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Abstract 

The damage to osteochondral tissue can develop degenerative joint diseases such as 

subchondral bone necrosis, osteochondral fracture, and osteoarthritis. In the development of 

these joint diseases, the subchondral bone plays a crucial role due to several risk factors: 

obesity, hereditary, aging, gender, and intense mechanical loads. The intense mechanical loads 

include both trauma/impact and repetitive loads which occur during high-intensity training and 

have been identified as the primary risk factor in the development of joint diseases. In this 

dissertation, we utilized mechanical tests combined with digital image correlation and micro-

computed tomography to study the mechanical behaviour (in particular, Elastic Modulus and 

Energy Dissipation) of subchondral bone under both trauma/impact and repetitive loads. 

Results suggest that the presence of severe cartilage lesion in osteochondral tissue reduces the 

stiffness of cartilage and increases the compressive strain in the subchondral bone under 

trauma/impact loads. Moreover, the application of simulated physiological repetitive loads on 

subchondral bone has demonstrated the importance of the highest speeds in the development 

of the joint disease, consistent with the observations made in equine athletes. The results also 

exhibit the influence of microstructural properties on the mechanical behaviour of subchondral 

bone under repetitive loads. The results and approach of simulating physiological loading may 

be useful in optimizing training protocol and prevent joint diseases. 
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Chapter 1 

1. Introduction 

1.1 Introduction 

The joints in the body play an important role in maintaining good physical health by 

supporting the body’s weight for a wide range of physical activities. However, abnormal high 

loads to joint during strenuous physical activities can cause cartilage lesion or subchondral 

bone damage. This can degrade the health of the joint and develop into joint diseases such as 

subchondral bone necrosis, osteochondral fracture, and osteoarthritis (OA). These joint 

diseases are common causes of morbidity and disability in both humans and animals around 

the world. They are also giving rise to enormous expenditure in the healthcare system and 

leading to the loss of workforce. Joint diseases have affected more than 303 million people 

around the world (Murray JL, 2018) and OA is among the ten most disabling diseases. Within 

the United States, in 2003 the total costs attributed to OA and other rheumatic conditions were 

approximately 128 billion US dollars which are 1.2 % of the US domestic products 

(Osteoarthritis research society international, 2016). In Australia, 9.3 % population was 

suffering from a joint disease like OA in 2017 (Australia Institute of Health and Welfare, 2019) 

and associated healthcare cost was approximately 5.8 billion Australia dollars that included 

174 million dollars for total knee replacement (Ackerman et al., 2016). According to WHO, 80 

% of the people with OA, have difficulty in normal movement, and 25 % of them incompetent 

to perform daily life activities (World Health Organization, 2020). The number of osteoarthritic 

populations is expected to rise to 5.4 million by 2030 (Arthritis foundation of Australia, 2018) 

which is projected to cost the healthcare system more than 7.6 a billion Australian dollars 

(Ackerman et al., 2016). The risk factors causing the rise in osteoarthritic population are age, 

joint injuries, excessive joint loadings due to either single (acute impact event) or repetitive 

trauma (cumulative contact stress) (Anderson et al., 2011; Buckwalter et al., 2013). 

The excessive joint loading or mechanical overload is the primary contributor toward the 

development of the joint disease, which can occur due to strenuous physical activities or sports.  

The studies have demonstrated a higher prevalence of joint diseases among athletes who 

perform physically demanding sports like soccer, sprint, and basketball (Tran et al., 2016). A 

survey among English professional soccer players has revealed that 47 % of the players retired 
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from the sport due to joint injury, of which 42 % had an acute injury and 58 % chronic joint 

injuries. Most acute and chronic injuries occurred in knee joints followed by hip joint, and 32 

% had been diagnosed with OA in the knee or hip joints (Drawer and Fuller, 2001). Joint 

diseases are also prevalent among animal athletes such as equine athletes, the most common 

reason for racehorse lameness, raising expenditure to $1 billion annually in the USA. In the 

UK, according to equine injury database, fatal injury to thoroughbred racehorses has increased 

from 1.54 per 1000 starts to 1.61 per 1000 starts. Approximately 74 % of the fatal injuries occur 

in the lower limb (Parkin, 2017). Between 1987-1996, Japan Racing Association (JRA) 

observed as many as 97.3 % limb injury during training and racing of thoroughbred racehorses, 

primarily occurring in fetlock joint (Maeda et al., 2016). As joint diseases have a significant 

impact on economy and welfare, therefore, it is necessary to investigate the mechanism of the 

development of joint disease to develop preventive strategies and treatment. 

 

1.2 Problem statement and motivation of this study 

Joint degeneration occurs commonly among athletes who perform intense workouts. 

During strenuous physical workouts, traumatic or repetitive abnormal high loads to the joint 

can cause damage to the cartilage (Buckwalter and Lane, 1997). The damage causes 

deterioration of the function of the joint that commonly leads to chronic diseases such as OA 

(McIlwraith et al., 2016). These joint diseases account for disability in humans and the majority 

of racehorse wastage in the horseracing industry (Jeffcott et al., 1982; Palmer, 1986). 

Traditionally, cartilage damage has been thought of as the primary contributor to the 

pathogenesis of the joint disease. However, in recent years, the crucial roles of subchondral 

bone (SCB) have been recognized in the pathogenesis of these joint diseases and high 

mechanical loads have emerged as one of the major risk factors (Cooper et al., 1994; Li et al., 

2013; Stewart and Kawcak, 2018). The damage created by these abnormal high loads could 

alter the structure and mechanical properties of SCB and lead to joint diseases. These changes 

in SCB have been associated with high-intensity training among human and equine athletes 

(Cruz and Hurtig, 2008). The physical activities during high-intensity training generate trauma 

such as quick unanticipated maneuvers, and repetitive mechanical loads during running 

(Buckwalter, 2013). Both, traumatic and repetitive loads have been identified which injure the 

joint and alter the mechanical properties of SCB and develop into joint disease (Felson, 1990; 

Grynpas et al., 1991; Pathria et al., 2016). Therefore, this research work is motivated by the 
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necessity to understand the mechanical behaviour of SCB under trauma and repetitive loads 

and has been central to the research work presented in this thesis. 

 

1.3 Research aims 

The focus of this dissertation was to improve our understanding of the mechanical 

behaviour of SCB under trauma/impact and repetitive loads using experimental methodology. 

The specific aims of the thesis were: 

Aim 1: Quantify the change in mechanical properties of cartilage and SCB due to severe 

cartilage lesion under single trauma/impact. 

Aim 2: Develop a fatigue test protocol to study the effect of repetitive loads on subchondral 

bone by utilizing physiological loads experienced in equine athletes. 

Aim 3: Investigate the mechanical behaviour and the microstructure of SCB under repetitive 

physiological loads. 

Aim 4: A preliminary study on mechanical properties and microcracks formation in the 

subchondral bone under repetitive loads. 

 

1.4 Contributions of the dissertation 

The main contributions of this work are as follows: 

• A quantitative assessment of the changes in stiffness and shock absorption ability of 

subchondral bone due to severe cartilage lesion under single trauma/impact. 

Researchers have studied cartilage in isolation to determine the effect of cartilage lesion 

on mechanical properties. However, physiologically, the mechanical response of 

cartilage and SCB is inter-reliant. We investigated osteochondral explants (cartilage 

and subchondral bone together) instead of cartilage in isolation. We found that the 

cartilage exhibited a significant decrease in the stiffness after severe grade III cartilage 

lesions. At physiological pressure of 7 MPa, a significant change in strain in cartilage 

was noticed, however, change in strain in SCB was insignificant. The details of 

methods, results, and discussion can be found in chapter 4. 
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Studying grade III cartilage lesion (loss of more than 50% cartilage thickness) is the 

focus because it is often present in asymptomatic patients, for instance, 63 % of knee 

arthroscopies were reported for any identified lesion and 32% of them had exposed 

SCB or grade III lesion (Curl et al., 1997; Martín et al., 2019). The results from this 

study can help clinicians to select optimum surgical strategies to repair the degenerated 

cartilage and rehabilitate the chondral lesion (Martín et al., 2019; Medvedeva et al., 

2018). Further, the existing cartilage restoration treatment method results in 

fibrocartilage which lacks in biomechanical characteristics to withstand compressive 

loads and deteriorate over time and often return to the original or more severe lesion 

(Dibartola et al., 2016; Martín et al., 2019; Willers et al., 2003). This study can assist 

cartilage tissue engineers to design scaffold material or develop therapies which can 

provide effective mechanical support for severe cartilage lesion, this is important 

because, in the presence of cartilage lesion, the interaction between degenerated 

cartilage and underlying SCB would be related to the outcomes from cartilage 

restoration procedures (Saltzman and Riboh, 2018). 

Below are the contributions based on fatigue studies. 

 

• A fatigue test protocol to study the effect of repetitive physiological loads that occurs 

in the training of equine athletes. 

In vivo, the SCB is subjected to physiological loading, which is a combination of load 

magnitudes and frequencies, generated by various physical activities. In this part of the 

thesis, we developed a fatigue loading protocol that simulates physiological loads 

occurring in a day of the training of equine athletes. We found that SCB is most likely 

to fail at galloping speeds in equine athletes. The details of methods, results, and 

discussion can be found in chapter 5. 

• Fatigue behaviour of subchondral bone under repetitive physiologically loads. 

This part of the research work aimed to analyze fatigue behaviour, stiffness, energy 

loss, and microstructural properties of subchondral bone under the physiological loads 

which occur in a day of the training for an equine athlete. We found that the subchondral 

bone with higher bone volume fraction (BV/TV) and tissue mineral density (TMD) 

demonstrated longer fatigue life than those specimens with lower BV/TV and TMD. 

The changes in modulus and relative energy loss with respect to simulated 

physiological activities are calculated, and the change in mechanical properties with 
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fatigue life is analyzed. The details of the method of data analysis and calculations of 

mechanical properties are explained comprehensively in chapter 6. 

• A preliminary study on mechanical properties and microcracks formation in the 

subchondral bone under repetitive loads 

To study the relationship between microcracks and mechanical behaviour of SCB, we 

performed micro-CT scanning intermittently between fatigue tests and captured images 

of the surface of specimens in real-time. The change in modulus and relative energy 

loss was analysed in conjunction with micro-CT scans and surface images. The details 

of the testing protocol and analysis of mechanical properties are explained in chapter 7. 

 

First, the above fatigue studies are a significant contribution to the existing literature 

since no fatigue study was found which focused on the mechanical behaviour of SCB 

under a spectrum of physiological fatigue loads. Second, the results from the fatigue 

study on SCB (‘aims 2, 3, and 4’) will help in implementing safer and efficient training 

methods for equine athletes as SCB injuries are common among racehorses (80 % of 

racehorse suffer from SCB injuries) which results in loss of training time, loss of racing 

or death of racehorses (Barr et al., 2009; Pinchbeck et al., 2013b). Moreover, the results 

will help in providing recommendations for the horse racing industry on training 

methods and management practices to reduce the risk of SCB failure. For instance, our 

work showed that galloping loading is the most damaging to the bone, and therefore 

limiting high speed/gallop training is important for injury prevention. 

 

1.5 Thesis outline 

Figure 1-1 is a schematic diagram describing the structure of the thesis. Chapter 2 

reviews the role of subchondral bone and discusses our existing understanding of how trauma 

and repetitive loads contribute to joint diseases. 

Chapter 3 discusses the experimental methodologies and measurement techniques used in this 

study. They include digital image correlation (DIC), micro-computed tomography (micro-CT), 

impact testing on osteochondral, and fatigue testing on SCB specimens. The methods of data 

collection and statistical analysis are also outlined. 

Chapter 4 is an article published in the Journal of Mechanical Behavior of Biomedical 

Materials, titled “Shock-absorbing ability in healthy and damaged cartilage-bone under high- 
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rate compression” (Shaktivesh et al., 2019). This study addresses aim 1 and quantify the 

change in the stiffness, energy absorption, and dissipation abilities of cartilage and subchondral 

bone due to severe cartilage lesion. DIC technique was utilized to measure the deformation of 

cartilage and subchondral bone separately.  

Chapter 5 is a technical note published in the Equine Veterinary Journal, titled “A method for 

fatigue testing of equine McIII subchondral bone under a simulated fast workout training 

program” (Shaktivesh et al., 2020). We reported a new fatigue loading protocol that simulates 

the physiological repetitive loads occurring in a day of the training of equine athletes. 

Chapter 6 is a research article accepted in the Journal of Mechanical Behavior of Biomedical 

Materials, titles, “Fatigue behavior of subchondral bone under simulated physiological loads 

of equine athletic training” This chapter analyze the fatigue behavior of subchondral bone 

under the new protocol reported in Chapter 5. The mechanical parameters such as Young’s 

modulus, relative energy loss, and bone’s structural properties were calculated. Statistical 

techniques were employed to determine the relationship between bone’s microstructural and 

mechanical properties.  

Chapter 7 addresses Aim 4. We reported the modulus and relative energy loss under the 

physiological fatigue test. The formation of surface cracks on SCB was detected using real-

time images of the surface of the specimen. Micro-CT enabled us to visualize cracks inside 

SCB before fatigue failure of specimens occurred.  

Finally, chapter 8 summaries the findings and implications of this dissertation and suggests 

future directions for research in the area.  
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Figure 1-1: The overall structure of the thesis 
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Chapter 2  

2. Background 

Degenerative joint diseases have affected the joints of humans and animals. About 9.3 

% Australian population (Australia Institute of Health and Welfare, 2019) is suffering from 

degenerative joint diseases which is a huge burden on the economy of Australia resulted into 

the expenditure of 5.5 billion Australian dollars in 2015 and likely to increase to 7.6 billion by 

2030 (Ackerman et al., 2016). The joint diseases are also leading cause of lameness in 

racehorses (Barr et al., 2009; Pinchbeck et al., 2013a), resulting into premature retirement from 

sport (Jeffcott et al., 1982; Olivier et al., 1997), life-threatening joint injuries (Johnson et al., 

1994), and the major reason of economic burden on horse racing industry (USDA, 2001). It 

was found that 42 % of joint injuries, those lead to joint diseases, occur during intense physical 

activities (Gage et al., 2012). This was attributed to the high mechanical loads, a well-known 

contributor to the development of joint diseases and occur during intense physical activities in 

the form of single or repetitive traumas. Moreover, recently, the role of Subchondral Bone 

(SCB) is recognized in the pathogenesis of joint disease under the presence of mechanical risk 

factors. Currently, there is no universal treatment or strategy to prevent joint disease as the 

behaviour of SCB under the high mechanical loads is not fully understood, therefore, further 

research is required to understand associated injury mechanisms. This could help to prevent 

joint disease, develop effective strategies, and minimize the economic burden. 

In this chapter, the background of the research and related literature is reviewed. First, we 

reviewed the structure, function, and physiology of SCB in a joint (section 2.1). Second, we 

discussed the joint diseases associated with SCB and pathology of them under mechanical loads 

(section 2.2). Third, we reviewed the research work of existing studies and outlined the research 

gaps (sections 2.3, 2.4, and 2.5). Lastly, the research gaps and how upcoming chapters bridge 

them in this thesis, are briefly presented (section 2.6). 

 

2.1 Structure, function, and Physiology of Subchondral Bone in a joint 

In a joint, the most superficial of tissues is articular cartilage which is important to 

maintain smooth articulation in joint. Under the cartilage, subchondral bone (SCB) directly 
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supports the overlying cartilage to transfer the external loads to rest of bone and acts as a shock 

absorber under high mechanical loads  (Armstrong and Mow, 1982; Malekipour et al., 2013; 

Redler et al., 1975; Van Turnhout et al., 2011). The SCB also acts as a medium to transfer 

nutrients to cartilage (Burr, 2004), therefore, it plays a crucial role in joint disease due to its 

direct interaction with the overlying cartilage. To study the behaviour of SCB under the 

mechanical loads, first, we need to select a joint model. 

2.1.1 Selection of joint model - Metacarpophalangeal (MPC) joint 

Typically, the wrists, ankles, and knees joints of human, femorotibial of stifle joint of 

porcine, femoropatellar of stifle joint of bovine, and carpus, stifle and fetlock joint of equine 

are at the risk of joint diseases (Fubini et al., 1999; Macfadyen et al., 2019; Nichols and 

Anderson, 2014; Nichols and Lardé, 2014). These joints have a similar basic structure, consist 

of two or more bone ends, covered with articular cartilage which is supported by underlying 

SCB. Below, the structure of the knee and MPC joints are shown (Figure 2-1). 

 

Figure 2-1: (Left) - Typical Human hand’s metacarpophalangeal Joint structure (“Just Injuries and 

Rehabilitation | The Management of Injuries,” 2014); (Middle) – Typical stifle joint structure of Porcine and 

Bovine; (Right) – Typical Horses’ metacarpophalangeal joint structure (Inky Mouse, 2015) 

To study joint diseases, large animal models are often suggested (Ahern et al., 2009; Frisbie et 

al., 2006). Among large animal models, bovine and equine models have been established to be 

an effective model for the study of joint diseases and condyle fractures. The equine model is 

also an FDA recommended model for joint disease research (Mcilwraith et al., 2012) and 

bovine model has been proved invaluable for joint tissue studies (Espino et al., 2014; Hargrave-

Thomas et al., 2013). The effectiveness of both models is due to the advantage over other 

animal models, such as similar cartilage thickness to human joints, larger surface area to 

harvest flat end of specimens, and mechanical loading similar to human’s musculoskeletal 
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system. Stifle and MPC joints are of particular interest due to similarities in joint loading in 

humans and the prevalence of joint disease. Within MPC joint, the condyle of the third 

metacarpal (MCIII) is found to be the most common site of fracture in the UK and second to 

the proximal sesamoid bone in the USA (Johnson et al., 1994; Peloso et al., 1994) and sustains 

the highest number of traumatic and chronic disease (Kawcak, 2016). MCIII bone of MPC joint 

is largely studied for subchondral bone-related joint diseases (Easton and Kawcak, 2007; 

Harrison et al., 2010; Kawcak et al., 2001; Malekipour et al., 2019; Martig et al., 2019) and 

stifle joint of the bovine model for cartilage degeneration (Espino et al., 2014; Hargrave-

Thomas et al., 2013; Moore and Burris, 2015; Nichols and Anderson, 2014; Nichols and Lardé, 

2014). Therefore, in this thesis, we have selected the femur of stifle joint of the bovine model 

to study cartilage lesion and SCB (chapter 4), and MCIII condyle of MPC joint of the equine 

model to study SCB under repetitive mechanical loads to understand joint disease mechanisms 

(chapter 5, 6, and 7). 

Anatomy and physiology of metacarpophalangeal (MPC) and stifle joint 

Stifle, a synovial joint allows the motion of flexion and extension in the limb. It is primarily 

composed of femur and tibia bones, connected by cruciate ligaments, and ends are covered 

with articular cartilage (Figure 2-2). These joints are primarily subjected to compressive (as 

femur pressed against tibia within the joint and compressive forces act normal to articular 

cartilage’s surface) and shear loads (as femur slide relative to tibia and shear forces act 

tangentially to articular cartilage’s surface) which are generated by locomotion and weight of 

animals as shown in (Figure 2-2).  

                                  

Figure 2-2: A diagram of the typical knee joint in human; Left – Bovine skeleton; Middle – Stifle joint; Right – 

compressive and shear force in the stifle joint 
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The MPC joint is primarily subjected to intense compressive and shear loads and often gets 

injured (Budras et al., 2003). The lameness due to MPC joint injuries can occur in horses of 

any occupation, however, this joint is particularly vulnerable to injury in horses running at high 

speeds such as thoroughbred racehorses. 

The MPC joint or fetlock joint is analogous to the human finger joint. It is composed of the 

synovial fluid, articular cartilage, third metacarpal (MCIII), proximal phalanx (P1), and 

proximal sesamoid bone (PSB) (Budras et al., 2003) (Figure 2-3).  

 

Figure 2-3: (Left) - Schematic diagram of loading on the metacarpophalangeal joint and acting components; 

(Right) –  Dorsal, Palmer, Medial, and Lateral aspects of distal third metacarpal (MCIII) sample 

 

Figure 2-4: (A) Diagram of metacarpus joint – a lateral view; (B) Extensor view; (C) The distal articular 

surface of the MCIII -distal view 
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The articular surface of MCIII bone is divided into two semi-spherical condyles (medial and 

lateral) by a prominent sagittal ridge which runs along a lateromedially oriented axis (Figure 

2-4). The flexor of MCIII bone is further divided into flexor half and extensor half by a 

transverse ridge which runs across the medial and lateral condyles (Thomason, 1985) (Figure 

2-4). The PSB slide on the flexor or palmer aspect of both condyles. The superficial and deep 

digital flexor (SDF) and interosseous muscle (IM) tendons are positioned on the palmer aspect 

of the joint and support and constrain the motion of the MPC joint to sustain high loads 

generated during high-speed running (Richardson and Dyson, 2010) (Figure 2-3). Loss of 

support from these tendons can cause extreme extension of the MPC joint and result in 

impingement of proximal phalanx bone against the dorsal aspect of MCIII bone (Richardson 

and Dyson, 2010). High compressive forces, normal to the articular surface, on the palmer 

aspect of MCIII also occur as PSB is compressed against MCIII bone (Thomason, 1985). The 

complex forces commonly put palmer aspects of MCIII bone at high risk to osteochondral 

degeneration relative to the dorsal aspect (Figure 2-4) (Thomason, 1985). 

Locomotion in equine athletes is complex. The model calculation by Harrison et al. (2010) has 

shown that the combined effects of muscle forces, tendon and ligaments forces, inertial forces, 

and ground reaction forces result in high contact forces transmitted by distal joints, specifically 

by the articulation between P1 and MCIII, and between PSB and MCIII bones. The 

compressive force on MCIII from the weight of racehorse, P1, and PSB depends on the running 

speed or gait because the orientation of P1 and PSB varies with running speed and weight 

multifold with speed. The weight-bearing by MCIII is about 1.8 times the body weight at a 

walk, 3.4 times at canter, and expected to be much higher during gallop speeds (Biewener et 

al., 1983). This high joint force is developed as a consequence of combined coordination by 

muscles, tendons, and ligaments which generate required torque to keep the centre of mass of 

equine athlete against gravity and to propel it forward at a speed (Harrison et al., 2012; 

Swanstrom et al., 2005). At high running speed, the compressive force from P1 progressively 

orient perpendicular to the long axis of MCIII and compressive force from PSB acts along the 

axis of MCIII bone. This results in a high compressive force on the distal part of the flexor side 

of the MCIII condyle (Thomason, 1985). It is important to notice here that because both 

compressive forces from P1 and PSB are pointed against each other which also exert a 

substantial compressive force on the articular surface of MCIII bone while executing 

hyperextension of MCP joint which also cause wear and tear of soft tissues due to shear forces 

developed by the relative motion of MCIII, P1, and PSB under high compressive forces (Figure 
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2-2 and Figure 2-3) (Bennell et al., 1996; Nunamaker et al., 1991). Beneath the articular 

surface, cartilage shields SCB to provide smooth motion under high compressive forces (Figure 

2-5).  

 

Figure 2-5: Microstructure of Articular cartilage and underlying Subchondral bone (SCB)(Reproduced and 

edited - Credits: By Kassidy Veasaw - Own work, CC BY-SA 4.0, 

https://commons.wikimedia.org/w/index.php?curid=68712167) 

Articular cartilage is composed of chondrocytes and an extracellular matrix consisting of 

collagen and proteoglycans (Cohen et al., 1998). The chondrocytes develop articular cartilage 

and maintain extracellular matrix (Sophia Fox et al., 2009). Highly negatively charged 

proteoglycans interact with type II collagen fibers and provide compressive and tensile 

resistance to the joint load (Sophia Fox et al., 2009). Type II Collagen accounts for 

approximately 90-95 % of the collagen in articular cartilage (Eyre, 1991). Collagen fibers 

strongly resist tension and a primary component to offer tensile resistance in cartilage (Akizuki 

et al., 1986). The zone close to the articular surface has a high density of collagen fiber and 

called ‘superficial tangential zone (STZ)’ (Figure 2-5). As we move away from the top surface 

of cartilage toward the middle zone, the organization of collagen fibers becomes random. 

Further, in the deep zone, the content of proteoglycans is highest which provides the highest 

resistance to compressive forces (Sophia Fox et al., 2009).  The collagen fibers in the deep zone 

are oriented perpendicular to the SCB (Armstrong and Mow, 1982; Redler et al., 1975; Van 

Turnhout et al., 2011) and provide resistance to shear force, generated in the deep zone near 

the tidemark as cartilage make the transition into stiffer SCB, known as calcified cartilage 

(Mow et al., 1992). The SCB consists of a subchondral bone plate (SBP) and subchondral 

trabecular bone (STB) (Burr, 2004). SBP is similar to compact bone whereas STB is highly 

vascularized (Imhof et al., 2000). The cellularity and zonal organization of cartilage and its 

thickness are reported to be similar in human femoral condyles and bovine patella (Hargrave-

https://commons.wikimedia.org/w/index.php?curid=68712167
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Thomas et al., 2013). The thickness, zonal organization, and biomechanical properties of 

articular cartilage in the stifle joint of the equine are also similar to the human knee, however, 

the SCB plate thickness in the equine is significantly thicker than human  (Ahern et al., 2009; 

Frisbie et al., 2006; Hurtig et al., 2010). 

The SCB provides support to the overlying cartilage under high compressive force and the 

structure of SCB under areas of high compressive force appeared to be more organized and 

consistently thick (Thomason, 1985). In addition, SCB in these regions found to suffer 

naturally from SCB sclerosis with notable cartilage degeneration over these sclerotic bone 

region (Cantley et al., 1999).  Although, it is uncertain whether OA is induced first in cartilage 

layer or SCB or both cartilage and SCB (Bailey and Mansell, 1997; Burr and Schaffler, 1997; 

Dequeker et al., 1997), yet the contribution of SCB to the physiopathology of joint disease 

cannot be denied (Suri and Walsh, 2012). Subchondral bone degeneration has been linked with 

articular defects, and subchondral bone sclerosis (thickening of the subchondral bone plate) 

and progressive cartilage degeneration, and widely considered as a hallmark of joint disease 

(David B Burr and Gallant, 2012; Henrotin et al., 2012). Recent findings suggested that SCB 

changes might precede cartilage degeneration during OA (Castañeda et al., 2012). Although 

there is no unique answer to whether joint disease starts with cartilage degeneration or SCB, 

nevertheless the role of SCB in joint disease is critical. For instance, approximately 80 % of 

racehorses get SCB injury which contributes to the development of osteochondral disease or 

even fracture of the condyle (Pinchbeck et al., 2013). This further confirms the crucial role of 

SCB in the initiation and development of joint diseases in MPC joint (Radin et al., 1995). 

Therefore, the knowledge of how SCB functions and responds to the mechanical environment 

is important. 

2.1.2 Subchondral bone – function 

Subchondral bone (SCB) is located underneath the articular cartilage and connected to 

it by a layer of calcified cartilage. The forces generated from locomotion are incurred by 

cartilage and transmitted to the SCB through the layer of calcified cartilage which has the 

unique ability to distribute the load on underlying SCB and minimizing shear stresses on 

overlying cartilage (Radin and Rose, 1986). Experimentally, SCB is proved to provide the 

majority of the cushioning effect in the joint(Radin and Paul, 1971; E. L. Radin et al., 1970). 

The articular cartilage, calcified cartilage, SCB (consist of subchondral bone plate (SBP) and 

subchondral trabecular bone (STB)), and trabecular bone work together in coordination and 

support each other to distribute and transfer the load to rest of bone. The cartilage is supported 
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by calcified cartilage which is supported by SBP (10µm to 3mm in thickness depending on 

site) which is supported by STB and trabecular bone. The compact SBP attenuates the forces 

and provides support to overlying cartilage and STB provides elasticity to absorb shock during 

joint loading (McIlwraith et al., 2016). The SCB structure i.e. SBP and STB respond to load 

differently due to the distinct microstructure of bone material in SBP and STB. This is because 

the characterization of bone is dependent on bone volume fraction/porosity and geometric 

measure of local bone structure (Cowin, 1985; Zysset and Curnier, 1995). This arrangement of 

SCB structure provides it a distinct ability to exhibit a wide spectrum of responses. At one end 

of the range of response, SCB able to dissipate locomotion forces, and at another end, SCB 

able to adapt its morphology in response to loads subjected on the joint as per Wolff’s law, 

according to it bone will adapt in response to the loads under which it is subjected (Currey, 

1984; Frost, 1994; Stewart and Kawcak, 2018). The mechanical response of SCB is directly 

related to it elastic properties which depends on the porosity of bone (Carter and Hayes, 1977). 

The Elastic moduli of SCB is size-dependent (Choi et al., 1990). At microstructure level (100–

170 µm), the modulus of SCB for human’s pro imal tibia was appro imately five times smaller 

than trabecular (4.59 GPa) and cortical bones (5.44 GPa), here increasing order of mineral 

density was SCB, trabecular and cortical bone (Choi et al., 1990). Therefore, it seems that SCB 

can deform more in response to joint loads and attenuate them (Carter and Hays, 1976; Mankin, 

1997; E. L. Radin et al., 1970). The stress due to joint loads in trabeculae of SCB can potentially 

damage them, however, the formation of these microdamage lessen the stress and stimulate 

remodelling to make them stronger (Reilly et al., 1997). The structure of SCB and hence the 

ability to attenuate joint loads are important for the normal function of the joint and 

pathogenesis of osteochondral diseases. As mentioned earlier that the structure of SCB within 

the third metacarpal (MCIII) condyle is site-dependent and therefore mechanical properties of 

SCB vary with the site (Simkin et al., 1991). 

The ability of SCB to attenuate increased joint loads not only linked to dense structure (Pugh 

et al., 1973) but also on the alignment of the principal axis of trabeculae within the site of SCB 

(Boyde et al., 1999; Layton et al., 1988). This is similar to the engineering structure where the 

maximum ability to withstand a load is when the principal axis of the structure aligns with load 

direction (Bullough, 1981). For SCB to withstand high joint loads, both dense structure and 

arrangement of trabeculae and response to mechanical loads are important. 
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2.1.3 Subchondral bone - adaptation to mechanical loads 

Like all bones, the structure and mechanical properties of subchondral bone (SCB) 

change in order to withstand imposed mechanical loads. The change in the bone (removal or 

replacement/deposition) occurs due to osteoclasts and osteoblasts cells respectively, embedded 

in the extracellular matrix. At the cellular level, Frost defined ‘basic multicellular units 

(BMU)’, consists of osteoclasts (resorb the bone), osteoblasts (forms the bone), blood supply, 

and connected tissues (Frost, 1969; Parfitt, 1994). Throughout life, BMU remodels the bone to 

fulfill two major purposes, first to adapt the bone to its mechanical environment, and second to 

repair the damage created in bone by repetitive load cycles. Mechanical adaptation of SCB has 

been observed among racehorses and humans. For instance, the mid-portion of the third 

metacarpal (MCIII) bone in racehorses is found to get thicker and denser in response to physical 

training (Stover et al., 1992). Similarly, SCB in the region of palmer aspect of MCIII has been 

found to get thicker and denser in response to training. In humans, the SCB gets thicker in the 

areas of joints of high stress (MuIIer-Gerbl, 1998). The point to note here is that SCB adapt its 

structure and mechanical properties in response to mechanical loads that occur physiologically. 

For adaptation, bone requires in situ mechanical signals from increased physical activities to 

the bone cells which alters the balance between removal by osteoclasts and deposition by 

osteoblasts, toward the increased bone mass and change in SCB’s trabeculae morphology 

(Duncan and Turner, 1995; Frost, 1990; Mellon and Tanner, 2013). Therefore, with the change 

in the mechanical environment or physical activities, the bone material remodels to achieve 

meaningful functional and structural properties (Frost, 1990). The appropriate knowledge of 

time required for adaption and training program can reduce the risk of bone fracture and 

strengthen the bone in young equine athletes (Riggs, 2002). The second primary goal of 

remodelling is to repair the damage in bone caused by fatigue or repetitive mechanical load 

cycles. Experiments have demonstrated that damage created in canine bone by repetitive 

mechanical load results in remodelling at microcrack sites (Burr et al., 1985; Mori and Burr, 

1993). Frost (1985) proposed that damage-induced remodelling occurs due to the disruption of 

canalicular connections caused by a crack that crossed them. Remodelling of bone replaces 

damaged bone having microdamage induced by mechanical loads or a bone that is not able to 

withstand the mechanical load (Burr et al., 1985; Frost, 1991; Mori and Burr, 1993). Blood 

vessels in SCB play a critical role in both modeling and remodeling by carrying osteoclasts 

(Donell, 2019). Researchers have confirmed the same by witnessing increased vascularity in 

SCB regions which are subjected to high mechanical loads (Gross et al., 1995). However, when 

mechanical loads are severe enough that the damage overwhelm modelling or remodelling 
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process, the development of joint disease is inevitable. In the ne t section, we’ll discuss how 

mechanical overloads contribute to joint disease by affecting SCB. 

 

2.2 Subchondral bone, joint diseases, and mechanical risk factors 

Within the range of normal physiological loads, the low level of mechanical loads 

occurs during less intense physical activities (such as walking) which provide mechanical 

stimulation to the increased proteoglycan synthesis and maintain healthy cartilage and 

subchondral bone (SCB) for the smooth functioning of joint (Leong et al., 2011; Sanchez-

Adams et al., 2014)(Sanchez-Adams et al., 2014). However, when the cartilage and underlying 

SCB are subjected to acute traumatic loads or repeated traumas in excess, degeneration occurs 

in both cartilage and SCB. Both acute and repetitive trauma affect the function of the 

osteochondral unit (consists of articular cartilage, calcified cartilage, and SCB) by changing 

the chondrocyte metabolism and creating microdamage in the SCB (Kawcak et al., 2001; Radin 

et al., 1984). Under normal physiological range, chondrocytes respond positively to mechanical 

load and enhance the synthesis of proteoglycans and collagen (Bonassar et al., 2001). However, 

excessive mechanical loading impairs chondrocytes' metabolism or death in the vicinity of 

cracks in the cartilage matrix (Lewis et al., 2003). This is the reason why fissures caused by 

trauma are considered irreversible (Riggs, 2006) and therefore, develop the joint disease. The 

following sections highlight joint diseases related to SCB.  

2.2.1 Subchondral bone and joint diseases 

The subchondral bone (SCB) of the metacarpophalangeal (MPC) joint exhibits a 

tremendous change in structure among thoroughbred racehorse. The severity of disease in the 

MPC joint can be as simple as osteochondral fragmentation (Kawcak and Mcilwraith, 1994; 

McIlwraith, 2002) (Colon et al., 2000) to complete osteochondral fracture or even life-

threatening catastrophic fracture of metacarpal bone (Mohammed et al., 1991; Schnabel and 

Redding, 2018), and SCB sclerosis which develop into osteoarthritis (OA) (De Haan et al., 

1987; O’Brien et al., 1981; Young et al., 1989). Osteochondral fragmentation and articular 

fractures are common in young racehorses and severity of these damage to joint determine the 

prognosis of recovery (Colon et al., 2000; Kawcak and Mcilwraith, 1994; McIlwraith et al., 

1987). In osteochondral fragmentation, the fragment of SCB and cartilage get separated from 

parent bone due to high joint loads experienced in training or racing (Palmer et al., 1994). 

Primarily, within MCP joint, the palmer aspect of MCIII bone is affected site. In addition, 
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osteochondral fragmentation of the proximodorsal aspect of the first phalanx is common in 

thoroughbred racehorses (Colon et al., 2000). 

A complete articular fracture occurs within distal MCIII condyle and PSB of the MCP joint 

(De Haan et al., 1987; Parente et al., 1993; Stephens et al., 1988) and cause acute pain and 

lameness that require surgery or fixation (Stephens et al., 1988). These damages are 

hypothesized to occur due to the accumulation of microdamage from repeated application of 

high loads (Pool and Meagher, 1990). Complete articular fracture of proximal sesamoid bone 

(PSB) can be as simple as a small fragment which can be easily removed arthroscopically 

(Hubert et al., 2001), to life-threatening, biaxial fracture (Pool and Meagher, 1990) which result 

in loss of the MCP joint function and damage to the vascular system (Pool and Meagher, 1990). 

The damage to the vascular system can cause laminitis or even euthanasia as racehorse rarely 

survives extended damage in the MPC joint and disrupted blood supply.  

Commonly, lameness is associated with SCB sclerosis and OA within MCIII of MPC joint of 

racehorses (O’Brien et al., 1981; Pool and Meagher, 1990). Research has shown that MCIII 

undergo tremendous changes in order to adapt to training (Young et al., 1989). These changes 

in the stiffness of SCB lead to articular cartilage damage (Pool and Meagher, 1990) and develop 

into joint disease. Therefore, the prevalence of joint injuries that lead to joint diseases, are 

found to occur in intense physical training which generates both acute and repeated traumas. 

An understanding of the response of SCB to physical training and pathology of joint diseases 

is important for further research, which is discussed in the following sections. 

2.2.2 Response of SCB to physical training 

To understand the response of subchondral bone (SCB) under physical training, the 

knowledge of the loading environment due to various running speeds undertaken by a racehorse 

in training is important. All the horse gaits can be categorized based on forward running speed. 

The gaits in ascending order of running speed are walk, trot, canter, and gallop. The slow-speed 

workout consists of gaits with the speed below 10 m/sec where average speeds are walk (~1.5 

m/sec), trot (~3.6 m/sec), and canter (~7.5 m/sec) (Morrice-West et al., 2020). Fast-speed 

workout includes gallop speeds above 10 m/sec. The gallop speed is further categorized in two 

speeds: slow-gallop (~13.3 m/sec) and fast-gallop (~16.8 m/sec). During a typical fast-speed 

workout training, racehorse commences training with speed up to 11.8-13.2 m/sec and 

gradually increase the speed with the introduction of slow-gallop speeds (13.3-14.3 m/sec) and 

reach up to the fast-gallop speed of 15.5-16.7 m/sec or >16.8 m/sec as horses become fitter 
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(Morrice-West et al., 2020). This physical workout during fast-speed workout puts SCB of 

third metacarpal (MCIII) condyle in metacarpophalangeal (MPC) joint under high mechanical 

loads. 

 

Figure 2-6 During a gait cycle of Walk (Left column) and Gallop (Right Column), the calculated magnitude of 

the contribution of major muscles/tendon/ligaments and ground reaction force to Joint Reaction force (Newton 
(N) / Kg (Bodyweight)) in MCP joint from (Top): P1 to MCIII and (Bottom): PSB to MCIII; IM – Interosseus 

Muscle; DDF – Deep Digital Flexor; SDF – Superficial Digital Flexor; GRF – Ground Reaction Force [ 

Reproduced / Adapted with permission (Harrison et al., 2010) DOI: 10.1242/jeb.044545 ] 

During high-speed locomotion, the MPC joint increases the load on the suspensory ligament 

system of the joint (Thomason, 1985). The articular surface of MCIII bone and proximal 

phalanx (P1) matches well in the dorsal aspect (Vilar et al., 1995), but, in palmer aspect, forces 

are transferred by proximal sesamoid bone (PSB) in contact with condyles and sagittal ridge 

through the axial portion of ridge remain unloaded (Easton and Kawcak, 2007; Thomason, 

1985). In other words, forces applied by P1 are distributed well over the articular surfaces, 

whereas, forces applied by PSB are concentrated on the condyle in contact rather than the 

sagittal ridge. The estimation of stresses during canter locomotion in the dorsal and palmer 

aspect of condyles was 10.8 MPa and 47.8 MPa respectively (Biewener et al., 1983; Riggs et 

al., 1999a; Thomason, 1985). Clearly, the stress in the palmer aspect of MCIII condyle is 

significantly higher than the dorsal aspect. This magnitude of stress in the palmer aspect could 

even be higher during gallop locomotion or gait, therefore, the structure or density of SCB in 

the palmer aspect of MCIII condyle is greater (Hornof et al., 1981; Thomason, 1985). In 

addition, a gradient in density across the lateral direction of the palmer aspect of MCIII 
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condyles is recognized where condyles are found to be denser than sagittal ridge (Riggs et al., 

1999a; Thomason, 1985). The denser palmer aspect and gradient of density are explained based 

on mechanical forces experienced by racehorse during training or racing wherein the palmer 

aspect support a greater amount of load in the MPC joint. This can be further corroborated from 

the study that adult thoroughbred active in training had a higher density than young or inactive 

horses (Riggs et al., 1999a; Yoshihara et al., 1989). Moreover, it is well established that the 

basic development of bone density and architecture are determined by mechanical stimulation 

caused by joint loads, (Lanyon, 1987) as researchers have demonstrated the relationships 

between bone microstructure and mechanical function (Jones et al., 1977; Riggs et al., 1993; 

Turner, 1992). 

The high stress in the palmer aspect of MCIII condyle and adaptive response of SCB in the 

region might not be enough to adapt to vigorous loads of training and restore the normal 

structure of SCB. Therefore, frequently SCB related injuries are observed among racehorses 

who undergo intense physical training. The previous study has found abnormalities, such as 

SCB sclerosis, necrosis, lysis, osteophytosis, cartilage thinning and changes of the SCB or 

articular margin, in the metacarpophalangeal and metatarsophalangeal (MTP) joints of 

thoroughbred racehorses who were monitored for two years of training and had joint injuries 

(Reed et al., 2012). Moreover, the condylar fracture, cracks in the SCB of the condylar groove, 

parasagittal linear SCB defects and erosion of overlying articular cartilage of MCIII bone are 

well associated with intense training which can develop into joint disease as described in the 

section below (Laib and Rüegsegger, 1999; Parkin et al., 2004; Riggs et al., 1999a; Rossdale 

et al., 1985; Stepnik et al., 2004; Stover et al., 1992). 

2.2.3 Pathology of joint diseases 

Joint injuries occur because of alteration in the structure and function of osteochondral 

tissue due to mechanical loads or if the mechanical integrity of the joint is already compromised 

(Riggs, 2006). For instance, the mechanical integrity of the joint can be compromised by the 

application of a traumatic force to the joint which causes cartilage lesion (focal lesion (Falah 

et al., 2010)) due to high shear and compressive force (Figure 2-7) or even micro-fracture in 

the subchondral bone (SCB) such as found in metacarpal joints of racehorses (Martinelli, 

2009). Traumatic injury to cartilage can be caused by compression or shear, however, 

compression can cause cell-death and matrix injury without visible structural damage which 

ultimately leads to tissue compromise (Chen et al., 2003; Duda et al., 2001; Pathria et al., 2016). 

Trauma is the primary cause of cartilage lesion which can be of different depths and shapes. 
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With lesion, weight-bearing in the affected joint enlarges the lesion and abrades the SCB over 

time, resulting in a reduced ability of SCB to absorb shock (Willers et al., 2003). For suitable 

clinical treatment policies, cartilage lesions are graded based on severity and depth, and size of 

the lesion. International Cartilage Repair Society (ICRS) is a simple grading system and useful 

in daily clinical practice. The degree of cartilage lesion may vary from mild to severe grade (da 

Cunha Cavalcanti et al., 2012a) (Figure 2-8). 

 

Figure 2-7 Forces on osteochondral in a human's Knee joint (A) A stance in a typical gait; (B) Forces and 

moments on a joint; (C) Local forces and moments on the local region; (D) Compressive and shear forces on an 

osteochondral unit 

 

Figure 2-8: The grades of cartilage lesion (International Cartilage Regeneration & Joint Preservation Society, 

2015) 

 

Figure 2-9: Micro-CT image of the fatigue-induced microdamage in Subchondral bone of third metacarpal 

bone of thoroughbred racehorse 
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Microdamage in the form of microcracks can be developed in bone simply by regular physical 

activities. Schaffler et al. (1989) had reported damage in compact bone even at the low strain 

levels. Burr et al. (2009) demonstrated the development of microdamage in dog bone under 

normal regular activities. Bone is a hierarchical composite material, therefore, bone 

microdamage can occur at ultrastructural, lamellar, and tissular levels (Vashishth, 2007). Two 

major distinct types of microdamage are reported, linear microcracks (~50-100µm) and diffuse 

damage (a cluster of sublamellar sized microcracks, originates at the level of mineralized 

collagen fibrils (>1µm)), both affect bone differently mechanically and biologically (Seref-

Ferlengez et al., 2015). Linear microcracks form under repetitive loading during physical 

activities and occur in the interstitial bone which potentially has a higher level of mineralization 

(resulting from the decrease in water content), this allows the crack to occur more easily 

(Martin et al., 2015). These microcracks go unnoticed clinically as they get repaired in healthy 

bone (Fazzalari, 1993; Nagaraja et al., 2005), however, under some conditions they may 

accumulate and exceed the intrinsic repair capability of bone and cause failure as demonstrated 

in vitro fatigue failure in racehorses (Burr et al., 1998; Nagaraja et al., 2005) (Martin et al., 

1996). O’Brien (2005) reported that microcracks under 100 µm stopped expending once they 

met the cement line surrounding osteon, however, microcracks greater than 300 µm continue 

to grow and cause failure in the specimen. Diffuse microcracks are seen as the stained matrix 

in the histologic section, reported in cortical and trabecular bone in humans (Vashishth et al., 

2000), and expected to exist in equine SCB (Malekipour et al., 2020). In addition to cyclic 

loads, diffuse microcracks may form due to creep and easily form in the bone under tension, 

whereas linear microcracks typically form in compression or shear loaded region and strongly 

associated with the lamellar orientation of bone (Boyce et al., 1998; Diab and Vashishth, 2005; 

Reilly and Currey, 1999; Seref-Ferlengez et al., 2015). Microdamage are responsible for a 

moderate reduction in stiffness and strength of bone, however, bone has the ability to repair 

them by remodelling (Schaffler, 2000). Linear microcracks induced by repetitive loads 

stimulate remodelling response that target damage site by removing the damaged bone and 

adding new bone. Burr and Martin (1993) studied microdamage-induced targeted remodelling 

(targeted refers to the site where damage occurred) and validated the theory of repair of 

microdamage by remodelling before excessive fatigue. Allen et al. (2006) also reported 40-

50% increase in damage after removal of remodelling process using bisphosphonate treatment. 

Fatigue-induced microcracks result in osteocyte apoptosis (recruit osteoclasts to initiate 

targeted bone resorption) which subsequently result in osteoclastic response (Cardoso et al., 

2009). When remodelling response is functional and adequate tissue heterogeneity 
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(mineralization, cement lines, lamellae) are present, bone can repair microdamage and maintain 

health, however, any change in these parameters can compromise mechanical integrity of bone.  

Among equine athletes, osteochondral tissue of the metacarpophalangeal (MPC) joint often 

injured due to excessive repetitive loads (Norrdin et al., 1998; Norrdin and Stover, 2006; Riggs, 

1999; Riggs et al., 1999b) (Figure 2-9). Microdamage has been found to contribute to joint 

disease processes such as fatigue fracture and osteoarthritis (OA) (Bullough, 2004; Burr and 

Hooser, 1995; Stewart and Kawcak, 2018).  

The formation of microdamage (Isa et al., 1992) initiates the remodeling process and thickens 

the SCB (Verborgt et al., 2000), called subchondral sclerosis which can be seen as increased 

density on the radiograph. SCB constantly attempts to repair microdamage and results in 

increased remodeling of the bone. This process causes thickening and stiffening of the SCB 

plate and alter the load distribution on overlying cartilage (Stewart and Kawcak, 2018) which 

leads to articular cartilage thinning. These structural changes in SCB and cartilage promote 

subchondral sclerosis and osteoarthritic changes (David B. Burr and Gallant, 2012a; Radin et 

al., 1978). During high-intensity training, SCB of the MPC joint in equine athletes damage due 

to repetitive vigorous loads and results in the pathogenesis of OA (Riggs and Boyde, 1999). 

Commonly, the young racehorses suffer from OA in MCIII after SCB sclerosis. 

In racehorses, it is theorized that microdamage due to repetitive mechanical loads during gallop 

exceed the capacity of SCB at the palmer aspect of the metacarpal condyles (Norrdin et al., 

1998).  Moreover, this site is identified with most adaptive changes and abnormalities (Hornof 

et al., 1981). The increase in SCB mineralization might be interfering with the vascular system 

of SCB, causing osteocyte necrosis, osteoclastic remodeling, microcracks, fragmentation, and 

eventually leading to failure of the SCB (Hornof et al., 1981; Norrdin et al., 1998). These 

changes are well observed in the palmer region of the metacarpal condyle of the MPC joint 

(Kawcak et al., 2001; Norrdin et al., 1998) and referred to as overload arthrosis condition. 

Overload arthrosis is a progressive condition wherein at the early stage microfractures appear 

in SCB within 1-3 mm of cartilage surface without osteoclastic resorption (Norrdin and Stover, 

2006). With the progression of the disease, these microfractures develop into the longer fracture 

and SCB fragmentation (Norrdin and Stover, 2006). At this stage of progression, activation of 

remodeling might decrease the mechanical strength of the region (Norrdin and Stover, 2006). 

This results in SCB failure with disruption in the structure of overlying cartilage (Pool and 

Meagher, 1990) and induces osteoarthritic changes in osteochondral tissue. 
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Condylar fractures in the MPC joint are also common in thoroughbred racehorses. Riggs  

(1999) theorized the aetiopathogenesis of condylar fracture. Their study found a gradient of 

mechanical properties across the width of the metacarpal condyles due to the gradient of 

density where density is highly related to mechanical properties (Rice et al., 1988). This 

gradient is suspected to develop shear strain concentration at the boundary of sites with 

different mechanical properties which increase the microdamage at that interface (Riggs et al., 

1999b). The investigation has found an array of crack in the condylar groove which probably 

started with microcracks (C., 1997). These microcracks can form at a higher rate than the rate 

of repair during intense training. As repairs lag microcracks formation, the microcracks 

accumulate and lead to the development of macroscopic SCB crack (also known as stress 

fractures) or microcracks propagate and merge to form stress fractures. In brief, a stress fracture 

develops from microcracks. These stress fractures can exist as an incomplete crack or further 

grow and result in the catastrophic condylar fracture (Davidson, 2010; Riggs, 2002; Verheyen 

and Wood, 2010). The condylar fractures are well observed to occur under repetitive loads 

occurring during training (Nunamaker et al., 1990). These findings of the pathology of joint 

disease and fracture represent the role of repetitive loading in site-specific SCB damage 

(Nunamaker et al., 1990; Stepnik et al., 2004). 

In summary, stress fracture, catastrophic fractures, and joint diseases in the MCIII bone occur 

when SCB is not able to return to its healthy state after the initial change in SCB structure due 

to a single application of abnormal high mechanical loads or excessive repetition of high 

mechanical loads during vigorous training. Therefore, it is important to have a comprehensive 

understanding of the mechanical behavior of SCB under traumatic and repetitive physiological 

loads. The most popular way to understand the mechanical behaviour of SCB is by conducting 

mechanical tests. 

 

2.3 Mechanical tests and Subchondral bone 

Mechanical characteristics of bone materials and mechanical test 

The scale at which mechanical properties are measured is important since the structure 

of bone have various levels of hierarchical structural organization: Macrostructure / Apparent-

level (5-10 mm, subchondral trabecular, cortical bone), microstructure / Tissue-level (10 to 

500µm, osteon, single trabeculae), sub-microstructure (1 to 10 µm, lamellae), nanostructure (a 

few hundred nanometers to 1 µm, fibrillar collagen) (Rho et al., 1998; Soohoo and Keaveny, 
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2015). The ultrastructure (or nanostructure) level organization of fibrils and compositional 

characteristics such as degree of mineralization, mineral structure, hydroxyapatite content 

influence the mechanical properties at the apparent level (Nyman et al., 2017). The apparent-

level mechanical properties can be determined from quasi-static, dynamic, flexural, and fatigue 

tests using a sample of bone in the shape of dog-bone or cylindrical. The mechanical properties 

of bone measured at an apparent level can help in understanding the degenerative bone disease 

and for biomedical engineering applications such as scaffold and implant (Adams et al., 2018). 

As the SCB is composed of solid and fluid phases (An and Draughn, 1999), it exhibits slight 

viscoelastic characteristics (Currey, 2002a) and dissipates energy through permanent, 

viscoelastic deformation, and release of surface energy due to microcrack formation (An and 

Draughn, 1999; Nyman et al., 2009; Wolfram et al., 2011) and exhibit different damage 

mechanisms under different loading mode (Wolfram et al., 2011). Moreover, the mechanical 

properties of viscoelastic material are load rate-dependent or bone’s stiffness depends on the 

loading rate (Linde et al., 1991). Generally, bone is known as an anisotropic material which 

requires 81 independent elastic constants that can be simplified to orthotopic material, require 

9 independent elastic constants (Currey, 2002b). In this thesis, we attempted to understand the 

relation between applied mechanical loads, the mechanical response of SCB, and 

microstructural properties of SCB (Landis, 1995; Rho et al., 1998). Bulk microstructural 

properties (Bone Volume Fraction, Tissue Mineral Density, and Bone Mineral Density) and 

apparent level mechanical properties (elastic moduli and energy dissipation) were calculated. 

Testing the bone at the apparent level provides important information to understand underlying 

site-specific physiologic and pathophysiologic paths of bone injury or diseases such as 

osteoarthritis (OA) and fatigue fracture (Rho et al., 1998). Although cartilage has been regarded 

as a primary contributor in the development of OA, yet recent studies linked the changes in the 

mechanical properties and structure of SCB with the progression of OA and even fracture in 

SCB as observed in MPC joint among the racehorses (Pinchbeck et al., 2013a; Stewart and 

Kawcak, 2018; Suri and Walsh, 2012). We’re interested primarily in the mechanical test of 

SCB of MCIII condyles. The bone tissue is anisotropic which means it has different strengths 

in different directions. In general, bone tissue displays the highest strength when loads are 

applied in the principal direction of trabeculae (Turner, 1992). Therefore, the method of 

collecting bone tissue samples and orientation of compression load applied to sample are 

important (Boyde et al., 1999; Turner and Burr, 1993). Since compressive loads primarily act 
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on the articular surface of the MCP joint (as described in section 2.2 physiology of joint), we 

are interested to utilize compressive loading to study SCB in mechanical tests. 

 

Figure 2-10: A Micro-CT model - Typical size and shape of a subchondral bone sample (which includes both 

part of SCB: subchondral bone plate and subchondral trabecular bone) 

Size and shape of samples for test 

The size and shape of bone tissue samples have effects on measured mechanical properties 

(Ang et al., 2012; Choi et al., 1990; Keaveny et al., 1993a) due to heterogeneity and anisotropic 

nature of bone. Both cylinder and cube can be used in mechanical tests. For compression 

testing, a minimum length of the specimen of 5 mm is recommended to meet the assumption 

of the continuum (Linde, 1994). Morgan et al. (2018) suggested that apparent level mechanical 

properties can be viewed at a scale between ~5-10 mm, at which several trabeculae and 

intervening pores are simultaneously observable. Moreover, to have a valid continuum 

assumption for apparent level mechanical properties of cancellous bone, there should not be 

less than five trabeculae in all three directions of volume and stress/strain results should vary 

within 30% over a distance covering five trabeculae (Diamant et al., 2005; Harrigan et al., 

1988; Homminga et al., 2002; Zysset, 1994). Keaveny (Keaveny et al., 1993b), Malekipour 

(Malekipour et al., 2018), and Martig (Martig et al., 2013) have tested subchondral and 

trabecular bone with size between ~5-10mm and calculated apparent mechanical properties at 

continuum level. Moreover, for MCIII SCB specimens, similar to those tested in this thesis 

study (~6.7 mm in diameter and 7 – 8 mm in length), Martig et al. (2018) estimated numbers 

of pores on a cross-section, (averaged over 100 slices of CT scan at pixel size 4.87 µm), ranging 

from 268±59 for an untrained one-year-old racehorse to 462±106 for a trained four-years-old 

racehorse. The size of pores in the most porous SCB in equine MCIII ranged between 60 and 

120 µm (Holmes et al., 2014; Williamson et al., 2018). The suggested aspect ratio of specimens 

is between 1:1 and 2:1 (length to diameter) (Ang et al., 2012; Keaveny et al., 1993a) (Figure 
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2-10). The high anisotropy and heterogeneity in MCIII SCB limit the size and shape of the 

tissue sample. We planned to test SCB at the macro-level and the SCB was simplified to be 

isotropic since most of the existing literature on mechanical properties of SCB, considered 

assumption of isotropy (Malekipour et al., 2018; Martig et al., 2013; Rubio-Martínez et al., 

2008; Topoliński et al., 2011a). 

Bone sample preservation 

The mechanical properties of bone can deteriorate within hours due to autolysis. Therefore, 

appropriate preservation measures are mandatory. The hydration of bone is very important 

because if the bone is dry its loses its viscous component and tends to behave like brittle 

material (Dempster and Coleman, 1961; Evans and Lebow, 1951). The recommended way to 

preserve specimen is to store at -20 C wrapped in saline-soaked gauze, this method changes 

mechanical properties minimally (Linde and Sørensen, 1993). Other preservatives such as 

ethanol, formalin, and glutaraldehyde can cause dehydration and significant change in 

mechanical properties (Zioupos et al., 2000). 

Mechanical test environment conditions 

Testing conditions such as room temperature and storage conditions can play an important role 

in measured properties, so they should be selected carefully based on previous studies (Brear 

et al., 1988; Lawrence et al., 1994; Linde and Hvid, 1987). As bone is a viscoelastic material, 

its mechanical properties will be affected by strain rate, a rate within the physiological range 

is recommended (Lawrence et al., 1994; Linde et al., 1991; Turner and Burr, 1993). In a 

mechanical test, we varied load magnitudes and frequencies to mimic the physiological 

loading. During the test, the contact between the specimen’s flat face and the compression plate 

can have a significant effect on results due to stress concentration caused by uneven contact 

with the sample (An and Bensen, 1999). Using end platens for the compressive test can 

underestimate modulus by 20-40% due to end-artifacts (Keaveny et al., 1997, 1993b). A higher 

strain in the boundary region of the sample might occur causing a decrease in the magnitude 

of some mechanical properties (Linde and Hvid, 1989; Odgaard et al., 1989) and using dental 

cement or similar type of embedding material might cause overestimation of mechanical 

properties (An and Bensen, 1999; Kim et al., 2006; Linde and Hvid, 1989). The error due to 

the end effect/boundary region can be minimized by selecting an appropriate aspect ratio of the 

size of the sample (Keaveny et al., 1993b; Linde et al., 1992). In this research work, the 

compression tests are conducted using platens, which has been associated with systematic 
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errors (Keaveny et al., 1997). The systematic errors might have influenced the absolute values, 

but not the relative results (Homminga et al., 2002). Moreover, compression tests with platen 

were considered for consistent comparison with existing few mechanical studies on 

subchondral bone. For the collection of bone samples, drilling and cutting tool must be used 

carefully to avoid any damage to specimens, and usage of a good tool such as diamond-coated 

drill-bit and low-speed cutting tool under continuous irrigation can be helpful (Zioupos et al., 

2000). 

Although some mechanical properties of the equine MCIII have been characterized (Les et al., 

1997), no studies have investigated the mechanical behavior of the SCB of the distal condyles. 

Based on anatomy and physiology of joint, compression testing has been opted for current 

research work as compression loads are dominant at the SCB. 

 

2.4 Mechanical behavior of the Subchondral bone under single trauma 

Cartilage and SCB separately: 

A few studies have reported the mechanical properties of SCB and cartilage in isolation 

separately under a single impact. Radin et al. (1970) applied compressive impact loads on 

cartilage and SCB in isolation, collected from the bovine metacarpophalangeal joint. The study 

reported that SCB is capable to attenuate impact load as the cartilage does, however, cartilage 

is particularly suspectable to injury from impact loading and the SCB acts as a cushion to 

protect overlying cartilage. The study had also postulated that alterations in the quality of the 

SCB could have a profound effect on the ability of cartilage-SCB to withstand compressive 

loads. Although, this study reported the relationship between mechanical properties of cartilage 

and SCB, yet the study has tested plugs of cartilage and SCB in isolation separately, which 

does not represent the combined structure or effects of the osteochondral tissue. Moreover, the 

study highlighted that change in cartilage and SCB affects the normal mechanical functions of 

cartilage and SCB, yet the effect was not quantified. Finlay et al. (1978) conducted an impact 

test on humans cartilage-bone under the compressive strain of 5% and 20% at a rate of 1000 

sec-1 and reported stiffness of bone and cartilage. The study discussed the importance of SCB 

to resist the splitting of cartilage under the impact load. Although the study aimed to measure 

stress-strain data of cartilage only using a cartilage-bone plug, yet the thickness of bone in the 

plug was 1 mm to embed it into cement. We think that the assumption of neglecting the 

deformation of the bone relative to cartilage might have influenced the quantification of the 
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stiffness of cartilage. This shortcoming can be addressed with advanced imaging techniques 

such as digital image correlation. Rubio-Martínez (2008) characterized the mechanical 

properties of SCB of the distopalmar aspect of the condyles of the MCIII. However, the study 

tested samples at the rate of 0.06 mm/sec in compression until a 50 % compressive strain was 

achieved. This study has provided important information about the mechanical properties of 

MCIII which is limited in the equine literature, however, the rate of loading was quasi-static, 

and applied strain on bone was 50% which is not physiological. Moreover, the study has used 

specimens of cube shape with 6mm X 6 mm X 6 mm, this shape and size might have also 

affected the articular surface of plug since the articular surface is curved.  Rolauffs et al. (2010) 

tested cartilage under 50% compression at  100% sec-1 and shown a decrease in stiffness by 7.1 

± 3.3 % after injury in STZ. The study discussed the effect of injury on the mechanical 

properties of articular cartilage, however, the physiological form of cartilage and bone was not 

considered.  

Overall, the major shortcoming of these studies was that they were performed on cartilage or 

SCB in isolation separately, despite cartilage and SCB are attached through the calcified 

cartilage in the physiological form which is an important link to transfer the load from articular 

surface to rest of bone.  

Cartilage-SCB as osteochondral tissue 

Burgin et al. (2008) tested cartilage and underlying bone explants both in isolation and in situ 

at strain rates between 1100 and 1500 sec-1. It was reported that modulus of cartilage in 

isolation about two orders higher than at quasi-static modulus and reported that severe impact 

resulted in damage to the bone rather cartilage in situ. Despite cartilage and bone were tested 

in physiological form, yet the deformation of cartilage and bone were not separated to measure 

the mechanical properties of cartilage and bone separately. Moreover, the use of a drop test to 

measure the dynamic moduli of cartilage-bone does not replicate the physiological form of 

compression in joints due to trauma. Schinagl et al. (Schinagl et al., 1997) tested osteochondral 

tissue from bovine specimens under quasi-static compression. Osteochondral samples were 

compressed by 8, 16, and 24 % of cartilage thickness. The axial strain was calculated in nine 

sequential 125µm thick layers of cartilage using a microscope. The strain and measured stress 

were used to calculate modulus. The study reported that compressive modulus increases 

significantly with depth from the superficial layer to deep cartilage. The modulus at the 

articular surface was 0.079 ± 0.039 MPa to 1.14 ± 0.44 MPa in the deepest layer. This study 
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provided important information about the depth-dependent mechanical properties of cartilage 

when tested as a part of the osteochondral core or physiological form, therefore, overcome the 

limitation of studies on cartilage and bone in isolation separately. However, the tests were 

conducted in confined compression which is not a standard test method in comparison to 

unconfined compression (Zhao et al., 2018). Moreover, specimens were compressed at a quasi-

static rate which is different from the rate of compression that occurs in trauma or accidents. 

Malekipour et al. (2013) tested osteochondral explant harvested from the left and right stifle of 

a racehorse, under impact compression. The study has utilized digital image correlation to 

determine the stiffness of cartilage and underlying SCB separately. In addition, the results 

highlighted that relative energy loss was 76.5 ± 6.8 % in explants with SCB fracture in 

comparison to 23.0 ± 20.4 % in intact explants. In a recent study on the cartilage-SCB unit 

from equine MCIII condyle, Sampled were tested under high rate compression (0.05 seconds 

to reach to peak strain as strain during gallop in horses (Swanstrom et al., 2005)) and 

determined that deep SCB region was 3.0 ± 1.2 times stiffer than superficial SCB (Malekipour 

et al., 2018). Malekipour et al.’s studies overcome limitations such as the physiological form 

of cartilage-bone, physiological rate of loading, usage of advanced imaging technique to 

separate deformation of cartilage, and bone more accurately. However, the mode of loading 

was displacement controlled which is not physiological like load/force-controlled compression 

tests. Overall, these studies consider the physiological form of the osteochondral unit to study 

cartilage and SCB, however, they were not expanded to study and quantify the effect of 

cartilage damage on the mechanical properties of SCB and remaining cartilage. 

Cartilage thickness loss in isolation 

Hosseini et al. (2014) developed a numerical model using a fibril-reinforced swelling model of 

cartilage and compared the mechanical response of intact cartilage and STZ-removed cartilage. 

The study has shown that deep zone in cartilage is most effective in carrying the load. By 

comparing the intact and removal of STZ, the study has reported that STZ help to transfer the 

load to deeper tissue in cartilage. The study has provided important information about the role 

of STZ in load transfer, however, tests were conducted only on isolated cartilage and the 

physiological form of cartilage-bone was not accounted for. Moreover, the magnitude of 

compressive loads and the channel of indentation are not physiological loading conditions. 

Moreover, studies lack in utilizing indenter to test cartilage-bone which limits the consistent 

comparison with literature. 
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Cartilage thickness loss in cartilage-bone or osteochondral tissue 

Lyyra et al. (1999) collected osteochondral tissue (cartilage-SCB) from bovine knee and 

studied the effect of cartilage degeneration on the stiffness of cartilage. The samples were 

digested using the enzyme and degeneration of cartilage was measured by the presence of 

collagen. Using the indentation test, the study reported that after a 78 % decrease of superficial 

zone collagen fiber led to a 30 % decrease in cartilage stiffness. However, the magnitude of 

compressive loads and the use of arthroscopic indentation instrument to measure stiffness are 

not physiological. The study was limited to the influence of cartilage degeneration on the 

mechanical properties of cartilage but not expanded to study and quantify the change in the 

mechanical behavior of SCB. Kleeman et al. (2005) collected osteochondral tissue from 21 

osteoarthritic human cadaver tibia plateaus and classified them based on the International 

Cartilage Repair Society system (ICRS) using histological evaluation. The study applied a 

quasi-static 25 % strain until the equilibrium reached for stress and determined the modulus. 

The results from the study have detected a correlation between increasing ICRS graced and 

stiffness reduction. Stiffness value for Grade I, II, and III were 0.50 ± 0.14 MPa, 0.37 ± 0.13 

MPa, and 0.28 ± 0.12 MPa respectively. Although this study provided important information 

about the effect of ICRS grades on the modulus of cartilage, yet it is not clear whether ICRS 

grade also affects the mechanical properties of SCB. Moreover, the compressive load was 

applied in a quasi-static manner which is not a physiological representation of force-control 

locomotion in humans. Gannon et al. (2012) studied the role of the superficial tangential zone 

(STZ) of cartilage in the dynamic properties of osteochondral tissue. This study tested 

osteochondral tissue of the porcine knee joint under a series of incremental compressive strain 

along with stress relaxation in confined and unconfined compression. The results from the 

study have found that removal of STZ has reduced dynamic modulus of remaining 

osteochondral tissue and concluded that removal of STZ decreases the tissue’s ability to 

maintain fluid load support. This study has overcome the limited scope of the study by Kleeman 

et al. (2005) and determines the modulus of cartilage in an osteochondral unit under dynamic 

loading which is more physiological. However, the study did not account for the effect of the 

removal of STZ on SCB. This is important because the change in the structure of cartilage leads 

to the development of joint disease and affects the other components of the joint which includes 

SCB. 

These studies provide valuable information about the mechanical behaviour of cartilage and 

SCB under impact and quasi-static loads. However, either some studies are limited to test 
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cartilage and SCB in isolation or apply quasi-static load despite that physiological loads are 

dynamic in nature. Some studies analyse the effect of cartilage degeneration on remaining 

cartilage based on ICRS grading, however, the effect of cartilage damage on SCB wasn’t 

studied. There is also a lack in the data of how the energy absorption, dissipation, and load 

transferring abilities of cartilage and SCB changes due to a severe loss of cartilage thickness. 

The energy loss and energy absorption are important mechanical parameters in addition to 

stiffness or modulus owing to the viscoelastic nature of cartilage and SCB. 

In summary, there is no existing study that attempted to quantify the effect of cartilage damage 

(as defined by the ICRS system) on the mechanical behaviour of remaining cartilage and 

underlying SCB, while both, cartilage and SCB are together in a physiological form. 

 

2.5 Mechanical behavior of subchondral bone under repetitive/fatigue loads 

Researchers have found that repetitive trauma to joints during training or racing leads 

to microdamage in the articular cartilage, calcified cartilage, and SCB (Allibone and Meachim, 

1984; Behrens et al., 2013; Milz and Putz, 1994; MuIIer-Gerbl, 1998). This microdamage can 

then lead to fatigue-induced fracture of the bone, also called stress-fracture interchangeably.  

Despite the role of SCB has been well recognized in the pathogenesis of joint diseases and 

stress fractures, the majority of the existing fatigue studies have been focused on cortical and 

trabecular bone, (Kawcak, 2016; Kawcak et al., 2001). Among existing fatigue studies, 

researchers have attempted to understand the fatigue behaviour of bone by performing a 

mechanical fatigue test. These tests were performed by applying repetitive/fatigue loads of 

constant amplitude of load or stepwise increase in amplitude or simulate the varying amplitude 

similar to what occurs during physiological activities. Below is a detailed survey of existing 

fatigue studies. 

2.5.1 Cortical / trabecular bone under constant amplitude of fatigue loads  

The standard fatigue test method includes an application of cyclically varying constant 

load/stress amplitude and frequency. Carter et al. (1976) tested the compact bone of bovine 

femur for fatigue at different stress amplitudes (65-108 N/m2) and temperatures (21-45◦C). This 

study was limited to characterise S-N curve, which is a plot between load amplitude (S) of 

repetitive cycles and the number of cycles to reach failure (N). The fatigue loads were applied 

in bending mode, which is less of physiological loading in the joint. Moreover, mechanical 
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properties were not monitored during the fatigue test, therefore, they did not explain the 

mechanical behaviour of compact bone under fatigue. In their further study, Carter et al. (1981) 

conducted a displacement-controlled fatigue test on the human cortical bone with strain ranging 

from 0.005 to 0.010 and mean strains of either -0.002,0.0, or +0.002. Their results indicated 

that the number of cycles to failure was independent of mean strain whereas modulus was 

strongly correlated with fatigue life, however, no strong correlation between fatigue life and 

bone density. This study applied uniaxial strain, which is more physiological than bending 

loads. However, the fatigue loads were applied in strain-controlled which is not physiological. 

Yeni et al. (2002) tested damaged and undamaged bovine cortical bone specimens under 

fatigue loads in 3 point bending tests. The study has found that fatigue damage reduces bone 

stiffness and resistance to crack initiation and strength. The method of applying fatigue loads 

in bending was not typical of compressive uniaxial physiological loading in joints. Moreover, 

the mechanical properties were not monitored during fatigue test. Dendorfer et al. studied the 

effect of anisotropy on fatigue life of trabecular bone and found that the application of fatigue 

load in line with physiological loads results in higher fatigue life (2008). Although samples 

were harvested from different orientation, yet it is not clear if the difference in fatigue life was 

just because of orientation or differed bone mineral density. The correlation study between 

morphological parameters of bone and fatigue life was limited which might have influenced 

the results. O’Brien et al. (2003) studied microcrack accumulation in bovine tibiae compact 

bone at different intervals of fatigue test using staining agents, under the application of constant 

stress-amplitude of 80MPa. The results from this studied showed that cracks form easily but 

slow-down or stop at cement lines. The study is interesting to understand the mechanism of 

microcrack propagation at the micro-level, however, how it had influenced the mechanical 

properties such as stiffness, energy loss etcetera are not covered. Studying mechanical 

properties during fatigue tests might offer insights into the mechanical response of bone during 

fatigue. 

2.5.2 Subchondral bone under constant amplitude of fatigue loads 

The majority of SCB fatigue studies are performed on equine models owing to the 

prominent occurrence of SCB injuries in the MCIII bone and suitability of the equine model 

for the research study. Martig et al. (2013) loaded SCB specimens cyclically in compression at 

a constant load amplitude. The SCB specimens were collected from MCIII condyle of 

thoroughbred racehorses. Six specimens were loaded cyclically at 54 MPa, six at 66 MPa, five 

at 78 MPa, and six at 90 MPa of constant load amplitudes until failure. The initial modulus, 
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modulus before the fatigue test, was described as a function of actual density. The fatigue life 

of SCB was described by a power-law function of load similar to that is reported for cortical 

and trabecular bone. The study concluded that fatigue behavior of equine SCB in compression 

is similar to that of cortical and trabecular under constant load amplitude cyclic test. Martig et 

al.’s recent study (2019) on MCIII SCB found the positive relationship between fatigue life 

and maximal stiffness. Moreover, the results have shown that SCB sclerosis due to intense 

exercise, measured as bone volume fraction is positively correlated with compressive fatigue 

life. These fatigue studies on SCB provide important information about the mechanical 

behaviour of SCB during fatigue tests and find the relationship between fatigue life, mechanical 

properties, and morphological properties. The study had attempted to relate the mechanical 

behaviour of SCB under load amplitude of constant magnitude that represents a gait of 

racehorse during training, however, during physical training of racehorses the forward running 

speed varies and therefore the load amplitude varies during a typical training session. This 

shortcoming can be overcome by utilizing the spectrum of physiological loads in mechanical 

fatigue tests. 

A spectrum of physiological loads can be visualized by a combination of load magnitudes those 

generated from varying running speeds over (Figure 2-11). For example, a schematic diagram 

of the spectrum of physiological loads for a run of an athlete is shown below in Figure 2-11. 

 

Figure 2-11: A schematic diagram showing the spectrum of physiological loads in joint; Top – A typical run; 

Middle – Running speed vs Distance; Bottom – Joint Contact Pressure Vs Distance [Note: the sawtooth-shaped 

load cycle in the figure is just for representation. The plotted variation in load amplitude in the above figure is 

also for the representation of approximate variation during a typical run.] 
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2.5.3 Fatigue test studies with a spectrum of physiological loads 

There are very few existing fatigue studies that utilized a spectrum of physiological 

loads. Few of them attempted to monitor fatigue behaviour of SCB in in vivo environment 

whereas other simulated physiological loads in ex vivo fatigue test. 

In vivo study 

Nunamaker et al. (1990) studied fatigue fractures in thoroughbred racehorse models owing to 

the high incidence of fatigue fractures during early training. The study utilized a rosette strain 

gauge to measure the in vivo strain of the MCIII bone of four young racehorses running at 

racing speeds and reported principal compressive strain (-4,841 ± 572 microstrains) in young 

racehorses which were higher than older racehorse (-3,317 microstrain). The study reported 

that training of young racehorse may lead to high strain and low cycle fatigue. This study had 

some major limitations which can be only be addressed by ex-vivo fatigue tests where the 

testing environment is controllable. Moreover, the in vivo measured strain is a surface strain 

that might be quite different from the strain inside the joint such as the dorsal and palmer aspect 

of condyle which has a higher prevalence of joint disease and inaccessible for in vivo study.  

Ex vivo fatigue test study with a simulated spectrum of physiological loads 

There are very few studies on the bone that utilize a spectrum of physiological loads to study 

fatigue behaviour, therefore, any related study on other material would also be helpful to gain 

some insights. We have included a few studies on the implant that used physiological loading. 

A brief discussion about them would be useful to understand the benefit and limitations of such 

fatigue studies. 

Shemtov-Yona et al. (2016) studied fatigue performance of dental implants under random 

spectrum loading to mimic physiological loading occurring within a normal day of the life of 

a human. Although this study is performed on metal dental implants, yet interestingly they 

determined fatigue life based on physiological loading. The study reported that the proposed 

method of fatigue test is systematic, straightforward, and reliable in comparison to other 

methods to design implants for fatigue. However, there are few limitations of this study such 

as the damage contribution from each load magnitude to fatigue life which cannot be separated, 

this is possible in the S-N curve approach due to the application of constant load magnitude. 

The levels of random load magnitudes were applied at one frequency which is not realistic 

because loading frequency might vary for different load magnitudes in real-life. Nevertheless, 
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this study has motivated us to investigate similar literature on the bone that includes, cortical, 

trabecular, and SCB. 

Zioupos et al. (1998) added a more physiological way than a constant and random spectrum of 

loading, to study fatigue of cortical bone. The study tested human cortical bone under the two-

step level of fatigue loading in three groups. The first group of specimens was subjected to 

standard constant amplitude to failure, the second group was subjected to zero-low stress level 

range followed by zero-high stress level range, and the third group was subjected to zero-high 

stress level followed by zero-low stress level to failure. The study found that the prediction 

model based on Palmgren-Miner rule overpredicted the fatigue life of low-to-high load 

sequence and underpredicted the fatigue life of high-to-low load sequence. Because of these 

differences in prediction and results from the test, the study concluded that predicting fatigue 

life under variable load amplitudes is an extremely difficult task. One limitation persists which 

is that damage contribution, from each load amplitude level in two-step levels to fatigue life, 

cannot be separated. Although the study has attempted to use Palmgren-Miner formulation to 

predict the damage contribution from each load level, yet there remains a mismatch in 

prediction and results. According to similar multi-step level fatigue studies on metal materials, 

the interaction between two levels of load can influence the fatigue life (Meneghetti et al., 

2015; Sih and Jeong, 1990; Walter et al., 2008).  

Topoliński et al. (2011) performed fatigue tests on the trabecular bone of human femur heads 

under stepwise-increasing amplitude loading. The study used stepwise-increasing amplitude 

loading as simplified physiological bone loading. The fatigue damage in specimens was 

measured by identifying the changes in the hysteresis loop of the stress-strain curve. The results 

have reported the accumulated energy dissipation as the measure of fatigue life for all samples. 

The increment of load amplitude resulted in an increase in the size of the hysteresis loop. 

Towards the fatigue failure, energy dissipation increased exponentially which demonstrated 

the failure of bone specimens. The accumulated energy dissipation was strongly correlated with 

bone volume fraction. The study concluded that this type of fatigue load with stepwise-

increasing load amplitude, not only represents simplified physiological loads but also makes it 

possible to get results faster that can be related to microstructural parameters of bone. Despite 

the interesting study, we realized a few limitations such as all the load levels were applied at 

the same frequency however, in the real-life frequency of load varies with various activities. 

The numbers of applied cycles were not realistic because each physical activity during a day is 

performed over a varying range of time. The load levels have only shown an increase in load 
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amplitude but no decrease which is not very physiological; having included stepwise-

decreasing amplitude, would have made the loading protocol much more realistic and 

physiological. 

These studies provide valuable understandings into the fatigue behaviour of implants and 

trabecular bone under physiological loads. However, such fatigue study has not been performed 

on SCB of MCIII bone despite most injuries and joint disease development in the MPC joint 

due to repetitive loads during intense physical training. Therefore, we think that studying SCB 

under physiological loads can be interesting if we also overcome the limitation of the above 

studies by developing a fatigue testing protocol that simulates physiological loading. 

 

2.6 Summary 

The traumatic and repetitive mechanical loads, which are generated during physical 

training/activities are primarily responsible for the development of subchondral bone sclerosis, 

OA, overload arthrosis, stress fracture, osteochondral fragmentation, and condylar catastrophic 

fracture. The mechanical response of SCB to these loads plays a crucial role in the pathogenesis 

of joint diseases. While previous studies have provided valuable information about the 

pathology of joint disease and how SCB contributes to it, a few shortcomings remain to be 

investigated. 

• While studying the effect of severe cartilage loss (grade III) on the mechanical 

properties of remaining cartilage and SCB, the interdependent mechanical 

response of cartilage and underlying SCB has been ignored in the majority of 

experimental study by testing cartilage in isolation separately. Thus, the first study 

(chapter 4) of this thesis attempts to address the shortcomings by performing a 

single trauma/impact test on the cartilage-SCB, measuring the mechanical 

response associated with each tissue using the digital image correlation technique. 

• The fatigue behaviour of SCB under repetitive/fatigue loads, representing the 

physiological loads during physical training, is not studied. Thus, studies in 

chapters 5, 6, and 7 of the thesis attempt to analyse fatigue behaviour of SCB under 

a spectrum of physiological loads that occur during a physical workout/training. 

The mechanical tests were performed on SCB to understand the relationship 

between mechanical response and microstructural properties of SCB. We have also 
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utilized micro-CT scans and real-time images of the surface of specimens to 

monitor change in the mechanical properties of SCB and the microcrack. 
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Chapter 3 

3 Experimental Methods 

The purpose of this chapter is to introduce the method of specimen preparation, 

experimental techniques, data collection, and analyses. The detailed experimental protocols are 

described in chapters 4, 5, 6, and 7 of this thesis. 

3.1 Specimen Preparation 

To address ‘aim 1’, osteochondral explants (n = 12, average diameter = 6.52±0.09 mm 

and height = 8.39±1.64 mm) were harvested from fresh frozen femur head (−20°C) of stifle 

joint of forelimbs and hindlimbs of a young bovine (~1-year-old, sex unknown) using a 

diamond core drill (Starlite Industries, Rosemont, PA) under continuous irrigation (Figure 3-1). 

During harvesting, the axis of the drill was placed perpendicular to the articular surface of the 

femur head. The harvested explant was trimmed down from the non-articular end with the help 

of a self-irrigated diamond saw (Isomet, Buehler, Ltd., Lake Bluff, IL) and a planer surface 

was created parallel to the cylindrical axis (as shown in Figure 3-1). This planer surface was 

stained with a random speckle pattern using fine graphite particles to perform digital image 

correlation (DIC, a non-contact strain measurement technique) (Malekipour et al., 2013). 

 

Figure 3-1: Left – Femur head to harvest explant; Right – A bovine plug with healthy cartilage 

The top 50% cartilage was removed to introduce severe cartilage lesion in plugs. First, the 

cartilage thickness for all specimens was measured before taking off the top 50% cartilage. 

Later, the microtome (Leica CM1900 Cryostat) was used to take off the top half-thickness of 

cartilage to produce a modified cartilage-bone unit (Figure 3-2). 
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Figure 3-2: Left – Bovine plug placed in a cryostat (Leica CM1900 Cryostat) to remove top 50% cartilage; 

Right – Zoomed region showing a plug in a holder of the cryostat 

To address ‘aim 2, 3 and 4’, subchondral bone (SCB) specimens from the palmar aspect of 

condyles were harvested from the left and right third metacarpal (MCIII) bones of 

thoroughbred racehorses within 24 hours of death or euthanasia and stored at -20 ◦C wrapped 

in saline-soaked gauze with marrow intact. A drilling machine was utilized to firmly hold the 

condyle and positioned the axis of diamond coated core drill bit (Starlite Industries Inc, 

Rosemont, PA, USA) perpendicular to the articular surface (Figure 3-3). The cylindrical 

specimens used for the study in chapters 5 and 6 had a diameter of 6.50 ± 0.07 mm (n=12) and 

length of 6.81 ± 0.57 mm (n=12) (Mean ± Std), and for study in chapter 7 had a diameter of 

6.57 ± 0.13 mm (n=5) and length of 7.46 ± 0.28 mm (n=5). 

 

Figure 3-3: Left – Drilling machine with irrigation unit; Middle – MCIII condyle and drill bit; Right – 

Harvested subchondral bone plug 
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3.2 Methods of mechanical tests and Experimental set-up 

Measuring and monitoring the mechanical response under impact and repetitive loads 

in vivo has significant challenges, and mechanical testing in an ex vivo environment offers a 

feasible alternative for studying mechanical response of SCB under mechanical loads. The 

major advantages of ex vivo are, able to apply a specific loading protocol in a controlled 

fashion, less expensive than in vivo, ability to compare two samples under similar loading 

conditions and consume lesser time than in vivo. Moreover, ex vivo can offer observations of 

changes in mechanical response by incorporating modern techniques such as digital image 

correlation and micro-computed tomography. The major limitations of ex vivo are one, it is 

performed outside the natural biological environment, and second, boundary conditions in ex 

vivo are different than in vivo due to side-artifact and distribution of applied loads/displacement 

field (Bevill et al., 2007; Pahr and Zysset, 2008). Given that ex vivo boundary conditions are 

significantly different than in vivo conditions, therefore, require careful interpretation for the 

prediction of in vivo mechanical behaviour. As the aim of the study is to investigate mechanical 

response under physiological loading condition occurring in physical activities, advantages of 

ex vivo overweigh the advantages of in vivo approach. Therefore, we have chosen the ex vivo 

approach to conduct the experimental study.  

There are two methods to perform ex vivo mechanical tests to study the mechanical response 

in compressions such as axial compression-compression and three-point bending (Deckard et 

al., 2017; Edwards et al., 2013). Between the two, the axial compression-compression test is 

the most popular ex vivo experimental method which is used to understand mechanical 

properties of bone and cartilage in compression (i.e. young’s modulus or hysteresis losses) 

(Linde et al., 1988; Malekipour et al., 2013). Within the experimental method of axial 

compression-compression, there are variations in terms of boundary conditions that are applied 

to the specimens to mimic in vivo boundary conditions. These boundary conditions are applied 

to the specimen in different ways such as confined, unconfined compression, and compression 

tests where a whole joint is tested  (Figure 3-4). Zhao et al. (2018) studied different methods 

of applying the boundary conditions and suggested that the unconfined compression-

compression test is commonly used method. The present research in the thesis utilizes 

unconfined axial compression-compression as a method to evaluate the mechanical response 

of SCB. A brief description of the experimental set-up for the test is outlined below.  
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Figure 3-4: Schematic diagram of the experimental set-up. A. Confined compression.  B. Unconfined 

compression.  C. Indentation.  D whole joint compression 

3.2.1 Experimental set-up for single impact/trauma test 

For, single impact/trauma test, we compressed the specimen in an unconfined manner 

between two plates as shown schematically in Figure 3-5. Before, after, and during the test, 

specimens were kept hydrated with saline solution. The specimens were subjected to a single 

cycle of compressive load by a compression plate of size 20 mm-diameter, attached to a load 

cell of mechanical testing machine (Instron, 8874, UK) (Figure 3-5) and the load cell (±10 kN) 

was used to measure the compressive force (Figure 3-5). To record the real-time images for 

DIC analysis, the specimen’s flat face was oriented toward the stereomicroscope’s lens (SZX7, 

Olympus, Japan) as shown in Figure 3-5. A digital high-speed camera (PHOTRON, 

FASTCAM – X1280PCI 16KC, Japan) was mounted on the stereomicroscope to capture real-

time images of the surface during loading at 250fps and images were stored in a PC, attached 

to the high-speed camera (Figure 3-5). The high-speed camera was controlled by Photron 

Fastcam Viewer (V3681, San Diego, CA, USA 92126). During image acquisition, the 

specimen’s flat stained face was illuminated with a cold light source (OlympusLG-PS2-5, 

Japan) to avoid heating of the specimen. 
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Figure 3-5: Experimental set-up for single impact/trauma test – Schematic (top) and actual image of unconfined 

compression experimental setup (bottom) 

 

3.2.2 Experimental set-up for repetitive/fatigue test 

The fatigue studies were conducted into two parts. The first fatigue study is presented 

in chapters 5 and 6; and the second fatigue study is presented in chapter 7. For the first fatigue 

study, the experimental set-up was similar to a single impact/trauma test’s set-up, except that 

the high-speed digital camera was excluded, and a chamber filled with saline solution was 

added (Figure 3-6). This was important because the duration of fatigue test is much longer than 

an impact test and hydration greatly influences the stiffness and toughness of bone over a longer 

time (Bembey et al., 2006; Nyman et al., 2006). Therefore, a chamber was fabricated with 

acrylic plastic and filled with saline solution to keep bone hydrated during the fatigue test 

(Figure 3-6). The specimens were subjected to a repetitive cycle of compressive loads by a 

stainless-steel cylindrical plate of size 20 mm-diameter, attached to a servo-hydraulic 

mechanical testing machine (Instron, 8874, UK) (Figure 3-6). The load cell mounted on the 

mechanical test machine (±10 kN, Dynacell, Instron) was used to measure the compressive 

force (Figure 3-6). 

For the second fatigue study (presented in chapter 7), a high-speed digital camera, microscopic 

lens, and a different mechanical testing machine were added (Figure 3-7). The specimens were 

subjected to repetitive cycles of compressive load by a stainless-steel cylindrical plate of size 

20 mm-diameter, attached to a servo-hydraulic mechanical testing machine (ElectroForce 

3510, TA Instrument, USA) (Figure 3-7). The load cell mounted on the mechanical test 
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machine (±7.5 kN) was used to measure the compressive force (Figure 3-7). To record the real-

time surface images, the specimen’s flat face was oriented toward the macro lens (CANON 

MP-E 65MM F/2.8 1-5X MACRO LENS, Canon, Japan) as shown in Figure 3-7. A digital 

high-speed camera (FASTCAM Mini AX50, BlinkTech, Australia) was mounted on the macro 

lens to capture real-time images of the surface, and images were recorded on a PC. 

 

 

Figure 3-6: Experimental set-up for first fatigue study (presented in chapter 5 and 6) – Top: Experimental set-

up; Bottom: A chamber fabricated with acrylic plastic and fixed on the base of the lower platen 

 

               

               

            

            

    



61 

 

 

 

 

Figure 3-7: Experimental set-up for the second fatigue study (presented in chapter 7) – Top: schematic diagram 

of the experimental set-up; Bottom: Actual experimental set-up 

3.3 Experimental techniques used in the thesis 

The thesis utilizes two major experimental techniques: Digital image correlation (DIC) 

and Micro-Computed Tomography (Micro-CT). In chapter 4, the DIC technique facilitated the 

measurement of the planer surface deformation using the real-time surface images, which were 

acquired using the high-speed camera as shown in the diagram of the experimental set-up 
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(Figure 3-5) (M. Sutton et al., 2009). In chapters 6 and 7, the Micro-CT technique was used to 

calculate morphological properties of SCB specimens and detect the microcracks in the three-

dimensional microstructure. Following subsections brief about the techniques. 

3.3.1 Digital Image correlation (DIC) 

The experimental set-up of DIC captures images by integrating numerous types of 

sources such as digital cameras, CCD cameras, camera lased with microscopic lenses (Figure 

3-8) (Rankin et al., 2017).  

 

 

Figure 3-8: Top – Schematic diagram of the DIC experimental set-up; Bottom – Actual set-up 

The DIC technique was used to determine the strain distribution on the SCB specimen under 

compressive loads. This is achieved by comparing consecutive images of a surface that undergo 

compressive loads (M. A. Sutton et al., 2009). To compare consecutive images, a group of 

pixels is chosen with a unique pattern of brightness, this unique group of pixels is called a 

subset (Chu et al., 1985). The subset with identical brightness distribution is searched among 
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the sequence of images to determine the deformation of the subset (Figure 3-9) (Rankin et al., 

2017). 

 

Figure 3-9: Matching of subset between the sequence of images (Correlated Solution, 2019) 

DIC Validations: 

A pilot test was conducted to validate the accuracy of the displacement measured by the DIC 

technique. For the test, an object with a random speckle pattern was attached to the moving 

platen of the mechanical testing machine. Vertical displacement of 4mm was applied 

sinusoidally at 1 Hz to produce a rigid body motion of the attached object (Figure 3-10) and 

images of the test were captured at 125 frames per second. 

 

Figure 3-10: (a) An image of the object in the initial position, (b) Command window of the mechanical testing 

machine, and (c) The object was moved 4 mm vertically as a rigid body 

To measure the displacement using DIC, a point on the object was tracked using DIC software 

Motion Studio (Ver. 2.13.00). The acquired sequence of images was opened into the software 

and calibrated using a reference image. A correlation area of 128 pixels was selected for 

tracking. The calculated value of displacement was 3.996 mm (0.1% error in displacement) 

(Figure 3-11). This measurement using DIC is very close to the applied displacement of 4mm 

which shows the capability of the DIC technique in measuring the displacement accurately. 
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Figure 3-11: (a) A correlation area of 128 pixels was selected for point tracking, (b) Displacement calculated 

using DIC software 

The displacement measured using the DIC technique can also be used to calculate strain and 

other mechanical properties such as modulus and energy loss. The detailed description of how 

to calculate these mechanical properties using the DIC technique is covered in chapter 4. 

3.3.2 Micro-Computed Tomography 

 

 

Figure 3-12: Micro-CT scanner used in the thesis: µCT 50, SCANCO MEDICAL 

Micro-CT has become an essential tool for the evaluation of the bone’s structure 

(Boerckel et al., 2014). The SCB specimens were scanned with a Micro-CT scanner (µCT 50, 

SCANCO MEDICAL) Figure 3-12. During the scan, similar parameters for image acquisition 

and processing were used. This was important to have a consistent comparison between two or 

more scans.  Moreover, we used phantoms provided with Micro-CT machine (µCT 50, 

SCANCO MEDICAL) for calibration of x-ray attenuation to calculate bone volume fraction, 
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bone mineral density, and tissue mineral density. The evaluation tasks were submitted to the 

Micro-CT Evaluation program V6.6 (SCANCO MEDICAL) to calculate the morphological 

properties of SCB. We set the lower greyscale threshold value by visual inspection of micro-

CT images due to the variation in the morphometry of bone architecture. Outcome variables 

are: 

Bone Mineral Density (BMD, mg/cm3) – This variable considers the total block volume which 

includes marrow cavities and vascular channels. Therefore, all voxels forming the sample are 

used o BMD measurement. BMD also represents the apparent bone density. 

Tissue Mineral Density (TMD, mg/cm3) – This variable considers only those voxels which 

include only bone tissue. These voxels were only used to calculate TMD. 

Bone Volume Fraction (BV/TV, ratio) – BV/TV represents the proportion of total volume 

occupied by bone tissue. Therefore, it is calculated by taking the ratio of voxels representing 

the bone tissue divided by the total number of voxels in the sample. 

 

3.4 Data collection 

The mechanical tests were conducted using mechanical testing systems “Instron 8874 

(Instron, USA) and ElectroForce 3510 (TA Instrument, USA)”. The test data, such as the 

history of load and displacement, was acquired using inbuilt software “Wavematrix (version 

1.4.268.0, Instron) and WinTest 7 (version 7, TA Instrument, USA)”. After tests, these data 

were processed to calculate mechanical properties such as stress, strain, Young’s modulus, 

energy absorption, and energy dissipation which were used to analyze the mechanical response 

of cartilage and subchondral bone.  

 

3.5 Methods of data analysis 

We used MATLAB (R2015 and R2017, MathWorks Inc., Massachusetts, USA), 

Stata/IC 15.1 (StataCorp, College Station, TX, USA) and Minitab (V16 and V18.1, Minitab 

Inc., PA, USA) to calculate mechanical properties (elastic modulus and energy dissipation) and 

perform statistical analysis. 
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3.5.1 Data pre-processing 

Before the analysis, the data were checked for any missing values. This was done by 

importing the data into MATLAB environment where missing values were identified by 

finding the indexes of NaN (Not a Number) values. Any observed NaN values were treated 

appropriately by a thorough investigation of entire data.  

The outliers in data were detected by careful data visualization and boxplot analysis. Any 

detected outliers were first analyzed for cause and omitted from data post-processing if find 

appropriate to do so by careful examination of data.  

The raw data from mechanical tests were transformed to a logarithmic scale if found 

exponential variation in the response otherwise used, as obtained from the test. 

3.5.2 Data post-processing 

Based on experimental design and questions we wanted to answer, various statistical 

methods were employed to build the regression model and determine the statistical significance 

of the results.  

Paired t-test – This statistical method is also called sometimes as ‘the dependent sample t-test’, 

is a method used to determine the difference between two sets of observations. In this test, each 

sample is measured twice or under two different conditions which results in pairs of 

observations. The null hypothesis for the paired t-test assumes no difference between the paired 

observations. Before using this method, the main assumptions were tested: 1) the response 

variable must be continuous. 2) the response variable should have a normal distribution 

(normality was tested with the Anderson-Darling Normality Test). 3) the outliers in the 

response variable should be removed appropriately. This technique was primarily useful in 

analysing/comparing the change in mechanical properties (stiffness and energy dissipation) of 

cartilage and subchondral bone in osteochondral units before and after cartilage thickness 

change, details are in chapter 4. 

2-sample t-test – Two-sample t-test is used to determine the difference between observations 

of two independent groups or population. The null hypothesis for a 2-sample t-test assumes 

that means of two populations or groups are the same. The main assumptions were tested: 1) 

the response variable must be continuous. 2) the response variable should follow a normal 

distribution. 3) the variance of the two groups should be the same. (else use Aspin-Welch 

unequal variance test). 4) two samples or groups or populations are independent. If the 

assumption of a normal distribution is violated, the non-parametric test ‘Mann-Whitney U 
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tests’ is employed to compare the means of two independent groups. These techniques were 

primarily utilized in analysing the results in chapter 6 and 7. 

Linear mixed-effect model – It is a regression model that allows both fixed and random effects. 

Fixed effects consider variation from those variables that are explained as independent 

variables, on contrary, random effects cannot be explained by independent variables of interest. 

The very reason because this regression model considers a mixture of both fixed and random 

effects, it is called a linear mixed effect model. This model is particularly used when there is a 

hierarchical structure in data, causing the response to be effected within a group or across 

groups. The hierarchy in data, presented in chapter 6 is: within the fatigue life of a specimen, 

there were repeated loops (a loop represented a day in racehorse training (for more details refer 

to chapter 6)), within a loop there is a sequence of gait represented by various levels of stress 

magnitude and loading frequencies, and within a gait, there are multiple load cycles. The results 

presented in chapter 6 are analysed based on the linear mixed-effect model because we aim to 

investigate the response of SCB under physiological loads which consists of various load 

magnitudes and frequencies. For more details about the random and fixed effects variable, refer 

to the methods section of chapter 6. 

Pair-wise multiple comparisons – This procedure is used to compare the significance level 

between multiple groups/levels. Tukey-Kramer, Kruskal-Wallis, Games-Howell, and Fisher 

Least Difference are the few methods which are used to compare multiple levels of response 

variables. Tukey-Kramer is most popular and used often for non-normal data. Krushal-Wallis 

is a recommended non-parametric procedure and Games-Howell is used when the variance of 

the groups is unequal. Fisher’s Least Significant Difference (LSD) is a two-step procedure for 

pairwise comparisons of several levels, and this procedure has been used in comparing multiple 

levels of load magnitudes in chapter 6. 

Cox-proportional-hazards model – This is a regression model used specifically to investigate 

the association between survival and predictor variables (Katz and Hauck, 1993). The unique 

about this survival model is to evaluate the effect of factors on failure. For instance, 

survival/fatigue failure of SCB can depend upon several covariates such as type of gaits, bulk 

microstructural properties (BV/TV, TMD), age of racehorse, whether the horse is trained or 

untrained etc, therefore Cox proportional model is useful to analyse the covariate which affects 

survival time of specimen most. Yeni Y. N. et al. (2013) and Tang et al. (2013), have utilized 

the Cox proportional model to determine the covariate that affects the fatigue failure of human 
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vertebrae and Lumber Pedicle Subtraction Osteotomy. In our study, this model is used in 

chapter 6 to analyze the effect of the covariate on the fatigue life of SCB. 

 

3.6 Limitations of experimental methods 

In thesis work, we used platens to conduct compression tests, which has been associated 

with systematic errors (Keaveny et al., 1997). The systematic errors might have influenced the 

absolute values, but not the relative results (Homminga et al., 2002). Moreover, compression 

tests with platen were considered for consistent comparison with existing mechanical studies 

on the subchondral bone (Malekipour et al., 2013; Rubio-Martínez et al., 2008). 

In ex vivo mechanical tests, accurately mimicking the degree of constraint provided by 

surrounding bone in vivo is problematic. In the present study, SCB specimens were compressed 

in an unconfined manner which is a recommended method for measuring mechanical properties 

of bone and enables comparison with the literature (Zhao et al., 2018). This requires careful 

interpretation to predict in vivo mechanical behaviour of SCB. 

The DIC is limited to trace the deformation only on the 2D surface, which is visible to the high-

speed camera. Hence, 3D-strain inside the specimen cannot be evaluated with this technique. 

Although Digital Volume Correlation (DVC) technique is an alternative yet we had limited 

access to it. Future finite element modeling of the same specimens is required to reveal the 

three-dimensional strain distribution. 

Cycles to failure of our subchondral bone samples may have been affected by pre-existing 

fatigue-induced microdamage which is difficult to detect using micro-CT imaging (Lee et al., 

2003). No radiopaque stain was used to identify microcracks instead the damage was identified 

by Visual examination in all µCT slices in the sagittal and transverse plane using normal 

contrast mode. Not all microcracks in equine subchondral bone were detected using micro-CT 

at a resolution of 4.4 µm (Whitton et al., 2018). Moreover, microcracks detection might have 

been affected by inherent beam hardening and partial volume artefacts. The effect of these 

artefacts was reduced using an optimum selection of beam correction factor and tube current 

(Martig et al., 2018) 
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Chapter 4  

4 Shock absorbing ability in healthy and damaged cartilage-bone 

under high-rate compression 

[Published Paper1] 

 

4.1 Introduction to the Paper 

This chapter is a research article published in the Journal of the Mechanical Behavior 

of Biomedical Materials titled “Shock absorbing ability in healthy and damaged cartilage-bone 

under high-rate compression”. The study compared the mechanical properties of the healthy 

and damaged cartilage-bone explants. The damage in cartilage was induced with a grade III 

cartilage lesion. Mechanical properties included modulus (termed as stiffness in this chapter), 

strain, energy absorption, energy dissipation, and relative energy loss. The utilized digital 

image correlation technique to compare the mechanical properties of cartilage and underlying 

SCB within explant. The aims are: 

1. To quantify the difference in the mechanical response of cartilage and underlying 

SCB after healthy cartilage-bone receive grade III cartilage lesion. 

2. To understand the change in the mechanical response of cartilage and SCB after 

grade III cartilage lesion at a physiological contact pressure of 7 MPa  

The key findings of this study are: 

1. The stiffness of cartilage decreased by 39% after grade III cartilage lesion while no 

change observed in the stiffness of SCB. 

2. The energy dissipation in the cartilage-bone unit increased by 14 % after grade III 

cartilage. 

3.  Under physiological contact stress of 7MPa, strain in damaged cartilage was 

increased by 3.22% without affecting the mechanical behaviour of the SCB. 

 
1 Shaktivesh S, Malekipour, F., Lee, P. V. S., (2018). Shock absorbing ability in healthy and damaged cartilage-

bone under high-rate compression. Journal of the Mechanical Behaviour of Biomedical Materials, Vol. 90, 388-

394. DOI: https://doi.org/10.1016/j.jmbbm.2018.10.023 
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These changes in mechanical properties suggest a crucial role of the top 50 % (which is lost in 

grade III cartilage lesion) in protecting the SCB from the severe compressive trauma/impact 

load. 

 

4.2 Abstract:  

Articular cartilage is a soft tissue that distributes the loads in joints and transfers the 

compressive load to the underlying bone. At high rate and magnitudes of mechanical loading, 

cartilage and subchondral bone together are susceptible to damage. In addition, any disruption 

to the cartilage’s structure, caused by injury, trauma or disorder such as osteoarthritis (OA), 

can alter the mechanism of load transfer from the cartilage to the underlying bone. Changes in 

the cartilage structure can also alter the ability of cartilage-bone to absorb and dissipate the 

impact energy. To investigate the effects of cartilage degradation on cartilage-bone shock 

absorption ability, the top 50% of the cartilage thickness was removed (modified cartilage) to 

mimic the cartilage thickness reduction in Grade III cartilage lesion and the remaining 

cartilage-bone unit (modified cartilage-bone) was compressed at high-rate (4% strain at 5Hz). 

High-speed camera and microscope were used to capture microscopic deformation, and digital 

image correlation technique (DIC) employed to quantify the deformation of cartilage and bone. 

The mechanical properties (i.e. stiffness, strain, absorbed and dissipated energies) of cartilage 

and bone were calculated before and after the removal of the top 50% of the cartilage thickness, 

consisting of both the superficial tangential zone (STZ) and part of the middle zone of the 

cartilage. The results showed a significant degradation in the mechanical properties of the 

cartilage-bone unit after the removal of the top 50% cartilage thickness. The stiffness of the 

modified cartilage reduced significantly (by ~39 %) and energy absorption in underlying bone 

increased by 32%, which can make the bone more vulnerable to damage in the modified 

cartilage-bone unit. In addition, the energy dissipation in the modified cartilage-bone unit was 

also increased by approximately 14%. These changes in mechanical properties suggest a crucial 

role of the STZ and middle zone (within the top 50% cartilage thickness) in protecting the 

underlying bone from the severe compressive impact loading. Results also indicated that under 

physiological contact stress of 7MPa, strain in damaged cartilage was increased by 3.22% 

without affecting the mechanical behaviour of the underlying bone. 
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4.3 Introduction: 

The cartilage-bone in a human knee joint has to withstand high impact loads such as in 

sporting activities (Mithoefer et al., 2015). This load is transferred to the bone through the 

cartilage. Thus any change in the thickness of cartilage due to chondral/cartilage lesions, caused 

by traumatic events or disorder such as osteoarthritis (OA), can alter the mechanism of load 

transfer from the cartilage to the underlying bone (Findlay and Kuliwaba, 2016)(da Cunha 

Cavalcanti et al., 2012b). Changes in the cartilage thickness can also alter the ability of 

cartilage-bone to absorb and dissipate the impact energy (Malekipour et al., 2013).  

Based on the organization of collagen fibres in the cartilage, three zones are identified within 

the cartilage. They are the superficial, middle and deep zones (Stockwell, 1979). The 

superficial tangential zone (STZ) and middle zone constitute 10 – 20 % and 40 – 60 % of 

cartilage’s thickness respectively (Gannon et al., 2012; Korhonen et al., 2002; Sophia Fox et 

al., 2009). To support the compressive loads imposed by articulation, STZ promotes the 

interstitial fluid pressurization (IFP) inside the cartilage and thereby distribute loads evenly to 

underlying cartilage and subchondral bone (Ateshian, 2009; Gannon et al., 2012; Park et al., 

2003; Ruggiero et al., 2015; Soltz and Ateshian, 2000). While middle zone acts as a first line 

in resisting the compressive loads (Sophia Fox et al., 2009). Studies have shown that the loss 

of the STZ put the remaining middle and deep zone under abnormally high strains (Arokoski 

et al., 2000; Bartell et al., 2015; Guo et al., 2015; Saarakkala et al., 2010). The absence of 

middle zone and STZ also led to thickening, remodelling and stiffening of the subchondral 

bone (E L Radin et al., 1970; Radin et al., 1973; Simon et al., 1972). Following the initial 

cartilage damage, degradation is accelerated in the cartilage and underlying bone (Brown et al., 

1984; David B. Burr and Gallant, 2012b; Goldring and Goldring, 2016; Laslett et al., 2012). 

Thus, within cartilage, the loss of middle zone and STZ may have a profound effect on the 

ability of the cartilage-bone to absorb impact energy under compressive impact loading. 

Previous studies also indicate that the structural change within cartilage will affect the entire 

cartilage-bone unit because of the intimate association within its components (Goldring and 

Goldring, 2016). 

The cartilage and underlying subchondral bone are vulnerable to impact-induced trauma 

(Meyer et al., 2009; Yeow et al., 2009). The chondral injuries due to such trauma cause 

cartilage lesions from mild to severe grades. Under severe cartilage lesions, more than 50% 

cartilage thickness is affected including complete loss of STZ and partial loss of middle zone 
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(da Cunha Cavalcanti et al., 2012b; Mosher, 2009). According to ICRS (International Cartilage 

Repair Society), a severe lesion (as a chondral lesion reaches deep up to 50 % of cartilage 

thickness) is graded as Grade III (da Cunha Cavalcanti et al., 2012b; Mosher, 2009). The 

degraded cartilage in grade III cartilage lesion makes the underlying subchondral bone prone 

to significant damage (Meyer et al., 2009; Yeow et al., 2009). Thus, quantifying the altered 

mechanical characteristics of the cartilage-bone unit is vital after the 50% reduction in 

cartilage’s thickness. Several studies have reported the altered mechanical properties of 

cartilage after the removal of STZ alone but lacked in representing the Grade III cartilage lesion 

which involve partial loss of middle zone and complete loss of STZ (da Cunha Cavalcanti et 

al., 2012b; Gannon et al., 2015, 2012; Korhonen et al., 2002; Owen and Wayne, 2006). In 

addition, previous studies did not explain and quantify the effects of loss of STZ and middle 

zone on the mechanical behaviour of the underlying subchondral bone (Gannon et al., 2015, 

2012; Korhonen et al., 2002; Owen and Wayne, 2006).  

In this study, the mechanical response of cartilage and the underlying bone against high-rate 

compressive single impact loading was measured using a digital image correlation (DIC) 

technique developed previously (Malekipour et al., 2013). We compared the mechanical 

properties (stiffness, strain, absorbed and dissipated energies) of the cartilage-bone unit before 

and after modifying the cartilage by removing the top 50% of the total cartilage thickness. 

Cartilage-bone units were compressed using a single impact load while the cartilage was intact 

and modified.  

 

4.4 Materials and Methods: 

4.4.1 Specimen preparation 

The cartilage-bone specimens (n = 12, average diameter = 6.52±0.09 mm and height = 

8.39±1.64 mm) were harvested from the head region of a fresh frozen (−20°C) femur of a 

young (~1-year-old, sex unknown) bovine using a diamond core drill (Starlite Industries, 

Rosemont, PA) under continuous irrigation to avoid any damage to tissue due to heat 

generation. For the preparation of specimens, bovine knee cartilage was used because the large 

size of tissue made it possible to extract sufficient-sized diameter samples with little surface 

curvature. Also, damage due to severe loading was found similar to human femoral cartilage 

(Démarteau et al., 2006). We used an aspect ratio of ~2/7 (cartilage thickness/diameter) which 

was reported to be adequate for the cartilage-bone unit under compression to lessen the 
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barrelling effect (Repo and Finlay, 1977). The thickness ratio of subchondral bone to cartilage 

within the tested explant was approximately ~4. While harvesting the explants, the rotational 

axis of the drill was positioned perpendicular to the cartilage surface before drilling into the 

femur. The harvested explant was trimmed down from the non-articular end with the help of a 

self-irrigated diamond saw (Isomet, Buehler, Ltd., Lake Bluff, IL). Bony end of each explant 

was fixed to the base plate using cyanoacrylate (Athanasiou et al., 1994). Specimens were fixed 

to the base plate such that their longitudinal axis remained aligned to the loading direction, 

perpendicular to the base plate. The cartilage surface was kept moist using paper tissue with 

saline water during preparation (0.90 % NaCl). Prior to fixing the specimen to the base plate, 

the specimen was cut (using the low-speed diamond saw) perpendicular to cartilage surface 1 

mm from one side (Figure 4-1) of each specimen to achieve a flat face parallel to the 

longitudinal axis of the explant.  

The top 50% of cartilage’s thickness was removed to simulate the cartilage thickness reduction 

in grade III cartilage lesion (da Cunha Cavalcanti et al., 2012b; Mosher, 2009) or osteoarthritis 

(Łuczkiewicz et al., 2016). The reduction of cartilage’s thickness to half included complete 

removal of STZ and a part of the mid zone. First, the cartilage thickness for all specimens was 

measured prior to taking off the top 50% cartilage. Later, the microtome (Leica CM1900 

Cryostat) was used to take off the top half thickness of cartilage to produce a modified cartilage-

bone unit, perpendicular to longitudinal axis for all cylindrical specimens. Histological analysis 

for one of the cartilage-bone specimens with H & E staining showed clearly the highly 

organised collagen structures in the intact cartilage near to the top of cartilage, which confirmed 

the presence of STZ. After removing the top half of cartilage, the histological image (Figure 

4-2) of the specimen showed the complete absence of the STZ with partial absence of the mid-

zone. 

Before mechanical testing, a random speckle pattern was created on the flat longitudinal faces 

of specimens using fine graphite particles (Malekipour et al., 2013). The speckle pattern was 

essential in order to evaluate the surface deformation using DIC techniques. While placing the 

specimen on the mechanical testing set-up, the specimen’s flat stained face was oriented toward 

the stereomicroscope’s lens (SZX7, Olympus, Japan) as shown in Error! Reference source 

not found.. A digital high-speed camera (PHOTRON, FASTCAM – X1280PCI 16KC, Japan) 

was mounted on the stereomicroscope to capture real-time images of the stained surface during 

loading at 250fps and images were recorded on a PC. To capture images at high-speed, a cold 
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light source (OlympusLG-PS2-5, Japan) was used to illuminate the specimen’s flat stained face 

without overheating the specimen. 

 

Figure 4-1: (A) Experimental setup was used to test the specimen under compressive impact loading (Instron, 

8874, UK) and to capture the magnified real-time images of cartilage-bone specimen. (B) The side and the top 

view of the specimen, cutting an edge from ~1mm to create a flat longitudinal cross-section 

 

4.4.2 Mechanical Testing 

The specimens were subjected to a single compressive impact load at 5Hz frequency 

by a stainless steel cylindrical indenter of size 20 mm-diameter, attached to a servo-hydraulic 

mechanical testing machine (Instron, 8874, UK). This loading rate is equivalent to the rate of 

compressive loads to the knee joint during landing from a high platform (44 cm) (Verniba et 

al., 2017). A displacement-controlled compressive impact test was administered to the 

cartilage-bone specimens with the average impact energy of 0.08 J (average 4.00 % strain), 

which is reported as non-damaging impact energy to bovine specimens (Thambyah et al, 2017). 

The load cell mounted on the mechanical test machine (±10 kN) was used to measure the 

compressive force. A preload of approximately 10 N was applied between the compression 

plate and specimen to ensure the contact.  
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Figure 4-2: Histological analysis with H & E staining of a typical cartilage-bone unit with modified cartilage 

(Left) and with intact cartilage (Right). A microtome was used to take off the top 50% of cartilage thickness (Left) 

to simulate the cartilage thickness reduction in a grade III cartilage lesion 

 

4.4.3 Cartilage and bone strain calculation by analysing real-time images 

The strain calculation was done by measuring the deformation of the specimen using 

DIC technique. Further, deformation was evaluated by tracking the displacement of cartilage-

bone interface and a section close to the fixed end of cartilage-bone specimen. To track the 

displacement of the cartilage–bone interface and other specific points in each specimen, images 

were processed in Motion Studio (IDT Inc., USA) (Figure 4-3). This software employs a DIC 

technique to track individual points from a series of images. Before evaluating the displacement 

of individual points, the high-speed captured images of the event were calibrated with the help 

an image of measuring scale (in millimetre). For calibration, this image was captured by 

placing the measuring scale at the same position as where the specimen was placed. After 

calibrating the images, two horizontal sections on the specimen could be defined and tracked 

to determine the deformation of the cartilage and bone. To evaluate the average displacement 

of each horizontal section, five points were picked within the section, away from the boundaries 

of the specimen. The displacement was tracked for the individual points and later averaged to 

get the displacement for the section. One of the horizontal tracking sections (tracking section 

1, TS1) was chosen at the cartilage–bone interface and another section (tracking section 2, TS2) 

on the bone just above the base plate (Figure 4-1). The TS2 position on the bone was chosen 

as it remained visible to the camera the entire time during impact loading. To evaluate the 
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history of displacement data for each point on each section, the axial (Y-direction, see Figure 

4-1) component of the trajectories was subtracted from the initial position (Y at initial position) 

for the cartilage–bone interface (dint. (t), TS1) and the base of the bone (db (t), TS2). The 

calculated time-displacement data of the indenter (dt (t)) using DIC method, was validated with 

the data acquired from the Instron machine. The following calculations were carried out to 

obtain the cartilage and bone deformations: 

Total cartilage-bone deformation = dt (t) - db (t)  

Bone deformation = dint. (t) – db (t) 

Cartilage deformation = dt (t) - dint. (t) 

To evaluate the strain of cartilage, bone and cartilage-bone unit, the calculated deformations 

were divided by their respective original thicknesses.  

 

 

Figure 4-3: The magnified image of the speckled flat surface of the specimen before impact 

 

4.4.4 Mechanical properties 

Strain, stiffness, relative dissipated energy and maximum absorbed energy per unit 

volume (Wa,max) were calculated for cartilage, bone and the cartilage-bone unit. Stress was 

calculated using the cross-sectional area of the specimen and the load data received from 

Instron machine. The calculated stress and strain data for cartilage and subchondral bone were 

plotted against each other, separately for cartilage and subchondral bone. These individual plots 

for cartilage and subchondral bone were used to determine their individual stiffness values. 

Referring to Figure 4-4, the maximum absorbed energy per unit volume, Wa,max (area under the 

loading curve i.e. Area a’b’c’d’a’(energy absorbed by bone) and Area a’b”c”d”a’(energy 

absorbed by cartilage)), was found by trapezoidal numerical integration of the loading part of 
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the stress–strain curve in order to calculate the area underneath this curve. The energy loss was 

then determined by the area enclosed by stress-strain curve (area enclosed by loading-

unloading curve i.e. Area a’b’c’e’a’ (energy dissipated by bone) and Area a’b”c”e”a’ (energy 

dissipated by cartilage)). The relative dissipated energy loss was found as the percentage of the 

energy loss divided by Wa,max. To ensure the accurate comparison between specimens, the 

strain and the absorbed energy per unit volume was also calculated at the intermediate stress 

level of 7 MPa. This stress level represents the physiological cartilage contact pressure during 

stair-climbing (Hodge et al., 1989). All calculations were performed using a code developed in 

MATLAB (MATLAB R2015, the Mathworks Inc., MA). 

 

 

Figure 4-4: Stress strain curve of cartilage and bone individually within an intact cartilage-bone specimen 

 

4.4.5 Statistical analysis 

Mechanical properties before and after removal of STZ were compared by performing 

paired t-tests in Minitab (MINITAB Inc., version 16.0). The level of significance was set at p 

= 0.05. 

 

4.5 Results: 

The full thickness of cartilage-bone unit averaged 8.67±1.22 mm (mean ± SD). 

Cartilage, as a part of the unit, averaged 1.94 ± 0.72 mm and 0.97 ± 0.36 mm after the removal 

of its 50% thickness.  

Comparison of cartilage-bone unit mechanical properties between intact and modified 

cartilage-bone unit: 
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The stiffness of the cartilage-bone unit was determined from the unconfined compressive 

impact test (at 5Hz loading frequency). Within the intact cartilage-bone unit, the stiffness was 

found to be 863.60 ± 200.70 MPa and 100.18 ± 16.44 MPa for the subchondral bone and 

overlying cartilage respectively (Table 4-1). The overall stiffness of cartilage-bone unit was 

decreased by 34% after the removal of the top 50% cartilage thickness (Figure 4-5, Table 

4-1Table 4-1). Further, using the DIC technique, we found that the stiffness of cartilage was 

reduced by 39.34 %, but no significant difference was noticed in the stiffness of the 

subchondral bone after the removal of top 50% cartilage thickness. The ratio of maximum 

strain in the intact cartilage to bone was 8.98. After reducing the cartilage thickness, the average 

maximum strain increased in both bone and cartilage, reducing the modified cartilage-bone 

unit maximum strain ratio to 7.92 (Table 4-1). Moreover, the maximum energy absorbed by 

the modified cartilage-bone unit increased by approximately 32% (Figure 4-7, Table 4-1) when 

compared to the intact cartilage-bone unit. The energy dissipation in the modified cartilage-

bone unit was more than the intact specimens (Figure 4-8, Table 4-1). In addition, the ratio of 

cartilage to bone strain at 7 MPa was 28.27, which increased to 44.01 after removal of the top 

50 % cartilage. However, the strain in the bone remained nearly same after removal of the top 

half cartilage thickness (z).  

 

Figure 4-5: Stiffness averaged for cartilage-bone unit, cartilage and bone, (n=12), bars indicate the mean value 

of stiffness and error bar represent standard deviation. (* indicate the significant change in parameter, p 

<0.050) 
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Figure 4-6: Max strain averaged for cartilage and bone, n=12, bars indicate the mean value of strain and error 

bar represent standard deviation. (* indicate the significant change in parameter, p <0.050) 

 

Figure 4-7: Max energy absorbed per unit volume averaged for cartilage-bone unit, cartilage and bone, n=12, 

bars indicate the mean value of Max energy absorbed per unit volume and error bar represent standard 

deviation. (* indicate the significant change in parameter, p<0.050) 

 

 

Figure 4-8: Relative energy loss averaged for cartilage-bone unit, cartilage and bone, n=12, bars indicate the 

mean value of relative energy loss and error bar represent standard deviation. (* indicate the significant 

change in parameter, p <0.050) 
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Figure 4-9: Strain at 7 MPa averaged for cartilage-bone unit, cartilage and bone, n=12, bars indicate the mean 

value of Strain at 7 MPa and error bar represent standard deviation. (* indicate the significant change in 

parameter, p <0.050) 

 

Table 4-1: Mean (standard deviation) of max strain, absorbed energy, stiffness, relative energy loss, 

strain at 7 MPa and energy absorbed till stress level of 7 MPa for two groups of cartilage-bone unit 

specimens (with intact and another with modified cartilage) along with p-values 

Mechanical 

Parameters 

Cartilage - Bone p-

value 

Cartilage p-

valu

e 

Bone p-

value 

 Intact Modifie

d 

 Intact Modifie

d 

 Intact Modifi

ed 

 

Max – Strain 

(%) 

-- --- -- 14.19 

(3.49) 

18.61 

(8.32) 

0.057 1.58 

(0.54) 

2.35 

(0.55) 

0.000 

Wa, (J/mm3) 38.94e-3 

(11.90) 

51.45e-3 

(23.16) 

0.029 135.60e-3 

(59.90) 

219.50e-

3 

(158.20) 

0.037 17.97e-3 

(9.04) 

25.65e-3 

(14.38) 

0.036 

Stiffness (MPa) 349.70 

(189.30) 

230.50 

(80.80) 

0.016 100.18 

(16.44) 

60.77 

(18.21) 

0.000 863.60 

(200.70) 

847.40 

(190.60) 

0.354 

Relative energy 

loss (%) 

64.27 

(14.46) 

78.73 

(8.39) 

0.003 61.43 

(18.22) 

76.23 

(13.34) 

0.004 62.93 

(19.27) 

75.34 

(5.36) 

0.030 

Strain at 7 MPa 1.91 (0.92) 1.86 

(1.05) 

0.857 7.35 (3.62) 10.57 

(5.16) 

0.010 0.26 

(0.12) 

0.24 

(0.27) 

0.818 

Wa (J/mm3) # 6.00e-3 

(4.30) 

5.48e-3 

(4.26) 

0.478 31.66e-3 

(9.53) 

34.54e-3 

(19.11) 

0.640 1.36e-3 

(0.98) 

1.31e-3 

(1.13) 

0.900 

# Max energy absorbed till the physiological cartilage contact stress of 7 MPa 
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4.6 Discussion: 

The current study compared the mechanical response of intact and modified cartilage-bone 

unit under single compressive impact. The results indicated that stiffness of intact cartilage and 

its underlying bone were in agreement with previously reported values under impact loading 

(Burgin and Aspden, 2008; E L Radin et al., 1970). The stiffness of the cartilage-bone unit 

decreased significantly after modifying the cartilage (i.e., 50% reduction in cartilage’s 

thickness). The loss in the stiffness of cartilage-bone unit can be attributed to the reduction in 

the stiffness of cartilage alone since the stiffness of the underlying subchondral bone remained 

unchanged. The reason behind the reduced cartilage stiffness could be the lower permeability 

of the superficial tangential zone in comparison to the rest of cartilage structure (Gannon et al., 

2012). Previous studies found that tightly packed collagen fibres (primarily type II and IX 

collagen) in STZ resist the fluid flow through its narrower channels due to its lower 

permeability (Gannon et al., 2012; Maroudas and Bullough, 1968; Setton et al., 1993; Sophia 

Fox et al., 2009). Moreover, collagen fibres in STZ support interstitial fluid pressure by 

restricting the lateral expansion (Ateshian, 2009; Kiviranta et al., 2006). Hence, the presence 

of STZ helped the cartilage-bone unit to stand against the compressive impact loading by 

supporting the interstitial fluid pressure. This could explain the reduction in the stiffness of the 

cartilage-bone unit. Thus, the bone lying under the modified cartilage in cartilage-bone unit, 

could be expected to be at a higher risk of damage under the compressive impact load compared 

to intact cartilage-bone unit. The loss in the stiffness of the cartilage-bone unit becomes more 

critical in high-intensity activities (such as landing or jumping) owing to the severe mechanical 

loading (Oloyede et al., 1992; E L Radin et al., 1970).  

The reduced stiffness of the cartilage-bone unit led to an increased strain in the modified 

cartilage and underlying bone after the removal of the top 50 % cartilage thickness. The 

increased strain in modified cartilage-bone specimen remained below the yield strain of bovine 

femur subchondral bone (Endo et al., 2016). The higher strain in the modified cartilage-bone 

suggests that the load transfer mechanism has changed in comparison to the intact cartilage-

bone unit, which can potentially put the bone at the risk of progressive damage. This change in 

the load transfer mechanism was owing to the reduced capabilities of modified cartilage to 

support compressive impact loads. The results suggest that an individual having a Grade III 

cartilage lesion is vulnerable to a progressive damage to the subchondral bone.  
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Intact cartilage absorbs more energy per unit volume than that of its underlying bone, as it can 

sustain a larger deformation under compressive loading in comparison to the subchondral bone 

(Malekipour et al., 2013). Our study showed that in the presence of modified cartilage, the 

underlying bone had to absorb approximately 42 % more energy than that in the presence of 

intact cartilage. In addition to energy absorption, energy dissipation phenomenon within 

cartilage and its underlying bone is important (Andrews et al., 2011). After the removal of the 

top 50% cartilage thickness, bone dissipated more energy than the normal unit. The possible 

reason behind the increased energy dissipation could be the removal of the organized collagen 

network in the superficial zone. The change in the relative energy loss was comparable between 

the modified cartilage and the underlying subchondral bone, increasing by 12.06 % in cartilage 

and 14.06% in the subchondral bone.  

At a physiological contact pressure of 7MPa, we noticed significant changes in the mechanical 

behaviour of cartilage, however changes in the mechanical behaviour of subchondral bone 

within the modified cartilage-bone unit was insignificant. This result indicates that at the 

physiological contact pressure of 7 MPa, subchondral bone is unlikely at the risk of the 

progressive damage. 

 The DIC is limited to trace the deformation only on the 2D surface, which is visible to the 

high-speed camera. Hence, 3D-strain inside the specimen cannot be evaluated with this 

technique. Future finite element modelling of the same specimens are required to reveal the 

three-dimensional strain distribution.  

 

4.7 Conclusion: 

The results from this study provided insights into the altered mechanical performance of 

the cartilage, the underlying subchondral bone and the cartilage-bone unit before and after the 

removal of 50% of cartilage thickness. It was found after the modification, higher strains was 

recorded in the cartilage and underlying bone when compared to the intact cartilage-bone unit. 

However, at 7MPa contact pressure representing a normal physiological loading condition, 

although the modified cartilage recorded a significant increase in strain, the underlying bone 

remained unaffected.  
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Chapter 5  

5 A method for fatigue testing of equine MCIII subchondral bone 

under a simulated fast workout training program 

[Published Paper2] 

 

5.1 Introduction to the Paper 

This chapter is a technical note published in the Equine Veterinary Journal titled “A 

method for fatigue testing of equine MCIII subchondral bone under a simulated fast workout 

training program”. Study the use of fatigue test methods for equine MCIII SCB under a 

spectrum of repetitive fatigue loading that likely to occur in the fast-workout session of 

racehorse’s training. Fatigue life or time-to-failure and gait specific time were calculated. The 

aim is: 

To test a fatigue loading protocol for equine MCIII SCB under a sequence of loads those 

experienced by equine athletes during a fast-workout session.  

The hypothesis is that MCIII SCB is likely to fail in fatigue under the loads that occur during 

most intense gait gallop. 

The key takeaway in this study is that the novel fatigue loading protocol mimics the 

physiological loads that occur during fast-workout. We able to demonstrates with this novel 

fatigue loading protocol the importance of the highest speeds in the development of 

subchondral bone injury 

 

 

 

 

 
2 Shaktivesh s, Malekipour, F., Whitton, C., & Lee, P. V. (2019). A method for fatigue testing of equine MCIII 

subchondral bone under a simulated fast workout training programme. Equine Veterinary Journal, 52(2), 332-

335. DOI:  https://doi.org/10.1111/evj.13163 
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5.2 Abstract 

 

Background  

Standard fatigue testing of bone utilises a single load and frequency applied until 

failure. However, in situ, the subchondral bone of Thoroughbred racehorses is subjected to a 

combination (or a spectrum) of loads and frequencies during training and racing. 

Objective  

To investigate the use of a fatigue testing method for equine third metacarpal (MCIII) 

subchondral bone under a spectrum of loading conditions which a racehorse is likely to 

experience during a fast workout. 

Study Design  

In vitro biomechanical experimental study. 

Methods  

MCIII subchondral bone specimens (n=12) of racehorses were harvested from left and 

right medial condyles. A novel fatigue loading protocol was developed based upon a standard 

sequence of gaits during a typical fast workout protocol. This loading pattern, or loading loop, 

was repeated until the failure of the specimen. 

Results  

The mean ± standard deviation for all specimens for total time-to-failure was 76,393 ± 

64,243 seconds (equivalent to 18.3 ± 15.7 fast workouts). Ten out of twelve specimens 

withstood at least one complete loop equivalent to a fast workout. All specimens failed during 

simulated gallop loading. 

Main Limitations  

The resting time between loops was much shorter than in vivo resting time and 

specimens were unconfined during compressive testing. 

Conclusions  

This novel fatigue loading protocol more closely mimics in vivo fatigue loading of 

MCIII subchondral bone and demonstrates the importance of the highest speeds in the 

development of subchondral bone injury. 
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5.3 Introduction 

Subchondral bone injuries and fractures commonly occur in the third metacarpal bone 

(MCIII) of Thoroughbred racehorses (Martig et al., 2014; Weill et al., 1965). Such injuries 

have been associated with the number and frequency of galloping sessions and are therefore 

considered a result of bone material fatigue (Pinchbeck et al., 2013b; Verheyen et al., 2006a). 

Thus, understanding the fatigue behaviour of subchondral bone in conditions similar to that 

experienced during racing or training could help minimizing injuries. Previous fatigue studies 

of equine bone have applied a constant stress amplitude (varying sinusoidally) and frequency  

(Martig et al., 2013). These studies involve establishing an S-N curve, where ‘S’ is the stress 

in bone and ‘N’ is the number of cycles-to-failure (Martig et al., 2014, 2013).. The relationship 

between the applied load and fatigue life follows a power law with a shorter fatigue life 

observed at higher loads (Martig et al., 2013). However, training of racehorses results in 

varying joint reaction forces at varying stride frequencies within a single workout (A.Seder et 

al., 2003; Harrison et al., 2013).  

 

To estimate damage due to fatigue under variable-amplitude loading Palmgren-Miner’s rule is 

used. It is a linear damage accumulation model that uses the S-N curve as the input to determine 

cumulative damage based on a variable-amplitude load-time history (Suresh, 1998). However, 

Palmgren-Miner’s rule has limitations such as assuming a linear accumulation of damage, not 

accounting for the interaction between varying stress levels and the probabilistic nature of 

fatigue. It has been shown that similar structures or specimens subjected to identical cyclic 

loading conditions display large variations (Blason et al., 2016). To overcome such limitations, 

researchers have utilised alternative methods. For instance, in some aerospace applications, the 

fatigue life of aircraft material is evaluated by mimicking the loading conditions as experienced 

during a typical flight (Schjive, 2003). To our knowledge, the application of realistic loading 

experienced by racehorses to study the fatigue properties of equine MCIII subchondral bone 

explants has not been implemented.  

 

The load history of a typical racehorse fast workout session was applied to MCIII subchondral 

bone specimens to investigate their fatigue performance. The load history was simplified by a 

series of loadings known as spectrum loads simulating the load magnitude and frequency 

during walking, trotting, cantering, and slow and fast galloping. We hypothesized that fatigue 

failure would occur predominantly during loading equivalent to the most intense gait 
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(galloping), due to the power law relationship between applied load and fatigue life (Martig et 

al., 2013). 

 

5.4 Materials and Methods 

5.4.1 Specimen preparation 

Subchondral bone specimens from the palmar aspect of condyles were harvested from 

left and right third metacarpal bones of Thoroughbred racehorses within 24 hours of death or 

euthanasia and stored at -20 ◦C wrapped in saline soaked gauze with marrow intact. Eight 

horses died or were euthanased for conditions other than a musculoskeletal injury, and four 

horses were euthanased for fractures of a limb other than the limb from which the sample was 

obtained. Twelve specimens were from horses in three age groups [2yrs (n=7), 3yrs (n=4), and 

4yrs (n=1)]. The bone cores were collected 3-5mm palmar to the transverse ridge, from the 

middle third of the condyle. A diamond coated core drill bit (Starlite Industries Inc, Rosemont, 

PA, USA) was used to extract cylindrical specimens from medial condyles perpendicular to 

the articular surface with a diameter of 6.50 ± 0.07 mm and length of 6.81 ± 0.57 mm (mean ± 

standard deviation). 

 

 

Figure 5-1: Experimental set-up for fatigue tests 
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5.4.2 Experimental set-up 

A ±10 kN load-cell (Dynacell, Instron) was fixed to the crosshead of a mechanical 

testing machine (Instron 8874, Instron). A stainless-steel impactor was connected to an upper 

platen to load the specimen in unconfined compression (Figure 5-1). A chamber was fabricated 

using acrylic plastic and fixed on the base of the lower platen to contain saline solution (0.9% 

sodium chloride solution) to maintain specimen hydration throughout the test. The test 

specimen was prepared by fixing it to the lower platen with cyanoacrylate (Athanasiou et al., 

1994)and left to cure for 5min while wrapped in moist gauzes. The lower platen along with the 

saline-filled chamber was placed on the cylindrical plate (Figure 5-1).  

 

5.4.3 Mechanical Loading 

Wavematrix software (version 1.4.268.0, Instron), installed on a computer system 

which interfaced with the mechanical testing machine, was used to control the input signal and 

read the output data such as crosshead position and force. Each specimen was first 

preconditioned by applying 50 cycles of compressive stress at 20MPa at 2Hz, which is 18% of 

the compressive yield stress (113.3MPa) reported for the lateral condyle of MCIII (Rubio-

Martínez et al., 2008). Based on previous studies, such precondition loads did not cause any 

damage to the specimens (Martig et al., 2013; Moore and Gibson, 2003). 

Fatigue loads were applied using a waveform signal block loading (defined as one training 

loop). Each training loop  comprised  a succession of compression-compression (c-c) sinusoidal 

loading cycles with varying load-amplitudes and frequencies based on published data for four 

gaits and five speeds: walk, trot, canter, slow gallop and fast gallop (A.Seder et al., 2003; 

Harrison et al., 2013; Witte et al., 2006) (Table 5-1) (Figure 5-2). To determine the number of 

loading cycles, the distances covered during a fast workout under each gait or speed (obtained 

from training data collected for another study)  were converted into the number of loading 

cycles based on the number of estimated ground strikes (Table 5-1) (Witte et al., 2006). The 

estimated ground strikes for each gait were further divided equally into warm-up and cool-

down stages. One load cycle was considered equivalent to one stance phase of the gait. The 

rest period between workouts was represented by a constant 15MPa pressure for 10 minutes. 

The waveform block was applied repeatedly until the specimen failed. Fatigue failure was 

defined as a 10% reduction in the initial Young’s modulus (Moore and Gibson, 2003). A 

predetermined safety limit (10% of specimen’s height) was set to stop the motion of the 

crosshead in case of gross failure of the specimen. 
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Table 5-1: Estimated equivalent values for forelimb ground strikes*, loading cycles, contact pressure, and stride 

frequencies for each gait of a fast workout of a race fit adult Thoroughbred racehorse (Nankervis et al., 2007; 

Ratzlaff, 1989; Witte et al., 2006; YAMANOBE et al., 1992) 

Gaits 

Speed 

m/sec 

Total 

distance 

covered 

(Meters) 

Equivalent 

number of 

forelimb ground 

strikes  

Loading 

cycles [warm-

up; cool-

down] 

Contact 

Pressure 

(C.P) [7], 

(MPa)  

Stride 

Frequency 

(Hz) 

Walk ~1.4 4,000 2,667 [1,333; 1,333] 32  0.9 

Trot ~3.6 1,000 333 [167; 167] 54 1.6 

Canter ~7.5 1,800 400 [200; 200] 61 1.9 

Slow gallop ~13.4 800 133 [67; 67] 89 2.1 

Fast gallop >14.4 400 57 - 91 2.2 

Standing / 

Resting 

- - 10 Minutes - 15 - 

* Assuming the stride lengths are 7m, 6m, 4.5m, 3m, 1.5m for different gaits at speeds of 14.4 m/s, 13.4m/s, 7.5m/s, 

3.6 m/s, 1.4m/s respectively (Hodson et al., 2000; Witte et al., 2006; YAMANOBE et al., 1992) 

 

 

Figure 5-2: A) A waveform signal indicating the repetition of a training loop (1-day fast workout), B) the 

loading cycles within a simulated training loop, including a warm-up and cool-down routine, each warm-up 

and cool-down routine included cyclic loading that simulated loading conditions during walk, trot, canter, slow 

gallop and fast gallop of a racing horse. The frequency and load of each loading gait type in Table 5-1 

 

Total number of cycles-to-failure (TCF) and total time-to-failure (TTF) were specified as the 

total number of cycles and total amount of time respectively until a specimen failed. Gait 

specific time (GST (%)), was defined as:  

Gait Specific Time, GST (%) =
Cumulative time spent for a specific gait until failure

Total time to failure (TTF)
× 100 
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The calculations of mean and standard deviation were performed in MATLAB (Mathworks) 

and Excel (Microsoft). Minitab18 was used to test the results for normality using the Anderson-

Darling method. 

  

5.5 Results 

All except two specimens completed at least one training loop (one specimen from a 2-

year-old horse and another from a 3-year-old horse). The mean ± standard deviation (n=12) for 

TTF was 76,393 ± 64,243 seconds (equivalent to 18.3 ± 15.7 training days) and found to be 

normally distributed (p-value=0.523). The lowest recorded TTF was 1,701 seconds which was 

approximately 45% of one training loop or one simulated fast workout. The maximum number 

of completed training loops for a specimen was 53 with a duration of 217,911 seconds, which 

was approximately three times that of the mean fatigue life.  

 

Table 5-2: GST % (Gait Specific time), (Averaged for all specimens) 

 Warm-up   Cool-down 

 
Walk Trot Canter S.Gallop 

F.Gallo

p 

S.Gallo

p Canter Trot Walk Rest 

Gait Specific Time (%) during entire fatigue life 

GST 

(%) 

38.8±

4.4 
2.7±0.3 2.8±0.3 0.8± 0.1 0.6±0.1 0.8±0.1 2.5±0.2 2.4±0.2 

34.6±

3.2 

16.8±

2.7 

Step, specimens failed in 

 0 0 0 6 3 3 0 0 0 0 

 

Despite the GST being highest for simulated walking (38.8±4.4 in warm-up and 34.6±3.2 in 

cool-down) and lowest for fast gallop (0.6±0.1), all specimens failed during simulated gallop 

loading cycles (Table 5-2). Half of the specimens (n=6) failed while subjected to simulated 

slow gallop loading during warm-up and the remaining three specimens failed in simulated fast 

gallop and slow gallop during cool down (Table 5-2). Toward the end of fatigue testing, all 

specimens showed a gradual decline in stiffness and no evidence of catastrophic failure was 

observed. 
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5.6 Discussion 

The main objective of the present study was to evaluate a method of fatigue testing of 

equine MCIII subchondral bone explants under a loading regimen that mimicked that of a horse 

undergoing a fast workout. Despite the proportion of the fatigue life under gallop loads being 

the shortest, all specimens failed under these gallop loads supporting our hypothesis. The 

method provides TCF and TTF individually for specific gaits and provides insight into the 

timing of specimen failure under a given workout programme by overcoming some limitations 

encountered in other fatigue methods including the linear accumulation of damage and not 

accounting for the interaction between varying stress levels. It is more efficient than standard 

fatigue testing which requires the use of a sample for each load tested and is likely to allow for 

interactions between loads and frequencies that cannot otherwise be accounted for. 

 

Ten out of twelve specimens were able to withstand all the stress levels which were included 

in a training loop at least once (one fast workout session). This result was expected as the 

maximum stress amplitude remained below 80% of the yield strength of MCIII subchondral 

bone (Rubio-Martínez et al., 2008). 

 

Even though specimens underwent loads representative of slower speed gaits for the greatest 

proportion of time, all specimens failed under simulated gallop loading (Table 5-2). Based on 

previously published fatigue data the proportion of specimen fatigue life expended during 

loading that simulated galloping in each training loop was six times that of all other simulated 

gait loading combined (Martig et al., 2013). Therefore, we would expect most of our samples 

to fail in gallop as observed (Table 5-1). Additionally, equine MCIII subchondral bone fatigue 

life under a constant stress-amplitude of 90 MPa was previously reported at (mean, median, 

range) 4,486, 4,001, 152-11,568 cycles (Martig et al., 2013) and we found that cumulative 

gallop specific loading cycles were 3,591±3,030 cycles, which is a good match. Even though 

all specimens were tested under similar loading conditions, the large variation in their fatigue 

life is likely due to their differing morphology and density (Carter et al., 1981). Future studies 

will include the effects of bone morphology on the fatigue performance. 

 

We utilised a rest period within the loading protocol which was shorter than that which occurs 

in vivo between workouts however there is no evidence that longer rest periods affect bone 

properties (Holmes et al., 2014). During compression tests, it is difficult to accurately mimic 
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the degree of constraint conferred by neighbouring bone tissue. In our study, the bone 

specimens were loaded in an unconfined manner which is a recommended method for 

measuring mechanical properties of bone and to facilitate comparison with existing literature 

(Zhao et al., 2018). 

 

5.7 Conclusion 

The fatigue properties of subchondral bone can be investigated using a fatigue testing 

protocol that includes a spectrum of loads applied to a single specimen similar to those 

experienced in vivo in a racehorse in training. We found that all the specimens failed under 

load equivalent to galloping which is consistent with what happens in vivo.  

 

5.8 Source of Funding and Acknowledgement 

This study was funded by Racing Victoria Limited, the Victorian Racing Industry Fund 

of the Victorian State Government and Melbourne Research Scholarship awarded by The 

University of Melbourne. 
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Chapter 6  

6 Fatigue behavior of subchondral bone under simulated 

physiological loads of equine athletic training 

[Published Paper3] 

 

6.1 Introduction to the Paper 

This chapter is a research article accepted in the Journal of the Mechanical Behavior of 

Biomedical Materials titled “Fatigue behavior of subchondral bone under simulated 

physiological loads of equine athletic training”. This study investigates the fatigue behaviour 

of equine MCIII SCB under simulated physiological loads that occur during the fast-workout 

of the equine athletes. The mechanical properties and their relationship with the microstructural 

properties of MCIII SCB are investigated. The mechanical properties include modulus and 

relative energy loss. The aims are: 

1. Investigate the relationship between fatigue life and microstructural properties of MCIII 

SCB. 

2. Investigate the fatigue behaviour of SCB under various gaits by studying the changes 

in modulus and relative energy loss 

The hypothesis is that the highest energy loss in MCIII SCB will occur under the most intense 

gait gallop speeds. 

The key findings are: 

1. The highest relative energy loss (REL) occurred under loads equivalent to gallop speeds 

and all specimens failed under these gallop loads. 

2. Specimens with higher mean REL and lower mean stiffness during the first loop had a 

shorter fatigue life. 

 
3 Shaktivesh s, Malekipour, F., Whitton, C., & Lee, P. V. (2020). Fatigue behavior of subchondral bone under 

simulated physiological loads of equine athletic training. Journal of the Mechanical Behavior of Biomedical 

Materials. Published, Vol. 110 DOI: https://doi.org/10.1016/j.jmbbm.2020.103920  
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6.2 Abstract 

Fatigue-induced subchondral bone (SCB) injuries are prevalent among athletes due to 

the repetitive application of high magnitude loads on joints during intense physical training. 

Existing fatigue studies on bone utilize a standard fatigue test approach by applying loads of a 

constant magnitude and frequency even though physiological/realistic loading is a combination 

of various load magnitudes and frequencies. Metal materials in implant and aerospace 

applications have been studied for fatigue behavior under physiological or realistic loading, 

however, no such study has been conducted on biological materials like bones. In this study, 

we investigated fatigue behavior of SCB under the range of loads likely to occur during a fast-

workout of an equine athlete in training.  

A loading protocol was developed by simulating physiological loads occurring during a fast-

workout of a racehorse in training, which consisted of a sequence of compression-compression 

load cycles, including a warm-up (32, 54, 61 MPa) and cool-down (61, 54, 32 MPa) before and 

after the slow/fast/slow gallop phase of training, also referred to as a training loop. This loading 

protocol/training loop was applied at room temperature in load-control mode to cylindrical 

SCB specimens (n=12) harvested from third metacarpal medial condyles (MCIII) of twelve 

thoroughbred racehorses and repeated until fatigue failure. The mean ± standard deviation for 

total time-to-failure (TTF) was 76,393 ± 64,243 seconds (equivalent to 18.3 ± 15.7 training 

workouts) for n=12 specimens. We observed the highest relative energy loss (REL, hysteresis 

loss normalized to energy absorbed in a load cycle) under loads equivalent to gallop speeds 

and all specimens failed under these gallop loads. This demonstrates the importance of the 

gallop speeds in the development of SCB injury, consistent with observations made in live 

racehorses. Moreover, specimens with higher mean REL and lower mean stiffness during the 

first loop had a shorter fatigue life which further confirms the detrimental effect of high energy 

loss in SCB. Further studies are required to reconcile our results with fatigue injuries among 

equine athletes and understand the influence of different training programs on the fatigue 

behavior of subchondral bone. 
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6.3 Introduction 

Repetitive loads of a high magnitude during intense physical activity can directly result 

in subchondral bone (SCB) injuries or induce alterations in SCB structure, which may lead to 

joint injuries or diseases such as osteoarthritis (Brama et al., 2009; Buckwalter, 2013; Li and 

Aspden, 1997; Tidswell et al., 2008). To investigate mechanisms of SCB injury, researchers 

have applied repetitive loads of constant magnitudes and frequency to bone specimens (Martig 

et al., 2014, 2013). These studies provide valuable information about the fatigue behavior of 

the SCB when subjected to specific constant load magnitude and frequency. However, athletes 

often warm-up by gradually increasing the intensity of physical activities, perform an intense 

workout, and then cool-down. Hence, even in a single training workout, athletes apply a 

combination of load magnitudes and frequencies to a joint. It is therefore important to 

understand the mechanical response of the SCB under such realistic loading conditions. 

Extensive research has shown that the mechanical performance of bone degrades with 

repetitive loads of a constant magnitude (Lambers et al., 2013; Martig et al., 2013; Michel et 

al., 1993) and the rate of degradation depends upon the load magnitude and frequency (Caler 

and Carter, 1989; Sadeghi et al., 2017; Schaffler et al., 1989). However, fatigue studies in other 

materials including metals have demonstrated different fatigue behavior when subjected to a 

constant load magnitude versus a combination of load magnitudes (Meneghetti et al., 2015; Sih 

and Jeong, 1990; Walter et al., 2008). Therefore, it is possible that the fatigue behavior of the 

SCB under a combination of load magnitudes and frequencies may be different than the fatigue 

behavior under constant stress amplitude and frequency (given that the mean stress amplitude 

and ratio of minimum to maximum stress (R ratio) are equal). Such an investigation might 

provide new insight into the association between SCB injuries and the mechanical behavior of 

SCB. 

In the present study, we investigated SCB from the third metacarpal (MCIII) condyles of 

thoroughbred racehorses because it is a common site of SCB injuries (Pinchbeck et al., 2013, 

Radtke et al., 2003). The SCB explants were subjected to a combination of load magnitudes 

and frequencies based on those generated by equine athletes in a training session. A sequence 

of load magnitudes and frequencies (i.e. a training loop representing a sequence of gaits in a 

fast-workout training session of a racehorse) was repeatedly applied to equine MCIII 

subchondral bone specimens until failure. Mechanical properties (Young’s modulus and 

energy loss) of SCB were calculated, and associations with gait and warm-up/cool-down 
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sequences were investigated. Correlations between mechanical properties, fatigue life and 

microstructural properties of SCB were also investigated. The energy loss (normalized 

hysteresis) was used as a non-destructive measure of fatigue damage accumulation (Pattin et 

al., 1996). We hypothesized that SCB specimens would exhibit the highest relative energy loss 

under the most intense loads equivalent to those generated at the gallop in a racehorse. 

 

6.4 Methods and Materials 

6.4.1 Bone specimens 

Six left and six right metacarpal condyles of n=12 racehorses were collected within 48 

hours of death or euthanasia. Of the 12 horses, 6 were female and 6 male (4 geldings), with 

mean age of 2.50 ± 0.67 years (range 22 months to 4 years). Cause of death was limb fracture 

(n=6 horses), sudden death (n=4), acute abdominal pain (n=1), and cervical vertebral 

malformation (n=1). These 12 condyles were stored frozen at -20◦C. Later, cylindrical 

subchondral bone (SCB) plugs (n=12, diameter = 6.50 ± 0.07 mm, length = 6.81 ± 0.57 mm 

(mean ± standard deviation)) were extracted from medial condyles using a core drill bit and 

stored at -20◦C. Specimen volume was calculated based on mean diameter and cylindrical 

length. Actual density was calculated by ρ=m/v; m=mass in gram, and v=volume in cm3)(Sharp 

et al., 1990) and found to be 1.80 ± 0.07 gm/cm3 (n=12).   

 

Figure 6-1: Experimental set-up for mechanical testing of SCB specimens 

6.4.2 Mechanical testing 

A custom-built acrylic chamber (45 × 45 × 28 mm3) was filled with saline solution 

(0.9% Sodium Chloride) to maintain specimen hydration and bolted to the lower platen of a 

mechanical testing system (Instron 8874, Instron, USA) (Figure 6-1). The top of the chamber 

was open to allow the stainless-steel impactor to enter and compress the specimen (Figure 6-1). 

The proximal end of specimen (bottom flat surface) was fixed to the lower platen using 
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cyanoacrylate (Athanasiou et al., 1994) and cured for 5 min. Impactor displacement was 

controlled and monitored using Wavematrix software (version 1.4.268.0, Instron). The 

accuracy of mechanical system was ensured by incorporating machine compliance into 

Wavematrix inbuilt software and regular calibration by Instron company’s professionals. 

Specimens were preconditioned with 50 cycles of compressive stress at 20 MPa. The 

compressive stress during preconditioning remained below 18% of compressive yield stress 

for the MCIII lateral condyle  (113.1 MPa) and did not cause damage to specimens (Martig et 

al., 2013; Moore and Gibson, 2004; Rubio-Martínez et al., 2008). Specimens were tested at 

room temperature in unconfined compression under a sequence of varying load amplitudes and 

frequencies (applied in load-control mode) similar to that which occur physiologically during 

a fast-workout of an equine athlete during training. This sequence of dynamic loads was 

simulated using a waveform signal block (defined as a training loop), comprised of a series of 

compression-compression sinusoidal loading cycles. The load amplitudes and frequencies were 

based on four gaits and five speeds: walk, trot, canter, slow gallop and fast gallop (Harrison et 

al., 2013; Seder and Vickery, 2003; Witte et al., 2006). The number of loading cycles was 

estimated based on the distance covered under each gait/speed in a typical fast workout 

(Morrice-West et al., 2020). Further, the total number of loading cycles under each gait/speed 

was equally divided between the warm-up and cool-down phase within a waveform block or a 

training loop (Table 6-1). This waveform block or training loop was applied to the specimens 

repeatedly until the specimen failed. The total time taken by each specimen to failure was 

defined as total-time-to-failure (TTF). 

 

Table 6-1: Estimated equivalent values for forelimb ground strikes, loading cycles, contact pressure on SCB in 

MCIII joint, and stride frequencies for each gait of a fast workout of a race fit adult Thoroughbred racehorse. 

Gaits Walk Trot Canter 
Slow 

gallop 

Fast 

gallop 

Resting 

(10 Minutes) 

Speed m/sec ~1.4 ~3.6 ~7.5 ~13.4 >14.4 - 

Total distance covered (Meters) 4,000 1,000 1,800 800 400 - 

Equivalent number of forelimb 

ground strikes * 
2,667 333 400 133 57 - 

Loading cycles 

[warm-up; cool-down] 
[1,333; 1,333] [167; 167] [200; 200] [67; 67] - - 

Contact Pressure (C.P) (MPa) #  32 54 61 89 91 15 

Stride Frequency (Hz)† 0.9 1.6 1.9 2.1 2.2 - 

* Assuming the stride lengths are 7m, 6m, 4.5m, 3m, 1.5m for different gaits at speeds of 14.4 m/s, 13.4m/s, 7.5m/s, 

3.6 m/s, 1.4m/s respectively (Hodson et al., 2000; Witte et al., 2006; YAMANOBE et al., 1992); # (Harrison et 

al., 2013); † (Nankervis et al., 2007; Ratzlaff, 2019; Witte et al., 2006; YAMANOBE et al., 1992) 
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6.4.3 Micro-computed tomography 

Image acquisition 

Specimens were scanned at room temperature with a micro-CT scanner (SkyScan 1172; 

Bruker microCT N.V., Kontich, Belgium). During scanning, specimens were kept hydrated 

with a drop of physiological saline (Compound Sodium Lactate (Hartmann’s), Fresenius Kabi). 

Images were acquired with a 4.87 µm pixel size and the intensity of x-ray was set to 70 kV. 

For comprehensive details about the image acquisition refer to a previous study by Martig et 

al. (2018). 

Image reconstruction  

Phantoms of known Calcium Hydroxyapatite (CaHA) concentration (0.25 and 0.75 gm 

cm-3) were used to calibrate CTAnalyser (64-bit, Version: 1.18.4.0; Bruker microCT) for 

calculating tissue mineral density (TMD). During phantom scanning/reconstruction, similar 

software settings were used for all specimens. For comprehensive details about image 

reconstruction refer to a previous study by Martig et al. (2018). 

Image analysis 

The image analysis was performed with CT Analyser (64-bit, Version: 1.18.4.0; Bruker 

microCT N.V., Kontich, Belgium). One volume of interest (VOI) was defined in each specimen 

from the distal articular surface to the most proximal end (Figure 6-2). A central circular section 

of 5.3 mm diameter (1092 pixel) was chosen as the volume of interest (VOI). Due to 

computational limitations, the images were resized by a factor of two. The number of slices 

from the distal articular surface to proximal-most end of the VOI was 565 after resizing (pixel 

size = 9.74 µm).  
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Figure 6-2: (A) 3D view of a micro-CT scanned SCB specimen, (B) A Micro-CT image of section A-A in the 

sagittal plane. The articular end was flattened using fine sandpaper for the purpose of mechanical testing. (C) 

Binarized image of section A-A 

Images were processed with a median filter with a round kernel of the size of 3-pixel radius in 

3D space. The lower greyscale value of the VOI was set visually to best match the original 

greyscale image. The upper value was set at 255 for all VOIs. Tissue mineral density (TMD, 

gmHAcm-3) was determined from the histogram of each VOI after performing a bitwise 

operation on the filtered images. The mean ± standard deviation (SD) of TMD and BV/TV for 

specimens was found to be 0.99 ± 0.028 gm/cm3 and 94.02 ± 5.23 % respectively (n=12).  

 

6.4.4 Calculation of mechanical parameters 

The Young’s modulus was calculated for all loading cycles using the raw output data 

(load and displacement history) from the mechanical testing system (Instron 8874, Instron, 

USA). Load history was divided by the cross-sectional area of each specimen to calculate 

stress. The engineering strain was calculated by dividing the change in the length of the 

specimen during a loading cycle by the length of the specimen at the beginning of that loading 

cycle. Young’s modulus of each loading cycle was calculated by running a MATLAB script 

using the least square fit. For calculations, 25% of the compression part of the loading curve 

as lower and 75% as upper limits were used to fit the curve. The slope of the fitted line was 

reported as Young’s modulus of the specimen. The initial Young’s modulus of a specimen was 

calculated by applying ten cycles of compression with a displacement of 0.06 mm at 0.05 Hz, 

(Martig et al., 2013) resulting into an approximate compressive strain of 1% (the compressive 

yield strain of equine MCIII subchondral bone is 4.9 % (Rubio-Martínez et al., 2008)). 
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Additionally, the change in Young’s modulus during each loop was calculated for three phases. 

The phases were identified based on the intensity of gaits and whether they fell within warm-

up or cool-down sections. Phase 1 was defined from walk to canter during warm-up. Phase 2 

was defined from canter-warm-up to canter-cool-down, and phase 3 from canter to walk during 

cool-down (Figure 6-3). The change in Young’s modulus of a specimen during a phase of each 

loop was calculated by taking the ratio of the difference between mean Young’s Modulus of 

the last and first gait of the phase to the initial Young’s modulus (Eint) of that specimen. The 

percentage change in Young’s modulus of a specimen during ‘Phase 1’ of a loop: 

𝛥𝐸𝑝ℎ𝑎𝑠𝑒 1 = 
 Emean

Canter,W− Emean
walk,W

Eint
× 100 

Where, Emean
Canter,W

 is the mean Young’s modulus under Canter in warm-up during a loop and 

Emean
walk,W

 is the mean Young’s modulus under walk in the warm-up. 

The percentage change in Young’s modulus of a specimen during ‘Phase 2’ of a loop 

𝛥𝐸𝑝ℎ𝑎𝑠𝑒 2 = 
 Emean

Canter,C− Emean
Canter,W

Eint
× 100 

Where, Emean
Canter,C

 is the mean Young’s modulus under Canter in cool-down during a loop 

The percentage change in Young’s modulus of a specimen during ‘Phase 3’ of a loop 

𝛥𝐸𝑝ℎ𝑎𝑠𝑒 3 = 
 Emean

Walk,C− Emean
Canter,C

Eint
× 100 

Where, Emean
Walk,C

 is the mean Young’s modulus under walk in cool-down during a loop 
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Figure 6-3: (Above) - Compressive load vs load cycle, showing schematic diagram of a training loop; (Below) - 

Three phases of a training loop 

  

The energy absorbed by a specimen during a cycle, 𝑊𝑎(area under the loading curve, i.e. area 

abcda, Figure 6-4) was found by trapezoidal numerical integration of the loading part of the 

stress-strain curve for each loading cycle (Figure 6-4). The energy loss (normalized hysteresis) 

for each cycle (𝑊𝑙𝑜𝑠𝑠) was determined by calculating the area enclosed by loading-unloading 

of the stress-strain curve (i.e. area abcea in Figure 6-4). By taking the ratio of 𝑊𝑙𝑜𝑠𝑠  to 𝑊𝑎 , 

relative energy loss (REL, or Normalized hysteresis) was calculated for all loading cycles. 

Relative Energy Loss (REL)(%) =
𝑊𝑙𝑜𝑠𝑠

𝑊𝑎
X100 
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Figure 6-4: A typical stress-strain curve for a third metacarpal subchondral bone specimen indicating area of 

the curve used to calculate energy absorbed and energy loss 

 

6.4.5 Statistical analysis 

We used Cox proportional hazards regression models to estimate the instantaneous 

probability (hazard) of bone failure as a function of time and covariates. The unit of ‘time’ was 

loading cycle. A binary term indicated the failure of the bone at each time step (failure=1; 

survival=0). Standard errors were adjusted to take account of clustering within specimens 

(n=12). Time-varying covariates were fitted by including interaction terms between the 

covariate and time (log-transformed) in the model. Interaction terms that were significant in 

univariable analysis were fitted to the multivariate model. All covariates satisfied the 

proportional hazards assumption. Hazard ratios (HR) and their 95 % confidence intervals (CI) 

are reported. Statistical significance was set at P<0.05. 

To identify associations between REL (outcome variable) and gaits, we generated a linear 

mixed-effects model for the first, penultimate and failure-in training loops. We ran stratified 

models only for these training loops separately owing to the initial observation of nonlinear 

variation in REL over the loops, and the unbalanced number of loops to failure for each 

specimen. The distribution of continuous variables was assessed by histogram and using the 

Anderson-Darling test. REL was log-transformed for statistical analysis. The gait was treated 

as a fixed effect predictor with nine factor levels, representing all gaits during warm-up and 

cool-down (Table 6-1). The model also included a random-effect term to account for variation 

between specimens. The multi-pairwise comparisons between means of REL for various 

loads/gaits were by Fishers Least Significant Difference method. The significant difference 

between means of log REL between groups of specimens was identified using a 2-sample t-



103 

 

test when data were normally distributed, or a Mann-Whitney nonparametric test when data 

was not normally distributed.  

Stata/IC 15.1 (Statacorp, College Station, TX, USA) was used to generate the Cox proportional 

hazard models, Minitab (version 18.1, Minitab Inc, PA, USA) was used to generate the linear 

mixed-effects model and MATLAB (R2017b, Massachusetts, USA) to generate descriptive 

statistics.  

 

6.5 Results 

The mean ± standard deviation for total time-to-failure (TTF) was 76,393 ± 64,243 

seconds (equivalent to 18.3 ± 15.7 training workouts) for n=12 specimens. Ten specimens out 

of twelve were able to withstand at least one training loop. The two specimens that failed 

without completing a training loop had low BV/TV, compared to the mean BV/TV of all 

specimens (0.81 and 0.91, mean 0.94 ± 0.05, n=12). All specimens failed under loading 

conditions equivalent to either a slow or a fast gallop. Six specimens failed while subjected to 

simulated slow gallop loading during warm-up, three failed in a simulated fast gallop and three 

failed under slow gallop during cool-down.  

Specimens with higher BV/TV (HR 0.77; 95% CI 0.63-0.95; p=0.013), higher TMD (HR 0.95; 

95% CI 0.93-0.98; p<0.001), and greater Young’s modulus (HR 1.00; 95% CI 0.99-1.00; 

p=0.008) had a reduced risk of failure (greater cycles to failure), whereas  slow or fast gallop 

compared to other gaits (p<0.001) and greater relative energy loss (REL) (HR 1.06; 95% CI 

1.02-1.11; p=0.004) had an increased risk (see Supplementary material Table A). 

REL under a simulated slow-gallop gait during the cool-down, was higher than that for all non-

gallop gaits (n=10, p=0.001) within each loop (Figure 6-5). The REL, for loading equivalent 

to canter, trot, and walk gaits during simulated cool-down, was higher than the corresponding 

gaits during simulated warm-up within a loop (Figure 6-5). With the increasing number of 

loading cycles and training loops, the REL increased for all gaits (Figure 6-5) (see 

Supplementary material Table B). 
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Figure 6-5:  REL (%) vs. gaits for the first loop, the loop completed before failure and the loop in which the 

specimens failed (shaded region shows 95 % CI, n=10). Note: Gaits on the X-axis are in sequence for a typical 

fast-workout. Different letters indicate significantly different values at P<0.05 within a loop 

 

Within each training loop, Young’s modulus of specimens varied with gait. In phase 1 of the 

first loop, Young’s modulus in all specimens increased by 𝛥𝐸𝑝ℎ𝑎𝑠𝑒 1= 12.22 ± 5.30 % (n=10) 

(Figure 6-6). However, during the loop that was completed immediately prior to failure, most 

specimens (n=10) displayed a decrease in Young’s modulus of 𝛥𝐸𝑝ℎ𝑎𝑠𝑒 1= -4.38 ± 10.35 % 

(Figure 6-7b). In phase 2 in the first loop, Young’s modulus in all specimens decreased  

𝛥𝐸𝑝ℎ𝑎𝑠𝑒 2= -5.26 ± 9.83 % (n=10) (Figure 6-6). The Young’s modulus in phase 2 further 

decreased by 𝛥𝐸𝑝ℎ𝑎𝑠𝑒 2= -16.52 ± 5.30 % (n=10) in the loop that was completed before failure 

(p < 0.05) (Figure 6-7b). In phase 3 during the first loop, the mean Young’s modulus change 

was small (𝛥𝐸𝑝ℎ𝑎𝑠𝑒 3= 0.82 ± 7.08 % (n=10)). However, five out of ten specimens showed an 

increase in Young’s modulus (6.61 ± 4.28 %, n=5), whereas the remaining five specimens 

showed a reduction of -4.97 ± 3.27 % (n=5) in Young’s modulus (Figure 6-6). Based on this 

difference in mechanical behavior specimens were divided into two groups with those with an 

increased Young’s modulus in phase 3 designated as group ‘A’ (dotted lines in Figure 6-7) and 

the remaining n=5 specimens where Young’s modulus decreased in phase 3 designated as 

group ‘B’ (shown with solid lines in Figure 6-7). Mean Young’s modulus during the first loop 

and TTF were significantly higher for specimens in group B than those in group A (Figures 8a 

and 8b) (p=0.002). Mean REL during the first loop was also significantly higher for specimens 

in group A than B (Figure 6-8c). In phase 3 of the loop, completed before failure, nine out of 
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ten specimens showed an increase in Young’s modulus. The greatest decline in Young’s 

modulus occurred in the loop in which the specimens failed (27.99 ± 10.99 %) (Figure 6-7c). 

 

Figure 6-6: % Change in Young’s modulus during three phases of the first loop (percentage change in Young’s 

modulus was calculated relative to the initial Young’s modulus of the specimen). Red color shows an increase in 

Young’s modulus while blue shows decrease. Y-Labels are sorted in the order of fatigue life (TTF, sec). A label 

contains specimen ID and TTF (sec) in parenthesis. Phase 1- Walk to Canter in warm-up; Phase 2 – Canter in 

the warm-up to Canter in cool-down; Phase 3 – Canter to Walk in cool-down. Note: Only specimens are 

included in the above figure which completed at least one training loop 

 

   

(a) 
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Figure 6-7: Mean Young’s modulus vs gaits for the (a) first loop, (b) loop prior to failure, and (c) loop 

specimens failed in. The red dash-dot lines correspond to the specimens of group ‘A’ and blue solid lines 
represent specimens of group ‘B’. (Figure 6-6). Note: Gaits on the X-Axis are in sequence for a typical fast-

workout 

(b) 

(c) 
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Figure 6-8: (a) Mean Young’s modulus during the first loop, (b) Total time to failure (TTF), and (c) Mean REL 

in the first loop. (n=5 in group ‘A’ and n=5 in group ‘B’); * indicates a significant difference between groups 

‘A’ and ‘B’ 

  

6.6 Discussion 

The main objective of the present study was to determine the mechanical response of 

equine MCIII subchondral bone (SCB) under a sequence of combined load magnitudes and 

frequencies simulating a fast-workout session of an equine athlete. Ten out of twelve specimens 

were able to withstand at least one training loop and all specimens failed while subjected to the 

simulated gallop loads. This study showed the increased risk of fatigue failure with the greater 

relative energy loss (REL) in SCB under cyclic loading simulating different gaits. It also 

supported our hypothesis that the highest REL in the SCB occurred under loads equivalent to 

gallop speeds, which are the most intense loads in the training loop. In addition, we observed 

greater SCB energy loss during the cool-down when compared to the warm-up phase within a 

training loop. 

6.6.                  ’                                                    

loading 

We anticipated that specimens would withstand up to and including the highest stress 

level within one training loop, based on the fatigue life of similar type specimens tested at a 

stress level equivalent to gallop speeds (Martig et al., 2013). Moreover, the maximum applied 

stress magnitude during tests was lower than 80% of the stress that is required to fracture equine 

MCIII SCB in a quasi-static loading condition (Rubio-Martínez et al., 2008). All but two 

specimens behaved as we expected having completed at least one training loop. 
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Topoliński et al. found that energy loss in human trabecular bone increased with a step-wise 

increase in load magnitude (2011). These tests were performed within the physiological loading 

range induced during functional exercises in healthy adults (Van Rossom et al., 2018). 

Similarly, we found an increase in REL in the SCB with an increase in load magnitude. 

Topoliński et al. (2011) attributed the increase in the energy loss of their specimens to an 

increase in load magnitude and fatigue damage accumulation. Our observations of increase in 

energy loss when the loads increase during warm-up and decrease in energy loss when loads 

decrease during cool-down, are consistent with a direct relationship between changes in load 

and energy loss.  

High energy loss in bone is associated with bone fragility and the  accumulation of 

microdamage and fatigue (Malekipour et al., 2019; Seref-Ferlengez et al., 2015; Topoliński et 

al., 2011b). We found that within a training loop, all our specimens failed during gallop loads 

when exhibiting the highest REL. This result is consistent with the observations in live horses 

where catastrophic skeletal failure most commonly occurs during high-speed galloping 

(Georgopoulos and Parkin, 2017).  

 We also found a significant difference in the relative energy loss between cool-down 

and warm-up for a gait within a training loop (Figure 6-5). We are not aware of studies on bone 

comparing relative energy loss between loading sequences similar to warm-up (low to high 

load magnitude) and cool-down (high to low load magnitude). The difference in REL between 

warm-up and cool-down may be partly due to accumulation of fatigue damage. Cool-down 

comes after warm-up, therefore the SCB has always undergone more cycles of load in cool-

down than in warm-up within each loop. However, research studies on metal materials have 

demonstrated a difference in fatigue behavior between different loading sequences. When one 

group of metal specimens was subjected to a low-to-high load magnitude sequence and another 

group was subjected to a high-to-low load magnitude sequence the group with low-to-high load 

magnitude sequence had lower energy loss and longer fatigue life than the group with the high 

to low load magnitude sequence (Meneghetti et al., 2015; Sih and Jeong, 1990; Walter et al., 

2008). Therefore, there may be a direct effect of loading sequence on the fatigue life of 

materials, including biological materials, which warrants further investigation.  

We observed an increase in SCB stiffness in the initial part (during walk in warm-up) 

of the first loop. Martig et al. have  shown a similar change in stiffness at the start of a fatigue 

test using repetitive loads of constant magnitude and frequency (2019, 2013; Topoliński et al., 

2012). In addition, we observed an increase in SCB stiffness from walk-to-canter in the warm-

up (phase 1) of the first loop (Figure 6-7a). This is likely due to the viscoelastic properties of 
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the subchondral bone in that with each cycle of compression, the specimen may not recover its 

original length prior to the onset of the subsequent compression cycle so that its length will be 

shortened successively until a steady-state is reached (Linde et al., 1985). The inability of the 

specimen to recover its original length during cyclic loading could potentially lead to this 

increase in stiffness. However, with a further increase in load magnitude and frequency in 

phase 2 of the first loop, we observed a decrease in SCB stiffness (Figure 6-7a). We think that 

it could possibly be the viscoelastic response of SCB which is different at higher load 

magnitudes and frequencies (like in phase 2) than lower load magnitudes and frequencies (like 

in phase 1 and 3). During the penultimate loop before fatigue failure, the greater reduction in 

stiffness in phase 2 can be attributed to the reduced strength due to damage accumulation 

caused by creep and repeated load cycles (Figure 6-7b). Further research should be undertaken 

to investigate the reduction in SCB stiffness in phase 2 during the first loop. 

Previous studies have shown a relationship between the stiffness gradient over loading 

cycles (i.e. change in stiffness with respect to the number of loading cycles) and the fatigue life 

of MCIII SCB and composites under cyclic loads of a constant magnitude and frequency. 

Martig et al. (2019) found that the number of cycles to reach maximal stiffness was positively 

associated with fatigue life. They also observed that specimens with shortest fatigue life had 

an early increase, then a rapid drop in stiffness. In addition, a study of a composite material has 

also shown a relationship between a rapid stiffness degradation rate and shorter fatigue life 

(Peng et al., 2015). We found that specimens that showed an increase in stiffness during phase 

3 of the first loop had a shorter fatigue life than those that showed an early decrease in stiffness 

over the same period (Figure 6-6). Those specimens that underwent an increase in stiffness in 

the first loop were also those that had the highest overall stiffness throughout the loop (Figure 

6-8). Martig et al. found a positive correlation between maximal modulus of MCIII SCB 

specimens and fatigue life (2019) and Malekipour et al. showed that the main predictor of 

MCIII SCB specimen stiffness was the degree of damage present in each. Therefore, the 

difference in behaviour observed in our specimens during the first loop could be due to 

differences in pre-existing fatigue damage burdens.  

To the best of the authors’ knowledge, no previous studies have utilized simulated 

physiological loads of athletes’ training to investigate the pattern of change in stiffness and 

energy loss during the fatigue test. This study has provided insights into how SCB responds to 

physiological loads generated during training. For instance, greater relative energy loss during 

cool-down than warm-up, and high REL under gallop indicating the detrimental effect of gallop 

speeds. That failure occurs at the highest speeds suggests that training and racing programs that 



110 

 

rapidly accumulate greater distances (i.e. too many loading cycles) of high-speed exercise may 

result in increased risk of injury. This has been confirmed by Verheyen et al., (2006). Therefore, 

injury reduction strategies should focus on the highest speed component of a training program. 

Currently our group is investigating the effects of different training programs on performance 

and injury risk in Australia. 

 

6.6.2 The relation between microstructural and mechanical properties of 

subchondral bone 

The association between subchondral bone microstructural and mechanical properties 

is complex. Under quasi-static compressive load, Rubio-Martínez et al (2008) found a weak 

positive correlation between BV/TV and modulus. However, Malekipour et al. (2018) found 

no correlation between BV/TV and modulus when tested cartilage-bone under a cycle of high-

rate compression, whereas when damaged specimens were included a negative correlation 

between BV/TV and modulus was observed (Malekipour et al., 2019). Prior to starting a fatigue 

test, Martig et al. (2019) found a positive correlation between BV/TV of the distal SCB layer 

and modulus but not for the middle and proximal layers of SCB. Under a constant amplitude 

of cyclic loading, higher BV/TV was positively associated with fatigue life of SCB (Martig et 

al., 2019). Similarly, for trabecular bone, BV/TV is the microstructural property with the 

strongest relationship with fatigue life under a constant load amplitude (Fatihhi et al., 2015). 

However, under stepwise increasing compressive cyclic loads, both BMD and BV/TV 

correlated positively with cycles to failure in the trabecular bone just as we observed with the 

subchondral bone (Mazurkiewicz and Topoliński, 2017). This is consistent with subchondral 

bone modeling through increased BV/TV being an adaptive response to cyclic loading, whereas 

subchondral bone remodeling may result in a transient loss of resistance to fatigue due to the 

lower BMD of the new bone it produces.  

 

6.6.3 Limitations 

We acknowledge that creep might have contributed to the damage accumulation that 

lead to failure of MCIII SCB specimens, however, we did not measure creep specifically due 

to limited time and resources. In future studies we plan to investigate how creep contributes to 

the fatigue failure of SCB under simulated physiological loads. 

Cycles to failure of our subchondral bone samples may have been affected by fatigue-

induced microdamage which was below the 9.74 µm resolution of the microCT imaging (Lee 
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et al., 2003). Not all microcracks in equine subchondral bone were detected using microCT at 

a resolution of 4.4 µm (Whitton et al., 2018). In addition Microcracks do not appear in cortical 

bone until it has lost 15% of its initial modulus so assessing the effect of previously 

accumulated fatigue is challenging (Burr et al., 1998).  

In ex vivo mechanical tests, accurately mimicking the degree of constraint provided by 

surrounding bone in vivo is problematic. In the present study, SCB specimens were compressed 

in an unconfined manner which is a recommended method for measuring mechanical properties 

of bone and enables comparison with the literature (Zhao et al., 2018).  

Our small sample size might not be the representative of the population of thoroughbred 

racehorses. The purpose of the current study was to the analysis the fatigue behaviour of SCB 

under physiological loading, however, in future larger numbers will be required to analyse the 

effect of other variables such as age, gender, and training. 

 

6.7 Conclusion 

We studied the fatigue behavior of MCIII SCB under simulated physiological loading 

equivalent to a fast-workout training run of an equine athlete. Our findings support our 

hypothesis that SCB specimens would exhibit the highest energy loss under the most intense 

loads, which are equivalent to those generated at the gallop in a racehorse. Because fatigue life 

is difficult to predict from structural and monotonic mechanical data and performing fatigue 

tests is time consuming and destructive, relative energy loss appears to be a useful indicator of 

fatigue life that can be measured within a single training loop making it an efficient and less 

destructive method for understanding fatigue behavior.  

 

6.8 Source of Funding and Acknowledgement 

This study was funded by Racing Victoria Limited and the Victorian Racing Industry Fund of 

the Victorian State Government and The University of Melbourne. 

 

 

 

 



112 

 

Chapter 7  

7 A preliminary study on mechanical properties and microcracks 

formation in subchondral bone under repetitive loads 

7.1 Introduction  

Fatigue studies on bone tissue have yielded an understanding of the degradation of 

mechanical properties (e.g. strength, modulus, energy loss) and the factors governing the 

fatigue life of bone (e.g. magnitudes of applied load, bone volume fraction (BV/TV), Tissue 

mineral density (TMD)) (Martig et al., 2019, 2013; Topoliński et al., 2011b) (Burr et al., 1998; 

Nicolella et al., 2011; Yeni et al., 1998) (Pattin et al., 1996). The mechanical properties of bone 

degrade under fatigue, due to the damage to the bone in the form of microcracks caused by 

repetitive loads (Fondrk et al., 1999). Researchers have employed various tools and methods 

to monitor the crack formation and propagation during fatigue tests, where the measurement of 

mechanical properties and application of dyes are standard techniques (Brien et al., 2005; Sun 

et al., 2010). However, the process of using a dye is cumbersome, requires extensive efforts in 

embedding and sectioning, and is limited to the number of times it can be applied to a specimen. 

Also, the measurement of modulus provides information about the degradation of bone but not 

about the formation and propagation of microcracks. Other techniques have recently gained 

popularity in monitoring microcracks, such as acoustic emission (Agcaoglu and Akkus, 2013), 

surface strain measurements (using digital image correlation) (Dendorfer et al., 2009), and 

micro-CT imaging (Dubois et al., 2014; Fíla et al., 2020). However, most studies lacked in 

real-time monitoring of microcracks (Dendorfer et al., 2009). Similarly, in the previous chapter, 

microcracks were analysed after fatigue failure, not intermittently between repeated simulated 

training. Fíla et al. (2020) attempted to detect microcracks by performing micro-CT 

intermittently during fatigue test, however, the relationship between history of modulus or 

energy loss and development of microcrack were not analysed.  

In the present study, we used micro-CT intermittently between simulated fast-workout 

trainings (or fatigue tests) to monitor microcracks in the SCB specimens. This was achieved 

by providing realistic time period between two repeated simulated trainings and the period was 

set similar to the realistic resting period between two workouts of racehorses, which is 

approximately 24 hours or more. In addition, the images of the surface of the specimens were 
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captured in real-time, this was done to detect surface crack (henceforth, will refer them as ‘real-

time surface images’). We hypothesized that SCB specimens would withstand at least one 

repetition of a fatigue test which simulates one fast workout day. The purpose of this study was 

to test SCB specimens under fatigue to detect microcrack due to single simulated fast-workout 

training, but not to test the specimens to the fatigue failure, unlike the study in the previous 

chapter.  

 

7.2 Method 

7.2.1 Specimen preparation 

We collected five specimens from left and right metacarpal condyles of five racehorses 

within 24 hours of death or euthanasia and froze them at -20◦C. Cylindrical SCB plugs (n=5, 

diameter = 6.64 ± 0.04 (mean ± Std) mm, length = 7.32 ± 0.31 mm) were extracted from 

metacarpal lateral condyles using a core drill bit and stored at -20◦C. Specimen volume was 

calculated based on mean diameter and cylindrical length which was measured using a caliper. 

Actual density was calculated by ρ=m/v; m=mass in gram, and v=volume in cm3) (Sharp et al., 

1990) and found to be 2.37 ± 0.16 gm/cm3 (n=5). 

7.2.2 Mechanical testing 

A custom-built acrylic plastic chamber (Length = 38 mm, Width = 40 mm, Height = 29 

mm) was filled with calcium buffered 0.9 % saline solution (0.154 M NaCl and 1.381 mM 

CaCl2) to keep specimens hydrated during mechanical tests and was attached using a threaded 

pin to the lower platen of a mechanical testing system (ElectroForce 3510, TA Instrument, 

USA) (Figure 7-1). The top of the chamber was open to allow the stainless-steel impactor to 

enter the chamber and compress the specimen (Figure 7-1). The impactor movement was 

controlled and monitored using WinTest software (version 7, TA Instrument, USA). All the 

mechanical tests were performed under unconfined boundary conditions. 



114 

 

 

Figure 7-1: Experimental set-up for mechanical testing 

At the beginning of each test, specimens were preconditioned with 50 cycles of compressive 

stress at 11.62 MPa. The compressive stress during preconditioning remained below 10.33% 

of the compressive yield stress for the MCIII lateral condyle to avoid damage to the specimens 

(113.1 MPa (Martig et al., 2013; Moore and Gibson, 2004; Rubio-Martínez et al., 2008)). 

Preconditioning was followed by 2000 seconds wash-out period, during this period, no test was 

performed, and the specimen was left in calcium buffered saline solution to keep it hydrated. 

This was followed by a creep-recovery test. 

Creep-Recovery (CR) Testing Protocol: 

 

Figure 7-2: Diagram to illustrate the loading history applied to the specimen 
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In CR test, the specimen was loaded in compression up to 12.5% (11.62 MPa) of the highest 

load in gallop speeds (equivalent to 93 MPa) and was held at that load level for 2000 seconds 

under creep. This was followed by unloading and recovery for 2000 seconds (Figure 7-2). This 

low level of the load in CR test was selected based on previous studies which found the stress 

level of up to 18% of 113.1 MPa (the compressive yield stress of the lateral equine metacarpal 

condyle) to be non-damaging to MCIII SCB samples (Martig et al., 2013; Moore and Gibson, 

2003).  

A fatigue tests simulating a fast workout day 

Specimens were subjected to a sequence of varying load amplitudes and frequencies similar to 

what occurs physiologically during a fast workout of an equine athlete. The running speeds and 

corresponding distance were obtained from the training data of racehorses. In Figure 7-3a, the 

cumulative distance is plotted against the forward running speed and the dashed line shows the 

estimated compressive contact stress in an MCIII joint (Harrison et al., 2013). For a fatigue 

test, we selected only a part of the whole training (as highlighted in Figure 7-3a). This was 

because it covers the entire range of running speeds that occur in a fast workout. Also, the 

duration of the selected part was short enough to record the high-resolution images of a surface 

of specimen continuously in real-time.  

A fast workout day was simulated using a waveform signal block, comprised of a series of 

compression-compression sinusoidal load cycles (Figure 7-3b). The number of load cycles was 

estimated based on the distance covered under each gait/speed and corresponding stride lengths 

(Table 7-1) (Morrice-West et al., 2020). 
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Figure 7-3: Top - (a) Forward running speed (m/sec) versus cumulative distance during the training of equine 

athlete and estimated compressive contact stress (MPa); Bottom – (b) A waveform signal block simulating a fast 

workout day of the training 

 

Table 7-1: The data from the below table were used to estimate the fatigue loads 

Gaits Walk Trot Canter 
Slow 

gallop 

Fast 

gallop 
Top Speed 

Speed m/sec ~1.4 ~3.6 ~7.5 ~13.3 ~16.8 ~20.3 

Stride length (Meters)* 1.5 2.6 4.2 6.0 7.0 7.8 
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Contact Pressure (C.P) (MPa)** 

(Harrison et al., 2013)  
32 54 61 83 91 99 

Stride Frequency (Hz)# 0.9 1.4 1.8 2.2 2.4 2.6 

* (Hodson et al., 2000; Witte et al., 2006; YAMANOBE et al., 1992) 

** (Harrison et al., 2013) 

# (Nankervis et al., 2007; Ratzlaff, 2019; Witte et al., 2006; YAMANOBE et al., 1992). 

To summarize the sequence of mechanical tests in a day, preconditioning was followed by a 

2000 seconds wash-out period, a CR test, a fatigue test simulating a fast-wokout day, a CR test, 

and micro-CT scan. Also, during fatigue test, a camera lased with macro lens, was employed 

to record high-resolution images of a surface of specimen in real-time. This was done to detect 

formation of surface crack. Each sequence was repeated three times on a different day, shown 

in figure below (Figure 7-4). 

In the present study, we investigated results from fatigue test, real-time surface images, and 

micro-CT scans.  

 

Figure 7-4: Operational sequence of the experiments 

 

7.2.3 Micro-Computed Tomography 

The Specimens were scanned at room temperature with a micro-CT scanner (µCT50; 

Scanco Medical, Switzerland). During scanning, specimens were kept hydrated with a drop of 

0.9% saline solution. Images were acquired with a 4 µm pixel size and the intensity of X-ray 

was set to 70 kV at 200µA and integration time of 1050 ms. A phantom of known Calcium 

Hydroxyapatite (CaHA) concentration was used to calibrate µCT Tomography (Version: 6.4.-

2; Scanco Medical) for calculating bone volume fraction (BV/TV), tissue mineral density 

(TMD, mg HA/ccm), and bone mineral density (BMD). To process the images, the lower 

greyscale value of the VOI was set visually to best match the original greyscale image. The 
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upper value was set at 255 for all VOIs. The mean ± Std of TMD and BV/TV for specimens 

was found to be 0.91 ± 0.03 gm/cm3 and 89.68 ± 6.31 % respectively (n=5).  

7.2.4 Data Analysis 

Young’s modulus was calculated for all load cycles using the raw output data (load and 

displacement history) from the mechanical testing system (ElectroForce 3510, TA Instrument, 

USA). Load history was divided by the cross-sectional area of each specimen to calculate 

stress. The engineering strain was calculated by dividing the change in the length of the 

specimen during a loading cycle by the original length of the specimen. Young’s modulus of 

each loading cycle was calculated by running a MATLAB script using the least square fit. The 

slope of the fitted line was reported as Young’s modulus of the specimen. 

The energy absorbed by a specimen during a cycle, 𝑊𝑎(area under the loading curve, 

i.e. area abcda, Figure 7-5) was found by trapezoidal numerical integration of the loading part 

of the stress-strain curve for each loading cycle (Figure 7-5). The energy loss (normalized 

hysteresis) for each cycle (𝑊𝑙𝑜𝑠𝑠) was determined by calculating the area enclosed by loading-

unloading of the stress-strain curve (i.e. area abcda in Figure 7-5). By taking the ratio of 𝑊𝑙𝑜𝑠𝑠  

to 𝑊𝑎 , relative energy loss (REL, or Normalized hysteresis) was calculated for all loading 

cycles. 

Relative Energy Loss (REL)(%) =
𝑊𝑙𝑜𝑠𝑠

𝑊𝑎
X100 

 

Figure 7-5: A typical stress-strain curve under the creep-recovery test for a third metacarpal subchondral bone 

specimen indicating the area of the curve used to calculate energy absorbed and energy loss 

7.2.5 Statistical analysis 

We tested the modulus and energy loss for normality first using the Ryan-Joiner 

method. Two mixed effect models were fitted for response variables separately. BV/TV was 

treated as a random factor to consider variation between specimens. Material characterization 
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tests were assigned categorical numbers (1 to 6) to consider the sequence of CR tests. The 

numbers assigned to creep-recovery tests were treated as a fixed factor. Restricted maximum 

likelihood (REML) was selected as the estimation method for the mixed effect model. Tukey's 

multiple comparison test was used to determine which means amongst a set of means differ 

from the rest. For comparison between two groups (i.e. failed and not-failed specimens), we 

used the non-parametric test of Mann-Whitney. Minitab (version 18.1, Minitab Inc, PA, USA) 

was used to perform data analysis. 

 

7.3 Results: 

Specimens were tested under fatigue tests and each of them completed at least one 

fatigue test. After the first fatigue test, microcracks were observed in the micro-CT images of 

samples 1 and 2 (Figure 7-6). These two samples failed during the second fatigue test 

(hereafter, samples 1 and 2 will be referred to as ‘failed’) whereas the other three samples 

continued to complete the second and third fatigue tests (samples 3, 4, and 5: ‘not-failed’). 

After each fatigue tests, microcracks were not observed in the micro-CT image of ‘not-failed’ 

specimens. 

From the real-time surface images of ‘failed’, we observed surface crack at about the ~183rd 

load cycle during the first fatigue test (Figure 7-7) (Note: a fatigue test had 323 load cycles). 

In ‘not-failed’ specimens, we could not observe any surface cracks during any of the fatigue 

tests. 

Under CR test, the energy loss was increased by 70.1 ± 22.2 % (mean ± Std) in ‘failed’ after 

fatigue test; while in ‘not-failed’, the energy loss was increased by 32.3 ± 35.3 % (Table 7-2, 

Figure 7-8). This increase in energy loss did not differ between ‘failed’ and ‘not-failed’ 

specimens (p = 0.38). Overall, there was also no significant change in energy loss and modulus 

under CR tests after fatigue tests (n=5, Table 7-2). 

The percentage change in the modulus and REL were calculated during fatigue tests, 

based on the observations from plots in Figure 7-9. During the first fatigue test, between 78th -

209th load cycles, ‘failed’ specimens e hibited a decrease in modulus by -50.6±21.3 %, whereas 

‘not-failed’ e hibited a 10.5±4.6 % increase in modulus (Table 7-3).  
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Figure 7-6: (A) Sample 1 - Scanned Micro-CT images before and after first fatigue test; (B) Sample 2 - Scanned 

Micro-CT images before and after first fatigue test 

 

(B) 

(A) 
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Figure 7-7: Top - Real-time surface images of sample 1 during the first fatigue test at load cycles index – 65, 

90, 183, and 300; Middle - GreyScale images processed with colormap for better visual of surface crack; 

Bottom - Real-time surface images of sample 2 during the first fatigue test at load cycles index – 65, 90, 183, 

and 300 [Note: the images couldn’t be converted to colormap due to out of focus region] 
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Figure 7-8: Increase in energy loss (%) under CR test post the first fatigue test in failed and not-failed samples 

 

Table 7-2: Multi-Pairwise comparison of the modulus and energy loss under CR test# 

Tests n Modulus (GPa) Energy Loss (×104, Jm-3) 

CR Test – Pre 1st Fatigue test 5 1.76 ± 0.38 3.06 ± 1.36  

CR Test – Post 1st Fatigue test 5 1.68 ± 0.45 4.80 ± 3.10 

CR Test – Pre 2nd Fatigue test 5 1.97 ± 0.62 4.00 ± 3.42 

CR Test – Post 2nd Fatigue test 3 2.08 ± 0.07 2.74 ± 0.36 

CR Test – Pre 3rd Fatigue test 3 2.46 ± 0.43 2.09 ± 0.70 

CR Test – Post 3rd Fatigue test 3 2.28 ± 0.12 2.62 ± 0.20 
Note: None of the pairs of mean is significantly different. 

 

Table 7-3: % change in modulus and REL (Mean ± Std) of ‘failed’ and ‘not-failed’ specimens during fatigue tests 

(Note: a fatigue test had 323 load cycles) 

  Failed Not failed 

Fatigue test Load cycle range Mod (%) REL (%) Mod (%) REL (%) 

1st 1-78  45.3±18.8 -3.4±2.9 44.4±5 -3.6±1.4 

 78- 209 -50.6±21.3 17±7.3 10.5±4.6 3.1±1.2 

 209- end 33.7±6.9 -21.5±0.8 -40.8±6.7 -4±1.9 

      

2nd 1- 78  33.4±28.1 -8.7±2.6 33.5±5.5 -12.4±0.8 

 78- 209 NA NA 8.7±2.8 2.9±0.4 

 209- end NA NA -27.3±2.3 -6.1±1.8 

      

3rd 1- 78  NA NA 35.2±3.8 -3.8±1.4 

 78- 209 NA NA 4.8±2.3 2.5±0.4 

 209- end NA NA -20.8±6.6 -6.9±2 
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Figure 7-9: Left Y-axis – (A) Modulus and (B) REL; Right Y-axis –stress amplitude (MPa) vs Cycle index (in the 

sequence of stress amplitude during a fatigue test) 

 

7.4 Discussion 

In this study, we tested SCB specimens under a fatigue test that simulates a fast workout 

day. The microcracks in specimens were monitored using micro-CT and real-time surface 

images. All specimens have withstood at least one fatigue test without fatigue failure, hence 

supporting our hypothesis that SCB specimens would withstand at least one repetition of a 

fatigue test which simulates one fast workout day. Out of five specimens, two specimens failed 

(A) 

(B) 
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during the second fatigue test and the rest of the three specimens completed all fatigue tests 

without fatigue failure. 

Mechanical behaviour of SCB  

We anticipated that specimens would withstand up to and including the highest stress level 

within one fatigue test, based on the fatigue life of similar type of specimens tested at a stress 

level equivalent to gallop speeds (Martig et al., 2013). Moreover, the maximum applied stress 

magnitude during tests was lower than 83% of the stress that is required to fracture equine 

MCIII SCB in a quasi-static loading condition (Rubio-Martínez et al., 2008). All specimens 

behaved as we expected having completed at least one fatigue test. 

During the first fatigue test, all specimens exhibited an increase in REL with an increase in 

load magnitude. Topoliński et al. (2011) attributed the increase in the energy loss of their 

specimens to an increase in load magnitude and fatigue damage accumulation. We observed 

an increase in energy loss when the loads increase, and a decrease in energy loss when loads 

decrease (Figure 7-9), which is consistent with the direct relationship between changes in load 

and energy loss. During the first fatigue test, the mean of REL in ‘failed’ specimens was higher 

than ‘not-failed’ specimens (Figure 7-9). Similar to our previous findings (Chapter 6), 

specimens with a high REL have lower fatigue life when compared to specimens with low 

REL. However, in this study the difference between mean REL of ‘failed’ and ‘not-failed’ 

specimens were not significant (p=0.15) due to the low sample size. 

At the start of the first fatigue test, all specimens showed an increase in modulus until the 78th 

load cycle (from load amplitude of 58 to 78 MPa). Martig et al. have observed a similar change 

in modulus at the start of a fatigue test using repetitive loads of constant magnitude (2019, 

2013; Topoliński et al., 2012). This is likely due to the endplate effect (Keaveny et al., 1997, 

1993b) and viscoelastic properties of the SCB which cause shortening of the specimen after 

each compression-compression load cycle (Linde et al., 1985), this viscoelastic behaviour 

could have potentially lead to an increase in modulus. However, as the fatigue test progressed, 

with a further increase in load amplitude (from load magnitude of 78 to 93 MPa (equivalent to 

gallop speed)), ‘failed’ specimens e hibited a rapid drop in modulus. This can be attributed to 

the reduced strength due to damage accumulation caused by creep and repeated load cycles in 

‘failed’ specimens. 
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Interestingly, as the load magnitude decreased after the 209th load cycle (load magnitude from 

81 to 34 MPa), ‘failed’ specimens e hibited an increase in modulus, in contrast, ‘not-failed’ 

exhibited a decrease in modulus. This observation was similar to what we observed in the 

specimens of group ‘A’ in the previous chapter’s study. The difference in the mechanical 

behavior of ‘failed’ and ‘not-failed’ specimens, may be potentially due to the varying degree 

of fatigue damage accumulation between them. There is also the possibility that saline solution 

might have entered inside the pores of bone through the opening of surface cracks and resulted 

in an increase in modulus, which would require further study.  Nevertheless, monitoring fatigue 

tests using real-time surface images have advanced our investigation in the mechanical 

behaviour of SCB under repetitive loads. 

In the second fatigue test, ‘failed’ specimens e hibited a sharp drop in modulus and an 

exponential increase in REL before fatigue failure, whereas in the ‘not-failed’ specimens they 

remained largely unchanged in the second and third fatigue tests.  
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Figure 7-10: Micro-CT scans of specimens before the experiments: (Top) - The coronal section at the center of 

specimens, top row show for failed-specimens and the bottom row shows for not-failed specimens; (Bottom) - 

Axial section A-A 

 

Monitoring microcrack and mechanical properties 

The CR tests, micro-CT, and real-time surface images have provided important visual evidence 

into mechanical behaviour and its relationship with the crack formation in SCB specimens. 

From CR tests, we found that the energy loss was increased post first fatigue test, in both 

‘failed’ and ‘not-failed’ specimens but relatively higher in ‘failed’ (Table 7-2, Figure 7-8). This 

may be due to microcracks in the ‘failed’ specimens (Figure 7.6). The real-time surface images 

have also clearly shown the development of surface cracks in ‘failed’ specimens which further 

corroborate why energy loss in ‘failed’ is higher than ‘not-failed’ (Figure 7.7 and 7.8). 

Malekipour et al. (2019) have also reported higher energy loss in damaged MCIII SCB 

specimens using a single load cycle in a strain-controlled manner.  

Dendorfer et al. (2009) tested bone under repetitive loads and mapped the surface strain using 

digital image correlation. They reported the evolution of strain as a function of the number of 

load cycles, and found a match between the localized strain and surface crack. Similarly, Fila 

et al. (2020) used a time-lapse micro-CT analysis to study microcrack intermittently after every 
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1000th load cycle. However, both these studies did not report modulus and energy loss, 

moreover, the applied load cycles were not representative of physiological loads. In our study, 

we found a rapid drop in modulus and an increase in REL just before (at about 78th load cycle, 

Figure 7-9) surface crack appeared, using real-time surface images. Therefore, it is likely that 

the crack might have formed inside the specimen before it appeared on the surface. 

Analysing the microstructural properties of SCB specimens, we found that among ‘failed’ 

specimens, sample 1 had lower BV/TV when compared to ‘not-failed’ specimen (sample 3, 4, 

and 5) (Figure 7-10), and sample 2 had relatively higher BV/TV than sample 1. The lower 

BV/TV of Sample 1 and its failure in the second fatigue test supports the positive relationship 

between BV/TV and fatigue life as found in chapter 6. On the contrary, sample 2 has relatively 

higher BV/TV but low fatigue life. When we looked carefully at the micro-CT scans of sample 

2 (Figure 7-10), we noticed abnormalities in the microstructure at approximately 1.4 mm from 

the articular surface. This seemed to occur due to bone resorption (Figure 7-10), therefore, this 

region might have pre-existing defects which possibly resulted in early fatigue failure of sample 

2. 

Limitations: 

A major limitation of this preliminary study is the small sample size. Although we could not 

detect any crack in ‘not-failed’ specimens after three fatigue tests yet the e istence of 

microcracks with size below than that of resolution of micro-CT images (4µm) might have 

gone undetected or influenced by beam artefacts. During CT scan, we attempted to reduce 

beam-hardening, Poisson noise by applying beam hardening correction factor (51%, Martig et 

al. (2018) applied similar correction factor for the similar-sized SCB specimens), defining the 

boundary of Volume Of Interest away from specimen’s boundaries, calibrating with vendor-

specific phantom, increased tube current mA (though reduce the life span of X-ray filament), 

and applied median filter. To lower the partial volume effect, we attempted to keep high 

resolution but was limited due to high computational requirement. Another limitation of this 

study is unconfined compression which lacks in representing in vivo boundary conditions. Two 

third of the compression tests are performed in an unconfined manner which is consistent for 

comparison with literature (Patel et al., 2019). In addition, SCB specimens were tested in the 

absence of cartilage which does not represent in vivo structural organization where cartilage is 

connected to underlying SCB thru the calcified cartilage layer. However, we choose to remove 

cartilage since it offers a consistent comparison with rare SCB fatigue studies (Martig et al., 
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2013; Topoliński et al., 2011b). Finally, this study did not analyse the viscoelastic behaviour 

of the SCB and its effect on fatigue life, which could be seen in the creep-recovery tests. 

 

7.5 Summary 

In this study, we employed the micro-CT imaging technique and recorded real-time 

surface image during fatigue test to investigate the change in mechanical properties and 

monitor the formation of microcracks in SCB. We were able to detect microcracks in the 

specimens using micro-CT images and real-time surface images prior to fatigue failure. We 

also found higher energy loss in ‘failed’ specimens than those ‘not-failed’. However, the 

sample size in the current study was insufficient to detect a statistically significant difference 

between ‘failed’ and ‘not-failed’ specimens. 
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Chapter 8  

8 Future works and conclusion 

The main focus of this thesis was to advance our knowledge of the mechanical behaviour of 

Subchondral bone (SCB) under single trauma/impact and repetitive loads. This chapter 

presents the future works and concluding statements. 

 

8.1 Future work – effect of cartilage lesion on the superficial and deep Subchondral 

bone  

In chapter 4, the study included the investigation of elastic mechanical properties before 

and after cartilage lesion. We think that to obtain additional insights into how cartilage lesion 

affect joint degeneration and what is the role of SCB, a further investigation of post-elastic 

properties such as yield strain, plastic strain, and formation of cracks should be a part of our 

future studies. A recent study by Malekipour et al. (2018) showed that two regions of interest 

in SCB, Superficial Subchondral Bone (SSB, i.e. 2-3 mm from cartilage-calcified cartilage 

interface) and Deep Subchondral Bone (DSB, i.e. 3-5 mm from cartilage-calcified cartilage 

interface), have distinct mechanical behavior under the single impact. Moreover, a region of 2-

3 mm from cartilage-calcified cartilage interface is a common site of fatigue injury (Muir et 

al., 2008). In our research work in chapter 4, the entire height of the specimen was about 8 mm 

and we did not differentiate the SCB into SSB and DSB. Therefore, further investigation is 

needed to understand how cartilage lesion alters the load-transfer mechanism in SSB and DSB 

regions. To do this, 3D-DIC system and acoustic emission measurement techniques can be 

added to gain new insights. A 3D-DIC system can provide microscopic measurement by 

quantifying non-planer local and global deformations on curved and planer surfaces, which 

might result due to anisotropy or even a damage in specimen (Ning et al., 2010; Ottenio et al., 

2015; Sutton et al., 2006). In addition, acoustic emission technique can be used to locate the 

crack inside the specimen (O’Toole et al., 2013). We think that combining 3D DIC-system 

with acoustic emission measurement, would assist in a detailed investigation of damage 

mechanism in SSB and DSB regions, in particular the time and location of the formation of 

microdamage along with full-field strain map.  
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This future work can be enhanced further by overcoming the existing experimental set-up 

limitations. We have performed compression tests with platens which might have influenced 

the absolute value of modulus due to systematic errors (Keaveny et al., 1997), but not the 

relative results which was the main focus of our study (Homminga et al., 2002). Nevertheless, 

we would include four non-contact extensometers, placed at equal distance around the 

cylindrical specimen, to remove the influence of end-artefacts and potential misalignment of 

load direction and the axial axis of the specimen on measurements (Marter et al., 2018). Elastic 

modulus has been reported for cartilage and SCB in this thesis, we think that including 

calculation of flow-dependent (poroelastic) and flow-independent (viscoelastic) properties can 

further enhance our understanding of comprehensive mechanical behaviour. Damage in SCB 

was identified with a careful visual inspection of all slices of CT images, we think the detection 

of microdamage can be further enhanced with radiopaque stain or enhanced normal contrast 

mode (Lambers et al., 2013; Whitton et al., 2018; Yu et al., 2016).  

 

8.2 Future work – whole joint study under repetitive physiological loads 

In the present study, a cylindrical specimen was tested under unconfined compression. 

This is one of the limitations of our fatigue studies as the specimen does not mimic a whole 

joint. We think that testing a cross-section of the whole metacarpophalangeal joint under the 

physiological fatigue test will provide new insights into the strain fields in distal and proximal 

regions of subchondral bone and trabecular bone (Guterl et al., 2009). Moreover, testing the 

whole joint to fatigue failure would add to understanding of, where the crack originates in joint 

and how it propagates. The strain field and crack evolution can be monitored using the 2D/3D-

DIC system and acoustic emission measurement techniques. 

 

8.3 Concluding statements 

This thesis comprises comprehensive studies on the mechanical behaviour of SCB 

under single impact/trauma and repetitive loads. This work has provided practical and 

methodological contributions to the body of knowledge through journal publications and 

presentations at international conferences. The technique of digital image correlation enabled 

us to quantify the changes in the mechanical behaviour of cartilage and underlying SCB 

separately in the presence of severe cartilage lesions. A new fatigue testing protocol was 



131 

 

developed to gain insights into the mechanical behaviour of SCB under simulated physiological 

loads. Further, micro-CT and real-time surface image acquisition were added to the new fatigue 

testing protocol to study microcracks. The results, limitations, and recent literature have aided 

in the identification of the future works which would further enrich our understanding of the 

mechanical behaviour of SCB and how it contributes to the pathogenesis of joint diseases. 
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Supplementary material 

Supplementary Table A. Results of the Cox proportional hazards models for failure of equine subchondral bone at two-time units (cycles to failure; loops to failure). Hazard 

ratios (HR) and their 95% confidence intervals (95% CI) are presented (N=12). 

Variable Cycles to failure 

(mean ± s.d.) 

HR (95% CI) P Value Loops to failure 

(mean ± s.d.) 

HR (95% CI) P Value 

Age       

2 years 74831 ± 70052 1.00  20.6 ± 18.7 1.00  

3 years 47556 ± 31521 2.34 (0.68, 8.07) 0.177 13.3 ± 8.4 1.56 (0.63, 3.86) 0.335      

4 years 128902 0.46 (0.15, 1.40) 0.171   35 0.57 (0.29, 1.12) 0.105      

Angle of crack       

0 degrees 10948 ± 16035 dnc - 3.5 ± 4.4 1.00  

45 degrees 99894 ± 48112 dnc - 27.3 ± 12.9 0.10 (0.02, 0.45) 0.002      
Gait a       

Rest - 1.00  - 1.00  

Walk - 0.94 (-, -) - - 0.03  (-, -) - 

Trot - 0.53 (-, -) - - 0.18  (-, -) - 

Canter - 1.00 (omitted) - - 8.22e-12 - 

Slow gallop 61574 ± 52205 779.72 (-, -) - 17 ± 14.0 11.92 (0.21, 690.42) 0.232 

Fast gallop 87588 ± 75696 3.67e+07 (-, -) - 24 ± 20.2 0.00 (-, -) - 

p-value   <0.001   0.003 

BVTV (%) - 0.77 (0.63, 0.95) 0.013      - 0.72 (0.68, 0.76) <0.001      

TMD (kg/m3) - 0.95 (0.93, 0.98) <0.001 - 0.96 (0.92, 0.99) 0.024      

Time-varying covariates       
Pre-load stress - 2.08 (0.17, 25.66) 0.567     - 0.68 (0.12, 4.04) 0.673      

Peak stress - 0.94 (0.91, 0.98) 0.001 - 1.15 (1.04, 1.28) 0.009      

Energy absorbed (*1000) - 0.99 (0.97, 1.01) a 0.246 - 1.01 (1.01, 1.02) 0.001 

Energy lost (*1000) - 0.98 (0.95, 1.01) a 0.123 - 0.51 (0.29, 0.92) a 0.025 

Relative Energy Loss 

(REL)  - 1.06 (1.02, 1.11) 

0.004 

- 

1.11 (1.02, 1.21) 0.012 

Initial Young’s modulus  - 1.00 (1.00, 1.00) 0.097 - 1.00 (1.00, 1.00) 0.223 

Young’s modulus  - 1.00 (0.99, 1.00) 0.008 - 1.00 (1.00, 1.00) 0.062 

Time-varying interaction       

Energy absorbed (*1000) - 1.00 (1.00, 1.01) 0.041 - - - 

Energy lost (*1000) - 1.00 (1.00, 1.01) 0.033 - 1.12 (1.02, 1.23) 0.022 
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a Time-varying covariate effects significantly interacted over time. The HR at time zero is lower for greater energy absorbed but increases by 0.002% at each cycle. The HR at 

time zero is lower for energy lost but increases 0.004% at each cycle. 

 

Supplementary Table B: The linear mixed-effect model was generated, and Fishers Least Significant Difference method was used to compare REL (mean ± standard deviation) 

for all gaits during the first loop, the loop completed before failure and loop in which the specimen failed. Different letters indicate significantly different values at P<0.05. 

 Walk Trot Canter Slow Gallop Fast Gallop Slow Gallop Canter Trot Walk 

Warm-up Cool-down 

First Loop 8.0±2.0 F 10.4±3.8 D 11.2±4.0 D 19.2±7.3 A 20.5±8.0 A 20.8±8.4 A 16.4±6.5 B 14.2±5.6 C 9.0±2.6 E 

Loop 

completed 

before failure 

9.6±1.7 G 15.2±3.9 F 17.5±4.7 E 26.0±5.9 C 28.9±6.1 A B 30.3±5.8 A 25.6±4.4 B C 22.6±3.7 D 14.3±2.7 F 

Loop failed-in 10.9±2.0 E 17.6±3.3 D 20.3±3.7 C 32.0±5.2 B 35.9±3.4 A 41.1±3.6 A -- -- -- 

 

 

Chapter 4’s supplementary material - 

 

The thesis reviewer has provided suggestions to improve the thesis which we could not add into chapter 4 since it is published. Therefore, the 

suggestion from the reviewer and respective change is added into supplementary material. [Note: underlined text represents the change.] 

 

Section 4.4.4 at page 80 

 

Stress was calculated using the cross-sectional area of the specimen (when unloaded) and the load data received from the Instron machine. 

 

Section 4.4.4 at page 81 

 

Area a’b’c’e’a’ (energy dissipated by bone) and Area a’b”c”e”a’ (energy dissipated by cartilage)). The relative energy loss was found as the 

percentage of the energy loss divided by Wa,max. 
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Chapter 6’s supplementary material - 

 

The thesis reviewer has provided suggestions to improve the thesis which we could not add into chapter 6 since it is published. Therefore, the 

suggestion from the reviewer and respective change is added into supplementary material. [Note: underlined text represents the change.] 

 

 

Section 6.6.2 at page 110 

 

 

The relationship between mechanical properties and BV/TV is well established by Carter and Hays (1977; 1976) and Rice et al. (1988), however, 

these studies were on Human or Bovine compact and trabecular bone, but not on equine subchondral bone. There are very few studies on equine 

subchondral bone. Within these studies, a complex relationship between BV/TV and mechanical properties is found. Therefore, extrapolating 

results from studies on the compact and trabecular bone of human/bovine to the equine subchondral bone, cannot be justified. In the next paragraph, 

the relationships between microstructural properties and mechanical properties of equine MCIII subchondral bone are comprehensively discussed.
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