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Abstract 

Purpose: Osteophytes are osteo-cartilaginous metaplastic tissue outgrowths of bone capped by 

cartilage usually found in degenerative and inflammatory joint disease. The presence and degree 

of maturity of osteophytes, along with joint space narrowing, are the main radiographic criteria 

for diagnosis and grading osteoarthritis (OA). Although osteophytes are known for being 

anatomic signs of advanced OA, they can occur in non-symptomatic joints, in joints with no other 

observable alterations, and in early stage OA. It remains unclear if they develop from molecular, 

physiological and/or mechanical stimuli. We hypothesized that mechanical strains play a role in 

osteophyte development. The overall objective of this thesis was to find evidence that osteophytes 

are influenced by mechanical strains.  

 

Methods: The first project was to develop a mechanically-induced osteophyte animal model. One 

single impact load that was reported to induce moderate joint damage was applied to the 

periosteum of the rat knee. Animals were sacrificed at four time points to characterize the 

evolution of damaged tissue and the joint by histology. A second study using human mature hip 

osteophytes was conducted to evaluate if mature osteophyte presented histological signs of 

proliferating and developmental processes. The histological characterization of mature osteophyte 

was used to compare findings of the mechanically-induced osteophyte in the animal model to 

validate the use of this rodent model in studying some aspect of osteophyte development of 

human. Lastly, a detailed three-dimensional (3D) radiological morphometric analysis was 

performed on microscopic computed tomography (µCT) scanned femoral heads collected from 

total hip arthroplasty patients presenting mature hip osteophytes. Quantitative morphometric 

measures of osteophytes internal structure was compared to three regions of the femoral head of 

known quality of organisation and mechanical constraint.   
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Results and Conclusion: Osteophyte can be mechanically induced by a single load impact to the 

joint periosteum, indicating that a moderate trauma to the periosteal layer of the joint may play a 

role in osteophyte development. Mature osteophytes have proliferation, developing and 

remodelling zones and have trabecular structures. Mechanically-induced osteophytes and mature 

osteophytes presented similar histological composition. Mature osteophytes have organized 

internal structure. These results provide evidence that mechanical strain can influence osteophyte 

development. 
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General Introduction 
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1.1 Osteoarthritis: a global burden   

The aging population will continue to put an increasing burden on the health care system. The 

Canadian Institute for Health Information reports that the expenses for health care concentrates 

among the elderly [1]. This is particularly true in orthopaedic surgery, where age-related 

osteoarthritis (OA) cases are common [2]. Today, more than ten percent of Canadian adults are 

affected by OA [3]. Eighty percent of those will experience restriction in their mobility, and 25 

percent will not be able to achieve their daily living activities [4]. Statistics Canada estimates that 

by 2031 there will be nine million people over the age of 65, accounting for 25 percent of the 

population [1]. It is projected that, within the next 25 years, there will be a new diagnosis of OA 

every 60 seconds, resulting in 30 percent of the Canadian-employed labour force having difficulty 

working due to OA [2].  

 

According to the World Health Organization (WHO), OA is one of the ten most disabling 

diseases in developed countries [4]. Ten to fifteen percent of all adults aged over 60 have some 

degree of OA, with prevalence higher among women than men [4]. OA is the single most 

common cause of disability in older adults. According to the United Nations, by 2050 people 

aged over 60 will account for more than 20% of the world’s population and one-third of these 

people will be severely disabled [5]. This means that by 2050, 130 million people will suffer from 

OA worldwide, of whom 40 million will be severely disabled by the disease. 

 

1.2 Definition of Osteoarthritis  

The definition of OA varies widely in the literature. The WHO simply defines OA as a 

degenerative joint disease (arthropathy), which mainly affects the articular cartilage [4]. Other 

trustful resources for medical information and definition such as the Merck Manuals [6] also 

defines OA as a chronic joint disease (arthropathy) characterized by disruption and potential loss 
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of joint cartilage, but are going further in mentioning that it could result in other joint changes, 

such as bone hypertrophy defined as osteophyte formation. These definitions revealed that OA 

was believed to be a disease of cartilage. OA is now considered by the scientific community to be 

a disease of the whole joint, comprised of cartilage, bone and synovium [7]. Indeed, the 

pathogenic characteristics of OA is affecting several tissue of the joint leading to the failure of the 

joint as a whole organ [7–11].  

 

Due to this discordance in the definition of OA, the international leading research group in OA, 

the Osteoarthritis Research Society International (OARSI) called for a standardization of OA 

definitions to aid communication across fields. They define OA as a disorder of mobile joints 

characterized by cellular and extracellular matrix alteration leading to maladaptive repair 

responses: abnormal joint tissue metabolism, anatomic, and/or physiologic derangements such as 

cartilage degradation, bone remodelling, osteophyte formation, joint inflammation, that can lead 

to illness and loss of normal joint function [12]. OA is therefore a progressive and degenerative 

joint disease affecting more than the articular cartilage but all constituting tissue of the affected 

joint; considering the joint as a functional organ.  

 

1.3 Type of Osteoarthritis 

OA is generally classified as primary (idiopathic) OA or secondary OA of a known cause [10]. 

Primary OA is related to aging but not necessarily caused by it. Primary OA is developing in 

previously undamaged joints in the absence of an apparent triggering event: genetically 

determined; inflammatory disease; estrogen hormone dependent; aging related [13]. There are 

strong indications that there is a genetic inheritance factor in Primary OA [14]. Secondary OA 

indicates that a likely cause can be identified and is the results of conditions that change the 

normal structure and function of the joint: including metabolic disorders, anatomic abnormalities, 
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traumatic events, and inflammatory [10]. Distinction between primary and secondary OA is not 

always clear because they feature similar diagnostic and pathological characteristics.  

 

The progression of OA to joint destruction can be a slow or rapid process, such as rapidly 

destructive osteoarthritis (RDO). RDO has been described to mimic infection and septic arthritis 

characterized with a rapid bone loss and almost complete absence of osteophytes [15]. The 

absence of osteophytes was associated with a higher risk of rapid OA progression, potentially due 

to the reduce time for the joint to cope with tissue alteration and deformation [16].  

 

1.4 Pathogenic characteristics of Osteoarthritis  

The joint pathogenic characteristics of OA are alterations of cartilage matrix, morphologic 

changes in subchondral bone (sclerosis), osteophyte formation, inflammation of the synovial 

membrane (synovitis), and weakening of periarticular muscles and ligament [7–11, 17, 18]. The 

radiographic features used to diagnose OA include joint space narrowing, osteophytosis 

(formation of osteophyte), subchondral sclerosis, and cyst formation [10]. The presence and 

degree of maturity of osteophytes, along with joint space narrowing, are the main radiographic 

criteria for currently accepted diagnosis and grading of hip osteoarthritis; osteophytes are both 

currently accepted [19–21] and widely accepted [22] signs.  

 

Joint pain and radiographic features of OA are strongly correlated in load-bearing joints such as 

knees and hips, and less correlated for non-load-bearing joint such as distal interphalangeal joints 

[10]. Osteophytes are specifically correlated with pain as reported by patients [19], that could be 

due to articular impingement, and usually correlated with other joint deformations in advanced 

OA [19, 22–24]. The presence of a radiographically-detectable osteophyte has been reported to be 

a reliable marker to separating patients with OA from those with other joint pain causes [25]. 
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Joint pain alone is not a diagnostic sign for OA, but is the first widely accepted criterion for 

identifying subjects with potential clinical OA; this is supported by the American College of 

Rheumatology [25] and the OARSI communities [26]. The diagnostic tree is therefore a 

combination of pain, radiographic features, and the alteration of joint function.  

 

Although osteophytes are known for being anatomic signs of advanced osteoarthritis [12, 27–29], 

they can occur in non-symptomatic joints, in joints with no other observable alterations, and in 

early stage of OA [29, 18, 30]. Moreover, according to Felson et al., osteophytes, in the knee 

joint, are not necessarily correlated with progression of structural changes but are associated with 

malalignment of the joint [31]. It is mentioned that osteophytes may form at earlier grades of OA 

where other deformation is absent [32]. A patient with osteophytes in the absence of OA would 

be misclassified with this system if the patient had experienced joint pain for most days of the 

prior month. Moreover, osteophyte density and biological composition vary during its 

development [29], compromising its accurate depiction in medical imaging and therefore could 

affect the diagnostic and further medical intervention [33].  

  

1.5 Osteophytes  

Osteophytes are osteo-cartilaginous metaplastic tissues outgrowths of bone capped by cartilage 

usually found at the synovium-articular cartilage junction zone margins of diarthrodial and/or at 

entheses of ligament or tendon insertions in degenerative and inflammatory joint disease [29, 34–

36]. Osteophytes arising at the enthese are known as enthesophytes, while osteophytes arising at 

the junctional zone are known as osteochondrophyte [16]. Enthesophytes and osteochondrophytes 

are osteophytes similar in composition, structure, development process, and their presence in 

joints are correlated [37–39]. Osteophytes are thought to develop from cells found in the 

periosteum [34, 40]. The periosteum response observed in osteophyte formation has been 
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suggested to be analogous to bone repair in fracture healing, where periosteum appeared to be 

crucial in the process [34, 41]. 

 

Osteophytes can be considered to be an adaptive reaction of the joint to cope with instability [16, 

31]. It has been shown in the knee and in the spine that osteophytes are potentially reversing 

instability by resisting some motion and that surgical removal significantly increases the limited 

motion [42, 43]. It has therefore been suggested that these osteophytes could be adaptive rather 

than degenerative. It remains unclear that mechanical loads are increased at the sites of 

osteophyte formation [44].  

 

On a molecular aspect, it has been shown that pro-inflammatory and bone-forming molecular 

pathways are implicated in osteophyte formation [34, 40, 45–47]. More precisely, inflammation 

cytokine interleukin 1 (IL-1) has been suggested to be involved in osteophyte development [45]; 

transforming growth factor β1 (TGF-β1) and TGF-β3) have been associated with cartilage 

damage accompanied by joint deformity and is involved in osteophyte development [7, 44, 45, 

48–53]; bone morphogenic protein 2 (BMP-2) [48, 50, 52, 54, 55], basic fibroblast growth factor 

(bFGF) [52], are related to osteophyte development; and synovial macrophages have been 

revealed to play an integral role in osteophyte formation [7, 40, 55].  

 

It is suggested that cartilage alteration, joint deformity, and osteophyte formation are not 

necessarily causally related. It is possible that both processes are induced by the same factors, but 

develop independently of each other [56]. It remains unclear if osteophytes develop from 

molecular, physiological and/or mechanical stimuli or from both. Osteophytes may also be 

developing in regions within the joint where new tissue can be formed without being 

mechanically degraded [35, 44].  
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1.6 Osteophyte Morphology  

Regardless of their localization, osteophytes are histologically and morphologically composed of 

three types of connective tissue: fibrous, cartilaginous and bony tissue [29, 57].  

Fibrous tissue 

Fibrous connective tissue: containing fibroblast-like cells in a rich collagen extracellular matrix 

with numerous blood vessels. The fibrous tissue is usually located at the periphery of the 

osteophyte core. The fibrous tissue may be merging with adjacent synovial tissue of the joint. The 

basal side of the fibrous tissue displayed a transitional layer of fibrocartilage containing 

chondroblasts and chondrocytes [57]. 

Cartilaginous  

Cartilaginous tissue: in the lower parts of the cartilage tissue of the osteophyte, hypertrophic 

chondrocytes are arranged in columns, similar to those found in the proliferative zone of a growth 

plate or in the articular cartilage [57].  

Bony tissue  

Bony tissue: bony tissue is composed of newly formed woven bone like in the superficial zones 

and mature lamellar trabeculae in deeper areas of osteophyte. Both endochondral and 

intramembranous bone formation patterns have been noticed in osteophyte [57]. 

 

1.7 Type of Ossifications in Osteophyte 

Endochondral and intramembranous sites of bone formation in osteophytes have been revealed to 

be taking place near each other with sometime signs of bone remodelling. These three ossification 

phenomena are not naturally and generally observed simultaneously in the same tissue elsewhere 

in the skeletal system [57, 58]. At the osteophyte periphery, bone formation has been noticed to 

occurred by intramembranous ossification process [57]. The basal aspect of the cartilaginous 
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region can be invaded by vascular tissue from the underlying bone, sign of endochondral 

ossification process [57]. 

 

Osteophytes histologically consist of three different areas of active bone formation: (1) 

endochondral bone formation within cartilage residues; (2) intramembranous bone formation 

within the fibrous tissue cover; and (3) bone formation within bone marrow spaces [57]. 

Histologically and molecularly, chondrogenesis and bone deposition associated with osteophyte 

formation are similar to bone repair and fracture healing, also reminiscent of embryonal bone 

development [29, 57].  

 

In bone repair and fracture healing, mechanically stable environment predisposes to 

intramembranous ossification, whereas non mechanically stable environment predisposes to 

endochondral ossification of an initial cartilaginous callus formation [41]. Endochondral 

ossification is naturally taking place in the growth plate of long bone where developing 

chondrocytes are aligned in columns that are thought to be oriented by quasi-axial mechanical 

strain influence coming from the bone shaft [59]. Abad et al. demonstrated that stem-cells found 

in the resting zone of the growth plate were particularly important in orienting the chondrocyte 

columns [60]. Intramembranous ossification is a direct deposition of mineralize matrix by 

osteoblastic cells; endochondral ossification is the mineralization of a cartilaginous sketch by 

osteoblastic cells, initially deposit by chondroblastic cells [61].  

 

1.8 Distraction Osteogenesis 

Mechanically unstable environments can be artificially created to stimulate bone formation via 

endochondral ossification. This concept is applied during Distraction Osteogenesis (DO). DO is a 

controlled surgical procedure that initiates a regenerative process and uses mechanical strain to 
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enhance the biological responses of the injured tissues to create new bone. This surgical approach 

can be applied to bridge bone gap defects such as non-healing fractures and other bone defects 

due to different disease conditions [62].  

 

In DO, a third type of ossification has been described by Yasui et al. [63] and recognized by other 

authors [62, 64] as being the transchondroid ossification type. This particular type of ossification 

is an intermediate transition between cartilage and bone by a bone type called chondroid bone. 

The ossification is described to be taking place gradually within the fibrous tissue without clear 

capillary invasion [63]. The chondroid bone formation temporarily shows cartilage characteristics 

and then turns directly into bone by chondrocyte-like and by osteocyte-like cells until the tissue is 

resorbed and remodeled [62, 65]. The round chondrocyte-like cells and the smaller osteocyte-like 

cells in the chondroid bone are organized into column aligned in the direction of the tensile force 

applied. It has been suggested that the chondroid bone could temporarily provide mechanical 

strength for the callus tissue until bone if formed and remodeled [63]. 

 

1.9 Fracture healing and distraction osteogenesis  

The histological features of fracture healing and DO are closely similar [64], but differ in the 

temporal processes of healing and bone formation, and in the spatial localization of the bone 

tissue formed [62]. The initial step in both fracture healing and DO is the extravasation of blood 

leading to the formation of a hematoma at the lesion site. The hematoma is reorganized into 

fibrous and fibrocartilaginous tissue. In DO, the fibrocartilage tissue will get organized into a 

longitudinal pattern along the direction of distraction, giving a striated appearance. In the fracture 

healing process, the cartilaginous tissue is more or less organized into axial columns.  
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The regenerative processes of fracture healing and DO are both characterized by 

intramembranous and endochondral bone formation. In both cases, endochondral ossification 

appears to be taking place in mechanically less stable region, closer to the lesion site, whereas, 

the intramembranous ossification is taking place in more mechanically stable region, at the 

periphery of the affected site [62, 65]. In DO, endochondral bone formation was prominent in the 

early active distraction phase and intramembranous bone formation became the predominant 

mechanism of ossification at later consolidation phase, when distraction is stable [63]. In DO, the 

osteogenic cells have been observed to be arranged longitudinally along the mechanical tension 

vector throughout the ossification process [63]. In both cases, DO and fracture healing, the 

periosteum appears to be crucial in the ossification process [62, 64]. 

 

1.10 Mechanobiology  

It appears that the mechanical tension applied during DO might have a certain influence on the 

cellular activity during the osteogenesis when compared to bone healing without clear mechanical 

influence. This bone formation under mechanical constraint has been described to occur through a 

process by which the mechanical forces can be converted into molecular signals cascades 

(differentiation, proliferation and secretory functions), leading to a biological and cellular 

response: the mechanotransduction [62, 66, 67]. In DO, mechanical tension-stress on the 

regenerating bony segments is converted into molecular signals, known as transduction signals, 

activating cellular response resulting into new bone formation [64]. 

 

The molecular signal involved in mechanobiology process remains not entirely understood. 

However, temporal and spatial expression of some cytokines, growth factor, and angiogenic 

factors have been correlated with the application of mechanical force during DO [62, 64, 68]. On 

a larger scale, mechanobiology processes is also assumed to be integral to bone remodelling in 
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adaptive responses to mechanical strain [69]. It is known that skeletal tissue morphology 

modulates to adapt to mechanical force and strain [70–72]. Bone adaptation and mechanical 

properties have been suggested to be related to the morphometric arrangement of trabecular bone 

[73] such as bone density, degree of anisotropy and connectivity of trabeculae [74, 75].  

 

Moreover, it has been shown in vitro that periosteal cells, more precisely periosteum derived 

mesenchymal stem cells (PDCs), are not only sensitive to inflammatory response [41, 76] but also 

to mechanical strain [61, 77]. Mechanical strain can increase cell division, proliferation, and 

protein synthesis activity in the periosteum [77]; a correlation between periosteum and PDCs 

proliferation and mechanical loading has been suggested [61]. These pluripotent cells can 

differentiate into chondroblasts, osteoblasts and adipocytes. The cellular proliferation and 

differentiation into osteoblastic lineage cells or chondroblastic lineage cells can be rapid, 24-

48hour post-injury of the periosteum.  

 

1.11 Overall 

OA is a chronic progressive disease that is one of the leading causes of disability among elderly 

populations throughout the world [78]. It causes pain, disability and impaired movement, which 

place a large burden (both in terms of health and economics) on individuals, communities, and 

health systems. The lack of effective markers and diagnostics for OA makes it difficult to 

diagnose, track progression, and monitor evolution and improvement of the patient’s condition 

[12, 78].  

 

Osteophytes are a major criterion in OA diagnostic and are considered an integral component of 

advanced OA pathogenesis. Osteophyte density and biological composition vary during their 

development and ossification; cartilaginous to ossified tissue [29], compromising its accurate 
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depiction in medical imaging [33]. Osteophytes can occur in non-symptomatic joints, in joints 

with no other observable alterations, and in early stage OA [29, 18, 30]. It is mentioned that 

osteophytes may form at earlier grades of OA where deformation is absent [32]. It is suggested 

that osteophyte formation may represent an endogenous response-to-stress repair mechanism of 

the joints [34, 36, 37], and may represent a natural tissue adaptation processes that is a result of 

mechanical joint modifications [16, 28, 29, 38]. Osteophytes arise from the periosteum [34, 40], 

were PDCs are known to be recruited by inflammatory response and by mechanical strain [61, 

77]. It is unclear whether or not osteophytes arise because of pathological molecular alterations or 

from natural tissue remodelling processes invoked because of mechanical modifications in a 

mechanobiology adaptation process [12, 29]. It is unclear if osteophytes can occur without other 

signs of OA.  

 

To better develop disease-modifying treatment and diagnostic tools for OA, understanding the 

underlying mechanical abnormality, such as the biology of osteophyte formation can give insights 

in the disturbed homeostasis in OA joints [11, 29].  

 

1.12 Hypotheses and Objectives 

We hypothesized that mechanical strains can play a role in osteophyte development 

(osteophytosis). The overall objective of this thesis was to provide evidences that the formation of 

osteophytes is influenced by mechanical strains. The specific objectives of this thesis were to 

develop an animal model of mechanically-induced osteophytes, to histologically characterize 

mechanically-induced osteophyte, to histologically compare those mechanically-induced 

osteophyte with mature human osteophytes to validate the use of this rodent model in studying 

some aspects of osteophyte development in human, and develop strategies to evaluate the 3D 
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internal composition of mature human osteophytes and to quantitatively evaluate the organization 

of this internal structure. Details for each chapter are summarized below. 

 

1.12.1 Chapter 2: Mechanical induced osteophyte in the rat knee 

Chapter 2 of this thesis was designed to develop an experimental animal model of mechanically 

induced osteophyte formation to examine the effects of mechanical impact of morphological 

alterations of the knee joint periosteum. A second objective of this chapter was to histologically 

characterize the osteophyte development over a time-line.  

 

Hypothesis of study 1: 

We hypothesized that mechanical insult of the periosteum in the rat knee joint stimulates 

osteophyte formation. Our null hypothesis was that mechanical stimuli of the periosteum within 

joint would not stimulate osteophytes.  

 

Rationales of study 1:  

1. To develop an experimental model of mechanically induced osteophyte formation in the rat. 

2. To examine the effects of mechanical impact and morphological alterations of the knee joint 

periosteum.  

 

1.12.2 Chapter 3: Mature human osteophyte: histological description  

Chapter 3 of this thesis was to histologically describe mature human hip osteophyte using the 

same histological approach as in chapter 2 in order to validate the use of this rodent model in 

studying some aspect of osteophyte development in humans. We also wanted to histologically 

confirm the level of maturity of clinically considered mature hip osteophytes and verify if 

although mature, these osteophytes still have proliferating and developing capacity.   
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Hypothesis of study 2: 

We hypothesized that mature hip osteophytes have developing and proliferating regions.  

Our null hypothesis was that mature hip osteophytes are composed of fully calcified tissue.  

 

Rationales of study 2:  

1. Histologically describe human osteophytes to validate the mechanically-induced osteophyte 

rodent model. 

2. To evaluate if mature osteophytes still feature developing and proliferating activities.   

 

1.12.3 Chapter 4: Radiological evidence of three-dimensional internal structure in human 

hip osteophytes 

Chapter 4 of this thesis was designed to develop strategies to evaluate the morphological 3D 

internal structure of mature human hip osteophytes using microscopic computed tomography 

(micro-CT). The premise of this study was to examine if mature human hip osteophytes have 

some degree of organisation and alignment, which would suggest some mechanical strain 

influence. 

 

Hypothesis of study 3: 

We hypothesized that human mature femoral head osteophytes have organized internal structure.  

Our null hypothesis was that mature hip osteophytes are amorphous structure.  

 

Rationales of study 3:  

1. To develop strategies to evaluate the morphological 3D internal structure of mature human hip 

osteophytes.  
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2. To compare the level of organisation of mature human femoral head osteophytes to three 

regions of the femoral head with known quality of organisation and mechanical constrain.    
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Chapter 2  

Mechanically-induced osteophytes in the rat knee   
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2.1 Abstract  

Purpose: Osteophytes are known to be common anatomical signs of advanced osteoarthritis 

arising from the periosteum in joints. It remains unclear if they develop from molecular, 

physiological and/or mechanical stimuli. This study examined the effects of mechanical impact 

induced morphological alterations of the knee joint periosteum. We hypothesized that mechanical 

insult of the periosteum in rat knee joint stimulates osteophyte formation. 

 

Methods: With relevant Ethics approval, eighteen 10-12 months old female Sprague-Dawley rats 

were used in this study. One single focal impact load of 53N (30MPa), reported to induce joint 

damage with limited matrix alteration and representing impact load occurring during a moderate 

trauma representative of sport injury, was applied to the periosteum of the experimental medial 

femoral condyles at a speed of 15mm/sec with a peak load maintained for 0.05 seconds. The same 

surgical approach was applied on both knees; right knee was used as the experimental side and 

the left as the control. Animals were sacrificed 24 hours (n=4), 3 weeks (n=4), 6 weeks (n=4), and 

9 weeks (n=5) post-surgery. Distal femurs were harvested and fixed in 4% paraformaldehyde and 

prepared for histology. Serial 5 µm-thick sections were cut and stained with basic H&E and 

Masson’s trichrome, to be examined by light microscopy. 

 

Results: 24 hours: The synovium membrane, the fibrous and cambium periosteum were damaged 

and a blood extravasation pooled in the medial collateral ligament enthesis region. 

Week 3: A cartilaginous tissue spur, recognized as a chondrophyte, was found in all experimental 

animals in the area from the impact to the enthesis of the medial collateral region. These 

chondrophytes were mostly composed of fibrocartilage-like tissue, with cartilage matrix, 

hypertrophic chondrocyte at an ossification front with sinusoid and signs of cartilage matrix 

mineralization and remodelling activity.   
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Week 6: The chondrophyte observed in the enthesis region presented signs of more advanced 

mineralisation, structure recognized as an osteophyte. Signs of internal endochondral and 

superficial intramembranous ossification were observed. The osteophyte seemed to be growing in 

the direction of the medial collateral ligament. 

Week 9: The osteophyte appeared more mineralized with almost no cartilage tissue observed. The 

cortical bone appeared thicker on the impacted experimental side. The thick cortical bone 

appeared to be in line with the ossified osteophyte oriented towards the medial collateral 

ligament. 

 

Conclusions: Osteophytes can be mechanically induced with a focal single load impact of 53N 

applied onto the periosteum in rat knees. These data indicate that a moderate trauma to the 

periosteal layer of the joint may play a role in osteophyte formation. 

  



 

19 

 

2.2 Introduction 

The pathogenic characteristics of OA include alteration of cartilage matrix, morphologic changes 

in subchondral bone (sclerosis), osteophyte formation, inflammation of the synovial membrane 

(synovitis) and weakening of periarticular muscles and ligament [7–11, 17]. Osteophytes are 

observed in degenerative and inflammatory joint diseases [34] and are known for being anatomic 

signs of advanced OA [12, 27–29]. However, osteophytes can also occur in non-symptomatic 

joints, and in early stage OA [29, 18, 30]. 

 

Osteophytes are usually observed at the synovium-articular cartilage junctional zone and/or at the 

entheses of ligament or tendon insertions [34]. Osteophytes arising at enthese are known as 

enthesophytes, while osteophytes arising at the junctional zone are known as osteochondrophyte 

[16]. Enthesophytes and osteochondrophytes are osteophytes with similar composition, structure, 

developmental process, and their presence in joints are usually correlated [37–39]. 

 

Osteophytes are thought to develop from cells found in the periosteum [40]. The periosteum 

response observed in osteophyte formation has been suggested to be analogous to bone repair in 

fracture healing, where periosteum appeared to be crucial in the process [34, 41]. PDCs found in 

the cambium periosteum layer, are pluripotent cells that can differentiated into chondroblast, 

osteoblast and adipocyte [61]. These cells can be recruited by an inflammatory response [41, 76] 

and by mechanical stimuli [41, 61].  

 

Indeed, it has been shown in vitro that periosteal cells are sensitive to mechanical strain; it can 

increase cell division, proliferation, and protein synthesis activity [77]. Evans et al. showed that 

the PDCs proliferation and differentiation take place around the areas of mechanical strain [61].  

 

 



 

20 

 

These progenitor cells proliferate and differentiate into osteoblastic lineage cells or 

chondroblastic lineage cells for intramembranous or endochondral ossification. Intramembranous 

ossification is a direct deposition of mineralize matrix by osteoblastic cells, whereas 

endochondral ossification is the mineralization of a cartilaginous sketch by osteoblastic cells, 

initially deposited by chondroblastic cells [61]. In bone repair and fracture healing, a 

mechanically stable environment, with no or limited mechanical constrains, predisposes to 

intramembranous ossification, while a mechanically instable environment, with mechanical 

constrains, leads to the endochondral ossification of an initial cartilaginous callus formation [41]. 

In a more mechanically constrained environment such as in DO, a third ossification type as been 

observed, the transchondroid ossification [62–64]. This ossification type is a direct ossification of 

fibrous tissue taking place in tissue under great tensile force [63]. 

 

Animal models studying osteophyte development are in fact OA animal model. In these models, 

OA is induced by altering the joint function and cartilage with either molecular [34, 40, 47, 79, 

80], surgical [81] or mechanical  methods [82–96]. Mechanically-induced models typically aim to 

mechanically damage the articular cartilage using various loading settings applied with different 

methods, such as: drop-tower apparatuses, pendulums, spring-loaded mechanisms, custom impact 

systems, or a materials testing machine. None of these models specifically isolated the periosteum 

to study its response after mechanical-stimuli. Therefore the current understanding of osteophyte 

development and morphogenesis is causal to OA and does not isolate the proper variable to 

answer the question if osteophyte can be mechanically induced, which would clarify if osteophyte 

can be an adaptive responses to mechanical strain as stipulated by several authors [16, 28, 29, 34, 

36–38, 42, 43]. Better understanding the osteophytosis causes has the potential to better develop 

treatments for OA, refine OA diagnostic, grading and monitoring of the condition.  
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Premise 

It remains unclear if osteophytes can develop from mechanical stimuli of the periosteum. It also 

remains unclear if osteophytes can develop without signs of cartilage alteration. No animal model 

isolating the joint periosteum reaction under mechanical stress is available.  

 

Hypothesis of the study: 

We hypothesized that mechanical insult of the periosteum located in the rat knee joint stimulates 

osteophyte formation. Our null hypothesis was that mechanical stimuli of the periosteum located 

in the joint would not stimulate osteophytes.  

 

Rationales of the study:  

1. To develop an experimental model of mechanically induced osteophyte formation in the rat. 

2. To examine the microscopic effects of mechanical impact of mechanical and morphological 

alterations on the knee joint periosteum.   
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2.3 Materials & Methods:  

2.3.1 Study Design  

To examine the effects of mechanical impact induced morphological alteration on the knee joint 

periosteum, an animal study was conducted. Twelve female rats were used in a preliminary study 

conducted to refine the surgical procedure and to determine the method of load impaction in the 

present study (Appendix A). A total of eighteen female rats were used in the present project. A 

surgical procedure to the knee was performed to expose the medial femoral condyle. Using a 

biodynamic test instrument, one single load impact of 53 N was applied with a 1.5 mm diameter 

probe to the synovium-periosteum of the right medial femoral condyle. The left side received 

surgical exposure of the femoral condyle without the load impact. Rats were sacrificed at 24 

hours, 3 weeks, 6 weeks, or 9 weeks post-surgery.  

 

Light microscopy was used to evaluate the effects of the mechanical impact. Photographic images 

of the joints were taken during surgery, after the impact, during tissue harvesting and during 

tissue preparation to evaluate the effects of the mechanical impact at a macroscopic level 

(Appendix B). Nucleus density of three tissue types from three regions of the medial knee was 

quantified and compared to quantify the cellular proliferation activity over the timeline. Tissue 

types examined were: synovium, fibrous periosteum, cambium (osteogenic) periosteum; knee 

regions were: from the junctional zone to the impact site, the impact site, and from the impact site 

to the enthesis region of the medial collateral ligament.  

 

2.3.2 Animals:  

All experimental protocols pertaining to the use of animals in this study were approved by the 

University Animal Care Committee (UACC) of Queen’s University in accordance with the 

guidelines of the Canadian Council of Animal Care (CCAC) (Reference Number: 1548). All 
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procedures done on animals were in accordance with the University Animal Care Committee 

Standard Operating Procedures. Eighteen 10-12 months old female Sprague-Dawley rats were 

used in this study. Two rats were housed in each cage, in an environment maintained at room 

temperature (21±1oC) on a 12 hour light/dark cycle. Food and water were provided ad libitum. 

Skeletal maturity was radiographically confirmed by the animal care veterinarian or designates. 

More details on animal care, surgical procedure, impaction and tissue harvesting can be found in 

appendix C.  

 

2.3.3 Surgery: 

2.3.3.1 Surgery Preparation  

Under general anaesthesia by isoflurane inhalation (2 to 3%), rats were prepared for surgery. The 

hind limbs were shaved from groin to ankle and disinfected. Subcutaneous injections of 

Bupivacaine (2 mg/kg) were administered for local analgesia at a half dose per knee joint. 

Tramadol (20 mg/kg) was administered subcutaneously into dorsal skin for general analgesia.   

 

2.3.3.2 Surgical approach  

A dermal incision of approximately 2.5 cm was made on the medial aspect of the knee receiving 

surgery. Connective tissues were resected to expose the anterior and medial muscle 

compartments. Dissection of the medial intermuscular septum was performed from the quadriceps 

tendon to approximately 1.5 – 2 cm cephalic in order to expose the knee joint capsule (Fig. 1). A 

small opening was made in the medial aspect of the capsule and enlarged with care to not alter the 

intra-capsular anatomy. Careful exposure of the medial femoral condyle periosteum-synovium 

junctional zone followed (Fig. 2); this region is recognizable by its rich vascularisation, 

approximately 1 to 2 mm medial to the bone and articular cartilage junctional zone. The 

quadricep and adductor muscles were retracted with suture wire and haemostats (Fig. 3).    
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Figure 1 Joint capsule exposure a) Exposure of the medial muscle compartment. b) Dissection 
into the medial intermuscular septum. c) Exposure of the knee capsule. 

 
 
 
 
 
 
 
 
 
 

Figure 2 Medial femoral condyle exposure. A small opening was made in the medial aspect of 
the capsule (a) and a careful exposure of the medial femoral condyle followed (b). 

 
 
 
 
 
 
 
 
 
 
 

Figure 3 Impact site exposure. To maximise impact site exposure, the quadriceps, adductor 
muscles and knee capsule were retracted using suture wire under tension.  

a) b) c) 

a) b) 
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The animal was placed onto a custom made platform equipped with a custom-made movable rigid 

knee support. The design of the platform and knee support allowed positioning of the knee joint 

in a flexed and valgus position to maximise the impact site exposure and to manually immobilize 

the knee joint during impaction without stressing the joint anatomy unnecessarily (Fig. 4).  

 

 

 

 

 

 

Figure 4 Custom-made platform and knee support for knee positioning during impaction. a) 
Custom-made platform placed under the impactor mounted onto the Electronic Force biodynamic 
test instrument. b) The animal was placed onto the custom platform and manually stabilized in 
flexion with a slight valgus angle to maximize the impact site exposure. 

 

2.3.3.3 Impaction 

Based on a preliminary study, testing various impaction methods: drop tower, spring-loaded, 

controlled cortical impactor device and biodynamic test instrument; and testing two impact loads: 

31N (17.6MPa), reported to be the injury threshold inducing physiological response in joints [97] 

and 53N (30MPa), reported to induced joint damage with limited matrix alteration, [94] and 

representing moderate trauma like a sport injury [93], an biodynamic testing instrument was used 

to apply a precise and accurate 53N impact load into the rat knee joint periosteum (Appendix D). 

The Electronic Force biodynamic test instrument (Bose 5500, Bose Co., Minnesota, USA) was 

equipped with a stainless steel impaction probe with a 1.5mm in diameter tip and a custom rat 

knee support. The impact was induced to the medial condyle of the right knee region at the 

periosteum-synovium junction in line with the medial collateral ligament. The medial collateral 

ligament was used as an anatomic landmark to ensure consistency of the impact zone between 

animals.  

a) b) 
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The impact probe was first lowered down to contact the identified impact zone and 2.0N was 

applied to ensure stability of the probe (Fig. 5). If the probe was judged to be unstable by showing 

signs of slippage during preliminary loading, it was retracted and repositioned. One impact load 

of 53 N at a speed of 15 mm/sec with a peak load maintained for 0.05 seconds was applied to the 

impact zone, peak load reported from moderate traumatic event such as sport trauma [89]. The 

probe was automatically retracted after reaching the pre-set 53 N limit. The zone of impact was 

photographed for precise impact zone identification and localization during tissue harvesting, 

histological preparation and to evaluate the macroscopic effects of the mechanical impact (Fig. 

6). The surgical site was closed and the animal was placed back in the cage. Animals were under 

observation for 24 hours and were not under any confined activities, but were left to normal daily 

living activities. Bupivacaine (2 mg/kg) were administered at the surgical sites every 24 hours for 

three consecutive days post-surgery.  

 
 
 
 
 
 
 

Figure 5 Positioning the knee joint for impaction. a) The impact probe was first lowered down 
to contact the identified impact zone, b) Positioning of the impact probe was verified and refined 
to ensure precise placement onto the impact zone. 

 
 
 
 
 
 
 
 

 

Figure 6 Identification of the impact zone after impaction. The zone of impact was 
photographed for precise impact zone identification during tissue harvesting and histological 
preparation.  

a) b) 
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2.3.3.4 Sacrifice and tissue harvesting 

Animals were euthanized at 24 hours (n=4), 3 weeks (n=4), 6 weeks (n=4), and 9 weeks (n=5) 

post-surgery by carbon dioxide inhalation. A dissection was performed to open the knee joint and 

expose the capsule before intra-articular injection of 1 mL of freshly prepared 4% 

paraformaldehyde in PBS (0.1 M, pH 7.2) to rapidly fix tissues before completing dissection and 

tissue harvesting. A more careful exposure of the knee joint and capsule dissection followed. 

Photographs of the exposed joint were taken for macroscopic observations of the impact site and 

effect of the mechanical insult (Appendix B). The femur and the tibia-fibula were then sectioned 

approximately 1.5 – 2 cm from the knee joint line. The resected knee joint was fixed with 4% 

paraformaldehyde by immersion at room temperature for 48 hours.   

 

After tissue fixation, the harvested knee joints were carefully dissected to isolate the distal femur. 

Paraformaldehyde was changed to 10% ethylenediaminetetraacetic acid (EDTA) (pH 7.0) for 

decalcification. The EDTA solution was changed 24 hours after fixation and subsequently 

changed every 3 days until complete decalcification (4-5 weeks). Decalcification was considered 

completed when samples were soft to the touch with forceps and could be manually cut smoothly 

and forcelessly with a new razor blade.  

 

2.3.4 Tissue preparation:  

Once decalcified, samples were prepared for histological examination. Based on photographs of 

the impacted site taken during the surgical procedure, transverse sections were made to precisely 

isolate the region of interest (ROI) of the impact zone. Photographs of the selected tissue section 

placed onto a 1cm square grid cutting board were taken for better future localization of 

macroscopic observations (Appendix B). Samples were dehydrated through a series of graded 
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ethanol solutions and cleared in toluene, before being embedded in paraffin wax. Tissues were 

oriented during embedding to allow transverse sectioning the samples.  

 

2.3.5 Histology: light microscopy pictures and nucleus density quantification 

Serial sections of 5µm thickness were cut using a manual rotary microtome (820 Spencer 

microtome, American Optical Co, Southbridge, MA). Four sections were kept every ten sections 

made. Selected sections were mounted onto a positively charged microscope slide (Denville 

UltraClear Cat M#1021, Denville Scientific Co, Metuchen, NJ). Successive slides were stained 

with hematoxylin and eosin (H&E) using Weigert's iron haematoxylin, and with Masson’s 

trichrome (Sigma-Aldrich Co., Saint-Louis, MO) for connective tissue examination.  

 

2.3.5.1 Light microscopy pictures  

Histology slides to be pictured were selected based on observable tissue damage and/or tissue 

reactions noticed during light microscopy examination. Light microscopy pictures were taken at 

100x with a high-resolution color camera Micropublisher 3.3 camera, and its control and image 

processing software QImaging (Langley, BC, Canada). Relevant slides were also scanned at 

200X with a high resolution ScanScope CS scanner from Aperio (Vista, CA, USA).  

 

2.3.5.2 Nuclear density quantification 

Nuclear density is an indicator of the rate of cellular proliferation, division and remodelling 

activity in periosteal layer [98–100]. Therefore, to quantitatively assess the tissue activity and 

reaction after the impact load, nucleus density was measured in three different tissue types from 

three different pre-defined joint regions. The evaluated three tissue types were: the synovium, the 

fibrous periosteum, and the cambium periosteum; the pre-defined knee regions were: the 
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junctional zone to the impact site, the impact site, and from the impact site to the enthesis region 

of the medial collateral ligament. An increased cellularity is a sign of cellular proliferation and 

cell division in response to a stimulus [77]. Therefore, the nuclear density of the experimental 

side was compared to the control side to quantitatively evaluate the cellular proliferation activity. 

Light microscopy pictures of H&E stained histology slides of each pre-defined knee regions were 

taken at 100x with a high-resolution color camera Micropublisher 3.3 camera, and its image 

processing software.  

 

Images of the pre-defined knee regions were imported into the open source image-processing 

program ImageJ (version 1.48; National Institutes of Health, Bethesda, Maryland, U.S.A.) 

implemented with an open source automatic nuclei counter plugin, the Image-based Tool for 

Counting Nuclei (ITCN). For each tissue type of each joint region image, three areas were 

manually delimited for averaging the nucleus density of the studied tissue (Fig. 7). The automated 

nuclei counter ITCN settings were: 18µm of cellular width, 16µm of cellular distance with a 

threshold of 2. These settings have been established based on preliminary verification of nucleus 

number using stereographic and manual counting.  

 

2.3.6 Data Collection and Analysis 

2.3.6.1 Microscopic observations  

Histological serial sections were examined using light microscopy and comparisons were made 

between control and impacted side. The main focus of observation were: signs of cartilage 

degradation and tissue alteration, histomorphometry identification of different cell types, signs of 

inflammatory response, blood extravasation, newly formed tissue, sclerosis of tissue. Detailed 

descriptions of the observations were recorded and verified by five independent investigators 

(GV, YT, SP, FK, TA).  
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2.3.6.2 Nuclear density - statistical comparison 

To quantitatively evaluate the cellular proliferation, the nuclear density of each of the evaluated 

tissue types from each evaluated knee regions of the experimental side was independently 

compared to the nuclear density of its homologous tissue of its homologous knee region of the 

control side of the same rat. Statistical analysis was done using a pooled two-sided Mann–

Whitney U test, with exact p-value. Significance was set at p=0.05 for both statistical tests. The 

mean value and standard deviation for all data were determined and recorded.  

 

Figure 7 Nuclear density quantification. An automated nuclei plugin (ITCN) for ImageJ 
software was used to quantify nuclear density in three different tissue types from three pre-
defined joint regions: junctional zone to the impact site (Junctional zone), impact site (Impact 
site), and impact site to enthesis region (Enthesis). Nuclei density results reported are the average 
of three randomly selected sub-regions taken within the tissue of interest.   
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2.4 Results 

2.4.1 Experimental Animals 

Twelve rats were used in a preliminary study conducted to refine the surgical procedure, test the 

impact loading method and determine the impact load used in the present study (Appendices A 

and D). Eighteen rats were used in the present project and one rat died during surgical procedure; 

seventeen rats were successfully used in the procedure. Four time-points were defined to do a 

timeline follow up of the periosteal reaction post-impact: 24 hours (n=4), 3 weeks (n=4), 6 weeks 

(n=4), and 9 weeks (n=5). Results are presented by time-point for microscopic observations and 

nucleus density quantification.  

  

2.4.2 Microscopic observations 

Photomicrographs of histology slides presented in this section have been modified from originals. 

They have been cropped to isolate the medial side of the transverse histological section of the 

knee joint as shown in Figure 8. Microscopic observations are detailed for four regions: the 

articular cartilage of the femoral trochlea and adjacent bone (subchondral, cancellous and cortical 

bone); the medial condyle side divided in three regions: junctional zone to the impact site; the 

impact site; impact site to the medial collateral enthesis region (Fig. 9).  
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Figure 8 Schematic illustrating the modification and presentation of transverse histological 
sections. The medial half of transverse sections of the experimental and the control side from the 
same animal were compared. 

 

 

 

 

 

 

 

 

 

 

Figure 9 Zone of interests for the microscopic observation: articular cartilage of the femoral 
trochlea and adjacent bone (subchondral, cancellous and cortical bone); the medial condyle side 
divided in three regions: junctional zone to the impact site; the impact site; impact site to the 
medial collateral enthesis region.  
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2.4.2.1 24 hours post-impact 

Overall observations are presented in representative composite in Figure 10.  

Articular cartilage and bone: There were no signs of cartilage damage at the trochlear groove and 

no signs of cortical bone and subcortical bone damage were noticed on the experimental side.  

 

Junctional zone to the impact site: At the junctional zone of the experimental side, the synovial 

membrane layer and the fibrous layer of the periosteum was disrupted in all experimental 

animals. The periosteum of the cambium layer in three out of four rats was altered and damaged 

compared to the contralateral control side. The anterior growth plate line was contained in the 

cortical bone line. 

 

Impact site: At the impact site, the synovial membrane layer was absent. The fibrous layer of the 

periosteum appeared to be altered and disrupted at the impact site of every experimental knee 

joint. Blood extravasation (in the form of “blood islands”) was present in the fibrous periosteum 

layer in three out of four rats (Fig. 10) The cambium layer appeared to be altered and disrupted in 

every impacted site of every experimental knee joint. Blood extravasation was present in three 

out of four rats in the cambium layer of the impact site of the experimental knee.  

 

Impact site to the enthesis region: Posterior to the impact site, the synovial membrane appeared to 

be partially altered but not completely disrupted as compared to the control side. Blood 

extravasation was noticed in the altered synovial layer. The fibrous periosteum layer presented 

signs of blood extravasation in three out of four rats. The posterior growth plate line remained 

visible and contained in the cortical bone line on both the experimental and control side of all 

experimental animals.  
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Figure 10 Representative transverse histological images of experimental and control side 24 
hours after impact. a) Blood extravasation (à) was noticed mostly posterior to the impact site 
(*). Complete disruption of the synovial membrane (i), alteration of the fibrous periosteum (ii) 
and the cambium periosteum (iii) were observed. b) These observations were consistent on the 
experimental side of 3 rats out of four.  

b) 
b) 

a) 
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2.4.2.2 Three weeks post-impact 

Overall observations are presented in series of representative pictures in Figures 11-13.  

Articular cartilage and bone: No signs of cartilage alteration at the trochlear groove of the 

experimental side in three rats out of four were noticed. One rat presented an indentation in the 

articular cartilage (Fig. 14). No signs of cortical bone and subcortical bone alteration or fracture 

were observed in all experimental animals at 3 weeks post-impact. No accidental joint alteration 

was reported in the surgical report of that particular case.  

 

Junctional zone to the impact site: At the junctional zone, the synovial membrane was not visible 

in all experimental animals on the experimental side, when compared to the control side where it 

was present. The anterior growth plate line was contained in the cortical bone line in every 

control knee and on the impacted side of the experimental knee of all experimental animals and in 

three rats out of four on the non-impacted lateral side of the experimental knee. The anterior 

growth plate of the lateral aspect of the experimental knee was protruding out of the cortical bone 

into a cartilaginous tissue formation noticed at the junctional zone in the rat that revealed an 

articular cartilage indentation (Fig. 14). 

 

Impact site: At the impact site, the synovial layer appeared as a thin layer of loose connective 

tissue in three rats out of four. In one of the three rats the synovial membrane show fibrous tissue 

formation at the impact site. The synovial membrane remained absent at the impact site in one out 

of four rats. The fibrous and cambium periosteum layer visually presented as a band of dense 

nucleated connective tissue at the impact site when compared to the control side. 

 

Impact site to the enthesis region: Posterior to the impact site, the synovial membrane layer was 

present on the experimental side in all experimental animals. Fibrous tissue, rich in synovial 

lining cells when compared to control side, was observed in the synovial membrane at this 
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posterior aspect of the impact site in two out of four rats. The fibrous and cambium periosteum 

layers visually presented a dense connective tissue band at the posterior aspect of the impact site 

when compared to the control side. The growth plate line remained contained in the cortical bone 

line in the posterior aspect of every control knee. The growth plate line protruded outside the 

cortical bone line in the posterior aspect of the joint in every impacted side. The growth plate line 

was observed to project into a cartilaginous tissue formation. The cartilaginous tissue formation 

observed in this posterior aspect was observed at different degree in every experiment side of all 

experimental animals. The cartilaginous tissue formation was covered by a visually dense 

nucleated periosteum and presented different zone composed of: fibrocartilage-like tissue, 

cartilage matrix, hypertrophic chondrocyte located at an ossification front with sinusoids showing 

signs of cartilage matrix mineralization and amorphic bone tissue. Multi-nucleated chondroclasts 

were noticed at the ossification front with sinusoid of the cartilage tissue and osteoclasts were 

noticed on the mineralized tissue side of the front (Fig. 15).  
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Figure 11 Representative transverse histological slides of experimental and control side 3 
weeks after impact a) A newly formed cartilaginous tissue formation (à) was observed. The 
growth plate line (i) was observed to project into this structure. b) The newly formed tissue (à) 
was found in various degrees in the at the impact site (*) to the enthesis region in all experimental 
animals. 

  

b) 

a) 
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Figure 12 Approximate localization on a 3D knee model of the histological section from the 
experimental side at 3 weeks after impaction.   

 

 

 

 

 

 

 

 

 

 

Figure 13 High magnification on the cartilaginous tissue found 3 weeks after impact. 
Representative images from 2 experimental animals a) and b). The newly formed tissue formation 
(à) presenting a rich nucleus density, fibrocartilage-like (i) tissue, cartilage with hypertrophic 
chondrocyte (ii) and amorphic bone tissue (iii), with characteristic of primary woven bone 
organization.   
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Figure 14 Articular defect observed in one animal. Picture showing the articular defect (à) 
and a chondrophyte (*) found at the junctional zone of the contralateral side. No accidental joint 
alteration was reported during surgery, other than the planned mechanical insult.. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15	 Ossification	 front	 with	 sinusoids	 and	 chondroclasts	 in	 the	 newly	 formed	
tissue.	Multi-nucleated	chondroclasts (i) were noticed at the ossification front with sinusoid of 
the cartilage tissue; osteoclasts (ii) were noticed on the mineralized tissue side.   
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2.4.2.3 Six weeks post-impact 

Overall observations are presented in a series of representative pictures in Figure 16-17. 

Articular cartilage and bone: No signs of cartilage alteration at the trochlear groove in both the 

experimental and the control side in all experimental animals were noticed. No signs of 

subcortical bone alteration were observed in all experimental animals at six weeks post-impact.  

 

Junctional zone to the impact site: At the junctional zone of the experimental side, the synovial 

membrane remained disrupted in three out of four rats. The fibrous and cambium periosteum 

layers visually presented rich nucleus density in the junctional zone when compared to the control 

side. The growth plate line was contained in the cortical bone line in every control knee. The 

anterior growth plate line was also visible and contained in the cortical bone line of the impacted 

side of all experimental animals. The external surface of the cortical bone of the experimental 

side visually appeared irregular when compared to control side. A visually dense nucleated 

cambium layer containing osteoblast-like cell, covered and filled the grooves of the irregular 

cortical bone surface.  

 

Impact site: At the impact site, the synovial membrane appeared as a thin layer of loose 

connective tissue in all experimental animals. The fibrous and cambium periosteum layer visually 

presented as a rich nucleus density at the impact site when compared to the control side. The 

cortical bone external surface appeared irregular compared to the contralateral side. The grooves 

presented a rich nucleus density in the cambium periosteum layer with osteoblasts-like cells. A 

small bony prominence was present at the impact site region in all experimental animals. This 

prominence appeared to be composed of amorphic bone-like tissue (Fig. 18).  

 

Impact site to the enthesis region: Posterior to the impact site, the synovial membrane layer was 

present on the experimental side in all experimental animals. The synovial membrane appeared to 
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be more collagen rich when compared to the synovial membrane of the control side. The fibrous 

and cambium periosteum layer visually presented rich nucleus density at the posterior aspect of 

the impact site when compared to the control side. The growth plate line was contained in the 

cortical bone line in the posterior aspect of every control knee. The growth plate line protruded 

outside the cortical bone line of the posterior aspect of the joint in every impacted side. The 

growth plate line was observed to project into a mineralized tissue formation mostly composed of 

amorphic woven bone-like and fibrocartilaginous tissue. The region of the tissue formation in 

contact with the growth plate line was composed of cartilage matrix with hypertrophic 

chondrocytes. This cartilaginous region appeared to be dividing the mineralized region from the 

fibrocartilage-like region. The fibrocartilage tissue was located posterior to the amorphic woven 

bone-like tissue. Sinusoids were present in the amorphic trabeculated bone of the mineralized 

component. These newly formed tissues were forming a curved spur-shape directed posteriorly, 

towards the medial collateral enthesis. The surface of the woven bone-like tissue formation 

appeared irregular and was covered by a rich nucleus density periosteum containing osteoblast-

like cells.  
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Figure 16 Representative transverse histological slides of experimental and control sides at 
6 weeks after impact. a) The growth plate line (i) was observed to project into a tissue formation 
(à) mostly composed of amorphic woven bone like (ii) and fibrocartilaginous tissue (iii). The 
surface of the woven like bone tissue formation appeared irregular and was covered by a rich 
cellular periosteum (iv). b) The newly formed tissue (à) was found in various degrees in the at 
the impact site (*) to the enthesis region in all experimental animals.  

b) 

a) 
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Figure 17 Approximate localization on a 3D knee model of the histological section from the 
experimental side at 6 weeks after impaction.   

 

 

 

 

 

 

 

 

 

 

Figure 18 High magnification on the cartilaginous tissue found 6 weeks after impact. The 
small amorphic bone prominence (à) at the impact site presented a rich nucleus density 
cambium periosteum (i) layer with osteoblasts-like cells (*).  



 

44 

 

Nine weeks post-impact 
 
Overall observations are presented in series of representative picture in Figure 19.  

Articular cartilage and bone: No signs of cartilage alteration at the trochlear groove in both the 

experimental and the control side in all experimental animals were noticed. Trabeculae of the 

cancellous bone and the cortical bone of the impact side visually appeared thicker than the control 

side. No other signs of subcortical bone alteration were observed in all experimental animals at 

nine weeks post-impact.  

 

Junctional zone to the impact site: At the junctional zone of the experimental side, the synovial 

membrane remained disrupted in three out of five rats. The fibrous and cambium periosteum 

layers visually presented a high nucleus density in the junctional zone when compared to the 

control side. Three out of five rats presented bony projection at the junctional zone partially 

covered by cartilage extending from the tidemark zone, boundary between articular cartilage and 

subchondral bone, and from the basal layer of the articular cartilage (Fig. 20). A visually rich 

nucleus density cambium periosteum layer covered the bony tissue of this junctional zone 

projection. One out of five rats presented a bony projection at the lateral side of the experimental 

knee joint. This tissue projection presented a cartilaginous core that appeared to be in contact with 

the anterior growth plate line.  The anterior growth plate line remained contained in the cortical 

bone line in every control knee and experimental knee of all experimental animals. The cortical 

bone external surface appeared irregular when compared to control side, but visually appeared 

less irregular than at 6 weeks post-impact. The grooves found in the irregular cortical bone 

visually presented a rich nucleus density cambium periosteum layer.  

 

Impact site: At the impact site, the synovial membrane appeared as a thin layer of loose 

connective tissue all experimental animals. The fibrous and cambium periosteum layer visually 

presented rich nucleus density at the impact site when compared to the control side. The 
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periosteum layers appeared thinner compared to the periosteum layers at 6 weeks after the 

impact. The cortical bone external surface appeared irregular compared to the contralateral side. 

The irregularity seemed less pronounced compared to 6 weeks after the impact. The grooves of 

the irregular cortical bone visually presented rich nucleus density cambium periosteum layer. The 

small bony bump present at the impact site in all experimental animals at 6 weeks after the impact 

was not prominently observed at 9 weeks after the impact. The cortical bone at the impact site 

appeared thicker than the control side, extending from the impact site to the enthesis region. The 

visually thicker section of the cortical bone was composed of amorphic bone tissue.  

 

Impact site to the enthesis region: Posterior to the impact site, the synovial membrane layer of the 

experimental side appeared more collagen rich then compared to the synovial membrane of the 

control side. The fibrous and cambium periosteum layer visually presented rich nucleus density at 

the posterior aspect of the impact site when compared to the control side. The posterior growth 

plate line remained contained in the cortical bone line in the posterior aspect of every control 

knee. The growth plate line protruded outside the cortical bone line of the posterior aspect of the 

joint in every impacted side. The growth plate line was observed to project into a tissue formation 

mostly composed of mineralized tissue. Visually, less cartilaginous and fibrocartilaginous tissue 

were noticed at 9 weeks post-impact than at 6 weeks post-impact. This mineralized outgrowth 

appeared to be an extension from the visually thicker cortical bone observed from the impact site 

to the enthesis region. The bone tissue formation presented a spur-like shape oriented towards the 

enthesis region of the medial collateral. This bone spur was observed in all experimental animals 

of the experimental group. The surface of the bony projection seemed more irregular then the rest 

of the cortical bone surface. The cortical bone grooves of the bone projection visually presented 

rich nucleus density cambium periosteum layer with osteoblast-like cells.  
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Figure 19 Representative transverse histological slides of experimental and control side at 9 
weeks after impact. a) The	 tissue	 formation	recognized	as	an	osteophyte	 (à)	observed	at	
the	 posterior	 aspect	 of	 the	 impact	 site	 present	 more	 bone	 like	 tissue	 (i)	 and	 less	
cartilaginous	 tissue	 (ii)	 than	 6	 weeks	 after	 the	 impact.	 The	 osteophyte	 appeared	 to	 be	
extending	 from	 the	 observed	 thicker	 cortical	 bone	 from	 the	 impact	 site	 (*).	 b) The	
osteophyte		(à)	was	observed	in	various degrees in	every	impacted	side	of	all	experimental	
animals.  

b) 

a) 
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Figure 20 Representative microphotograph of a bony projection at the junctional zone 
observed 9 weeks after impact (à). The newly formed tissue was partially covered by cartilage 
(i) extending from the tidemark zone and/or from the basal layer (ii) of the trochlear groove 
articular cartilage observed in three rats out of five rats. 

 

2.4.3 Cell quantification:  

Results of nucleus density are reported by number of cell nuclei (nb) per millimeter square (mm2) 

(nb/mm2). Three tissue layers of interest were independently compared between experimental and 

control sides: the synovial membrane, the fibrous periosteum layer and the cambium periosteum 

layer; tissue were taken from three pre-defined knee sub-regions: from the junctional zone to the 

impact site, the impact site, and from the impact site to the enthesis region of the medial collateral 

ligament. Results and statistical significance of comparison are summarized in: Table 1 and 

Figure 21 for the synovial membrane; Table 2 and Figure 22 for the fibrous periosteum and; 

Table 3 and Figure 23 for the cambium periosteum. Results are reported as mean ± standard 

deviation accompanied by minimum and maximum values [min-max]. Details are: 
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2.4.3.1 24 hours post-impact:  

Junctional zone to the impact site: The nucleus density in the synovial membrane, the fibrous 

periosteum layer and the cambium periosteum layer in the region of from junctional zone to the 

impact site of the experimental site was 0 or negligible in all experimental animals [0-0]. The 

nucleus density found in the region from the junctional zone to the impact site of the control side 

was: 910±349 in the synovial membrane [518-1300]; 814±177 in the fibrous periosteum layer 

[640-1026]; and 1251±187 in the cambium periosteum layer [1089-1476]. The nucleus density of 

each of the three tissue layer of the experimental side was significantly less than in the three 

tissue layer of the control side: p=0.01 for the synovial membrane; p=0.01 for the fibrous 

periosteum layer; and p=0.01 for the cambium periosteum layer.  

 

Impact site: The nucleus density at the impact site of the experimental side was: 0 or negligible in 

the synovial membrane [0-0]; one rat presented a completely disrupted fibrous periosteum, for the 

other animal 927±647 in the fibrous periosteum layer [0-1478]; and 288±452 in the cambium 

periosteum layer [0-950]. The nucleus density at the impact site of the control side was: 789±72 

in the synovial membrane [693-869]; 723±118 in the fibrous periosteum layer [612-861]; and 

1127±116 in the cambium periosteum layer [1019-1239]. The nucleus density of the experimental 

side was significantly reduced compared to the control side in the synovial membrane (p=0.01); 

no statistically significant was found for the fibrous periosteum layer (p=0.34); and was 

significantly less in the cambium periosteum layer (p=0.01).  

 

Impact site to the enthesis region: The nucleus density in the region from the impact to the 

enthesis on the experimental side was: 474±296 in the synovial membrane [300-914], 755±238 in 

the fibrous periosteum layer with [584-1096]; and 627±464 in the cambium periosteum layer 

[312-1317]. The nucleus density at the impact site of the control side was: 700±316 in the 

synovial membrane [295-1061]; 769±298 in the fibrous periosteum layer [447-1151]; and 
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1110±329 in the cambium periosteum layer [821-1560]. The nucleus density found in the three 

tissue layer of the experimental side was not significantly different from to three tissue layer from 

the control side: p=0.69 for the synovial membrane; p=0.44 for the fibrous periosteum layer; and 

p=0.2 for the cambium periosteum layer.  

 

2.4.3.2 Three weeks post-impact:  

Junctional zone to the impact site: The nucleus density in the synovial membrane was 0 or 

negligible in all experimental animals [0-0]. The nucleus density found in the periosteum layers 

was: 1789±306 in the fibrous periosteum [1450-2180]; and 1646±215 in the cambium periosteum 

[1533-1968]. The nucleus density found in the region of the junctional zone to the impact site of 

the control side was: 778±213 in the synovial membrane [525-1100]; 684±201 in the fibrous 

periosteum layer [448-893]; and 989±320 in the cambium periosteum layer [682-1348]. The 

nucleus density found in the three tissue layer of the junctional zone to the impact site of the 

experimental side was significantly different from their homologous tissue layer from the control 

side: nucleus density was significantly reduced in the synovial membrane (p=0.01); was 

significantly increased in the fibrous periosteum layer (p=0.01); and was significantly increased 

in the cambium periosteum layer (p=0.01). 

 

Impact site: The nucleus density at the impact site of the experimental side was: 984±360 in the 

synovial membrane	[695-1484]; 1461±194 in the fibrous periosteum layer [1195-1637]; 1654±92 

in the cambium periosteum layer [1547-1770]. The nucleus density at the impact site of the 

control side was: 590±118 in the synovial membrane [432-707]; 530±138 in the fibrous 

periosteum layer [360-683]; and 1119±260 in the cambium periosteum layer [845-1368]. The 

nucleus density of the three tissue layer of the impact site of the experimental side was 
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significantly increased compared to the control side: p=0.03 for the synovial membrane; p=0.01 

for the fibrous periosteum layer; and p=0.01 for the cambium periosteum layer.  

 

Impact site to the enthesis region: The nucleus density of the region from the impact to the 

enthesis of the experimental side was: 756±246 in the synovial membrane [590-1121]; 1205±597 

in the fibrous periosteum layer [913-1970]; and 1639±506 in the cambium periosteum layer 

[1173-2296]. The nuclear density at the region from the impact to the enthesis of the control side 

was: 652±148 in the synovial membrane [484-780]; 566±180 in the fibrous periosteum layer 

[383-815]; and 1060±146 in the cambium periosteum layer [919-1262]. The nucleus density 

between the experimental side and the control side of the region from the impact to the enthesis 

was: not statistically different in the synovial membrane (p=0.69); significantly increased in the 

fibrous periosteum layer of the experimental side (p=0.01); and in the cambium periosteum layer 

of the experimental side (p=0.03).  

 

2.4.3.3 Six weeks post-impact:  

Junctional zone to the impact site: The nucleus density in the synovial membrane was 0 or 

negligible in three rats out of four and 896 in the other rat [0-896]. Overall, the nucleus density in 

the synovial membrane was 224±448, [0-896]. The nucleus density found in the periosteum 

layers was: 1645±206 in the fibrous periosteum [1391-1868]; and 1915±204 in the cambium 

periosteum [1751-2179]. The nucleus density found in the region of the junctional zone to the 

impact site of the control side was: 647±99 in the synovial membrane [507-724]; 841±316 in the 

fibrous periosteum layer [580-1301]; and 1361±99 in the cambium periosteum layer [1278-1505]. 

The nucleus density between the experimental side to the control side of the junctional zone to the 

impact site of the experimental side was: not significantly for the synovial membrane (p=0.31); 



 

51 

 

statistically increased in the fibrous periosteum layer of the experimental side (p=0.01); and in 

the cambium periosteum layer of the experimental side (p=0.01). 

 

Impact site: Overall, the nucleus density in the synovial membrane was 608±544, [0-1315]. The 

nucleus density found in the periosteum layers was: 1642±299 in the fibrous periosteum [1418-

2080]; and 1735±302 in the cambium periosteum [1387-2098]. The nucleus density at the impact 

sites of the control side were: 532±90 in the synovial membrane [468-664]; 651±119 in the 

fibrous periosteum layer [479-733]; and 1249±156 in the cambium periosteum layer [1125-1464]. 

The nucleus density between the experimental side to the control side: was not statistically 

different for the synovial membrane (p=1.00); was significantly increased in the fibrous 

periosteum layer of the experimental side (p=0.01); and in the cambium periosteum layer of the 

experimental side (p=0.03).  

 

Impact site to the enthesis region: The nucleus density in the regions from the impact to the 

enthesis on the experimental side were: 622±207 in the synovial membrane [415-847]; 1272±575 

in the fibrous periosteum layer [730-2061]; and 1562±378 in the cambium periosteum layer 

[1315-2116]. The nucleus density at the region from the impact to the enthesis of the control side 

was: 432±67 in the synovial membrane [352-514]; 503±94 in the fibrous periosteum layer [424-

638]; and 1120±237 in the cambium periosteum layer [856-1346]. The nucleus density between 

the experimental side to the control side of the region from the impact to the enthesis was: not 

statistically different for the synovial membrane (p=0.34); statistically increased in the fibrous 

periosteum layer of the experimental side (p=0.01); and was not statistically different for the 

cambium periosteum layer (p=0.06), with significant increased density in the experimental side.  
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2.4.3.4 Nine weeks post-impact:  

Junctional zone to the impact site: The nucleus density in the synovial membrane was 0 or 

negligible in three rats out of four and 730±413 in the other rat. Overall, the nucleus density in the 

synovial membrane was 292±451, [0-1025]. The nucleus density found in the periosteum layers 

was: 1409±273 in the fibrous periosteum [1101-1704]; and 1684±277 in the cambium periosteum 

[1380-2013]. The nucleus density found in the region of the junctional zones to the impact site of 

the control side were: 660±138 in the synovial membrane [492-846]; 836±213 in the fibrous 

periosteum layer [682-1199]; and 1193±183 in the cambium periosteum layer [1008-1500]. The 

nucleus density between the experimental side and the control side of the junctional zones to the 

impact sites of the experimental side was: not significantly for the synovial membrane (p=0.14); 

statistically increased in the fibrous periosteum layer of the experimental side (p=0.02); and 

statistically different for the cambium periosteum layer of the experimental side (p=0.01). 

 

Impact site: Generally the synovial membrane, the fibrous layer and the cambium layer of the 

periosteum presented signs of high cellular density at the impact site. Overall, the nucleus density 

was: 655±295 in the synovial membrane [300-1026]; 1375±355 in the fibrous periosteum layers 

[1073-1962]; and 1461±140 in the cambium periosteum layer [1284-1652]. The nucleus density 

at the impact site of the control side was: 586±161 in the synovial membrane [358-754]; 638±192 

in the fibrous periosteum layer [418-907]; and 1119±268 in the cambium periosteum layer [780-

1443]. The nucleus density between the experimental side to the control side at the impact site 

was: not statistically different for the synovial membrane (p=0.84); significantly increased in the 

fibrous periosteum layer of the experimental side (p=0.01); and was significantly different for the 

cambium periosteum layer of the experimental side (p=0.02).  

 

Impact site to the enthesis region: The nucleus density in the region from the impact site to the 

enthesis on the experimental side was: 691±238 in the synovial membrane [334-982]; 1068±322 
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in the fibrous periosteum layer [540-1365]; and 1347±229 in the cambium periosteum layer 

[1123-1693]. The nucleus density at the region from the impact to the enthesis of the control side 

was: 463±148 in the synovial membrane [275-632]; 571±130 in the fibrous periosteum layer 

[425-775]; and 1073±236 in the cambium periosteum layer [722-1277]. The nucleus density 

between the experimental side and the control side of the regions from the impact to the enthesis 

was: not statistically different for the synovial membrane (p=0.15); statistically increased in the 

fibrous periosteum layer of the experimental side (p=0.03); and not statistically different for the 

cambium periosteum layer (p=0.22).  

 

Table 1: Results of the nucleus density for the synovial membrane. Results are reported as 
mean± standard deviation. Minimum and Maximum values are reported to express the latitude of 
tissue alteration and/or cellularity. 
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Figure 21 Nucleus density (Nb/mm2) for the synovial membrane at 24 hours, 3 weeks, 6 
weeks and 9 weeks after impaction for each evaluated joint regions: a) Junctional zone to 
impact site, b) Impact site, c) Enthesis to impact site. (* p<0.05) 
  

a) 

b) 

c) 
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Table 2 Results of the nucleus density for the fibrous periosteum. Results are reported as 
mean± standard deviation. Minimum and Maximum values are reported to express the latitude of 
tissue alteration and/or cellularity. 
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Figure 22 Nucleus density (Nb/mm2) for the fibrous periosteum membrane at 24 hours, 3 
weeks, 6 weeks and 9 weeks after impaction for each evaluated joint regions: a) Junctional 
zone to impact site, b) Impact site, c) Enthesis to impact site. (* p<0.05) 

a) 

b) 

c) 
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Table 3 Results of the nucleus density for the cambium periosteum. Results are reported as 
mean± standard deviation. Minimum and Maximum values are reported to express the latitude of 
tissue alteration and/or cellularity. 
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Figure 23 Nucleus density (Nb/mm2) for the cambium periosteum membrane at 24 hours, 3 
weeks, 6 weeks and 9 weeks after impaction for each evaluated joint regions: a) Junctional 
zone to impact site, b) Impact site, c) Enthesis to impact site. (* p<0.05) 
  

a) 

b) 

c) 



 

59 

 

2.4.4 Discussion 

Previous literature suggests that osteophytes can occur in non-symptomatic joints and in early 

stage OA with no other observable alterations [29, 18, 30], that osteophyte arises from PDCs [40, 

61], that the periosteum response observed in osteophyte formation is analogous to bone repair 

such as in fracture healing [34, 41], and cellular responses are sensitive to mechanical strains [41, 

61, 77] under mechanobiology process [69], especially present in DO [62, 64, 68].  

 

This information led us to hypothesize that mechanical insult of the periosteum in the rat knee 

joint stimulates osteophyte formation. Current animal models in the literature do not isolate 

periosteal response to direct mechanical stimuli in osteophyte development. Therefore, this 

study’s objectives were to develop an experimental model of mechanically induced osteophyte 

formation in the rat, and to histologically characterise the effects of mechanical impact of 

morphological alterations of the knee joint periosteum.  

 

The Discussion section is divided into and presented in chronological order by time points with 

an overall summary closure. 

 

2.4.4.1 24 hours post-impact 

There were no signs of cartilage alteration, cortical and subchondral bone damage or changes 24 

hours after impaction. The impact affected the synovium membrane, fibrous periosteum, and the 

cambium periosteum in every subregion of the joint on the impacted side. Blood extravasation 

was present in the impact site and at the enthesis region in the periosteum. This suggests that a 

moderate impact to the periosteum altered the synovial layer without entirely destroying the 

fibrous and cambium periosteal layer. This tissue damage led to blood extravasation but does not 

seem to have macroscopically damaged other components of the joint such as cortical bone and 
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subcortical bone. The blood extravasation was observed to pool in the enthesis region consistently 

throughout animals. Reasons for the blood to pool in this region remain unclear. 

 

2.4.4.2 Three weeks post-impact  

There were no signs of cartilage alteration, cortical and subchondral bone damage or changes 3 

weeks after impaction. The synovium membrane showed signs of regeneration both at the site of 

impact, and in the region from the impact site to the enthesis region of the experimental side. In 

addition to signs of synovitis, recognized by a rich cellular infiltration, tissue hyperplasia and 

fibrous tissue present in the synovium membrane [101], the nucleus density went from an altered 

tissue at 24 hours to 984±360nb/mm2 3 weeks after at the impact site and revealed a 45% increase 

in nucleus density in the region from the impact site to the enthesis between 24 hours after impact 

to 3 weeks after impact. The synovitis was especially observed at the enthesis region adjacent to 

the blood extravasation location observed 24 hours after impact.  

 

The fibrous and cambium periosteum layers presented signs of cellular proliferation activity in 

every subregion of the experimental side. Indeed, there was a nucleus density increase between 

24 hours and 3 weeks for the fibrous periosteal: from negligible to 1789±306nb/mm2 at the 

junctional zone to the impact site, 45% increase at the impact site, 46% in the region from the 

impact site to the enthesis. A more pronounced nucleus density increased was found in the 

cambium periosteal layer between 24 hours and 3 weeks after impact in every joint subregions: 

112% increased at the junctional zone to the impact site, 141% increased at the impact site, and 

89% of increased in the region from the impact site to the enthesis. This increased nucleus density 

in the experimental side is suggestive of a cellular proliferation activity taking place at the site of 

impact and in the surrounding area occurring between 24 hours and 3 weeks after the initial 

impact. 
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The cartilaginous tissue spur found in all experimental animals at the impact to the enthesis 

region, could be described as a chondrophyte [29]. These chondrophytes were composed of 

fibrocartilage-like tissue, cartilage matrix, hypertrophic chondrocyte located at the ossification 

front with sinusoids showing signs of cartilage matrix mineralization at its frontier. Such 

developing sinusoids have been suggested to play a crucial role in the cell differentiation and 

bone structural remodelling as described by Sacchetti et al. [102]. The hypertrophic chondrocytes 

are arranged in columns, similar to those found in the proliferative zone and in DO, suggestive to 

be influenced by a certain mechanical strain [57, 65]. Chondroclasts were noticed within and at 

the front of the cartilage tissue, suggesting signs of remodelling of the chondrophyte matrix [103–

105]. The mineralized side of the ossification front was composed of amorphic bone tissue 

containing sinusoids. Osteoclasts were also noticed in the mineralized tissue, signs of remodelling 

process. Sign of mineralization of the cartilaginous tissue such as a darker bleu staining and 

osteoid formation were observed. These observations, made 3 weeks after periosteal insult, 

suggest that the core of the chondrophyte was undergoing endochondral ossification [103].  

 

The irregular mineralized surface of the chondrophyte was covered by an active cambium 

periosteum containing osteoblast-like cells, based on it hyperplasia and rich nucleus density. 

Signs of direct differentiation of osteoprogenitor cells (PDCs) of the cambium periosteal layer 

into osteoblast-lining cells were noticed in those grooves; from flattened shape to a more round in 

shape on the bone line surface [106]. Based on our histological observation, no clear evidence of 

the presence of transchondroid ossification, characterized by an ossification of fibrous tissue 

organized into well-defined columns [63], was taking place in the chondrophyte at this time point. 

These observations suggest that the surface of the chondrophyte is undergoing intramembranous 

ossification around 3 weeks after periosteal insult [61, 107].  
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The growth plate line in the posterior aspect of the distal femur projected into the chondrophyte. 

It remains unclear as if the growth plate contributed actively to the cell proliferation and/or 

differentiation or if latent chondrocytes of the inactive growth plate have been triggered by 

molecular signals taking place after the mechanical stimuli.  

 

These observations suggest that a chondrophyte can develop within 3 weeks after a moderate 

mechanical impact of the periosteum. The chondrophyte developed in the region were a blood 

pool was noticed 24 hours after the insult, more precisely in an enthesis region. Histological signs 

of internal endochondral and peripheral intramembranous ossification where taking place in the 

chondrophyte. Signs of cartilaginous tissue and mineralized tissue remodelling process were also 

noticed within the chondrophyte.  

 

2.4.4.3 Six weeks post-impact  

There were no signs of cartilage alteration, and subchondral bone damage or changes 6 weeks 

after impaction. The synovium membrane was partially reformed in various degrees between 

animals at the impact site at this time point. This variation could explain the large deviation in 

nucleus density results and suggests that the synovium membrane could still be in healing and 

regenerating process at the impact site and from the impact site to the junctional zone 6 weeks 

after impact. The synovial membrane presented signs of synovitis in the enthesis and a 36% 

increase in nucleus density compared to the control side at the impact site. However, the nucleus 

density of the synovial membrane in the region from the impact site to the enthesis showed a 19% 

reduction when compared to what was observed at the previous time point, 3 weeks after impact. 

This suggests that the cellular proliferation, healing and regenerating process of the synovial 

membrane in the region from the impact to the enthesis peaked around 3 weeks after insult, and 

could be stabilizing between 3 to 6 weeks after the mechanical insult.  
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The nucleus density of the fibrous periosteum layers was significantly higher in every subregion 

of the experimental side compared to the control side, suggesting that the fibrous periosteum 

remained active 6 weeks after impact. The nucleus density of the cambial periosteum layer was 

significantly higher in the region from the impact site to the junctional zone and at the impact 

site; although higher in the region from the impact site to the enthesis, no statistical significance 

was found in nucleus density for that specific region.  On a time line perspective, the fibrous 

periosteum of the junctional zone to the impact site showed signs of decreased cellular 

proliferation activity by 8% compared to time earlier time point, 3 weeks after the impact. The 

cambium layer of this region showed a moderate increase in cellular proliferation activity by 15% 

when compared to 3 weeks after impact.  

 

At the impact site region, the nucleus density of the fibrous periosteal layer at 6 weeks after 

impact was moderately higher of 12% than at 3 weeks after impact, while the nucleus density of 

the cambium layer was relatively comparable to the one at 3 weeks after impact at the impact site 

with a negligible 5% difference. In the region from the impact site to the enthesis, the nucleus 

density was relatively similar between 3 weeks and 6 weeks after impact for both the fibrous and 

cambium periosteum. This suggests that the periosteum layers proliferation activity was still 

taking place 6 weeks after impact in both the impact site and in the region from the impact site to 

the enthesis but seem to be more stable.  

 

Although the cellular proliferation activity of the synovial membrane, the fibrous periosteal layer, 

and the cambium periosteal layer was observed to be more active compared to the control side, 

the cellular activity difference between 3 and 6 weeks after impact was less pronounced than 

changes that occurred between 24 hours and 3 weeks after impact. This suggests that the 

increased cellular proliferation activity that took place between 24 hours and 3 weeks after 

mechanical impact seemed to be stabilized afterwards.  
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The irregular cortical bone surface and the mineralized surface of the chondrophyte presented 

irregular grooves filled by a rich nucleus density cambium layer containing osteoblast-like cells. 

On a more superficial aspect of those osteoblast-like cells, the presence of osteoprogenitor-like 

cells was observed; this would be consistent with signs of intramembranous ossification activity.  

These activities were predominately observed at the impact site region, resulting in a bony bump 

found in all experimental animals, and on the superficial aspect of the base of the mineralized 

component of the observed chondrophyte.  

 

Generally, the chondrophyte observed in the enthesis region presented signs of more advanced 

mineralisation than at 3 weeks and less fibrocartilaginous tissue.  Fibrocartilage-like tissue was 

still observed but was more located towards the tip of the spur oriented toward the enthesis of the 

medial collateral ligament. A reduced number of hypertrophic chondrocytes were observed 

suggesting a decrease in cartilage activity and endochondral ossification [108]. Sinusoids were 

present in the amorphic bone of the mineralized component. The growth plate line was observed 

to project into the chondrophyte and appeared to be dividing the mineralized part from the 

cartilaginous part.  

 

These observations are suggesting that the chondrophyte observed 3 weeks after impaction was 

maturing into a more mineralized osteophyte via internal endochondral and superficial 

intramembranous ossification. The osteophyte seemed to be growing in the direction of the 

enthesis of the medial collateral ligament, which would be classifying it as an enthesophytes. In 

conjuncture with literature, these observations may suggests that the development of the 

osteophyte, triggered by mechanical insult to the periosteum, might be influenced by the 

mechanical strain of the medial ligament [34, 37, 41, 61, 77], but the reason behind this 

localization remains unclear.  
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2.4.4.4 Nine weeks post-impact  

No signs of cartilage alteration at the trochlear groove were noticed. Trabeculae of the subcortical 

bone on the side of the impact appeared thicker when compared to the control side. No other 

signs of subcortical bone alteration were observed. The synovium membrane remained disrupted 

at the junctional zone 9 weeks after the impact, but showed sign of regrowth in 40% of the cases.  

 

The synovium membrane was partially reformed at the impact site and its nucleus density average 

and deviation resembled the control side, suggesting a more normal state. Signs of synovitis at the 

enthesis region were still observed histologically 9 weeks after impact and the synovium 

membrane presented a 40% increased nucleus density compared to the control side.  Although 

this nucleus density was relatively similar to the one found 6 weeks after impact, these 

observations suggest that synovitis may still be present 9 weeks after impact in some regions of 

the joint.  

 

The fibrous and cambium periosteum layers of the three joint regions of the experimental side all 

presented a rich nucleus density compared to the control side 9 weeks after the impact. However, 

both periosteal layers presented signs of a reduction in the cellular proliferation activity compared 

to the previous time point, 6 weeks after impact: 15% of reduced nucleus density in the fibrous 

periosteal layer and 13% of reduced nucleus density in the cambium periosteal layer in the 

junctional zone; 18% of reduced nucleus density in the fibrous periosteal layer and 17% of 

reduced nucleus density in the cambium periosteal layer at the impact site; 17% of reduced 

nucleus density in the fibrous periosteal layer and 15% of reduced nucleus density in the 

cambium periosteal layer in the region from the impact site to the enthesis region. This suggest 

that the synovial membrane at the junctional zone was still proliferating and regenerating 9 weeks 

after initial alteration, that the periosteal layers were still having a cellular proliferation activity 

compared to the control side, but that cellular proliferation activity showed signs of regression 
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compared to 6 weeks after impact. This also suggests that the highest cellular proliferation of the 

periosteal layers occurred between 24 hours and 3 weeks after the impact, but was still present 

between 3 weeks to 9 weeks. These observations and quantifications are representative of healing 

process of the periosteum after alteration; increased nucleus density during differentiation and 

proliferation, before gradually being resolved [100].  

 

In the junctional zone, the cambium periosteal layer remained fairly active; 60% of the rats 

developed a small bony projection covered by cartilage was observed to be originating from the 

tidemark zone at the junctional zone 9 weeks after impact. This could suggest that 

osteochondrophyte at the junctional zone may take more time to develop or could develop due to 

other molecular, physiological, and/or other mechanical stimuli causal of changes in the joint 

homeostasis potentially induced by the mechanical insult to the periosteum.   

 

Grooves on the surface of the cortical bone appeared less profound than at 6 weeks but were still 

filled with a dense nuclear cambium periosteal layer. The bony lump present at the impact site 6 

weeks after impact was not as prominent as at 9 weeks. It appeared to be incorporated in the 

cortical bone that visually appeared thicker when compared to control side and compared to 6 

weeks after impact. This is suggesting that intramembranous ossification activity observed at the 

impact site and at the periphery of the developing chondrophyte resulted in a thicker cortical bone 

in these regions, from the impact site to the medial collateral enthesis. The enthesophytes found at 

the medial collateral ligament enthesis region at 9 weeks appeared more mineralized with almost 

no cartilage tissue matrix observed. The growth plate line was observed to project into the 

enthesophytes. Limited presence of hypertrophic chondrocyte was noticed suggesting a reduced 

or absence of cartilage matrix deposition and endochondral ossification at this point. 

Quantification and molecular analysis would be needed to confirm this observation.  
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2.4.4.5 Overall Summary 

In summary, 24 hours after the impaction, blood extravasation was noticed at the site of impact 

and appeared to pool in the region adjacent to the enthesis of the medial collateral ligament where 

an osteo-cartilaginous metaplastic tissue outgrowths was found. The histological and 

morphological composition of this newly formed tissue, composed of fibrocartilage, cartilage and 

bone tissue, is consistent with the osteophyte description [57]. Therefore, this newly formed 

outgrowth was recognized as an osteophyte, more precisely an enthesophyte due to its relation 

with the medial collateral ligament enthesis [16, 29, 34–36]. The evolution from blood infiltrate, 

presence of periosteal proliferation activity, development of a chondrophyte to mineralized 

osteophyte appears to be consistent with the evolution of osteophyte and also from bone repair 

previously described [36, 62, 64].  

 

In the osteophyte core, blood sinusoids were dividing the hypertrophic zone to a mineralized 

matrix zone at the ossification front. Those sinusoids appeared to be providing vascularisation of 

the chondrocyte core for endochondral ossification. The arrangement of those sinusoids with 

adjacent mineralize bone and along with chondrocytes arranged in columns appeared to be 

oriented towards the enthesis and medial collateral ligament. This would correlate to the tissue 

organisation found in growth plate and in DO where endochondral ossification process taking 

place is suggested to be influenced by the mechanical strain [59, 60, 63, 65]. At the osteophyte 

periphery and surface, bone formation occurred by a process consistent with that of 

intramembranous formation.  

 

It is possible that the cartilaginous regions of the osteophyte in development were influenced by 

certain mechanical strains from the medial collateral ligament, leading to endochondral 

ossification, whereas the periphery and surface of the osteophyte were undergoing 

intramembranous ossification due to less mechanical strain influence [41]. There was no clear 
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evidence of a third transchondroid ossification as described by Yasui et al. and others [62–64] in 

DO. It is therefore possible that the reaction induced by the mechanical insult to the periosteum 

provoked a bone healing response that could have been influenced by the presence of mechanical 

tension of nearby anatomical structures, in this case, the medial collateral ligament. Future work 

would have to be done to clarify this point.  

 

Moreover, our results support that periosteal cells can be sensitive to mechanical strain; we 

measured an increased nucleus density in the periosteum after mechanical impact, which is 

suggestive of cell division and proliferation [61, 77]. The signs of synovitis noticed on the 

experimental side when compared to the control side may suggest that a molecular cascade could 

have been triggered by the mechanical insult and during the osteophyte development that could 

impact the synovium membrane, maintaining the synovitis state, a sign of OA [7–11, 17].  

 

2.4.4.6 Future work 

The localization of the osteophyte correlates with the region where blood extravasation was 

observed to pool 24hours after mechanical insult to the periosteum. The reason behind this 

consistent pooling localization remains unclear and would deserve to be investigated. It could 

bring insights on how joint homeostasis is getting disturbed after a moderate trauma. The role of 

blood borne cells and inflammation cascade response in triggering the periosteal layers in 

osteophyte development still remain to be clarified. The role of pro-inflammatory and growth 

factors in the osteophyte development has been investigated, but to the authors’ knowledge, only 

in OA models and in patient with OA conditions. The developed animal model would help in 

studying molecular cascade taking place during periosteal mechanical insult specifically. The 

mechano-biology process that might be taking place and could influence the development of 

osteophyte remains unclear. It would be interesting to evaluate if mechanical strain can influence 
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osteophyte development after mechanical insult to the periosteum, in similar fashion to 

distraction phase during DO.  

 

2.4.4.7 Limitations  

Small rodents, such as the Sprague-Dawley species, are popular in OA animal studies. However, 

it is suggested that, although becoming inactive, their growth plate never fully close [109, 110].  

Martins et al. [111] conducted an micro-CT evaluation of knee growth plate in Sprague-Dawley 

rats of different age, suggested that bony bridges confirming a growth plate maturity was 

observed at around 8 month in female and 10 months in male. Based on these and with 

radiological confirmation, we have tried to control this potential cofounding factor. However, the 

fact that the distal femoral growth plate was observed to be part of the osteophyte in the newly 

formed structures, suggests that other small animals may better represent the effects of 

mechanical impact and/or morphological alteration of the knee joint periosteum. Animals that 

achieve full skeletal maturity with growth plate closure would probably of particular interest.  

Future work could explore other animal models, such as Cavia porcellus or New Zealand White 

rabbits, to test this hypothesis and verify our findings. It is known that bone modeling and 

remodelling activities are influenced by hormonal level such as estrogen [13, 112], it is therefore 

possible that our results can be limited to the female population, due to the fact that only female 

rats were used in this study.  

 

Tissue alteration after impaction varied between animals, resulting in high standard deviation of 

nuclei density at some time points. Our limited number of animals did not allow us to exclude 

potential outliers; we therefore included all experimental animals in our statistical analysis. A 

larger animal number would be needed to validate our results. 	
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Although a small number of animals was used in this study, statistical power was achieved for the 

nucleus density quantification, and our observations were consistent between animals. Therefore, 

the animal number was not a limiting factor but could be increased for further validation of the 

model.  

 

2.4.5 Conclusion  

This is a first reported animal model of mechanically-induced osteophyte isolating periosteal 

response after moderate mechanical insult. The data indicate that a moderate trauma to the 

periosteum of the knee joint may play a role in osteophyte formation. Osteophytes can be 

mechanically induced with a single load impact of 53N applied onto the periosteum in rat knees. 

Additionally, the data suggest that osteophyte development may be influenced by mechanical 

strain. It was also observed that osteophytes can develop without other signs of osteoarthritis, 

such as articular cartilage damage. This mechanically induced osteophyte rat model may serve as 

a good research model for studying molecular mechanisms during osteophyte genesis and joint 

adaptation after mechanical modification.    
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Chapter 3 

Mature human osteophyte: histological description 
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3.1 Abstract 

Purpose: Osteophytes are newly formed osteo-cartilaginous tissue outgrowth found in 

degenerative and inflammatory joint disease. The biological composition of osteophytes varies 

during their development, from cartilaginous to strongly mineralized tissue. Histopathological 

osteophyte classification systems suggest four different osteophyte types, ranging from 

periosteum derived mesenchymal stem cells condensation, chondrophytes, chondrophyte with 

limited mineralization, to osteophytes with strong mineralization and notable marrow cavities. 

The objectives of this study was to histologically characterize osteophytes that were clinically 

considered mature, by using histological osteophyte classifications systems; and provide 

histomorphology description to potentially validate the mechanically-induced osteophytes animal 

model to study some aspect of osteophyte development in the human.  

 

Methods: With relevant Ethics approval and patient consent, three femoral heads with considered 

mature osteophytes were collected during total hip arthroplasty. Femoral heads were fixed in 4% 

formaldehyde before being sectioned for isolating osteophytes. Osteophytes samples were 

harvested from the articular and bone junction region and from the femoral neck region. Samples 

were prepared for histology. Serial 5 µm-thick sections were cut and stained with basic H&E and 

Masson’s trichrome, to be examined by light microscopy. Histological grading systems were used 

to characterize the degree of maturity of the osteophytes.  

 

Results: The histological features of the studied clinically considered mature osteophytes would 

correspond to mature osteophyte stage with a strong mineralized and developed cancellous bone 

core. These mature osteophytes presented proliferation, remodelling and development stage 

characteristics. These early developmental stage characteristics were observed in location found 

at the most prominent aspect of the osteophyte.  
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Conclusions: The advanced stage of clinically considered mature osteophyte has been confirmed 

with histological grading system. Mature osteophytes have histological signs of proliferation, 

development and remodelling zone. Mature hip osteophytes show signs of progressive 

endochondral ossification and intramembranous ossification.  
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3.2 Introduction 

Osteophytes are osteo-cartilaginous metaplastic tissue outgrowths on bone capped by cartilage, 

and are usually found at the synovium-articular cartilage junction zone margins of diarthrodial 

and/or at entheses of ligament or tendon insertions in degenerative and inflammatory joint disease 

[29, 34–36]. Osteophytes are known for being anatomic signs of advanced osteoarthritis (OA) 

[12, 27, 28]. Osteophytes are used in OA histopathological and radiological monitoring and 

grading system. Osteophyte biological composition varies during development; from 

cartilaginous to ossified tissue [29]. The osteophytes developmental state is excluded from 

consideration in conventional OA radiological evaluation systems, because sometimes difficult to 

capture and depict with conventional imaging modalities [33]. Histopathological osteophyte 

classification systems suggest four different osteophyte types, ranging from periosteum derived 

mesenchymal stem cells condensation, chondrophytes, chondrophyte with limited mineralization, 

to osteophytes with strong mineralization and notable marrow cavities [36, 113]. 

 

Osteophytes are thought to develop from cells found in the periosteum [40]. The periosteum 

response observed in osteophyte formation has been suggested to be analogous to bone repair in 

fracture healing [34]. In bone repair and fracture healing, a mechanically stable environment 

predisposes to intramembranous ossification, whereas non-mechanically stable environments 

predispose to endochondral ossification of an initial cartilaginous callus formation [41]. 

Intramembranous ossification is a direct deposition of mineralize matrix by osteoblastic cells; 

endochondral ossification is the mineralization of a cartilaginous sketch by osteoblastic cells, 

initially deposit by chondroblastic cells [61].  

 

It is suggested that osteophytes formation may represent a response-to-stress mechanism of the 

joints [37, 114]. Osteophytes could be considered as endogenous repair attempts in degenerating 

joints and might be a physiological response to mechanical overloading by increasing the 
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articulating joint surface, thus having a supportive function [36]. Osteophytes may be developing 

in regions within the joint where new tissue can be formed without being mechanically degraded 

[35, 44]. It remains unclear if mechanical loads are increased at the sites of osteophyte formation 

[44]. Our previous study, Mechanical induced osteophyte in the rat knee [115], we suggested that 

osteophyte can be mechanically induced by one single impact load onto the joint periosteum. The 

study characterized the histomorphology of mechanically-induced osteophyte. We question now 

if osteophyte observed in this previous study have similar histomorphology and tissue 

organization as mature osteophytes.  

 

Premise 

The objectives of this study were: to histologically characterize osteophytes that were clinically 

and macroscopically considered mature by using histological osteophyte classification systems; 

and to study the histomorphology structure and tissue composition of those considered mature 

osteophytes to further validate the mechanically-induced rodent model in studying some aspects 

of osteophytosis found in humans.  

 

Hypothesis of the study: 

We hypothesized that, although considered mature, late stage osteophytes present signs of 

developing stages. Our null hypothesis was that mature hip osteophytes are composed of fully 

calcified tissue.  

 

Rationales of the study:  

1. To histologically characterise considered mature osteophyte using a histological grading 

system.  

2. To histomorphologically examine the structural composition of mature osteophytes.  
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3.3 Materials & Methods  

3.3.1 Study Design  

To examine the microscopic composition of human mature osteophytes, a histological study was 

conducted. Light microscopy was used to histologically examine the histomorphology of mature 

human osteophytes. The degree of maturity of clinically considered mature osteophyte was 

confirmed by using a histological grading system. The presence of developing signs of human 

mature osteophytes was evaluated. The study was performed on osteophytes harvested from 

osteoarthritic femoral heads, collected during total hip surgical orthopaedic procedures.  

 

3.3.2 Sample acquisition  

With approval of the combined Research Ethics Board (REB) of Queen's University, Kingston 

General Hospital (KGH) and Hotel Dieu Hospital (Kingston, ON, CAD) (Appendix E), and with 

patients’ informed consent, 3 femoral heads were collected from total hip arthroplasty (THA) 

with diagnosed mature osteophyte by the orthopaedic surgeon (Appendix F). An orthopaedic 

surgeon of KGH surgically resected the femoral heads by performing a femoral neck osteotomy. 

For every collected sample, the femoral head anatomy with osteophytes and remaining of femoral 

capsule insertion were preserved intact. Samples were collected by the scrub nurse and 

immediately fixed with fresh 4% paraformaldehyde (PFA) solution in PBS (phosphate-buffered 

saline) solution. Samples were stored for four weeks at 4oC in a biohazard refrigerator.  

 

3.3.3 Tissue preparation 

After tissue fixation, the harvested femoral heads were carefully cut to isolate osteophytes of 

interest using a hacksaw (32 teeth per inch). Two cuts were made through the femoral heads to 

isolate a slice of 1cm thick (Fig. 24). The slice was made in order to capture the maximum of the 

core structure of osteophytes present in each femoral head. Osteophyte from the articular cartilage 
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and bone junctional zone (osteochondrophyte) and osteophyte found in the femoral neck region 

were considered. Osteophytes present on the slice were harvested from the femoral head by two 

small perpendicular cuts, isolating the osteophyte and subjacent bone from the overall femoral 

head (Fig. 25).  

 

 

 

 

 

 

Figure 24 Illustration of cutting planes through femoral head; 1cm slice was selected.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 25 Osteophytes selection and isolation from the 1cm thick slice from the femoral 
head. (1) and (3) are representative osteophytes harvested from the junctional zone of the 
articular cartilage and bone (osteochondrophytes) and (2) is a representative osteophyte found at 
the femoral neck region.  
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Samples were prepared for histology using the same protocol and approach as described in 

chapter 2. Briefly, each osteophyte from each femoral head was placed in 10% 

ethylenediaminetetraacetic acid (EDTA) for decalcification at room temperature (21±1oC). The 

EDTA solution was first changed 24 hours after being initially changed from 4% PFA and 

subsequently changed every 3 days until complete decalcification (4-5 weeks). Once decalcified, 

samples were prepared for histological examination. To maximize surface area during serial 

sectioning, each osteophyte was divided in two subsamples by performing one straight cut 

through their center with a razor blade. Samples were then placed into histology cassettes for 

dehydration through a series of graded ethanol solutions, then cleared in toluene, before being 

embedded in paraffin wax in the orientation of the desired cut axis.  

 

3.3.4 Histology: microscopic observations 

Serial sections of 5µm thickness were cut using a manual rotary microtome (820 Spencer 

microtome, American Optical Co, Southbridge, MA, USA). Four sections were kept for every ten 

sections made. Selected sections were then mounted onto a positively charged microscope slide 

(Denville UltraClear Cat M#1021, Denville Scientific Co, Metuchen, NJ). Successive slides were 

stained with hematoxylin and eosin (H&E) using Weigert's iron haematoxylin, and with Masson’s 

trichrome (Sigma-Aldrich Co., Saint-Louis, MO, USA). Collagen fibers were stained blue, 

primary bone stain dark blue, while very dense parts of mature bone were stained red [113, 116]. 

 

Histological image acquisition: Slides featuring relevant and representative observations done 

during analysis were imaged at 10x with a high-resolution color camera Micropublisher 3.3 

camera, and its control and image processing software QImaging (Langley, BC, Canada) and 

scanned at 20X with a high resolution ScanScope CS scanner from Aperio (Vista, CA, USA). 
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3.3.5 Data and Analysis 

Microscopic observations: Histological serial sections were examined using light microscopy and 

the histomorphology of osteophyte composition was analyzed. The main focus of observations 

was: histomorphological evaluation and description of cell and tissue types. Detailed descriptions 

of observations were recorded and verified by two independent investigators (GV, SP).  
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3.4 Results 

Osteophytes studied in this research were found and harvested from two different regions that 

was consistent between samples: the articular cartilage and bone junction of the femoral head and 

from the femoral neck region. The photomicrographs of selected scanned histology slides 

presented in this section have been modified from originals for better presentation purposes. They 

have been cropped to isolate ROI of osteophytes and/or relevant subsections. Histomorphological 

observations of human mature osteophytes are presented here by osteophyte provenance, 

subdivided in superficial aspect and core aspect sections.   

 

3.4.1 Articular and bone junction osteophyte 

3.4.1.1 Superficial Aspect of Articular and Bone Junction Osteophyte:  

Osteophytes found at the articular cartilage bone junction appeared to be a spur extending from 

the articular cartilage (Fig. 26). The surface of these osteophytes close to the articular cartilage 

region was revealed to be a fibrocartilage constituent with paralleled columns oriented 

perpendicular to the subjacent bone. Getting closer to the tip of the osteophyte, the orientation of 

the fibrocartilage and chondrocyte columns were getting more parallel oriented with respect to 

the direction of the tip of the osteophyte (Fig. 27). The fibrocartilage thickness decreased when 

getting away from the articular cartilage region, towards the tip of the osteophyte. The thickness 

was reduced to the profit of fibrous dense regular connective tissue mainly composed of type I 

collagen fibres and fibroblast cells. The orientation of the collagen fibres of this observed 

connective tissue appeared to be in continuation with the orientation of the fibrocartilaginous 
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structure. A tissue layer with mesenchymal-like cells like and round chondroblast-like cells 

coated the fibrocartilage.  

 

 

 

 

 

 

 

 

 

 

Figure 26 Osteophytes found at the articular cartilage bone junction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27 Superficial aspect of osteophyte found at the articular and bone junction. 
Suggested alignment of fibrocartilage and connective tissue (à).   
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At the tip of the osteophyte, the fibrocartilage tissue appeared to be less organized and no clear 

fibrocartilage columns were noticed. A highly cellular tissue containing mesenchymal-like cells 

was observed between the fibroblast-rich connective tissue layer and the fibrocartilage tissue. 

Blood vessels were noticed in the fibrous connective tissue layer in the tip of the osteophyte 

region. Beyond the tip of the osteophyte, in the region located between the depression of the 

femoral neck cortical bone and the innermost surface of the osteophyte, the connective tissue 

coating the surface of the osteophyte changed nature to a looser connective tissue with many 

capillaries. This connective tissue also presented a synovial lining cells surface and the 

mesenchymal-like cells layer diminished to be almost nonexistent. This tissue was in continuation 

with the synovial membrane of the femoral neck region. At the root junction of the osteophyte 

with the femoral neck cortical bone, presence of blood vessels entering the osteophyte was 

noticed (Fig. 28).  

 

 

 

 

 

 

 

 

 

Figure 28 Blood vessels (i) entering core (ii) of osteophyte at the root junction (iii) with 
femoral neck (iv).   
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3.4.1.2 Core Aspect of Articular and Bone Junction Osteophyte: 

Deeper to the fibrocartilage layer, a dark blue stained layer of primary bone-like matrix composed 

of osteoid was noticed. Frontier line of fibrocartilage tissue transitioning into a more mineralized 

amorphic woven bone-like tissue was also noticed (Fig. 29). This ossification front revealed the 

presence of sinusoids dividing chondrocytes to fibrocartilage tissue. Multinucleated cells 

recognized as chondroclasts and osteoclasts were also evident at the ossification front line or 

deeper. The mineralized tissue layer adjacent to the frontier line stained bleu compared to the 

redly stained cortical bone of the neck region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29 Sinusoids observed (i) at a frontier line (between ----) between fibrocartilage (ii) 
and mineralized tissue (iii). 

 

  



 

 

 

84 

Deeper to the transition zone, trabeculae structure were observed. The core of the osteophyte was 

composed of a visually highly connected trabecular bone containing marrow cavities with 

presence of blood vessels. The marrow cavities of the osteophyte were in contact and continuity 

with the marrow cavities of the cancellous bone of the femoral head (Fig. 30). 

Figure 30 Marrow cavities (i) of osteophyte found at the articular and bone junction.  
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3.4.2 Femoral neck region osteophyte 

3.4.2.1 Superficial Aspect of Femoral Neck Osteophyte: 

Osteophytes found at the femoral neck region appeared to be a protrusion extending from the 

femoral neck cortical bone (Fig. 31). The surface of these osteophytes revealed a more or less 

organized fibrocartilage and regular dense connective tissue (Fig. 32). The fibrocartilage structure 

seemed to be located at the most prominent region of the osteophyte. The fibrocartilage thickness 

was irregular. A layer of disorganized and relatively dense PDC condensation covered the 

fibrocartilage tissue and adjacent regions. The orientation of the connective tissue adjacent to the 

region of the fibrocartilage tissue appeared more or less organized. This connective tissue was 

getting more regularly organized with a predominant alignment being parallel to the osteophyte 

surface when getting closer to the distal edges of the osteophyte. A predominant presence of 

fibroblasts cells was noticed at this point. This more regular connective tissue layer was covered 

by a synovial membrane and revealed a richer blood vessel content.  

 

 

 

 

 

 

 

 

 

Figure 31 Osteophytes found at the femoral neck region. 
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Figure 32 Superficial aspect of osteophyte found at the femoral neck region. The surface of 
osteophytes was composed of more or less organized fibrocartilage (i) and regular dense 
connective tissue (ii). The fibrocartilage structure seemed to be located at the most prominent 
region of the osteophyte (à).  

 

Passed the distal edge of the osteophyte, the superficial connective tissue appeared to be a denser 

regular connective tissue with a predominant fibre orientation parallel to the femoral neck cortical 

bone. This organized connective tissue could be recognized as the joint capsule with its synovial 

lining cell coating. The joint capsule collagen fibres seemed to be inserting onto the depression 

between the osteophyte root and the femoral neck cortical bone (Fig. 33). At the root junction of 

the osteophyte with the femoral neck cortical bone, presence of blood vessels entering the 

osteophyte marrow was noticed (Fig. 33). Deep to the connective tissue layer, on the entire 

surface of the most superficial mineralized tissue layer of the osteophyte, a dense PDC like cells 

condensation was noticed.   
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Figure 33 Root junction of the osteophytes with the femoral neck region. a) Joint capsule 
insertion (i) at the root junction of the osteophyte  (ii) with the femoral head (iii) b) Blood vessels 
(iv) entering the osteophyte at the root junction. 

 

3.4.2.2 Core Aspect of Femoral Neck Osteophyte: 

The deep aspect of the fibrocartilage area appeared to be a mineralized amorphic woven bone-like 

tissue with some osteoid. This mineralized layer was stained blue, compared to the redly stained 

mineralized tissue of the core of the osteophyte and femoral cortical bone. An ossification front 

containing sinusoids was noticed in the fibrocartilage and bluely stained mineralized tissue area 

(Fig. 34). The ossification front contained multinucleated chondroclasts and osteoclasts and blood 

vessels. The osteophyte’s superficial mineralized tissue layer was irregular and deep grooves 

were filled with condensations of mesenchymal-like cells. Blood vessels were noticed in these 

mesenchymal-like cells agglomerates (Fig. 35).  

 

a

b
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Figure 34 Ossification Front (between ----) between fibrocartilage (i) and mineralized tissue 
(ii). Osteoclasts (iii) and blood vessels (iv) were present in this frontier line. 

 
 

 

 

 

 

 

 

 

 

 

Figure 35 Periosteum Derived Mesenchymal Stem Cells (PDC) condensation and blood 
vessels in the femoral neck osteophyte. Blood vessels (i) in relation to a condensation of 
periosteum derived mesenchymal stem cells (ii). 
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Deeper to the blue stained primary woven bone-like tissue layer, trabeculae structures were 

noticed. The core of the osteophyte appeared to be composed of highly interconnected trabeculae 

structures with a certain axial alignment when compared to the cancellous bone of the femoral 

head. The most superficial trabeculae of the osteophyte were more bluely stained when compared 

to the redly stained trabeculae located deeper into the osteophyte core and within the femoral 

head. The marrow cavities of the osteophyte were in contact and continuity with the marrow 

cavities of the cancellous bone of the femoral head. 
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3.5 Discussion 

The objectives of this study were to histologically evaluate the clinically considered mature 

osteophytes in order to characterize their degree of development using histological and grading 

osteophyte system [36, 113] and provide histomorphological details for comparing observation 

results of the mechanically-induced osteophyte of the previous chapter. The interpretations of 

results with the characterisation of their evolutional state are presented in this discussion section. 

Observations made from osteophytes found in both the studied femoral head regions are 

combined: from the articular and bone junction and from femoral neck region. Results are 

discussed in two subsections: for superficial aspect of osteophytes and for the core aspect of 

osteophytes. Details are as follows:  

 

3.5.1 Superficial aspect of osteophytes:  

Osteophytes found at the articular cartilage and bone junction were almost entirely covered in 

fibrocartilage. The fibrocartilage of these osteophytes was a direct extension of the articular 

cartilage of the femoral head. The neck region osteophyte also presented a fibrocartilage region 

but located on the most prominent region of the osteophyte. This fibrocartilage tissue layer would 

be recognized as being in the second stage of development taking place after the initial 

periosteum derived mesenchymal stem cells condensation [36].  

 

In both osteophyte types, between the fibroblast rich tissues, a tissue layer rich in periosteum 

derived mesenchymal stem cells was noticed. Those two tissue layers would be recognized as the 

fibrous periosteum and cambial layer of the periosteum, respectively [61]. At the distal region of 

the fibrocartilage zone, periosteum derived mesenchymal stem cells condensation was noticed, 
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suggesting cellular proliferation, signs of early stage osteophyte development [36, 113]. 

Moreover, the presence of osteoblast-like cells in this tissue layer suggests an intramembranous 

ossification is taking place in these regions subjacent to the fibrocartilage zone (Fig. 36).  

 

 

 

 

 

 

 

 

 

 

Figure 36 Intramembranous and endochondral ossification in mature osteophyte. 
Intramembranous (i) and endochondral ossification (ii) 

 

The presence of blood vessels in the fibrous and cambial periosteum, more precisely at the distal 

region of the fibrocartilage zone and in the periosteum derived mesenchymal stem cells 

condensation zone, could be a sign of angiogenesis activity that has been described as being a 

sign of cartilage development and maturation in endochondral ossification [117]. These blood 

vessels, originating from the joint capsule and periosteum of the femoral neck, penetrated the 

osteophytes cancellous structure at the root junction with the femoral head’s cortical bone. These 

observations were consistent amongst every osteophyte found at the articular cartilage and bone 

junction and at the neck region. This may suggest that the developing zone of the osteophyte 
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could be receiving its blood supply from the periosteum mainly. Every studied osteophyte 

appeared to be developing over the synovium membrane and joint capsule of the femoral head, 

like if they developed in close relation with these connective tissues structures.  

 

3.5.2 Core Aspect of osteophyte 

The bluely stained layer subjacent to the superficial fibrocartilaginous appeared to be young 

mineralized primary amorphic bone tissue and osteoid-like structure when compared to the dense 

regular and redly stained calcified femoral neck cortical bone [113, 116]. Sinusoids observed in 

this bluely stained tissue were creating a frontier line between the fibrocartilage tissue with 

hypertrophic chondrocyte and mineralized amorphic primary bone tissue were signs of 

endochondral ossification and of developing stage osteophyte [36, 102, 103]. Moreover, the 

multinucleated chondroclasts and osteoclasts in the ossification front reveal a remodelling process 

in these tissue [103–105]. These observations are suggestive of developing and remodelling 

activities taking place in the core of osteophytes. 

  

The core of the studied osteophytes was composed of cancellous bone with marrow cavities. The 

marrow cavities of the osteophyte were in continuation with the femoral head, cancellous bone, 

which would suggest an integration of the osteophytic structure with the adjacent subchondral 

bone. These are suggestive of late developmental stage and are characteristic of mature 

osteophyte [36, 113].  

 

It is possible that the osteophyte could receive blood supply from the femoral head’s cancellous 

bone which has been suggested by van der Kraan (2007) based on his observations made on a 
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murine model [29]. The trabecular structure of the osteophyte cancellous bone appeared to be 

interconnected trabeculae. It has been reported that bone with a well-developed trabecular bone 

network has increased bone strength and improved bone quality [118], and connectivity that 

would maintain the mechanical properties to resist compressive stress [119]. It is also suggested 

that connectivity relate to bone remodelling activity and orientation of trabecular during bone 

degree of adaptation of the bone [119, 120]. It is possible that the internal structure of these 

mature hip osteophytes was influenced, to a certain degree, by mechanical constrain.  

 

3.5.3 Overall Summary 

The studied osteophytes revealed typical histological composition of previously described 

osteophyte: periosteum derived mesenchymal stem cells condensation, fibrocartilage, 

cartilaginous tissue with hypertrophic chondrocyte, mineralized tissue and osteoid; and signs of 

intramembranous and endochondral ossification [29, 36, 57, 58, 113]. Osteophyte of both studied 

regions appeared to be developing in close relation to adjacent connective tissue such as the joint 

capsule.  

 

The histological features of the studied clinically considered mature osteophytes would 

correspond to mature osteophyte stage with a strong mineralized and developed cancellous bone 

core [36, 113]. Our observations are consistent with recent literature suggesting that mature 

osteophytes, can present proliferation, remodelling and development stage characteristics of 

younger osteophytes [113]. Those early developmental stage characteristics were observed in 

location found at the most prominent aspect of the osteophyte. Moreover, osteophytes seem to 

receive blood supply from a dual system: from an intrinsic superficial periosteal system that 
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appeared to be more specific to the proliferation and developmental zone, and a system 

originating from the femoral neck periosteum and capsule for the osteophyte core more mature 

trabeculated region.  

 

3.5.4 Limitation 

Only three femoral heads were used in this study. Although consistent observations were made 

and were correlated to finding found in the literature, more samples should be used to support our 

observations and to draw any conclusions, such as the observed relation of osteophyte and 

connective tissue insertion, suggested vascularization systems of osteophyte and the presence of 

developing and proliferating region in mature osteophyte.  

 

3.5.5 Future Work 

This study raised a few questions for future work. Morphological study of osteophyte shape and 

location could be made to evaluate the hypothesis that osteophyte are growing in the direction of 

mechanical strain or in region where new tissue can be formed without immediately being 

mechanically degraded as observed in our study and as suggested by literature [35]. 

Understanding the blood supply of osteophyte at different developmental stage could be a good 

therapeutic avenue for future treatment. Molecular investigation could be realized to clarify 

which region of the osteophyte is undergoing endochondral ossification and intramembranous 

ossification and under which environmental condition. Lastly, evaluating the morphometric 

organization of the observed trabecular structure of mature osteophyte could help in elucidating if 

osteophytes are influenced by mechanical strain during development and remodelling.   
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3.6 Conclusion 

Clinically considered mature hip osteophytes were histologically classified as advanced stage 

osteophyte with cancellous bone core and trabeculae structures. The studied mature osteophytes 

revealed typical histological composition of previously described osteophyte: periosteum derived 

mesenchymal stem cells condensation, fibrocartilage, cartilaginous tissue with hypertrophic 

chondrocyte, mineralized tissue and osteoid; and signs of intramembranous and endochondral 

ossification. The studied mature hip osteophytes show signs of progression and development.  
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Chapter 4 

Radiographic characterization of three-dimensional internal structure 

in human hip osteophytes 
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4.1 Abstract  

Purpose: The presence and degree of maturity of osteophytes, along with joint space narrowing, 

are the main radiographic criteria for diagnosis and grading of hip osteoarthritis; osteophytes are 

both currently accepted and widely accepted signs. Osteophytes can occur in non-symptomatic 

joints, in joints with no other observable alterations, and in early stage OA. It is unclear whether 

osteophytes arise because of pathological molecular alterations or from natural tissue remodelling 

processes due to mechanical modifications. This study evaluated the 3D internal structure of 

mature hip osteophytes using microscopic computed tomography (micro-CT). We hypothesized 

that mature femoral head osteophytes have organized internal structure.  

 

Methods: A detailed 3D radiological morphometric analysis was performed on 16 femoral heads 

collected from total hip arthroplasty patients with mature hip osteophytes. Samples were micro-

CT scanned with isotropic voxels, reconstructed at 100µm and sliced in the coronal plane. 

Osteophytes were compared in three regions of the femoral head: the primary compressive group, 

known for being a load bearing region with highly organized internal structure, the subcortical 

bone of the overall femoral head, and the Ward’s triangle known for being a less loaded region 

with less organized internal structure. For each volume of interest (VOI) three measures were 

compared: (1) bone volume fraction, the relative number of above-threshold voxels in each VOI; 

(2) degree of anisotropy, where 1 indicated isotropy and higher values indicated higher 

anisotropy; (3) connectivity density as computed from the Euler characteristic of each voxel, with 

larger numbers indicating higher connectivity. Comparisons were made with unpaired 2-sided 

Student’s t test (p=0.05).  

 



 

 

 

98 

Results: Bone volume fraction: Osteophyte fractions were 33% less than the compressive group 

(p<0.001), 18% less than the overall head (p<0.002) and 39% more than Ward’s triangle 

(p<0.001), indicating some internal structure. Degree of anisotropy: Osteophyte anisotropy was 

44% less anisotropic than the compressive group (p<0.001), 15% more anisotropic than the 

overall head (p<0.001) and 22% more anisotropic than Ward’s triangle (p<0.001) indicating 

substantial internal organization. Connectivity index: Osteophyte trabecular structure was 28% 

more connected than the compressive group (p<0.003), 26% more connected than the overall 

head (p<0.001) and 28% more connected than Ward’s triangle (p=0.03), indicating that 

osteophytes had a substantial internal structure with considerable trabecular-like branching. 

 

Conclusion: We found that, far from being amorphous growths around a joint, femoral-head 

osteophytes had internal structure with an impressive degree of alignment. The internal structure 

of osteophytes seems to be intermediate between that of the highly loaded primary compressive 

group with higher degree of organization than the unloaded region. Traditional literature on 

osteophytes does not mention any internal structure whatsoever, whereas we found a structure 

similar to trabecular bone. We speculate that, because osteophytes arise in regions with 

compressive or tensile loading, such loading may be a contributor to their genesis and maturation. 

Further study is needed to determine when and how the internal structure of an osteophyte arises. 
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4.2 Introduction 

The presence of osteophytes, along with joint space narrowing, are the main radiographic criteria 

for currently accepted and widely accepted signs for diagnosis and grading of hip osteoarthritis 

[12, 19, 22, 27, 28, 121]. 

 

Femoral head osteophytes found amongst radiographic hip osteoarthritis are predictive of a 

poorer outcome or progression of hip OA [19, 122]. Femoral head osteophytes are correlated with 

pain reported by patients [19]. However, osteophytes can occur in non-symptomatic joints, in 

joints with no other observable alterations, and in early stage OA [29, 18, 30]. It has been 

suggested that osteophyte may represent a natural tissue adaptation processes that is a result of 

mechanical joint modifications [16, 28, 29, 38]. It is unclear whether or not osteophytes arise 

because of pathological molecular alterations or from natural tissue remodelling processes 

invoked because of mechanical modifications [12, 29].  

 

Osteophyte density and biological composition vary during their development from cartilaginous 

to ossified tissue [29]. It has been suggested that this high variability in composition could impact 

accurate depiction in images [36]. Kunz et al. found that osteophytes depiction is a confounding 

factor in imaging that could compromise computer-assisted orthopaedic surgical procedure [33]. 

In a previous work, in where we evaluated the best medical imaging modalities and setting for 

osteophyte depiction, we concluded that accurate osteophyte depiction relies on several factors 

but particularly on the composition of osteophyte [123].  
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It is known that advanced stage osteophytes have a cancellous bone like core [113], but it remains 

unclear whether they have any organized microarchitecture. Bone remodelling is thought to be 

integral to adaptive responses to mechanical strain [69]. It is known that skeletal tissue 

morphology modulates to adapt to mechanical force and strain [70–72] Bone adaptation and 

mechanical properties have been suggested to be related to the morphometric arrangement of 

trabecular [73] such as bone density and degree of anisotropy [74, 75]. 

 

It has been recommended to develop a standardized radiographic assessment procedure for 

osteophytes that could be used in conjunction with other radiographic criteria such as joint space 

narrowing for grading and defining hip OA [19]. Therefore, understanding the internal structure 

of osteophytes is important and may provide insight into the morphological adaptation of joint in 

diseased process, help in the design and evaluation of hip OA, and aid in the future development 

of image processing algorithms.  

 

Morphometric analysis of bone and internal architecture usually report bone volume fraction 

(BV/TV), measuring the proportion of binarized solid object in given volume, degree of 

anisotropy (DA), measuring the alignment of trabecular structure, connectivity density (ConnD), 

measuring the connectedness of trabecular structure based on their topological property, 

trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), and 

structure model index (SMI), measuring the relative prevalence of rods and plates of the 

trabecular structure [124–127]. However, it has been demonstrated that the size and location of 

the evaluated volume of interest (VOI) is susceptible to affect the result of the morphometric 

analysis of internal structure, for inter and intra individual comparative studies [128, 129]. 
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Moreover, it has been suggested that SMI might not be accurate in measuring the geometry of 

bone structures and that it’s relevancy in morphometric analysis is questionable [130]. A 

resolution between 100 and 200 µm was suggested to be sufficient to maintain structural 

properties with adequate precision in human bone samples [131, 132].  

 

Based on a previous study (abstract: Appendix G), we have found that Tb.Th, Tb.Sp, Tb.N and 

SMI are scale sensitive, meaning that the average of small VOIs was not representative of the 

results in full VOI (manuscript in preparation). On the other hand, BV/TV, ConnD and DA, were 

shown to be robust measurements, consistent between different VOI sizes and can be used for 

small VOI. Therefore, our morphometric analysis was based on these three parameters.  

 

The objective of this study was to evaluate the 3D internal structure of mature hip osteophytes 

using microscopic computed tomography (µCT). We hypothesized that mature femoral head 

osteophytes have organized internal structure. In this study, femoral heads were collected from 

patients who underwent total hip arthroplasty. To quantitatively evaluate the organization of 

internal structure from femoral head osteophytes, a detailed 3D radiological morphometric 

analysis was performed using specialized image processing and morphometric analyser software. 

Osteophytes were compared to three regions of the femoral head: the substructure known as the 

primary compressive group (PCG), subcortical bone of the overall femoral head (FH), and the 

substructure known as Ward’s triangle (WT). The PCG is known to have a highly organized 

internal structure, the FH is known to have moderately organized internal structure and the WT is 

known for having a less organized internal structure [124, 125, 129, 133, 134].  
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Hypothesis of the study: 

We hypothesized that mature femoral head osteophytes have organized internal structure. Our 

null hypothesis was that mature hip osteophytes are amorphous structure.  

 

Rationales of the study:  

1. To develop strategies to quantitatively evaluate the organization of internal structure from 

mature human femoral head osteophytes.  

2. To compare the level of organisation of mature femoral head osteophytes to three regions of 

the femoral head with known quality of organisation and mechanical constrain.    
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4.3 Methods:  

4.3.1 Study Design 

The study was performed on osteoarthritic femoral heads, collected during total hip arthroplasty. 

Samples were µCT scanned and imported into imaging processing and 3D morphometric analyser 

software. To test our hypothesis that mature hip osteophytes have organized internal structure, the 

detailed morphometric analysis of the osteophyte was done and compared to the PCG, a loaded 

region with highly organized internal structure; the overall FH, having a moderately organized 

internal structure; and WT, a less loaded region having a less organized internal structure [124, 

125, 129, 133, 134]. 

 

4.3.2 Sample acquisition  

With approval of the combined Research Ethics Board (REB) of Queen's University, Kingston 

General Hospital (KGH) and Hotel Dieu Hospital (Kingston, ON, CAD) (Appendix E), and with 

patients’ informed consent (Appendix F), 16 femoral heads were collected from total hip 

arthroplasty. The femoral head and osteophytes were preserved intact during the procedure; the 

femoral neck osteotomy was performed in the anatomical femoral neck region according to the 

surgeons’ surgical need. Femoral head samples were immediately placed into fresh 4% PFA in 

PBS solution for tissue fixation.  

 

4.3.3 Image acquisition  

Samples were scanned using a µCT scanner (eXplore speCZT scanner, GE Healthcare) with 

isotropic voxel of 50 µm spacing (x-ray voltage of 90 kVp and tube current of 40 mA); images 

were reconstructed at 100 µm and sliced in coronal plane (Fig. 37). The micro-CT image dataset 
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of each sample was imported into CTAn software (Skyscan, Kontich, Belgium) for image 

processing and 3D morphometric analysis.  

 

 

 

 

 

 

Figure 37 Femoral samples were micro-CT scanned with isotropic voxel of 50 µm spacing 
and reconstructed at 100 µm.  

 

4.3.4 Volumes of interest (VOI) selection 

For each sample, osteophytes (OS) internal structure was compared to three regions: primary 

compressive group (PCG), overall femoral head (FH), and Ward triangle (WT). Each VOI was 

visually inspected to ensure correct placement (details of verification method: Appendix H). 

Details of VOI selection are (Fig. 38):  

 

OS: All osteophytes found in the sample were analyzed and used for comparison. Every 

osteophyte was defined by drawing a freehand shape incorporating the trabecular structure and 

excluding the cortical shell.  

PCG: A rectangular prism was drawn to encompass the PCG region, located along the posterior 

medial aspect of the femoral neck and shaft.  
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FH: An ellipsoid was drawn to encompass the trabecular bone and excluding the cortical bone of 

the FH  

WT: A triangular prim was placed on Ward’s triangle region, recognized as a more radiolucent 

region showing diminished density in trabecular structure located between the PCG and the 

primary tensile group (PTG) (Fig. 39).  

 

 

 

 

 

 

 

 

 

Figure 38 VOI of interest selection Osteophyte (OS); highly organized internal structure: 
Primary Compressive Group (PCG); moderately organized internal structure Femoral Head (FH); 
less organized internal structure Ward’s Triangle (WT) 
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Figure 39 Radiographic localization of WT (PCG: primary compressive group, WT: Ward’s 
triangle, PTG: primary tensile group)  

 

4.3.5 Image processing and morphometric analysis 

Otsu global-thresholding algorithm was used to binarized voxels of the VOIs [135]. The 

automatic thresholding was visually inspected and manual histogram thresholding was performed 

if necessary. The 3D morphometric analysis was performed using the following parameters (Fig. 

40):   

 

Bone volume fraction (BV/TV), reported as percentage, was calculated based on total volume of 

binarized objects in the VOI.  

 

Degree of anisotropy (DA) was calculated based on Mean Intercept Length (MIL) method [136] 

to evaluate the preferential alignment of structures along a particular directional axis; a value of 1 

indicates total isotropy, equal special distribution of structures, while higher values indicate 

higher anisotropy. 
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Connectivity index (Conn.Dn) (1/mm3) is a measurement of connections between trabecular 

structures per unit volume. Connectivity density was computed from the Euler characteristic of 

each voxel, with the Conneulor algorithm from Gunderson et al. (1993) [137]. This algorithm 

calculates the number of redundant connections between trabecular structure per unit volume; 

larger numbers indicating higher connectivity.  

 
 

 

 

 

 

 

 

 

 

 

Figure 40 Morphometric parameters evaluated 

 

4.3.6 Statistical Analysis 

For each measured parameter, the PCG, overall FH, and WT groups were individually compared 

to the OS group. An unpaired 2-sided Student’s t test was used for significance. Significance was 

set at p≤0.05 for both statistical tests. The mean value and standard deviation for all data were 

determined and recorded.   
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4.4 Results  

Results for each independent t test comparing the osteophyte to the three subregions (PCG, 

overall FH, and WT groups) and statistical significance (α = 0.05), are summarized in Tables 4. 

Data are presented as mean ± standard deviation. Details are as follows:  

 

4.4.1 Bone volume fraction (BV/TV):  

Results are represented in a bar graph (Fig. 41). OS fraction was 29.5±7.5; PCG fraction was 

39.4±5.8; overall FH fraction was 34.8%±3.8%; and WT fraction was 18.0±7.0. BV/TV of OS 

was 33% less than PCG, 18% less than overall FH and 39% more than WT. OS fraction was 

statistically differed from PCG (p<0.001), from overall FH (p<0.002) and WT (p<0.001).  

 

 

 

 

 

 

 

 

 

Figure 41 Bone volume fraction (%) Results: Osteophytes (OS) were significantly different 
from the primary compressive group (PCG) (p<0.001), the overall femoral head (FH) (p<0.002) 
and the Ward’s Triangle (WT) (p<0.001). Osteophytes were less dense.  
  

* 

* 

* 

% 
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4.4.2 Degree of anisotropy (DA):  

Results are represented in Figure 42. OS anisotropy was 1.9±0.4; PCG was 2.8±0.4; overall FH 

was 1.6±0.2; and WT was 1.5±0.2. OS structure was 44% less anisotropic than PCG, was 14.5% 

more anisotropic than overall FH, and was 22% more anisotropic than WT. OS structure 

statistically differed from PCG (p<0.001), from overall FH (p<0.001), and from WT (p<0.001).  

 

 

 

 

 

 

 

 

 

 

Figure 42 Degree of anisotropy Results: Osteophyte were significantly different from the 
primary compressive group (PCG) (p<0.001), the overall femoral head (FH) (p<0.001) and the 
Ward’s Triangle (WT) (p<0.001). Osteophyte were internally organized. 

 

4.4.3 Connectivity density (Conn.Dn) (1/mm3): 

Results are represented in a bar graph (Fig. 43). OS trabecular connectivity density was 2.7±0.9; 

PCG was 1.9±0.8; overall FH 2.0±0.6; WT was 1.9±1.2. OS trabecular structure was 28.0% more 

connected than PCG, 25.6% more connected than overall FH, and 27.6% more connected than 

WT. OS statistically differed from PCG (p<0.003), from overall FH (p<0.001), and from WT 

(p=0.03).   

* 

* 
* 

DA value 
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Figure 43 Connectivity index (1/mm3) Results: Osteophyte were significantly different from 
the primary compressive group (PCG) (p<0.003), the overall femoral head (FH) (p<0.001) and 
the Ward’s Triangle (WT) (p=0.03). Osteophytes internal structure was highly interconnected. 

 

Table 4 Results of comparison of osteophyte to the three subregions: primary compressive 
group (PCG), overall femoral head (FH), and Ward’s triangle (WT). Statistical analysis: 
unpaired 2-sided t tests (α=0.05) Data are presented as mean ± standard deviation. 
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4.5 Discussion 

4.5.1 Bone volume fraction:  

Previous literature has supported the fact that bone volume fraction is an important factor in the 

mechanical properties of subchondral bone [127]. Bone volume fraction is known to decrease 

with aging [125] and a low volume fraction is associated with high fracture risk [133]. High bone 

volume fraction has been revealed to be associated with load bearing ability and increased bone 

strength [138]. Bone volume fraction has a significant regional difference in the femoral head 

based on the variation of mechanical load [124, 125]; low variation in a high density region such 

as PCG but a high variation in a low density region such as WT [129]. 

 

The bone volume fraction found in this study indicated that osteophytes were less dense than the 

PCG and the FH but were neither empty nor were they completely calcified. Our data for bone 

density correlated with previous literature [124]: bone density was higher in the load bearing PCG 

region, and lower in the WT, while the FH was intermediate; WT revealed a greater density 

variation. Bone density was found higher in the load bearing PCG region and lower in the WT, 

while the FH was intermediate. OS was 33% less dense than PCG, 18% less than overall FH and 

39% more dense than WT. This measure indicated that osteophyte’s bone density was 

intermediate between highly unidirectional loaded regions (PCG) and low loaded (WT), 

suggesting that osteophytes may be influenced by some mechanical load.  
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4.5.2 Degree of anisotropy.  

Trabecular bone alignment is known for being influenced by mechanical forces such as tensile 

force and load bearing [139, 140]. It has been shown that anisotropic bone structure will resist 

load in the predominant alignment better than less anisotropic bone structure [138]. The PCG 

region is known for having internal structure that aligns along the principle axis of load bearing, 

thus having high DA values [124, 127, 129, 141]. Contrarily, WT is known for having a more 

loosely arranged internal structure due to its particular location between three load bearing zones, 

the principal and the secondary compressive group and the primary tensile group. Its particular 

location results in a reduced weight bearing, consequently in a less anisotropic internal structure 

alignment [124, 125, 129, 134]. The overall FH is reported to have some degree of anisotropy 

intermediate between WT and PCG, but generally more or less unidirectional as the highly 

unidirectional loaded region (PCG) [129]. The DA has been reported to be significantly higher in 

the loaded region than in the overall FH [133]. 

 

The degree of anisotropy found in this study indicated that osteophytes had more anisotropic 

alignment structure than the overall FH and the WT and were less anisotropic than the highly 

structured PCG. OS structure was 44% less anisotropic than PCG, was 14.5% more anisotropic 

than overall FH, and was 22% more anisotropic than WT. This indicates that osteophytes were 

internally organized with some degree of alignment. This suggests that osteophytes might be 

influenced by a certain directional loading. 
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4.5.3 Connectivity index:  

Trabecular bone connectivity is a structural property of cancellous bone that affects mechanical 

bone strength with its alignment properties [127, 138, 142]. It has been reported that bones with a 

well-developed trabecular bone network have increased bone strength and improved bone quality 

[118]; connectivity could contribute to maintaining the mechanical properties necessary to resist 

compressive stress [119], while the lack of connectivity could contribute to higher risk fracture 

[143]. The connectivity of the PCG region and WT have been related to their DA; the loaded 

PCG region was revealed to have a high connectivity, whereas lower weight bearing regions such 

as the WT triangle, are associated with low connectivity [124]. It is also suggested that 

connectivity relates to bone remodelling activity and reorientation of the trabecular during bone 

adaptation [119, 120]. Over time bone remodelling adaptations for load bearing, bone volume 

decreases, degree of anisotropy increases and connectivity remains constant to sustain mechanical 

properties of cancellous bone [119, 127].  

 

The connectivity index of this study indicates that osteophytes had more connected trabecular 

structure than the PCG, the FH and WT. OS trabecular structure was 28.0% more connected than 

PCG, 25.6% more connected than overall FH, and 27.6% more connected than WT. The internal 

structure of osteophytes was statically more interconnected than the other studied regions. These 

measures indicate that osteophytes internal structure was highly interconnected. The high 

interconnected and relatively high uniaxial aligned internal structure of osteophyte suggests that 

osteophyte might be under a certain degree of mechanical constrain and undergoing remodelling 

process to adapt to this constrain.  
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4.5.4 Overall Summary:  

This is a first report on 3D morphometric analysis of hip osteophytes. Mature osteophytes are not 

amorphous structures. Mature hip osteophytes have a definite internal structure with a higher 

degree of organization than the unloaded region. Based on the current understanding of the 

studied morphometric parameters, this may be evidence that osteophytes are influenced by a 

certain directional loading or mechanical constrains. This internal organization was confirmed by 

visual inspection of the µCT images and 3D models (Fig. 44). 

 

 

 

 

 

 

 

Figure 44 Internal organization was confirmed by visual inspection of the µCT images and 
3D models 

 

 

Traditional literature on osteophytes does not mention any internal structure whatsoever, whereas 

we found evidence of trabecular bone. The conventional radiographic OA grading system does 

not do true justice to the internal structure of osteophytes. The internal structure of osteophytes 

may provide insight into the joint adaptation to OA mechanical constraints and help classify the 

patient’s condition for a more personalized approach to medicine.  
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This may help characterize the pathology of osteoarthritis. It might also provide insight to better 

develop and program algorithms for improved image detection; which would be useful in surgical 

intervention using surgical guides or navigation. 

 

4.5.5 Limitation: 

It has been suggested that Ward’s triangle and other sub-regions of the femoral head can have a 

high inter-individual morphometric variation due to changing anatomical location between 

subjects [129, 134]. The standard deviation for the three morphometric parameters reported in 

this study (BV/TV, DA, Conn.Dn) revealed that results were not too dispersed, suggesting that 

the selection of those anatomical regions were relatively consistent. Moreover, visual inspection 

of the localized VOI on the patients radiograph (Appendix H) done by an experienced 

orthopaedic surgeon helped controlling this parameters.  

 

Despite the small sample size used in this study, statistical power was achieved. Future work 

could compare the internal structure of less mature osteophytes to evaluate the evolution of 

organization over time and to further investigate the potential mechanical influences to their 

trabecular structure. 

 

4.5.6 Future work 

Our findings may be useful in the classification of one of the most important ways of grading 

osteoarthritis, and in developing or assessing image processing algorithms for computer-assisted 

surgery of joints. Further study is needed to determine when and how the internal structure of an 

osteophyte arises. We speculate that, because osteophytes arise in regions with compressive or 

tensile loading, such loading may be a contributor to their genesis and maturation.   
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4.6 Conclusion  

Mature hip osteophytes are far from being amorphous growths around a joint; mature hip 

osteophyte had internal structure with an impressive degree of alignment. This study provides 

evidence that mature osteophytes have organized internal structure.   
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Chapter 5 

General Discussion and Future Directions 
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5.1 Overall Summary  

OA is one of the leading causes of disability among elderly populations globally and will 

continue to put an increasing burden on health care systems worldwide [1–4, 78]. Today’s 

understanding of this condition is lacking clear definition, effective markers and diagnostic 

criteria, to track progression and monitor evolution and improvement of the patient’s condition 

[12, 78]. World leaders in OA research (OARSI) called for standardization of OA definitions and 

understanding of this condition [12]. The most complete definition of OA and its pathogenesis 

consider this condition as joint organ disease including more than just cartilage alteration but also 

morphologic changes in subchondral bone (sclerosis), osteophyte formation, inflammation of the 

synovial membrane (synovitis) and weakening of periarticular muscles and ligament [7–11, 17].  

 

Osteophytes are described as being osteo-cartilaginous metaplastic tissue outgrowths found at the 

synovium-articular cartilage junction zone margins of diarthrodial and/or at entheses of ligament 

or tendon insertions in degenerative and inflammatory joint disease [29, 34–36]. Regardless of 

their localization, osteophytes are similar in composition, structure, development process, and 

that their presence in joints are correlated [37–39]. They are mainly composed of three tissue: 

fibrous, fibrocartilaginous, mineralized bone tissue [57]. Osteophyte are related to primary and 

secondary OA and are usually absent in rapid progression such as RDO, infection and septic 

arthritis [15, 16], probably due to reduced adaptation time to joint alteration.   

 

We stressed the fact that although considered signs of advanced OA [8, 9, 12, 27–29, 34], 

osteophytes can also occur in non-symptomatic joints, in joints with no other observable 

alterations, and in early stage of OA where deformation is absent [29, 18, 30, 32]. We 
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emphasized that osteophyte density and biological composition vary during their development, 

from cartilaginous to ossified tissues [29]. Indeed, according to histological grading system, 

osteophytes develop in four stages: from periosteum derived mesenchymal stem cells 

condensation, to fibrocartilage, to mineralized tissue and finally with strong mineralization and 

marrow cavities [36, 113]. It has been suggested that this high variability in composition could 

impact their accurate depiction in medical imaging [33], compromising OA diagnosis, grading 

and monitoring. We have shown in a previous study that accurate osteophyte depiction 

particularly relies on osteophyte composition [123]. 

 

This questions the pertinence of using osteophyte as a main criterion for diagnosing and grading 

OA. Actually, the presence and degree of maturity of osteophytes, along with joint space 

narrowing, are the main radiographic criteria for currently accepted diagnosis and grading of hip 

osteoarthritis; osteophytes are both currently accepted [19–21] and widely accepted [22] signs. It 

has been suggested that cartilage damage and osteophyte formation are not necessarily causally 

related, that both processes could be induced by the same factors, but could be developed 

independently [56].  

 

Current knowledge on osteophyte comes from orthopaedic patient tissue diagnosed with 

advanced OA or from animal models that are OA induced models [34, 40, 47, 79–96]. It is well 

known that pro-inflammatory and bone-forming molecular pathways are implicated in osteophyte 

formation [34, 40, 45–47]. Current knowledge on osteophyte development do not provide any 

evidence that could clarify if osteophyte could be physiological response and endogenous 

adaptive repair attempts to cope modified mechanical strains in the joint [16, 36, 42, 43].   
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It is known that osteophytes are developing from cells found in the periosteum [40], and the 

periosteum response in osteophyte formation has been suggested to be analogous to bone repair in 

fracture healing, where periosteum appeared to be crucial in the process [34] and that the 

periosteum, more precisely the periosteum derived mesenchymal stem cells (PDCs), can be 

recruited by mechanical strains [61, 77]. It is known that skeletal tissue morphology modulates to 

adapt to mechanical force and strain [70–75], under mechanobiological processes [62, 66, 67]. 

This is particularly observed in DO where mechanical tension-stress applied on the regenerating 

bony segments directly influence the tissue development resulting into new bone formation 

arranged along the mechanical tension vector [63, 64].  

 

Overall Premise  

It is unclear whether or not osteophytes arise and develop from natural tissue remodeling 

processes invoked because of mechanical modifications. Current animal models in the literature 

do not isolate the periosteal reaction under mechanical stimulus and it remains unclear if 

osteophytes can develop without signs of cartilage alteration. Additionally, it remains unclear if 

mature osteophytes have organized internal structure such as load bearing bone region.  

 

Overall hypothesis and sub-hypotheses:  

Overall hypothesis: Osteophytosis is influenced by mechanical stimuli.   

-Hypothesis of study 1:  Mechanical insult to rat knee joint periosteum induce osteophytosis.  

-Hypothesis of study 2:  Mature human hip osteophytes have developing and proliferating regions 

-Hypothesis of study 3: Mature human hip osteophytes have organized internal structure.  
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Overall Objectives  

The overall objective of this thesis was to find evidences that osteophyte formation is influenced 

by mechanical strains. Three research projects were conducted to test our hypothesis in this 

thesis: 

1. Develop an animal model of mechanical-induced osteophyte formation; 

2. Evaluate the structure of mature human osteophyte in order to compare similarities and 

differences between the rodent and human form of osteophyte and verify if mature 

osteophyte still present signs of development; 

3. Develop a strategy to evaluate the internal structure of osteophyte using current imaging 

techniques and quantitatively compare the level of organization of osteophyte to regions 

with known quality of organisation and mechanical constrain. 

 

5.2 Summary of Contributions 

5.2.1 Overall Summary  

Results of the animal model illustrated that osteophyte can be mechanically induced by one single 

load impact to the joint periosteum. This chapter histologically described early stage osteophyte 

that developed after mechanical insult to the rat knee periosteum. The histomorphological 

evaluation of clinically considered mature osteophytes confirmed their advanced developmental 

stage, confirmed that although considered mature, osteophyte can present developing and 

remodelling zones and revealed similar histomorphological characteristics when compared to the 

developing osteophyte found in the mechanical-induced animal model. With these two projects, 

the histological description of osteophyte is now more complete, from early stage to late mature 
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stage. Lastly, the radiological evaluation of mature hip osteophyte revealed that osteophytes have 

an impressive degree of organization, this could be suggestive of some mechanical strain 

influence during their development. This internal structure could be of certain interest to better 

diagnose, classify and monitor joint alteration and OA.  

 

Each project objectives, results and contributions will be presented and discussed in the following 

section. Details are as follows:  

 

5.2.2 Contribution of Chapter 2  

Chapter 2 of this thesis was designed to develop an experimental animal model of mechanically 

induced osteophyte formation to examine the effects of mechanical impact of morphological 

alterations of the knee joint periosteum. The hypothesis was that mechanical insult of the 

periosteum in joint could induce osteophyte formation. The main contribution of this chapter is 

the development of a mechanically-induced osteophyte animal model by isolating the periosteal 

reaction after a moderate trauma. Every animal models studying osteophyte found in the literature 

are OA-induced models altering the cartilage and joint function [34, 40, 47, 79–96]. These do not 

isolate the periosteal reaction to clarify if osteophyte, known to arise from the periosteum, can be 

a response to a mechanically strain to the joint.   

 

5.2.2.1 Results and findings:  

Our histological observation revealed that osteophyte can be mechanically induced by one single 

load impact of 53 N, representing a moderate trauma [93, 94], to the medial condyle periosteum 

of the rat knee. Our histological observations showed that a moderate trauma to the periosteum 
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triggered a histological response that showed every characteristics of a developing osteophyte 

found in the literature [36–39, 57, 113]. 

 

It was interesting to note that the localization of the osteophyte generated was observed to be 

developing in the region where an initial blood extravasation was noticed 24 hours after the 

impact, which was not precisely at the impact site. In a preliminary study we have found that a 

31N (18MPa), reported to be the injury threshold inducing physiological response in joints 

without cell or clear extra cellular matrix damage [97], no blood extravasation and no osteophyte 

were observed [115]. This would suggest the importance of pro-inflammatory cascades in 

osteophyte genesis as strongly proposed by the literature using OA-induced animal model [34, 

40, 45–47].  

 

Our histological description of the developing osteophyte supports the concept that osteophytosis 

can be analogous to bone repair [34, 41]. We also found that the alignment pattern towards the 

medial collateral ligament would suggest potential mechanical strains influence such as described 

in DO [63]. It is interesting to note here that in bone repair, the hematoma is the initial biological 

process. The blood extravasation is related to upregulation of cytokine (IL-1 and IL-6 especially) 

before the callus is formed [62]. These pro-inflammatory molecules have been suggested to be 

related to osteophytosis in animal model [45]. It is therefore possible to propose that the 

mechanical insult to the periosteum needs to cause enough damage to lead to blood extravasation 

in order to trigger some molecular cascade needed for bone repair and this case, osteophytosis to 

take place. Based on our observations and to our understanding, it is possible to suggest that 

osteophytosis could be a bone repair response that is influenced and shaped by mechanical strain 
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of adjacent structures. This would be in favor of the suggested concept that osteophyte could be 

the result of an attempt to cope with mechanical joint modifications [16, 28, 29, 36, 38]. Future 

molecular work would be needed to evaluate if the osteophytosis in the present animal model 

resemble more to bone repair and if it shares similarities to the fracture healing and/or to DO 

molecular signature.  

 

It is important to note that generally, no cartilage deformity or alteration has been observed in this 

study and for every time point evaluated. It is therefore possible to conclude that in a limited time 

frame, osteophyte can develop without other signs of cartilage degradation. It is however possible 

that the molecular cascades induced during osteophytosis could affect the articular cartilage in a 

longer time scale; suggestive of independent development but from same factor as suggested by 

Van Lent et al. [56]. 

 

5.2.2.2 Conclusion  

Osteophytes can be mechanically induced with a single load impact of 53N applied onto the 

periosteum in rat knees. The data indicate that a moderate trauma to the periosteum of the knee 

joint may play a role in osteophyte formation. Additionally, the data suggest that osteophyte 

development may be influenced by mechanical strain. It was also observed that osteophytes can 

develop without cartilage alteration. This mechanically induced osteophyte rat model may serve 

as a good research model for studying molecular mechanisms during osteophyte genesis.  

 

5.2.3 Contribution of Chapter 3  

Chapter 3 of this thesis was to first histologically characterize the considered mature osteophytes 

using histological classification systems and evaluate if they still exhibit proliferation and 
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development signs, and secondly to provide histological description of human osteophyte to 

compare with histological observation made the mechanically-induced animal model. The main 

contribution of this chapter is that it provided histological validation of the mechanically-induced 

animal model developed for studying some aspect of osteophytosis in human.  

 

5.2.3.1 Results and findings:  

This study demonstrated that clinically considered mature hip osteophyte present 

histomorphological characteristics of most advanced osteophyte stage, such as cancellous bone 

core [36, 113]. This study also confirmed that although mature, osteophytes can still present zone 

of proliferation and development, as suggested by Junker et al. on human knee arthroplasty 

samples [113]. We found that those periosteum derived mesenchymal stem cells condensation 

and ossification site, especially endochondral, were generally located in the most prominent 

aspect of the osteophyte: usually located at the tip of osteophytes found at the articular and bone 

junction and usually located at the most protuberant aspect of osteophytes found in the femoral 

neck region; as if they were the first site of contact with adjacent structures.  

 

Moreover, the fact that we observed that from the articular and bone junction appeared to be a 

direct prolongation of the articular cartilage, while the femoral neck osteophytes appeared to be a 

prominence extending from the femoral neck. These results lead to our conclusion that these 

osteophytes could develop to increase the joint surface for potential supportive function or after 

repetitive impingement. These observations would be in favour of the believe that osteophyte 

may be a physiological response to abnormal mechanical strain as suggested by several reports 

[16, 28, 29, 36, 38], but this remains scientifically unclear.   
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Our observations suggest that mature osteophytes have proliferation, developmental zone and 

remodelling signs. The histomorphological description of these zone were showing similarities 

with observation made in the animal model: periosteum derived mesenchymal stem cells 

condensation in the cambium periosteum, fibrocartilaginous tissue with signs of mineralization at 

a ossification front, hypertrophic chondrocyte columns, bluely stained osteoid, signs of 

endochondral and intramembranous ossification, etc. (Fig. 45). In the latest time point (9 weeks) 

of the animal model, the osteophyte appeared to be completely integrated into the initial cortical 

bone of the animal. However, the human mature hip osteophyte revealed a more developed 

mineralized core with marrow cavities and trabecular structures, which was not observed in the 

animal model. It is plausible that the osteophyte found at the latest time point studied in our 

animal model, were not as mature as the osteophyte found in our human study. Having clinically 

considered immature human osteophyte or extending the time line in the animal model would 

help clarifying this point.  

 

These correlated histomorphological observations could validate the use of the developed rodent 

model for studying some aspect of osteophyte development in the human.  

 

Although sharing similar histological composition and nature, it is important to note that a 

structural organization difference was observed between the mechanically-induced animal model 

and the human OA osteophyte. We observed a certain alignment pattern of the chondrocyte into 

columns, which is observed in certain mechanically influenced environment, such as in growth 

plate [59, 60] and in DO [63]; whereas less anisotropic chondrocytes were observed in the 

advanced OA human osteophyte samples (Fig. 46). It is possible to think that although from the 



 

 

 

127 

same histological nature and composition, stimuli and environment might differ here. It is 

therefore possible to think that osteophyte arising from inflammatory response in inflammatory 

disease such as in primary OA [10, 13], might be less influenced by mechanical strain then in 

secondary OA such as in trauma induced OA disease; suggestive of independent development but 

from same factor as suggested by Van Lent et al. [56]. 

 
 

 

 

 

 

 

 

 

Figure 45 Histological comparison of rat and human osteophyte. Similar histological 
composition was made between a) rat osteophyte b) human osteophyte which were also 
consistent with literature on histological description of osteophytes: periosteum derived 
mesenchymal stem cells condensation in the cambium periosteum (i), fibrocartilaginous tissue (ii) 
with signs of mineralization at a ossification front line (between ----), hypertrophic chondrocyte 
columns (iii), signs of ossification, here endochondral (iv) is shown. 

 

b) a) 
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Figure 46 Histological comparison of rat and human osteophyte. Difference in chondrocyte 
organization was made between a) mechanically-induced rodent osteophyte appeared to a a more 
anisotropic cartilaginous structure whereas b) human advanced OA osteophyte appeared to show 
a more disorganized cartilaginous structure. 

  

The shape of the studied osteophytes was observed to be in relation with the joint capsule 

insertion. In both cases osteophytes, osteophytes from the articular and bone junction and 

osteophytes located at the femoral neck region, appeared to be related with capsule insertion at 

their root with the femoral head. Thus, osteophytes appeared to be developing over these tissue 

insertions. Similarly, osteophytes found in the animal model appeared to be developing in respect 

to the adjacent medial collateral ligament. The influence of mechanically stabilizing anatomical 

structure in osteophyte development remains unclear. It is possible that osteophyte are influenced 

by these structure or that they are developing in regions where they cannot be mechanically 

degraded as suggested by some authors [35, 44]. However, based on the mechanobiological 

b) a) 
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process concept, the influence of connective tissue on osteophytosis could be a fair assumption 

and a good avenue for future work.   

 

5.2.3.2 Conclusion 

Clinically considered mature osteophyte had histomorphological characteristics of the most 

advanced osteophyte stage. These mature hip osteophytes have cancellous bone and trabeculae 

structures. These mature osteophytes had proliferation and developing signs. Human mature hip 

osteophyte showed histomorphological similarities with mechanically-induced osteophyte of in 

rodent. This is suggestive that the mechanically-induced animal model could be a model for 

studying some aspect of osteophyte development in human.  

 

5.2.4 Contribution of Chapter 4 

Chapter 4 of this thesis was to design to develop strategies for evaluating the internal structure of 

osteophyte with advanced imaging technique and to morphometrically evaluate the 3D internal 

structure organization of mature hip osteophytes. The strategy that was developed used 

microscopic computed tomography (µCT). We hypothesized that mature femoral head 

osteophytes have organized internal structure. The main contribution of this chapter is that this is 

a first reported 3D morphometric evaluation of osteophyte internal structure. It revealed that 

osteophyte have organized internal structure, which opened avenues for potentially better 

evaluate, grade and follow patient joint condition in OA disease.  

 

5.2.4.1 Results and findings:  

We found that µCT and 3D morphometric analysis approach could provide relevant information 

on the internal structure composition of mature osteophyte. This study found that mature 
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osteophytes are not amorphous structures. Mature hip osteophytes had a definite internal structure 

with a higher degree of organization than the unloaded region.  

 

More precisely, mature osteophyte had a bone volume fraction that was intermediate between 

highly loaded region (PCG) and less loaded region (WT). This is important information on 

osteophyte internal composition because bone volume fraction is an important factor in the 

mechanical properties of bone, where high bone volume fraction has been revealed to be 

associated with load bearing ability and increased bone strength [127, 138]. We also found that 

mature osteophytes internal structure was more unidirectionally aligned than the moderately and 

the less organized and loaded regions of the femoral head. This is important because bone 

Trabecular alignment is known for being influenced by mechanical forces, tensile force and load 

bearing [139, 140]. These results are suggestive that osteophytes might be influenced by a certain 

directional loading. Lastly, we found that mature osteophyte had a trabecular bone network that 

was more interconnected than the other studied regions (PCG, WT, FH). The trabecular bone 

connectivity is a structural property of cancellous bone that affects mechanical bone strength to 

resist compressive stress [119, 127, 138, 142]. These measures indicate osteophyte might be 

adapting to certain mechanical strain.  

 

Overall, we found that mature osteophytes had a definite internal structure with a higher degree of 

organization than the unloaded region. Based on the current understanding of the studied 

morphometric parameters, this may be evidence that osteophytes are influenced by a certain 

degree of mechanical constrains.  
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We observed in our studies and it is known that osteophyte density and biological composition 

vary during its development [29]. We saw in a previous study that osteophyte composition can 

greatly affect their depiction in conventional imaging modalities [123], which could affect the 

diagnostic and surgery [33]. Consequently, the conventional radiographic OA grading system 

does not do true justice to the internal structure of osteophytes. The imaging modality outlined in 

Chapter 4 may help in characterizing the pathology of osteoarthritis. It might also provide insight 

to better develop and program algorithms for improved image detection; which would be useful 

in surgical intervention using surgical guidance or navigation approaches. 

 

5.2.4.2 Conclusion  

This study provides evidence that mature osteophytes have organized internal structure, 

suggestive of being influenced by mechanical constrains. The level of organisation of osteophyte 

internal structure might help in characterizing, and follow the progression of OA. 

 

5.3 Future Directions 

Inflammatory and other molecular pathways in osteophyte development have been studied in OA 

models. The developed model of mechanically-induced osteophyte could be used to study the 

molecular cascades involved in osteophyte development after periosteal insult in the hope to 

better understand the influence of mechanical strain influence on morphological modification in 

joint. This model could also help in understanding the correlation between osteophyte and other 

pathological features of OA such as cartilage defects and synovitis. In that instance, this model 

could be adapted to induce repetitive insults to the periosteum and/or extend time line. The 

orientation and relation of osteophyte of both the animal model and human osteophyte with 
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mechanically important connective tissue structure, such as ligament and capsule, would needed 

to be explore to confirm any mechanical influence of these structure in osteophytosis. The animal 

model developed in this study would be a great tool for addressing these research questions.   

 

The 3D spatial orientation of osteophyte internal structure in relation with the patient’s anatomy 

could contribute to elucidate the type of mechanical strain influencing osteophytes development.  

Categorizing osteophyte internal structure morphometric parameters with their histological 

maturity stage and other OA diagnostic criteria could be a good avenue for better standardizing 

diagnosis, grading and staging for OA. Lastly, evaluating the best medical imaging modalities for 

capturing osteophyte internal structure in vivo may also provide insight to better develop and 

program algorithms for improved image detection; the latter would be useful in surgical 

intervention using surgical guidance or navigation. 

 

5.4 General Conclusion 

Osteophytes can be mechanically-induced by a single moderate load impact to the joint 

periosteum; mature osteophytes have proliferation, developing and remodelling zones; mature 

osteophytes have organized internal structure. These provide evidence that osteophytes could be 

influenced by mechanical strain.  
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Appendix A 

Development of an experimental model of mechanically-induced osteophyte formation in 

the rat: Preliminary study  

 

Authors: Gabriel Venne1, Stephen C Pang1, Randy E Ellis1-2-3-4.  
1School of Computing, Queen’s University, Kingston, ON, Canada 
2Department of Biomedical and Molecular Sciences  
3Department of Mechanical and Materials Engineering  
4Department of Surgery 
 

Purpose 

Osteophytes are known to be common anatomical signs of advanced osteoarthritis arising from 

the periosteum in joints. It remains unclear if they develop from molecular, physiological and/or 

mechanical stimuli. This study examines the effects of mechanical impact on morphological 

alterations of the knee joint periosteum. We hypothesize that mechanical insult of the periosteum 

in rat knee joint stimulates osteophyte formation.  

 

Methods  

All experimental protocols pertaining to the use of rats in this study received approval by the 

University Animal Care Committee of Queen’s University in accordance with the guidelines of 

the Canadian Council of Animal Care. Eight 10-12 month old Sprague-Dawley rats were used in 

this study. Growth plate closure was radiographically confirmed to ensure skeletal maturity. Two 

impact loads were tested in this study design: 31N (18MPa), reported to be the injury threshold 

inducing physiological response in joints; and 53N (30MPa), reported to induce joint damage 

with limited matrix alteration, representing a moderate trauma such as sport injury. The impacts 

were induced to the periosteum close to the synovial junction of the medial femoral condyles with 

a 1.5mm diameter probe mounted onto an Electronic Force biodynamic test instrument (Bose 

5500, Bose Co., Minnesota, USA). Loads were applied at a speed of 15mm/sec with a peak load 

maintained for 0.05 seconds. The right knee was used as the experimental side and the left as the 

control.   
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Isoflurane inhalation was used for general anaesthesia during surgery. Subcutaneous injections of 

Bupivacaine (2mg/kg) and Tramadol (20mg/kg) were administered for analgesia. The knee 

capsule was surgically exposed by a skin incision on the medial knee and through an opening of 

the medial intermuscular septum. The capsule was carefully cut to expose the medial femoral 

condyle. The same surgical approach was applied on both knees.  

On the experimental side, the region of interest (ROI) of the exposed condyle was positioned 

under the probe and preloaded with 2N force to ensure its stability during impaction. After 

impact, the intermuscular septum and skin were sutured independently.  

Animals were sacrificed at 3 or 6 weeks post-surgery. Distal femurs were harvested and fixed in 

4% formaldehyde. Tissues were decalcified in 10% EDTA and prepared for histology. Serial 5 

µm-thick sections were cut and stained with Masson’s trichrome (Staining Kit #87019, Fisher 

Scientific Co., Ottawa, CA), and examined by light microscopy. 

Results  

Week 3: no macroscopic signs of tissue damage were observed in the low-load group (n=2) 

compared to the high-load group (n=2). At the microscopic level, there were also no clear signs 

of tissue damage for the low-load group. The ROI of the high- load group showed increased 

cellular activity and fibroblast proliferation in the periosteum. Fibrocartilage-like tissue was 

visible at the periphery and in deeper periosteal layers of the ROI. The central aspect of the ROI 

showed signs of cartilage formation with hypertrophic chondrocytes. Cortical bone deep to the 

ROI was disrupted leading to communication of the newly formed tissue to the bone marrow of 

the existing cancellous bone.  

Week 6: no macroscopic signs of tissue damage in the low-load group (n=2) were noticed, but 

newly formed tissue was evident in the high-load group (n=2) (Fig. A-1). At the microscopic 

level, newly formed tissue were confirmed in the high-load group (Fig. A-2). A dense 

concentration of nuclei in the superficial periosteum of the ROI was observed suggesting a 

process of increased cellular activity. Central to the ROI, fibrocartilage-like tissue has developed. 

Peripherally to the ROI, bone has formed superficially to the intrinsic cortical bone. At this stage, 

formation of bone marrow cavities was noticeable in the newly formed bone. Signs of integration 
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of the newly formed tissue to the subchondral bone marrow cavity of the epiphyseal bone were 

evident.  

Conclusion  

Osteophytes can be mechanically induced with a single load impact of 53N applied onto the 

periosteum in rat knees. These data indicate that a moderate trauma to the periosteum of the knee 

joint may play a role in osteophyte formation. Osteophyte can develop without other signs of 

osteoarthritis. This mechanically induced osteophyte rat model may be a good research model for 

studying molecular mechanisms during osteophyte genesis.  

 

 

 

 

 

 

 

 

 Figure A-1 Macroscopic observations 6 weeks post-surgery: a) experimental right knee b) 
control left knee Arrow pointing at impact zone 

 

 

 

 

 

 

 

 

 

 

Figure A-2 Microscopic observations 6 weeks after surgery, stained with Masson’s  
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Appendix B 

Macroscopic evaluation of mechanically-induced osteophyte in the rat knee joint.  

 

Objectives  

To visualise the macroscopic effect and tissue response after the impact, all observations made 

from the photographs, taken after the impact, during tissue harvesting and during tissue 

preparation for histology, where transposed onto CT-based 3D hind limb segmented models. (Fig. 

B-1) This was made to help understanding the progression of tissue response throughout the 

given timeline of the study.  

 

Methods 

CT-based 3D model creation 

To create the CT-based segmented 3D model of rat hind limb, four rat bodies from preliminary 

study were 2D-CT scanned at a slice thickness of 0.625 mm with a General Electric® 

Brightspeed 16 slice CT scanner at Kingston General Hospital imaging facilities. The acquired 

imaged were saved in a DICOM (Digital Imaging and Communications in Medicine) format. The 

DICOM files were then imported into the commercially available Mimics 15.0 software for 

image processing.  

 

The bony anatomy of specimen’s hind limbs was highlighted using the automatic ‘Thresholding’ 

segmentation function of the software using the pre-defined bone Hounsfield Units (HU) values 

(226+HU). The colored mask created by the treshold pixels was visually inspected to ensure 

adequate anatomy representation of the hind limb of interest.  

 

If editing of the mask was needed, the tools ‘Erase’ or ‘Draw’ application in the ‘Edit Mask’ 

segmentation function were used. Using these editing tools, a mask of the medial collateral 

ligament was created from the CT images. From those highlighted hind limb masks, 3D models 

were calculated using the function ‘Calculate 3D from Mask’. One 3D model pair of hind limbs 

was selected amongst the four hind limb 3D model pairs created, based on their anatomy 

representation and virtual visualisation of the medial condyle that was judge best.   
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Transposing macroscopic observations onto 3D models 

For every time point, 24 hours after load impact, 3 weeks, 6 weeks, and 9 weeks, a 3D model was 

created. Every macroscopic observable tissue damage and/or tissue reactions noticed from the 

photographs between the experiment knee compared to the control side, was highlighted and 

marked onto a common 3D model for the given time point, using the drawing tool kit in the 

MedCAD toolkit option of Mimics software.  

 

Relating macroscopic observations to microscopic observations 

To relate observations made on histology slides to photographs, the histology slide provenance 

was approximately localised onto the photograph taken during tissue harvest. This localization 

allowed transposing microscopic observations to macroscopic observations. (Fig. B-2)  

 

To approximately localise where the histological sections of interest where originating from the 

distal femur harvested, three distance measures were taken:  

- Measures from the photograph taken during tissue preparation for histology:  

Photographs of the selected tissue sample taken during tissue preparation for histology were 

imported into ImageJ. The software scale was set based on the 1cm grid cutting board on which 

the tissue sample was placed for the photograph. Position of landmarks, observable tissue or other 

observations were measured.  

- Measures from the histology picture:   

Photographs of the histology slide taken with MicroPublisher camera ad light microscopy were 

imported in ImageJ. The software scale was set using the light microscope scale for 10x 

magnification.  

- Approximate cutting thickness done to get the histology slide:  

With a known slide thickness (5µm) and the number of discarded sections between each section 

kept, a relative approximation of the distance covered through the sample during histology 

sectioning was calculated.  

 

Data and Analysis 

Macroscopic observations 

Based on the 3D models with transposed observation, a summing model averaging all 
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observations was created for each time point. Visual comparison of the four summing models 

allowed to follow the macroscopic evolution throughout the time of the experiment and led to an 

overall summing model creation.  

 

 

 

 

 

 

 

 

 

 

Figure B-1 Macroscopic observations. To visualise the macroscopic effect and tissue response 
after the impact, all observations made from the photographs, taken after the impact, during tissue 
harvesting and during tissue preparation for histology, where transposed to a common CT-based 
3D hind limb virtual model made for each time point.  
 

 

 

 

 

 

 

 

 

 

 

Figure B-2 Relating macroscopic observations to microscopic observation. To relate 
observations made on histology slides to photographs, the histology slide provenance was 
approximately localised onto the photograph taken during tissue harvested and observations were 
approximately localized with measurements done on the photograph and the histology slide. 
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Results  

To visualise the macroscopic effect and tissue response after the impact, observations where 

transposed onto CT-based 3D hind limb segmented models. These observations were not used to 

draw any conclusion but help to interpret the results. 

 

24 hours post-impact 

Twenty four hours post-impact, the impact site was recognized by a circumscribed indentation 

and depression. The bottom of the depression of the impact site revealed what we could recognize 

as bone surface. A slightly elevated rim of white-translucent tissue around the impact site was 

noticed in all experimental animals at 24 hours post-impact. The rim was circumscribed around 

the impact site. (Fig. B-3) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-3 Macroscopic observation 24 hours after impact. The impact site was recognized 
by a circumscribed indentation and depression. The bottom of the depression of the impact site 
revealed what we could recognize as bone surface. A slightly elevated rim of white-translucent 
tissue around an impact was noticed in all experimental animals at 24 hours post-impact. 
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Three weeks post-impact 

Three weeks post-impact, the depression left by the impact probe was still noticed. The bottom of 

the depression of the impact site appeared covered by a thin white-translucent tissue. Around the 

impact site, white-translucent tissue forming an elevated croissant-shape open towards the 

femoral trochlea was noticed. The core of the croissant-shape seemed to be directed posterior to 

the impact site. A more opaque tissue elevation was noticed in the core of the croissant-shape. 

This tissue formation was present in all experimental animals in various degrees.  (Fig. B-4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-4 Macroscopic observation 3 weeks after impact. Around the impact site, white-
translucent tissue forming an elevated croissant-shape open towards the femoral trochlea was 
noticed. The core of the croissant-shape seemed to be directed posterior to the impact site. A 
more opaque tissue elevation was noticed in the core of the croissant-shape. This tissue formation 
was present in all experimental animals in various degrees (à).  
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Six weeks post-impact 

Six weeks post-impact, white-translucent fibrous tissue was noticed on the medial femoral 

condyle side. The impact site was still visible, but the depression was less noticeable; it appeared 

as a fibrotic region. The bottom of the depression of the impact site seemed to be filled with 

white-translucent fibrous tissue of the same macroscopic nature than the tissue formation found 

around it. A croissant-shape of white-translucent tissue open toward the femoral trochlea was 

noticed around the impact site. An elevated tissue formation was noticed in the posterior aspect of 

the croissant-shape fibrotic tissue, These observations were noticed different degrees in all 

experimental animals. (Fig. B-5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-5 Macroscopic observation 6 weeks after impact. The bottom of the depression of 
the impact site seemed to be filled with white-translucent fibrous tissue of the same macroscopic 
nature than the tissue formation found around it. A croissant-shape of white-translucent tissue 
open toward the femoral trochlea was noticed around the impact site. The core of the croissant-
shape seemed to be extended posteriorly. An elevated tissue formation was noticed in the core of 
the croissant-shape, posterior to the impact site in various degrees for all experimental animals  
(à).  
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Nine weeks post-impact 

Nine weeks post-impact, the impact site was still observable. The bottom of the depression of the 

impact site appeared to be of the same macroscopic nature tissue type than the rest of the medial 

condyle and the control knee. A less pronounced white-translucent croissant-shape tissue 

formation was noticed around the impact site. This croissant-shape tissue was open toward the 

femoral trochlea. At the posterior aspect of the core of the croissant-shape tissue, a more opaque 

elevated tissue was observed. These observations were noticed in various degrees in all 

experimental animals at 9 weeks after impaction. (Fig. B-6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-6 Macroscopic observations 9 weeks after impact. A white-translucent croissant-
shape tissue open toward the femoral trochlea was observed. At the posterior aspect of the core of 
the croissant-shape tissue, a more opaque elevated tissue was noticed (à). These observations 
were noticed in various degrees in all experimental animals at 9 weeks after impaction. 
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Overall Summary  

The macroscopic tissue reaction appears to be progressing over time towards the medial collateral 

ligament enthesis (Fig. B-7). The impact site showed signs of tissue alteration that appeared to be 

resorbing over time. No clear macroscopic evidence of tissue reaction was visualized at the 

junctional zone with the articular cartilage.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-7 Overall macroscopic observations at each time point. The macroscopic tissue 
reaction after impact appeared to be in relation with the medial collateral ligament.  
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Appendix C 

Details on the experimental protocol of the mechanically-induced osteophyte animal model  

Animals:  

All experimental protocols pertaining to the use of animals in this study were approval by the 

University Animal Care Committee (UACC) of Queen’s University in accordance with the 

guidelines of the Canadian Council of Animal Care (CCAC) (Reference Number: 1548). All 

procedures done on animals were in accordance with the University Animal Care Committee 

Standard Operating Procedures. Eighteen 10-12 months old Sprague-Dawley rats were purchased 

from (Charles River Laboratories Inc., Senneville, Quebec, Canada). Rats were given one week to 

acclimatize after arrival to the Animal Care Facilities at Queen’s University. Two rats were 

housed in each cage, in an environment maintained at room temperature (21±1oC) on a 12 hour 

light/dark cycle. Food and water were provided ad libitum. Skeletal maturity was radiographically 

confirmed by the animal care veterinarian or designates; a series of lateral plain radiograph were 

taken (62 kVp, 1.4 mAs) with a veterinary portable x-ray unit (Poskom Co, Gyeonggi-do, South 

Korea), on the animal under isoflorane anaesthesia (Fig. C-1).  

 

 

 

 

 

 

 

 

 

Figure C-1 Lateral radiograph for confirmation of skeletal maturity. (A) Pposition of the rat 
and (B) radiographic image taken at 62 kVp and 1.4 mAs. 
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Surgery: 

Surgery was performed in a sterile environment in the surgical suite (Room B-215E) of Queen’s 

University Animal Care Facilities (Fig. C-2). No more than 3 surgical cases were conducted on a 

given day. 

 

 

 

 

 

 

 

 

 

 

 

Figure C-2 Set up of the surgical suite 

Anaesthesia  

The rat to receive surgery was weighed and placed into the induction chamber for 

isoflurane/oxygen anaesthesia. Rats were anesthetised at 3-5% isoflurane in oxygen (1-1.5 

L/min). Once the animal was unconscious, the induction chamber was disconnected from the 

vaporizer tube, and the vaporizer tube was connected to a nose cone mask. The animal was placed 

onto a heated pad covered with a sterile surgical drape for the duration of the procedure. The 

mask was placed onto the nose of rats and the isoflurane flow was reduced to 1.5 – 2.5%. To 

ensure adequate general anaesthesia, pedal, palpebral, and corneal reflexes were tested; if absent, 

in combination to no reaction to toe pinch, the rat was considered properly anaesthetized for 

surgery. The flow of isoflurane was adjusted to maintain the animal in this anaesthetized state. 

Reflexes were tested during the procedure and respiratory rate was visually monitored. If the 

animal showed any signs of inappropriate anaesthetization, the isoflurane flow was adjusted 

accordingly.  
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Preparation to Surgery 

Under general anaesthesia by isoflurane inhalation, rats were prepared for surgery. Ophthalmic 

ointment was applied onto the rat’s eyes to prevent corneal dehydration. The hind limbs were 

shaved from groin to ankle using a battery-powered razor (Fig. C-3). Subcutaneous injections of 

Bupivacaine (2 mg/kg) were administered for local analgesia at a half dose per knee joint. 

Tramadol (20 mg/kg) was administered subcutaneously into dorsal skin for general anaesthesia 

(Fig. C-4). Signs of reflex were tested again, as well as toe pinch response prior to proceeding to 

surgery. Three alternations of SoluPrep™ and 70% alcohol applications were applied to disinfect 

the hind limbs (Fig. C-5). 

 

 

 

 

 

 

 

 

 

Figure C-3 Shaving of the hind limbs. 

 

 

 

 

 

 

 

 

 

Figure C-4 Subcutaneous administered of Anaesthetic a) Tramadol (20mg/kg) dorsally and b) 
Bupivacaine (2mg/kg) locally.  

a) b) 
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Figure C-5 Skin disinfection: three alternations of SoluPrepTM a) and alcohol swabs b). 

Surgical approach  

The hind limb receiving surgery was stabilized to the surgical drape at the ankle level with 

surgical tape. With a No. 11 scalpel blade, a dermal incision of approximately 2.5 cm was made 

on the medial aspect of the knee (Fig. C-6). Connective tissues were resected to expose the 

anterior and medial muscle compartments with the use of the backside of surgical scissors. The 

femoral artery and nerve were carefully localized to avoid surgical errors. Dissection into the 

medial intermuscular septum was performed using a pair of scissors, from the quadriceps tendon 

to approximately 1.5 – 2 cm cephalic. The capsule was exposed and cleaned from connective 

tissue (Fig. C-7). A small opening was made in the medial aspect of the capsule, using 

microtweezers with teeth to raise the capsule and surgical scissors to create the incision. Using 

tweezers with a curved tip and surgical scissors, the capsule opening was enlarged with care to 

not alter the intra-capsular anatomy. Using sterile gauze, the synovial fluid was absorbed and 

removed from the surgical site. Careful exposure of the medial femoral condyle periosteum-

synovium junctional zone followed (Fig. C-8); this region is recognizable by its rich 

vascularisation, approximately 1 to 2 mm medial to the bone and articular cartilage junctional 

zone. To enlarge and ensure impact site exposure, the quadricep and adductor muscles were 

retracted by using 3.0 Ethibond suture wire through the muscle belly and held under light tension 

by haemostats clamped onto the surgical drape. One additional suture wire and haemostat was 

used to retract the capsule from the impact site (Fig. C-9).   

a) b) 
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Figure C-6 Positioning the hind limbs during surgical procedure. A) limb to received surgery 
was secured b-c) dermal incision was performed. 

 

 

 

 

 

 

 

 

Figure C-7 Joint capsule exposure a) Exposure of the medial muscle compartment. B) 
Dissection into the medial intermuscular septum. C) Exposure of the knee capsule. 

 

 

 

 

 

 

 

 

Figure C-8 Medial femoral condyle exposure. A small opening was made in the medial aspect 
of the capsule and a careful exposure of the medial femoral condyle followed. 

  

a) 

a) b) c) 

a) b) c) 
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Figure C-9 Impact site exposure. To maximise impact site exposure, the quadriceps, adductor 
muscles and knee capsule were retracted using suture wire under tension. 

 

The animal and heated pad were placed onto a custom made platform equipped with a custom-

made movable rigid knee support. The design of the platform and knee support allowed 

positioning of the knee joint in a flexed and valgus position to maximise the impact site exposure, 

and to manually immobilize the knee joint during impaction (Fig. 10). Once the hind limb was 

placed onto the custom knee support and manually stabilized by the researcher, the haemostats 

were repositioned and the joint position was adjusted to ensure maximal exposure of the impact 

site and stability of the joint during impaction.  

 

 

 

 

 

 

 

Figure C-10 Custom-made platform and knee support for knee positioning during 
impaction. The animal was placed onto the custom platform and manually stabilized in flexion 
with a slight valgus angle to maximize the impact site exposure. 
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Impaction 

Based on results of preliminary testings using various impacting loading methods: drop tower, 

spring-loaded and biodynamic test instrument; and testing two impact loads: 31N (17.6Mpa), 

reported to be the injury threshold inducing physiological response in joints [97] and 53N 

(30Mpa), reported to induced joint damage with limited matrix alteration, [94] and representing 

moderate trauma like a sport injury [93], the Electronic Force biodynamic test instrument was 

used to apply a precise and accurate 53N impact load into the rat knee joint periosteum 

(Appendix D). The Electronic Force biodynamic test instrument (Bose 5500, Bose Co., 

Minnesota, USA), equipped with a stainless steel impaction probe with a 1.5mm in diameter tip, 

and was used to induce the impact load to the impact zone; the periosteum-synovium of the right 

medial knee condyle in line with the medial collateral ligament. The medial collateral ligament 

was used as an anatomic landmark to ensure consistency of the impact zone between animals.  

 

Using the Electronic Force biodynamic control software, Wintest Controls (Bose Co., Minnesota, 

USA), an assistant (SR) controlled the impact probe elevation level. The impact probe was first 

lowered down to contact the identified impact zone. Positioning of the impact probe was verified 

and refined to ensure precise placement onto the defined impact zone (Fig. C-11). To ensure the 

probe stability prior to impaction, 2.0 N was applied onto the impact zone. If the probe was 

judged to be unstable during preliminary loading, it was retracted from the zone and repositioned.  

 

Once satisfied with the impact probe placement and stability, one impact load of 53 N at a speed 

of 15 mm/sec with a peak load maintained for 0.05 seconds was applied to the impact zone. The 

probe was automatically retracted after reaching the pre-set 53 N limit. The open joint and its 

zone of impact were photographed for precise impact zone identification and localization during 

tissue harvesting, histological preparation and to evaluate the effects of the mechanical impact at 

a macroscopic level (Fig. C-12). After impaction, the suture wires used for soft tissue retraction 

from the impact site were removed.  

 

The intermuscular septum was sutured back by applying one surgeon’s knot with three throws, 

and subsequently, the dermis was closed by a series of surgeon’s knot with three throws (Fig. C-

13).  The closed surgical site was cleaned and wiped using an alcohol swab. After surgery the rat 
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was recovered in oxygen until the animal was fully conscious. During this waking phase, 6 mL of 

saline was subcutaneously administered dorsally. The animal was placed back in the cage on a 

clean paper towel. Subcutaneous injections of Bupivacaine (2 mg/kg) were administered at the 

surgical sites every 24 hours for three consecutive days post-surgery. Animals were under careful 

observation for any signs of pain or complications every day until complete healing of the 

surgical site, and subsequently every 3 days until the endpoint.  

 

 

 

 

 

 

 

 

Figure C-11 Positioning of the impact probe for impaction. a) The impact probe was first 
lowered down to contact the identified impact zone, b) Positioning of the impact probe was 
verified and refined to ensure precise placement onto the impact zone. 

 

 

 

 

 

 

 

 

Figure C-12 Identification of the impact zone after impaction. The zone of impact was 
photographed for precise impact zone identification during histological preparation. 

  

a) b) 
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Figure C-13 Closure of surgical sites. a) The intermuscular septum was sutured by one 
surgeon’s knot with three throws. b) The dermis was closed by a series of surgeon’s knots. 

Sacrifice 

Animals were euthanized at 24 hours, 3 weeks, 6 weeks, or 9 weeks post-surgery by carbon 

dioxide inhalation followed by bilateral pneumothorax incisions. Asphyxia was completed in the 

carbon dioxide inhalation chamber of the Animal Care Facilities, following the euthanasia 

protocol. Confirmation of death was assessed by the absence of observable signs of breathing, 

corneal reflexes, and reaction to toe pinch, no rising and falling of chest, no palpable heartbeat 

and color change or opacity in eyes. Bilateral pneumothorax was executed in Room B855 

Botterell Hall, where tissue harvesting immediately followed.   

 

Tissue harvesting:  

A dissection was performed to open the knee joint and expose the capsule. The capsule was 

carefully opened before injecting 1 mL of 4% formaldehyde in PBS (0.1 M, pH 7.2), freshly 

prepared from paraformaldehyde, to rapidly fix superficial tissues before completing dissection 

and tissue harvesting. A more careful exposure of the knee joint by muscle resection and capsule 

dissection followed. Photographs of the exposed joint were taken for macroscopic observations of 

the impact site and effect of the mechanical insult (Appendix B). The femur and the tibia-fibula 

were then sectioned approximately 1.5 – 2 cm from the knee joint line. The resected knee joint 

was placed into a properly labelled 5 mL tube with 4 mL of 4% formaldehyde for tissue fixation. 

Samples were placed on a shaker at slow speed and room temperature (21±1oC) for 48 hours.  

 

a) b) 
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After tissue fixation, the harvested knee joints were carefully dissected to isolate the distal femur. 

The remaining tissue and fixative solution were discarded. Formaldehyde was changed to 10% 

ethylenediaminetetraacetic acid (EDTA) (pH 7.0) for decalcification. Samples in EDTA solution 

were placed on the shaker at slow speed at room temperature (21±1oC). The EDTA solution was 

changed 24 hours after fixation and subsequently changed every 3 days until complete 

decalcification (4-5 weeks). Decalcification was considered completed when samples were soft to 

the touch with forceps and could be manually cut smoothly and forcelessly with a new razor 

blade.  
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Appendix D 

Mechanical testing of impact loading using the Electronic Force biodynamic test instrument 

(Bose 5500, Bose Co., Minnesota, USA). Representative graph of impact force/time. (Fig. D-1) 

 

 

 

 

 

 

 

 

 

 

 

Figure D- 1 Representative graph of impact force/time.  

 

Tests were conducted in the experiment setting on dissected chicken medial femoral condyles.  

Table D- 1 Reported impact force (mean/standard deviation), peak load maintained for 0.05 

seconds.  

 

 

 

 

 

  

Test # Impact Force (N) 

1 -52.81 

2 -52.64 

3 -52.96 

4 -51.69 

5 -52.71 

6 -53.18 

7 -52.66 

8 -52.60 

9 -51.79 

10 -52.81 

Mean/StDev -52.59±0.48 
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Appendix E 

Ethics approval of the combined Research Ethics Board (REB) of Queen's University, Kingston 

General Hospital (KGH) and Hotel Dieu Hospital (Kingston, ON, CAD). Queen's university 

health sciences & affiliated teaching hospitals research Ethics board-delegated review 

 

  

 
QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING HOSPITALS RESEARCH 
ETHICS BOARD-DELEGATED REVIEW 
January 31, 2014 
 
Dr. John Rudan 
Department of Surgery 
Kingston General Hospital 
 
Dear Dr. Rudan 
Study Title: DBMS-028-13 Osteophyte development in osteoarthritic joint 
File # 6011629 
Co-Investigators:  Dr. S. Pang, Mr. G. Venne, Dr. R. Ellis  
 
I am writing to acknowledge receipt of your recent ethics submission. We have examined the protocol, letter of 
support and the information/consent form for your project (as stated above) and consider it to be ethically 
acceptable. This approval is valid for one year from the date of the Chair's signature below. This approval will be 
reported to the Research Ethics Board. Please attend carefully to the following listing of ethics requirements you 
must fulfill over the course of your study: 
 
Reporting of Amendments: If there are any changes to your study (e.g. consent, protocol, study procedures, etc.), 
you must submit an amendment to the Research Ethics Board for approval. Please use event form: HSREB Multi-
Use Amendment/Full Board Renewal Form associated with your post review file # 6011629 in your Researcher 
Portal (https://eservices.queensu.ca/romeo_researcher/) 
 
Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally must be reported 
within 2 working days or earlier if required by the study sponsor. All other serious adverse events must be reported 
within 15 days after becoming aware of the information. Serious Adverse Event forms are located with your post-
review file 6011629 in your Researcher Portal (https://eservices.queensu.ca/romeo_researcher/) 
 
Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants must be 
reported to the Research Ethics Board within 7 days of becoming aware of the complaint. Note: All documents 
supplied to participants must have the contact information for the Research Ethics Board.  
 
Annual Renewal: Prior to the expiration of your approval (which is one year from the date of the Chair's signature 
below), you will be reminded to submit your renewal form along with any new changes or amendments you wish to 
make to your study. If there have been no major changes to your protocol, your approval may be renewed for 
another year.  
 
Yours sincerely, 
 

 
 
Chair, Health Sciences Research Ethics Board 
January 31, 2014 
 
Investigators please note that if your trial is registered by the sponsor, you must take responsibility to ensure 
that the registration information is accurate and complete 
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Appendix F 

Patient Informed consent form for femoral head tissue harvesting during total hip arthroplasty and 

collection of relevant medical images.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Informed Consent Form 

 1 

 
 
Patient Informed Consent Form 
 
TITLE OF RESEARCH PROJECT: 
Osteophyte development in osteoarthritic joint  
 
Investigators:  
John Rudan, MD -Department of surgery   
Gabriel Venne, PhD (candidate) -Department Biomedical and Molecular Sciences  
Stephen Pang PhD - Department Biomedical and Molecular Sciences 
 
You are being invited to participate in a research study directed by Dr. Ellis and Dr. 
Rudan to investigate the osteophyte development in osteoarthritic joint. A research 
assistant or physician will read through this consent form with you, describe the study in 
detail, and answer any questions you may have.   
   
Please read this form carefully. Do not hesitate to ask anything about the information 
provided. It is up to you to decide whether or not to take part. Participation in this study is 
strictly voluntary. Refusal to participate will not affect your present or future medical care.  
If you do decide to take part, you will be asked to sign a consent form. If you decide to 
participate, you are still free to withdraw at any time and without giving a reason. There 
are no costs involved with participating in this research study. This study has been 
reviewed for ethical compliance by the Queen’s University Health Sciences and Affiliated 
Teaching Hospitals Research Ethics Board. 
 
 
1. PURPOSE OF RESEARCH: 

 
Osteophytes are bony projection emerging from joint margin in osteoarthritic joint. 
The process leading to the development of these bony spurs remains unclear to 
scientific and medical communities. They are associated with pain, cartilage 
degradation and joint motion limitation. We are studying the structure and nature of 
osteophytes in hip, knee and shoulder joints. We are investigating the biological 
factors responsible of their development. Our research may lead to better prevention 
cares for people who are at risk or developing osteoarthritis.  
 
 

2.  METHODS: 
 

When patients undergo orthopaedic surgical procedures, synovial fluid can be 
collected from the operated joint to be analysed by the pathology department if 
needed and a section of the joint, which will be replaced by the prosthetic, is 
removed and discarded. A segment of the removed bone and cartilage tissue from 
your procedure will be identified by Dr. Rudan or designates to be used for our 
research. The synovial fluid and bony sample will be sent to a laboratory at Queen’s 
University to processed and analysed. Only tissue that is scheduled for disposal will 
be used in this study. The tissue will only be used at Queen’s University by the 
primary researchers involved in this study. Any unused tissue or cells will be 
disposed of according to standard biohazard procedures. In order to carefully 
localise the osteophytes, a picture of the exposed joint will be taken during the 

Human Mobility Research Centre 
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Informed Consent Form 

 2 

procedure and pre-operative and post-operative medical images will be obtained on 
which the surgeon will identify the osteophyte location.  

 

3. RISKS/BENEFITS: 
 

This study will be of no immediate benefit to you. Participating in this study won’t add 
any other risk than the surgical procedure itself. This study will eventually help to 
create prevention care to people at risk or developing osteoarthritis and better 
orthopaedic interventions. Participation in this study will cause no discomfort or 
potential harm to you. Your participation in this study is voluntary. Refusal to 
participate in this study will not alter the quality of medical care received at the 
Kingston General Hospital in any way at the present time or in the future. 

 
4. CONFIDENTIALITY: 

 
All information obtained during the course of this study is strictly confidential and 
your anonymity will be protected at all times.  The collected sample will not be 
marked in any way to identify you. For analysis purposes, your age, weight, height, 
and gender will be recorded. All data will be stored in encrypted and locked files and 
will only be available to the investigators. The information produced from such data 
may be used to report results, but it will never be possible to identify you in any 
publication or report. 
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Informed Consent Form 

 3 

CONSENT FORM 
 
TITLE OF RESEARCH PROJECT: 
Osteophyte development in osteoarthritic joint  
 
INVESTIGATORS:   
John Rudan, MD -Department of surgery   
Gabriel Venne, PhD (candidate) -Department Biomedical and Molecular Sciences  
Stephen Pang PhD -Department Biomedical and Molecular Sciences 
 
SUBJECT STATEMENT AND SIGNATURE SECTION: 
 
 I, ________________________________________________________, have 
read and understand the consent form for this study.  I have had the purposes, 
procedures and technical language of this study explained to me.  I have been given 
sufficient time to consider the above information and to seek advice if I chose to do so.  I 
have had the opportunity to ask questions which have been answered to my satisfaction.  
I am voluntarily signing this form.   Furthermore, I understand that I may withdraw at any 
time without jeopardizing my current or future healthcare.   I will receive a copy of this 
consent form for my information. If at any time I have any questions, problems or 
adverse events, I can contact: 
 
 
Gabriel Venne, PhD (candidate), Department of Biomedical and Molecular Sciences 
0gv@queensu.ca 
(613) 549-6666 (4641) 
 
John Rudan, MD, Head of: Department surgery  
rudanj@kgh.kari.net 
(613) 549-6666 (3670) 
 
Stephen Pang, PhD, Professor Department of Biomedical and Molecular Sciences,  
PhD Supervisor of Gabriel Venne  
pangsc@queensu.ca 
(613) 533-2600 
 
Micheal A. Adams, PhD, Head of: Department of Biomedical and Molecular Sciences 
adams@queensu.ca 
(613) 533-2452 
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Informed Consent Form 

 4 

 
If you have any concerns about your rights as a research participant please contact Dr. 
Albert Clark, Chair of the Queen's University Health Sciences and Affiliated Teaching 
Hospitals Research Ethics Board at (613) 533-6081.  
 
By signing this consent form, I am indicating that I agree to participate in this study: 
 

Participant:  
 
____________________________  __________________ 

Signature     Date 

 

Person Conducting Consent Process:  
 

____________________________  __________________ 

Signature     Date 
  

 

STATEMENT OF INVESTIGATOR: 
I, or one of my colleagues, have carefully explained to the research participant the 
nature of the above research study.  I certify that, to the best of my knowledge, the 
research participant understands clearly the nature of the study and demands, benefits 
and risks involved to participants in the study. 
 
 
              
Signature of investigator      Date 



 

 

 

174 

Appendix G 

Abstract: Equivalence of three-dimensional morphometric parameters for small bone 

volumes 

 

Authors: Sarah G. F. Ryan1, Gabriel Venne2, John F. Rudan4, Randy E. Ellis1-2-3-4 
1School of Computing, Queen’s University, Kingston, ON, Canada 
2Department of Biomedical and Molecular Sciences  
3Department of Mechanical and Materials Engineering  
4Department of Surgery 

 

Objective: We evaluated the robustness of commonly reported 3D morphometric parameters to 

changes in physical scales, by statistically comparing large bone volumes with sub-samples of 

100 mm3 and 50 mm3 size. 

Methods: Femoral head samples from 15 patients who underwent total hip arthroplasty were 

collected and scanned with microscopic computed tomography. Cubic subsamples were defined 

in the primary compressive region and the overall femoral head. For each compressive group, 

there were 8 subsamples of 100 mm3 and 16 subsamples of 50 mm3; for each femoral head, there 

were 27 subsamples of 100 mm3 and 35 subsamples of 50 mm3. Morphometric parameters were 

calculated for each sample and combined. Compressive group samples and head samples were 

compared statistically for strong differences in means, strong differences in variances, and 

statistical equivalence. 

Results: Bone volume fraction and connectivity density were robust across physical scales for the 

compressive region and the femoral head, with three-way statistical equivalence in these 

parameters. The degree of anisotropy was robust for the compressive group and for femoral head 

sub-samples, with greater statistical dispersion compared to the overall head that was attributed to 

arthritic changes. Trabecular indices were statistically mixed across the bone types and physical 

scales. The structure model index was highly variable and not robust across physical scales.  

Conclusion: Bone volume fraction and connectivity density show promise as parameters for 

measuring small bony volumes. The degree of anisotropy may be useful with caution. The 

structure model index was not robust.  
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Appendix H 

Verification method for correct placement of the studied volume of interest for three-

dimensional morphometric osteophyte internal structure evaluation  

 

To visualize and confirm correct placement of the VOIs within the femoral head sample, pre-

operative plain radiograph of the patient, retrieved from the hospital archive system, was 

uploaded in the open source medical images viewer software DicomWorks (Figure H-1). The 

contrast of the image was manually adjusted to best visualise the studied femoral head before 

being exported in JPEG format. The JPEG image was uploaded as a raster into the open source 

3D development and data handling Meshlab software (Pisa, Italy). An isosurface 3D model of the 

femoral sample in stl format created during the custom processing and analysis, was also 

imported into Meshlab interface. Using x-ray shader function of Meshlab, the 3D femoral model 

was converted into a digitally reconstructed radiograph (DRR). The DRR state of the 3D femoral 

head model facilitated its spatial positioning in Meshlab interface to best match the patient plain 

radiograph (Figure 1). The femoral head DRR was positioned by a board certified orthopaedic 

surgeon to best match the patient plain radiograph.  

 

 

 

 

 

 

 

 

 

 

 

Figure H-1 Visual confirmation of correct placement of the VOIs. An orthopaedic surgeon 
positioned the femoral head DRR to match the radiograph.  
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Once spatially placed, the 3D femoral head model was reset to original opaque state by selecting 

shader mode to none. An image of the positioned femoral head onto the radiograph was saved 

and archived. The image of the placed femoral head on the radiograph was used to verify and 

refine the VOIs selection and placement done in CTAn software.  

 

If better visual localization of the VOIs was needed to confirm proper VOIs selection and 

placement, the patient plain radiograph was open into the commercially available Mimics 

software (Materialise, Leuven, Belgium). The stl 3D model of the studied femoral head and its 

VOIs were imported into the software interface (Figure H-2). The 3D models were placed in 

respect to the plain radiograph to best represent the placement done by the orthopaedic surgeon. 

To move the 3D femoral head model and its VOIs, every 3D models of interest were selected as 

moving object in the Mimics software stl window. Visual evaluation of VOIs localization within 

the femoral head and in the patient’s anatomy was done. These verifications allowed to best 

anatomically localize the VOIs of studied osteophytes and to evaluate the correct placement of 

the PCG, WT and FH. If needed, refinement of the VOIs selections, were applied in VOI 

selection step, to refine the correct anatomical placement.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure H-2 Visual inspection of the localized VOI on the patient radiograph. a) Anterior 
view of the femoral on radiograph b) posterior view c) posterior view of transparent femoral 3D 
model exposing VOIs d) VOIs on radiograph. 


