehan, P., McNamara, M., Byrne, H. J., & 
Lyng, F. M. (2005). A study examining the effects of tissue processing on human tissue 
sections using vibrational spectroscopy. Vibrational Spectroscopy, 38(1–2), 121–127. 
https://doi.org/10.1016/j.vibspec.2005.02.013 

Oegema, T. R., Carpenter, R. J., Hofmeister, F., & Thompson, R. C. (1997). The interaction 
of the zone of calcified cartilage and subchondral bone in osteoarthritis. Microscopy 
Research and Technique, 37(4), 324–332.  

Oláh, T., Reinhard, J., Gao, L., Haberkamp, S., Goebel, L. K. H., Cucchiarini, M., & Madry, 
H. (2019). Topographic modeling of early human osteoarthritis in sheep. Science 
Translational Medicine, 11(508), 1–13. https://doi.org/10.1126/scitranslmed.aax6775 

Ono, N., Balani, D. H., & Kronenberg, H. M. (2019). Stem and progenitor cells in skeletal 
development. In Current Topics in Developmental Biology (1st ed., Vol. 133). Elsevier 
Inc. https://doi.org/10.1016/bs.ctdb.2019.01.006 

Outerbridge, R. E. (1961). THE ETIOLOGY OF CHONDROMALACIA PATELLAE. The 
Journal of Bone and Joint Surgery. British Volume, 43-B(4), 752–757. https://doi.org/ 
10.1302/0301-620X.43B4.752 

Owen, R., & Reilly, G. C. (2018). In vitro models of bone remodelling and associated 
disorders. Frontiers in Bioengineering and Biotechnology, 6(OCT), 1–22. 
https://doi.org/10.3389/fbioe.2018.00134 

Oyen, M. L., Ferguson, V. L., Bembey, A. K., Bushby, A. J., & Boyde, A. (2008). Composite 
bounds on the elastic modulus of bone. Journal of Biomechanics, 41(11), 2585–2588. 
https://doi.org/10.1016/j.jbiomech.2008.05.018 

Pabisch, S., Wagermaier, W., Zander, T., Li, C., & Fratzl, P. (2013). Imaging the 
Nanostructure of Bone and Dentin Through Small- and Wide-Angle X-Ray Scattering. 
In Methods in Enzymology (1st ed., Vol. 532, pp. 391–413). Elsevier Inc. 
https://doi.org/10.1016/B978-0-12-416617-2.00018-7 

Parfitt, A. M. (1994). Osteonal and hemi‐osteonal remodeling: The spatial and temporal 
framework for signal traffic in adult human bone. Journal of Cellular Biochemistry, 
55(3), 273–286. https://doi.org/10.1002/jcb.240550303 

Paschalis, E. P., Betts, F., DiCarlo, E., Mendelsohn, R., & Boskey, A. L. (1997). FTIR 
microspectroscopic analysis of normal human cortical and trabecular bone. Calcified 
Tissue International, 61(6), 480–486. https://doi.org/10.1007/s002239900371 

Paschalis, E. P., Gamsjaeger, S., & Klaushofer, K. (2017). Vibrational spectroscopic 
techniques to assess bone quality. Osteoporosis International, 28(8), 2275–2291. 
https://doi.org/10.1007/s00198-017-4019-y 



 

166 

Pauw, B. R. (2014). Erratum: Everything SAXS: Small-angle scattering pattern collection 
and correction (Journal of Physics Condensed Matter (2013) 25 (383201)). Journal of 
Physics Condensed Matter, 26(23). https://doi.org/10.1088/0953-8984/26/23/239501 

Penel, G., Delfosse, C., Descamps, M., & Leroy, G. (2005). Composition of bone and 
apatitic biomaterials as revealed by intravital Raman microspectroscopy. Bone, 36(5), 
893–901. https://doi.org/10.1016/j.bone.2005.02.012 

Poundarik, A. A., Boskey, A., Gundberg, C., & Vashishth, D. (2018). Biomolecular 
regulation, composition and nanoarchitecture of bone mineral. Scientific Reports, 8(1), 
1–8. https://doi.org/10.1038/s41598-018-19253-w 

Pouran, B., Arbabi, V., Bleys, R. L., René van Weeren, P., Zadpoor, A. A., & Weinans, H. 
(2017). Solute transport at the interface of cartilage and subchondral bone plate: Effect 
of micro-architecture. Journal of Biomechanics, 52, 148–154. https://doi.org/ 
10.1016/j.jbiomech.2016.12.025 

Pragnère, S., Boulocher, C., Pollet, O., Bosser, C., Levillain, A., Cruel, M., & Hoc, T. (2018). 
Mechanical alterations of the bone-cartilage unit in a rabbit model of early 
osteoarthrosis. Journal of the Mechanical Behavior of Biomedical Materials, 
83(March), 1–8. https://doi.org/10.1016/j.jmbbm.2018.03.033 

Prieto-Alhambra, D., Judge, A., Javaid, M. K., Cooper, C., Diez-Perez, A., & Arden, N. K. 
(2014). Incidence and risk factors for clinically diagnosed knee, hip and hand 
osteoarthritis: Influences of age, gender and osteoarthritis affecting other joints. Annals 
of the Rheumatic Diseases, 73(9), 1659–1664. https://doi.org/10.1136/annrheumdis-
2013-203355 

Pritzker, K. P. H., Gay, S., Jimenez, S. A., Ostergaard, K., Pelletier, J.-P., Revell, P. A., 
Salter, D., & van den Berg, W. B. (2006). Osteoarthritis cartilage histopathology: 
grading and staging. Osteoarthritis and Cartilage, 14(1), 13–29. https://doi.org/10. 
1016/j.joca.2005.07.014 

Qu, D., Mosher, C. Z., Boushell, M. K., & Lu, H. H. (2015). Engineering Complex 
Orthopaedic Tissues Via Strategic Biomimicry. Annals of Biomedical Engineering, 
43(3), 697–717. https://doi.org/10.1007/s10439-014-1190-6 

Querido, W., Ailavajhala, R., Padalkar, M., & Pleshko, N. (2018). Validated Approaches for 
Quantification of Bone Mineral Crystallinity Using Transmission Fourier Transform 
Infrared (FT-IR), Attenuated Total Reflection (ATR) FT-IR, and Raman Spectroscopy. 
Applied Spectroscopy, 72(11), 1581–1593. https://doi.org/10.1177/0003702818789165 

Radin, E. L., Martin, R. B., Burr, D. B., Caterson, B., Boyd, R. D., & Goodwin, C. (1984). 
Effects of mechanical loading on the tissues of the rabbit knee. Journal of Orthopaedic 
Research, 2(3), 221–234. https://doi.org/10.1002/jor.1100020303 

Ramasamy, R., Vannucci, S. J., Yan, S. S. Du, Herold, K., Yan, S. F., & Schmidt, A. M. 
(2005). Advanced glycation end products and RAGE: A common thread in aging, 
diabetes, neurodegeneration, and inflammation. Glycobiology, 15(7). https://doi.org/ 
10.1093/glycob/cwi053 

Ranstam, J. (2002). Problems in orthopedic research: Dependent observations. Acta 
Orthopaedica Scandinavica, 73(4), 447–450. https://doi.org/10.1080/00016470216327 



 

167 

Redler, I., & Zimny, M. L. (1970). Scanning electron microscopy of normal and abnormal 
articular cartilage and  synovium. The Journal of Bone and Joint Surgery. American 
Volume, 52(7), 1395–1404. 

Rey, C., Renugopalakrishnan, V., Shimizu, M., Collins, B., & Glimcher, M. J. (1991). A 
resolution-enhanced Fourier Transform Infrared spectroscopic study of the environment 
of the CO32- ion in the mineral phase of enamel during its formation and maturation. 
Calcified Tissue International, 49(4), 259–268. https://doi.org/10.1007/BF02556215 

Reznikov, N., Bilton, M., Lari, L., Stevens, M. M., & Kröger, R. (2018). Fractal-like 
hierarchical organization of bone begins at the nanoscale. Science, 360(6388). 
https://doi.org/10.1126/science.aao2189 

Reznikov, N., Shahar, R., & Weiner, S. (2014). Bone hierarchical structure in three 
dimensions. Acta Biomaterialia, 10(9), 3815–3826. https://doi.org/10.1016/j.actbio. 
2014.05.024 

Richardson, W., Wilkinson, D., Wu, L., Petrigliano, F., Dunn, B., & Evseenko, D. (2015). 
Ensemble multivariate analysis to improve identification of articular cartilage disease 
in noisy Raman spectra. Journal of Biophotonics, 8(7), 555–566. https://doi.org/10. 
1002/jbio.201300200 

Rieppo, L., Kokkonen, H. T., Kulmala, K. A. M., Kovanen, V., Lammi, M. J., Töyräs, J., & 
Saarakkala, S. (2017). Infrared microspectroscopic determination of collagen cross-
links in articular cartilage. Journal of Biomedical Optics, 22(3), 035007. 
https://doi.org/10.1117/1.JBO.22.3.035007 

Rivas, R., & Shapiro, F. (2002). Structural Stages in the Development of the Long Bones 
and Epiphyses. The Journal of Bone and Joint Surgery-American Volume, 84(1), 85–
100. https://doi.org/10.2106/00004623-200201000-00013 

Robinson, R. A. (1952). An electron-microscopic study of the crystalline inorganic 
component of bone and its relationship to the organic matrix. The Journal of Bone and 
Joint Surgery. American Volume, 34-A(2), 389–435; passim. 

Robinson, R. A., & Watson, M. L. (1952). Collagen-crystal relationships in bone as seen in 
the electron microscope. The Anatomical Record, 114(3), 383–409. 
https://doi.org/10.1002/ar.1091140302 

Roemhildt, M. L., Beynnon, B. D., Gauthier, A. E., Gardner-Morse, M., Ertem, F., & Badger, 
G. J. (2013). Chronic in vivo load alteration induces degenerative changes in the rat 
tibiofemoral joint. Osteoarthritis and Cartilage, 21(2), 346–357. https://doi.org/10. 
1016/j.joca.2012.10.014 

Roschger, A., Gamsjaeger, S., Hofstetter, B., Masic, A., Blouin, S., Messmer, P., 
Berzlanovich, A., Paschalis, E. P., Roschger, P., Klaushofer, K., & Fratzl, P. (2014). 
Relationship between the v2PO4/amide III ratio assessed by Raman spectroscopy and 
the calcium content measured by quantitative backscattered electron microscopy in 
healthy human osteonal bone. Journal of Biomedical Optics, 19(6), 065002. 
https://doi.org/10.1117/1.JBO.19.6.065002 



 

168 

Roschger, A., Wagermaier, W., Gamsjaeger, S., Hassler, N., Schmidt, I., Blouin, S., 
Berzlanovich, A., Gruber, G. M., Weinkamer, R., Roschger, P., Paschalis, E. P., 
Klaushofer, K., & Fratzl, P. (2020). Newly formed and remodeled human bone exhibits 
differences in the mineralization process. Acta Biomaterialia, 104(xxxx), 221–230. 
https://doi.org/10.1016/j.actbio.2020.01.004 

Rousseau, M. E., Lefèvre, T., Beaulieu, L., Asakura, T., & Pézolet, M. (2004). Study of 
protein conformation and orientation in silkworm and spider silk fibers using Raman 
microspectroscopy. Biomacromolecules, 5(6), 2247–2257. https://doi.org/10. 
1021/bm049717v 

Rucci, N., Rufo, A., Alamanou, M., Capulli, M., Del Fattore, A., Åhrman, E., Capece, D., 
Iansante, V., Zazzeroni, F., Alesse, E., Heinegård, D., & Teti, A. (2009). The 
glycosaminoglycan-binding domain of PRELP acts as a cell type-specific NF-κB 
inhibitor that impairs osteoclastogenesis. Journal of Cell Biology, 187(5), 669–683. 
https://doi.org/10.1083/jcb.200906014 

Ruppel, M. E., Miller, L. M., & Burr, D. B. (2008). The effect of the microscopic and 
nanoscale structure on bone fragility. Osteoporosis International, 19(9), 1251–1265. 
https://doi.org/10.1007/s00198-008-0579-1 

Rytky, S. J. O., Huang, L., Tanska, P., Tiulpin, A., Panfilov, E., Herzog, W., Korhonen, R. 
K., Saarakkala, S., & Finnilä, M. A. J. (2021). Automated analysis of rabbit knee 
calcified cartilage morphology using micro‐computed tomography and deep learning. 
Journal of Anatomy, 239(2), 251–263. https://doi.org/10.1111/joa.13435 

Safiri, S., Kolahi, A.-A., Smith, E., Hill, C., Bettampadi, D., Mansournia, M. A., Hoy, D., 
Ashrafi-Asgarabad, A., Sepidarkish, M., Almasi-Hashiani, A., Collins, G., Kaufman, J., 
Qorbani, M., Moradi-Lakeh, M., Woolf, A. D., Guillemin, F., March, L., & Cross, M. 
(2020). Global, regional and national burden of osteoarthritis 1990-2017: a systematic 
analysis of the Global Burden of Disease Study 2017. Annals of the Rheumatic Diseases, 
79(6), 819–828. https://doi.org/10.1136/annrheumdis-2019-216515 

Salzer, R., & Siesler, H. W. (Eds.). (2014). Infrared and Raman Spectroscopic Imaging (Vol. 
148). Wiley-VCH Verlag GmbH & Co. KGaA. https://doi.org/10.1002/ 
9783527678136 

Sato, M., Wada, M., Miyoshi, N., Imamura, Y., Noriki, S., Uchida, K., Kobayashi, S., 
Yayama, T., Negoro, K., Fujimoto, M., Fukuda, M., & Baba, H. (2004). Hydroxyapatite 
Maturity in the Calcified Cartilage and Underlying Subchondral Bone of Guinea Pigs 
with Spontaneous Osteoarthritis: Analysis by Fourier Transform Infrared 
Microspectroscopy. ACTA HISTOCHEMICA ET CYTOCHEMICA, 37(2), 101–107. 
https://doi.org/10.1267/ahc.37.101 

Schultz, M., Molligan, J., Schon, L., & Zhang, Z. (2015). Pathology of the calcified zone of 
articular cartilage in post-traumatic osteoarthritis in rat knees. PLoS ONE, 10(3), 1–12. 
https://doi.org/10.1371/journal.pone.0120949 

Schwarcz, H. P., Abueidda, D., & Jasiuk, I. (2017). The ultrastructure of bone and its 
relevance to mechanical properties. Frontiers in Physics, 5(SEP). https://doi.org/ 
10.3389/fphy.2017.00039 



 

169 

Shah, F. A. (2020). Towards refining Raman spectroscopy-based assessment of bone 
composition. Scientific Reports, 10(1), 1–8. https://doi.org/10.1038/s41598-020-
73559-2 

Shah, F. A., Snis, A., Matic, A., Thomsen, P., & Palmquist, A. (2016). 3D printed Ti6Al4V 
implant surface promotes bone maturation and retains a higher density of less aged 
osteocytes at the bone-implant interface. Acta Biomaterialia, 30, 357–367. 
https://doi.org/10.1016/j.actbio.2015.11.013 

Sharma, L. (2007). The role of varus and valgus alignment in knee osteoarthritis. Arthritis 
and Rheumatism, 56(4), 1044–1047. https://doi.org/10.1002/art.22514 

Shimada, T., Doi, M., & Okano, K. (1988). Concentration fluctuation of stiff polymers. III. 
Spinodal decomposition. The Journal of Chemical Physics, 88(11), 7181–7186. 
https://doi.org/10.1063/1.454370 

Sil, S., Gautam, R., & Umapathy, S. (2018). Applications of Raman and Infrared Microscopy 
to Materials and Biology. In V. P. Gupta (Ed.), Molecular and Laser Spectroscopy (pp. 
117–146). Elsevier. https://doi.org/10.1016/B978-0-12-849883-5.00006-1 

Singh, A., Gangopadhyay, D., Nandi, R., Sharma, P., & Singh, R. K. (2016). Raman 
signatures of strong and weak hydrogen bonds in binary mixtures of phenol with 
acetonitrile, benzene and orthodichlorobenzene. Journal of Raman Spectroscopy, 47(6), 
712–719. https://doi.org/10.1002/jrs.4880 

Sophia Fox, A. J., Bedi, A., & Rodeo, S. A. (2009). The basic science of articular cartilage: 
Structure, composition, and function. Sports Health, 1(6), 461–468. 
https://doi.org/10.1177/1941738109350438 

Stender, M. E., Regueiro, R. A., & Ferguson, V. L. (2017). A poroelastic finite element 
model of the bone–cartilage unit to determine the effects of changes in permeability 
with osteoarthritis. Computer Methods in Biomechanics and Biomedical Engineering, 
20(3), 319–331. https://doi.org/10.1080/10255842.2016.1233326 

Summanen, M., Ukkola-Vuoti, L., Kurki, S., Tuominen, S., & Madanat, R. (2021). The 
burden of hip and knee osteoarthritis in Finnish occupational healthcare. BMC 
Musculoskeletal Disorders, 22(1), 1–11. https://doi.org/10.1186/s12891-021-04372-9 

Suri, S., & Walsh, D. A. (2012). Osteochondral alterations in osteoarthritis. Bone, 51(2), 
204–211. https://doi.org/10.1016/j.bone.2011.10.010 

Szarko, M., Muldrew, K., & Bertram, J. E. (2010). Freeze-thaw treatment effects on the 
dynamic mechanical properties of articular cartilage. BMC Musculoskeletal Disorders, 
11. https://doi.org/10.1186/1471-2474-11-231 

Taylor, E. A., Lloyd, A. A., Salazar-Lara, C., & Donnelly, E. (2017). Raman and Fourier 
Transform Infrared (FT-IR) Mineral to Matrix Ratios Correlate with Physical Chemical 
Properties of Model Compounds and Native Bone Tissue. Applied Spectroscopy, 71(10), 
2404–2410. https://doi.org/10.1177/0003702817709286 

Thambyah, A., & Broom, N. (2007). On how degeneration influences load-bearing in the 
cartilage-bone system: a microstructural and micromechanical study. Osteoarthritis and 
Cartilage, 15(12), 1410–1423. https://doi.org/10.1016/j.joca.2007.05.006 



 

170 

Thambyah, A., & Broom, N. (2009). On new bone formation in the pre-osteoarthritic joint. 
Osteoarthritis and Cartilage, 17(4), 456–463. https://doi.org/10.1016/j.joca. 
2008.09.005 

Thambyah, A., Nather, A., & Goh, J. (2006). Mechanical properties of articular cartilage 
covered by the meniscus. Osteoarthritis and Cartilage, 14(6), 580–588. 
https://doi.org/10.1016/j.joca.2006.01.015 

Thambyah, A., Zhang, G., Kim, W., & Broom, N. D. (2012). Impact induced failure of 
cartilage-on-bone following creep loading: A microstructural and fracture mechanics 
study. Journal of the Mechanical Behavior of Biomedical Materials, 14, 239–247. 
https://doi.org/10.1016/j.jmbbm.2012.06.007 

Törnquist, E., Isaksson, H., & Turunen, M. J. (2020). Mineralization of cortical bone during 
maturation and growth in rabbits. Journal of Bone and Mineral Metabolism, 38(3), 289–
298. https://doi.org/10.1007/s00774-019-01068-y 

Tranquille, C. A., Blunden, A. S., Dyson, S. J., Parkin, T. D. H., Goodship, A. E., & Murray, 
R. C. (2009). Effect of exercise on thicknesses of mature hyaline cartilage, calcified 
cartilage, and subchondral bone of equine tarsi. American Journal of Veterinary 
Research, 70(12), 1477–1483. https://doi.org/10.2460/ajvr.70.12.1477 

Tsuda, H., & Arends, J. (1994). Orientational Micro-Raman Spectroscopy on 
Hydroxyapatite Single Crystals and Human Enamel Crystallites. Journal of Dental 
Research, 73(11), 1703–1710. https://doi.org/10.1177/00220345940730110501 

Tuck, M., Blanc, L., Touti, R., Patterson, N. H., Van Nuffel, S., Villette, S., Taveau, J.-C., 
Römpp, A., Brunelle, A., Lecomte, S., & Desbenoit, N. (2021). Multimodal Imaging 
Based on Vibrational Spectroscopies and Mass Spectrometry Imaging Applied to 
Biological Tissue: A Multiscale and Multiomics Review. Analytical Chemistry, 93(1), 
445–477. https://doi.org/10.1021/acs.analchem.0c04595 

Turunen, M. J., Kaspersen, J. D., Olsson, U., Guizar-Sicairos, M., Bech, M., Schaff, F., Tägil, 
M., Jurvelin, J. S., & Isaksson, H. (2016). Bone mineral crystal size and organization 
vary across mature rat bone cortex. Journal of Structural Biology, 195(3), 337–344. 
https://doi.org/10.1016/j.jsb.2016.07.005 

Turunen, M. J., Lages, S., Labrador, A., Olsson, U., Tägil, M., Jurvelin, J. S., & Isaksson, 
H. (2014). Evaluation of composition and mineral structure of callus tissue in rat 
femoral fracture. Journal of Biomedical Optics, 19(2), 025003. https://doi.org/10.1117/ 
1.jbo.19.2.025003 

Turunen, M. J., Saarakkala, S., Rieppo, L., Helminen, H. J., Jurvelin, J. S., & Isaksson, H. 
(2011). Comparison between infrared and raman spectroscopic analysis of maturing 
rabbit cortical bone. Applied Spectroscopy, 65(6), 595–603. https://doi.org/10.1366/10-
06193 

Unal, M. (2021). Raman spectroscopic determination of bone matrix quantity and quality 
augments prediction of human cortical bone mechanical properties. Journal of 
Biomechanics, 119, 110342. https://doi.org/10.1016/j.jbiomech.2021.110342 

Unal, M., Creecy, A., & Nyman, J. S. (2018). The Role of Matrix Composition in the 
Mechanical Behavior of Bone. Current Osteoporosis Reports, 16(3), 205–215. 
https://doi.org/10.1007/s11914-018-0433-0 



 

171 

van der Kraan, P. M., Stoop, R., Meijers, T. H. M., Poole, A. R., & van den Berg, W. B. 
(2001). Expression of type X collagen in young and old C57BI/6 and Balb/c mice. 
Relation with articular cartilage degeneration. Osteoarthritis and Cartilage, 9(2), 92–
100. https://doi.org/10.1053/joca.2000.0364 

Vandenabeele, P. (2013). Practical Raman Spectroscopy - An Introduction (Vol. 148). John 
Wiley & Sons, Ltd. https://doi.org/10.1002/9781119961284 

Verzijl, N., & DeGroot, J. (2002). Crosslinking by Advanced Glycation End Products 
Increases the Stiffness of the Collagen Network in Human Articular Cartilage. Arthritis 
& …, 46(1), 114–123. https://doi.org/10.1002/art.10025 

Viviano, B. L., Silverstein, L., Pflederer, C., Paine-Saunders, S., Mills, K., & Saunders, S. 
(2005). Altered hematopoiesis in glypican-3-deficient mice results in decreased 
osteoclast differentiation and a delay in endochondral ossification. Developmental 
Biology, 282(1), 152–162. https://doi.org/10.1016/j.ydbio.2005.03.003 

Wagermaier, W., S. Gupta, H., Gourrier, A., Burghammer, M., Roschger, P., & Fratzl, P. 
(2006). Spiral twisting of fiber orientation inside bone lamellae. Biointerphases, 1(1), 
1–5. https://doi.org/10.1116/1.2178386 

Wang, F., Ying, Z., Duan, X., Tan, H., Yang, B., Guo, L., Chen, G., Dai, G., Ma, Z., & Yang, 
L. (2009). Histomorphometric analysis of adult articular calcified cartilage zone. 
Journal of Structural Biology, 168(3), 359–365. https://doi.org/10.1016/j.jsb. 
2009.08.010 

Wang, L., & Mizaikoff, B. (2008). Application of multivariate data-analysis techniques to 
biomedical diagnostics based on mid-infrared spectroscopy. Analytical and 
Bioanalytical Chemistry, 391(5), 1641–1654. https://doi.org/10.1007/s00216-008-
1989-9 

Wang, W., Dai, S., Li, X., Yang, J., Srolovitz, D. J., & Zheng, Q. (2015). Measurement of 
the cleavage energy of graphite. Nature Communications, 6, 1–7. 
https://doi.org/10.1038/ncomms8853 

Wang, X., Hua, R., Ahsan, A., Ni, Q., Huang, Y., Gu, S., & Jiang, J. X. (2018). Age-Related 
Deterioration of Bone Toughness Is Related to Diminishing Amount of Matrix 
Glycosaminoglycans (GAGs). JBMR Plus, 2(3), 164–173. https://doi.org/10.1002/ 
jbm4.10030 

Wong, B. L., Bae, W. C., Chun, J., Gratz, K. R., Lotz, M., & Robert L. Sah. (2008). 
Biomechanics of cartilage articulation: Effects of lubrication and degeneration on shear 
deformation. Arthritis & Rheumatism, 58(7), 2065–2074. https://doi.org/10. 
1002/art.23548 

Xu, R., & WunschII, D. (2005). Survey of Clustering Algorithms. IEEE Transactions on 
Neural Networks, 16(3), 645–678. https://doi.org/10.1109/TNN.2005.845141 

Yeni, Y. N., Yerramshetty, J., Akkus, O., Pechey, C., & Les, C. M. (2006). Effect of fixation 
and embedding on Raman spectroscopic analysis of bone tissue. Calcified Tissue 
International, 78(6), 363–371. https://doi.org/10.1007/s00223-005-0301-7 

Yerramshetty, J. S., Lind, C., & Akkus, O. (2006). The compositional and physicochemical 
homogeneity of male femoral cortex increases after the sixth decade. Bone, 39(6), 
1236–1243. https://doi.org/10.1016/j.bone.2006.06.002 



 

172 

Zamli, Z., Robson Brown, K., & Sharif, M. (2016). Subchondral bone plate changes more 
rapidly than trabecular bone in osteoarthritis. International Journal of Molecular 
Sciences, 17(9), 7–9. https://doi.org/10.3390/ijms17091496 

Zhang, G., Moore, D. J., Flach, C. R., & Mendelsohn, R. (2007). Vibrational microscopy 
and imaging of skin: From single cells to intact tissue. Analytical and Bioanalytical 
Chemistry, 387(5), 1591–1599. https://doi.org/10.1007/s00216-006-0852-0 

Zhu, W., Mow, V. C., Koob, T. J., & Eyre, D. R. (1993). Viscoelastic shear properties of 
articular cartilage and the effects of glycosidase treatments. Journal of Orthopaedic 
Research, 11(6), 771–781. https://doi.org/10.1002/jor.1100110602 

Zioupos, P., & Currey, J. D. (1998). Changes in the stiffness, strength, and toughness of 
human cortical bone with age. Bone. https://doi.org/10.1016/S8756-3282(97)00228-7 

Žižak, I., Paris, O., Roschger, P., Bernstorff, S., Amenitsch, H., Klaushofer, K., & Fratzl, P. 
(2000). Investigation of bone and cartilage by synchrotron scanning-SAXS and -
WAXD with micrometer spatial resolution. Journal of Applied Crystallography, 33(3), 
820–823. https://doi.org/10.1107/S0021889800001321 

Zizak, I., Roschger, P., Paris, O., Misof, B. M. M., Berzlanovich, A., Bernstorff, S., 
Amenitsch, H., Klaushofer, K., & Fratzl, P. (2003). Characteristics of mineral particles 
in the human bone/cartilage interface. Journal of Structural Biology, 141(3), 208–217. 
https://doi.org/10.1016/S1047-8477(02)00635-4 

 
  



 

173 

Original publications 
I  Das Gupta, S., Finnilä, M. A. J., Karhula, S. S., Kauppinen, S., Joukainen, A., Kröger, 

H., Korhonen, R. K., Thambyah, A., Rieppo, L., & Saarakkala, S. (2020). Raman 
microspectroscopic analysis of the tissue-specific composition of the human 
osteochondral junction in osteoarthritis: A pilot study. Acta Biomaterialia, 106, 145–
155. https://doi.org/10.1016/j.actbio.2020.02.020 

II  Finnilä, M. A. J., Das Gupta, S., Turunen, M. J., Kestilä, I., Turkiewicz, A., Lutz-
Bueno, V., Folkesson, E., Holler, M., Ali, N., Hughes, V., Isaksson, H., Tjörnstrand, J., 
Önnerfjord, P., Guizar-Sicairos, M., Saarakkala, S., & Englund, M. (2021). Mineral 
crystal thickness in calcified cartilage and subchondral bone in healthy and 
osteoarthritic knees. BioRxiv, 2021.06.15.448181. https://doi.org/10.1101/2021.06. 
15.448181 (under review) 

III  Das Gupta, S., Finnilä, M. A. J., Rieppo, L., Turunen, M. J., Kestilä, I., Lutz-Bueno, 
V., Folkesson, E., Ali, N., Hughes, V., Isaksson, H., Tjörnstrand, J., Önnerfjord, P., 
Turkiewicz, A., Englund, M., & Saarakkala, S. (2021). Mineral composition of calcified 
cartilage and subchondral bone plate in humans with and without knee osteoarthritis. 
(in preparation for submission) 

IV  Das Gupta, S., Workman, J., Finnilä, M. A. J., Saarakkala, S., & Thambyah, A. (2021). 
Subchondral bone plate thickness is associated with micromechanical and 
microstructural changes in the bovine patella osteochondral junction with different 
levels of cartilage degeneration. Journal of the Mechanical Behavior of Biomedical 
Materials, 2022. https://doi.org/10.1016/j.jmbbm.2022.105158 

Reprinted under Creative Commons CC BY 4.0 license (I, IV) and CC-BY-NC-ND 
license (II) (https://creativecommons.org/licenses/by/4.0/). 

Original publications are not included in the electronic version of the dissertation. 
  



 

174 

 
 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Virtual book store

http://verkkokauppa.juvenesprint.fi

S E R I E S  D  M E D I C A

1667. Nurkkala, Juho (2022) Commencement of nutrition support during critical illness
and after major surgery

1668. Kamakura, Remi (2022) A novel system for delivery of nutritional compounds to
regulate appetite

1669. Björnholm, Lassi (2022) Early predictors of white matter microstructure in the
adult brain

1670. Lehtilahti, Maria (2022) Charcot-Marie-Tooth Disease : molecular epidemiology
in Northern Ostrobothnia

1671. Niemelä, Jarmo (2022) Malignant biliary obstruction and percutaneous
transhepatic biliary drainage : the impact of cholangitis and chemotherapy on
survival

1672. Jääskeläinen, Anniina (2022) New prognostic factors and long-term prognosis of
different breast cancer subtypes

1673. Oikarainen, Ashlee (2022) Effects of an educational intervention on mentors’
competence in mentoring culturally and linguistically diverse nursing students

1674. Hiltunen, Anniina (2022) NHLRC2 in embryonic development,
neurodevelopment, and neurodegeneration : modelling a novel FINCA disease in
mouse

1675. Niiranen, Laura (2022) Metabolic regulation during seasonal adaptation

1676. Hökkä, Minna (2022) Palliative care nursing competencies and undergraduate
nursing students’ views of palliative care education

1677. Sissala, Niina (2022) The effects of maternal hypoxia on pregnancy outcome, lipid
and glucose metabolism and gestational diabetes

1678. Oulasmaa, Lauri (2022) Predictive factors for exposure to severe hospital-treated
physical and sexual assaults : a study of former psychiatric adolescent inpatients in
Northern Finland

1679. Vähätalo, Juha (2022) Characteristics of undiagnosed coronary artery disease in
sudden cardiac death : autopsy findings and genetics

1680. Kiviniemi, Annukka (2022) Parental images as mediators of childhood experiences
: effects on the quality of intimate relationships and well-being in adulthood

1681. Valtonen, Rasmus (2022) Cardiovascular responses to cold and exercise in
patients with coronary artery disease



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Postdoctoral researcher Jani Peräntie

University Lecturer Anne Tuomisto

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

Associate Professor (tenure) Anu Soikkeli

University Lecturer Santeri Palviainen

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-3370-3 (Paperback)
ISBN 978-952-62-3371-0 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1682

A
C

TA
Shuvashis D

as G
up

ta

OULU 2022

D 1682

Shuvashis Das Gupta

MINERALIZED TISSUES AT 
THE OSTEOCHONDRAL 
JUNCTION IN HEALTHY AND 
OSTEOARTHRITIC JOINTS
ADVANCED MICROIMAGING AND MECHANICAL 
STUDIES

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF MEDICINE


	Abstract
	Tiivistelmä
	Acknowledgments
	Abbreviations
	Original publications
	Contents
	1 Introduction
	2 Articular cartilage and the osteochondral junction
	2.1 Hyaline articular cartilage
	2.2 Calcified cartilage
	2.3 Subchondral bone plate

	3 The life cycle of joint tissues
	3.1 Endochondral ossification
	3.2 Bone modeling and remodeling
	3.3 Aging

	4 Osteoarthritis and its effects on articular cartilage and the osteochondral junction
	4.1 Osteoarthritis
	4.2 The prevalence, impact, and risk factors of OA
	4.3 Current treatments of OA
	4.4 Tissue level changes in articular cartilage and osteochondral junction in osteoarthritis
	4.4.1 Articular cartilage
	4.4.2 Tidemark region and calcified cartilage
	4.4.3 Subchondral bone plate


	5 Quantitative preclinical imaging of the osteochondral junction
	5.1 Raman microspectroscopy
	5.1.1 Raman effect
	5.1.2 Confocal Raman Microspectroscopy
	5.1.3 Raman imaging
	5.1.4 Raman spectroscopic parameters for analyzing tissue matrix

	5.2 Small-angle X-ray scattering
	5.3 Multivariate analysis to identify different tissues
	5.3.1 Cluster analysis
	5.3.2 Random forests classifier

	5.4 Previous literature on preclinical quantitative imaging of tissue composition across the osteochondral junction
	5.5 Previous literature on the mechanical properties of the calcified cartilage

	6 Research objectives
	7 Overview of study designs
	8 Materials and methods
	8.1 Study population and ethical permission
	8.2 Sample preparation
	8.3 Mapping of biochemical composition using Raman microspectroscopy (studies I and III)
	8.3.1 Protocols for Raman microspectroscopic measurements
	8.3.2 Raman spectral preprocessing
	8.3.3 Tissue identification from the Raman spectral maps
	8.3.4 Compositional analysis

	8.4 Mineral crystal thickness mapping using small-angle X-ray scattering (SAXS)
	8.5 Histopathological analyses (studies I–III)
	8.6 Mechanical testing
	8.7 Differential interference contrast (DIC) optical light microscopy (study IV)
	8.8 Statistical analyses

	9 Results
	9.1 Identification of the osteochondral tissues
	9.1.1 Unsupervised classification of Raman spectra (study I)
	9.1.2 Supervised classification of Raman spectra (study III)
	9.1.3 Classification of X-ray scattering signals (study II)

	9.2 Biochemical composition and mineral crystal thicknesses in the osteochondral junction (studies I and II)
	9.3 Associations between Raman compositional parameters and mineral crystal thickness measured by μSAXS (studies II and III)
	9.4 Age-related changes in calcified cartilage and subchondral bone plate (studies II and III)
	9.4.1 Mineral crystal thickness (study II)
	9.4.2 Mineral composition (study III)

	9.5 Histopathological assessment of human samples (studies I–III)
	9.6 Alterations in the osteochondral junction in osteoarthritic specimens
	9.6.1 Biochemical composition of the tibial plateau of cadaveric donors as a function of histopathological OA severity (study I)
	9.6.2 Mineral crystal thickness and biochemical composition of femoral condyles from cadaveric donors and total knee replacement patients (studies II and III)
	9.6.3 Tissue-specific stiffness and micro-structure of the bovine osteochondral junction (study IV)


	10 Discussion
	10.1 Raman microspectroscopy and µSAXS imaging of the osteochondral junction
	10.2 Biochemical characterization of the osteochondral junction
	10.2.1 Calcified cartilage has a higher degree of mineralization and thicker mineral crystals with fewer non-stoichiometric substitutions than underlying bone
	10.2.2 Calcified cartilage contains more PGs than subchondral bone plate

	10.3 Osteochondral junction in osteoarthritic subjects
	10.3.1 Degree of mineralization and type-B carbonate substitutions both modulate in OA
	10.3.2 Changes in the tidemark region are indicative of an ossification process in the deep zone of articular cartilage
	10.3.3 Mineralization in the osteochondral junction might be an independent process compared to articular cartilage degeneration
	10.3.4 Decrease of subchondral bone plate stiffness and presence of bony spicules indicate new bone formation during early cartilage degeneration
	10.3.5 Tidemark advancement is coupled with cement line advancement in the bovine patella
	10.3.6 Subchondral bone plate thickness is associated with early osteochondral micromechanical and microstructural changes in the bovine patella

	10.4 Limitations
	10.5 Impact of the outcomes
	10.6 Future perspectives

	11 Conclusions
	List of references
	Original publications



