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Articular Cartilage 

Articular cartilage (AC) is a thin layer that covers the end of diarthrodial joints (Mow et al., 1992), 

distributes stresses, allows smooth movement of the joints such as flexion-extension, rotation 

and sliding, with minimal friction and wear (Mow et al., 2005; Mansour, 2009). Moreover, AC 

withstands up to several times corporal weight (Fox et al., 2009). While walking, it has been 

reported that knee and hip joints bear up 3- and 4-times body weight respectively (Paul, 1967).  

 

AC is composed of chondrocytes, extracellular matrix (ECM) and water. Chondrocytes are 

specialized cells responsible of cartilage development and ECM maintenance, but from a 

mechanical point of view, they are not crucial for cartilage mechanical function (Mankin et al., 

1994). The ECM and the water together provide AC with its load-bearing capacity. The ECM is 

mainly composed of collagen type II and proteoglycans (PGs) (Buckwalter et al., 1988 and 1997). 

Collagen constitutes 10-30% of normal AC wet weight and PGs make up 3-10% (Buckwalter et 

al.,1997). Water comprises up to 80% of AC wet weight (Fox et al., 2009). 

 

AC is an avascular, aneural and alymphatic tissue (Fox et al., 2009). Consequently, chondrocytes 

obtain nutrients through diffusion, mainly from the synovial fluid (Hewitt et al., 2008). This 

nutrient supply is limited, which is likely one of the reasons why chondrocytes are metabolically 

not very active. Thus, the regenerative capacity of AC is extremely limited (Iwamoto et al., 2013; 

Krajewska-Włodarczyk et al., 2018).  

 

Cartilage Structure 

Zones 

Structurally, AC is characterized as having 4 different zones, known as superficial, middle, deep 

and calcified zone (Mansour, 2009). The superficial or tangential zone constitutes 10-20% of AC 

thickness. This zone is mainly composed of collagen type II and IX fibers which are arranged 

parallel to the AC surface (Fox et al., 2009). Furthermore, the collagen content in this superficial 

zone is the highest, giving AC a high tensile strength (Mow et al., 1992; Korhonen et al., 2010). 

Conversely, the PG content in the superficial zone is the lowest (Mow et al., 1992).  



General Introduction 

 

3 
 

The middle or transitional zone represents 40-60% of total AC volume (Fox et al., 2009). 

Compared to the superficial zone, in the middle zone the collagen fibers are organized obliquely 

and their amount decreases while the amount of PGs increases (Mow et al., 1992). The deep 

zone, in turn, constitutes 30% of AC volume. In this zone, the content of collagen is the lowest, 

whereas the PGs have the highest content, giving cartilage a great resistance to compression 

(Mow et al., 1992; Korhonen et al., 2010).  

 

In the deep zone the entangled collagen fibers are aligned perpendicular to AC surface (Fox et 

al., 2009). Finally, in the calcified zone, the collagen fibers are anchored to the subchondral bone 

(Redler et al., 1975).  Furthermore, the concentration of water decreases with the depth, being 

highest in the superficial and lowest in the deep zone (Fox et al., 2009).  

 

Nevertheless, the description given here is not always the same for all cartilage samples, and the 

constitution, zone sizes and contents may be highly variable and differ between species, joints, 

location within a joint, or age. 

 

Collagen 

Collagen is a protein whose main function is providing tensile stiffness and strength to AC, and 

restricting the swelling pressure of proteoglycans (Mow et al., 2005). Collagens type I, IV, V, VI, 

IX and XI are present in the ECM, but collagen type II is the most abundant one and constitutes 

90-95% of the matrix collagen (Buckwalter et al., 1997). Collagen is an entangled fibril network, 

whose organization changes depending on the AC zone (Aspden et al., 1981; Hwang et al, 1992). 

At the molecular level, it is composed of three polypeptide  chains forming a twisted triple helix 

(Gelse et al., 2003) (Fig. 1).  The three  chains form collagen molecules, with a diameter of about 

1.2 nm and a length of about 300 nm (Lees, 1987), which in turn self-assemble to a staggered 

structure (fibril), with a diameter of 50-500 nm (Lees et al., 1990). Several cross-linked fibrils form 

fibers, whose diameters range from 0.25-100 µm depending on the tissue and its location. 
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Figure 1. Organization of collagen at the different length scales, from  chains to collagen fibers 

 

Proteoglycans 

Proteoglycans make up 30% of AC dry weight (Mansour, 2009). PGs are macromolecules 

consisting of a protein core to which various glycosaminoglycans (GAGs) are covalently attached. 

These GAGs are mainly chondroitin sulfate and keratan sulfate, which contain abundant 

negatively charged carboxyl and sulphate groups (Muir, 1983). The largest proteoglycans are 

aggrecans, which are also negatively charged.  

 

These large negatively charged aggregates, entrapped within the collagen network, attract water 

through a Donnan osmotic process. This swelling behavior of AC provides cartilage with its 

resistance to compressive stress (Buckwalter et al., 1990; Hosseini et al., 2014), as will be 

explained in the next paragraphs. 

 

Cartilage Mechanical Function and Properties 

Interactions between collagen fibers and PGs define the mechanical function of the ECM (Mow 

et al., 1992; Quinn et al., 2007). Collagen fibers gives AC its tensile stiffness and strength (Eyre, 

2002). The negatively charged proteoglycans are often quantified as the fixed charge density 
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(FCD), i.e. the number of charged groups per wet tissue volume (Maroudas et al., 1968). The high 

FCD results in a high osmotic swelling pressure in AC, restricted by the collagen network 

(Maroudas, 1976). This provides the tissue with its compressive stiffness (Maroudas, 1979; 

Hosseini et al., 2014).  

 

Cartilage exhibits a time-dependent response when subjected to a constant loading, caused by 

fluid flow through the AC solid matrix. Both creep and stress-relaxation constitute characteristic 

responses of AC (Mow et al., 1992; Cohen et al., 1998; Fox et al., 2009). Creep occurs when fluid 

is slowly expelled from the cartilage while it is subjected to constant compressive stress. This 

deformation will increase until equilibrium is reached, when the deformation of the solid 

components in the AC resists the external loading and there is no difference in fluid pressure 

between inside the tissue and outside (in most experimental conditions: fluid pressure is zero) 

(Mow et al., 1984). Likewise, when AC is subjected to an instant deformation, a stress peak 

occurs, which will reduce over time as the fluid is slowly flowing out of the tissue. Similar to the 

creep response, the stress-relaxation period will occur until equilibrium is reached when the 

internal fluid is no longer pressurized (Mow et al., 1980).   

 

Mechanical Loading 

It has been reported that mechanical loading has diverse effects on AC, many of which are causes 

of osteoarthritis (Sun, 2010). On the one hand, excessive loading magnitude, applied as a single 

impact or cyclically, results in cell death (Lin et al., 2004; Milentijevic et al., 2005; de Vries et al., 

2014), softening (Thibault et al., 2002; Hosseini et al., 2013; Willie et al., 2015), loss of network 

interconnectivity (Thambyah et al., 2012a), fissures (Chen et al., 1999) and collagen damage 

(Chen et al., 1999; Thibault et al., 2002; Chen et al., 2003; Wilson et al., 2006; Hosseini et al., 

2014). Moreover, subjecting AC to cyclic loading enhances PG loss (Lee and Bader, 1997; Torzilli 

et al., 1998; Loening et al., 2000; Sauerland et al., 2003; Lin et al., 2004; Piscoya et al., 2005; 

Torzilli et al., 2010) and can lead AC to the point of fatigue, which is suggested to be a primary 

event in OA (Weightman, 1976). 
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Nevertheless, there is a very high variation in the description of damage development in 

literature. This could be explained by differences in experimental setups, differences between 

species, age, or location of the AC, differences in cartilage adaptation depending on e.g. activity 

or weight of the animal, and differences in cartilage loading history before the experiment. As 

explained above, cartilage has a time-dependent mechanical behavior with a slow response, 

therefore the loading history may have an effect on experimental results. Furthermore, it has 

been evidenced that the adverse effects of excessive loading on AC could be minimize by 

subjecting the tissue to specific preloading regimes. For example, applying static, high intensity, 

short muscular preload in-vivo, prevents the formation of cracks and cell death after injury 

loading (Bourne et al., 2015). Likewise, in vitro studies have shown that cyclic preloading makes 

cartilage stiffer and therefore less susceptible to matrix damage and cell death after overloading 

(Wei et al., 2008). This protective effect has also been observed with creep preloading as a 

reduction of the occurrence of superficial cracks (Adams et al., 1998; Morel et al., 2005) and 

associated cell death (Morel et al., 2005). 

 

Cartilage Degeneration and Osteoarthritis (OA) 

Signs of AC Degeneration 

AC degeneration occurs due to a disruption in the natural repair cycle in cartilage (Kokkonen et 

al., 2011).  The earliest signs of cartilage degradation comprise surface roughening or fibrillation, 

collagen damage, proteoglycan (PG) loss, cell death, and changes in cartilage mechanical 

properties, often referred to as tissue softening (Jeffrey et al., 1995; Poole et al., 2002; Silver et 

al., 2004; Mow et al., 2005; Mansour, 2009). These changes are associated with the development 

of OA (L’Hermette et al., 2006), especially when adverse biomechanical conditions prevail (Mow 

et al., 2005; Willie et al., 2015).  

 

Osteoarthritis 

Osteoarthritis is a common, progressive and disabling joint disease that affects 25% of the world’s 

population over 50 years of age (Palazzo et al., 2016; Cooke et al., 2018). OA not only alters the 

structural and functional integrity of articular cartilage, but also adjacent bone and other joint 



General Introduction 

 

7 
 

tissues (Peat et al., 2001). Clinical symptoms associated with OA include joint pain, tenderness, 

stiffness, and swelling (Peat et al., 2001; Hinton et al., 2002; Cooke et al., 2018).  AC degeneration 

frequently causes pain and incapacity when the pain exceeds a threshold. However, during the 

early stages of OA, pain is not experienced all the time in the affected joint because of the lack 

of innervation of AC (Mankin et al., 1992). 

 

Although the cause of OA is often unknown, the factors that precipitate the developing of this 

disease are categorized into person-level factors such as age, gender, obesity, diet and genetics, 

and into joint-level factors like joint trauma, malalignment and mechanical stress (Hinton et al., 

2002, Palazzo et al., 2016).  

 

In earlier stages of OA, cartilage makes an attempt at repair, with proliferation of chondrocytes 

and an increase in matrix synthesis. However, this repair process is often insufficient, the effects 

of adverse mechanical loading and activity of degrading enzymes overwhelm the synthetic 

capability, and the repair fails (Hauser, 2010). 

 

Diagnosis and Treatment 

To ensure effective treatment and to prevent progression of AC degeneration, the immediate 

detection of possible injury after a traumatic event, and an accurate subsequent intervention are 

essential. However, current techniques only allow late detection of AC damage, when OA has 

already progressed. At present, main diagnosis methods to detect cartilage damage include 

physical examination by a doctor, conventional radiography (X-ray), computed tomography (CT), 

magnetic resonance imaging (MRI) and arthroscopy (Kokkonen et al., 2011). Other methods such 

as laboratory or immunological tests are common for rheumatoid arthritis, but not for OA 

(Sinusas, 2012). X-rays are commonly used to confirm diagnosis after the physical exam, while CT 

and MRI are only conducted if doubts about the diagnosis arise (Sinusas, 2012). Arthroscopy is 

helpful in detecting macroscopic signs of matrix damage, fibrillation and softening (Bekkers et al., 

2010).  Even though the mentioned diagnosis methods are suitable for detection of OA, they have 

some downsides. For instance, clinical characteristics of OA do not necessarily indicate the real 
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degree of AC degeneration (Bekkers et al., 2010). Moreover, there is not strong correlation 

between characteristics observed in radiographies and actual degree of cartilage damage 

identified by arthroscopy, and radiography is uncapable to detect cartilage and early chondral 

damage. Additionally, CT does not provide soft tissue information. MRI, on the other hand, is able 

to detect an articular cartilage defect when it is present, but is less suitable to detect matrix 

disturbances which precede the appearance of focal injury. Finally, arthroscopy is invasive, 

subjective and has inferior sensitivity for diagnosis of early ECM damage (Bekkers et al., 2010; 

Kokkonen et al., 2011; Braun et al., 2012). Therefore, it appears that the detection of early 

cartilage damage is difficult or not even possible with the available diagnosis methods (Kokkonen 

et al., 2011). 

The medical treatment of OA aims to relieve symptoms and to increase joint function. 

Unfortunately, current treatments only offer temporary relief and are unable to fully repair 

damaged AC (L’Hermette et al., 2006). Different treatment modalities for OA exist: 

nonpharmacologic, pharmacologic, complementary and alternative (e.g. acupuncture), and 

surgical (Hinton et al., 2002; Sinusas, 2012). Each treatment modality has different objectives, 

and selection of treatment is mainly dependent on the OA stage and on patient history. Normally 

in cases of mild OA, pain medication is recommended, along with changes in lifestyle, such as 

keeping a healthy weight and exercising. But as long as the disease progresses, pharmacological 

aids (e.g. painkillers, corticosteroids or hyaluronic acid) are required. In severe cases of OA, 

surgical interventions are recommended, such as microfracture, debridement, osteotomy, 

mosaicplasty, or autologous chondrocyte implantation (ACI), and, in case of complete cartilage 

degeneration, total joint replacement (Sinusas, 2012).  

 

Rationale of the Thesis 

The aim of the present PhD dissertation was to achieve a better understanding of the underlying 

mechanisms involved in the process of early cartilage damage and progression. In the future, this 

understanding may contribute to creating and developing new tools to predict OA initiation and 

progression, therefore making earlier intervention feasible. 
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Consequently, the general objectives of the present thesis were (1) to characterize how 

mechanical overloading could lead to the earliest damage of the (1a) collagen network or (1b) 

the loss of proteoglycans; (2) to explore the effect of loading history on AC damage development, 

by evaluating whether the application of mild loading prior to significant overloading would have 

a protective effect on cartilage; and (3) to explore combinations of loading magnitude and 

number of loading cycles on cartilage above which superficial macroscopic damage would 

develop. 

 

Outline of the Thesis 

Chapter 2 investigates whether collagen damage occurs preferentially superficially or internally, 

depending on the magnitude and rate of overloading. It was hypothesized that damage develops 

at these different locations, because the distribution of excessive strains varies with loading rate 

as a consequence of the time-dependent cartilage properties. 

 

Chapter 3 aimed to answer the following questions: (1) Is the loss of PGs dependent on the 

amount of collagen damage in articular cartilage, and does it depend on whether this collagen 

damage is superficial or internal? (2) Does repeated loading further increase the already 

enhanced PG loss in cartilage with collagen damage? These questions were based on the premise 

that a disrupted collagen network would result in a more open structure, which facilitates the 

transport of PGs, entangled within the ECM, out of the tissue over time. This transport may 

already occur as a result of passive diffusion, but may be enhanced by convection. 

 

The aim of Chapter 4 was to explore if the magnitude of creep loading prior to excessive loading 

determines the amount of collagen damage in cartilage. This was based on the premise that 

overloading produces excessive tissue strains, which could lead to collagen damage. The 

magnitude of these strains, under the same loading condition, depends on cartilage stiffness. 

Previous studies have shown that mild creep preloading results in compacted, stiffer cartilage 

(Thambyah et al, 2012b). Excessive loading of cartilage that behaves stiffer as a result of creep 

preloading may result in lower internal strains and therefore less collagen damage. 
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In Chapter 5, it was hypothesized that cartilage fatigue damage occurs when the combination of 

loading magnitude and number of repetitions exceeds a certain threshold. The premise was that 

this relationship depends on the type of loading: local indentation loads the superficial collagen 

more, whereas unconfined compression is supported predominantly by the deeper 

proteoglycan-rich zone. Therefore, the aim of this chapter was to explore combinations of 

loading magnitude and number of loading cycles above which superficial macroscopic damage 

would develop, using indentation and unconfined compression, and to evaluate whether these 

combinations support the above hypothesis. 

 

In Chapter 6 the main findings of the present thesis are discussed and summarized. It is also 

highlighted how this information may be useful in the future to develop computational models 

or diagnostic tools that could support earlier prediction and identification of patients with OA. 
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Introduction  

Cartilage damage generally progresses into osteoarthritis when adverse biomechanical 

conditions prevail (Mow et al., 2005; Willie et al.,2015). Among the earliest signs of cartilage 

degradation are tissue softening and surface roughening or fibrillation (Mansour et al., 2009; 

Mow et al., 2005). Both are associated with disruption of the collagen network. Because of the 

slow turnover of collagen in cartilage, collagen damage can be considered an early key indicator 

of osteoarthritis (Tiku et al., 2016). Hence, more insight into the appearance of early collagen 

damage as a function of mechanical overloading may eventually help to predict the course of the 

pathology at an earlier stage and improve selection and timing of patient-specific interventions, 

which is currently challenging (Gardiner et al., 2016; Kraus et al., 2015). 

 

Several studies explored the relationship between mechanical overloading and damage to 

cartilage and its collagen network. Excessive loading magnitude, applied as a single impact or 

cyclically, results in a series of changes in cartilage, including cell death (de Vries et al., 2014; Lin 

et al., 2004; Milentijevic et al., 2005), softening (Hosseini et al., 2013; Thibault et al., 2002; Willie 

et al., 2015), loss of network interconnectivity (Thambyah et al., 2012a), fissures (Chen et 

al.,1999) and collagen damage (Chen et al., 1999 and 2003; Hosseini et al., 2014; Thibault et al., 

2002; Wilson et al., 2006). Interestingly, it was also shown that collagen damage may start 

internally, without visible signs of tissue damage at the surface (Hosseini et al., 2014; Thibault et 

al., 2002; Wilson et al.,2006). At higher loading rates, fissure formation (Ewers et al., 2001), 

proteoglycan depletion (Ewers et al., 2001), cell death at different locations (Ewers et al., 2001; 

Milentijevic et al., 2005), and micro-cracks occur (Thambyah et al., 2012a). Superficial cracks in 

the tissue, which also involve collagen damage, have been shown to occur following excessive 

loading magnitude (Chen et al., 1999 and 2003) and rate (Ewers et al., 2001; Thambyah et al., 

2012b). Furthermore, extended duration of loading enhances cell death (Chen et al., 2003; Lin et 

al., 2004; Lucchinetti et al., 2002), proteoglycan loss (Chen et al., 1999; Lin et al., 2004) and 

collagen damage (Chen et al., 1999 and 2003; Lin et al., 2004). 

Thus, excessive loading magnitude, rate and duration induce a variety of damaging effects in 

cartilage and result in different appearances of collagen damage. However, the cause of these 
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different appearances is yet unknown. It has been hypothesized that collagen damage results 

from overstraining of the collagen fibrils. Because cartilage material behavior is significantly time-

dependent due to its biphasic nature, the internal strain distribution will change as a function of 

loading rate. At fast loading rates, fluid is not given time to flow and tissue deformation is almost 

isovolumetric. Thus, axial compression results in significant sideways tensile straining of the 

cartilage and the matrix with its internal collagen network will be strained accordingly. However, 

under sustained loading or slower loading rates, fluid redistributes and this results in larger 

compressive straining of the matrix (collagen buckling), but also smaller tensile strains. 

Accordingly, this study postulates that with the difference in strain distribution, also the locations 

where tensile strain in the collagen fibers exceeds damage thresholds will be influenced by the 

loading rate. Thus, it is expected that the location of collagen damage as a consequence of 

excessive loading at fast rates would differ from these locations at slower loading rates. 

 

The present study aims to build support for the hypothesis that time-dependent tissue behavior 

affects the appearance of collagen damage, by characterizing the extent and location of collagen 

damage in articular cartilage as a function of loading magnitude and loading rate. The collagen 

damage effects will be distinguished in development of superficial clefts and internal collagen 

network damage. It is hypothesized that similar loading magnitudes applied at higher rates will 

result in more internal collagen damage as a result of the biphasic, time-dependent mechanical 

tissue response. 

 

Materials and Methods 

Osteochondral Plugs 

72 osteochondral plugs were harvested from 16 metacarpal proximal epiphyses of 1-year old 

calves, reaching the skeletal maturity (Ahsan et al., 2005; Otsuki et al., 2010) obtained from a 

local slaughterhouse. Plugs were extracted using a diamond core-drill (Einhell SB 501/1, Einhell, 

Germany) of 7.5 mm inner diameter and then plugs thickness was reduced to 5–7 mm length 

with a diamond cut-off wheel (Accutom-5, Struers, Denmark). During drilling and cutting, 
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osteochondral plugs were irrigated with room temperature phosphate buffered saline (PBS) and 

stored in PBS at – 20 °C until testing. 

 

Mechanical Testing 

The plugs were thawed and equilibrated at room temperature for 1 h in PBS. After thawing, 

cartilage thickness was determined using a digital caliper, by averaging the thickness at four 

locations along the edge of the cartilage surface. The osseous part of the osteochondral plugs 

was placed in a custom-made polycarbonate container with a 7.5 mm hole in the center of the 

bottom plate to fix the sample. The container was filled with PBS and covered with a lid to avoid 

evaporation (Fig. 1a). Samples were slowly press-fit to guarantee the bottom of the samples 

would be in contact with the container’s hole bottom, by applying a non-damaging compression 

of 25 N (0.57 MPa at 1 mm/min), distributed over the entire cartilage surface (Torzilli et al., 1999). 

 

 

Figure 1. Photograph (a) and schematic (b) of the experimental setup, and the mechanical protocol (c). Indenter 

reaction force and position were monitored just prior to deformation at rest load (blue squares) and at the peak 

deformation (red squares) for further analysis. 

 

To evaluate the local effects of different loading regimes, an impermeable indenter of 2 mm 

diameter with a hemi-spherical tip (1 mm radius) was used to apply five loading cycles of 15, 25, 

35 or 45 N loading at 5, 60 or 120 mm/min, separated by 2.4 s at rest load of 0.05 N (Universal 

testing machine BT1-FB010TND30, Zwick/Roell, Germany) (Fig. 1). The applied loading 

magnitudes of 15, 25, 35 and 45 N with the 2 mm hemi-spherical indenter correspond to stresses 

of approximately 4.8, 8.0, 11.1 and 14.3 MPa respectively. These values are at the high end of 
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physiological loading (Zimmerman et al., 1988; Morrel et al., 2005) and have been used in other 

studies for unconfined compression (Zimmerman et al., 1988) and indentation (Torzilli et al., 

1999). 

 

Immediately after mechanical loading, the cartilage was removed from the subchondral bone 

with a scalpel and cut into halves. One half was stored in PBS at – 20 °C, the other was embedded 

in Tissue-Tek compound (Sakura® Finetek, USA, Inc.), rapidly frozen in liquid nitrogen and stored 

at – 30 °C until histological processing. 

 

Histology 

Cartilage samples were cryo-sectioned in 7 μm slices (Microm HM 550, Germany), mounted on 

pre-coated glass slides (SuperFrost® Plus, Thermo Scientific, Germany), dried for 1 h and stored 

at – 30 °C. 

 

For staining, samples were dried for 30 min at room temperature and 1 h at 37 °C, fixed with 

3.7% 0.1 M phosphate buffered (pH 7.4) formaldehyde for 5 min, rinsed in PBS and dipped in 

0.01% tween PBS. To enhance the permeability of the extracellular matrix, glycosaminoglycans 

were removed by incubating with 1% hyaluronidase in PBS (Testicular, Type I-s, EC 3.2.1.35, 

Sigma–Aldrich, US) for 30 min at 37 °C. To block endogenous peroxidase activity, sections were 

incubated with freshly prepared 1% (v/v) peroxide in absolute ethanol at room temperature for 

30 min. Sections were then incubated with 10% normal horse serum (NHS) for 30 min to block 

nonspecific staining. To visualize collagen damage, slices were incubated overnight at 4 °C with 

col2-3/4m antibody (1/800) (Mouse monoclonal IgG1, Product Nr. 50–1011, IBEX 

Pharmaceuticals Inc., Canada) in 1% bovine serum albumin (BSA) and rinsed in PBS. Control 

samples were incubated with 1% BSA. Subsequently, slices were incubated for 1 h at room 

temperature with biotin-labeled horse anti-mouse antibody (1/400) (IgG (H + L), produced in 

horse, Vector Laboratories, Inc., USA) and rinsed in PBS. Then, they were incubated with biotin 

streptavidin detection system (VectaStain Elite ABC, Vector Laboratories, Inc, USA) reagent for 

30 min and rinsed 5 min in PBS. Peroxide was detected by incubating with 3′,3′ diaminobenzidine 
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for 7 min and rinsing thoroughly in PBS. Finally, sections were counterstained with Mayer’s 

hematoxylin, dehydrated and mounted with Entellan® (Merck, Germany). Stained sections were 

digitized under inverted light microscopy at 5× magnification (Axio Observer, Carl Zeiss, 

Germany). 

 

Processing Data and Statistics 

Indentation strain was calculated as the ratio between the original cartilage thickness and the 

displacement of the indenter from the sample surface to the applied loading of either 0.05 N 

prior to each peak-loading cycle (Fig. 1c, blue squares) or the peak-loading (Fig. 1c, red squares). 

 

The degree of cartilage damage was evaluated using a custom-made histological grading system 

(Table 1). The amount of damage was classified in two categories: macroscopic superficial 

damage and microscopic internal collagen damage (visualized by col2-3/4m staining). Each 

category was grouped into five levels ranging from undamaged (score 0) to severely damaged 

tissue (score 5), similar to the Mankin score (Mankin et al., 1971). Four observers received 

digitized images of the stained sections and an explanation about the scoring system (Table 1). 

They independently graded macroscopic superficial and microscopic internal collagen damage. 
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Table 1. Histological damage grading system. 

Category Subcategory Score 

Macroscopic superficial 

damage (irregularities and 

clefts) 

No irregularities 0 

Surface irregularities 1 

Surface damage 2 

Clefts to transitional zone 3 

Clefts to radial zone 4 

Clefts to calcified zone 5 

Microscopic internal damage 

(visualized by col2-3/4m 

staining) 

No staining 0 

¼ of the cartilage thickness 1 

½ of the cartilage thickness 2 

¾ of the cartilage thickness 3 

Full thickness cartilage 4 

No superficial zone staining + 0 

Superficial zone staining + 1 

Total  0–10 

 

The summation of macroscopic superficial and microscopic internal collagen damage was defined 

as the total collagen damage in cartilage, and was categorized as normal, mild, moderate or 

severe (Table 2). The grading reliability inter- and intra- observers was assessed with the Kappa 

coefficient (Sim et al., 2005). Total, macroscopic superficial and microscopic internal collagen 

damage scores from the 4 observers were averaged per sample. 

 

Table 2. Damage degree and its corresponding score range. 

Total damage degree Total damage score (Table 1) 

Normal 0–1 

Mild 2–3 

Moderate 4–6 

Severe 7–10 
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A three-way mixed ANOVA was run to test the effects of loading magnitude and rate on strains 

within the five loading cycles. Then, a two-way ANOVA was performed to understand the effects 

of loading magnitude and loading rate on the strains at the 5th loading cycle, and also on total, 

macroscopic superficial and microscopic internal collagen damage. Outliers were assessed by 

inspection of a boxplot, normality was assessed using Shapiro–Wilk’s normality test for each cell 

of the design and homogeneity of variances was assessed by Levene’s test. A square root 

transformation was performed on strains and on total, macroscopic superficial and microscopic 

internal collagen damage to accomplish equality of variances. When any of the ANOVA tests 

showed a significant interaction, an analysis of simple main effects for the corresponding levels 

was performed with Bonferroni correction. All pairwise comparisons were run for each simple 

main effect with reported 95% confidence intervals and p-values Bonferroni-adjusted within each 

simple main effect. When there was not a significant interaction, an analysis of the main effect 

for the corresponding levels was performed. All pairwise comparisons were run where reported 

95% confidence intervals and p-values were Bonferroni-adjusted. Mean differences were 

considered significant at the p = 0.05 level. A Spearman’s rank correlation was run to assess the 

relationship between articular cartilage thickness and total, macroscopic superficial and 

microscopic internal collagen damage. Statistical tests were produced with IBM® SPSS® 23 

software, US. 

 

Results 

Histology 

Different collagen damage patterns could be distinguished histologically, depending on the 

applied loading protocol (Fig. 2). Macroscopic superficial damage occurred in some samples in 

most groups and was more prominent at higher loading magnitudes (examples indicated by red 

arrows in Figs. 2d, 2g, and 2k). Microscopic internal damage below the cartilage surface 

(indicated by black arrows in Fig. 2) occurred predominantly in the groups that received higher 

loading rates (Figs. 2f, 2j, and 2k) and penetrated to the surface in 45% of the samples (e.g. Figs. 

2g, 2h, and 2l). In 13% of the cases, the cartilage surface remained intact, but microscopic internal 

damage was visible (e.g. Figs. 2f, and 2l). 
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Figure 2. Examples of col2-3/4m staining per group. Brown color indicates denatured collagen and is graded as 

microscopic internal collagen damage. Note that the brown staining along the attachment to bone (bottom of 

each image) is natural in healthy cartilage and therefore disregarded in the scoring. Red arrows point at 

macroscopic superficial damage (g, including insert of damaged area) or fissures (d, k). Black arrows indicate 

microscopic internal collagen damage areas (f–h and j–l). Images are digitized at 5× magnification; the insert is 

20× magnification. Scale bar = 200 μm. 

 

Strains 

Average indentation strains increased with each loading cycle, both during the 0.05 N (Fig. 3, blue 

bars) and the peak-loading period (Fig. 3, red bars). Each new cycle of 0.05 N was statistically 

significant different compared to the previous cycle of 0.05 N (p < 0.005; Fig. 3). This statistically 

significant difference was also observed within each peak-loading (p < 0.005; Fig. 3). The average 

strains increased when samples were subjected to lower loading rates and higher loading 

magnitudes. There was no interaction between loading magnitude and rate on strains at 5th 

loading cycle (p > 0.05). There was a statistically significant main effect of loading magnitude at 

35 and 45 N, compared to 15 and 25 N (p < 0.005; Fig. 4a) and the main effect of loading rate was 

also statistically significant, comparing 5 mm/min to both 60 and 120 mm/min (p < 0.005; Fig. 

4a). The increasing strain at 0.05 N loading represents the persistence of an indent in the 

cartilage, which does not restore to its original height within the 2.4 s of 0.05 N loading. 
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Noteworthy, this indent was still visible in the tissue while the tissue was collected after the 

loading regime. 

 

 

Figure 3. Average strain calculated at every cycle of loading for the group loaded with 45 N. The other groups show 

the same trend at lower strain values (Fig. 4). (a) Rest load of 0.05 N; comparison within loading rates of 5, 60 and 

120 mm/min. The average strain values in rest loading ranges between 0.06 and 0.46 at 5 mm/min; 0.04–0.3 at 

60 mm/min; and 0.03–0.21 at 120 mm/min. (b) Peak load of 45 N; comparison within loading rates of 5, 60 and 

120 mm/min; n = 6 per loading rate group. The average strain values in peak loading ranges between 0.57 and 

0.75 at 5 mm/min; 0.48–0.56 at 60 mm/min; and 0.36–0.41 at 120 mm/min. There are statistically significant 

differences within each cycle of 0.05 N (p < 0.005; blue bars,) and within each peak-loading (p < 0.005; red bars). 

Every specific symbol (open triangle, open circle, open square, filled star) and color is showing the statistically 

significant difference between the marked cycle and the previous one. Significance at p < 0.05. 
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Figure 4. Average strain calculated at 5th cycle of loading for each loading magnitudes applied (horizontal axis, 

values under bottom graph only). Top: loading rate 5 mm/min. Middle: loading rate 60 mm/min. Bottom: loading 

rate 120 mm/min. Filled star: statistically significant difference with 15 N; open circle: statistically significant 

difference with 25 N. Significance at p < 0.05. 

 

Damage Scoring 

The intra- and inter-observer reliability for scoring histological images yielded a weighted 

(quadratic) Kappa coefficient of 0.9 and 0.69, respectively. This indicated almost perfect intra-

observer and good inter-observer concordance strength (Sim et al., 2005). 

 

Few outliers were found by inspecting the boxplots of total, macroscopic superficial and 

microscopic internal collagen damage; these were kept for being genuine values. According to 

Shapiro–Wilk’s normality test, most of the damage grades were normally distributed (p > 0.05) 

and Levene’s test showed homogeneity of variances for total (p = 0.20), macroscopic superficial 

(p = 0.37) and microscopic internal (p = 0.59) collagen damage. Two-way ANOVA showed 
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significant interaction between loading magnitude and loading rate for total collagen damage (p 

= 0.013). There was a statistically significant difference in mean of total damage score between 

all loading magnitudes (15, 25, 35 and 45 N) at 5 mm/min (p < 0.005), 60 mm/min (p < 0.005) and 

120 mm/min (p = 0.016), and between all loading rates (5, 60 and 120 mm/min) at 25 N (p = 

0.005) and 35 N (p < 0.005). Pairwise comparisons for each simple main effect revealed that 

within each loading rate, loading magnitude had a significant effect on total damage (Fig. 5). In 

contrast, the effects of loading rate on total damage were only significant in the groups that 

received intermediate loading (25 and 35 N). Total damage was unaffected by loading rate when 

loading was 15 N, where all groups showed minor damage, and 45 N, where all groups showed 

significant damage (Fig. 5). 

 

Figure 5. Degree of total damage as a function of loading magnitude and loading rate. Error bars represent 95% 

confidence intervals. Filled star: statistically significant difference with 15 N; open circle: statistically significant 

difference with 25 N; open square: statistically significant difference with 35 N; asterisk: statistically significant 

difference with 5 mm/min. Filled star, open circle, open square and asterisk: p < 0.05. 

 

Two-way ANOVA analysis per type of damage showed significant interaction between loading 

magnitude and loading rate for macroscopic superficial damage (p < 0.005; Fig. 6a), while this 
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interaction did not occur for microscopic internal damage (p = 0.23; Fig. 6b). Mean differences of 

macroscopic superficial damage score revealed a statistically significant difference between all 

loading magnitudes (15, 25, 35 and 45 N) at 5 mm/min (p < 0.005) and 60 mm/min (p < 0.005); 

and between all loading rates (5, 60 and 120 mm/min) at 45 N (p < 0.005). Pairwise comparisons 

for each simple main effect showed that most significant differences in macroscopic superficial 

damage occurred between 5 and 60 mm/min when a loading of 45 N was applied (Fig. 6a). 

Microscopic internal damage score indicated a statistically significant main effect of both loading 

magnitude (p < 0.005) and loading rate (p < 0.005). Pairwise comparisons evidenced that 

microscopic internal damage was significant different between 60 and 120 mm/min when 

loadings of 35 and 45 N were applied (Fig. 6b). 

 

 

Figure 6. Degree of macroscopic superficial damage (a). Degree of microscopic internal damage (b). Error bars 

represent 95% confidence intervals. Filled star: statistically significant difference with 15 N; open circle: 

statistically significant difference with 25 N; open square: statistically significant difference with 35 N; asterisk: 

statistically significant difference with 5 mm/min. Filled star, open circle, open square and asterisk: p < 0.05. 

 

The average cartilage thickness was 1.05 ± 0.23 mm. Spearman’s rank correlation showed a low 

positive correlation between cartilage thickness and total damage (ρ = 0.340, p = 0.005), and a 

moderate correlation between cartilage thickness and microscopic internal damage (ρ = 0.436, p 

< 0.005). 
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Discussion 

The present hypothesis was that time-dependent tissue behavior affects the appearance of 

collagen damage. The rationale behind this hypothesis was that collagen damage would occur 

through excessive strains, while the strain distribution in a time-dependent material such as 

articular cartilage would change with variations in loading magnitude and rate. The approach to 

test this hypothesis was to assess the location and amount of damage that develops 

macroscopically in the superficial cartilage layer and microscopically in the internal collagen 

network, as a function of various combinations of loading magnitudes and loading rates. 

 

In agreement with the hypothesis, results showed that loading magnitude and loading rate are 

both linked to the degree of total collagen damage in cartilage. Their statistically significant 

interaction (Fig. 5) suggests variations in appearance depending on the specific combination of 

loading magnitude and loading rate. Microscopic internal collagen damage increases with both 

loading magnitude and rate, with no statistical interaction, with suggestions of a loading 

threshold to induce damage at the highest loading rate and at lower loading magnitudes (Fig. 

6b). A different trend is present in the macroscopic superficial damage, which increases with 

loading magnitude and rate for intermediate loading magnitudes, but with significant interaction; 

the loading-rate dependency is inverted for the highest loading magnitude (Fig. 6a). Taken 

together, these data show that different modes of overloading cause distinct appearances of 

collagen damage in articular cartilage. 

 

Previous studies have demonstrated thresholds of loading magnitude and either loading rate or 

loading duration at which macroscopic superficial (Chen et al., 1999; Ewers et al., 2001; Jeffrey 

et al., 1995; Milentijevic et al., 2005; Morel et al., 2004 and 2006; Quinn et al., 2001; Verteramo 

et al., 2007) and microscopic internal collagen damage (Chen et al., 2003; Thibault et al., 2002) 

develops in articular cartilage. These studies used various experimental setups, including 

unconfined compression (Ewers et al., 2001; Morel et al., 2004 and 2006; Quinn et al., 2001), 

drop towers (Jeffrey et al., 1995; Verteramo et al., 2007) or channel indenters (Thambyah et al., 

2012a and 2012b). The present study used a round indenter to localize the loading. This has the 
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advantage that results are independent of sample size and of the adverse conditions at the cut 

edges of the sample. Wilson et al. using a similar indenter, found sub-superficial microscopic 

collagen fiber damage after 25 N indentation (Wilson et al., 2006), sometimes penetrating to the 

surface, in agreement with the present results (Figs. 2f–2h, 2j). The same was observed by Chen 

et al. under compression with a flat-ended indenter at 5 MPa for 120 min and under confined 

compression at 1 MPa for 24 h and 5 MPa for 1 h (Chen et al., 1999 and 2003). Unlike other 

studies, Chen et al. reported collagen damage to occur only at the surface (Chen et al., 1999 and 

2003). However, they used isolated cartilage rather than osteochondral plugs, and attachment 

to bone is known to affect the mechanical conditions in the cartilage and its collagen network 

significantly (Jeffrey et al., 1995). Thibault et al. found that stress rates between 2 and 5 MPs/s 

produce collagen damage, which is mainly concentrated in the deep zone, sometimes extending 

into the transitional zone (Thibault et al., 2002). 

 

Macroscopic superficial damage in the present study was mostly limited up to level 3 severity 

(superficial damage). Only few cases, all at higher loading rates and magnitudes, presented 

slightly deeper clefts. Full depth fissures may occur as the clefts propagate over longer time, or 

as a result of more extreme loading magnitudes and rates than those used in the present study 

(Jeffrey et al., 1995; Verteramo et al., 2007). The present results concur with other studies which 

showed that the formation of fissures and cracks increased with loading magnitude (Thambyah 

et al., 2012a) and loading rate (Ewers et al., 2001; Morel et al., 2004 and 2006; Quinn et al., 2001; 

Thambyah et al., 2012b) with fissures starting from the superficial zone (Ewers et al., 2001; Morel 

et al., 2004 and 2006; Quinn et al., 2001; Thambyah, et al., 2012a and 2012b; Verteramo et al., 

2007) and propagating into the transitional and deep zone (Jeffrey et al., 1995; Thambyah et al., 

2012b). 

 

Thus, the general responses at both the microscopic and macroscopic level in the present study 

were in agreement with previous work. The additional insight from the present study is the 

differential effect of loading magnitude and rate on the macroscopic superficial and microscopic 

internal collagen damage. 
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One possible explanation for this differential effect is that the failure mode of collagen type II 

may be loading-rate dependent. Strain-rate dependent damage has been reported for fiber-

reinforced polymers in general (Ray et al., 2015) as well as for collagen type I (Haut, 1983) 

showing that collagen fiber damage started at 10% strain under high strain rates and at 7% strain 

during quasi-static loading. The present study imposed different strain rates to the tissue surface, 

but did neither monitor strains nor strain-rates in the tissue in the direction of the local fibers. 

Therefore, it is not possible to conclude to what extend strain-rate dependent damage of 

collagen type II could explain the observed effects in this study. 

 

The second, more likely explanation for the observed strain-rate dependent collagen damage in 

cartilage is that the strains experienced by the collagen at the surface and internally in the tissue 

are influenced in a different way by the biphasic response of the cartilage (illustrated in Fig. 7). 

During slow indentation, fluid is given time to flow away from the area under the indenter 

(arrows in Fig. 7), whereas fluid remains in place during fast loading rates. As a consequence of 

the fluid loss, the average indentation depth increased more for lower loading rates than for 

higher loading rates. This is evidenced by the indentation depth at the 0.05 N loading period (Figs. 

3, 4, 7, bottom). The indent in the cartilage is also visible by the naked eye after the experiment. 

The deformation of the cartilage surface and its parallel collagen fibers directly follows the 

imposed deformation by the indenter. Thus, lower indentation rates result in deeper 

indentations, larger surface stretching and consequently more straining and potentially more 

damage of the tangential superficial collagen fibers (Párraga Quiroga et al., 2017a). This explains 

the inverse relationship between loading rate and macroscopic superficial collagen damage (Figs. 

6a and 7, right column). The same biphasic mechanism results in an opposite time-dependent 

strain response deeper inside the tissue. At faster loading rates, i.e., at shorter loading durations, 

fluid is not given time to flow relative to the matrix, and the tissue bulges sideways in the area 

under the indenter (asterisk in Fig. 7). This causes internal strains in the matrix and in the internal 

collagen network (Fig. 7, left column). The intermediate zone with its dispersed collagen fiber 

network is the most susceptible to damage. Thus, at intermediate loading rates and magnitudes, 

this zone is selectively damaged (Figs. 2f, and 2g), in agreement with former studies. With 
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increasing loading rate (Figs. 2j, and 2k), magnitude (Fig. 2h) or both (Fig. 2l), the damage extends 

into the deeper zones. Here the staining appears more intense, presumably because the strong 

anisotropic nature of the tissue in the deeper zone causes a larger number of fibers to become 

damaged at the same time, when a critical strain threshold in the tissue is crossed. 

 

 

Figure 7. Schematic explanation of the effect of the proposed time-dependent response in the present study. 

When cartilage is loaded fast (left column), fluid flow is limited and the matrix will deform to accommodate for 

the imposed shape change (left middle; indicated by *). If the load is released immediately afterwards, total fluid 

flow remains limited. In contrast, when loading is slow (right column), fluid will have time to flow through the 

matrix (right middle; arrows indicate fluid flow). The difference in fluid content under the indenter will result in a 

difference in indentation depth at minimal (0.05 N) loading (bottom row). 

 

The above effects are explained by the time allowed for the fluid to move through the tissue. This 

not only depends on loading rate, but also on local tissue permeability and proteoglycan density, 

as proteoglycans attract fluid and prevent it from moving. As the effects of fluid flow are 

dependent on these variables, the depth-dependent cartilage composition as well as variability 
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in cartilage contents between species, joints or locations within joints will influence the 

quantitative relation between loading rate, matrix straining and collagen damage. Theoretically, 

the loading rate threshold above which damage may occur in cartilage, will be lower for tissue 

with lower permeability and higher proteoglycan density. For low or high loading rates, loading 

rate will overrule the effect of permeability and damage development will occur as presented in 

Fig. 7. 

 

Recently, strain-rate dependent collagen damage in cartilage was predicted by a computational 

model (Párraga Quiroga et al., 2017b). In a similar range of indentation magnitudes and rates, it 

was found that collagen damage at the surface would increase when either loading magnitude 

or loading rate was increased. Also in agreement with the present study is that an interaction 

between loading rate and magnitude seemed to exist for the internal collagen damage. Only at 

intermediate loading magnitudes and for intermediate rates, significant collagen damage 

occurred internally before it became apparent at the surface. However, in the computational 

predictions it was found that this internal collagen damage would reduce upon further increase 

in loading rate (Fig. 8 in Párraga Quiroga et al., 2017b), whereas it increases in the present 

experimental data. Thus, the present data provide insight that should be used to improve the 

damage predictions by the computational model. 

 

The present study used indentation with a 2 mm diameter round-ended indenter. This loading 

condition was chosen to be in line with former studies (Hosseini et al., 2013; Párraga Quiroga et 

al., 2017b; Wilson et al., 2006) where indentation was chosen as a mechanism to invoke 

significant collagen strains both at the surface and inside the cartilage. The advantage of 

indentation is that the result is independent of sample size and of edge-effects due to sample 

processing. The physiological loading condition where a rounded condyle compresses a rather 

flat tibia plateau is in between loading with an indenter and unconfined compression. The 

indenter radius is important for the amount of stress and strain induced in the area below the 

indenter. Because of the indenter’s round shape, it is difficult to calculate the exact stress level 

applied to the sample. Presumably, applied stresses reach 5–14 MPa, which is at the high end of 
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physiological loading and comparable to stresses applied by Quinn et al., in unconfined 

compression (Quinn et al., 2001). 

 

Finally, tissue response varies between samples. Some samples which are subjected to high 

loading magnitudes and fast loading rates do not show signs of macroscopic superficial or 

microscopic internal collagen damage, whereas some samples in milder loading groups do. This 

may be explained by biological variation between metacarpal proximal epiphysis joints of 1 year-

old calves. In particular, differences in cartilage thickness have been proposed to affect cartilage 

damage development (Wilson et al., 2006). In the present study a moderate correlation between 

cartilage thickness and microscopic internal damage was found (ρ = 0.436, p = 0.0003), suggesting 

that thickness has an effect but is not the predominant parameter to explain differences between 

samples. Variations due to the experimental analyses cannot be excluded. For instance, the 

selected histological slide for evaluation of damage may not be the most central one under the 

indenter and slices may have different orientations with respect to the split line direction. Such 

suboptimal histology would result in a slight underestimation of the actual damage. Thus, the 

presented results can be considered conservative. 

 

To conclude, this study confirms that loading magnitude and loading rate both affect the degree 

of collagen damage in articular cartilage. It demonstrates that macroscopic superficial damage 

and microscopic internal collagen damage respond differently to variations in loading magnitude 

and rate. Macroscopic superficial damage is highest when the indentation depth is largest, i.e., 

under high loading magnitudes and slow loading rates. Microscopic internal collagen damage 

occurs when the internal deformation in the cartilage is largest. This internal deformation is 

governed by the time water is allowed to flow through the matrix. At faster deformations, less 

water flow can occur relative to the matrix compared to slower deformations. Consequently, 

faster compression results in more internal straining of the hydrated tissue, and the collagen 

network is more likely to become overstrained. Damage at the surface is less affected by water 

displacement, and more dependent on the actual local deformation of the tissue by the indenter. 

Such differential effects of the loading regime on macroscopic superficial and microscopic 
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internal damage have not been demonstrated before. Further understanding of the mechanically 

complex, time-dependent mechanisms that result in cartilage damage are important for 

understanding the etiology and progression of osteoarthritis. 
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Introduction 

Proteoglycan (PG) loss and damage to the collagen network are among the first signs of early 

osteoarthritis (OA). PGs give cartilage resistance to compressive loading by generating a swelling 

pressure, which is maintained in the tissue by the arcade-like structure of collagen that restricts 

swelling and gives cartilage its resistance to tension. This mechanical coupling between PGs and 

collagen suggests a relationship between PG depletion, collagen damage and mechanical loading 

in the onset of early stage OA. However, the exact nature of this relationship is still unclear 

(Rogart et al., 1999).  

 

PG loss precedes ECM degradation and collagen loss in articular cartilage explants cultured in the 

presence of Interleukin-1 (Mort et al., 1993; Kozaci et al., 1997; Billinghurst et al., 2000; Torzilli 

et al., 2010) or retinol (Dingle et al., 1975). Conversely, when ovalbumin is injected to induce 

arthritis in rabbits, collagen type II cleavage by collagenase is detected earlier in synovial fluid 

than PG loss (Kojima et al., 2001). Additionally, collagenase treatment decreases the PG content, 

especially if the treatment duration is longer (Grenier et al., 2014). Finally, collagen damage may 

promote damage to the extracellular matrix (ECM) and vice versa, as suggested by computational 

modelling results (Hosseini et al., 2014). 

 

Loading regimes and biochemical treatments play an essential role in stimulating or inhibiting PG 

depletion from articular cartilage, and this behaviour may be altered during the post-loading 

period. In general, submitting cartilage to cyclic loading enhances PG loss (Lee et al., 1997; Torzilli 

et al., 1998; Loening et al., 2000; Sauerland et al., 2003; Lin et al., 2004; Piscoya et al. 2005; Torzilli 

et al., 2010), and this effect may be altered by peak stress (Loening et al., 2000; Piscoya et al. 

2005), load frequency (Lee et al., 1997; Sauerland et al., 2003) and duration of unloading periods 

(Sauerland et al., 2003). Nevertheless, the amount of PG loss may decrease during cyclic loading 

but increase in the post-loading period (Torzilli et al., 1998). The PG loss during the post-loading 

period may be enhanced by high peak stresses (Guilak et al., 1994; Natoli et al., 2008), although 

larger peak stresses have also been associated with reduced PG loss (Patwari et al., 2007). Finally, 

interleukin-1 (IL-1) stimulation induces PG loss, but this may be inhibited by simultaneous cyclic 
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loading (Torzilli et al., 2010); while PG loss in already degenerated cartilage by retinoic acid may 

be enhanced with cyclic loading (Ostendorf et al., 1995).   

 

Therefore, there is a discrepancy between studies with regard to the effects of collagen damage, 

mechanical loading, and the combination of both factors on PG loss. Part of these differences 

may result from an interaction between effects of the severity of collagen damage on the one 

hand, and effects of cyclic mechanical loading on the other hand.  

 

The premise is that a disrupted collagen network would result in a more open structure, which 

facilitates the transport of PGs, entangled within the ECM, out of the tissue over time. This 

transport may already occur as a result of passive diffusion, but may be enhanced by convection. 

Sah et al. have shown that, after 3-5 days post-loading, cartilage disks that were statically 

compressed for 12 hours lost around 7.5% of the PG content compared to unloaded controls; 

while disks that were cyclically compressed for 24 hours lost 20.9% of the PG content compared 

to unloaded controls (Sah et al., 1991). This may suggest that, under unloaded or static loading 

conditions, only diffusion is effective, but cyclic loading stimulates convection and may therefore 

result in more PG loss compared to statically loaded or unloaded controls. This may be the case 

particularly in tissues with damaged collagen. Furthermore, we have previously shown that 

collagen damage as a result of mechanical overloading may either start as surface roughening 

with larger clefts penetrating the tissue from the surface, or as diffuse collagen damage that 

starts internally, below the surface (Henao-Murillo et al., 2018). However, how these different 

types of collagen damage affect PG loss is still unknown. 

 

The present study aims to answer the following questions: (1) Is the loss of PGs dependent on 

the amount of collagen damage in articular cartilage, and does it depend on whether this collagen 

damage is superficial or internal? (2) Does repeated loading further increase the already 

enhanced PG loss in cartilage with collagen damage? 
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Methods 

Osteochondral plug preparation 

Fifty-six osteochondral plugs (diameter = 7.5 mm) were harvested from 22 metacarpal proximal 

epiphyses of 1-year old calves using a standing drill, as described previously (Henao-Murillo et 

al., 2018). During drilling and cutting, osteochondral plugs were irrigated with phosphate 

buffered saline (PBS) and afterwards they were stored in PBS at -20C until mechanical testing. 

 

Mechanical loading 

After thawing at room temperature for 1 hour, the osteochondral plugs were allowed to swell 

freely in 20 ml PBS for 24 h (t = 0, Figs. 1 and 2). Then, cartilage thickness for each sample was 

determined as the average height measured with a digital microscope (Keyence VHX-500FE, USA) 

at four different locations on the sample. The plugs were then mounted in a custom-made 

polycarbonate container by placing the osseous part in a 7.5 mm diameter hole in the center of 

the container, and press-fitting them in place by 25 N compression distributed over the entire 

surface by a flat plate (Henao-Murillo et al., 2018). The container was filled with 50 ml PBS and 

covered with a lid to avoid evaporation. 

 

Mechanical indentation experiments were performed with a tensile testing machine (Universal 

testing machine BT1-FB010TND30, Zwick/Roell, nominal force 2.5 kN, Germany). A hemispherical 

impermeable indenter of 2 mm diameter was used for all loading protocols, to ensure the effects 

of loading would pertain to the center and not to the cut edges of the samples. All indentations 

were applied in displacement-control at the displacement rates defined below, until the required 

force was reached. For the creep steps, the prescribed force was kept constant during the desired 

loading period. 

 

To address the first research question, on the dependence of PG loss on the amount and type of 

collagen damage in articular cartilage, overloading-induced collagen damage was achieved by 

ramping five times from 0.05 to 45 N at either 5 mm/min (OL5, n = 8) or 120 mm/min (OL120, n = 

8), resulting in a total cycle time of approximately 40 and 20 s, respectively (Fig. 1). The two 
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displacement rates were chosen so as to produce different amounts of collagen damage as 

previously described in (Henao-Murillo et al., 2018). During this relatively short loading period, 

the tissue is significantly strained, but convection remains limited. To monitor changes in 

cartilage mechanical properties as a result of this loading regime, additional groups of samples 

(OL5-C, n = 4; OL120-C, n = 4) also received creep steps consisting of two subsequent 35 min 

holding periods at 1 N and 4 N (Mow et al., 1980; Adams et al., 1998).  These were applied 

immediately before overloading (creep step 1), immediately after overloading (creep step 2), as 

well as 6 hours after overloading (creep step 3). Control samples (CTRL, n = 4; CTRL-C, n = 4) were 

not subjected to the 5 cycles of overloading. Table 1 overviews the conditions applied per group; 

for this part of the study, the groups indicated by “1” in the last column were used. 

 

 

Figure 1. Mechanical testing scheme for the first research question. The five ramps up to 45 N were applied to 

induce collagen damage in articular cartilage. The creep steps at 1 and 4 N were applied to measure changes in 

stiffness during the mechanical testing regime. The green boxes represent periods in which cartilage was unloaded 

to allow full recovery. The asterisks indicate the time points at which PBS was refreshed and collected to measure 

the amount of PG loss in media. The total test duration was 8 h. 

 

To address the second research question, on whether repeated loading further increases the 

already enhanced PG loss in cartilage with collagen damage, the same protocol was used, but 
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with additional repeated loading (RL). 12 RL cycles were applied, each consisting of holding the 

load at 0.1 N for 5 min, ramping up to 5 N at 5 mm/min, and holding at 5 N for 5 min (Fig. 2). The 

repeated 5 min loading periods are long enough to induce convection (Torzilli et al., 1998). 

Therefore, differences in PG loss between samples that received and did not receive the cyclic 

compression may be attributed to convection-induced transport of PGs. The RL cycles were 

applied either in absence of the overloading step (RL, n = 4), or after overloading at either 5 

mm/min (RL+OL5, n = 4) or at 120 mm/min (RL+OL120, n = 4). To monitor changes in cartilage 

mechanical properties as a result of this loading regime, additional groups of samples also 

received creep steps as described above (RL-C, n = 4; RL+OL5-C, n = 4; RL+OL120-C, n = 4). For this 

part of the study, the groups indicated by “2” in the last column of Table 1 were used. 

 

 

Figure 2. Mechanical testing scheme for the second research question. The five ramps up to 45 N were applied to 

induce collagen damage in articular cartilage. The cyclic loading consisted of 12 low frequency cycles applied for 

approximately 2 h. The creep steps at 1 and 4 N were applied to measure changes in stiffness during the 

mechanical test regime. The green boxes represent periods in which cartilage was unloaded to allow full recovery. 

The asterisks indicate the time points at which PBS was refreshed and collected to measure the amount of PG loss 

in media. The total test duration was 8 h. 
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Table 1. Overview of the conditions applied per group. Groups that were used to address the first or the second 

research question are indicated in the last column by ‘’1’’ or ‘’2’’, respectively. 

Sample 

group 
n 

Overloading OL 

(collagen 

damage) 

Overloading 

rate  

Repeated loading 

RL (cycles) 
Creep 

Research 

question 

OL5 8 Yes 5 mm/min No No 1 & 2 

OL5-C 4 Yes 5 mm/min No Yes 1 & 2 

OL120 8 Yes 120 mm/min No No 1 & 2 

OL120-C 4 Yes 120 mm/min No Yes 1 & 2 

CTRL 4 No - No No 1 & 2 

CTRL-C 4 No - No Yes 1 & 2 

RL 4 No - Yes No 2 

RL-C 4 No - Yes Yes 2 

RL+OL5 4 Yes 5 mm/min Yes No 2 

RL+OL5-C 4 Yes 5 mm/min Yes Yes 2 

RL+OL120 4 Yes 120 mm/min Yes No 2 

RL+OL120-C 4 Yes 120 mm/min Yes Yes 2 

 

After 8 h of mechanical testing, samples were kept in PBS for 48 h. Subsequently, cartilage was 

separated from the bone with a scalpel. The cartilage was then cut longitudinally through the 

middle of the indented area. One half was embedded in Tissue-Tek compound (Sakura® Finetek, 

USA, Inc.), rapidly frozen in liquid nitrogen and stored at -30 C until histological processing. The 

other half was frozen without prior embedding and was not used in the current study. 

PBS was collected at t = 0 h (i.e., 24 h after equilibration, t = *0 h in Figs. 1 and 2), immediately 

after the mechanical tests (t = *8 h in Figs. 1 and 2), and 48 h after the mechanical tests (t = *56 

h in Figs. 1 and 2). PBS was stored at -20 C until further processing for quantification of released 

PGs. 
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Histology 

To detect denatured collagen, 7 m longitudinal cryo-sections were stained using col2-3/4m 

antibody, using a previously described protocol (Henao-Murillo et al., 2018). Briefly, sections 

were dried for 90 min at 37 C, fixed for 5 min in 3.7% 0.1 M phosphate buffered (pH 7.4) 

formaldehyde and then rinsed extensively in a large volume of PBS. Sections were dipped in 0.1% 

tween PBS incubated with 1% hyaluronidase (Testicular, Type I-s, EC 3.2.1.35, Sigma–Aldrich, US) 

for 30 min at 37 C to enhance the permeability of the extracellular matrix by removing PGs. 

Afterwards, they were incubated in 10% normal horse serum for 30 min to block nonspecific 

staining and incubated overnight at 4 C with 1/20 col2-3/4m antibody. The next day, sections 

were incubated in biotin-labelled horse anti-mouse antibody (1/400, IgG (H + L), produced in 

horse, Vector Laboratories, Inc., USA) for 1 h at room temperature. Finally, they were incubated 

with streptavidin 555 reagent (Streptavidin, Alexa Fluor 555 conjugate, Invitrogen, USA) for 30 

min. To detect nuclei, they were counterstained with 1:1000 DAPI (Thermofisher, US). After each 

preparation step, the sections were rinsed with PBS. After mounting with mowiol, stained 

sections were digitized at 10x (Zeiss Axiovert 200M, Carl Zeiss, Germany). 

 

Glycosaminoglycan assay 

Collected PBS was thawed at 37 C, real volumes were measured and then each tube was 

centrifuged for 5 min at 1000 rpm, to separate small pieces of cartilage and bone from 

glycosaminoglycans (GAGs). Then, to concentrate the samples, 4 ml of PBS supernatant was 

poured into centrifugal filters (Amicon Ultra-4 centrifugal filter units, Merck, Germany) and 

centrifuged at 2500 RCF for 20 min. Papain digestion buffer and diluted GAG standard were used 

to prepare the GAG standards in duplicate. The same amount of papain digestion buffer was 

added to the filtered PBS. Both standards and samples were digested overnight at 60 C, after 

which they were centrifuged at 12000 rpm for 5 min. 40 l of the samples and standards were 

then added in duplicate to a 96-well plate and stained with dimethylmethylene blue (DMMB), pH 

3.0, to quantify GAGs in media using photospectroscopy. 
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Data processing and statistics 

The severity of both superficial and internal collagen damage received a score between 0 and 5, 

such that the total collagen damage ranged from 0 to 10. This scoring system was developed and 

validated previously for use with col2-3/4m stained cartilage (Henao-Murillo et al, 2018). In short, 

superficial damage was scored 1 in case of mild roughening of the surface and 5 in case clefts 

penetrated through the cartilage and reached the bone. Internal damage was scored between 1 

and 4 depending on the size of the area stained with the col2-3/4m probe, and 1 point was added 

to the score if the staining penetrated the cartilage surface. 

 

During the creep steps, force and displacement values were recorded. The deformed height  ∆𝐻𝑛  

during each of the three creep steps, 𝑛 ∈ {1, 2, 3}, was determined using the average position of 

the actuator during the displacement equilibration portion of each holding period (1N and 4N, 

blue and red boxes, respectively, in Figs. 1 and 2): 

 

∆𝐻𝑛 = 𝐻𝑛,4N − 𝐻𝑛,1N (1) 

 

Using this equation, the stiffness 𝑘n of the samples at each of the three creep steps was calculated 

as: 

𝑘𝑛 =
∆𝐹 

∆𝐻𝑛
 

(2) 

 

with ∆𝐹 the force difference between the two holding periods, ∆𝐹 = 4N − 1N = 3N. 

  

Spearman’s rank-order correlation was used to assess the relationship between the amount of 

PG loss and the grade of collagen damage. A visual inspection of the scatterplot was performed 

to evaluate whether the relationship was monotonic. An independent samples t-test was run to 

determine if there were differences in the mean PG loss after 48 h between the group in which 

collagen damage (total or internal) was absent (damage was graded <= 1) and the group in which 

collagen damage was clearly present (damage was graded > 1). Outliers were assessed by boxplot 
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inspection, normality was assessed using Shapiro-Wilk’s normality test and homogeneity of 

variances was assessed by Levene’s test. 

 

A two-way ANOVA was used to examine the effects of loading condition (i.e. “cycles” vs. “no 

cycles”) and collagen damage (i.e. “damage” vs. “no damage”). Residual analysis was performed 

to test for the assumptions of the two-way ANOVA. Outliers were assessed by boxplot inspection, 

normality was assessed using Shapiro-Wilk’s normality test and homogeneity of variances was 

assessed by Levene’s test. 

 

A two-way mixed ANOVA was used to determine whether there was an influence of the 

interaction between loading condition (i.e. “cycles” vs. “no cycles”) and the 3 creep steps on 

changes in stiffness. Outliers were assessed by boxplot inspection, normality was assessed using 

Shapiro-Wilk’s normality test, homogeneity of variances and covariances were assessed by 

Levene’s test and Box’s M test, respectively, and sphericity was evaluated with Mauchly’s test.  

 

Results 

Examples of different categories of collagen damage are shown in Fig. 3. 

 

 

Figure 3. Typical examples of samples stained with col2-3/4m for collagen damage (red) and DAPI for cell nuclei 

(blue): a) Undamaged cartilage; b-d) Examples of internal collagen damage (white arrows, damage scores 3-4) and 

mild superficial roughening (blue arrow, damage score 1-2). Note that the line of red staining at the bottom of the 

images is staining of collagen in the mineralized cartilage zone, which is always present. Scale bars = 200 m. 
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The total damage score in loaded samples ranged from 0 (no damage) to 5.5, with damage 

occurring both at the surface and internally (as shown by col2-3/4m staining). The maximum 

internal damage score was 3.5, meaning that more than 50% of the cartilage between surface 

and bone stained positive for collagen damage. Unloaded samples never stained for internal 

damage, but mild irregularities were visible at the surface of most samples (green dots, Figs. 4 

and 5).  

 

With regard to the first research question of the study, related to the relationship between PG 

loss and collagen damage, Spearman’s rank-order correlation revealed a statistically significant 

correlation between PG loss after 8 hours of mechanical testing (t = 8 h) and superficial 

macroscopic damage ( = 0.449, p = 0.10, significance level α = 0.01). Furthermore, a good and 

statistically significant correlation between PG loss after 48 h in PBS post-testing (t = 56 h) and 

both the total (Fig. 4,  = 0.649) and the internal (Fig. 5,  = 0.651) collagen damage was found. 

Evaluation of PG loss against the internal collagen damage suggests that loss of PG is governed 

by the presence of internal collagen damage, but is less dependent on the amount of internal 

damage (Fig. 5).  

 

As concerns to the second research question of the study, related to the effect of repeated 

loading (cycles) on the already enhanced PG loss in cartilage with collagen damage, two-way 

ANOVA showed an interaction between loading condition (i.e. cycles/no cycles) and collagen 

damage (i.e. damage/no damage; p = 0.00027, Fig. 6 and Table 2). The simple main effects 

revealed that for cartilage without collagen damage, the mean PG loss was significantly higher in 

samples that were repeatedly compressed than in those that received no compression cycles (p 

= 0.00049, Fig. 6 and Table 2). There was also a significant difference in mean PG loss between 

cartilage with an intact and a damaged collagen network, when no cycles were applied (p = 

0.00015, Fig. 6 and Table 2). However, whether or not cyclic loading was applied did not 

significantly change PG loss in cartilage with compromised collagen network. Interestingly, cyclic 

loading alone or collagen damage alone seem to cause similar PG loss in healthy cartilage. 
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Figure 4. Scatter plot of total collagen damage and PG loss after 56 h. Blue markers correspond to an applied 

overloading of 45 N at either 5 or 120 mm/min. Green markers correspond to control samples that did not receive 

the 45 N load. nTOTAL = 32; overloading/damage: nOL = 24; no overloading/no damage: nCTRL = 8 (see Table 1). 

Correlation:  = 0.649*; p < 0.0005; *significance level α = 0.01.  

Insert: PG loss average for pooled samples with total collagen damage <= 1 or > 1. Data are presented as mean ± 

SD. 
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Figure 5. Scatter plot of internal collagen damage and PG loss after 56 h. Blue markers correspond to an applied 

overloading of 45 N at either 5 or 120 mm/min. Green markers correspond to control samples that did not receive 

the 45 N load. nTOTAL = 32; overloading/damage: nOL = 24; no overloading/no damage: nCTRL = 8 (see Table 1). 

Correlation:   = 0.651*; p < 0.0005; *significance level α = 0.01. 

Insert: PG loss average for samples with internal collagen damage <=1 or >1. Data are presented as mean ± SD. 

The mean difference in PG loss after 48 h between these groups is statistically significant, p = 0.007. 
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Figure 6. Effects of loading condition (cycles vs no cycles) and collagen damage (damage vs no damage) on PG loss 

after 48 h in PBS post-loading (t = 56 h). nTOTAL = 56; no damage/no cycles: nCTRL = 8; no damage/cycles: nRL = 8; 

damage/no cycles: nOL = 24; damage/cycles: nRL+OL = 16 (see Table 1). 

 

Table 2. Mean PG loss [µg] (standard deviation) after 48 h in PBS post-loading (t = 56h). 

 No cycles Cycles 

p-value 

No cycles vs 

Cycles 

No collagen damage 739 (547) 1617 (583) 0.00049 

Collagen damage 1633 (668) 1212 (628)  

p-value 

No collagen damage vs Collagen 

damage 

0.00015  
0.00027 

(interaction) 
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Finally, the change in mechanical properties of the samples during the experiment was 

monitored using the three 1 N/4 N creep steps. Initial cartilage layer thickness at t = 0 was 𝐻0 = 

0.97  0.15 mm. Stiffness increased over the 3 creep steps (p < 0.0005, Fig. 7), and there was no 

statistically significant difference between stiffness increase with cycles and with no cycles (p = 

0.0456, significance level α = 0.01). Furthermore, there was no influence of the interaction 

between loading condition (i.e., cycles - no cycles) and the 3 creep steps on the changes in 

stiffness (p = 0.143, Fig. 7), i.e., the change in stiffness across the three creep steps was not 

dependent on whether loading cycles were applied or not. Nevertheless, stiffness was always 

larger in the group that received repeated loading (blue bars) compared to the group without 

repeated loading (red bars).  

 

Figure 7. Stiffness as calculated between the low (1N) and high (4N) displacement equilibration portion during the 

1st, 2nd and 3rd creep steps, according to Eq. (2). nTOTAL = 24; cycles: nRL-C = 12; no cycles: nOL-C/CTRL-C = 12, see Table 

1). Asterisk: statistically significant differences between creep steps (1st, 2nd and 3rd), p < 0.0005. 
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Discussion 

The aims of the present study were (1) to assess whether there is a relationship between total 

PG loss and the amount and type of collagen damage in articular cartilage; and (2) to determine 

whether cyclic loading further increases the already enhanced loss of PGs in cartilage with 

collagen damage. The premise was that repeated loading would enhance the transport of PGs 

out of the tissue through convection, in addition to the diffusive transport due to a damaged 

collagen network. In a subset of cartilage samples, PG loss was measured at different time points 

and correlated with mechanically induced collagen damage, while in another subset loading 

cycles were additionally applied to investigate the effect of damage and repeated loading on this 

loss. Changes in mechanical properties of the tissue were monitored in terms of cartilage 

stiffness, measured by creep indentation. 

 

The results showed that, 48 h post-loading, PG loss was increased in cartilage samples that had 

more total collagen damage. Interestingly, PG loss was dependent on the presence, but not the 

amount of internal damage. Furthermore, the study revealed that repeated compressive loading 

alone significantly enhanced PG loss in cartilage with intact collagen, supporting the hypothesis 

that PG transport and loss depend on convection. However, it was shown that once PG loss is 

increased because the collagen network is damaged, it is not further enhanced by cyclic 

compression. This suggests that the enhanced diffusivity of PGs in cartilage with mild collagen 

damage may dominate over the potential effect of increased convection induced by the repeated 

loading protocol applied in this study. 

 

Taken together, the results may be interpreted as follows. Indeed, if the collagen network in 

cartilage is damaged, PGs may leave the tissue. This occurs under unloaded conditions; thus the 

effect may be attributed to enhanced diffusivity through a more open collagen network. The 

presence of damage to the internal collagen network, as demonstrated with col2-3/4m staining, 

more than doubles the amount of PGs that is released in the culture medium. Because this 

internal collagen damage starts in the intermediate or high deep zone, it may be speculated that 

PGs from these zones may find their way to the surface and leave the cartilage. However, this 
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effect was not significant enough to become visible in histological slides stained with Alcian blue 

(data not shown). Indeed, assessing the PG content in tissue has been reported to be less 

sensitive than quantifying PG loss in media (Natoli et al., 2008). Furthermore, total PG loss 

increased with total collagen damage, suggesting that although there is no significant correlation 

between surface damage and PG loss, damage to the superficial zone may allow more PGs to 

leave the cartilage.  

 

If PGs from deeper zones are to be transported to the surface, it may be expected that convection 

would stimulate such transport, in particular because PGs are relatively large molecules (Zhang 

et al., 2005). Interestingly, however, this is not the case, as PG loss from damaged cartilage is not 

different between repeatedly loaded and free swelling samples. One explanation may be that 

the damage already increased the diffusivity of the PGs to such extent that either the diffusion 

overrules any additional effects of convection, or the increase is negligible and falls within the 

variability of the measurements. Another explanation may be found in the compaction of the 

cartilage after loss of PGs in combination with the cyclic compressive loading. Indeed, indentation 

was significantly deeper after the 4N holding period in the first creep step than in the second and 

third, but the difference in indentation depths were only 4.2% between the first and second step 

(p = 0.001) and 4.9% between the first and third (p = 0.0001). However, it is possible that this 

compaction, which is likely the result of loss of fluid and theoretically results in a more 

compressed collagen network, is partially responsible for the increased stiffness. In essence, this 

is an effect that is commonly referred to as strain-dependent permeability (Lai et al., 1981). Thus, 

the compromised collagen network may be open in cartilage under free swelling, enhancing the 

diffusivity of PGs, whereas this enhanced diffusivity is counteracted if the same network is 

compacted by external cyclic mechanical loading. It is widely known that solute transport by 

convection may be restricted or even inhibited when the porosity and permeability of the 

superficial zone is decreased (Torzilli et al., 1998). 

 

These findings are largely in line with previous literature. PG loss was often reported in 

combination with collagen network damage, reflected as changes in cartilage shape (Kurz et al., 
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2001), fissures or cracks (Ewers et al., 2001; Quinn et al., 2001), internal cleavage (Grenier et al., 

2014) or denaturation (Thibault et al., 2002; Lin et al., 2004). Enzymatic degradation of cartilage 

discs with collagenase for different periods of time resulted in loss of PG content from the 

cartilage zones where collagen cleavage occurred (Grenier et al., 2014). In agreement with our 

results, osteochondral plugs subjected to unconfined compression showed more macroscopic 

damage (i.e., cracks) and an increase in PG loss with higher stresses (Quinn et al., 2001). PG loss 

as a result of cyclic loading was reported by Loening et al., who hypothesized that their cyclic 

injurious compression regime would induce collagen fiber degradation, demonstrated by the 

decrease in equilibrium and dynamic stiffness (Loening et al., 2000). The present study shows 

that osteochondral samples released PG from 24 h before loading to 48 h after the mechanical 

loading was applied. This holds for all samples, including the unloaded controls, which lost the 

lowest amount of PG over time (111.9  49 µg in the 24 h of equilibration in PBS, up to t = 0; 55.9 

 32.3 µg in the 8 h in which loaded samples were mechanically tested, up to t = 8h; and 1261.9 

 735.1 µg in the 48 h in PBS post-loading, up to t = 56h). Nevertheless, PG loss was significant 

and showed a good correlation with collagen damage only in the 48 hours post-loading. These 

results are in agreement with other studies who reported an increase in PG loss during a post-

loading period (Loening et al., 2000; Ewers et al., 2001; Kurz et al., 2001; Quinn et al., 2001; 

Thibault et al., 2002; Lin et al., 2004). The finding that enhanced PG loss is dependent on the 

presence of internal collagen damage rather than on the amount thereof, may agree with the 

finding that PG loss correlates with mechanical test duration, but not with the applied peak stress 

(Lin et al., 2004). 

 

With regard to the effects of cyclic loading, the enhanced PG loss in healthy cartilage observed 

here has also been reported by various studies (Sah et al., 1991; Loening et al., 2000; Thibault et 

al., 2002; Sauerland et al., 2003; Lin et al., 2004; Torzilli et al., 2010). Using even lower frequency 

cycles (2 h on – 2 h off) than those applied in the present study, Sah et al. showed enhanced PG 

loss in cartilage over a 24 h period both during loading and in the post-loading period (Sah et al., 

1991). Higher frequency loading (0.1 and 1.0 Hz) also contributed to PG loss, and this effect was 

also enhanced during a post-loading period (Sauerland et al., 2003). In contrast, other studies 
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reported cyclic loading to decrease PG loss, but these studies used cartilage samples with 

maintained cell viability and their results may be partly explained by an inhibition in PG synthesis 

(Torzilli et al., 1998; Chen et al., 1999; Kaplan et al., 2017). Furthermore, Ostendorf et al. found 

that cyclic loading of already degenerated cartilage through retinoic acid treatment further 

decreased PG content especially during the post-loading period (Ostendorf et al., 1995). This 

additional effect of loading in damaged cartilage was not observed in the present study. It is 

possible that the retinoic acid applied by Ostendorf et al. not only degenerated the collagen 

network, but had additional effects on the ECM that influenced PG loss. 

 

Measured tissue stiffness significantly increased from the 1st to the 2nd and 3rd creep steps (p < 

0.0005), consistent with literature results showing creep loading increases tissue stiffness of 

articular cartilage samples compared to samples that do not undergo creep (Adams et al. 1998). 

However, there was no correlation between stiffness and any of the collagen damage types 

(superficial, internal and total). This could be either due to the variability in the PG 

measurements, that may have been too large to reveal any significant correlation, or due to the 

too small effects of the early damage to be captured by differences in creep.  

 

As mentioned, a high variability in PG loss between samples was observed in the current study. 

Some samples that were not graded as being damaged lost over 1000 µg PGs, while some 

damaged samples lost as little as 521 µg PGs. This may be a sample-dependent effect, but it is 

also possible that a type of micro-damage occurred in the collagen fibrils that is not detectable 

with col2-3/4 antibody, yet still stimulates PG release (Patwari et al., 2007). 

Finally, it is be possible that the overloading that was used in the present study not only damaged 

the collagen network, but also the PG molecules. This would have resulted in smaller PG 

fragments, which could then have diffused faster through the tissue even in an intact collagen 

network. Theoretically, such effect may have produced a similar type of results. Therefore, 

determination of the distribution of PG fragment size in the collected PBS is advised in future 

studies.  
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To conclude, PG loss increases with the amount of total collagen damage, and the presence of 

internal collagen damage strongly stimulates PG loss. This suggests that collagen damage 

increases the diffusivity of PGs in cartilage and that not only superficial PGs, but also those 

residing in deeper zones may leave the cartilage through enhanced diffusion. The repeated 

loading applied in the present study enhanced PG loss in cartilage without collagen damage, 

suggesting a significant impact of convection in the transport of PGs. However, it did not further 

stimulate PG loss in damaged cartilage, in which PG loss is already enhanced without cyclic 

loading. This suggests that either enhanced diffusion in damaged cartilage overrules the effects 

of convection, or that tissue compaction due to mechanical loading counteracts the increased 

permeability of the open collagen network. 

 

Acknowledgments 

This study was supported by the grant program “Programa de Formación Doctoral Francisco José 

de Caldas Generación del Bicentenario” awarded by the Francisco José de Caldas Institute for the 

Development of Science and Technology (COLCIENCIAS), LASPAU ID 20110290. The authors 

would like to thank Marina van Doeselaar for her valuable help with the laboratory procedures 

of collagen staining and quantification of PG loss. 



The Relationship between Proteoglycan Loss, Overloading-Induced Collagen Damage, and Cyclic Loading in Articular Cartilage 

 

67 
 

References 

M. A. Adams, A. J. Kerin, and M. R. Wisnom. Sustained loading increases the compressive strength 

of articular cartilage. Connective Tissue Research, 39(4): 245-256, 1998. 

 

R. C. Billinghurst, W. Wu, M. Ionescu, A. Reiner, L. Dahlberg, J. Chen, H. van Wart, and A. R. Poole. 

Comparison of the degradation of type II collagen and proteoglycan in nasal and articular 

cartilages induced by interleukin-1 and the selective inhibition of type II collagen cleavage by 

collagenase. Arthritis and Rheumatism, 43(3): 664-672, 2000. 

 

C. T. Chen, N. Burton-Wurster, G. Lust, R. A. Bank, and J. M. Tekoppele. Compositional and 

metabolic changes in damaged cartilage are peak-stress, stress-rate, and loading-duration 

dependent. Journal of Orthopaedic Research, 17: 870-879, 1999. 

 

J. T. Dingle, P. Horsfield, H. B. Fell, and M. E. J. Barratt. Breakdown of proteoglycan and collagen 

induced in pig articular cartilage in organ culture. Annals of the Rheumatic Diseases, 34: 303-311, 

1975. 

 

B. J. Ewers, D. Dvoracek-Driksna, M. W. Orth, and R. C. Haut. The extent of matrix damage and 

chondrocyte death in mechanically traumatized articular cartilage explants depends on rate of 

loading. Journal of Orthopaedic Research, 19: 779-784, 2001. 

 

S. Grenier, M. M. Bhargava, and P. A. Torzilli. An in vitro model for the pathological degradation 

of articular cartilage in osteoarthritis. Journal of Biomechanics, 47: 645-652, 2014. 

 

F. Guilak, B. C. Meyer, A. Ratcliffe, and V. C. Mow. The effects of matrix compression on 

proteoglycan metabolism in articular cartilage explants. Osteoarthritis and Cartilage, 2(2): 91-

101, 1994. 



Chapter 3 

 

68 
 

L. Henao-Murillo, K. Ito, and C. C. van Donkelaar. Collagen damage location in articular cartilage 

differs if damage is caused by excessive loading magnitude or rate. Annals of Biomedical 

Engineering, 46(4): 605-615, 2018. 

 

S. M. Hosseini, W. Wilson, K. Ito, and C. C. van Donkelaar. A numerical to study mechanically 

induced initiation and progression of damage in articular cartilage. Osteoarthritis and Cartilage, 

22: 95-103, 2014. 

 

J. T. Kaplan, C. P. Neu, H. Drissi, N. C. Emery, and D. M. Pierce. Cyclic loading of human articular 

cartilage: The transition from compaction to fatigue. Journal of the Mechanical Behavior of 

Biomedical Materials, 65: 734-742, 2017. 

 

T. Kojima, F. Mwale, T. Yasuda, C. Girard, A. R. Poole, and S. Laverty. Early degradation of type IX 

and type II collagen with the onset of experimental inflammatory arthritis. Arthritis and 

Rheumatism, 44(1): 120-127, 2001. 

 

L. D. Kozaci, D. J. Buttle, and A. P. Hollander. Degradation of type II collagen, but not proteoglycan, 

correlates with matrix metalloproteinase activity in cartilage explant cultures. Arthritis and 

Rheumatism, 40(1): 164-174, 1997. 

 

B. Kurz, M. Jin, P. Patwari, D. M. Cheng, M. W. Lark, and A. J. Grodzinski. Biosynthetic response 

and mechanical properties of articular cartilage after injurious compression. Journal of 

Orthopaedic Research, 19: 1140-1146, 2001. 

 

W. M. Lai, V. C. Mow, and V. Roth. Effects of nonlinear strain dependent permeability and rate of 

compression on the stress behavior of articular cartilage. Journal of Biomechanical Engineering, 

103: 61-66, 1981. 

 



The Relationship between Proteoglycan Loss, Overloading-Induced Collagen Damage, and Cyclic Loading in Articular Cartilage 

 

69 
 

D. A. Lee, and D. L. Bader. Compressive strains at physiological frequencies influence the 

metabolism of chondrocytes seeded in agarose. Journal of Orthopaedic Research, 15(2): 181-188, 

1997. 

 

P. M. Lin, C. T. C. Chen, and P. A. Torzilli. Increased stromelysin-1 (MMP-3), proteoglycan 

degradation (3B3- and 7D4) and collagen damage in cyclically load-injured articular cartilage. 

Osteoarthritis and Cartilage, 12: 485-496, 2004. 

 

M. Loening, I. E. James, M. E. Levenston, A. M. Badger, E. H. Frank, B. Kurz, M. E. Nuttall, H.-H. 

Hung, S. M. Blake, A. J. Grodzinski, and M. W. Lark. Injurious mechanical compression of bovine 

articular cartilage induces chondrocyte apoptosis. Archives of Biochemistry and Biophysics, 

381(2): 205-212, 2000. 

 

J. S. Mort, G. R. Dodge, P. J. Roughley, J. Liu, S. J. Finch, G. Dipasquale, and A. R. Poole. Direct 

evidence for active metalloproteinases mediating matrix degradation in interleukin-1 stimulated 

human articular cartilage. Matrix, 13: 95-102, 1993. 

 

V. C. Mow, S. C. Kuei, W. M. Lai, and C. G. Armstrong. Biphasic creep and stress relaxation of 

articular cartilage in compression: Theory and experiments. Journal of Biomechanical 

Engineering, 102: 73-84, 1980. 

 

R. M. Natoli, C. C. Scott, and K. A. Athanasiou. Temporal effects of impact on cartilage cell death, 

gene expression, matrix biochemistry, and biomechanics. Annals of Biomedical Engineering, 

36(5): 780-792, 2008. 

 

R. H. Ostendorf, M. H. M. T. de Koning, R. J. van Stadt, and G. P. J. van Kampen. Cyclic loading is 

harmful to articular cartilage from which proteoglycans have been partially depleted by retinoic 

acid. Osteoarthritis and Cartilage, 3(4): 275-284, 1995. 

 



Chapter 3 

 

70 
 

P. Patwari, D. M. Cheng, A. A. Cole, K. E. Kuettner, and A. J.Grodzinsky. Analysis of the relationship 

between peak stress and proteoglycan loss following injurious compression of human post-

mortem knee and ankle cartilage. Biomechanics and Modeling in Mechanobiology, 6: 83-89, 

2007. 

 

J. L. Piscoya, B. Fermor, V. B. Kraus, T. V. Stabler, and F. Guilak. The influence of mechanical 

compression on the induction of osteoarthritis-related biomarkers in articular cartilage explants. 

Osteoarthritis and Cartilage, 12(12): 1092-1099, 2005. 

 

T. M. Quinn, R. G. Allen, B. J. Schalet, P. Perumbuli, and E. B. Hunziker. Matrix and cell injury due 

to sub-impact loading of adult bovine articular cartilage explants: effects of strain rate and peak 

stress. Journal of Orthopaedic Research, 19: 242-249, 2001. 

 

J. N. Rogart, H. –J. Barrach, and C. O. Chichester. Articular collagen degradation in the Hulth-

Telhag model of osteoarthritis. Osteoarthritis and Cartilage, 7: 539-547, 1999. 

 

R. L. Sah, J-Y. H. Doong, A. J. Grodzinski, A. H. K. Plaas, and J. D. Sandy. Effects of compression on 

the loss of newly synthesized proteoglycans and proteins from cartilage explants. Archives of 

Biochemistry and Biophysics, 286(1): 20-29, 1991. 

 

K. Sauerland, R. X. Raiss, and J. Steinmeyer. Proteoglycan metabolism and viability of articular 

cartilage explants as modulated by the frequency of intermittent loading. Osteoarthritis and 

Cartilage, 11: 343-350, 2003. 

 

M. Thibault, A. R. Poole, and M.D. Buschmann. Cyclic compression of cartilage/bone explants in 

vitro leads to physical weakening, mechanical breakdown of collagen and release of matrix 

fragments. Journal of Orthopaedic Research, 20: 1265-1273, 2002. 

 

 



The Relationship between Proteoglycan Loss, Overloading-Induced Collagen Damage, and Cyclic Loading in Articular Cartilage 

 

71 
 

P. A. Torzilli, and Rita Grigiene. Continuous cyclic load reduces proteoglycan release from articular 

cartilage. Osteoarthritis and Cartilage, 6: 260-268, 1998. 

 

P. A. Torzilli, M. Bhargava, S. Park, and C. T. C. Chen. Mechanical load inhibits IL-1 induced matrix 

degradation in articular cartilage. Osteoarthritis and Cartilage, 18: 97-105, 2010. 

 

L. Zhang, and A. Z. Szeri. Transport of neutral solute in articular cartilage: effects of loading and 

particle size. Proceedings of the Royal Society A, 461: 2021-2042, 2005. 





 

 

Chapter 4 

Does Creep Protect Collagen from Overloading Damage 

in Articular Cartilage? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The content of this chapter is based on: 

L. Henao-Murillo, K. Ito, and C. C. van Donkelaar. Does Creep Protect Collagen from Overloading 

Damage in Articular Cartilage? 2019. Submitted to Annals of Biomedical Engineering. 



Chapter 4 

 

74 
 

Introduction 

Osteoarthritis (OA) is a joint disease that manifests symptoms such as pain, tenderness, difficulty 

to move and stiffness, and it is normally diagnosed at a late stage. OA development depends on 

several factors, including biochemical or mechanical factors. Mechanically-induced damage may 

either occur after instant excessive loading or as the result of repetitive joint overloading 

throughout life, for instance in people with mal-aligned joints or overweight (Spector et al., 

1994). The most common indications of articular cartilage (AC) degradation include collagen 

damage, proteoglycan (PG) loss, cell death and changes in cartilage mechanical properties 

(Jeffrey et al., 1995; Poole et al., 2002; Silver et al., 2004). These changes make this tissue more 

prone to progressive breakdown (Cooper et al., 1994). Excessive loading produces immediate 

collagen damage at distinct locations with different severity depending on the applied loading 

magnitude and loading rate (Henao-Murillo et al., 2018), and it is linked to crack formation 

(Démarteau et al., 2006), cell death (Patwari, 2004) and proteoglycan loss (Orozco et al., 2018). 

Strains higher than 0.50 were shown to cause injury to AC (Sanchez-Adams et al., 2014). 

However, it was also reported that damage initiation could be prevented or enhanced depending 

on the type of loading regime applied prior to overloading. Applying static, high intensity, short 

muscular preload in-vivo, prevents the formation of cracks and cell death after injury loading 

(Bourne et al., 2015). Similarly, in vitro studies have shown that cyclic preloading makes cartilage 

stiffer and therefore less susceptible to matrix damage and cell death after overloading (Wei et 

al., 2008). Finally, creep preloading reduced the occurrence of superficial cracks (Adams et al., 

1998; Morel et al., 2005) and cell death (Morel et al., 2005). In contrast, other in-vitro studies 

showed that long creep loading periods make cartilage more vulnerable to pronounced cracks 

due to tissue dehydration (Kim et al., 2012; Thambyah et al., 2012).  

 

Taken together, diverse effects of preloading on articular cartilage have been demonstrated. 

These likely result from the biphasic, time-dependent nature of AC. The premise is that mild creep 

preloading results in water redistribution and compacter and stiffer cartilage (Nickien et al., 2013; 

Thambyah et al., 2012). This influences the magnitude of internal strains during instant 

overloading, and therefore also has an effect on the development of collagen damage, which is 
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strain-dependent (Henao-Murillo et al., 2018). Because tissue compaction is dependent on the 

magnitude of preloading, it is postulated that the magnitude of creep preloading would also 

determine the amount of AC damage that develops during subsequent overloading. The aim of 

the present study is therefore to explore if the magnitude of creep prior to excessive loading, 

affects the amount of collagen damage that occurs in cartilage. 

If mild controlled creep protects cartilage from becoming damaged, then this insight may be used 

to investigate rehabilitation or activity strategies for people at risk of developing OA.  

  

Materials and Methods 

Osteochondral plugs 

Seventy-two osteochondral plugs were harvested from 19 metacarpal proximal epiphyses of 1-

year old calves obtained from a local abattoir. The plug harvesting process was described in a 

previous study (Henao-Murillo et al., 2018). Briefly, plugs of 7.5 mm diameter were cored and 

then sawed to a length of 10 mm. During drilling and sawing, osteochondral plugs were irrigated 

with phosphate buffered saline (PBS) and stored at -20 C until mechanical testing. 

 

Mechanical testing 

The plugs were thawed for 1 hour at room temperature. Afterwards, cartilage thickness was 

determined with a digital microscope (Keyence VHX-500FE, USA) by averaging the thickness at 

four locations along the edge of the cartilage surface. To fix the sample, the osseous part of the 

osteochondral plugs was placed in the center of a 7.5 mm diameter hole in a custom-made 

polycarbonate container. The container was filled with PBS and covered with a lid to avoid 

evaporation. Samples were slowly press-fitted in place by applying compression of 25 N 

distributed over the entire cartilage surface (Henao-Murillo et al., 2018). 

 

The effect of creep preloading was assessed with an impervious hemispherical indenter of 2 mm 

diameter (Universal testing machine BT1-FB010TND30, Zwick/Roell, Germany), by applying five 

different magnitudes of creep: 0.5, 1, 2, 3, and 4 N (n = 12 each). Each preloading step was applied 

for 70 minutes, enough time considered to reach equilibrium (Mow et al., 1980; Adams et al., 
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1998). After creep preloading, five cycles of overloading of 35, 45 or 55 N at 120 mm/min were 

applied. As positive control (0 N), the five overloading peaks were applied without the preloading 

steps (n = 12). The loading schematic is shown in figure 1 (top). 

 

Figure 1. Mechanical protocol. Top: Five different magnitudes of creep loading applied prior to overloading (red 

square), n = 12 per creep group. Overloading consisted of 5 peaks of 35, 45 or 55 N at 120 mm/min. The positive 

control consisted of only applying overloading peaks, i.e. no preloading was applied (n = 12). Bottom-left: Example 

of displacements produced during loading. The dotted square area (zoomed-in at bottom-right) highlights the 

curve’s region at which mean specific displacements were estimated. Bottom-right notation: A: Mean 

displacement at creep preloading (mm); B: Total displacement at overloading (mm) (determined as the mean 

value of the maximum displacements during each of the five loading cycles), and C: Additional displacement 

during overloading (mm), calculated as (Total displacement at overloading (mm) - Mean displacement at creep 

preloading (mm)).   
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Immediately after the mechanical testing, the cartilage was removed from the subchondral bone 

and cut longitudinally through the middle of the indented region using a scalpel. One half was 

embedded in Tissue-Tek compound (Sakura® Finetek, USA, Inc.), rapidly frozen in liquid nitrogen 

and stored at -30 C until histological processing. The other half was stored at -30 C and was not 

used in the present study. 

 

Histology 

Collagen denaturation was detected by col2-3/4m staining of 7 m thickness cartilage cryo-

sections (Hollander et al., 1994). For staining, a protocol described in a previous study was used 

(Henao-Murillo et al, 2018). In summary, sections were dried for 90 minutes, fixed for 5 minutes 

in 3.7% 0.1 M phosphate buffered formaldehyde (pH 7.4) and then rinsed thoroughly with PBS. 

Sections were dipped in 0.1% tween PBS, incubated with 1% hyaluronidase (Testicular, Type I-s, 

EC 3.2.1.35, Sigma–Aldrich, US) for 30 minutes at 37 C, to enhance the permeability of the 

extracellular matrix by removing PGs and rinsed in PBS. Afterwards, sections were incubated in 

10% normal horse serum for 30 minutes to block nonspecific staining. Then sections were 

incubated overnight at 4 C with 1/30 col2-3/4m antibody. The next day, sections were rinsed 

with PBS, incubated in biotin-labeled horse anti-mouse antibody (1/400) (IgG (H + L), produced 

in horse, Vector Laboratories, Inc., USA), for 1 hour at room temperature and rinsed with PBS. 

After that, sections were incubated with streptavidin 555 reagent (Streptavidin, Alexa Fluor 555 

conjugate, Invitrogen, USA) for 30 minutes and rinsed with PBS. To identify nuclei, sections were 

counterstained with 1:1000 DAPI (Thermofisher, US) and then rinsed with PBS. After mounting 

with mowiol, stained sections were digitally recorded at 10x magnification (Zeiss Axiovert 200M, 

Carl Zeiss, Germany). 

  

Processing data and statistics 

Total collagen damage degree was assessed using a method implemented and validated in a 

previous study (Henao-Murillo et al., 2018). In short, two collagen damage categories were 

scored. First, superficial macroscopic collagen damage was scored between 0 and 5, where 0 

indicates no irregularities and 5 indicates the presence of full-cartilage clefts that reach to the 



Chapter 4 

 

78 
 

calcified zone. Second, internal microscopic collagen damage was scored from 0 to 4, where 0 

means no presence of col2-3/4m staining and 4 is scored when staining is present over the 

complete cartilage thickness. An extra score of 1 was added to those samples which had 

superficial zone staining. Finally, total collagen damage was calculated as the sum of the 

macroscopic superficial and microscopic internal collagen damage (Henao-Murillo et al., 2018).  

 

Creep strain, A, i.e. after 70 min (Fig. 1-Bottom, red square (A)) and the additional strain at 

overloading C (Fig. 1-Bottom-right (C)) were calculated from movement of the indentor, divided 

by the original sample height H0 (Sanchez-Adams et al., 2014).  Change in cartilage height after 

creep was determined from the average position of the indenter during the last 17 minutes of 

creep (Fig. 1-Bottom, red square (A)). Additional change in cartilage height with overloading was 

determined as the total change in height at overloading, minus the change in height after creep 

(Fig. 1-Bottom-right (C = B-A)). Total change in height at overloading was determined as the 

average of the peak displacements during each of the five overloading steps. H0 was 

microscopically measured for each sample prior to testing. Two relationships were explored in 

this study. First, the influence of the magnitude of creep preloading strain on the amount of 

collagen damage after overloading. Second, the additional displacement during overloading (Fig. 

1-Bottom-right (C)) on total collagen damage. The strength and significance of these two 

associations were determined through a Spearman’s rank-order correlation. 

 

Results 

Of the samples loaded by 35 N, with or without pre-loading, 42% were undamaged, while the 

other 58% exhibited mild surface irregularities. In none of the samples, internal microscopic 

collagen damage was observed (Figs. 2a-f). Thus, total collagen damage in all samples was scored 

0 or 1. 

 

Samples loaded by 45 N exhibited both superficial macroscopic and internal microscopic collagen 

damage. When samples were not subjected to creep preloading (i.e. positive control), total 

collagen damage was moderate, reaching total damage scores between 5 and 6 (Fig. 2g). Samples 
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that were subjected to steps of preloading increasing from 0.5 N to 4 N, showed a decrease in 

the amount of damage ranging from moderate-mild (Figs. 2h-j), to no collagen damage (Figs. 2k-

l), respectively. 

 

Samples loaded by 55 N exhibited superficial macroscopic and/or internal microscopic collagen 

damage. Positive control showed that the applied overloading made cartilage more prone to 

superficial macroscopic collagen damage, producing either surface irregularities (score 1) or 

clefts to transitional and radial zone (scores 3 and 4, respectively) (Fig. 2m). However, such 

superficial damage was not observed anymore in samples which were subjected to creep 

preloading (Figs. 2n-r). Instead, 20% of these samples subjected to creep preloading showed 

internal microscopic collagen damage (Figs.2n-o and 2q). 
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Figure 2. Examples of col2-3/4 staining per overloading – preloading group (n = 24 per group). Red color indicates 

collagen denaturation which is graded as internal collagen damage. The red color near the transition to bone (at 

the bottom of the samples) is normal in healthy cartilage and it is not considered for the scoring. Blue arrows 

show macroscopic superficial collagen damage (g and m). White arrows indicate internal collagen damage (g-j, m-

o and q). Scale bars = 200 m.   
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Figure 3. Scatter plots of creep preloading strain (A) vs total collagen damage for each of the overloading 

magnitudes 35, 45 and 55 N. Green markers correspond to samples that were not subjected to creep preloading 

(positive control), nPOSITIVE CONTROL = 12. The other markers (orange, gray, yellow, blue and brown) represent the 

groups that received different magnitudes of load during creep preloading, nPRELOADING = 60; n=4 for each specific 

combination of pre-loading and overloading.  

 

The overview of the scores based on the histological slides are shown in scatter plots in Figure 3. 

At 35 N, samples were either undamaged or showed surface irregularities. At higher overloading 

forces (45N (Fig. 3b) and 55N (Fig. 3c)), total collagen damage correlated negatively with the 

applied preloading strain (Table 1). Thus, the more the AC is compressed prior to overloading, 

the more it is protected against development of collagen damage. 
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Table 1. Spearman’s correlations between total collagen damage and creep preloading strain 

 

Overloading 

Group 

 

 

(p-value) 

45 N 
-0.627** 

(p = 0.001) 

55 N 
-0.573** 

(p = 0.003) 

**Correlation significance level p = 0.01 

 

 

Figure 4. Scatter plots of additional strains at overloading (C) and total collagen damage. Circle markers (orange: 

35 N, red: 45 N and blue: 55 N) show the additional strain due to the overloading (Fig. 1-Bottom-right (C = B-A)), 

(n = 60). Green circle markers correspond to samples that were not subjected to creep preloading (positive 

control), nPOSITIVE CONTROL = 12.  

 

The mean strains of positive control samples were (0.516 ± 0.148) at 35 N (Fig. 4a, green markers), 

(1.801 ± 0.564) at 45 N (Fig. 4b, green markers) and (0.422 ± 0.045) (Fig. 4a, green markers) (Fig. 

4c, green markers). Additional strains at overloading for the samples which were pre-loaded 

(Figs. 4a-c, orange, red and blue markers) were lower than those of the samples only subjected 
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to overloading (positive control) (Figs. 4a-c, green markers), and decreased with the magnitude 

of preloading.    

 

The Spearman’s correlation between total collagen damage and additional strain at overloading 

elucidated a direct correlation for all overloading groups (Table 2). 

 

Table 2. Spearman’s correlations between total collagen damage and additional strain due to overloading 

 

Overloading 

Group 

 

 

(p-value) 

35 N 
0.421* 

(p = 0.0403) 

45 N 
0.520** 

(p = 0.009) 

55 N 
0.422* 

(p = 0.0398) 

* Correlation significance level p = 0.05 

  **Correlation significance level p = 0.01 

 

Discussion 

The objective of this study was to explore whether applying creep to AC prior to overloading 

would prevent or reduce the occurrence of collagen damage. In addition, it was questioned 

whether such protective effect would depend on the magnitude of creep.  

 

Results showed very mild to no damage in samples loaded with 35 N (Fig 2a-f), but significant 

collagen damage in samples loaded with higher overloading magnitudes (i.e. 45 N and 55 N) 

without preloading (positive control; Figs. 2g and 2m). As the magnitude of preload creep 

increased, damage reduced from significant (0.5 N and 1 N preloading; Figs. 2h-i and 2n-o) to 
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little or no damage (2 N, 3N or 4 N preloading; Figs. 2j-l, 2p-r and Figs. 3b-c). This negative 

relationship between creep preloading strain and total collagen damage was statistically 

significant ( = -0.627, p = 0.001 and  = -0.573, p = 0.003, for 45 and 55 N respectively), 

demonstrating that indeed, more AC compaction during preloading is more protective against 

collagen damage development. The hypothesis underlying this protective effect was that the 

additional strain induced by the overloading step would actually cause damage, and that this 

additional strain would be lower in tissue that is compressed prior to the overloading. This 

hypothesis is supported by the positive correlation between the additional strain during 

overloading and collagen damage (Fig. 4 and Table 2). Taken together, these data suggest the 

following mechanism: (1) creep loading results in slow compaction of AC, which does not result 

in collagen damage; (2) more compacted AC deforms less during a subsequent instant 

overloading step, i.e. strain dependent stiffness (Thambyah et al., 2012; Nickien et al., 2013); (3) 

less instant deformation of AC results less collagen damage. Based on this evaluation, it is 

speculated that the total applied strain does not determine collagen damage, but that the instant 

strain, applied at a higher loading rate, is responsible for collagen damage development. This is 

in line with former findings (Henao-Murillo et al., 2018). 

 

Damage evaluation in present study not only pertained to macroscopic crack formation but 

allowed separation between superficial damage and microscopic internal damage. This was done 

because former results demonstrated that one of these damage locations may prevail, depending 

on the applied overloading regime (Henao-Murillo et al., 2018). Interestingly, it was found that 

overloading of 55 N without preloading resulted in macroscopic superficial collagen damage (Fig. 

2m). However, once the tissue was prestrained by creep, superficial damage was absent but 

internal collagen damage still occurred in some samples. The reduction of macroscopic superficial 

damage is in agreement with Wei et al. and Morel et al., who demonstrated decreases in fissure 

length in cartilage after 7 and 14 days of cyclic loading prior to acute overloading by unconfined 

compression (Wei et al., 2008), and substantial reduction of the appearance of cracks in the 

cartilage surface due to prestrain (Morel et al., 2005). In contrast however, Thambyah et al. and 

Kim et al. found that creep prior to injurious loading resulted in more deep cracks (Thambyah et 
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al., 2012; Kim et al., 2012). Whether these cracks are able to penetrate deeper because the 

dominant damage location transfers from superficial to internal with higher preloading (Fig 2), 

remains speculative. Further comparison is difficult because of differences between studies, 

including animal age (1-year vs. 2-3 years), loading regime (indentation vs unconfined 

compression), magnitude of creep preloading (70 min of 0.16 - 1.27 MPa vs. 3 hours of 2 MPa or 

0.2-180 min of 4 MPa) and overloading (11 – 17 MPa vs. 42 MPa) (Thambyah et al., 2012; Kim et 

al., 2012). 

 

The overloading group of 45 N exhibited very large deformations in some samples. These samples 

also showed a change already in the first cycle of the force-displacement curve, possibly 

indicating an early initiation of superficial collagen damage (results not shown). Consequently, 

the tissue may have become weaker allowing for more deformation during subsequent loading 

steps. This matches the presence of significant macroscopic damage in these samples. None of 

the cartilage samples loaded with 55 N showed such early event in the force-displacement curve. 

 

The present study applied both creep preloading and subsequent overloading with a hemi-

spherical indenter of 2 mm diameter. Indentation is advantageous because results are 

independent of sample diameter and of adverse conditions at the cut edges. However, loading 

with a small indenter does not represent physiological conditions in the joint. Indentation with 

the indenter used in this study produces relatively high local strains close to the cartilage surface 

(Hosseini et al., 2013), compared to unconfined compression or for instance physiological loading 

on tibia cartilage with a femoral condyle. Therefore, the present study should be considered as a 

fundamental study to the effects of preloading on damage development, rather than as 

representative for physiological loading cases. To transfer the present loading to other studies, 

the local stresses applied at 35 N, 45 N and 55 N are comparable to pressures of 11 MPa, 14 

MPa and 17 MPa in other literature. This is within the range where other studies also report the 

onset of damage (Thambyah et al., 2012; Kim et al., 2012).   
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In conclusion, the present study showed that by subjecting articular cartilage to creep prior to 

injurious overloading, it is possible to reduce or abolish the amount of collagen damage that 

develops in the tissue. This effect is dependent on the amount of compaction that is achieved 

during the preloading. Based on the results, it is speculated that collagen damage does not occur 

as a result of slowly developing strains during creep, but that collagen is susceptible to damage 

when strain is applied at relatively high strain rates. This insight may be useful for rehabilitation 

strategies or for advising people at risk of developing OA about activity levels or loading regimes. 

Also, it is in line with Adams et al. suggestion that preparing the body (i.e. warm up) for strenuous 

exercise is necessary to protect the joints from failure (Adams et al., 1998). 
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Introduction 

Articular cartilage (AC) is a load-bearing tissue which allows joint movement without discomfort. 

While walking, for instance, the human knee withstands loads equal to 4 – 5 times body weight 

(Morrison, 1968, 1970) and each femoral head experience about 1 x 106 steps/year (Weightman, 

1976). As a result of these repeated loadings, cartilage wear may occur due to the accumulation 

of microscopic damage. This is referred to as fatigue damage, which has been suggested as a 

primary event in osteoarthritis (OA) development (Weightman, 1976). Failure of cartilage may 

be the result of either excessive loading for a short period of time with few repetitions, or it may 

occur after a long time period with many low loading repetitions, even when loading magnitudes 

are less than the ultimate strength of cartilage (Mow et al., 2001; McCaw, 2013). 

 

Cartilage matrix failure due to repetitive loading has been previously investigated (Lucchinetti et 

al., 2002; Chen et al., 2003; Bourne et al., 2015; Thibault et al., 2002; Henao-Murillo et al, 2018; 

Kaplan et al., 2017; Sadeghi et al., 2015; Zimmerman et al., 1988; King et al., 2005).  Chondrocyte 

damage, one of the recognized effects of repetitive loading, may occur after applying stress as 

low as 1 or 5 MPa (Lucchinetti et al., 2002; Chen et al., 2003) and the effect depends on the type 

and duration of loading (static vs cyclic), intermittent (on - off) or prolonged, low intensity 

(Lucchinetti et al., 2002; Chen et al., 2003, Bourne et al., 2015). It has been hypothesized that this 

harmful effect of repetitive loading in chondrocytes is the result of cartilage matrix fatigue in the 

superficial tangential zone (Chen et al., 2003). Damage to the collagen network in the form of 

micro- or macro-structural changes has been observed as a consequence of repetitive loading as 

well. A wide range of stresses, either physiological or slightly above the physiological limit, have 

been shown to result in collagen damage. Cyclic loading via unconfined compression leads to 

immediate collagen damage after applying stresses between 2 and 17 MPa for frequencies that 

resemble walking or running (1.44 and 2.88 Hz respectively) (Thibault et al., 2002; Kaplan et al., 

2017). Furthermore, the degree of damage increments as the loading and the frequency also 

increase. (Kaplan et al., 2017). More pronounced changes in the collagen network (i.e. severe 

internal collagen damage or fissures of different lengths and widths), have been observed when 

cyclic loading is applied through indentation.  Few cycles of stresses between 5 and 14 MPa at 
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different rates have shown either macroscopic or microscopic collagen damage (Henao-Murillo, 

et al., 2018). Varying loading frequency (1, 10 and 100 Hz) and magnitude (2.8, 4.2, 4.7, 5.6 and 

7.5 MPa) causes damage in the form of cracks and fissures at the cartilage surface, where crack 

length increases with increasing frequency and loading magnitudes (Sadeghi et al., 2015). 

Moreover, cyclic compression (1.73 - 20.7 MPa) between two faces of articular cartilage triggers 

a series of macroscopic changes in the tissue ranging from surface abrasion, primary and 

secondary fissure formation, to weakening of cartilage. These changes become more noticeable 

when cycle numbers and stresses increase (Zimmerman et al., 1988). Similarly, structural and 

metabolic changes in cartilage have been detected in vivo in rabbit models when subjecting 

metacarpophalangeal joints to cyclic stimulation of the large finger flexor for 2 hours, 3 days per 

week for a cumulative 60 h (King et al., 2005). 

 

The above-mentioned studies have shown fatigue or damage in articular cartilage of different 

species and joints, under different combinations of applied stress and number of cycles, with 

varying frequencies and loading regimes. Therefore, there is obviously much variability in the 

results. Regardless, they were put together in a single graph to evaluate a potential relationship 

between loading magnitude, loading repeats and fatigue damage (Fig. 1).  



Chapter 5 

 

94 
 

 

Figure 1. Summary of the literature data about S-N relationships. Values of stress and number of cycles which 

produced any type of damage in AC are shown. This damage includes cell death (Lucchinetti et al., 2002; Chen et 

al., 2003); damage to the collagen network (Thibault et al., 2002; Chen et al., 2003; Kaplan et al., 2017; Henao-

Murillo et al., 2018) and cracks (Zimmerman et al., 1987; King et al., 2005; Sadeghi et al., 2015). The S-N curve is 

in double logarithmic scale. 

 

From the combinations of cycles and loading magnitude presented in Figure 1 that result in 

damage, it seems that indeed the anticipated inverse relationship between loading magnitude 

and loading repetition is present for damage-development in cartilage. However, the different 

nature of the studies causes significant variability in the data. Also, such an inverse relationship 

is only confirmed if all combinations below this critical line would not result in damage. 

Unfortunately, this cannot be derived clearly from the literature. 
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The present study therefore focuses on further exploring the relationship between loading 

magnitude and number of loading cycles. It follows the hypothesis that cartilage fatigue damage 

would occur when the combination of loading magnitude and the number of repetitions exceeds 

a certain threshold, as suggested by Figure 1. It is postulated that a clearer relationship can be 

obtained by registering combinations at which cartilage remains undamaged and at which it 

becomes damaged, thus the first aim of this chapter is to identify the particular cycle at which 

damage is initiated. Further, the expectation is that this relationship would not only depend on 

the magnitude of loading in MPa, but also on the type of loading, because depending on the type 

of loading, the tissue is challenged in a different way. Local indentation, for instance, would load 

the superficial collagen more, whereas unconfined compression is supported predominantly by 

the deeper proteoglycan-rich zone. The second aim is to explore the aforementioned hypothesis 

of cartilage fatigue damage by assessing whether cartilage remains undamaged or becomes 

damaged when applying combinations of loading magnitude and number of loading cycles using 

either indentation or unconfined compression. 

 

Materials and Methods 

Osteochondral plugs 

Eighty-six osteochondral plugs were harvested from 21 metacarpal proximal epiphyses of 1-year 

old calves. The procedure of getting the plugs is described in a previous study (Henao-Murillo et 

al., 2018). In summary, plugs of 7.5 mm diameter were drilled and then trimmed to a thickness 

of 10 mm. During drilling and cutting, osteochondral plugs were irrigated with phosphate 

buffered saline (PBS) and stored at -20 C until the moment of mechanical testing. 

 

Mechanical testing 

The plugs were thawed for 1 hour at room temperature. Afterwards, cartilage thickness was 

measured with a digital microscope (Keyence VHX-500FE, USA) by averaging the thickness at four 

locations along the edge of the cartilage surface. To anchor the sample in the compression setup, 

the osseous part of the osteochondral plugs was placed in the center of a 7.5 mm diameter hole 

in a custom-made polycarbonate container. The container was filled with PBS and covered with 
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a lid to avoid evaporation, with a small opening for the indenter or compression plate. Samples 

were slowly press-fitted in place by applying a compressive force of 25 N distributed over the 

entire cartilage surface (non-damaging 0.57 MPa unconfined compression) (Henao-Murillo et al., 

2018). Afterwards, different combinations of prescribed loading magnitudes and prescribed 

number of cycles were applied on osteochondral plugs by either indentation or unconfined 

compression (Universal testing machine BT1-FB010TND30, Zwick/Roell, Germany) (Fig. 2 Top). 

Indentation was applied using hemi-spherical indenters of 2 mm (Ind2, n = 64) (Fig. 1 Bottom-

left) or 4 mm diameter (Ind4, n = 11) (Fig. 2 Bottom-middle). Unconfined compression (UC, n = 

11) was applied with a flat stainless-steel plate (Fig. 2 Bottom-right). All loadings were applied at 

5 mm/min. 

 

 

 

Figure 2. Mechanical protocol scheme. (Top) Example of loading regime. (Bottom) Specific details of the protocol. 

Ind2: indentation with 2 mm diameter hemi-spherical indenter (Bottom-left). Ind4: indentation with 4 mm 

diameter hemi-spherical indenter (Bottom-middle). UC: unconfined compression with flat plate (Bottom-right). 

Loading rate in all groups: 5 mm/min. 
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Staining 

Immediately after mechanical testing, samples were stained with Indian ink to visually inspect 

signs of superficial macroscopic damage. The staining protocol consisted of adding two drops of 

Indian ink on the cartilage surface. After 7 minutes, the staining was removed by wiping the 

cartilage surface with a paper tissue dampened with distilled water. The staining remnants in the 

tissue indicated macroscopic superficial damage such as irregularities and clefts. Afterwards, the 

cartilage surface was digitized with a digital microscope at 30x, 50x and 100x magnification 

(Keyence VHX-500FE, USA).  

 

Processing data and statistics 

Superficial macroscopic damage in cartilage was assessed by visual inspection of the presence of 

Indian ink. The appearance of wide or deep clefts was qualitatively scored as severe damage (Fig. 

3a), signs of surface fibrillations and irregularities were scored as mild damage (Fig. 3b), while the 

total absence of Indian ink on the tissue was scored as no damage (Fig. 3c).  A summary of damage 

description and score is shown in table 1. 

 

Table 1. Damage description and score based on Indian ink staining. 

 

Description 
Damage degree 

 

Damage score 

Absence of Indian ink  No damage  
 

0 

Signs of surface fibrillations 

and irregularities 
Mild 

 

1 

Wide and deep clefts Severe  
 

2 

 

The force-displacement (F-d) curves were evaluated for the presence of changes while cyclic 

loading was applied. These changes were considered as possible indicators of the onset of 

damage. Both abrupt (Fig. 3d, red arrow) and subtle variations in the curves slope during loading 
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application (i.e. changes in stiffness) (Fig. 3e, red line indicating an inconsistent slope) were 

detected. The loading magnitude at which the F-d curve started to change and its corresponding 

number of cycles, were registered. A summary of the implemented classification is displayed in 

table 2. 

 

 

Table 2. Classification of changes in force-displacement curves. 

 

Description 
Change classification 

Constant curve’s slope   None  

Subtle change in curve’s slope Subtle 

Abrupt change in curve’s slope Abrupt 

 

To show scatter plots in terms of stress vs prescribed number of cycles, stresses () of both the 

prescribed test loading and the loading at which a change in the F-d curve occurred (stress of 

damage onset) were calculated for all compression groups (Ind1, Ind2 and UC) as: 

𝜎 =
𝐹

𝐴
                  (1) 

where F is either the prescribed loading magnitude or the load at which a change in the F-d curve 

took place, and A is the cross-sectional area either of the indenter (Ind2 and Ind4 groups) or of 

the sample (UC group).  

 

To determine how much damage degree changes for a one unit change in either stress or 

prescribed number of cycles, a multiple regression was run for each compression group (In2, In4 

and UC). 

 

To determine if the stress of damage onset was different for the compression groups (Ind2, Ind4 

and UC) for each damage degree (Severe and Mild), two one-way ANOVA tests including Tukey 
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post hoc analysis were conducted. Furthermore, a relationship between stress of damage onset 

and damage degree was evaluated through a Spearman’s rank-order correlation on each 

compression group (Ind2, Ind4 and UC).  

 

Results 

 

Figure 3. Examples of superficial macroscopic damage and the corresponding force-displacement curve. Presence 

of damage was assessed with Indian ink and scored either as severe (a) or mild damage (b). Samples which had 

absence of Indian ink on cartilage surface were graded as undamaged (c). The force-displacement curves exhibited 

abrupt changes (d, red arrow) and subtle changes (e, red line shows the variation on curve’s slope while load was 

applied) depending on the amount of damage. Undamaged samples did not reflect changes in the curve’s slope 

(f, red line remained constant during load application). Images were digitized at 50x magnification.  

  

After applying the prescribed stress and the prescribed number of cycles, cartilage showed 

different degrees of macroscopic superficial damage, ranging from severe (Fig. 3a) to mild (Fig. 

3b), or no damage (Fig. 3c). Samples with severe and mild damage were associated with F-d 

curves which exhibited abrupt (Figs. 3a and 3d) and subtle (Figs. 3b and 3e) changes respectively, 

whereas undamaged samples were related to F-d curves with constant slopes (Figs. 3c and 3e).  
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In the Ind2 group, 73% of the samples exhibited severe damage, 22% mild damage and only 5% 

did not show any sign of damage (Fig. 4, Ind2).  From those samples which showed severe damage 

(Fig. 4, Ind2, light blue), 81% exhibited abrupt changes in the force–displacement curve (Fig. 3d) 

and 19% showed subtle changes in the curve (Fig. 3e). From those samples which exhibited mild 

damage (Fig. 4, Ind2, light green), 36% had abrupt changes in the force-displacement curve, while 

64% showed subtle changes. In this group only 5% of the samples did not exhibited damage, none 

of them had abrupt changes in the F-d curve, while 33% had a subtle change and 67% did not 

show any change.  

 

 

Figure 4. Percentage of damaged or undamaged samples after applying different combination of prescribed 

number of cycles and prescribed loading magnitudes. Each damage degree (DG) show the percentage of samples 

which exhibited none (N), subtle (S) or abrupt (A) changes in F-d curve. Loading was applied through indentation 

(Ind2 or Ind4) or unconfined compression (UC). 
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In the Ind4 group, 64% of the samples exhibited severe damage, 18% mild damage and 18% no 

damage (Fig. 4, Ind4). From those samples which showed severe damage (Fig. 4, Ind4, light blue), 

29% exhibited abrupt changes in the force-displacement curve and 71% showed subtle changes 

in the curve. All of the samples which exhibited mild damage (Fig. 4, Ind4, light green) showed 

subtle changes in the curve. In this group 18% of the samples were undamaged and these 

samples did not have any abrupt nor subtle change in the F-d curve.   

 

In the UC group, 36% of the samples exhibited severe damage, 28% mild damage and 36% no 

damage (Fig. 4, UC). The totality of samples with severe damage (Fig. 4, UC, light blue) showed 

subtle changes in the force-displacement curve, while from samples with mild damage (Fig. 4, 

UC, light green), 33% exhibited abrupt changes in the curve and the other 67% showed subtle 

changes. The 36% of the samples in which damage did not occur, did not have any abrupt nor 

subtle change in the F-d curve. 

 

Figure 5 shows which combinations of the prescribed stress and prescribed number of cycles 

results in no, mild or severe damage in the cartilage. In all groups, damage was independent on 

the number of cycles, but it depended on the loading magnitude with overlap between groups. 

In the Ind2 group, severe damage occurred in all samples that received pressures above 22.3 

MPa, and never in samples with pressures less than 19.1 MPa (Fig. 5a, blue markers). Samples 

with mild damage occurred in the loading ranged between 15.9 and 22.3 MPa (Fig. 5a, green 

markers). The few samples in the Ind 2 group which did not show damage, were loaded with less 

than 20.4 MPa compressive force (Fig. 5a, grey markers).  
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Figure 5. Tissue samples with severe (green), mild (blue) or no damage (gray), as a function of ombinations of 

prescribed stress and prescribed number of cycles in the ind2 (left, n=64), ind4 (middel, n=11) and UC group (right, 

n=11). The scatters plots are in double logarithmic scale. 

 

In the group Ind4, samples with severe damage reached pressures above 9.6 MPa (Fig. 5b, blue 

markers). Samples with mild damage ranged between 18.3 and 19.1 MPa (Fig. 5b, green 

markers), and samples without damage were below 11.1 MPa (Fig. 5b, grey markers).  

 

In the UC group, samples with severe damage were loaded with more than 8.4 MPa (Fig. 5c, blue 

markers). Mild damaged occurred between 8.2 and 10 MPa (Fig. 5c, green markers) and samples 

did not show signs of damage when all loaded below 9.3 MPa, even after 800 prescribed cycles 

(Fig. 5c, grey markers).  

 

The prescribed stress and prescribed number of cycles had an influence on damage degree as 

assessed in a multiple regression. Results revealed that only the regression model for the Ind2 

group statistically significantly explained damage degree, p < 0.0005, adj. R2 = 0.348. Both 

variables, stress and prescribed number of cycles, added statistically significantly, p < 0.05. 

Regression coefficients and standard errors can be found in Table 3. Models for the other 

compression groups were not significant. 
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Table 3. Summary of multiple regression analyses for Ind2 group. 

Variable B SEB β 

Intercept 1.394 0.177  

Pr. number of Cycles  -0.001  < 0.0005 -0.451* 

Stress 0.006 0.006 0.326* 

Note. * p < 0.05; B = unstandardized regression coefficient; SEB = standard error of the coefficient; β = standardized 

coefficient.  

 

All samples that developed damage already showed irregularies in the first or second loading 

cycle. Thus, evaluating the number of cycle at which damage occurred against damage 

development was not meaningful. However, the F-d graphs also reveal the force/stress at which 

the damage occurred was different between the compression groups for both damage degress. 

In the Ind2 group, mild and severe damage initiated at (18.02 ± 2.36) and (20.61 ± 3.92) MPa 

respectively (Fig. 6, Ind2, green and blue bars). Stress of damage onset had a low effect on the 

degree of collagen damage ( = 0.331, p = 0.009). In Ind4 group, mild and severe damage 

occurred at (13.04 ± 4.72) and (14.05 ± 6.08) MPa respectively. Moreover, in UC group, mild and 

severe damage started to occur at (6.93 ± 2.75) and (5.09 ± 0.91) MPa respectively. The stress of 

damage onset had no significant effect on collagen damage in groups Ind4 and UC. The ANOVA 

tests revealed the differences of the stresses of damage onset were statistically significant 

between all the compression groups for both types of damage degrees (Table 4). 

 

Table 4. Comparison of differences in stress of damage onset for the different compression groups at each damage 

degree. 

p-values Compression groups 

Damage degree Ind2 – Ind4 Ind2 – UC Ind4 – UC 

Severe 0.001 < 0.0005 0.003 

Mild < 0.0005 < 0.0005 0.006 
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Figure 6. Stress of damage onset in each compression group (Ind2, Ind4 and UC). Blue and green bars represent 

the degree of damage. All groups were statistically significant different between them (Table 4). Error bars 

indicate standar deviation. 

 

Discussion 

The first aim of the present study was to explore the relationship between damage development 

in cartilage, loading magnitude and number of loading cycles, following the hypothesis that 

damage would initiate above a certain combination loading cycle and loading magnitude. 

Whether severe or mild cartilage damage would occur depended on the loading magnitude, but 

unlike the expectations, there was no dependency on the number of cycles during which loading 

was applied. The second aim was to evaluate if the nature of loading, i.e. using small or large 

indenters or unconfined compression, would make a difference for this relationship. This was 

evaluated in two ways. First, the percentage of samples with severe damage decreased from the 

Ind2 to the Ind4 and the UC group, but true comparison was difficult because the average loading 

magnitudes were different. The second evaluation used adverse effects observed in the F-d 

curves. This revealed that severe or mild damage occurred at higher (ind2), intermediate (ind4) 
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or lower pressures (UC), confirming that the nature of loading does have an effect on damage 

development. 

 

The findings of macroscopic damage in the form of cracks and fissures are in line with previous 

studies in which also damage to the collagen network was observed after subjecting cartilage to 

specific loading magnitudes applied for a number specific of cycles (Weightman, 1976; 

Zimmerman et al., 1988; Thibault et al., 2002; Chen et al., 2003; Kerin et al., 2003; Sadeghi et al., 

2015; Kaplan et al., 2017). The threshold of loading magnitude above which damage starts to 

occur is in the same order of magnitude, or slightly higher, than the 15 – 20 MPa pressures that 

are considered physiological (Torzilli et al., 1999). In the present study, 46 out of 64 (ind2), 4 out 

of 11 (ind4) or 0 out of 11 (UC) samples were loaded above this physiological threshold, and this 

concurs with the number of sampels that became damaged. Also, the changes in shape of the F-

d curve, which were used as an indication for the onset of damage (Figs. 3d-e), is consistent with 

the work of Adams et al. who examined the force-displacement curve to identify the point of 

compressive failure in cartilage samples subjected to linear-ramp loading/unloading cycles 

(Adams et al., 1998). The unexpected finding that the samples exhibited a change in the F-d curve 

in the very first or the second cycle of stress application but not in later cycles, is in line with the 

results of Weightman, who found that a considerable number of specimens failed on the first 

application of load (Weightman, 1976).  

 

It was hypothesized that smaller pressures would also induce damage if they were applied more 

often (fatigue). The independence between damage development and the number of loading 

cycles is not in agreement with this hypothesis. It is possible that such effect would occur after 

many more than the max 1000 cycles applied in the present study, but the absence of any 

indication for such effect makes this unlikley. With regard to the second aim, the stress levels of 

damage onset decreased from Ind2 to Ind4 and UC (Fig. 6). This was a clear effect despite the 

overlap between groups.  This difference in damage development between the various loading 

regimes may originate from the fact that the type of loading determines the way cartilage is 

challenged. Local indentation strains the superficial collagen more, whereas deformation during 
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unconfined compression is captured predominantly by the deeper proteoglycan-rich zone 

(Korhonen et al., 2002). 

 

More research is needed to elucidate the exact dependency between loading magnitude, loading 

type and superficial collagen damage. A setup with groups that are better comparable in applied 

stress magnitude is required, and more samples in the Ind4 and UC groups are essential for 

appropriate statistics. Finally, evaluating the present findings using a computational approach 

could add to the interpretation of the differences between loading cases. 
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Articular cartilage (AC) degeneration is connected with the development of osteoarthritis (OA), 

a disabling and painful disease which prevail with age and overweight. Normally, OA is detected 

at a late stage and the current applied treatments are mainly oriented towards pain relief and 

changes in life style (e.g. weight loss and exercise) to reduce the symptoms. Furthermore, 

depending on the stage of the disease, other treatments like non-steroidal anti-inflammatory 

drugs, injections with corticosteroids or hyaluronic acid or even arthroplasty and osteotomy are 

considered. However, these treatments only provide temporal improvement and eventually 

patients have to undergo a total joint replacement.  An early detection of OA symptoms would 

be the best scenario to ensure that the correct treatment and follow-up of the disease will be 

implemented and therefore aid cartilage to successfully return to its normal functioning. 

Unfortunately, the diagnosis tools used in medical practice are unable to detect subtle changes 

in AC which are indicators of degeneration in the tissue. Research is being conducted to develop 

such tools, but more knowledge about the mechanisms behind early cartilage degeneration is 

required.  

 

The purpose of the present PhD dissertation was to achieve a better understanding of the 

underlying mechanisms involved in the process of early cartilage damage and progression. 

Specifically, the general aims of the present thesis were first, to characterize how mechanical 

overloading could lead to the earliest damage of the collagen network (Chapters 2-4) or the loss 

of proteoglycans (PGs) (Chapter 3); second, to explore the effect of loading history on AC damage 

development, by evaluating whether the application of mild loading prior to significant 

overloading would have a protective effect on cartilage (Chapter 4); and third, to explore 

combinations of loading magnitude and number of loading cycles on cartilage above which 

superficial macroscopic damage would develop (Chapter 5). 

 

Main Findings 

The present thesis focused on mechanically inducing damage to articular cartilage and assess the 

effect of different loading regimes on collagen fibers and PGs.  
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The Chapter 2 was to investigated whether collagen damage occurs preferentially superficially 

or internally, depending on the magnitude and rate of overloading. Our hypothesis was that 

damage develops at these different locations, because the distribution of excessive strains varies 

with loading rate as a consequence of the time-dependent cartilage properties. To address this 

aim, a combination of loading magnitudes and rates was applied on cartilage, with a mechanical 

protocol based on the one by Wilson et al. (Wilson et al., 2006). It was observed that indeed 

macroscopic superficial and microscopic internal collagen damage respond differently to 

variations in loading magnitude and rate. For instance, macroscopic superficial damage is highest 

when the indentation depth is largest, while microscopic internal collagen damage occurs when 

the internal deformation in the cartilage is largest. This internal deformation is governed by the 

time water is allowed to flow through the matrix. Faster compression results in more internal 

straining of the hydrated tissue, and the collagen network is more likely to become overstrained. 

Damage at the surface is less affected by water displacement, and more dependent on the actual 

local deformation of the tissue by the indenter. This differential effect of loading magnitude and 

rate on the macroscopic superficial and microscopic internal collagen damage was used to 

approach the second step of this thesis in Chapter 3. 

 

In Chapter 3 it was aimed first, to assess whether there is a relationship between total 

proteoglycan (PG) loss and the amount and type of collagen damage in articular cartilage; and 

second, to determine whether cyclic loading further increases the already enhanced loss of PGs 

in cartilage with collagen damage. Our premise was that repeated loading would enhance the 

transport of PGs out of the tissue through convection, in addition to the diffusive transport due 

to a damaged collagen network. After 48 h post-loading, it was observed an increase in PG loss 

in cartilage samples that had more total collagen damage. Interestingly, PG loss was dependent 

on the presence but not the amount of internal damage. Furthermore, the study revealed that 

repeated compressive loading alone significantly enhanced PG loss in cartilage with intact 

collagen, supporting the hypothesis that PG transport and loss depend on convection. However, 

it was shown that once PG loss is increased because the collagen network is damaged, it is not 

further enhanced by cyclic compression. In this chapter, changes in mechanical properties of the 
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tissue were monitored in terms of cartilage stiffness, measured by creep indentation. 

Surprisingly, samples which were subjected to creep, did not exhibited collagen damage, which 

made us suspect that this specific protocol was preventing collagen damage from happening. 

Therefore, we decided to explore this presumable protective effect in more detail (Chapter 4).   

 

The objective of Chapter 4 was to explore whether applying creep to AC prior to overloading 

would prevent or reduce the occurrence of collagen damage. In addition, it was questioned 

whether such protective effect would depend on the magnitude of creep. To induce severe 

damage to the collagen network, one of the protocols applied in Chapter 2 was implemented. 

The results showed it is possible to reduce or abolish the amount of collagen damage that 

develops in the tissue. This effect is dependent on the amount of compaction that is achieved 

during the preloading. Based on the results, it is speculated that collagen damage does not occur 

as a result of slowly developing strains during creep, but that collagen is susceptible to damage 

when strain is applied at relatively high strain rates. 

 

Altogether, chapters 2, 3 and 4 provided insight about the way different loading regimes may 

induce or prevent damage in AC. But then, we wondered whether cartilage damage development 

would occur above a certain combination of loading magnitude and number of loading cycles 

(Chapter 5). Hence the aim of Chapter 5 was to explore the relationship between damage 

development in cartilage, loading magnitude and number of loading cycles and to evaluate if the 

nature of loading (i.e. using small or large indenters or unconfined compression) would make a 

difference for this relationship. The results showed independence between damage 

development and number of cycles. Furthermore, results clearly showed the stress levels of 

damage onset decreased from indentation to unconfined compression.  

 

Insights into Early Damage in Articular Cartilage 

Early signs of AC damage comprise among others, surface fibrillation, collagen damage and PG 

loss (Jeffrey et al., 1995; Poole et al., 2002). These changes may be the consequence of excessive 

loading in cartilage (Wilson et al., 2006).   
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In Chapter 2 it was found a differential effect of the combination of loading magnitude and rate 

on the development of macroscopic superficial and microscopic internal collagen damage. In an 

initial approach, we evaluated histologically not only collagen damage but also PG content in 

cartilage (results of the latter not shown in Chapter 2). Preliminary results showed collagen 

damage in different locations of AC, but we never observed any change in PG content assessed 

by Safranin O/Fast green staining. But the results observed in Chapter 3, may presumably suggest 

that indeed the PG-enriched zone suffered a change due to the mechanically induced damage 

(Chapter 2). However, since cartilage was processed right after mechanical loading, PGs did not 

have time enough to diffuse out of the tissue and this may explain why did not observe any 

change in PG content in Chapter 2.  

 

It was astonishing to observe that the mechanical protocol which induced damage to the collagen 

network in Chapter 2 did not produced the same effect in Chapter 3. Initially, we attributed this 

unexpected behavior to variability in the 1-year-old metacarpal proximal epiphyses used in each 

study. However, the findings of Chapter of 4 enabled us to understand that the creep steps used 

in Chapter 3 to monitor changes un mechanical properties (i.e. changes in stiffness) had a 

protective effect in AC and that may explain why collagen damage was not produced in the same 

proportion as the one observed in Chapter 2. This is an important aspect to bear in mind at the 

moment of designing mechanical protocols to induce changes in specific components of AC. 

 

Loading effects 

As described in chapter 1, mechanical loading has different effects on articular cartilage. The 

present thesis explored how a combination of loading magnitudes and loading rates produce 

either superficial macroscopic or internal microscopic collagen damage (Chapters 2-4). 

Furthermore, low frequency cyclic loading stimulates PG loss in AC (Chapter 3) and when a 

combination of loading magnitudes and number of loading repetitions are applied on AC, it leads 

to macroscopic superficial damage and this may have different degrees depending on the type 

of loading applied (i.e. indentation and unconfined compression) (Chapter 5). However, results 
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observed in Chapter 4 suggested that creep loading prior to overloading has a protective effect 

on AC.   

 

These findings provide an indication of which life activities/exercises could become harmful for 

articular cartilage. For instance, impact exercise or lifting heavy objects could lead to changes in 

collagen network and if these activities are followed by low pace walking it could influence PG 

depletion. Furthermore, an overuse of the joint during walking or running may be detrimental 

for AC. Nevertheless, the likely harmful effects that some daily activities have on AC, may be 

counterbalanced by preparing correctly the body (warm-up). 

 

Limitations and Recommendations 

In Chapter 2, we observed a variability of tissue response between samples. Some samples which 

were subjected to high loading magnitudes and fast loading rates did not exhibited signs of 

macroscopic superficial or microscopic internal collagen damage, while some samples in milder 

loading groups did show damage. Additionally, in Chapter 3 we noticed a high variability in PG 

loss between samples. For example, undamaged samples lost over 1000 µg PGs, while some 

damaged samples lost as little as 521 µg PGs. Possible explanations for these variations could 

pertain to biological variation, or to shortcomings in the experimental setup or analyses. For 

instance, samples were taken from different parts of the metacarpal proximal epiphysis joints, 

and central plugs may differ from lateral plugs. Also, age of the calves was approximately 1 year, 

but a few weeks or months difference may have an effect on the mechanical properties of the 

cartilage. Further, the selected histological slide for evaluation of damage may not be the most 

central one under the indenter and slices may have different orientations with respect to the 

split line direction. Such suboptimal histology would result in a slight underestimation of the 

actual damage. For future studies using the protocol explained in this Chapter 2, it is advisable to 

stain cartilage with Indian Ink after mechanical testing, to ensure that the indented region will be 

the one used for histological evaluation.  
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In this thesis, all the loading protocols were applied with a hemi-spherical indenter of 2 mm 

diameter (Chapters 2-5). The advantage of indentation is that results are independent of sample 

diameter and of adverse conditions at the cut edges. However, loading with a small indenter does 

not represent physiological conditions in the joint. Indentation with the indenter used in this 

study produces relatively high local strains close to the cartilage surface (Hosseini et al., 2013), 

compared to unconfined compression or for instance physiological loading on tibia cartilage with 

a femoral condyle. Therefore, the results of this thesis chapters should be considered as a 

fundamental study of the loading effects on damage development, rather than as representative 

for physiological loading cases. In future applications it would be recommended to implement 

mechanical protocols that mimic a physiological loading of the joint to be then able of 

extrapolating those results to clinical context. 

 

Applications and Future Perspectives  

The results of the present thesis provide more insight into the appearance of early collagen 

damage as a function of mechanical overloading. This understanding may be useful for different 

applications: 

1.  Developing computational models intended to predict early damage in cartilage. Such 

models may eventually help to optimize diagnosis and treatment of OA, and to predict the 

course of the pathology at an earlier stage. Furthermore, these models may be valuable to 

improve selection and timing of patient-specific interventions, which is currently challenging.  

2. Stablishing preventive strategies, derived from the understanding that specific loading 

magnitudes and rates may either be detrimental for cartilage or on the contrary may be 

protective for the tissue, knowledge of great importance in sport activities and in the planning 

of physical therapy intended to reduce symptoms of OA. 

3. Bringing more understanding of the mechanics of collagen fibers and PGs for tissue 

engineering and the design of materials that mimic articular cartilage.  

 

Future work on early detection of cartilage damage may be approached computationally and 

experimentally. To deepen the insight obtained with the present study, it is suggested to use the 
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results obtained in this thesis to validate computational models. Furthermore, such 

computational models can be used to determine internal strains in collagen when subjected to 

different combinations of loading magnitude and rates. 

 

General Conclusion 

In conclusion, this thesis provides insight into specific loading magnitudes, rates, cyclic loading, 

and number of cycles that have an effect on the development of superficial macroscopic or 

internal microscopic collagen damage, and proteoglycan loss. Furthermore, the present study 

shows how creep loading prior to overloading has a protective effect on AC. This information 

together may be useful to develop in the future computational models or diagnostic tools that 

could support diagnosis, prevention, and treatment of OA. 
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Summary 

Summary 

Articular cartilage (AC) is a thin layer that covers the end of the diarthrodial joints and allows to 

withstand several times the corporal weight. The degeneration of AC is connected with the 

development of osteoarthritis (OA), a disabling and painful disease which commonly prevails with 

age and overweightness. The diagnosis of OA normally occurs at a late stage and common 

treatments include pain relief and physical therapy to alleviate symptoms. Unfortunately, the 

current treatments only provide a temporal relief and eventually a total joint replacement is 

necessary. The early detection of AC degeneration would be of great importance to treat the 

symptoms in time and aid the tissue to return to its normal functioning. Nevertheless, the current 

diagnosis tools are incapable to detect subtle changes in AC which are consider signs of tissue 

degeneration. Currently, diverse studies are undertaken to develop such tools, but more 

knowledge about the mechanisms behind AC degeneration is required. 

 

Therefore, the general aim of this PhD dissertation was to achieve a better understanding of the 

underlying mechanisms involved in the process of early cartilage damage and progression. In the 

future, this understanding may contribute to creating and developing new tools to predict OA 

initiation and progression, therefore making earlier intervention feasible. To accomplish this 

objective, several sub-aims were developed along the chapters of this thesis. 

 

In Chapter 2 it was investigated whether collagen damage occurs preferentially superficially or 

internally depending on the magnitude and rate of overloading. It was hypothesized that damage 

starts at these different locations, because the distribution of excessive strains differs with 

loading rate due to the cartilage time-dependency properties. By applying a different 

combination of loading magnitudes and rates, it was found that macroscopic superficial and 

microscopic internal collagen damage respond differently. For example, macroscopic superficial 

damage is highest when the indentation depth is largest, while microscopic internal collagen 

damage occurs when the internal deformation in the cartilage is largest.  
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The differential effect of loading magnitude and rate on the macroscopic superficial and 

microscopic internal collagen damage of Chapter 2 was used in Chapter 3 to assess the 

relationship between total proteoglycan (PG) loss and the amount and type of collagen damage 

in articular cartilage; and second, to determine whether cyclic loading further increases the 

already enhanced loss of PGs in cartilage with collagen damage. The premise was that repeated 

loading would enhance the transport of PGs out of the tissue through convection, in addition to 

the diffusive transport due to a damaged collagen network. After 48 h post-loading, an increase 

in PG loss was observed in cartilage samples that had more total collagen damage. Interestingly, 

PG loss was dependent on the presence but not the amount of internal damage. Furthermore, 

the study revealed that repeated compressive loading alone significantly enhanced PG loss in 

cartilage with intact collagen, supporting the hypothesis that PG transport and loss depend on 

convection. However, it was shown that once PG loss is increased because the collagen network 

is damaged, it is not further enhanced by cyclic compression. Cartilage stiffness was monitored 

via creep indentation. Interestingly, those samples subjected to creep did nod exhibited collagen 

damage, which seemed to be an indication that the applied protocol was preventing damage 

from happening.  

 

Then, in Chapter 4, it was aimed to explore whether applying creep to AC prior to overloading 

would prevent or reduce the occurrence of collagen damage. In addition, it was questioned 

whether such protective effect would depend on the magnitude of creep. The results showed 

that it is possible to reduce or abolish the amount of collagen damage that develops in the tissue.  

 

Given that different loading magnitudes and rates could either induce or prevent damage in AC, 

the purpose of Chapter 5 was to explore the relationship between damage development in 

cartilage, loading magnitude and number of loading cycles and to evaluate if the nature of loading 

(i.e. using small or large indenters or unconfined compression) would make a difference for this 

relationship. The results showed independence between damage development and number of 

cycles. Furthermore, results clearly showed the stress levels of damage onset decreased from 

indentation to unconfined compression. 
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Summarizing, this thesis provides insight into specific loading magnitudes, rates, cyclic loading, 

and number of cycles that have an effect on the development of superficial macroscopic or 

internal microscopic collagen damage, and proteoglycan loss. Furthermore, the present study 

shows how creep loading prior to overloading has a protective effect on AC. This information 

together may be useful to develop in the future computational models or diagnostic tools that 

could support diagnosis, prevention, and treatment of OA. 
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