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Osteoarthritis (OA), a degenerative disease affecting approximately 27 million 

Americans, is characterized by cartilage degradation, subchondral bone changes, and joint pain 

and discomfort. Although OA is hypothesized to occur due to joint instability that stimulates 

cell-mediated pathologies, the mechanical environment associated with the disease is unknown. 

In this thesis, a load-induced model of OA was used to elucidate the mechanical environment 

associated with OA development. 

To examine the mechanical nature of joint instabilities in which OA develops in load-

induced and other injury models, we conducted a quasi-static kinematic analysis on cadaver 

mice. Labeled adult male right joints were subjected to destabilization of the medial meniscus 

(DMM) or anterior cruciate ligament transection (ACLT).  Left knees remained intact. Roentgen 

stereophotogrammetric analysis (RSA) was conducted on each joint during loading from 0 to 9N. 

Intact and DMM joints exhibited consistent and similar kinematics, with the tibia translating 

proximally and anteriorly, and knee flexion increasing with load. ACLT knees dislocated at 0N, 

suggesting that OA development in this model may be induced by severe joint instabilities. 

Because bone is the primary load-bearing tissue in the joint, we examined the role of 

subchondral bone properties and remodeling in load-induced OA development. Adult male 

C57Bl/6 (low bone mass) and FVB (high bone mass) mice were treated with alendronate (ALN) 

to inhibit bone remodeling or vehicle treatment, and subjected to tibial loading for 1, 2, or 6 



 

weeks. OA was attenuated in FVB mice compared to B6. ALN generally prevented the age-

related cancellous bone mass reduction, but had no effect on load-induced bone changes. ALN 

treatment attenuated cartilage damage only in FVB mice.  

Finally, discrete element analysis was used to characterize the stresses associated with 

intact joint kinematics from 0-9N. Areas of highest cartilage stresses strongly correlated with 

locations of most severe tissue damage. To determine the role tissue properties on cartilage 

stresses, parametric analyses were conducted on a FE contact model. Unlike cartilage properties, 

modulating bone properties in this model did not significantly affect stresses induced on the 

cartilage surface. In summary, this thesis characterized the mechanical environment, and changes 

thereof, associated with load-induced OA pathology. 
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CHAPTER 1 

INTRODUCTION 

 

The following chapter is adapted, with permission, from a chapter that will be submitted as a part 

of a book entitled Mechanomedicine. The anticipated reference to this work will be: 

Adebayo OO*, Holyoak DT*, van der Meulen MCH. (2017) Mechanobiological 

Mechanisms of Load-Induced Osteoarthritis. In Mechanomedicine. New York, NY: 

Springer. 

*Authors contributed equally to this chapter 

 

1.1 Osteoarthritis 

Osteoarthritis (OA) is a degenerative joint disease that affects approximately 27 million 

people in the United States, and is predicted to affect 25% of the adult population by 20301,2. 

With highest prevalence in the knee3, OA is characterized by cartilage degradation, subchondral 

bone changes, and osteophyte formation4 (Figure 1.1). The disease clinically presents as 

radiographic narrowing of the joint space, debilitating pain and stiffness, and loss of joint 

function5. Based on clinical evidence, a wide range of risk factors have been identified, including 

obesity6,7, aging8, excessive mechanical loading during occupational activities9,10, prior joint 

injuries11,12, and genetic abnormalities11. While mechanical forces play a major role in OA 

initiation11,13,14, the exact disease etiology is unknown, thus limiting effective preventative 

measures and clinical treatment options prior to surgical intervention. 
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Figure 1.1 X-ray images of human knee joints depicting healthy and OA conditions. Compared 
to the healthy knee, the image of the OA knee shows (1) cartilage thinning based on the narrower 
joint space, (2) subchondral bone sclerosis on the medial tibial plateau and femoral condyle 
indicated by the brighter, thicker bone, and (3) osteophyte formation on the lateral side of the 
tibia (Image courtesy: Dr. Mathias P. Bostrom at the Hospital for Special Surgery, New York). 

 

1.2 Pathophysiology of Osteoarthritis 

1.2.1 The Healthy Joint 

Several tissue types contribute biomechanically within the healthy diarthrodial joint 

including articular cartilage, subchondral bone, menisci, and ligaments. Articular cartilage is 

composed primarily of water and Type II collagen fibers interlinked with proteoglycans in which 

chondrocytes reside15. The tissue consists of 4 distinct zones, the superficial, middle, deep, and 

calcified cartilage zones, where zone-specific fiber alignments account for its compressive and 

shear properties16. Located at the end of long bones, cartilage allows for low-friction articulation 

and transfer of loads16. 

The subchondral bone consists of a cortical plate in direct contact with the calcified 

cartilage and the cancellous epiphyseal bone17. Composed of Type I collagen, hydroxyapatite 

and non-collagenous proteins, the subchondral bone is the major load-bearing tissue in the joint. 
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Bone cells, including osteoblasts that form bone, osteoclasts that resorb bone, and osteocytes that 

act as mechanosensors, drive bone remodeling and rapid adaption to changes in mechanical 

stimulus18,19.  

The menisci, fibrocartilageous tissues that lies on the perimeter of the cartilage on the 

medial and lateral plateaus of the knee, participates in the distribution of loads during articulation 

between cartilage surfaces20–22. Predominantly acting to redistribute joint forces, the menisci are 

important in reducing stresses induced in the cartilage during excessive physical activity. Unlike 

the menisci, ligaments act primarily in tension. Ligaments, such as the anterior cruciate ligament 

or the medial collateral ligament stabilize the joint and prevent excessive translations or rotations 

between the articulating bones.  

Osteoarthritis has been shown to initiate via damage to any of the aforementioned tissues. 

Direct mechanical or chemical change to the cartilage23–27, bone28, menisci29–31 and 

ligaments29,32–34 have been implicated in the onset of OA in both clinical and preclinical models. 

Regardless of in which tissue the injury originates, disease progression affects all tissues in the 

joints, particularly the cartilage, but also the synovium35 (Figure 1.2). Although the pathology of 

OA has been debated, many hypothesize that since most tissues in the joints are mechanically 

active, disease may be initiated, or at least progressed, by changes in mechanical forces in the 

joint36.  

 

1.2.2 Mechanical Forces and OA Initiation 

 Osteoarthritis is hypothesized to initiate from abnormal mechanical forces due to joint 

instability or injury. Increased or abnormal mechanical loading of the joint, as reflected with 

obesity37,38, prior joint injury39–41, or occupational activities such as military service, farming, 
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and intensive sports9,10,42 have been associated with an increased risk for OA development. 

Conversely, weight loss and moderate exercise has been suggested to attenuate OA progression, 

clinically7,43,44. While the etiology of OA progression and its relation to mechanical forces is 

unknown, abnormal mechanical forces are hypothesized to initiate a cascade of cellular and 

molecular events leading to a feed-forward cycle of cartilage degeneration. Specifically, 

abnormal mechanical forces initiate fibrillations in the cartilage surface, leading to the 

production of enzymes such as matrix metalloproteinase (MMPs) and ADAMTS. These enzymes 

induce the recruitment of synovial fibroblasts and macrophages leading to stress-induced 

production of cytokines and a subsequent feed-forward production of degenerative enzymes36 

(Figure 1.3).  

 

Figure 1.2 A) Healthy tissue is shown: normal cartilage without any fissures, or signs of 
synovial inflammation. B) Early focal degenerate lesion and ‘fibrillated’ cartilage, as well as 
remodeling of bone, is observed in osteoarthritis. This can lead to bony outgrowth and 
subchondral sclerosis.45 
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Mechanical forces also play an important role in bone remodeling in an osteoarthritic 

joint. Abnormal loading is hypothesized to generate microdamage in the subchondral bone, 

leading to increased osteoclast production and a decoupling of healthy bone remodeling. In 

addition, osteophyte formation occurs at the joint margins. Changes in the underlying bone leads 

to sclerosis, or a stiffening and thickening of the subchondral, and is hypothesized to increase the 

stresses engendered on the cartilage, thus exacerbating cartilage breakdown.  

 

 
Figure 1.3 Role of mechanical forces in cartilage, bone, and synovium during OA initiation36  
 

1.2.3 Cartilage-Bone Crosstalk in OA Development and Progression 

While osteoarthritis affects several tissues in the joints, bone changes during disease 

progression have been of great interest as they present a potential target for treatment.  As a 

major load-bearing and mechanically-adapting tissue in the joint, OA is hypothesized to initiate 

with changes in bone remodeling and accompanying property changes17,46–51. Clinical evidence 
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such as subchondral bone sclerosis and osteophyte formation in patients with late-stage OA, 

implicate bone remodeling as an integral feature of disease progression1,45. In addition, 

preclinical studies have demonstrated an initial loss of subchondral bone followed by an increase 

in bone mass during disease progression34,52. Thus, clinical studies have examined the effect of 

inhibiting bone remodeling on OA initiation and progression53,54. Specifically, patients in these 

studies have been treated with bisphosphonates to attenuate bone remodeling. Bisphosphonates, 

drugs used primarily as treatments for osteoporosis, embed into the bone matrix where they are 

uptaken by osteoclasts, and result in osteoclast apoptosis and inhibition of subsequent bone 

resorption55,56. Patients with osteoarthritis were treated with risedronate, a type of 

bisphosphonate. While the treatment reduced bone remodeling as indicated by lower levels of 

subchondral bone sclerosis, the treatment had varied results in attenuated cartilage degradation as 

reflected in radiographic joint space narrowing. 

In addition to clinical studies, preclinical studies have also have investigated the role of 

bone remodeling on OA progression57–60. These studies have been conducted on many species 

subjected to traumatic joint injury such as ligament transections and chemical degradation to 

induce OA initiation. Animals have then been treated with bisphosphonates, including zoledronic 

acid and alendronate, or other drugs to inhibit bone remodeling. Results demonstrated that 

inhibiting bone remodeling via bisphosphonate treatment in post-traumatic OA attenuated both 

bone changes and cartilage degeneration. Although these studies show promising results for 

clinical treatment, distinguishing the effect of the treatment on bone from its effect on cartilage 

and post-traumatic inflammation is a limitation.  

Furthermore, other studies have investigated the role of subchondral bone properties on 

OA initiation. Given the clinical evidence of subchondral bone stiffening, it has been 
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hypothesized that while bone changes contribute to disease progression, bone stiffness plays a 

significant role in disease initiation46–48. Stiffer subchondral bone could to lead high stresses 

being induced in the cartilage during articulation, thus leading to mechanical failure in the form 

of fibrillations on the cartilage surface. Experimental and computational studies have 

investigated the role of inherent subchondral bone stiffness on OA initiation. Studies by Burr et 

al.19,61 placed mechanical rods in the subchondral bone of sheep and examined the propensity 

towards OA initiation. The results of these studies suggested that increased bone stiffness by 

itself may not be sufficient to initiate OA. Instead, bone changes may indeed be the catalyst for 

OA initiation and progression; however, confounding factors of inflammation due to surgery 

need to be addressed. Thus, the roles of bone remodeling and bone structural and tissue 

properties need to be investigated in a controlled mechanical environment without these 

confounding factors. 

 

1.3 Preclinical Animal Models of OA 

To better understand disease mechanism, preclinical animal models have been developed 

to recapitulate OA progression, and they can be classified under invasive and non-invasive 

categories (Figure. 1.4). Invasive models primarily use chemically-induced cartilage 

degeneration or surgical injuries, while non-invasive models involve repetitive joint loading, 

load-induced impact injury, or spontaneously occurring OA progression62–64. 

 

1.3.1 Invasive Preclinical OA Models 

Under the invasive models, chemically-induced cartilage degeneration approaches 

involve intra-articular injection of collagenase23–25, TGF-β26, monosodium iodoacetate65–69, or 
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papain27,70,71. These methods have provided critical knowledge about key molecular and cellular 

pathways during disease initiation. However, these models do not fully recapitulate human OA 

progression, limiting their use in understanding clinical scenarios62,63. 

 

 

Figure 1.4 Overview of invasive and non-invasive pre-clinical OA models. 
 

Post-surgical models of OA better mimic clinical injuries and subsequent OA 

progression. Models, such as the anterior cruciate ligament transection (ACLT)29,32–34, 

meniscectomy33,34, and the destabilization of the medial meniscus (DMM),30,31 involve the use of 

surgical methods to disrupt or transect stabilizing ligaments, leading to alterations in joint 

mechanics. With surgical trauma, OA develops over time, enabling the investigation of the full 

time-course of post-traumatic OA progression. Surgical injury models have been applied to a 
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variety of animals62, and have significantly contributed to our knowledge of post-traumatic OA 

progression. However, a major limitation of these models is the difficulty in differentiating the 

surgical inflammatory and healing response from the progression of OA, which confounds the 

understanding of disease etiology. 

 

1.3.2 Non-Invasive Preclinical OA models 

Non-invasive models of osteoarthritis have been developed to elucidate the mechanism of 

OA progression without the confounding effects of surgical intervention72. These models include 

genetic/spontaneous OA development73,74, non-invasive impact injury models28,75–77, and the 

recently-developed cyclic load-induced model78,79. Genetic/spontaneous models involve the use 

of animals, such as the guinea pig74, certain strains of mice (e.g. C57Bl/6 and BALB/c)80, or 

mice that have been genetically manipulated and develop the disease throughout their lifespan. 

Such studies allow for understanding OA pathology without external intervention and exploring 

genetic pathways for potential therapeutic targets. However, many forms of spontaneous OA can 

take months or even years to develop, limiting their use in laboratory settings.  

 Non-invasive impact injury models utilize high compressive loads to induce an intra-

articular fracture of the tibial plateau28 or a rupture of the ACL76, both leading to OA initiation 

and progression.  Each of these models provides key advantages in understanding OA pathology, 

particularly in recapitulating the clinical scenario without invasive measures. However, the exact 

mechanical environment of the joint within these models is unknown, and thus the relationship 

between mechanical forces and OA progression is difficult to understand. 

The cyclic load-induced model offers a unique platform to specifically elucidate the 

relationship between mechanical forces and disease initiation. Primarily used in mice, the load-
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induced model applies controlled, cyclic compressive loading to the tibia and results in 

predictable OA progression in the knee joint78,79. In the rest of this chapter, the focus is on this 

load-induced mouse model, highlighting its development, characterization, and aims to study the 

link between mechanical and cellular pathways, and thus the biomechanical mechanism of load-

induced OA initiation and progression (Figure 1.5). 

 

Figure 1.5 Overview of Load-Induced OA model. 
 

1.4 Development of the Load-Induced OA Model 

1.4.1 Cyclic Tibial Compression: From Bone Adaptation to OA Model 

Although cyclic tibial compression is a novel technique for recapitulating OA in 

mice78,79, this model has been used extensively to study bone response to load81,82. Adapted from 

the ulna-loading model83, cyclic tibial compression applies repetitive axial loading at the ankle 

and the knee joint, and reliably induces anabolic responses in the tibial cancellous metaphysis 

and cortex81,84,85. Specifically, the cyclic tibial compression model involves the use of a loading 

system or a loading device, which consists of an electromagnetic actuator and a load cell, 

attached to either a foot or knee holder. The actuator applies cyclic loads according to voltage 

outputs from an amplifier, and the load cell provides force feedback control (Figure 1.6). The 

system delivers controlled compressive forces to the tibia without dislocation of the knee or 

ankle joints. Detailed instructions on using the system are available86. 
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Figure 1.6 Schematic of a mouse limb mounted in the loading device. The foot holder is 
attached to an electromagnetic actuator that applies cyclic compression to the tibia according to 
voltage output from a LabVIEW-controlled amplifier. The knee holder is attached to a load cell 
that measures the applied compressive force and sends feedback to the LabVIEW program to 
adjust the output voltage accordingly. 

 

Cyclic tibial compression enables simultaneous and specific examination of cancellous 

and cortical bone responses to mechanical forces in osteoporosis and fracture healing models. 

These advantages also render the model appropriate for examining cartilage changes with 

loading, allowing for non-invasive, controlled compression of the articular cartilage in the knee 

without ligament rupture. Additionally, the model permits analyses of temporal changes in both 

bone and cartilage, and potential investigation of the crosstalk between the two tissues (and 

others) in response to repetitive mechanical loading. 

 

1.4.2 Metrics for Analyzing Bone and Cartilage Morphology 

To examine the relationship between mechanical forces and OA progression, studies 

report bone morphology, cartilage degradation, and other joint tissue changes with cyclic 
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loading. Upon completion of loading, mice are euthanized, and the knee joints are harvested, 

fixed, scanned using microcomputed tomography (microCT), and processed for paraffin 

embedding and histology. MicroCT scans are taken of the knee joints to assess cortical and 

trabecular bone morphology. Specifically, the thickness and tissue mineral density of the 

subchondral bone plate (Figure 1.7A) can be determined. The underlying cancellous bone 

morphology in the epiphysis (distal to the subchondral bone plate and proximal to the growth 

plate, Figure 1.7B) and metaphysis (distal to the growth plate, Figure 1.7C) can also be analyzed 

for bone volume fraction, trabecular thickness and separation, and tissue mineral density. 

 

Figure 1.7 Analysis of bone and cartilage in the load-induced OA model. MicroCT analyses 
include A) subchondral bone thickness, B) epiphyseal cancellous morphology, and C) 
metaphyseal cancellous morphology. Histological analyses include D) cartilage morphology, E) 
local subchondral bone thickness, and F) osteophyte size and maturity.  

 

The histological analysis seeks to measure the severity of load-induced articular cartilage 

damage using a histological scoring method. Thin sections are typically stained with Safranin O 

or Toluidine blue, and examined for structural and cellular changes in the cartilage (Figure 

1.7D).  In general, normal healthy cartilage is scored low (0) and the score increases to represent 
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damaged cartilage. For example, with the recommended OARSI modified murine scoring 

system87, normal articular cartilage scores a 0, proteoglycan loss is 0.5, small fibrillations on the 

cartilage surface is 1, vertical clefts down to immediately below the superficial layer is 2, and 

vertical clefts/erosion to the calcified cartilage extending <25%, 25-50%, 50-75%, and 75-100% 

of the articular surface are 3, 4, 5, and 6, respectively. Scoring is generally performed across the 

entire joint, and scores are then averaged, summed, or the maximum is taken to assess OA 

severity. Additional histological outcomes include local subchondral bone thickness (Figure 

1.7E), osteophyte severity (Figure 1.7F) and changes in the synovial lining, meniscus, and 

ligaments. 

More recently, efforts have increased to understand the cellular pathways within the load-

induced OA model. To this end, immunohistochemistry (IHC) has been implemented to further 

analyze bone, cartilage, synovial and meniscal changes on the protein level77,88. Briefly, tissue 

sections are incubated with a primary antibody for the protein of choice, and then with a 

secondary antibody and substrate for appropriate visualization. Positive staining in the joint 

tissues is then quantified and compared to contralateral control joints, thus expanding our 

understanding of load-OA progression from the cellular to the tissue scale. 

 

1.4.3 Load-Induced OA Model 

Using the aforementioned metrics, load-induced OA models were recently developed and 

described in two labs, with slightly different device setups and loading regimens78,79. The first of 

these setups involves the tibia horizontally positioned between knee and foot holders, allows for 

normal knee flexion, and loads the joint through the foot holder (Figure 1.8A)79. This setup will 

be referred to as the “normal flexion” model henceforth. The second of these setups involves 
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positioning the tibia vertically between custom-made cups attached to the actuator and load cell, 

with both the knee and ankle joints in deep flexion, and joint loading from the knee holder 

(Figure 1.8A)78. This setup will be referred to as the “deep flexion” model for the remainder of 

the chapter. These setups involve different loading regimens and experimental parameters, which 

allows a unique opportunity to compare the effects of age, mouse strain, load magnitude, and 

loading frequency and duration on the knee joint. 

Development of the normal flexion setup used 10- and 26-week old male C57Bl/6 mice 

to investigate the effects of age and load-magnitude on OA progression79. The loading consisted 

of a triangular waveform with 9.0N peak loads, applied for 1200 cycles per day at a 4Hz 

frequency for durations of 1, 2, and 6 weeks for 5 days per week (Figure 1.8B). The initial study 

using the deep flexion setup78 involved eight-week old male CBA mice, with waveforms 

consisting of 9.0N-peak loads applied 40 times, 3 days/week with durations of 1 day, 2 weeks, 

and 5 weeks (Figure 1.8B).  

 

Figure 1.8 Schematic of a mouse limb in the A) deep flexion (blue) and normal flexion (red) 
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loading devices. The loading device applies compression, with waveforms of cyclic tibial 
loading for the B) deep flexion (blue) and normal flexion (red) set-ups, respectively. Figure 
adapted from Poulet et al. 2011and Ko et al. 201378,79. 

 

After loading, bone and cartilage morphological examination demonstrated that non-

invasive mechanical loading was indeed capable of recapitulating OA-like symptoms. 

Specifically, loading produced lesions and erosion of the cartilage that progressed with duration 

of loading, as indicated by histological analysis (Figure 1.9). Osteophyte formation also occurred 

with both loading regimens (Figure 1.9). Furthermore, 9.0N loading induced posterior 

subchondral bone plate thickening in the normal and deep flexion setups. Thus, cyclic tibial 

compression recapitulated key features of human OA in both studies.  

 

Figure 1.9 A) Cartilage matrix and osteophyte changes in the tibia after cyclic tibial 
compression loading. The left tibiae of adult mice were loaded for 1, 2, and 6 weeks. The 
nonloaded contralateral limb at 6 weeks load duration served as control. B) Quantification of 
Safranin O–fast green staining of the medial articular cartilage revealed that damage to the 
cartilage matrix occurred following mechanical loading and was exacerbated with longer 
durations. Figure from Ko et al. 201379. 

 

Further analyses demonstrated decreased epiphyseal and unchanged metaphyseal 

trabecular bone volume fraction with loading in normal flexion79. In contrast, both epiphyseal 
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and metaphyseal trabecular bone changed in the deep flexion model89. After 5 weeks of 

repetitive loading using the deep flexion setup, epiphyseal trabecular bone volume fraction and 

thickness increased in lateral compartments of both loaded and non-loaded contralateral limbs. 

Loading in the deep flexion model also induced meniscal chondroplasia, synovial lining 

thickening, increased hypertrophy in the anterior cruciate ligament insertion points78, and gait 

changes89. Interestingly, gait patterns changed only in the non-loaded contralateral limbs. 

Specifically, stance time, stride length, and paw area all increased in contralateral limbs after 

loading, while these characteristics of gait were unchanged in loaded limbs. Therefore, cyclic 

tibial compression not only mimics the hallmarks of OA, but also leads to other important 

changes in the tissues surrounding the joint. Ultimately, the models are excellent tools to study 

the biomechanical pathology of the bone and cartilage, and their interactions in OA development 

under controlled mechanical environment.  

 

1.4.4 Elucidating Cellular Mechanisms of Load-Induced OA 

While cyclic loading induces OA initiation and progression at the tissue level in both the 

normal and deep flexion setups, the complete mechanobiological response of the knee joint 

remains unknown if the cellular activity within the tissues is not understood. To this end, critical 

cellular responses to mechanical loading in these models have been characterized77,78,88. 

Specifically, the cellular and tissue response to a single bout of loading have been examined to 

elucidate the mechanism by which OA initiates in these models. The normal flexion model 

utilized the aforementioned loading protocol for a single bout of 1200 cycles of compressive 

loading; the single bout did not induce spontaneous cartilage lesions (Figure 1.10 top panel), but 

rather initiated cell-mediated processes that led to OA without additional loading88. Immediately 
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after loading, cartilage appeared normal in both control and loaded limbs. However, after 1 and 2 

weeks of normal activity, cartilage damage, cartilage thinning, and pre-osteophyte formation 

were present at the medial aspect of the tibia plateau. In addition, loading induced thinning of the 

subchondral bone plate in loaded limbs 1 and 2 weeks after the loading bout. 

Immunohistochemistry analyses indicated that chondrocyte apoptosis was the same between 

control and loaded limbs, suggesting loading had no acute effects on chondrocyte viability. 

Furthermore, no sign of synovial hyperplasia was evident after the single loading bout. However, 

osteoclast activity in the underlying subchondral bone increased after loading, which explained 

the decreased subchondral bone plate thickness. Ultimately, because hyperplasia and 

chondrocyte apoptosis did not change with loading, the tissue response to loading was most 

likely mediated by resident cells in the bone, cartilage, and other surrounding tissues. 

In contrast to the normal flexion setup, a single bout of loading in the deep flexion setup 

initiated spontaneous lesions and clefts in the articular cartilage surface (Figure 1.10 bottom 

panel)78. If left alone, the lesion remained, but did not progress further; however, if loading 

continued after the single bout, the cartilage lesions grew, subsequently leading to more severe 

OA. 

Another deep flexion model investigated OA severity in 8-week old C57Bl/6 mice after 

single loading bouts of 60 cycles with magnitudes of 3N, 6N, and 9N at 5, 9, or 14 days post-

loading77.  Interestingly, the 9N load level resulted in rupture of the ACL, dissimilar to previous 

studies with the same load magnitude; therefore, this chapter will focus on results from 3N and 

6N loads. The traumatic event at 9N emphasizes how even a slight variation in body position 

(i.e., joint angle) or loading regimen can play a significant role in the mechanical response of the 

joint tissues. Nonetheless, articular cartilage lesions occurred primarily on the lateral condyle of 
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the femur. Lesion size increased with loads of greater magnitude, but did not increase with time, 

maintaining their size between 5 and 14 days after the loading bout. 

 

 

Figure 1.10 A single loading bout with the deep flexion set-up initiated spontaneous cartilage 
lesions immediately after loading. In contrast, no cartilage damage was observed immediately 
following a single loading session using the normal flexion set-up, but was seen 2 weeks post-
loading. Figure adapted from Ko et al. 2016 and Poulet et al. 201178,88. 
 

In addition to examining the morphological changes that occurred in the cartilage in 

response to loading, a few key cellular factors were related to cartilage degradation in the study 

performed by Wu and colleagues77. Chondrocyte apoptosis increased with loading and was 

localized to the surface of the location with the cartilage lesion. In addition, loaded limbs at 6N 

had higher synovitis scores compared to control limbs. On the protein level, the amount of type 

II collagen did not change in response to loading and was uniformly distributed throughout the 

entire cartilage region. Aggrecan fragments were internalized by apoptotic chondrocytes due to 

an activation of ADAMTS-5 from the surface of dying cells. Overall, loading had little to no 

effect on type II collagen, but significantly changed the amount and distribution of aggrecan 

(Figure 1.11). In addition, the distribution of COMP extended to the middle zone of the cartilage 
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in loaded limbs, but was only present in the superficial zone in control limbs. Chondrocytes in 

deeper zones and synovial cells produced COMP in response to mechanical stress, suggesting 

that COMP plays an important role in load-induced cartilage degradation.  

 

Figure 1.11. Schematic of cellular and molecular changes in load-induced OA progression. 
Tibial cyclic compression induces a cascade of destructive events including active aggrecanases 
(ADAMTS-4 & 5) and collagenases that break down key components of the cartilage matrix. 
Changes in the subchondral bone and synovium have also been shown to play a role in load-
induced OA. Indicated in red are key proteins involved in OA initiation and progression, but this 
finding has not been confirmed in the load-induced OA model. Figure adapted from Goldring et 
al 2009.36 
 

The tissue-level and cellular responses from the aforementioned studies provide us with 

large amounts of information on how the knee joint responds to damaging mechanical loads. 

Load-induced OA models allow us to directly relate areas of acute cartilage damage to specific 

cellular signaling in response to loading (Figure 1.11). Continuing to study this relationship, 

particularly from a mechanical perspective, is integral to understanding the mechanobiological 

mechanisms of OA.  
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1.5 Thesis Aims 

 OA pathology has been studied in several invasive and non-invasive models including 

surgical injury, chemical injection, spontaneous OA, impact injury, and load-induced OA 

models. While each model has key advantages, the load-induced OA model provides a controlled 

means of exploring the relationship between mechanical forces and OA progression, without 

confounding invasive surgeries. Using cyclic tibial compression, the load-induced OA model 

provides controlled mechanical forces to the joint that lead to cellular responses and subsequent 

OA progression. Since the model is relatively new, few studies have characterized the full 

mechanobiology of load-induced OA progression, and thus knowledge is limited. Understanding 

the exact biomechanical pathogenesis of the mouse tibial-loading OA model will strengthen the 

interpretation of pre-clinical results in the context of clinical human OA, enabling improved 

translation to the human case. Using both experimental and computational techniques, this thesis 

aims to better understand the relationship between joint mechanics and the progression of load-

induced osteoarthritis with the normal-flexion set-up. 

 

1.5.1 Aim 1: Kinematics of Meniscal- and ACL-Transected Mouse Knees during Controlled 

Tibial Compressive Loading Captured Using Roentgen Stereophotogrammetry 

Although the tibial loading model recapitulates features of OA in the mouse knee, the 

joint kinematics related to this loading protocol is unknown. Understanding the relationship 

between joint kinematics and OA pathology is a key step to elucidating the role of joint 

instability and the biomechanical interaction of bone and cartilage in disease progression. To this 

end, we examined the kinematics of injured and intact joints subjected to controlled tibial 

compressive loading90. We hypothesized that injuries such as the destabilization of the medial 
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meniscus (DMM)30 and anterior cruciate ligament transection (ACLT)34 models result in 

uncontrolled joint instability and greater variability compared to intact joints, in which the timing 

of tissue changes in relation to joint mechanics may be more precisely measured. 32-week-old 

C57Bl/6 cadaver male mice right joints were subjected to DMM or ACLT. Left knee joints 

remained intact. Using a modified single-plane roentgen stereophotogrammetric analysis (RSA), 

the bone kinematics of each limb was examined during compressive loading from 0-9N. The 

translation and rotation of the tibia and the relative translation and rotation of the femur to the 

tibia about the proximal-distal (X), medial-lateral (Y), and anterior-posterior (Z) axes were 

analyzed using the Eulerian method for rigid body kinematics.  

 

1.5.2 Aim 2: Role of Subchondral Bone Properties and Changes in Development of Load-

Induced Osteoarthritis in Mice  

 As subchondral bone is a significant load-bearing tissue in the joint, understanding its 

biomechanical role in load-induced OA initiation and progression is critical to elucidating the 

etiology of OA in this model. We aimed to understand the role of subchondral bone properties 

and remodeling in OA initiation using the tibial loading mouse model. We hypothesized that OA 

initiation would be attenuated in mice with low subchondral bone mass compared to mice with 

high bone mass, and in mice treated with alendronate (ALN), a bisphosphonate that inhibits bone 

remodeling. Adult male C57Bl/6 (B6, low bone mass) and FVB (high bone mass) mice were 

treated with ALN or vehicle (VEH) treatment with left limbs loaded for 1, 2, or 6 weeks. 

Subchondral bone plate and epiphyseal cancellous bone morphology were examined using 

microCT, and cartilage damage and joint changes were quantified using summed histological 

scores, cartilage thickness measurements, and osteophyte measurements. 
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1.5.3 Aim 3: Computational Models for the Analysis of Load-Induced Osteoarthritis 

 Although the cellular and molecular mechanisms of load-induced OA have been 

investigated, only two studies have examined the mechanical environment that lead to disease 

progression in this model78,90. Quantifying the stresses in the cartilage and bone and how changes 

to these tissues affect mechanical stresses in the joint is important to understanding the 

mechanobiology of the tibial loading model. Specifically, we aimed to characterize the stresses 

and strains in the joint and hypothesized that locations of highest mechanical stresses would 

correlate with areas of highest cartilage damage. To this end, two computational models were 

developed to 1) quantify the magnitude and location of contact stresses in the cartilage under 

tibial compression and 2) to examine the effects of changing material properties of different 

tissues in the joint on cartilage surface stresses. Using a discrete element model (DEA)91 in 

conjunction with joint kinematics data, contact stresses in tibial cartilage during compressive 

loading were quantified from 0-9N at every 1N increment. Further, a simplified finite element 

(FEA) contact model was developed to simulate the knee joint, and a parametric analysis was 

conducted to investigate the effects of altering material properties on joint stresses. 

 

1.5.4 Aim 4: Empowering Early Mastery of Spatial Visualization Skills in Underrepresented 

Minority Engineering Students 

 In addition to the three aims listed above, a fourth aim is included in this thesis. Although 

not directly related to the field of biomechanics research, this aim is important in the field of 

engineering education. Spatial visualization (SV), defined as the “ability to mentally manipulate, 

rotate, twist, invert pictorially presented stimuli”92, has been suggested to predict student success 

in engineering93. While correlations exist between SV skills and engineering retention, studies 
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have suggested evidence of different SV skills in female and underrepresented minority students, 

which may account for the lower retention and success rates of these groups94–96. We aimed to 

explore the correlation between SV skills and success in engineering, with the intention of 

examining the exact mechanism of this correlation and its discrepancies among female and 

minority student groups. The Cornell University Engineering Success (CUES) program used the 

NSF ENGAGE curriculum to introduce SV basic skills to a select group of first year students, 

through a project-based course. Student teams worked with biomedical faculty researchers and 

were tasked to produce professional-level visualizations of real-world research projects. We 

employed action research/grounded theory methodologies (observations, instructor journals, 

expert responses, and e-portfolios) to track their skill development of spatial concepts, 

representations and critical stances, and the application of their skills to their projects. 
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CHAPTER 2 

KINEMATICS OF MENISCAL- AND ACL-TRANSECTED MOUSE KNEES DURING 

CONTROLLED TIBIAL COMPRESSIVE LOADING CAPTURED USING ROENTGEN 

STEREOPHOTOGRAMMETRY 

 

The following chapter is published in the Journal of Orthopaedic Reserach and reprinted here 

with permission. The reference to the published work is: 

Adebayo O, Ko F, Goldring S, Goldring M, Wright T, van der Meulen M. (2017) Kinematics of 

Meniscal- and ACL-Transected Mouse Knees during Controlled Tibial Compressive Loading 

Captured using Roentgen Stereophotogrammetry. Journal of Orthopaedic Research 35(2): 353-

360. 

 

2.1 Introduction 

Osteoarthritis (OA) is characterized clinically by cartilage degradation, subchondral bone 

changes, joint pain and impaired joint function1,2. Tissue alterations in OA joints extend beyond 

cartilage and bone to include changes in the menisci, ligaments and other peri-articular soft 

tissues3.  Epidemiological studies indicate that abnormal biomechanical loading and joint 

instability from injury are important etiological factors in the pathogenesis of OA1,4. This 

concept is substantiated by observations that certain occupational activities5–7, obesity8,9, and 

joint laxity and injury10–12 are correlated with an increased risk of OA, while reduction in body 

weight13 and mild to moderate exercise14,15 may slow disease progression. Although 

epidemiological and clinical studies of OA suggest a strong relationship between the joint 

mechanical environment and the incidence of the disease, the exact ways in which changes in the 

mechanical environment influence OA initiation and progression are not well defined16. 
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 Pre-clinical studies in murine species using surgical models, such as the destabilization of 

the medial meniscus (DMM)17,18 and anterior cruciate ligament transection (ACLT)17,19, have 

examined the structural changes and biological pathways that lead to OA disease initiation after 

joint injury. These models induce moderate to severe OA pathology characterized by cartilage 

degradation and subchondral bone changes, and provide insights into the morphological and 

biochemical changes in joint tissues during OA disease progression17–20. Furthermore, while 

several studies demonstrated that these injuries affect joint stability in large vertebrates21–24, the 

relationship between altered joint kinematics and the initiation of OA has not been fully 

characterized in murine models due to their small size. Measurements of joint kinematics in 

murine models have been limited to using weight bearing and ground reaction forces as metrics 

for instability25,26. While these data provide information on the functionality of the joint, they do 

not describe joint instability or the mechanical environment associated with the injury.  Thus, 

these studies have provided little insight into how these joint injuries affect joint stability and 

how the altered joint kinematics relates to OA initiation. Characterization of joint kinematics in 

the DMM and ACLT models would provide valuable insights into the influence of instability on 

the local mechanical environment during the initiation and progression of OA, strengthening 

their use as small-animal models of post-traumatic OA. 

Our group and others have previously presented a non-invasive tibial loading model in 

mice for bone adaptation studies27,28. The loading device in this model allows for normal flexion 

of the knee, while applying a controlled axial compressive load to the tibia through the femoral 

condyles.  Adapted from the mouse ulna loading model30, the tibial loading model has been used 

extensively in orthopaedics to study bone adaptation and is a widely accepted platform to 

recapitulate physiological mechanical forces during mouse gait27–29, with a 9N compressive load 
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creating 1200µε at the mid-shaft of the tibia29. This strain value is well within the normal range 

of functional strains during locomotion in mice and most vertebrates31–34. Recently, our group 

and others used this model on intact joints to recapitulate major features of OA after 1, 2, and 6 

weeks of loading35–37, with similar results to those induced by long-term treadmill running in 

mice38. To date, however, the tibial compressive loading model has not been applied to DMM 

and ACLT injured mouse knees. 

With the understanding that mechanical forces play a key role in OA, we aimed to 

characterize the effects of the joint injuries in the DMM and ACLT models on joint kinematics 

under loading conditions. We hypothesized that the DMM and ACLT models would alter 

stability compared to intact joints, thus enabling future experiments to explore the effects of joint 

instability on patterns of OA initiation and severity in these mouse models under controlled 

loading. Our loading device, which permits controlled application of compressive loads to the 

tibia, was used as a tool to quantify and compare joint kinematics of intact, DMM and ACLT 

joints under a controlled loading regime.  Due to the orientation and range of motion of the knee 

under our loading conditions, our results directly measured bone kinematics, rather than joint 

kinematics. Our results provide insights into the effects of these joint injuries on bone kinematics 

and associated joint motions in the context of defined compressive loading and demonstrate the 

importance of rigorous kinematic analysis to better understand disease progression in murine 

models of OA. 

 

2.2 Methods 

2.2.1 Animal Models 

Eight 32-week old freshly frozen C57BL/6 male mice (Jackson Laboratories, Bar Harbor, 
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ME) were obtained and thawed at room temperature. The right knee joint of each mouse was 

subjected to either DMM or ACLT (n=4/group). Following previously established protocols17, a 

longitudinal incision was performed from the distal patella to the proximal tibia. The joint 

capsule was exposed, and the fat pad was dissected, allowing visualization of the medial 

meniscotibial ligament (MMTL) and the anterior cruciate ligament (ACL). Using a #11 blade, 

either the MMTL or the ACL was transected. Care was taken to ensure that all other ligaments 

remained intact. The joint capsule was then closed with a continuous cutting suture (4-0 Sofsilk, 

Covidien, Minneapolis, MN). The left knee joints remained as intact controls.  

 

2.2.2 Fiducial Marker Placement 

To place the fiducial makers on the joint for use in kinematics measurements, two small 

incisions were created, one on the medial proximal region of each tibia and the other on the 

anterior distal region of each femur. The muscle and skin were retracted using blunt dissection 

techniques, and a periosteal elevator was used to remove the periosteum. The exposed bone was 

degreased with methyl ethyl ketone. At least 3 100µm tin/lead solder spheres (Caplinq Co., 

Ottawa ON, Canada) were affixed to a 2mm x 2mm flexible adhesive plastic to serve as fiducial 

bone markers. The bone markers were adhered onto the exposed regions of the tibia and femur 

using cyanoacrylate. Care was taken to ensure that the markers adhered firmly to the bone, and 

that the joint capsule remained intact. 

 

2.2.3 Mechanical Loading & Imaging Protocol 

All limbs were loaded from 0 to 9N compression at 1N increments using the tibial 

compressive loading device35 (Figure 2.1A). The loading device is equipped with a feedback 
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control loop (National Instruments, Labview v8.2) that allows the user to set a constant 

compressive force at each load step (Figure 2.1B), using an in-line force transducer (ELPF-T2E-

10L, Measurement Specialties). Medial-lateral radiographs were obtained at each stepped load 

using a single dental x-ray (VetVision DC, Progeny Dental, Lincolnshire, IL), with a resolution 

of 28µm. The stepped loading protocol was then repeated to obtain anterior-posterior radiographs 

(Figure 2.1C). This loading and imaging scheme was repeated for 3 trials per joint.  

Compressive loading was applied through an actuator affixed to a foot-holder in the 

loading device, while the force transducer was attached to the knee-holder (Figure 2.1A). With 

each progressive load step, the foot-holder applied compression through proximal translation 

along the X-axis, towards the knee joint (Figure 2.1C). A prior kinematic analysis identified that 

this translation was associated with a slight positive rotation (1.4±1.3°) about the Z-axis at 9N. 

Thus, any positive rotations about the Z-axis resulting in adduction or abduction within this 

angular range were regarded as a function of the loading device for the right and left knee, 

respectively. 
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Figure 2.1 (A) Schematic of the mouse tibial loading device, (B) the loading configuration for 
each stepped loading trial applied to the joint, and (C) radiographs of an intact joint in the 
loading device from 2 imaging planes, with the tibial, femoral, and bone markers outlined. 
Arrows indicate bone markers.  Scale bar = 5.0mm 
 
 
2.2.4 Roentgen Stereophotogrammetry 

Roentgen stereophotogrammetry (RSA) examination was performed using a custom-

made calibration cage and previously-established protocols 39–41.  The calibration cage consisted 

of 2 orthogonal planes, one for each x-ray position, containing sets of tantalum markers with 

known locations. One set of markers defined the 3D global fiducial coordinate system, while the 

other set was used to determine the exact location of the dental x-ray. Error analysis was 

performed on the system using a phantom consisting of 2 wooden rods (2.2mm diameter, 15cm 

length), each labeled with at least 4 fiducial markers. To measure both the precision and 

accuracy of the system, we conducted 9 double examinations of the phantom with no relative 

motion between rods, similar to previous protocols40. Radiographs were taken at the 2 planes of 

the calibration cage, and used to determine each fiducial marker location, rigid-body fitting, and 

subsequent calculation of motion.  

The relative motion calculated by the RSA set-up for the 9 examinations was averaged as 

the error of the system, and the standard deviation of these motions was the precision. The error 

and precision (mean ± standard deviation) associated with zero motion of the phantom were 

0.03±0.25mm, -0.01±0.08mm, and -0.16±0.37mm in translation along the X-, Y-, and Z- axes, 

respectively, and -0.9±2.2°, 0.8±1.4°, and 1.3±1.3° in rotation about the X-, Y-, and Z- axes, 

respectively. These values were interpreted as the systematic error associated with calculations 

of rigid body motion using this RSA set-up, and any motions within the bounds of our error 

values were deemed negligible.  
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Furthermore, the use of a single dental x-ray for imaging two planes introduced an 

inherent error in joint positioning because the loading protocols were performed sequentially. 

We defined this error as the average error in determining the exact 3D location of the fiducial 

markers. The position of each marker was calculated as the intersection between the position 

vectors from each imaging focus point. However, due to both a systematic error from the lack of 

exact alignment of the two orthogonal planes of the calibration cage, and the irreproducibility of 

the joint positioning with a sequential loading protocol, the position vectors did not intersect in 

3D space. Therefore, the position of each bone marker was calculated as the midpoint of the 

shortest line connecting the two vectors, with the error defined as half the length of the line along 

each axis. Using data from a previous kinematic analysis in which five mouse joints were placed 

under the same protocol for 15 loading/imaging protocols, we determined the average error of 

the system to be [±63µm, ±2.0µm, ±1.6µm] in the X-, Y- and Z-axes respectively. 

 

2.2.5 Kinematics Analysis 

All joints were placed in the loading device, with the tibial axis of loading aligned to the 

X-axis of the calibration cage (Figure 2.1), and RSA examination was performed. First, the 

initial, non-loaded position of the joint was examined qualitatively in the loading device. Due to 

the small size of the mouse joint, a reliable and consistent femoral coordinate system could not 

be established, thus all motions were described as translation and rotation from 0N load around 

the 3 axes in a tibial-oriented coordinate system. In accordance with RSA techniques, the tibial 

coordinate system was based on a reference alignment of the bone position in the loading device 

at 0N. Specifically, the tibial X-axis was defined as the axis at 0N in which the compressive load 

was applied, running from the tarsus to the intercondylar eminence, and was aligned to the global 
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X-axis. Furthermore, we assumed that the tibial Y-axis at the 0N position in the loading device 

intersected both the medial and lateral tibial plateaus, and was parallel to the global Y-axis. The 

tibial Z-axis, perpendicular to both the X- and Y-axes, thus paralleled the global Z-axis.  To 

determine translation along each axis, the point of interest (POI) was defined as the geometric 

center of the tibial and femoral articulating surfaces for both the tibia and the femur (Figure 2.2). 

The location of the POI was defined and digitized manually as the midpoint of the overlapping 

surface of the tibia and femur in the 0N medial-lateral radiograph and the intercondylar eminence 

of the tibia in the 0N anterior-posterior radiograph.  

 

Figure 2.2 Schematic of the joint axes and coordinate system relative to the tibia used for the 
kinematics analysis. Straight arrows indicate the Superior-Inferior axis (green), Medial-Lateral 
axis (red) and Posterior-Anterior axis (blue), and curved arrows indicate Internal-External 
(green), Flexion-Extension (red) and Adduction-Abduction (blue) rotations. Scale bar = 2.0mm  

 

To describe joint motions, tibial motion was first calculated at each stepped load as 

translation of the point of interest and Eulerian rotation of the bone about the body-oriented X-Y-

Z axes relative to its position at 0N. These motions were thus interpreted as inferior-superior 

(IS), medial-lateral (ML), and anterior-posterior (AP) translations of the tibial plateau, and 

internal-external (IE), flexion-extension (FE), and abduction-adduction (AA) rotation of the 
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tibia. Then, the relative femur-to-tibia motion, interpreted as the motion of the knee joint, was 

determined using the tibia as the reference segment. Specifically, the motion of the tibia at each 

stepped load was first transformed back to its position at 0N, and then the relative motion of the 

femur was calculated in the tibial coordinate system. Relative translation in this case was 

calculated as the difference in the position of the point of interest due to femoral versus tibial 

motion from 0N to each stepped load. All coordinate system creations and kinematics 

calculations were completed in Matlab using a custom-written code.   

 

2.2.6 Statistics 

Statistical analysis was performed to compare the kinematics of intact and ligament-

transected joints. All intact joints from both DMM and ACLT groups were pooled for statistical 

analysis with the exception of one intact joint that was dislocated due to an accidental initial 

overload in the loading device. The results of the kinematics trials for each joint were averaged 

and represented as descriptive data for statistical analysis. Due to the small sample size of each 

group, a Kruskal-Wallis test was then performed to compare the kinematics of intact and injured 

joints at each stepped load (JMP Pro 10.0, SAS Institute Inc). All data are shown as mean ± 

standard deviation, unless otherwise indicated. p-values of <0.05 indicate significance.  

 

2.3 Results 

2.3.1 Comparison of Joint Positions in the Loading Device 

Changes in the joint position in the loading device were evident between the two models, 

even before the application of any compressive load (Figure 2.3). The DMM joints maintained 

positions similar to those of the intact joints in the loading device, with an apparent articulating 
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surface between the femur and tibia. However, all of the ACLT joints dislocated when placed in 

the loading device, even without compressive load. The dislocation resulted in the loss of an 

articulating surface between the femur and tibia, and thus further analysis of bone kinematics 

could not be performed accurately. 

 

Figure 2.3 Medial-lateral radiographs of an (A) intact joint (n=7), (B) DMM joint (n=4), and (C) 
ACLT joint (n=4) in the loading device without load. Arrows indicate articular surface. Scale bar 
= 5.0mm 

 

2.3.2 Tibial Motion Under Compression 

The tibial motions of intact and DMM joints were similar at each stepped load relative to 

0N. As the compressive load increased from 0 to 9N, both intact and DMM tibias exhibited 

superior translation, which peaked at 0.3±0.1mm and 0.2±0.0mm at 9N, respectively (Figure 

2.4A). Additionally, both groups demonstrated minimal translation along the ML axis and AP 

motion of the tibia, which peaked at similar values for both intact and DMM joints (Figs. 2.4B-

C). None of the translational motions of the tibia were significantly different at any of the loads 
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(p = 0.13 – 0.85). IE rotation was also minimal (p = 0.19 – 0.85) in all intact and DMM tibias, 

and the degree of tibial flexion was not different (p = 0.45 – 1.0) between intact and DMM 

groups (Figs. 2.4D-E). In contrast, the degree of tibial adduction at loads ≥ 4N was significantly 

different between the two groups (p<0.04, Figure 2.4F), although the differences were small 

(tibial adduction of 1.5±0.7° at 9N in intact joints and tibial abduction of 1.7±0.6° in DMM 

joints). 

 

Figure 2.4 Tibial translations and rotations relative to the 0N position were not different between 
intact (n=7) and DMM (n=4) tibiae each stepped load, except for abduction-adduction at loads 
greater than 3N. Data are shown for translation along the (A) Superior-Inferior, (B) Lateral-
Medial, and (C) Posterior-Anterior axes, and (D) Internal-External, (E) Flexion-Extension, and 
(F) Adduction-Abduction rotation. Data colors correspond to axis colors in Figure 2.2. *, p<0.05 
by Kruskal-Wallis test.  

 

2.3.3 Knee Joint Motion (Relative Femur to Tibia Motion) under Compression 

Femur-to-tibia translations were minimal along the SI and AP axes (Figs. 2.5A,C). 

However, ML translation of the femur to tibia was significantly different between intact and 

DMM joints at 8N and 9N loads (p < 0.01, Figure 2.5B). Intact joints exhibited little motion 

(0.1±0.1mm) along the ML axis; however, in DMM joints, we observed lateral translation of the 
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femur starting at 6N, which peaked at 0.2±0.1mm at the 9N load. In both DMM and intact joints, 

we observed minimal internal rotation and similar flexion of the femur at most loads (Figs. 2.5D-

E). However, rotation about the tibial AP axis was significantly different between these groups 

with femoral abduction (with the knee moving into varus) occurring in DMM joints compared to 

intact joints at all compressive loads (p = 0.0082, Figure 2.5F). 

 

Figure 2.5 Most relative femur-to-tibia translations and rotations were not different between 
intact (n=7) and DMM (n=4) tibiae at each stepped load, except for translation along the medial-
lateral axis at 8 and 9N and rotation about the anterior-posterior axis. Data are shown for 
translation along the (A) Superior-Inferior, (B) Lateral-Medial, and (C) Posterior-Anterior axes, 
and (D) Internal-External, (E) Flexion-Extension, and (F) Adduction-Abduction rotation. Data 
colors correspond to axis colors in Figure 2.2. *, p<0.05 by Kruskal-Wallis test.  

 

2.4 Discussion 

While pre-clinical models, such as DMM and ACLT, recapitulate features of post-

traumatic OA17–20, the exact mechanical environment associated with disease initiation and 

progression in these models is not understood completely. We sought to determine the 

kinematics of DMM and ACLT joints under a controlled loading environment, to gain insights 

into the impact of the injuries on joint stability. Our results demonstrate that bone kinematics 
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and, by extension, joint instability depend on the type of destabilization injury. Specifically, the 

initial dislocation of ACLT joints within the loading device, which allows for normal flexion, 

and the apparent loss of contact surface between the tibia and femur indicate that ACLT models 

of OA exhibit high levels of instability, with loading occurring at the edge of the injured joint42. 

In contrast, most measures of tibial and femoral motion were similar between DMM and intact 

joints, with only subtle differences in frontal plane rotations of the tibia and femur and greater 

relative lateral translation of the femur at higher compressive loads. While the differences in 

frontal rotations were significant, these small positive rotations about the AP-axis were within 

the range of the inherent motion of the foot-holder. Thus, the only significant, relevant difference 

between DMM and intact joints was in the slight lateral translation of the femur in the DMM 

group. Such similarities between kinematics in DMM and intact joints suggest that the induction 

of OA-like features in the DMM mouse model may not be due necessarily to extreme joint 

instability, but rather to a change in contact stresses as a result of an abnormal contact area43–45.  

Our study provides novel information about kinematics and instability of ACLT joints, 

specifically in murine models of OA, and such results are similar to those reported in other 

cadaveric studies. Bedi and colleagues reported kinematic changes in cadaveric human knees 

after an ACL injury, with significantly increased contract stress in the posterior-central aspect of 

the tibial plateau46. This finding is supported by other studies in mice, rabbits, sheep and humans, 

and is due to the increased anterior translation of the tibia as a result of the lack of the stabilizing 

constraint provided by the ACL19,21,47–49. In our study, the increased anterior translation of the 

tibia resulted in dislocation of the joint within the loading device, which may explain the rapid 

rate of OA progression present in murine ACLT models. In vivo murine joints subjected to 

ACLT demonstrate tibial anterior subluxation, marked degradation of the posterior aspect of the 
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tibial cartilage, erosion of the tibial posterior subchondral bone, and osteophyte formation at the 

joint margins17,19. These in vivo results indicate the presence of high joint instability and an 

abnormal anterior translation of the tibia during gait, consistent with the ACLT causing extreme 

joint motions, even in an otherwise well-controlled animal study47. While the ACLT mouse 

model is a relevant model of post-traumatic OA to understand pathologic joint tissue changes 

associated with such injuries, the kinematics of the model are extreme in the mouse. Thus, ACLT 

is unsuitable for mouse studies focused on elucidating the relationship between kinematics and 

subsequent joint injury and OA initiation.  

To our knowledge, our study is the first to present the kinematics of DMM rodent joints 

under controlled mechanical loading. A previous study conducted by Allen and colleagues25 

focused on weight-bearing limb measurements in rats with medial collateral ligament (MCL) and 

medial meniscal transections, two more severe joint destabilization models. Significant 

differences were present in gait dynamics between injured and normal joints25.  In contrast, our 

results suggest that the joint kinematics are generally unaffected by the DMM injury, which is 

much less destructive than a complete MCL or medial meniscal transection. Although we did not 

examine in vivo dynamic kinematics, our results are further substantiated by the slower rate of 

OA progression in DMM models compared to ACLT models in vivo17,19,50. Indeed, the 

progression of moderate OA in DMM and other meniscal injury situations has been attributed to 

the disruption of tibiofemoral contact mechanics, with damage to the meniscus causing 

decreased cartilage contact area43–45,51. Thus, higher stresses occur in the cartilage, particularly 

over the medial aspect of the tibia17,50,52. Although both the ACLT and the DMM mouse models 

develop OA-like features, the results of this study, along with evidence from in vivo studies, 

suggest that the joint mechanical environment associated with disease initiation differ. The 
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DMM model reflects increased contact stress due to a reduction of contact area. In contrast, the 

ACLT model resulted in tibial dislocation under normal flexion, suggesting extreme loading 

between any remaining articulating surfaces due to the injury compared to the DMM model. This 

finding, though obtained ex vivo, is supported by in vivo evidence, and leads to the likely 

conclusion that with tibial compressive loading during mouse gait, these differences in 

mechanical environment may play at least a partial role in the severity and progression of OA in 

vivo53.  

Our study has limitations. While we used a controlled mechanical platform to examine 

the kinematics of ACLT and DMM joints, strict axial compression of the tibia through the 

femoral condyles may not elicit the same motions that occur during gait. However, our intention 

was to examine bone kinematics using a controlled loading model that generates physiological 

mid-shaft strains and that recapitulates OA features35. This model induces OA by superimposing 

short cycles of controlled tibial loading over otherwise normal cage activity, and without the 

surgical disruption of the joint35,36. In contrast, DMM and ACLT models require invasive 

surgery, which induces inflammation that, in itself, may cause abnormal alterations in bone 

kinematics, thus confounding interpretation of the results. The compressive loading used in our 

study was done with little external constraint to the knee; the joint surfaces were free to move in 

any direction, though the motions of the tibia and femur were somewhat constrained to flexion-

extension by the manner in which the tibia and femur were held in the loading fixture (Figure 

2.1A). Furthermore, the applied loads were small and controlled compared to those applied by 

muscles and ligaments during normal cage activity. In addition, our approach did not account for 

tissue adaptation and muscle forces that may play a role in vivo. Nonetheless, we showed striking 

differences in bone kinematics following DMM and ACLT, even when our relatively mild 
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loading regime was applied. These differences in bone kinematics are likely exacerbated during 

normal cage activity, which may explain the differences in initiation and progression of OA 

pathology in the two models.  

Additional considerations for our study are the use of a tibial-based coordinate system to 

describe knee joint kinematics, the small sample sizes, and the use of incremental static 

measurements of kinematics ex vivo. However, these points are offset by the fact that our study is 

the first to quantitatively characterize the bone kinematics associated with ACLT and DMM 

injuries in mice under controlled physiological tibial compressive loading.  Thus, our results 

provide valuable insight into understanding the joint instability associated with these two 

commonly used OA mouse models in vivo. 

In conclusion, we found marked differences in bone kinematics in the DMM and ACLT 

joints under controlled loading conditions. ACLT knees have extreme joint instability, which 

may explain the rapid progression of OA, particularly in the posterior aspect of the tibial plateau 

in vivo. In contrast, DMM joints exhibit kinematics similar to those in intact knees, suggesting 

that the progression of OA in this model reflects altered joint kinematics and contact mechanics, 

not a more extreme loading scenario. In summary, although both the ACLT and DMM mouse 

models have strengths and limitations with respect to elucidating the pathways associated with 

OA initiation and progression, the DMM model provides a more representative and relevant 

model of post-traumatic OA in terms of physiological bone kinematics. 
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CHAPTER 3 

ROLE OF SUBCHONDRAL BONE PROPERTIES AND CHANGES IN 

DEVELOPMENT OF LOAD-INDUCED OSTEOARTHRITIS IN MICE 

 
The following chapter is in review for publication in Osteoarthritis and Cartilage and reprinted 

here with permission. The anticipated reference to the work is: 

Adebayo O, Ko F, Wan P, Goldring S, Goldring M, Wright T, van der Meulen M. (2017) Role of 

Subchondral Bone Properties and Changes in Development of Load-Induced Osteoarthritis in 

Mice.  In review for publication in Osteoarthritis and Cartilage. 

 

3.1 Introduction 

Osteoarthritis (OA) is a degenerative joint disease that clinically presents as radiographic 

narrowing of the joint space with accompanying subchondral bone (SCB) thickening and 

osteophyte formation1,2. Its exact etiology has been long debated, despite preclinical and clinical 

studies intended to elucidate the factors responsible for OA disease initiation and progression.3–5. 

Risk factors include traumatic injuries5, occupational activities6, and obesity7, suggesting that 

mechanical loading plays a major role in OA initiation. An abnormal joint mechanical 

environment could initiate cell-mediated processes leading to both cartilage damage and SCB 

adaptation; however, the tissue in which the disease initiates is still controversial. 

Given the clinical evidence of SCB thickening in OA patients, historically, the hypothesis 

has been that disease initiation is associated with increased mass and apparent stiffening of the 

SCB plate, diminishing its ability to act as an effective shock absorber for the cartilage8–10. 

However, recent studies suggest that SCB stiffening may not influence the stresses engendered 

on the cartilage surface3,11 leading to the conclusion that OA joint pathology initiates in the 
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articular cartilage rather than the SCB.  In more advanced stages of OA, abnormal mechanical 

forces can contribute to articular cartilage loss via the initiation of microcracks in the SCB plate 

that activate a bone remodeling response, leading to tidemark advancement and subsequent 

thinning of the cartilage3,12–14.  These findings implicate a contributory role for bone remodeling 

in the pathogenesis of OA. Further evidence implicating bone remodeling in OA development is 

provided by the observation that in several animal models of OA, SCB mass is reduced at 

disease initiation, followed by thickening as the disease progresses15,16. Furthermore, in animal 

models, the inhibition of bone remodeling with pharmacological agents that impair osteoclast-

mediated bone resorption attenuates the progression of OA17–21.   

The role of bisphosphonates, which inhibit osteoclast-mediated bone resorption, has been 

studied in multiple animal models of OA17,18,20,21. Bisphosphonates bind to the surface of 

mineralized bone and are metabolized by osteoclasts during bone remodeling, leading to 

impaired osteoclast activity and/or apoptosis22,23. Although bisphosphonates were effective in 

attenuating OA progression in preclinical post-traumatic OA models, clinical studies in human 

subjects failed to show attenuation of cartilage loss assessed radiographically, despite the 

evidence that the treatment inhibited bone remodeling24,25. The discrepancies in the efficacy of 

bisphosphonates between preclinical and clinical models could be due to multiple factors 

including the use of invasive injury to induce OA in the animal models and the diverse stages of 

OA progression in the patient cohorts at the time of treatment intervention26. Previous studies 

examining the effect of inhibiting bone remodeling with bisphosphonates on attenuating OA 

disease progression have not used a controlled, non-invasive, preclinical OA model.  

We and others have recently developed a non-invasive load-induced model of OA in the 

mouse27,28, based on controlled cyclic compression of the tibia and initially intended for bone 
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adaptation studies29,30. Using a peak load of 9N for 1200 cycles, this model induced controlled 

instabilities in the knee joint31, and recapitulated OA pathology in the cartilage and SCB after 1, 

2, and 6 weeks of daily loading in adult C57BL/6 mice27,28. A single bout of loading also induced 

disease initiation and progression, demonstrating that OA pathology in this model can be 

initiated by cell-mediated processes that are activated by mechanical loading32.  

In the present study, we sought to elucidate the role of SCB properties and remodeling on 

OA initiation and progression using our controlled, non-invasive, preclinical OA model. We 

utilized two mouse strains with different bone properties and used alendronate (ALN) treatment 

to inhibit bone remodeling to examine the respective roles of SCB properties and SCB 

remodeling on temporal changes in SCB plate and cartilage pathology. We hypothesized that 

mice with initially stiffer SCB would exhibit more severe disease and that the inhibition of bone 

remodeling using ALN would attenuate load-induced OA progression.  

 

3.2 Methods 

3.2.1 Mechanical Loading and Treatment Conditions 

To examine the role of SCB properties on OA progression, we subjected two strains of 

mice with different bone mass and stiffness to compressive joint loading. We used 26-week-old 

male C57Bl/6 (B6) and FVB/NJ (FVB) mice, with FVB having higher bone mass and stiffness 

compared to B6 mice33 (Figure 3.1A). To examine the role of SCB remodeling on OA, mice 

from both strains were randomly divided into 2 treatment groups: alendronate (ALN) to inhibit 

bone remodeling or vehicle saline control (VEH).  

 All mice were housed by strain in groups of four to five per cage with ad libitum access 

to food and water. At the start of the experiment, B6 and FVB mice weighed 30.7 ± 2.4g and 
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32.9 ± 2.6g, respectively. Body mass was measured 5 days/week to monitor the general health of 

each mouse over the duration of the experiment. A sample size of n = 6-7 was used per group 

based on a power analysis from previous data27. All experimental procedures occurred in the 

morning in a veterinary research facility. Mice were subjected to loading and treatment in 

random order within each cage. All procedures were approved by the Institutional Animal Care 

and Use Committee. 

 

Figure 3.1 A) 26 week-old male C57Bl/6 (red) and FVB mice (blue) were administered 
alendronate (26µg/kg/day) or vehicle saline treatment for 1, 2, and 6 weeks (5 days/week). B) 
Concurrently, all mice were subjected to compressive tibial loading of the left limb at a peak 
load of 9N (B6) or 10.3N (FVB). The right limb served as the contralateral control. C) Mice 
were euthanized after 1, 2, and 6 weeks of loading and treatment (n = 5=7/group). 

 

At 26 weeks, the left hindlimb of each mouse was subjected to in vivo cyclic compressive 

loading across the knee joint for 1, 2, or 6 weeks, 5 days/week (Figure 3.1B, C, n = 6-

7/treatment/duration). Under general anesthesia (2% isoflurane, 1.0L/min, Webster, Devens, 

MA), B6 mice were loaded at 9.0N peak load, and FVB mice were loaded at 10.3N. These peak 

forces correspond to the loads required to generate 1200µe of tension at the medial midshaft of 
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the tibia based on previous in vivo strain measurements with B6 mice27,34 and a pilot strain gauge 

study with FVB mice. The loading protocol was applied for 1200 cycles (5 minutes) at a 

frequency of 4Hz based on previous studies27. The right limb served as a contralateral control. 

Concurrent with loading, each mouse was treated 5 days/week with ALN (26µg/kg/day ip, 

Sigma-Aldrich, St. Louis, MO) or VEH based on previous studies35. After 1, 2, or 6 weeks, the 

mice were euthanized. Both knee joints were dissected and fixed in 10% formalin overnight. One 

B6 mouse and three FVB mice were excluded, due to anesthesia-related death or excessive 

weight loss during loading.  

  

3.2.2 Cartilage and Subchondral Bone Assessment 

To assess bone morphological changes, intact joints were transferred to 70% ethanol after 

tissue fixation overnight, and scanned by microcomputed tomography (microCT) with a 10µm 

isotropic voxel resolution (µCT35, Scanco: 55kVp, 145µA, 600ms integration time). A 0.5mm 

aluminum filter was used to reduce the effects of beam hardening. In addition, with a scan 

resolution of 10µm, the voxel size is appropriately small relative to the cortical thickness, 

minimizing any error due to partial volume36. Knee joints were then decalcified in formic 

acid/sodium citrate for one week, dehydrated in an ethanol gradient, and embedded in paraffin. 

Serial coronal 6µm-thick sections were obtained (Leica RM2255, Germany). Safranin O/Fast 

green staining was performed on sections at 90µm intervals to assess cartilage morphology in the 

tibial plateau. Cartilage degradation was examined by a blinded observer using a modified 

murine cartilage histological scoring system37 on the most posterior 180µm of the tibial plateau. 

Scores from the posterior medial and lateral plateaus were summed for our analyses, as these 

regions exhibited the most cartilage damage in previous studies27,32. 
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Tibial SCB morphology was assessed using microCT in two volumes of interest (VOI): 

1) the SCB plate, extending from the joint space to the epiphyseal cancellous bone, and 2) the 

epiphyseal cancellous bone. Mineralized tissue from the SCB plate and cancellous epiphysis 

were segmented using global thresholds. For the SCB plate VOI, cortical bone was manually 

contoured to assess average cortical plate thickness and tissue mineral density (TMD, mg 

HA/cm3) in the medial and lateral tibial plateau. For the epiphyseal cancellous bone VOI, 

cancellous bone within the epiphysis was manually identified to measure cancellous bone 

volume fraction (BV/TV, mm3/mm3), trabecular thickness (Tb.Th, µm), trabecular separation 

(Tb.Sp, µm), and TMD.  

We assessed localized cartilage and SCB plate thicknesses and osteophyte formation 

using sections stained with Safranin O/Fast green. The tibial plateau was divided into medial and 

lateral halves, and then further divided into anterior, middle, and posterior regions, resulting in 

six tibial plateau regions for evaluation. A single representative slide from each region was used 

to measure cartilage and local SCB plate thicknesses using previously established protocols27. In 

addition, osteophyte formation was examined at the margin of the posterior medial tibial plateau. 

Osteophyte maturity was measured based on previously established protocols38 with scores of 0 

(no osteophyte), 1 (mainly cartilaginous), 2 (cartilaginous/mineralized mixed tissue), and 3 

(predominately mineralized osteophyte). Osteophyte size was measured as the maximum medial-

lateral width of the tissue.  

 

3.2.3 Statistical Analysis 

All statistical analysis was performed using linear regression models (JMP Pro 10.0, SAS 

Institute Inc.). First, the effects of mouse strain and/or treatment were examined in the control 
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(right) limbs using a multiple linear regression model with fixed effects of mouse strain, 

treatment, duration, and their interactions. Then, to determine the effect of loading, differences 

between loaded and control limbs were calculated for each metric ([Loaded – Control] limb) and 

used in a multiple linear regression model with fixed effects as outlined above. In addition, a 

mixed multiple linear regression model was examined with fixed effects of limb, strain, 

treatment, duration, and interactions; a random mouse effect accounted for the repeated left-right 

limb measurement. Each model was optimized using backward elimination of interaction effects. 

For each linear regression model, we performed a residual analysis to ensure that the residuals 

were normally distributed and that the data exhibited homogenous variance. In the case of the 

bone morphology metrics (cancellous and cortical bone), one sample in the 1-week ALN-treated 

B6 group was an outlier, based on the residual analysis, and was excluded from all analyses of 

bone morphology. Tukey post-hoc comparisons were performed when interaction effects were 

significant. p <0.05 indicated significance. All results presented are statistically significant unless 

otherwise stated. 

 

3.3 Results 

3.3.1 Intrinsic Differences in Bone and Cartilage due to Mouse Strain and Treatment 

Control limbs of B6 and FVB mice had intrinsic differences in bone and cartilage 

morphology. FVB mice had significantly thicker SCB plates and higher epiphyseal cancellous 

bone mass than B6 mice due to thicker trabeculae and reduced Tb.Sp (Figure 3.2A-C, E). TMD 

was also higher in SCB and epiphyseal cancellous bone from FVB mice (Figure 3.2D, F). In 

both mouse strains, epiphyseal cancellous bone mass in control limbs decreased over time in 

VEH-treated mice. ALN treatment prevented age-related reductions in bone mass by increasing 
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Tb.Th and decreasing Tb.Sp (Figure 3.2A-C). ALN also significantly increased SCB plate and 

cancellous TMD over time (Figure 3.2D, F). SCB plate thickness increased with ALN only in 

control limbs of FVB mice, but not B6 control limbs (Figure 3.2E). Intrinsic cartilage properties 

differed in the mouse strains. Cartilage was thicker on the posterior, middle, and anterior aspects 

of the joint in FVB mice compared to B6 (Figure 3.3, middle & anterior data not shown). Based 

on average thickness values, ALN treatment had no effect on cartilage thickness in either mouse 

strain in this study.  Generally, FVB mice had higher bone mass and thicker cartilage compared 

to B6 mice, and ALN prevented age-related cancellous bone loss in both mouse strains. 

 

Figure 3.2 In control (right) limbs, FVB mice exhibited higher cancellous and cortical bone 
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mass than B6 mice, and ALN treatment inhibited bone remodeling. A) ALN prevented a 
decrease in BV/TV after 6 weeks, and FVB mice exhibited higher cancellous bone mass due to 
B) higher trabecular thickness and C) lower trabecular separation. FVB mice also had higher D) 
cancellous and F) cortical tissue mineral density and E) a thicker SCB plate, which was further 
increased with ALN treatment in FVB mice only. p < 0.05 for ⌃strain, +duration, §treatment, 
%strain*duration, ♯strain*treatment, ¶duration*treatment. Means sharing the same letter are not 
significantly different from each other by Tukey’s HSD: A>B>C, p<0.05). 

 

 

Figure 3.3 In control (right) limbs, cartilage was thicker in the posterior medial quadrant of FVB 
limbs than in the same region in B6 limbs. A) Representative posterior medial cartilage histology 
for B6 and FVB control limbs treated with VEH at 1 week, and B) quantitative cartilage 
thickness in B6 and FVB control limbs treated with VEH and ALN after 1, 2, and 6 weeks. Scale 
bar = 50µm. p < 0.05 for ⌃strain. 

 

3.3.2 Load-Induced Subchondral Bone Adaptation was Mouse Strain-Specific 

Loading and ALN treatment induced differential effects on SCB changes in the two 

mouse strains (Figure 3.4). Loading significantly thinned the SCB plate only in B6 mice after 6 

weeks (Figure 3.4A), resulting in a 13% decrease in mean thickness regardless of treatment 
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based on microCT measurements (Table 3.1). Analysis of the local SCB plate thickness in B6 

mice using histology showed a decrease in all aspects of the tibial plateau ranging from 2 – 50%, 

with the most thinning occurring in medial-middle and medial-anterior aspects. In contrast, SCB 

plate thickness was not altered with loading in FVB mice. Unlike SCB plate thickness, 

epiphyseal cancellous bone mass was not affected by loading in B6 mice; however, loading 

decreased cancellous bone mass in FVB mice regardless of treatment (Figure 3.5A). Cancellous 

and SCB plate TMD were also generally reduced in loaded limbs (Figure 3.5D, F). ALN 

treatment did not attenuate the load-induced reduction in SCB plate TMD in either strain. 

Loading decreased SCB plate TMD more over time in B6 compared to FVB limbs (Figure 3.5F). 

Loading affected only the SCB plate in B6 and only the cancellous bone in FVB mice. These 

load-induced responses were not attenuated by ALN treatment. 

 

Figure 3.4 Control (right limb, black) and loaded (left limb) data shown. A) Loading thinned 
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SCB plate thickness at 6 weeks in B6 mice only. B) Loading damaged cartilage in most groups 
except the FVB, ALN group. p < 0.05 for ⌃strain, +duration, §treatment, %strain*duration, 
♯strain*treatment, ¶duration*treatment, *load. Means sharing the same letter are not significantly 
different from each other by Tukey’s HSD: A>B>C, p<0.05). 
 

 

Figure 3.5 Loading affected cancellous and cortical SCB morphology in B6 and FVB mice 
treated with VEH and ALN after 1, 2, and 6 weeks. Δ = [Loaded – Control] (left – right limb) 
data shown. A) Loading decreased cancellous bone volume fraction in FVB mice only, due to 
combined effects in B) trabecular thickness and C) trabecular separation. D) Loading decreased 
cancellous TMD and E) SCB plate thickness more so in B6 mice than FVB. F) Cortical TMD 
was also generally decreased with loading. p < 0.05 for ⌃strain, +duration, §treatment, 
%strain*duration, ♯strain*treatment, ¶duration*treatment. L indicates load effect (p<0.05).
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Table 3.1 Posterior, medial, and lateral cartilage score, thickness, and SCB plate measurements of control and loaded limbs in B6 and 
FVB mice treated with VEH and ALN after 1, 2, and 6 weeks of loading. p<0.05 for astrain, blimb, cstrain*limb, dstrain*treatment, 
eduration*treatment,  flimb*duration, gstrain*duration*limb hstrain*treatment*limb, istrain*duration*treatment. 
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3.3.3 Articular Cartilage Pathology with Loading 

Loading generally increased cartilage matrix loss and thinning over time. As in our 

previous study27, cartilage damage was localized to the posterior aspect of the tibial plateau, with 

more damage occurring on the medial posterior aspect. The degree of cartilage pathology 

depended on mouse strain and treatment (Figure 3.6). Specifically, on the posterior aspect of the 

tibia, loading increased cartilage matrix loss compared to contralateral limbs in all groups except 

FVB mice treated with ALN (pooled across all treatment durations) (Figure 3.4B). FVB mice 

exhibited less cartilage pathology with loading compared to B6 mice (32% lower histological 

damage score). ALN-treated B6 mice had the most extensive cartilage matrix changes compared 

to all other groups after 6 weeks of loading. Local cartilage thinning also occurred with loading 

and increased with loading duration particularly on both the lateral and medial posterior joint 

aspects, regardless of mouse strain or treatment (Table 3.1). Cartilage thickness changes with 

loading ranged from a 21% decrease in the posterior medial aspect to a 23% increase in the 

anterior lateral aspect. While loading induced cartilage damage in both mouse strains, FVB mice 

exhibited less pathology compared to B6 mice. 

 

3.3.4 Osteophyte Formation with In Vivo Loading 

Loading induced pre-osteophyte or osteophyte formation in all but one mouse (FVB 

mouse, 1 week, VEH-treated). Osteophytes matured from primarily cartilaginous to mineralized 

tissue over longer load durations (Figure 3.7). Osteophytes in FVB mice were less mature, 

smaller, and slower growing compared to those in B6 mice (Figure 3.7B, C). ALN inhibited 

osteophyte maturation compared to VEH treatment, but did not affect osteophyte size. 

Osteophytes were absent in control limbs. Osteophytes occurred with loading, indicative of OA 
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pathology; however, osteophytes in loaded FVB limbs were less mature and smaller than those 

in B6 limbs. 

 

 

Figure 3.6 Loading damaged posterior cartilage matrix in B6 and FVB mice treated with VEH 
and ALN after 1, 2, and 6 weeks. Δ = [Loaded – Control] (left – right limb) data shown. (A) In 
most groups, loading created cartilage damage that increased over time as was reflected in the 
histological scores. (B) FVB mice treated with ALN did not exhibit cartilage damage with 
loading (pooled group means summarized in box plot). (C) Loading also decreased posterior 
cartilage thickness over time. Scale bar = 50µm. p<0.05 for ⌃strain, +duration, §treatment, 
%strain*duration, ♯strain*treatment, ¶duration*treatment. L indicates load effect (p<0.05). 
Yellow arrowheads indicate areas of cartilage damage. 
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Figure 3.7 Loading induced osteophytes, which were smaller in FVB mice. A) Loading induced 
visible osteophytes that matured and grew over time. B) ALN treatment slowed maturation of 
osteophytes, which were also C) smaller in FVB mice. Scale bar = 250µm. p<0.05 for ⌃strain, 
+duration, §treatment, %strain*duration, ♯strain*treatment, ¶duration*treatment. 

 

3.4 Discussion 

In this study, we examined the role of SCB properties and changes in OA initiation and 

progression. We used two mouse strains with different bone properties and ALN treatment to 

inhibit bone changes, with the objective of examining OA pathology in both cartilage and SCB 

morphology. Our results confirmed the presence of significant intrinsic differences between FVB 

and B6 mouse strains in bone mass and stiffness and in responses to the inhibition of bone 
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remodeling with ALN treatment. In control limbs, FVB mice had a thicker SCB plate, higher 

epiphyseal cancellous bone mass, and higher bone mineral density than B6 mice. Furthermore, 

FVB mice had stiffer diaphyseal cortical bone as reflected by the higher load (10.3N) needed to 

engender +1200µe at the mid-diaphysis of the tibia. While we did not directly measure SCB 

plate stiffness in this study, differences in cortical bone material properties between FVB and B6 

mice were assessed by our strain calibration and have been assessed previously by mechanical 

loading33. Based on these diaphyseal data, we assume that FVB mice had stiffer SCB compared 

to B6 mice. Similar to previous preclinical studies39, ALN prevented age-related reductions in 

cancellous bone mass. ALN treatment also increased the cancellous and SCB plate TMD over 

time in control limbs, indicating that the treatment was indeed effective in inhibiting bone 

remodeling in both cancellous and cortical bone35,40. These findings support the validity of our 

experimental approach to examine the role of intrinsic differences in bone properties and bone 

remodeling on the progression of load-induced OA joint pathology.  

Non-invasive cyclic compression induced OA cartilage pathology and osteophyte 

formation in both mouse strains. We did not observe any ligament tears in this study. Similar to 

previous studies27,28, loading generally led to reduced proteoglycan content, cartilage surface 

fibrillation, cartilage matrix thinning, osteophyte formation, and subchondral and epiphyseal 

cancellous bone adaptation, recapitulating OA progression. Lower initial SCB mass and stiffness 

in B6 mice did not attenuate load-induced OA severity compared to FVB mice. In fact, FVB 

mice exhibited less cartilage pathology and slower-growing and less mature osteophytes, 

consistent with diminished OA severity.  

Cyclic loading induced differential effects on bone adaptation in the tibiae of B6 and 

FVB mice. In B6 mice, loading thinned the SCB plate, particularly after 6 weeks. In contrast, 
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loading decreased only the epiphyseal cancellous bone mass in FVB mice and did not affect SCB 

plate thickness. No increase in bone mass was detected in either strain over time. Ko et al.27 

reported a reduction in epiphyseal cancellous bone with daily loading in B6 mice, accompanied 

by localized thickening of the SCB plate. These contradictory outcomes could reflect the 

difficulty of distinguishing between calcified cartilage and SCB using microCT; however, 

localized SCB plate thickness measured by histology also did not increase with loading (Table 

3.1). In several preclinical studies15,16 SCB plate thickness decreased initially, followed by 

thickening as OA progressed. Thus, either our time points were too distant to detect subtle 

temporal changes in SCB plate thickness, or at 6 weeks post-loading the mice were still in the 

early stages of OA development. 

Inhibiting bone remodeling had differential effects on cartilage and bone adaptation to 

loading in the two mouse strains. ALN treatment exacerbated cartilage pathology in B6 mice 

after 6 weeks of loading, but protected FVB limbs from load-induced cartilage changes. Unlike 

other preclinical studies17–21, ALN treatment in our study did not consistently protect against 

cartilage pathology during OA progression. However, the lack of chondro-protection with ALN 

treatment is similar to the results found in a comprehensive clinical study25. Changes in 

cancellous and SCB plate bone mass and mineralization with loading depended on the mouse 

strain. Loading initially decreased cancellous TMD in both ALN- and VEH-treated groups; 

however, cancellous TMD was maintained without further loss thereafter with ALN treatment. 

Differences in these data compared to results obtained in post-traumatic injury models of OA 

may reflect the non-invasive nature of our model compared to the surgical intervention required 

in other models32. In this study, ALN generally did not inhibit load-induced changes in bone and 

had differential effects on cartilage changes depending on mouse strain. The limited effect of 
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ALN treatment on OA pathology could be due to the timing of treatment. Pre-treatment of 

bisphosphonates prior to OA induction may be more effective at attenuating bone changes and 

OA pathology41. Future studies could examine the use of higher doses or longer term ALN 

treatment to effectively inhibit load-induced changes in bone. 

The results of our study do not support our initial hypothesis that intrinsically lower SCB 

mass and stiffness attenuate OA progression. Radin and Rose9 first hypothesized that increased 

SCB mass and stiffness would diminish shock absorption by bone and increase stresses in the 

cartilage surface. However, Burr and others,3,11 employing a model involving the insertion of a 

metal plug in the subchondral cancellous bone, demonstrated that increasing apparent SCB 

stiffness did not exacerbate cartilage damage. Our results using mice with intrinsically different 

SCB stiffness led to a similar conclusion.  

The use of two mouse strains to test the contribution of intrinsic bone and cartilage 

physical properties to the development of OA joint pathology did not account for differences in 

intrinsic cartilage thickness and potential differences in bone and cartilage metabolism between 

the two strains. ALN treatment was chondro-protective in FVB mice as a group (all ALN 

treatment durations pooled), but exacerbated cartilage pathology in B6 mice. This seemingly 

contradictory result suggests that alternate factors determined the severity of OA progression in 

the different mouse strains, possibly related to differences in intrinsic strain, differences in 

cartilage thickness, or genetic variations in bone and cartilage homeostasis. Specifically, B6 mice 

with intrinsically thinner cartilage exhibited significant thinning of the SCB plate with loading, 

accompanied by severe cartilage pathology and osteophyte formation. In contrast, FVB mice 

with intrinsically thicker cartilage, when treated with ALN, did not display significant changes in 

SCB plate thickness or mineralization over time and exhibited diminished OA severity. Similar 
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findings were reported in another load-induced OA model in which intrinsically thicker cartilage 

in Str/ort mice correlated with diminished cartilage loss42. Based on FEA simulations in that 

prior study, increased cartilage thickness reduced the contact stresses, which accounted for the 

attenuated cartilage damage. Furthermore, genetic differences in bone remodeling between the 

two mouse strains were not examined and could play a significant role in our results. Future 

studies using mouse strains with established differences in cartilage thickness and/or differential 

patterns of bone and cartilage metabolism would permit assessment of these factors. Alternately, 

these factors could be minimized to eliminate their potential confounding contribution to load-

induced OA. 

While ALN treatment effectively reduced bone remodeling with age in control limbs, 

changes in bone with loading were still present. In addition, although we used ALN in our 

studies to target SCB remodeling, ALN treatment may not exclusively affect bone and may also 

directly affect cartilage metabolism43. We did not specifically examine the effect of ALN 

treatment on chondrocytes and macrophages, but we saw no effect of treatment on cartilage 

structure by histology. While ALN could affect chondrocytes and macrophages, these cells might 

not be involved in load-based adaptation, as is the case with the studies of Sugiyama et al.44 in 

which they speculate that the increase in bone with loading was mediated by down-regulation of 

sclerostin in osteocytes, an effect that was not blocked by bisphosphonate treatment. Regardless 

of the ALN treatment effect on these cells, their role in load-induced tissue changes is unknown. 

Future studies should investigate the role of chondrocytes and macrophages on load-induced 

tissue adaptation.  Although ALN effectively reduced bone remodeling by inhibiting bone 

resorption, alternate approaches for modulating SCB bone properties, for example by inhibiting 

sclerostin activity represent additional experimental approaches to test our hypothesis. 
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We used two different peak loads based on in vivo strain gauge data for B6 and FVB 

mice. Whereas the use of different peak loads for each mouse strain may appear to be a 

limitation, we intentionally controlled the strain induced on the bone. Bone surface strains during 

peak activity are remarkably well conserved across mammals45. Therefore, we used the loads to 

induce +1200 µstrain at the mid-diaphysis as a metric to equilibrate the applied loads across 

animals of different strains and ages. The body mass and skeleton of the FVB mouse are larger 

than those of the B6 mouse, suggesting that the loads engendered during normal activities would 

be higher and consistent with the higher loads needed to produce similar mechanical strains in 

the two mouse strains. Furthermore, we were interested in the effect of bone on OA progression 

in the cartilage, thus we controlled the stimulation (strain) engendered on the bone. Because we 

equalized the stimulation on the bone regardless of mouse strain, we can distinguish the role of 

bone mass/stiffness on cartilage degradation.  

In conclusion, contrary to our prediction, we found that intrinsically lower SCB 

properties were not associated with attenuated load-induced cartilage pathology. This result may 

be related, in part, to intrinsic differences in cartilage thickness, although this hypothesis needs to 

be tested. Our findings that inhibition of bone remodeling produced differential patterns of OA 

pathology in animals with low or high SCB properties indicate that SCB properties and 

remodeling do affect the progression of load-induced OA cartilage pathology. These data support 

the utility of the compressive loading model for defining the roles of SCB plate properties and 

remodeling on the pathogenesis of OA. 
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CHAPTER 4 

COMPUTATIONAL MODELS FOR THE ANALYSIS OF LOAD-INDUCED 

OSTEOARTHRITIS 

4.1 Introduction 

Mechanical forces have been implicated in the initiation and progression of osteoarthritis 

(OA)1–3. A degenerative joint disease, OA is characterized by cartilage degradation, subchondral 

bone changes and osteophyte formation, leading to radiographic joint narrowing and loss of joint 

function1,4–6. Abnormal forces from joint instability due to injury1,7, excessive physical activity8,9 

and obesity10,11 have been associated with higher risks of OA. Studies have also suggested that 

moderate exercise and reduced loading may serve as beneficial treatment options for the 

attenuation of the disease11–13. In addition, tissue changes such as subchondral bone sclerosis 

suggest that tissue properties may also play a critical role in the joint’s response to abnormal 

loads during disease progression14–22.   

Although several preclinical models have investigated the biological progression of the 

disease due to induced joint instability23–27, few have explored the relationship between 

mechanical forces, tissue material properties, and OA initiation in vivo17,28–30. Instead, most 

studies have focused on isolating and exploring the relationship between cartilage and 

mechanical forces ex vivo31–34. Elucidating the joint stresses associated with tissue degeneration 

in OA progression in vivo would provide valuable knowledge regarding loads that may be 

detrimental to the joint, and loads that may serve as potential beneficial treatment options. 

Furthermore, examining how changes to the joint tissues affect joint stresses during disease 

would enable better understanding of the relationship between mechanical forces and OA in vivo. 

The non-invasive tibial loading model provides a controlled mechanical setting to 
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examine the relationship between mechanical forces and tissue degradation during disease 

progression. Previous studies using this model have evaluated the biological and structural 

progression of the disease, which develops in response to controlled mechanical loading35,36 with 

consistent joint kinematics30. Cyclic tibial compressive loading induced OA progression after a 

single loading bout37 and after daily loading for 1, 2, and 6 weeks35,36,38. However, only one 

study to date has investigated the contact stresses in the joint associated with load-induced OA 

progression in this model,29 with contact stresses reported only at the peak compressive load of 

12N. Thus, contact behavior throughout each load cycle is still unknown. Furthermore, the effect 

of tissue material properties on joint contact stresses under loading has not been explored in this 

model.  

In this study, we quantified the average and peak cartilage contact stresses and their 

spatial distribution during compressive tibial loading using experimental joint kinematics data 

and discrete element analysis (DEA). In addition, we evaluated the effect of changes in bone and 

cartilage tissue material properties on peak cartilage stresses using a simplified finite element 

(FE) contact model. We hypothesized that the spatial distribution and localization of highest 

contact stresses calculated computationally would correlate to areas of greatest tissue damage 

observed experimentally. We further hypothesized that differences in bone and cartilage material 

properties would lead to changes in stresses induced on the cartilage surface, thus providing a 

potential explanation of the relationship between mechanical forces, tissue properties, and OA 

progression in the joint. 
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4.2 Methods 

4.2.1 Kinematic Analysis 

The left knee joints of 12 adult C57Bl/6 (B6) cadaver male mice were labeled with 

radiopaque bone fiducial markers and subjected to compressive tibial loading from 0 to 9N as 

previously described30 (Figure 4.1A). Briefly, roentgen stereophotogrammetric analysis (RSA) 

was performed to evaluate quasi-static joint kinematics at every 1N increment during loading. 

Using a custom-made calibration cage and a dental x-ray, radiographs of the labeled joint were 

taken at 2 planes at each increment of loading. Each joint was subjected to 3 loading trials. The 

exact three-dimensional location of each bone marker was then calculated. The Eulerian method 

for rigid body kinematics was used to quantify the absolute translation and rotation of the tibia 

and the relative motion of the femur to the tibia from 0 to 9N.  

 

Figure 4.1 A) Knee joint kinematics was analyzed using roentgen stereophotogrammetric 
analysis (RSA). B) One sample was scanned via microCT, manually contoured, and C) Bead 
locations from RSA and microCT were matched, resulting in D) point clouds of each geometry 
with cartilage (red) between the two surfaces for discrete element analysis. Arrows denote beads 
in RSA. 
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4.2.2 Discrete Model Development 

 One labeled joint was scanned via micro computed tomography (µCT, GE eXplore CT-

120) at a 25µm resolution. This joint served as the model geometry for discrete element analysis. 

The scan was then converted to a solid model using Materialise Mimics Research software 

(Plymouth, MI). The femur, tibia, and bone markers were manually contoured, resulting in three 

separate surface geometries (Figure 4.1B). These geometries were meshed with a triangular 

surface and exported as point clouds for DEA. DEA has been used extensively to study articular 

contact mechanics in which the articulating bone are considered rigid and the cartilage tissues are 

regarded as a set of individual compressive springs39–42. This numerical technique has been 

validated by experimental measurements and finite element models41,43,44. DEA provides a 

simple yet accurate framework to calculate compressive cartilage contact stresses, especially in 

situations for which experimental measurement techniques are difficult, as is the case here due to 

animal size.  

Using a custom-written Matlab code, the tibia and femur were registered and aligned to 

RSA joint locations at 0N compressive load, as determined by the common location of each bone 

marker (Figure 4.1C, D). With kinematics data from RSA for all samples, DEA was conducted at 

every 1N increment of compressive loading, and point clouds of the tibia and femur were 

transformed and oriented to correct locations from 0-9N accordingly. Because the cartilage was 

not visualized in the microCT scan, the tissue was assumed to be a uniform 100µm thick on both 

the tibial and femoral surfaces. Using previously established DEA protocols40,41,45, the elastic 

spring contact model was utilized to determine contact stresses in the tibial cartilage. Spring 

stiffness (k) and contact stress (s) were calculated as follows: 
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where E is the cartilage Young’s modulus, n is Poisson’s ratio, h is the assumed total cartilage 

thickness (200µm) and d is the deformation in the tibial cartilage as determined by the distance 

between the tibial and femoral surfaces, resolved along the normal vectors on the tibial surface. 

Based on previous literature46,47, the Young’s modulus and Poisson’s ratio of cartilage were 

assumed to be 6MPa and 0.47, respectively. The average forces acting on the tibial surface were 

also calculated by multiplying the total contact area by the average compressive stress calculated 

for each tibial plateau.   

 

" = 	 %(1−))
+1+)-+1−2)-ℎ   0 = "1, 
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Figure 4.2 A) Tibial (yellow) and femoral (red) radii of curvature were measured on the medial 
aspect of the joint. In addition, the radius of curvature and depth of the tibial concavity (yellow 
arrow) was also measured, resulting in C) an FEA simplified geometric contact model with the 
noted boundary conditions. B) Mesh convergence analysis concluded that approximately 15000 
cartilage elements (red arrow) were required for accurate contact pressure results. 
 

4.2.3 Sample Measurements for Finite Element Model 

 A simplified FE model was developed to validate the results from the discrete element 

model and to conduct a parametric analysis to evaluate the effects of changing joint tissue 

properties on cartilage stresses during loading. Six right knee joints from adult C57Bl/6 male 

mice were scanned using µCT at 10µm resolution (µCT35, Scanco: 55kVp, 145µA, 600ms 

integration time). Each scan was converted to a solid geometry in Materialise Mimics Research 

software. We measured the approximate radius of curvature of the medial tibial plateau and 

femoral condyle by fitting circles to each surface. We also measured the radius of concavity on 

the tibial medial plateau and the depth of the concavity from the intercondylar eminence (Figure 

4.2A). Cartilage and subchondral bone thickness measurements were obtained from Safranin O-

stained histological slides and approximated for the purposes of the FE model.  

 

4.2.4 Simple Contact Finite Element Model  

 Using the average geometric measurements from the samples, semi-spherical shell 

geometries were created with the appropriate radii for the tibial and femoral surfaces (Figure 

4.2C). The tibia also included a concavity with the appropriate depth as measured from the µCT 

scans (Figure 4.2A). The outermost layer for each geometry was cartilage, modeled as a linear 

elastic tissue with a uniform thickness of 100µm, Young’s Modulus of 6MPa, and Poisson’s 

ratio of 0.47 (Table 4.1). Adjacent to the cartilage was the subchondral cortical bone layer with a 

uniform thickness of 130µm, Young’s modulus of 18GPa, and Poisson’s ratio of 0.3, material 
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property values obtained from the literature 48. The rest of the each semi-spherical geometry was 

modeled as cancellous epiphyseal bone with Young’s modulus of 568 MPa and Poisson’s ratio 

of 0.3, as calculated using the average epiphyseal bone volume fraction in each tibia49. Tied 

constraints were modeled between both the epiphyseal and subchondral cortical layers and the 

cortical and cartilage layers, and frictionless contact was modeled between the tibial and femoral 

cartilage surfaces. To decrease computational expense and due to the symmetry of the model, 

only a quarter model was created, and symmetry boundary conditions were applied to 

appropriate surfaces (Figure 4.2C).  

 All parts were meshed with linear 8-node brick elements. The element size on each 

cartilage surface was refined during a mesh convergence analysis. A 0.5N total force was applied 

to the proximal surface of the cancellous and cortical bone, and the distal surface of the tibia 

remained fixed in all directions. Mesh convergence was conducted to determine the minimum 

element density on each cartilage surface that would result in the most accurate measures of 

contact pressures. An element density was chosen such that any further increase in element 

density would result in less than 1% change in resulting contact pressure and maximum principal 

stress. Thus, the cartilage on the tibial and femoral surfaces was meshed with approximately 

8100 and 6825 elements, respectively (Figure 4.2B).  

 

Discrete Element Analysis Validation by Finite Element Model 

 To validate the compressive stresses determined using DEA, the average contact forces 

calculated on the medial tibial plateau from 0 to 9N were applied to the simplified contact 

geometry. At each load, a quarter of the average contact force on the medial plateau was applied 

to account for the quarter geometry in the FE model.  Peak contact stresses were then compared 
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in the two models from 0 to 9N.  

 

4.2.5 Parametric Analysis 

 A parametric analysis was conducted on the simple contact FE model to examine the 

effects of changes in tissue properties and mass on the stresses induced on the cartilage surface. 

Variations in cartilage modulus and thickness, subchondral bone modulus and thickness, and 

epiphyseal cancellous modulus were examined (Figure 4.3, Table 4.1). Specifically, in addition 

to the normal geometry, altered geometries included a 50% decrease and 100% increase in 

cartilage and bone thicknesses and moduli. Changes in contact pressure and maximum principal 

stress and strain at the cartilage surface and on cortical and cancellous bone were examined. 

 

Figure 4.3 Geometric and material property values for the parametric analysis conducted on the 
simple contact finite element model. Cartilage layer in purple; subchondral cortical plate in 
green; epiphyseal geometry in yellow.  
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Table 4.1 Geometric and material property values for the parametric analysis conducted on the simple contact finite element model  
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4.3 Results 

4.3.1 Compressive Loading Results in Two Distinct Contact Behaviors 

 The results of the kinematics analysis of joints under loading have been published 

previously30. The tibia translated primarily anteriorly and proximally with little rotation around 

all axes as loading increased. In terms of relative femur to tibia motion, knee flexion increased as 

loading increased from 0 to 9N. Using the tibial and femoral locations from 0 to 9N, 

corresponding contact stresses were calculated using DEA. Due to the assumption of 100µm 

uniform cartilage thicknesses on the tibial and femoral surface, 0N load engendered an initial 

average compressive stress of 1.00MPa with a peak compressive stress of 4.60MPa on the tibial 

cartilage surface.  

 

Figure 4.4 Side and top views of a trial exhibiting compressive behavior and a trial exhibiting 
rolling behavior as seen by comparing the 0N and 9N positions.  
 

 As tibial loading increased from 0 to 9N, two distinct behavior were observed. 

Regardless of individual samples, 19 out of 36 trials exhibited primarily compression of the 
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cartilage between the tibial and femoral surfaces as knee flexion increased with loading. In 

contrast, 17 trials exhibited “rolling” of the femoral surface away from the tibia as loading 

increased, resulting in no increased cartilage compression with load (Figure 4.4).  

For trials that exhibited primarily compressive behavior, the average compressive stress 

increased from 1.00MPa at 0N to 2.82 ± 1.43MPa (mean ± standard deviation) at 9N, with peak 

compressive stress ranging from 4.60MPa to 8.98 ± 2.20MPa as the load increased (Figure 4.5A, 

B). Strain values averaged 2.78% (12.75% peak strain) at 0N to 7.82 ± 3.97% (24.91 ± 6.11% 

peak strain) at 9N (Figure 4.5C, D). The average forces acting on each tibial plateau increased to 

2.19 ± 1.25 and 2.71 ± 1.37N at 9N load for the medial and lateral plateaus, respectively (Figure 

4.5E). Peak contact stresses/strains occurred in the middle of each tibial plateau at 0N, and 

moved posteriorly, increasing in magnitude as loading increased (Figure 4.5F). 

For trials exhibiting “rolling” of the femoral surface, the average compressive stress 

decreased as loading increased. Average stresses ranged from 1.00MPa at 0N to 0.35 ± 0.21MPa 

at 9N, with peak stresses of 4.60MPa and 3.57 ± 0.92MPa at 0 and 9N loads, respectively 

(Figure 4.6A, B). Average compressive strain values ranged from 2.78% to 0.97 ± 0.06% from 0 

to 9N (Figure 4.6C). The average forces acting on each tibial plateau ranged from 1.00 to 0.33 ± 

0.27N for the medial plateau and 0.78 to 0.29 ± 0.23N for the lateral plateau, as loading 

increased to 9N (Figure 4.6E). While peak contact stresses/strains did not increase with load, the 

locations of peak contact stresses moved posteriorly as loading increased from 0 to 9N (Figure 

4.6F). 

To ensure that the two loading behaviors were not a function of creep errors due to quasi-

static kinematic measurements at every 1N increment of load, we also evaluated 5 samples that 

were loaded directly from 0 to 9N. Four out of five samples exhibited compressive behavior with 
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an average peak stress of 7.70 ± 1.83MPa at 9N, while one exhibited rolling behavior with a 

peak stress of 4.19MPa at 9N, thus confirming the two contact behaviors during tibial 

compressive loading. 

 

Figure 4.5 In trials exhibiting compressive behavior, A) average and B) peak contact stresses 
increased with load. C) Average and D) peak contact strains also increased with load. E) Contact 
forces increased in magnitude with load, and F) peak contact stresses translated posteriorly as 
loading increased. 
 

   



 

 88 

 

Figure 4.6 In trials exhibiting rolling behavior, A) average and B) peak contact stresses 
decreased with load. C) Average and D) peak contact strains also decreased with load. E) 
Contact forces decreased in magnitude with load, and F) peak contact stresses translated 
posteriorly as loading increased. 
 

4.3.2 Simple Finite Element Contact Model Validates DEA Peak Compressive Stresses 

To validate the contact results from DEA, peak loads calculated specifically from trials 

exhibiting compressive behavior were applied to the simple FE model. Peak compressive 

stresses were similar between the FE and DEA models (Figure 4.7A). The greatest difference in 

calculated peak compressive stresses occurred at 0N with a 21% difference between DEA and 

FEA results. These differences reduced as the load increased, with a minimum difference in 
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compressive stress of 3.6% at 8N between the two models. Such small differences in calculated 

stresses between DEA and FEA validate the contact results from the discrete element analysis. 

 

Figure 4.7 A) Peak contact pressures calculated using finite element analysis validated contact 
stress values determined by discrete element analysis. B) A 0.5N compressive load resulted in a 
peak contact stress of 6.37MPa in the middle of the tibial cartilage surface. 
 
 

4.3.3 Only Cartilage Changes Affected Cartilage Contact Pressure in Simplified Finite Element 

Model 

 Parametric analyses evaluating the effects of permutations in cartilage and bone material 

and geometric properties on contact stresses revealed that changes to the cartilage had significant 

effects on contact mechanics at the joint (Figure 4.8, Table 4.2). Normal joint geometry and 

properties resulted in a peak contact pressure of 6.37MPa in the middle of the tibial cartilage 

surface (Figure 4.7B). A 50% decrease in cartilage thickness resulted in a 29% increase in 

contact pressure (8.20MPa), while doubled thickness led to a 23% decrease in contact pressure 

(4.92MPa). Furthermore, a 50% decrease in cartilage Young’s modulus accounted for a 12% 

decrease in contact pressure, while a doubled Young’s modulus resulted in a 14% increase in 

contact pressure. Changes in subchondral cortical and cancellous bone Young’s modulus and in 
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cortical thickness did not significantly affect contact pressures on the cartilage surface. 

Differences in contact pressure with bone changes ranged from a 1.05% decrease to a 0.42% 

increase depending on bone material or thickness change. 

Furthermore, changes in bone material properties also affected bone stresses; however, 

these changes affected cortical and cancellous bone stresses differently (Table 4.2). A decrease 

in cancellous Young’s modulus led to increased peak stresses in cortical bone and decreased 

stresses in cancellous bone. In addition, decreased cortical Young’s modulus led to decreased 

stresses in the cortical bone and increased stresses in the cancellous bone.  

Because bone is responsive to dynamic strains values16, we also reported strains in this 

study. Trends in bone strains generally followed the same patterns as bone stresses, except for 

changes in bone properties, for which decreased cancellous and cortical Young’s moduli led to 

increased cancellous and cortical peak strains, respectively (Table 4.2). 

 

Figure 4.8 Percent changes in contact pressure on cartilage surface due to changes in thicknesses 
and Young’s moduli of joint tissues 
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Table 4.2 Peak contact pressure and max principal stresses and strains induced on the cartilage, subchondral plate and cancellous bone 
due to changes in tissue geometry or Young’s modulus  
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4.4 Discussion 

 This study is the first to examine contact stresses in the joint under compressive loading 

using both discrete element and finite element analyses. We have demonstrated that the 

compressive tibial loading model results in two contact behaviors – a primarily compressive 

behavior and a femoral “rolling” behavior. In trials that exhibited compressive contact behavior, 

maximum contact pressure increased from 4.60MPa at 0N to approximately 9MPa at 9N. The 

failure or flexural strength of cartilage previously calculated in cyclic compression studies ranges 

between 15 and 50MPa, and depends on loading frequencies50,51. Although these stress values 

are higher than 9MPa calculated in our study, cartilage surface fibrillations have been 

demonstrated to occur with as little as 8MPa under static compression52,53, or 3-7MPa over 

10000 compressive cycles with an indenter54. Thus, the application of 9MPa over multiple bouts 

of 1200 compressive cycles at 4Hz is likely sufficient to induce cartilage surface damage in vivo. 

Such values may also explain the lack of macroscopic cartilage damage after a single tibial 

loading bout, as 1200 cycles may not be enough cycles to induce cracks on the cartilage surface. 

The applied contact pressure at 9N over multiple loading bouts likely leads to cartilage damage 

on the surface that may progress through its thickness with each additional loading bout. 

Previous studies in humans55–57 and preclinical models45,58 have measured cartilage 

contact pressures in the normal knee during ambulation from 0.5 to 4MPa59,60. Thus, pressures 

exhibited in this study particularly with compressive behavior exceeded cartilage pressures 

measured in normal healthy tissue, also possibly explaining the cartilage damage observed in 

vivo56,57. These pressure values are also comparable to those reported in a FE model with similar 

compressive loading29. Using an average adult male mouse body mass of 30g, the average 

contact forces calculated with DEA with compressive behavior at 9N corresponded to 
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approximately 17 times body weight. Clinically, these forces are more than those engendered 

during full knee extension landing61, vertical jumping62, kneeling and squatting63, activities that 

have been suggested to lead to increased cartilage contact pressures, injury, and potential 

subsequent cartilage degradation1,7,61,64,65. 

Furthermore, although contact pressures did not increase as loading increased in rolling 

types, peak compressive stress at 9N averaged 3.57MPa, which is within the range of normal 

cartilage pressures. Compressive contact forces during this behavior are approximately 2 times 

body weight and are comparable to those determined for normal walking in human studies55,60. 

Although shear stress was not calculated in this study, the “rolling” behavior may indicate 

increased shear stresses compared to the normal cartilage states, particularly in the posterior 

aspect of the joint. While the exact reason for the two distinct behaviors is not understood, we 

hypothesize that joint and animal positioning in the compressive loading device may be a 

potential explanation. Relative femur to tibial proximal and posterior translations were 

significantly different between the two contact behaviors at 9N (Figure 4.9). Since knee flexion 

is not restricted in this model, the relative location of the femur to the tibia at 0N is not 

controlled, and could cause two distinct contact behaviors. Further studies in vivo are needed to 

examine which behavior occurs during multiple loading cycles. 
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Figure 4.9 Relative femur to tibia Proximal-Distal and Anterior-Posterior translations were 
significantly different between compressive and rolling contact behaviors, p<0.05. 
 

 Despite differences in contact behaviors, in all trials the peak compressive stress location 

translated to the posterior aspect of the joint as loading increased from 0 to 9N. The location of 

peak compressive stress at 9N correlated with the area in which the most severe cartilage damage 

occurs in this model. Using histological scoring on Safranin O-stained slides, several studies 

have demonstrated that loading induces the most severe cartilage damage on the posterior aspect 

of the tibial plateau36,37. As loading increased from 0 to 9N, peak compressive stresses translated 

to the posterior aspect of the joint, thus confirming the correlation between highest contact 

stresses and most severe cartilage damage. Also of importance is that fact that contact pressures 

were not evenly distributed on medial and lateral surfaces, indicating varus or valgus rotation as 

loading increased. These rotations may produce tension in ligaments at the joint margins and 

could potentially explain bone formation at the enthuses of these ligaments66,67. Further studies 

are needed to examine the loads on the ligaments, confirm excessive tension on the joint margins 

and differentiate between the formation of osteophytes and enthesiophytes in this model. 

 To validate the results of the DEA model, the simplified FE contact model confirmed the 

contact pressures calculated during loading. The normal geometry demonstrated comparable 

contact pressures and stresses on the cartilage surfaces. Parametric evaluation of the effect of 

joint tissue changes on cartilage surfaces stresses revealed that only cartilage changes 

significantly affected contact pressures. Similar to previous results35,68,69, increased cartilage 

thickness and reduced cartilage modulus decreased cartilage surface contact pressures. Similar to 

results from other computation studies17,28, bone changes did not significantly affect cartilage 

contact pressures; however, they affected the peak stresses and strains engendered in the cortical 
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and cancellous bone.  

 Bone adapts to dynamic changes in applied mechanical strains70–72. Based on our 

parametric analysis, the differences in peak bone stresses and strains would result in bone 

adaptation in vivo. Therefore, although changes in bone thickness and properties may not directly 

affect cartilage surface stresses during loading, they may lead to changes in bone adaptation and 

remodeling, thus promoting changes in bone/cartilage crosstalk73–75. Bone remodeling has been 

implicated in exacerbating bone/cartilage crosstalk during OA disease progression in which 

molecules and cells can be easily transferred from one tissue to the other74,75. Thus, bone changes 

may play a major role by driving bone adaption, resulting in subchondral bone sclerosis, and 

subsequent tissue crosstalk during abnormal mechanical loading.  

 While the DEA and FE contact models allow us to examine the contact mechanics of the 

joint during loading, the use of these models to understand complex biological states have some 

limitations. Both models only consider compressive stresses in this study. Knee joints are 

subjected to rotations, shear and tensile forces and exhibit more complex stress states in vivo. 

Thus, future studies should examine the shear and tensile stress states under tibial loading. 

Furthermore, our discrete element analysis assumes that the bone is rigid. While our FE model 

eliminates for this assumption, the model is linearly elastic, which may also be inaccurate, 

particularly for cartilage tissue. Cartilage has been modeled extensively as a linear elastic, nearly 

incompressible material as it is confirmed to act as such in relatively short or instantaneous time-

frames40,76; however, biologically, cartilage is indeed biphasic31–33. Further studies are needed to 

account for other joint motions as well as the cartilage fluid phase during longer loading 

durations.  

 Another limitation in these models is that the menisci and other soft tissues in the joint 
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were not considered, yet they play major roles in the mechanical stability of the joint. For 

instance, since the DEA did not account for the thickness of the meniscus, we are potentially 

underestimating the contact stresses. The use of one model geometry and a uniform cartilage 

thickness further exacerbates this limitation. Considering the size of the mouse joint and the 

limited imaging capabilities, this study nonetheless provides an initial attempt to quantify contact 

stress magnitudes and locations during loading. Future studies should quantify the effect of 

loading on other tissues in the joint using more complex, customized geometric FE models. The 

effects of material property changes in these tissues should also be examined as all joint tissues 

are affected during OA disease progression. 

In conclusion, peak contact stress magnitude and location correlated with areas of severe 

cartilage damage during tibial compressive loading. These stress magnitudes were confirmed 

using both DEA and FE modeling. Unlike changes in cartilage thickness and properties, the 

changes in bone properties and mass did not directly affect contact stresses on the cartilage 

surface. However, changes in all tissues did affect stresses and strains induced on the cortical and 

cancellous bone. Thus, while material-related changes to the bone may not directly influence 

stresses on the cartilage surface, these changes may lead to differences in bone adaption, thus 

potentially promoting subsequent tissue crosstalk between bone and cartilage during loading. 

Further in vivo studies are needed to investigate the molecular and cellular crosstalk associated 

with increased strains engendered on the bone, and potential compressive loads and contact 

pressures that may promote cartilage health and attenuate OA progression.  
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CHAPTER 5 

EMPOWERING EARLY MASTERY OF SPATIAL VISUALIZATION SKILLS IN 

UNDERREPRESENTED MINORITY ENGINEERING STUDENTS 

 

The following chapter is published as a conference paper in the Proceedings of the 2014 IEEE 

Frontiers in Education Conference (FIE) and reprinted here with permission. The reference to 

the published work is: 

Adebayo O, Farrar E, Evans R, Nathans-Kelly T, McCray T. (2014) Empowering Early Mastery 

of Spatial Visualization Skills in Underrepresented Minority Engineering Students. 2014 IEEE 

Frontiers in Education Conference (FIE) Proceedings (pp. 1-8). IEEE.  

 

5.1 Introduction 

 In the College of Engineering at Cornell University, the goal of the Office of Diversity 

Programs in Engineering (DPE) is to support students, especially those from backgrounds 

traditionally underrepresented in engineering, and to provide the programing necessary to assist 

them in being successful. We strive to increase the retention and graduation rate of students 

underrepresented in higher education, often referred to as underrepresented minority students 

(URM), and students who are the first in their family to attend college or first generation college 

students (FGC). More specifically, our goal in the implementation of a grant from the National 

Science Foundation (NSF) and the Science, Technology, Engineering, and Mathematics Talent 

Expansion Program (STEP) (award: DUE #1317501) is, by the end of a five-year period, to 

increase the overall graduation rate of URM and FGC students from 66% to 84%. The latter is 

the overall graduation rate of the engineering student body at Cornell. We recognize that while 

the overall graduation rate from Cornell Engineering is far above the United States national 
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average (63%), progress could still be made by closing the gap between the graduation rates of 

URM and FGC students and those more traditional students. Three interventions are outlined in 

our grant implementation, including: a tutoring program, a summer math institute and a spatial-

visualization course. In this paper, we focus on the third of those interventions of creating, 

effecting and researching a course to improve the spatial visualization (SV) skills of URM and 

FGC engineering students at Cornell. 

 As the range of definitions for “spatial visualization” is wide and varied, we feel 

compelled to define it here for our purposes. Perhaps the simplest definition is “the ability to 

mentally manipulate, rotate, twist, or invert pictorially presented stimuli”1. However, that 

simplest of definitions soon becomes more complicated when Voyer et al.2, redefine it as “the 

ability to manipulate complex spatial information when several stages are needed to produce the 

correct solution.” The first definition represents spatial visualization as a kind of mental exercise; 

the second as a response to a particular problem or project.  

Our understanding gets further complicated when we consider the relation of SV skills to 

“spatial ability” or “representing, transforming, generating and recalling symbolic, nonlinguistic 

information”3, and their relation to “spatial thinking” or “a constructive amalgam of three 

elements: concepts of space, tools of representation and processes of reasoning”4. These different 

terms that can mean different things are often used interchangeably. For the purposes of this 

paper, we would like to define SV skills more generally as spatial intelligence, a term that we 

allow to contain the ideas of spatial visualization and spatial perception, including the activities 

of mental rotation of objects, spatial relation between objects, and overall spatial orientation5. As 

with mastery of any set of complex skills, doing one type of activity repeatedly does not develop 

that mastery; instead, a variety of sub-tasks or related tasks will move you towards mastery.  
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Lieu and Sorby note that  “you need to do a variety of tasks to develop your spatial intelligence, 

just as developing linguistic intelligence requires you to read, write, and listen”5.  

 There exists a preponderance of evidence for three understandings in relation to the 

development of SV skills. First, there are at least some group differences, most specifically 

related to gender, and then only to particular kinds of SV skills, e.g., 3D mental rotations. The 

strongest explanation for these differences is dissimilar socialization processes3-5.  Second, it is 

possible to reduce or even eliminate these differences through direct instruction6-9. Third, 

reducing or eliminating these differences or simply enhancing SV skills generally seems to be 

predictive of student success, typically defined as retention in the STEM fields6,8,10,11.  

 There is an important caveat related to the third of these understandings. Currently, there 

is little empirical evidence, and even worse, no investigation relating to how students actually 

use or apply their newly-won SV skills in response to authentic engineering projects or to solve 

real engineering problems. In other words, while there may be some suggestive correlations that 

SV skills vary according to socialization, that these variances can be reduced or eliminated, and 

that such reductions or eliminations can lead to success; there is little if any evidence of what 

that success actually entails other than retention at the academic organization. 

 It was with all three of these understandings and this final important caveat in mind that 

the Engineering Communications Program (ECP), DPE, the Cornell University Engineering 

Success (CUES) program, and two Ph.D. graduate students from Biomedical Engineering 

designed and implemented an innovative active-learning, project-based course to teach URM and 

FGC students SV skills. While our primary aim was to improve the SV skills of those students, 

hoping as we suggested above to increase their overall graduation rate; we were equally (actually 

more) interested in developing their spatial intelligence as well as investigating exactly what that 
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spatial intelligence really means in response to authentic engineering projects or in solving real 

engineering problems. 

 

5.2 Course Description and Research Methodologies 

 The cohort of students involved in this first iteration of our SV course, entitled Spatial 

Visualization/Thinking for Engineers, were pre-registered based on their invitation to and 

voluntary enrollment in the Robert L. Ryan Scholars Program. Ryan Scholars are entering first-

year students (median age: 18) selected based on their demonstrated potential for success in 

engineering, as determined by Cornell admission, but also based on the existence of a variety of 

risk factors that have been shown to make persistence in engineering more difficult. These 

factors include low resourced high school, low socioeconomic status (SES), FGC student, 

English as a second language, single parent household, and limited access to rigorous advanced 

placement math and science coursework. In the fall semester, all of the Ryan Scholars (31 

students) were preregistered for the spatial visualization course regardless of their score on the 

Purdue Spatial Visualization test (PSVT).  

 Our SV course was taught weekly for 14 weeks in the fall semester of 2013 at Cornell 

University. In order to coordinate with the NSF ENGAGE curriculum13, we designed the first six 

lectures to instill mastery of SV skills, including rotations, reflections, flat-patterns, cutting 

planes, combining objects, and isometric/orthographic sketching. We used the PSVT to conduct 

pre- and post-testing of students’ ability to perform spatial visualization tasks. The pre-test was 

administered prior to the beginning of the course. Students then attended the six one-hour 

lectures, with homework assignments to provide practice and further enhancement of SV skills. 

The post-test was administered immediately following these lectures. The second part of the 
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course consisted of project work, in which students were placed in teams. Each student team had 

a client from Cornell biomedical engineering faculty. Prior to the course and in partnership with 

the instructors, the clients each developed a visualization request that would employ and extend 

students’ SV skills. The clients’ requests were designed to challenge the students’ ability to 

understand, manipulate, and communicate complex SV concepts by requiring them to create 

clear and accurate visuals from cutting-edge engineering research data, provided by the clients. 

At the course conclusion, student teams were required to present their visuals in a formal, 

professional setting, in which the visuals they developed were evaluated by their peers, the 

instructors, and the clients.  

 As we developed the course, we became very aware of how the term project-based 

learning (PjBL) was typically used and that it held a decidedly different meaning than problem-

based learning (PBL), which often includes project-based learning within its framework. Both 

are, like spatial intelligence, complex: they provide a focus for intellectual inquiry; they eschew a 

tidy problem statement or any predetermined outcome; they encourage application of knowledge 

rather than rote learning; they rely on student action and critical thinking; functioning in teams; 

they encourage hands-on work; and they facilitate learning guided by faculty serving as mentors 

or guides14-22. 

 From the start, we deployed PjBL purposefully, incorporating outside clients and 

stakeholders who provided the projects for student teams. Our reasoning and our research led us 

to believe that having a concrete deliverable was a powerful tool for student engagement at a 

deep learning level. As such, we purposefully included client meetings and assessment as 2.5% 

and 5% of the final grade, respectively. We understood well that, while PBL may have some 

expected or predictable outcomes, PjBLs have no such comforts.  Client interaction can bring 



 
 

 108 

new and fresh constraints, freedoms or regulating factors on a team’s project.  The instructor 

often will not be able to anticipate a client simply saying “I don’t like this team’s approach at 

all,” or “Can you do this all again, but this time aim for an audience of 8th graders?”  In a sense, 

the instructors deploying PjBL have to be as agile (or more so) than the student teams working 

with the client. As PjBL work often does not have a pre-determined outcome or deliverable, 

clients can (and did) frame the deliverable with their teams variously. Projects were contingent 

on the client’s specific need, and the projects were “real” and “authentic” because the 

deliverables/artifacts were going to be put into immediate use for biomedical engineering 

research purposes, in our case. The deliverables were to be a technical report (for academic 

assessment), a formal presentation where all clients and other stakeholders were present 

(assessed by clients and instructors alike), and the delivery of the client’s requested artifact 

(poster, demo model, visual, etc.). The artifact needed to meet the specific stated needs of the 

client (which may differ from the expectations of the instructors) while also meeting the 

requirements of the academic unit. 

 We believed that this project-based course design would not only teach students SV 

skills, but empower them to apply these skills in real engineering contexts, thus enhancing and 

deepening their knowledge of spatial visualization. Furthermore, we believed that such early 

application of spatial visualization skills would provide relevant practice for engineering students 

for future school and engineering work. In addition, immediate examination of the process of 

applying spatial visualization skills to engineering project work would enable us to understand if 

and how SV skills specifically and spatial intelligence more generally enhances success in 

engineering. 

In order to study students’ development or what “success” might actually entail, we 
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employed two research methodologies. The first was an action research methodology in which 

we quite intentionally created a new design for an SV course, one that instead of relying simply 

on drill and demonstration to improve SV skills was more focused on active-learning and a 

project-based pedagogy. We adhered to the standard approach for such action research, i.e., plan, 

act, observe, and reflect. The data that we collected were both quantitative and qualitative in 

nature. For example, we used PSVT pre- and post-test results and in-class instructor observations 

and journals, respectively. However, we also devised ways to generate other, also valuable kinds 

of data: expert feedback on project results, student progress reports and project evaluations. We 

even required each of the student teams to create and use an e-portfolio to document their 

project’s progress, challenges, and goals during each of week of the semester. We then used our 

second research methodology, “grounded theory” to code and analyze the data. By combining 

these two methodologies, we feel that we were able to track, and indeed, to learn about students’ 

acquisition of SV skills and presumably spatial intelligence, their application of those skills and 

their ability to critically evaluate their own and others’ use of spatial intelligence. 

 

5.3 Results & Discussion 

5.3.1 Students showed enhanced spatial visualization knowledge after SV lectures. 

 Students showed overall improvement in SV test results after attending the six one-hour 

lectures designed to improve SV skills. The mean score increased by 13% in the post-test as 

compared to the pre-test mean score of 75% (student’s t-test, p<0.05) (Figure 5.1A). 

Furthermore, the spread in scores decreased, from a range of 35-100% on the pre-test to a range 

of 53-100% on the post-test, with 26 out of 31 students scoring higher on the post-test than the 

pre-test, 2 students with no change, and 3 students with a 1-question reduction in score.  In 
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general, high scorers on the pre-test also scored highly on the post-test, and low scorers on the 

pre-test generally showed the largest improvement in test score (Figure 5.1B). 

 
Figure 5.1 Student improvement on PSVT after 6 weeks of SV course 
 

An initial activity identified a primary practical SV weakness: students did not know how 

to create visuals (in this case, a 2D drawing) to communicate complex features of a 3D object 

(Figure 5.2). This activity required students to draw a given 3D object, exchange drawings with a 

peer, and then re-construct the object drawn by their peer. During the activity, instructors 

observed students attempting to create a drawing of these features in a number of ways.  Some 

students used labeled “front, back, side” views. Some drew isometric sketches of their object, but 

failed to capture details that were “hidden” from the perspective they chose (Figure 5.2, arrows). 
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Still others used shading, annotations, or distortions (dashed boxes) in their drawing to 

communicate complex surfaces or details that would be hidden using standard isometric views. 

The students then exchanged their “visual” with a peer. Uniformly, the students declared 

themselves unable to recreate the object sketched by their peer’s drawing, revealing to both 

instructors and the students the need for clear, understandable ways of creating visuals in order to 

have success in this simple “engineering”  

 

Figure 5.2 Week 1 activity to reveal and evaluate student use of SV  
 

This activity was later compared to student performance in their final project and their 

ability to create a visual, representing a complex engineering concept, in a manner that could be 

understood by others. Based on expert feedback from biomedical researchers as well as peer 

Missing feature

Use of distortion
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evaluations, each student group was able to successfully create a spatial visual that explained 

their engineering topic in an understandable way. The student group shown in Figure 5.3 

transformed 2-D images into a 3-D visual that also communicated change over time (Figure 5.3, 

purple to orange boxes) and successfully interpreted the meaning of their visual within the 

context of biomedical engineering (Figure 5.3, orange to red boxes). 

 
Figure 5.3 Progression of student SV use in project development 
 

Furthermore, we gathered evidence of SV mastery by asking students to identify SV use 

in the final project presentations by their peers. Each student was required to observe the project 

presentations given by their peers (eight presentations total) and to record what he or she felt 

demonstrated “use of SV” in each presentation. Student responses were compared to instructors’ 

evaluations of the presentations and judged to be accurate observations of SV, though often 

described in variable language. The most common student response was views, which 

encompassed student identification of a number of SV ideas, including 3D views, multiple views, 

and front/side/back views. Students also frequently used orthogonal, isometric, and 3D to 

describe SV use in their peers’ presentations.  Seven students identified use of cutting planes in 

the presentations, which were also referred to as slices or sections.  The ability of students to 
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accurately identify explicit uses of SV in the presentations of their peers is evidence of their 

enhanced knowledge of SV skills and language. 

Two things struck us as particularly interesting about students’ evaluations of their peers 

presentations: identification of technology as SV use and identification of SV using language not 

taught by instructors. First, many students identified use of different software programs as a SV 

technique. Throughout the course, we taught students how to use several software programs to 

create “visuals” for their faculty clients. These included ImageJ®, an open source image 

processing platform developed by the NIH, MATLAB®, developed by MathWorks and licensed 

by Cornell University, and SolidworksTM®, also licensed by Cornell University. Up to eight 

students identified use of these programs as explicit use of SV, suggesting that students could 

“read” their peers’ presentations, evaluate what software was used, and identify that software use 

as inherently a SV technique. This reveals a fascinating “behind the scenes” look at what 

qualified as “SV” in the minds of our students. Secondly, students also used words that were not 

explicitly defined as “SV” within the course to describe SV use in their peers’ presentations. 

These vocabulary items included kymograph, image stacks, angles, volume calculations, depth, 

vector geometry, interpolation, simulation, surface plot, multiple dimensions, and scaling. These 

words were observed by instructors to arise from work on the SV projects, including dialogue 

with faculty clients, discussion with instructors, teamwork with peers, and the inherent challenge 

of their project that extended their application and understanding of SV. 

 

5.3.2 Students applied SV knowledge in an engineering context, iteratively. 

While the direct mastery of the spatial visualization knowledge was quite evident in the 

test scores and student language, the use and application of said knowledge in an engineering 
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context proved more difficult to interpret. Using analysis of student progress reports and 

instructor journals, we were able to examine the evolution of student SV knowledge throughout 

the course. First, we observed that students needed to be able to mentally visualize their project’s 

problem statement before they could begin the process of visual creation. This mental 

visualization arose either through previous familiarity with the topic, or through analogy with a 

familiar reference. For example, one student team was tasked with creating a visual of a cell and 

its nucleus moving through an “obstacle course”. These students used the analogy of a marble 

(nucleus) within a balloon (the cell) being squeezed through a ring (obstacle course) as an initial 

mental visualization of the problem (Figure 5.4). This group was able to quickly begin applying 

SV skills to their creation of a visual for their client.  

 

Figure 5.4 Example of SV project data (upper) with corresponding visualization of the project’s 
context (lower) 
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As a counter-example, a separate team of students was asked to create a visual of 

microglia cells migrating in the brain. These students struggled to find an analogy to this that 

they could understand, due to lack of background information on the topic and the difficulty of 

understanding the images provided to them by their client. Progress in this team was slow and 

they were unable to articulate how they could use SV skills in this context. Eventually, the 

instructors were able to identify this “road-block” and assist the team in developing an 

understanding of the microglia in the brain (Figure 5.5). After the students understood the nature 

of microglia and their role in the human brain, they were immediately able to apply SV skills 

such as isometric views, cutting planes, and rotations in pursuing their goal of creating a visual 

that effectively captured microglia movement for their client. 

 

Figure 5.5 Example of SV project data (upper) with corresponding visualization of the project’s 
context (lower) 

 

For all student project teams, achieving a solid mental visualization of their given concept 

Image of 
microglia and 
blood clot in 

brain, provided 
by faculty client

Explanation of microglia context is 
challenging for students to grasp
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preceded their ability to begin meaningful work in visual creation for their projects. Once they 

understood the context of their visualization project, only then were they able to use assistive 

visual tools such as MATLAB®, ImageJ®, and SolidWorks® to begin creating their 

representative visuals. Students were able to use these tools appropriately and in a meaningful 

way, due to their recent knowledge of spatial visualization. Armed with the language and 

knowledge of SV terms, students easily manipulated visual tools to create 3D models, 2D 

representations, frames, cutting planes of objects and isometric views of various objects integral 

to their engineering concept. This knowledge allowed the students to not only manipulate visual 

tools, but actually to begin to interpret, examine and further their understanding of their 

engineering concept. For instance, it was only after the students studying microglia migration 

had created an isometric view of their data, that they began to truly understand migration of these 

cells, learning that they needed to account for the shape and density of certain microglia. 

Essentially, SV skills not only allowed students to utilize visual tools more appropriately, 

but also facilitated further understanding of complex engineering concepts. A deeper 

understanding of these engineering concepts then empowered students to create more appropriate 

spatial visuals to represent their given topic. This iterative process thus enabled students to not 

only gain a deeper understanding of engineering concepts through SV knowledge, but also 

strengthened their use and ultimate creation of appropriate, meaningful visuals to explain these 

concepts. Furthermore, this cycle empowered students with a level of mastery to then critically 

analyze their own and others’ visual representations of the engineering concepts. 

 

5.3.3 Students gained a level of mastery to critique their own and others’ use of SV. 

Throughout the duration of the project, students were able to use their mastery of SV to 
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critically evaluate their use of visuals in explaining their engineering concept. From “trying to 

decide which software would be best to accomplish [the] task” to discovering that a set of data 

was missing some images, students were able to expertly debate which visual was most 

appropriate for their goal of easily explaining their concept to others. For instance, one groups, 

tasked with the challenge of visually representing the concept of brain machines, started with 

visual simulations in MATLAB®, before ultimately deciding to simplify the visual by creating a 

physical 3D visual of the brain. Perhaps more importantly, students were also able to use their 

knowledge to critique other’s use of SV. 

Students were asked to identify strengths and weaknesses in the final project 

presentations given by their peers. Interestingly, students often identified higher-order SV uses 

that were not included in the original ENGAGE curriculum as strengths. For example, one 

student identified “Good step-wise process” in reference to a team’s use of visuals that captured 

different points in time to communicate the nature of a complex 3D concept. This was expressed 

by a different student as, “Nice visual of putting together the images from 2D different times.” 

This extension of SV skills from multiple dimensions in space to include the time component 

shows how the project stimulates contextualization of SV reasoning. The ability to create and 

read visuals that incorporate multiple dimensions across time is an important component of 

engineering course work and an unexpected benefit of the SV projects.  

Students perceived contextualization as critical to the efficacy of the visual presented by 

each team. Having worked on their own projects to capture and communicate a complex 

engineering idea by careful combination of SV skills with scientific data, they were highly 

critical of how well their peers achieved this aim. Students praised projects that were “easy to 

follow” with “good data backup.” The students could “read” the visuals created by their peers 
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and decide, as experts, whether or not that visual was effective in communicating its technical 

message. Criticisms most often focused not on the clarity or technical strategy of the visuals 

used, but on how those visuals were explained within the context of the project.  

Students reacted very negatively to presentations that failed to accurately or effectively 

contextualize their visuals. Criticisms of contextualization included, “They should have given 

info first and then shown the visual,” and “A little more background to help understand 

relevance.” The students critically evaluated not just the technical aspects of a visual, but how 

well it communicated a complex, contextualized engineering concept. It is evident that students 

attained a level of mastery that enabled them to not only analyze their own use of visuals 

throughout their project, but also appropriately critique and evaluate their peers’ use of SV in 

explaining other engineering concepts. 

 

5.4 Conclusions 

Like other studies, student post-test results and use of language demonstrated evidence of 

improved SV skills by direct instruction6-9. However, the novelty of this project-based course lies 

in the understanding of how students used SV skills within engineering applications and its 

implications for success and retention in engineering programs. While there is little doubt about 

the relevance of SV in engineering contexts, the way in which students applied such skills within 

their projects reflects a more complicated link than previously hypothesized. Before the process 

of SV application could begin, students had to first understand or mentally visualize their given 

engineering concept. This process is extremely important to note, as students are unable to use 

SV appropriately without first visually grasping the engineering concept. The engineering 

concept after being “thrown on the mind’s screen” can only then be “observed and manipulated 
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by the mind’s eye”23.  The process of “observation and manipulation” here can specifically be 

described as students applying SV knowledge within the context of their projects. Such a process 

was iterative, as students used their SV skills to not simply create their visuals but also to further 

inform their understanding of their engineering concepts. Deeper understanding of said concepts 

then allowed students to delve into examining their use of SV skills, empowering them with the 

mastery to critically analyze theirs and other’s choices of SV techniques. The use of a project-

based course, not only enhanced SV skills but more importantly, enabled mastery of such skills 

by deepening the practice of SV application within engineering contexts. Students will inevitably 

be faced with many visuals throughout their engineering careers, and the use and knowledge of 

SV will be extremely important. This course empowered students with SV tools and challenged 

them to practice the ways in which they can use those tools to interpret and analyze visuals to aid 

in their understanding of engineering concepts. The expectation is that the enhanced spatial 

knowledge gained in this course will be helpful to students in their future educational careers; 

however examination of this hypothesis should be the subject of future investigations. 
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CHAPTER 6 

SUMMARY AND DISCUSSION 

6.1 Summary 

 The objective of this work was to characterize the biomechanical pathway of OA 

development in the murine tibial loading model. Abnormal mechanical forces, such as those 

induced from joint instability due to injury1,2, obesity3,4, or excessive physical force5,6 have been 

hypothesized to play a major role in disease initiation. Many preclinical models of OA have 

focused on the use of injury to induce disease and characterized OA progression biologically7–12. 

However, confounding factors such as joint inflammation and difficulty in measuring joint 

mechanics have prevented studies from distinguishing the exact role of mechanical forces in OA 

initiation13. Furthermore, the role of tissue material properties in the joint in response to 

abnormal mechanical forces during disease progression has not been fully characterized. The 

non-invasive tibial loading model provides a controlled platform that enables the simultaneous 

analyses of bone and cartilage tissues in response to a consistent and controlled mechanical 

stimulus. Thus, we can elucidate the relationships between mechanical forces, joint tissue 

properties, and OA development. 

 

6.1.1 Kinematics of Meniscal- and ACL-Transected Mouse Knees during Controlled Tibial 

Compressive Loading Captured Using Roentgen Stereophotogrammetry 

 Although abnormal mechanical forces play a role in OA initiation1,14,15, the exact etiology 

of disease development is unknown. The non-invasive tibial loading model16 provides a 

controlled platform without confounding factors such as surgical insult17 to examine the 

relationship between joint motion and OA progression. The model has been previously 
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established to induce OA progression following a single bout18 or after 1, 2, and 6 weeks of daily 

loading16,19. This compressive loading recapitulates hallmark features of OA including cartilage 

degradation and thinning, subchondral bone changes, and osteophyte formation16,20. Although 

the biological and structural features of load-induced OA have been characterized in this model, 

the exact joint kinematics leading to disease initiation was previously unknown.  

In this study, the kinematics of intact knee joints were characterized and compared to the 

kinematics of ACL- and meniscal-transected joints. Using roentgen stereophotogrammetric 

analysis (RSA), the kinematics of intact and injuries knee joints were characterized under tibial 

compressive loading21. ACL-transected joints immediately dislocated, whereas intact and 

meniscal-transected joints exhibited similar and consistent joint kinematics with compressive 

loading. Tibial loading induced a proximal and anterior translation of the tibia and increased 

flexion of the knee as compression increased from 0 to 9N. This study confirmed that the tibial 

loading model induced controlled and consistent joint kinematics in conjunction with OA 

progression, and thus could serve as an excellent model through which to elucidate the 

relationship between joint mechanics and OA development. 

 

6.1.2 Role of Subchondral Bone Properties and Changes in Development of Load-Induced 

Osteoarthritis in Mice 

 The role of the subchondral bone in OA initiation and progression has been long 

debated22–28. While some hypothesize that subchondral bone stiffness plays a major role in the 

biomechanical progression of disease23–25, others believe that subchondral bone remodeling may 

drive increased bone-cartilage crosstalk leading to disease initiation26–30. Clinical evidence of 

subchondral bone sclerosis20,31, in addition to preclinical evidence of temporal changes in bone 
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mass during OA progression10,32, make the subchondral bone an attractive target for potential 

therapeutics. For example, clinical studies have explored the use of bisphosphonates to inhibit 

bone remodeling with the objective of attenuating OA severity33,34. While these treatments 

reduced bone remodeling, they did not slow radiographic joint space narrowing in OA patients. 

Although post-traumatic preclinical studies35–38 have shown promising efficacy of 

bisphosphonate treatment in attenuating OA, inflammation due to surgery confounds and limits 

clinical comparisons. The tibial loading model16 provides a controlled, non-invasive platform in 

which to examine the role of subchondral bone remodeling and properties on OA progression 

and severity.  

 In this study, we used the bisphosphonate, alendronate, to inhibit bone remodeling, and 

examined two mouse strains with different subchondral bone mass and properties39. Adult male 

B6 (low subchondral bone mass) and FVB (high subchondral bone mass) mice were separated 

into daily alendronate- and vehicle-treatment groups. The left limb of each mouse was subjected 

to daily tibial loading for 1, 2, and 6 weeks. Although FVB mice had higher subchondral bone 

mass, OA progression was less severe with loading compared to B6 mice. ALN treatment 

generally prevented age-related reductions in cancellous bone mass; however, treatment did not 

prevent load-induced bone changes. ALN treatment exacerbated OA severity of B6 mice, but 

attenuated OA in FVB mice. Unlike previous hypotheses, lower subchondral bone mass and 

stiffness did not correlate with reduced OA severity, and ALN treatment did not necessarily 

attenuate OA progression. We hypothesize that these data may result from the use of two mouse 

strains with different bone and cartilage homeostasis. Despite our contrasting results to previous 

studies, bone properties may play a role in OA progression through changes in bone turnover 

rather than intrinsic bone mass and stiffness.  
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6.1.3 Computational Models for the Analysis of Load-Induced Osteoarthritis 

 To fully elucidate the role of mechanical forces in OA development and to enable 

potential comparisons to the clinical case, the contact mechanics of the joint must be 

characterized. While knee contact mechanics have been measured clinically in many activities 

and with OA disease progression40–46, preclinical studies on joint mechanics in relation to OA are 

limited. Specifically, in the mouse, few studies have examined joint mechanics, due its small 

size, and the difficulty in measuring in vivo contact pressures47,48. Computational models can 

serve as a great tool to characterize the joint contact mechanics for situations in which in vivo 

experimental measurements are difficult. In addition, validated models enable us to examine the 

role of tissue material properties and changes on load-induced OA more effectively and faster 

than can be done experimentally.  

To this end, we examined the joint contact mechanics during tibial compressive loading 

using a discrete element model. Using kinematics data from cadaveric studies from 0-9N 

compressive loads as inputs, we characterized the contact pressures on the tibial cartilage 

surface. As loading increased, the peak contact pressures were sufficient to induce fibrillations 

on the cartilage surfaces, and the areas of peak contact pressures computationally correlated with 

areas of highest cartilage damage experimentally; thus, confirming a direct relationship between 

mechanical forces and OA initiation. Although the movement of the contact areas was not 

examined in this study, we also hypothesize that in conjunction with load magnitude, sliding 

velocity during loading may also correlate with areas of highest cartilage damage.  

In addition, we developed a simple finite element contact model and conducted a 
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parametric analysis to examine the effects of alterations in tissue material properties and 

geometry on contact pressures. Only changes in cartilage properties and geometry affected 

cartilage pressures. However, changes in both cortical and cancellous bone and cartilage resulted 

in significant changes in stresses/strains induced in the bone. Thus, while changing bone 

properties may not directly affect contact pressure, changes to any tissue in the joint could alter 

the stresses engendered in the bone, thus inducing subsequent bone adaptation. Such bone 

remodeling has been suggested to play a key role in bone-cartilage crosstalk in the initiation and 

development of OA29, and opportunity for future studies using this model. We have directly 

correlated mechanical stimulus induced by tibial loading to the area of biological changes 

observed in the joint and examined the role of cartilage and bone tissue properties on contact 

pressures. Ultimately, these results not only confirm the role of mechanical forces on OA 

initiation and progression, but also begin to elucidate the role of each joint tissue on disease 

development. 

 

6.1.4 Strengths of This Work 

 A major strength of the tibial loading model in understanding the relationship between 

mechanical forces and OA development is the lack of confounding inflammatory responses 

observed in post-traumatic models10,11,13. The use of a non-invasive, mechanical stimulus to 

induce OA lends itself well to studies aimed at distinguishing the role of mechanical forces in 

disease initiation. Joint kinematics in this model has been characterized and demonstrated to be 

consistent and controlled21. Furthermore, analysis of contact mechanics suggests that areas of 

highest mechanical stress correlate with areas of greatest joint damage. Future studies can thus 

explore and fully characterize potential mechanical treatment options such as more moderate 
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loads that may be beneficial for cartilage and joint health in vivo.  

 In addition, the use of the tibial loading model allows the simultaneous analysis of all the 

tissues in the joint. Selective targeting of joint tissues, such as bone or cartilage, by using drugs 

or genetic mouse models is possible, and can facilitate better understanding of the role of each 

tissue in mechanical loading in a healthy and diseased joint. Furthermore, because OA has been 

shown to affect the whole joint, the model can enable both examination of specific joint tissues, 

and whole-joint evaluation of disease progression, thus improving understanding of the 

biomechanical pathology of osteoarthritis. 

 Another strength of this work is the use of computational models to characterize joint 

mechanics. Due to the small size of the mouse, in vivo experimental characterization of joint 

mechanics is difficult. Discrete element models have been used extensively to characterize 

contact pressures in articulating surfaces49–52, and provide an accurate platform with which to 

examine the relationship between mechanics and biology in OA progression. Furthermore, the 

use of finite element modeling enables customized analysis to each joint geometry, thus 

furthering our understanding of mechanobiology of OA in both the preclinical and clinical 

settings. 

 

6.1.5 Limitations of This Work 

 Although this work is one of the first to explore the relationship between mechanical 

forces and OA pathology, these studies have several limitations. First, the characterization of 

joint kinematics in this model was conducted on cadaver mice. While this work provides a 

foundation in understanding joint kinematics with tibial loading, tissue material changes, 

particularly in the cartilage due to its viscoelastic behavior53, may have occurred due to animal 
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death. Thus, the true motion of the joint in vivo may be different than characterized. 

Furthermore, only one cycle of loading was characterized in this study; however, in our in vivo 

studies, one bout of loading was composed of 1200 cycles. The kinematics of the joint could 

change with subsequent loading cycles. Thus, while the kinematics in cadaveric studies are 

useful in understanding joint mechanics, evaluating true kinematics in vivo requires analyses 

with live animals over multiple load cycles.  

 The use of two mouse strains to distinguish the role of subchondral bone properties in the 

initiation of OA introduces a confounding factor due to potential differences in mouse 

metabolism and bone homeostasis. Results from our finite element parametric analysis suggest 

that although differences in subchondral bone properties may not directly affect contact 

pressures, they may play a role in rates of bone remodeling and adaptation to load. Although we 

did not measure rates of bone remodeling in this work, the use of two mouse strains may have 

masked any evidence of differences in bone remodeling rates due to differences in subchondral 

bone properties. Furthermore, ALN was used to inhibit bone remodeling, and its effect may have 

been intrinsically different between the two mouse strains. Therefore, interpretations of the effect 

of ALN on each mouse strain should be considered carefully, as the conclusions may depend on 

the baseline rate of bone remodeling in each mouse strain or differences in bone response to 

treatment. Future studies should consider this limitation with an experimental design controlling 

for, or at least report differences in, baseline bone homeostasis. 

 In addition, the use of cadaveric studies to characterize joint kinematics and contact 

mechanics in healthy limbs only considers the joint at the initiation of loading. Previous studies 

have demonstrated that the joint geometry changes as daily loading continues16,19. Osteophyte 

formation in addition to cartilage and bone changes alter joint geometry, and could lead to 
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significant changes in joint kinematics. Clinically, such geometric changes lead to reduced joint 

functionality and contact mechanics20. Thus, understanding the joint kinematics and contact 

mechanics not only at the start of a loading study but as OA progresses would provide key 

knowledge regarding the mechanism through which mechanical forces initiate and progress the 

disease in vivo. 

 Lastly, although the use of the mouse provides many key advantages in understanding 

OA pathology, limitations exist in the comparison to the human case. Elucidating the 

relationship between the joint mechanical environment and the onset of OA in the mouse will 

provide significant knowledge of the biomechanical mechanism of disease; however, clinical 

implications should be interpreted carefully. Unlike the human knee, the mouse knee is naturally 

flexed, and any comparisons of joint contact mechanics may not necessarily be directly 

applicable to the clinical scenario. Although mouse gait has been previously characterized,54–57 

the contact pressures induced in the knee during normal gait are unknown. Therefore, developing 

an accurate biological meaning of the calculated contact pressures may be difficult and should be 

interpreted carefully. 

 

6.2 Future Work  

This thesis provides a foundation for characterizing joint mechanics in the mouse knee in 

relation to the onset and progression of osteoarthritis, and thus can be used to launch additional 

work to further our knowledge of the role of mechanical forces in OA development. The 

integration of experimental with computational studies will advance our understanding of load-

induced OA in mouse, while simultaneously enabling interpretations of and comparisons to the 

clinical case.  
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6.2.1 Characterization of Contact Mechanics during OA Progression 

 As previously described, our study only used measurements from the healthy tibia and 

femur to create computational models and analyze joint kinematics and contact mechanics at the 

start of loading. Although these data provide an estimate of joint kinematics and contact 

mechanics, joint mechanics in vivo and during OA progression is unknown. The proposed future 

study would be comprehensive, utilizing both experimental and computational techniques to 

understand the biomechanics of OA induction longitudinally in vivo.  

To characterize joint kinematics in vivo, mice would be subjected to tibial loading for 1, 

2, or 6 weeks, like previous studies16. Prior to the final loading bout in the each duration group, 

the tibia and femur in each joint will be labelled with radiopaque markers for roentgen 

stereophotogrammetric analysis, and the joint can also be injected with nanoparticle contrast 

agents58 to visualize the cartilage and meniscus. The final loading bout for duration would be 

conducted within an in vivo microCT59, and the positions of the joint at 0 and 9N would be 

analyzed for each cycle. The kinematics can thus be characterized from the first to the final cycle 

for each loading duration. These data would allow us to not only understand the joint kinematics 

over the course of multiple loading cycles, but also provide knowledge about the changes in 

kinematics as OA progresses.  

Once the in vivo joint kinematics have been characterized after 1, 2, and 6 weeks of OA 

progression, similar computational models as in Chapter 4 can be developed to elucidate contact 

mechanics. Visualization of the cartilage and menisci using nanoparticles would enable a more 

appropriate approximation of localized tissue thickness and a customized computational 
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geometry for each joint. This increased complexity of the computational model would allow for 

a more accurate evaluation of stresses and strains in the cartilage and bone, during each loading 

bout, and as OA progresses from 1 to 6 weeks. These data would provide valuable information 

about the changes in joint kinematics during OA progression and a viable platform through 

which to develop biomechanical therapies for disease treatment.  

 

6.2.2 Changes in Chondrocyte Homeostasis in Load-Induced Osteoarthritis 

 In addition to a more complex in vivo study to confirm our ex vivo results, future work 

should investigate the mechanobiology of OA progression in the cartilage and bone, and their 

interactions. Tibial loading does not induce structural cartilage damage initially, but rather 

initiates a cell-mediated process through which OA develops18. Although changes in chondrocyte 

homeostasis with loading have been examined in vitro60–62, the effect of loading in vivo is 

unknown. Future studies should focus on understanding the genetic and molecular changes in the 

chondrocyte with loading. Immunohistochemical staining of chondrocytes after a single load 

bout can be used to analyze cell viability, hypertrophy (Type X Collagen)63, and apoptosis 

(Caspase 3)18. Genetic changes can also be examined using real-time PCR64 to isolate 

chondrocytes and determine genes that are up- or down- regulated with loading. This study 

would enable potential future genetic therapies to prevent or treat OA. 

To further enable the potential development of treatments and better elucidate the role of 

chondrocyte changes in OA progression, genetic mouse models could then be utilized. These 

models would investigate the role of inhibiting chondrocyte genetic changes in attenuating OA. 

Conditional knockout models, using the Col2a1 promoter (cre/loxP system)65,66, could be 

developed for specific genes based on the chondrocyte genetic analysis previously described. For 
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example, studies have implicated ADAMTS5 in the cartilage degradation as OA progresses67. 

Studies have demonstrated effective attenuation of OA in ADAMTS5 knockout mice in injury 

models66. The biological and mechanical effect of genetic knockouts, such as ADAMTS5, 

should be investigated in the tibial loading model in which the joint mechanical environment can 

be more precisely measured. These studies would increase the knowledge of mechanobiology of 

cartilage degradation during OA progression, and the relationship between mechanical forces 

and chondrocyte changes during disease development.  

 

6.2.3 Role of Subchondral Bone Microdamage in Load-Induced Osteoarthritis 

 An understanding of bone changes with loading would also improve the knowledge of 

cartilage-bone crosstalk in load-induced OA. Changes in cartilage-bone crosstalk is hypothesized 

to result from increased bone turnover due to microdamage from loading27,29,30. In the tibial 

model, loading does not induce overt macroscopic damage to the subchondral bone; however, 

osteoarthritic bone changes contribute to the initiation and progression of OA. Burr et al.27,29,30 

have hypothesized that abnormal loads associated with OA may initiate microcracks or 

microdamage in the subchondral cancellous bone leading to increased bone turnover. However, 

most studies investigating the subchondral bone have utilized post-traumatic models that limit 

the ability to distinguish surgical trauma from OA-induced changes. Using the tibial loading 

model, studies can investigate whether microdamage is present and correlate areas of 

microcracks with increased bone turnover to understand the role of microcracks in cartilage-bone 

crosstalk. Specifically, mice could be subjected to a single loading bout, injected with calcein,68 

and analyzed using bone histomorphometry69, after 1, and 2 weeks post-loading. Joints could 

also be stained with lead uranyl acetate and sectioned using serial milling to visualize 
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microcracks in the cancellous bone after a single bout of loading70,71. Locations of high bone 

turnover and microcracks could be examined to see if they co-localize after a single compressive 

loading bout. In addition to investigating the co-localization of microcracks and bone turnover, 

cartilage-bone crosstalk can be analyzed by examining whether areas of high bone turnover 

underlie areas of the most severe cartilage degradation. Understanding the relationship between 

microdamage, bone turnover, and cartilage-bone crosstalk may provide insight to the 

mechanobiology of OA progression leading to potential clinical treatment options. 

 

6.3 Synthesis of This Work 

 Taken together, the results of this work suggest that in vivo tibial loading induces 

controlled and consistent kinematics in the healthy mouse knee joint. These controlled motions 

induce contact pressures on the cartilage surface, that may not directly lead to cartilage damage, 

but rather initiate a cell-mediated response to loading18. Changes in the stresses engendered on 

the subchondral bone are also evident and may explain potential changes in bone remodeling as 

OA progresses. Our experimental and computational results suggest that although subchondral 

bone mass and stiffness may change as the disease progresses, increased bone mass and stiffness 

may not be sufficient to exacerbate or explain increased cartilage damage and OA severity. 

Instead, consistent joint motions through tibial compressive loading induce bone adaptation72, 

and the magnitude of bone changes may depend on baseline subchondral bone properties. Thus, 

although subchondral bone properties may play a role in load-induced OA development, our 

results suggest that changes to subchondral bone remodeling with load may better explain the 

disease severity. The tibial loading model results in consistent joint motions and instability, 

leading to changes in the contact pressures and stresses induced on the cartilage and bone. These 
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stresses initiate a cell-mediated process through which cartilage and bone adapt, leading to the 

onset and progression of OA. This work presents an initial step in understanding the 

mechanobiology of OA. Future studies can build on this work, furthering our knowledge of 

osteoarthritis and leading to the potential development of therapeutics. 
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APPENDIX A: CHAPTER 2 DATA 

Absolute tibial motion measured by roentgen stereophotogrammetric analysis: 

Animal Group Limb Trial Load X (mm) Y (mm) Z (mm) 
x-ro 
(deg) 

y-ro 
(deg) 

z-ro 
(deg) 

ACLT1 ACL L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT1 ACL L 1 1 -0.003 0.053 -0.012 -0.926 -0.100 0.409 
ACLT1 ACL L 1 2 -0.003 0.100 -0.027 -1.680 -0.149 0.824 
ACLT1 ACL L 1 3 0.011 0.113 -0.027 -1.781 -0.234 1.103 
ACLT1 ACL L 1 4 0.033 0.035 0.025 -0.297 -0.520 1.050 
ACLT1 ACL L 1 5 0.077 -0.031 0.004 0.430 -0.265 0.810 
ACLT1 ACL L 1 6 0.103 0.004 -0.048 0.272 0.137 1.293 
ACLT1 ACL L 1 7 0.134 0.036 -0.116 -0.846 0.550 1.338 
ACLT1 ACL L 1 8 0.167 0.000 -0.129 -1.168 0.534 0.884 
ACLT1 ACL L 1 9 0.208 -0.061 -0.145 -1.233 0.608 0.245 
ACLT1 ACL L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT1 ACL L 2 1 -0.030 0.108 0.066 -0.082 -0.532 1.421 
ACLT1 ACL L 2 2 -0.060 0.200 0.128 -0.086 -1.035 2.719 
ACLT1 ACL L 2 3 -0.053 0.240 0.103 -0.172 -0.829 3.494 
ACLT1 ACL L 2 4 -0.041 0.229 0.087 -0.423 -0.812 3.672 
ACLT1 ACL L 2 5 0.005 0.160 0.022 -0.629 -0.344 3.247 
ACLT1 ACL L 2 6 0.039 0.115 -0.017 -0.090 0.055 3.177 
ACLT1 ACL L 2 7 0.108 0.019 -0.121 0.289 0.995 2.453 
ACLT1 ACL L 2 8 0.180 -0.082 -0.247 0.258 2.098 1.584 
ACLT1 ACL L 2 9 0.254 -0.183 -0.393 -0.068 3.330 0.666 
ACLT1 ACL L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT1 ACL L 3 1 0.004 0.043 0.040 0.030 -0.290 0.603 
ACLT1 ACL L 3 2 0.012 0.093 0.051 -0.170 -0.353 1.208 
ACLT1 ACL L 3 3 0.040 0.115 -0.001 -0.177 0.177 1.580 
ACLT1 ACL L 3 4 0.081 0.134 -0.129 -0.597 1.273 1.771 
ACLT1 ACL L 3 5 0.115 0.072 -0.174 0.260 1.722 1.477 
ACLT1 ACL L 3 6 0.152 0.001 -0.220 0.537 1.943 0.893 
ACLT1 ACL L 3 7 0.193 -0.064 -0.282 1.026 2.386 0.431 
ACLT1 ACL L 3 8 0.189 0.044 -0.276 0.626 2.055 1.434 
ACLT1 ACL L 3 9 0.175 0.174 -0.260 0.314 1.659 2.674 
ACLT2 ACL L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT2 ACL L 1 1 0.025 -0.011 -0.013 -0.262 0.150 0.072 
ACLT2 ACL L 1 2 0.051 -0.026 -0.027 -0.494 0.298 0.109 
ACLT2 ACL L 1 3 0.064 -0.015 -0.038 -0.021 0.146 0.946 
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ACLT2 ACL L 1 4 0.075 -0.008 -0.072 0.129 0.148 1.487 
ACLT2 ACL L 1 5 0.109 -0.027 -0.148 -0.158 0.797 1.208 
ACLT2 ACL L 1 6 0.139 -0.053 -0.203 0.099 1.407 0.934 
ACLT2 ACL L 1 7 0.170 -0.068 -0.254 0.294 1.948 0.783 
ACLT2 ACL L 1 8 0.180 -0.060 -0.265 0.291 1.845 1.127 
ACLT2 ACL L 1 9 0.195 -0.053 -0.284 0.068 1.824 1.367 
ACLT2 ACL L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT2 ACL L 2 1 0.000 -0.028 0.036 0.775 -0.302 0.473 
ACLT2 ACL L 2 2 -0.002 -0.057 0.075 1.543 -0.670 0.942 
ACLT2 ACL L 2 3 0.037 -0.090 0.021 1.768 0.024 1.073 
ACLT2 ACL L 2 4 0.061 -0.089 -0.020 1.722 0.373 1.478 
ACLT2 ACL L 2 5 0.072 -0.047 -0.053 1.619 0.525 2.316 
ACLT2 ACL L 2 6 0.096 -0.071 -0.089 1.951 0.797 2.242 
ACLT2 ACL L 2 7 0.115 -0.080 -0.121 1.634 0.908 2.076 
ACLT2 ACL L 2 8 0.157 -0.122 -0.186 1.706 1.542 1.535 
ACLT2 ACL L 2 9 0.198 -0.152 -0.257 1.652 2.198 1.106 
ACLT2 ACL L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 

ACLT2 ACL L 3 1 0.013 -0.003 -0.011 -0.893 -0.145 
-

0.082 

ACLT2 ACL L 3 2 0.024 -0.013 -0.015 -1.543 -0.313 
-

0.146 
ACLT2 ACL L 3 3 0.030 0.001 -0.029 -1.700 -0.311 0.436 
ACLT2 ACL L 3 4 0.043 -0.001 -0.052 -1.663 -0.211 0.783 
ACLT2 ACL L 3 5 0.029 0.039 -0.054 -1.573 -0.554 1.713 
ACLT2 ACL L 3 6 0.045 0.030 -0.083 -1.820 -0.532 1.678 
ACLT2 ACL L 3 7 0.048 0.076 -0.118 -2.141 -0.514 2.417 
ACLT2 ACL L 3 8 0.063 0.064 -0.117 -0.856 -0.242 3.018 
ACLT2 ACL L 3 9 0.084 0.050 -0.127 0.274 0.149 3.517 
ACLT3 ACL L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 

ACLT3 ACL L 1 1 0.026 -0.032 -0.028 0.031 0.211 
-

0.228 

ACLT3 ACL L 1 2 0.046 -0.064 -0.048 0.097 0.275 
-

0.461 

ACLT3 ACL L 1 3 0.063 -0.089 -0.053 -0.139 0.059 
-

0.904 

ACLT3 ACL L 1 4 0.082 -0.108 -0.065 -0.148 -0.044 
-

1.121 

ACLT3 ACL L 1 5 0.111 -0.105 -0.099 -0.341 0.223 
-

1.082 

ACLT3 ACL L 1 6 0.134 -0.113 -0.116 -0.625 0.233 
-

1.249 

ACLT3 ACL L 1 7 0.164 -0.128 -0.116 -0.873 0.007 
-

1.628 
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ACLT3 ACL L 1 8 0.218 -0.133 -0.129 -1.041 0.101 
-

1.839 

ACLT3 ACL L 1 9 0.274 -0.140 -0.140 -1.194 0.150 
-

2.089 
ACLT3 ACL L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT3 ACL L 2 1 0.024 -0.006 -0.022 0.107 0.498 0.437 
ACLT3 ACL L 2 2 0.052 -0.008 -0.053 0.241 1.117 0.970 
ACLT3 ACL L 2 3 0.063 -0.084 -0.040 0.591 0.804 0.392 

ACLT3 ACL L 2 4 0.068 -0.146 -0.023 0.668 0.187 
-

0.226 

ACLT3 ACL L 2 5 0.079 -0.142 -0.036 0.319 -0.021 
-

0.137 
ACLT3 ACL L 2 6 0.120 -0.075 -0.109 0.213 0.855 1.032 
ACLT3 ACL L 2 7 0.153 -0.027 -0.169 0.244 1.465 1.815 
ACLT3 ACL L 2 8 0.175 -0.040 -0.201 0.381 1.606 1.717 
ACLT3 ACL L 2 9 0.196 -0.056 -0.233 0.467 1.729 1.569 
ACLT3 ACL L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT3 ACL L 3 1 0.040 0.080 -0.085 -0.115 1.299 1.534 
ACLT3 ACL L 3 2 0.074 0.145 -0.161 -0.299 2.411 2.790 
ACLT3 ACL L 3 3 0.091 0.102 -0.161 -0.444 2.119 2.314 
ACLT3 ACL L 3 4 0.099 0.051 -0.154 -0.397 1.619 1.750 
ACLT3 ACL L 3 5 0.105 0.031 -0.159 -0.166 1.327 1.722 
ACLT3 ACL L 3 6 0.119 0.054 -0.185 -0.281 1.419 2.116 
ACLT3 ACL L 3 7 0.149 0.100 -0.239 -0.804 1.967 2.683 
ACLT3 ACL L 3 8 0.178 0.083 -0.257 -0.724 2.000 2.584 
ACLT3 ACL L 3 9 0.205 0.058 -0.271 -0.646 1.928 2.328 
DMM1 DMM R 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM R 1 1 0.039 0.070 -0.008 0.078 0.191 1.031 
DMM1 DMM R 1 2 0.072 0.119 -0.018 0.330 0.397 1.791 
DMM1 DMM R 1 3 0.094 0.147 -0.007 0.381 0.461 2.080 
DMM1 DMM R 1 4 0.118 0.167 0.008 0.515 0.451 2.246 
DMM1 DMM R 1 5 0.148 0.176 -0.001 0.756 0.630 2.338 
DMM1 DMM R 1 6 0.184 0.190 -0.025 1.132 1.051 2.571 
DMM1 DMM R 1 7 0.215 0.233 -0.009 1.405 0.963 3.087 
DMM1 DMM R 1 8 0.246 0.295 0.025 0.678 0.749 3.401 
DMM1 DMM R 1 9 0.271 0.349 0.065 -0.085 0.407 3.579 
DMM1 DMM R 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM R 3 1 0.041 0.007 -0.010 0.006 0.143 0.310 
DMM1 DMM R 3 2 0.079 0.009 -0.015 0.042 0.211 0.552 
DMM1 DMM R 3 3 0.090 -0.049 -0.030 0.405 0.279 0.003 
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DMM1 DMM R 3 4 0.098 -0.077 -0.039 0.854 0.208 
-

0.279 
DMM1 DMM R 3 5 0.124 -0.059 -0.075 1.986 0.251 0.222 
DMM1 DMM R 3 6 0.159 0.040 -0.072 1.860 0.135 1.337 
DMM1 DMM R 3 7 0.188 0.089 -0.071 1.192 0.099 1.637 
DMM1 DMM R 3 8 0.224 0.124 -0.103 0.589 0.459 1.648 
DMM1 DMM R 3 9 0.263 0.147 -0.147 0.275 0.908 1.575 
DMM2 DMM R 1 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM2 DMM R 1 1 0.008 -0.046 -0.004 0.448 -0.429 
-

0.156 

DMM2 DMM R 1 2 0.020 -0.079 -0.006 0.815 -0.883 
-

0.100 
DMM2 DMM R 1 3 0.042 -0.069 -0.024 0.317 -0.873 0.017 

DMM2 DMM R 1 4 0.043 -0.089 -0.020 -0.177 -1.221 
-

0.345 

DMM2 DMM R 1 5 0.051 -0.114 -0.033 -0.317 -1.230 
-

0.680 

DMM2 DMM R 1 6 0.051 -0.148 -0.040 -0.306 -1.467 
-

1.132 

DMM2 DMM R 1 7 0.099 -0.091 -0.084 -0.646 -1.032 
-

0.416 
DMM2 DMM R 1 8 0.157 -0.041 -0.151 -1.292 -0.206 0.150 
DMM2 DMM R 1 9 0.219 0.021 -0.221 -2.246 0.763 0.782 
DMM2 DMM R 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM2 DMM R 2 1 0.036 0.021 -0.040 -0.054 0.543 0.710 
DMM2 DMM R 2 2 0.068 0.035 -0.076 -0.031 0.987 1.328 
DMM2 DMM R 2 3 0.082 0.032 -0.084 -0.271 1.076 1.436 
DMM2 DMM R 2 4 0.106 0.035 -0.106 0.033 1.310 1.780 
DMM2 DMM R 2 5 0.153 0.076 -0.163 0.299 2.093 2.677 
DMM2 DMM R 2 6 0.181 0.094 -0.205 0.557 2.431 3.154 
DMM2 DMM R 2 7 0.206 0.127 -0.224 0.449 2.464 3.673 
DMM2 DMM R 2 8 0.198 0.104 -0.185 -0.409 1.918 2.923 
DMM2 DMM R 2 9 0.199 0.095 -0.159 -1.159 1.575 2.429 
DMM2 DMM R 3 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM2 DMM R 3 1 -0.002 -0.006 -0.007 -1.593 0.778 
-

0.888 

DMM2 DMM R 3 2 0.008 0.002 -0.022 -3.072 1.673 
-

1.433 

DMM2 DMM R 3 3 0.031 0.015 -0.046 -2.935 1.973 
-

0.957 

DMM2 DMM R 3 4 0.053 0.029 -0.049 -2.466 1.687 
-

0.195 
DMM2 DMM R 3 5 0.069 0.015 -0.084 -1.684 1.699 0.045 
DMM2 DMM R 3 6 0.110 0.055 -0.131 -1.492 2.167 0.772 
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DMM2 DMM R 3 7 0.126 0.058 -0.150 -1.356 2.346 0.621 
DMM2 DMM R 3 8 0.156 0.078 -0.188 -1.294 2.733 0.713 
DMM2 DMM R 3 9 0.181 0.087 -0.228 -1.271 3.168 0.586 
DMM3 DMM R 1 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM3 DMM R 1 1 -0.015 -0.104 -0.016 1.148 -0.198 
-

0.785 

DMM3 DMM R 1 2 -0.029 -0.211 -0.042 2.336 -0.322 
-

1.599 

DMM3 DMM R 1 3 -0.026 -0.229 -0.035 2.113 -0.354 
-

1.835 

DMM3 DMM R 1 4 -0.002 -0.175 -0.024 1.731 -0.355 
-

1.252 

DMM3 DMM R 1 5 0.020 -0.187 -0.069 2.292 -0.067 
-

1.159 

DMM3 DMM R 1 6 0.046 -0.194 -0.125 3.136 0.360 
-

1.029 

DMM3 DMM R 1 7 0.078 -0.129 -0.142 2.990 0.713 
-

0.393 
DMM3 DMM R 1 8 0.140 -0.062 -0.229 3.043 1.789 0.301 
DMM3 DMM R 1 9 0.198 0.003 -0.315 2.865 2.886 0.868 
DMM3 DMM R 2 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM3 DMM R 2 1 0.013 -0.022 -0.022 -0.315 0.340 
-

0.172 

DMM3 DMM R 2 2 0.027 -0.027 -0.033 -1.052 0.649 
-

0.275 
DMM3 DMM R 2 3 0.057 0.031 -0.034 -1.451 0.716 0.543 
DMM3 DMM R 2 4 0.074 0.034 -0.052 -1.085 0.752 0.880 
DMM3 DMM R 2 5 0.086 0.019 -0.075 -0.252 0.745 1.062 
DMM3 DMM R 2 6 0.108 0.027 -0.113 0.342 0.954 1.332 
DMM3 DMM R 2 7 0.137 0.045 -0.164 0.306 1.411 1.439 
DMM3 DMM R 2 8 0.174 0.073 -0.218 0.088 1.964 1.703 
DMM3 DMM R 2 9 0.206 0.098 -0.265 -0.385 2.485 1.838 
DMM3 DMM R 3 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM3 DMM R 3 1 -0.046 -0.070 0.065 -0.843 -0.721 
-

1.008 

DMM3 DMM R 3 2 -0.087 -0.130 0.127 -1.749 -1.377 
-

1.922 

DMM3 DMM R 3 3 -0.082 -0.204 0.091 -1.006 -1.283 
-

2.268 

DMM3 DMM R 3 4 -0.045 -0.227 0.012 -0.147 -0.667 
-

2.035 

DMM3 DMM R 3 5 -0.029 -0.218 -0.003 -0.588 -0.470 
-

2.097 

DMM3 DMM R 3 6 0.007 -0.173 -0.032 -1.232 0.032 
-

1.759 
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DMM3 DMM R 3 7 0.079 -0.033 -0.066 -2.667 0.773 
-

0.464 
DMM3 DMM R 3 8 0.146 0.115 -0.101 -4.686 1.573 0.731 
DMM3 DMM R 3 9 0.210 0.268 -0.138 -7.015 2.344 1.887 
DMM4 DMM R 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM4 DMM R 1 1 0.020 0.007 -0.045 1.176 0.026 0.224 
DMM4 DMM R 1 2 0.034 0.007 -0.090 2.322 0.027 0.310 
DMM4 DMM R 1 3 0.081 0.108 -0.082 0.895 0.354 1.288 
DMM4 DMM R 1 4 0.095 0.102 -0.126 0.441 0.983 0.918 
DMM4 DMM R 1 5 0.090 0.064 -0.158 0.357 1.365 0.124 

DMM4 DMM R 1 6 0.100 0.031 -0.218 1.601 1.518 
-

0.351 

DMM4 DMM R 1 7 0.134 0.082 -0.234 1.208 1.710 
-

0.121 
DMM4 DMM R 1 8 0.194 0.171 -0.297 0.669 2.655 0.501 
DMM4 DMM R 1 9 0.251 0.255 -0.366 0.147 3.658 1.075 
DMM4 DMM R 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM4 DMM R 2 1 0.036 0.025 -0.060 0.774 0.563 0.718 
DMM4 DMM R 2 2 0.065 0.038 -0.114 1.664 0.990 1.245 
DMM4 DMM R 2 3 0.087 0.051 -0.120 1.555 1.147 1.561 
DMM4 DMM R 2 4 0.098 0.037 -0.151 2.262 1.265 1.512 
DMM4 DMM R 2 5 0.104 0.041 -0.169 2.544 1.306 1.589 
DMM4 DMM R 2 6 0.121 0.064 -0.198 2.829 1.456 2.025 
DMM4 DMM R 2 7 0.158 0.137 -0.187 2.334 1.353 3.092 
DMM4 DMM R 2 8 0.178 0.145 -0.227 2.465 1.718 3.072 
DMM4 DMM R 2 9 0.194 0.142 -0.270 2.563 2.125 2.827 
DMM4 DMM R 3 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM4 DMM R 3 1 0.006 -0.026 -0.022 0.109 0.252 
-

0.471 

DMM4 DMM R 3 2 0.007 -0.064 -0.050 0.258 0.581 
-

1.129 

DMM4 DMM R 3 3 0.012 -0.125 -0.107 1.044 0.940 
-

1.906 

DMM4 DMM R 3 4 0.022 -0.170 -0.162 1.652 1.278 
-

2.542 

DMM4 DMM R 3 5 0.076 -0.100 -0.193 1.118 1.722 
-

1.699 

DMM4 DMM R 3 6 0.121 -0.035 -0.227 1.075 1.962 
-

0.881 

DMM4 DMM R 3 7 0.144 -0.024 -0.279 1.563 2.203 
-

0.830 

DMM4 DMM R 3 8 0.179 0.014 -0.343 1.907 2.576 
-

0.420 
DMM4 DMM R 3 9 0.221 0.068 -0.412 2.035 3.140 0.158 
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DMM1 DMM L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM L 1 1 0.013 -0.042 0.015 2.479 0.202 0.680 
DMM1 DMM L 1 2 0.025 -0.062 0.015 3.941 0.308 1.266 
DMM1 DMM L 1 3 0.058 -0.017 -0.052 1.224 -0.041 1.039 
DMM1 DMM L 1 4 0.099 -0.015 -0.113 0.497 0.188 1.086 
DMM1 DMM L 1 5 0.150 -0.095 -0.136 3.088 1.064 1.218 
DMM1 DMM L 1 6 0.178 -0.129 -0.167 4.210 1.449 1.387 
DMM1 DMM L 1 7 0.212 -0.216 -0.178 5.849 1.550 0.933 
DMM1 DMM L 1 8 0.240 -0.214 -0.224 5.460 1.595 0.837 
DMM1 DMM L 1 9 0.271 -0.210 -0.276 5.040 1.724 0.759 
DMM1 DMM L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM L 2 1 0.060 0.082 -0.092 -2.055 0.644 0.753 
DMM1 DMM L 2 2 0.114 0.166 -0.185 -4.391 1.106 1.502 
DMM1 DMM L 2 3 0.149 0.297 -0.323 -8.431 1.235 2.539 
DMM1 DMM L 2 4 0.189 0.178 -0.234 -4.069 1.401 3.026 
DMM1 DMM L 2 5 0.255 0.065 -0.219 -0.763 2.203 3.056 
DMM1 DMM L 2 6 0.320 -0.113 -0.162 4.111 2.842 2.799 
DMM1 DMM L 2 7 0.351 -0.016 -0.249 0.915 2.615 3.068 
DMM1 DMM L 2 8 0.394 0.035 -0.319 -1.033 2.676 3.126 
DMM1 DMM L 2 9 0.447 0.080 -0.405 -3.113 2.923 3.072 
DMM1 DMM L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM L 3 1 0.035 0.018 -0.084 -0.816 0.978 0.466 
DMM1 DMM L 3 2 0.058 0.060 -0.170 -2.174 1.743 1.143 
DMM1 DMM L 3 3 0.057 0.100 -0.203 -2.833 1.812 2.165 
DMM1 DMM L 3 4 0.054 0.124 -0.206 -2.600 1.704 3.121 
DMM1 DMM L 3 5 0.092 0.006 -0.139 0.417 1.711 2.816 
DMM1 DMM L 3 6 0.130 -0.058 -0.149 1.811 2.180 2.774 
DMM1 DMM L 3 7 0.167 -0.038 -0.238 1.219 3.133 3.070 
DMM1 DMM L 3 8 0.183 -0.007 -0.298 1.054 3.785 3.663 
DMM1 DMM L 3 9 0.207 -0.005 -0.345 1.388 4.468 3.937 
DMM2 DMM L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM2 DMM L 1 1 0.043 -0.064 -0.005 0.889 0.383 0.156 
DMM2 DMM L 1 2 0.089 -0.130 -0.017 1.746 0.884 0.241 
DMM2 DMM L 1 3 0.135 -0.176 -0.044 1.912 1.278 0.524 
DMM2 DMM L 1 4 0.162 -0.161 -0.105 0.245 1.424 1.176 
DMM2 DMM L 1 5 0.197 -0.178 -0.141 -0.527 1.530 1.565 
DMM2 DMM L 1 6 0.257 -0.253 -0.174 -0.642 1.720 1.081 
DMM2 DMM L 1 7 0.313 -0.286 -0.228 -0.892 2.564 1.541 
DMM2 DMM L 1 8 0.386 -0.335 -0.296 -1.131 3.659 1.705 
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DMM2 DMM L 1 9 0.475 -0.419 -0.354 -0.652 4.940 1.351 
DMM2 DMM L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM2 DMM L 2 1 0.103 -0.100 -0.061 0.436 1.132 
-

0.917 

DMM2 DMM L 2 2 0.189 -0.173 -0.126 0.509 2.130 
-

1.415 

DMM2 DMM L 2 3 0.285 -0.315 -0.156 0.712 2.063 
-

2.910 

DMM2 DMM L 2 4 0.337 -0.346 -0.213 0.259 2.332 
-

2.533 

DMM2 DMM L 2 5 0.386 -0.337 -0.329 -1.309 3.253 
-

1.727 

DMM2 DMM L 2 6 0.427 -0.339 -0.414 -1.974 4.092 
-

0.880 

DMM2 DMM L 2 7 0.480 -0.376 -0.485 -2.316 4.756 
-

0.645 
DMM2 DMM L 2 8 0.509 -0.343 -0.583 -4.140 5.315 0.383 
DMM2 DMM L 2 9 0.543 -0.327 -0.679 -5.877 5.850 1.182 
DMM2 DMM L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM2 DMM L 3 1 -0.012 0.059 -0.076 -1.882 -0.302 1.274 
DMM2 DMM L 3 2 -0.018 0.100 -0.150 -3.409 -0.497 2.408 
DMM2 DMM L 3 3 0.002 0.083 -0.223 -3.718 0.129 3.262 
DMM2 DMM L 3 4 0.069 0.028 -0.320 -3.769 1.524 3.336 
DMM2 DMM L 3 5 0.103 0.012 -0.413 -5.000 1.727 3.768 
DMM2 DMM L 3 6 0.168 -0.065 -0.466 -5.734 1.386 3.142 
DMM2 DMM L 3 7 0.191 -0.078 -0.537 -7.335 0.788 3.675 
DMM2 DMM L 3 8 0.311 -0.153 -0.714 -8.302 2.848 3.413 
DMM2 DMM L 3 9 0.413 -0.221 -0.863 -9.147 4.446 3.334 
DMM3 DMM L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM3 DMM L 1 1 0.043 -0.027 -0.005 0.210 0.157 
-

0.031 
DMM3 DMM L 1 2 0.080 -0.045 -0.012 0.369 0.272 0.156 
DMM3 DMM L 1 3 0.112 -0.029 -0.029 -0.123 0.061 0.637 
DMM3 DMM L 1 4 0.138 -0.008 -0.043 -0.019 -0.012 1.282 
DMM3 DMM L 1 5 0.194 -0.027 -0.078 0.320 0.340 0.869 
DMM3 DMM L 1 6 0.237 -0.046 -0.111 1.220 0.762 0.923 
DMM3 DMM L 1 7 0.270 -0.063 -0.140 1.725 0.639 0.860 
DMM3 DMM L 1 8 0.308 -0.086 -0.169 2.286 0.221 0.444 
DMM3 DMM L 1 9 0.345 -0.104 -0.206 2.577 -0.201 0.042 
DMM3 DMM L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM3 DMM L 2 1 0.032 -0.014 -0.026 -0.360 -0.190 
-

0.362 
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DMM3 DMM L 2 2 0.065 -0.034 -0.048 -0.665 -0.421 
-

0.841 

DMM3 DMM L 2 3 0.112 -0.057 -0.081 -0.289 0.093 
-

1.038 

DMM3 DMM L 2 4 0.125 -0.037 -0.108 -0.653 -0.102 
-

0.379 
DMM3 DMM L 2 5 0.144 -0.016 -0.145 -0.953 -0.092 0.221 
DMM3 DMM L 2 6 0.174 -0.016 -0.181 -0.610 0.157 0.566 
DMM3 DMM L 2 7 0.228 -0.040 -0.225 -0.241 0.624 0.033 

DMM3 DMM L 2 8 0.303 -0.070 -0.300 -0.184 1.520 
-

0.923 

DMM3 DMM L 2 9 0.380 -0.105 -0.381 -0.111 2.507 
-

1.968 
DMM3 DMM L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM3 DMM L 3 1 -0.010 0.033 -0.010 -0.405 -0.847 0.884 
DMM3 DMM L 3 2 -0.023 0.066 -0.022 -0.738 -1.653 1.850 
DMM3 DMM L 3 3 -0.010 0.064 -0.038 -0.772 -2.178 2.076 
DMM3 DMM L 3 4 0.026 0.031 -0.052 -0.276 -2.252 1.771 
DMM3 DMM L 3 5 0.041 0.031 -0.068 0.269 -2.322 2.291 
DMM3 DMM L 3 6 0.024 0.055 -0.083 0.699 -2.661 3.644 
DMM3 DMM L 3 7 0.053 0.041 -0.119 0.823 -2.549 3.597 
DMM3 DMM L 3 8 0.068 0.058 -0.149 0.608 -2.775 4.022 
DMM3 DMM L 3 9 0.078 0.083 -0.180 0.376 -3.018 4.622 
DMM4 DMM L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM4 DMM L 1 1 0.058 -0.064 -0.029 0.705 0.624 
-

0.696 

DMM4 DMM L 1 2 0.104 -0.106 -0.056 1.181 1.088 
-

1.082 

DMM4 DMM L 1 3 0.124 -0.113 -0.056 1.814 1.036 
-

0.740 

DMM4 DMM L 1 4 0.138 -0.113 -0.044 2.855 0.900 
-

0.110 

DMM4 DMM L 1 5 0.176 -0.116 -0.078 2.839 1.143 
-

0.244 
DMM4 DMM L 1 6 0.196 -0.091 -0.115 2.690 1.324 0.030 
DMM4 DMM L 1 7 0.222 -0.064 -0.175 2.249 1.708 0.153 
DMM4 DMM L 1 8 0.242 -0.059 -0.209 2.475 2.019 0.464 
DMM4 DMM L 1 9 0.262 -0.052 -0.245 2.506 2.293 0.769 
DMM4 DMM L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 

DMM4 DMM L 2 1 0.031 -0.056 -0.007 0.924 0.295 
-

0.521 

DMM4 DMM L 2 2 0.056 -0.101 -0.014 1.601 0.472 
-

0.915 
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DMM4 DMM L 2 3 0.070 -0.075 -0.062 0.600 0.635 
-

0.540 
DMM4 DMM L 2 4 0.080 -0.049 -0.095 0.087 0.736 0.128 
DMM4 DMM L 2 5 0.103 -0.042 -0.127 -0.318 0.867 0.373 
DMM4 DMM L 2 6 0.106 -0.035 -0.120 0.234 0.614 0.893 
DMM4 DMM L 2 7 0.125 -0.038 -0.140 0.914 0.803 1.159 
DMM4 DMM L 2 8 0.148 -0.032 -0.171 0.935 1.117 1.327 
DMM4 DMM L 2 9 0.171 -0.022 -0.203 0.909 1.414 1.552 
DMM4 DMM L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM4 DMM L 3 1 0.032 -0.016 -0.028 0.556 0.710 0.363 
DMM4 DMM L 3 2 0.063 -0.033 -0.058 1.114 1.425 0.674 
DMM4 DMM L 3 3 0.089 -0.043 -0.081 1.601 1.838 1.116 
DMM4 DMM L 3 4 0.112 -0.053 -0.102 1.911 1.991 1.393 
DMM4 DMM L 3 5 0.134 -0.038 -0.131 2.025 2.215 1.751 
DMM4 DMM L 3 6 0.159 -0.029 -0.171 1.668 2.304 1.539 
DMM4 DMM L 3 7 0.185 -0.023 -0.215 1.097 2.518 1.288 
DMM4 DMM L 3 8 0.210 -0.020 -0.270 0.532 3.030 1.301 
DMM4 DMM L 3 9 0.236 -0.020 -0.325 0.155 3.638 1.381 
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Relative femur to tibia motion as measured by roentgen stereophotogrammetry: 

Animal Group Limb Trial Load 
X  
(mm) 

Y 
(mm) 

Z 
(mm) 

x-ro 
(deg) 

y-ro 
(deg) 

z-ro 
(deg) 

ACLT1 ACL L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT1 ACL L 1 1 0.000 -0.101 -0.014 0.485 0.084 0.781 
ACLT1 ACL L 1 2 0.034 -0.203 -0.004 0.728 -0.350 1.579 
ACLT1 ACL L 1 3 -0.001 -0.205 -0.038 0.923 -0.180 1.620 
ACLT1 ACL L 1 4 -0.076 -0.157 -0.146 -0.638 0.726 2.034 
ACLT1 ACL L 1 5 -0.116 -0.027 -0.138 -0.371 0.335 2.105 
ACLT1 ACL L 1 6 -0.112 -0.071 -0.087 -0.574 -0.661 2.057 
ACLT1 ACL L 1 7 -0.092 -0.167 -0.019 -0.545 -1.929 1.513 
ACLT1 ACL L 1 8 -0.112 -0.206 -0.035 -1.430 -2.162 0.693 
ACLT1 ACL L 1 9 -0.145 -0.177 -0.048 -1.878 -2.389 0.091 
ACLT1 ACL L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT1 ACL L 2 1 -0.019 -0.089 -0.100 0.048 0.969 0.855 
ACLT1 ACL L 2 2 -0.034 -0.172 -0.196 -0.129 1.836 1.419 
ACLT1 ACL L 2 3 -0.030 -0.292 -0.194 -1.416 1.277 1.166 
ACLT1 ACL L 2 4 -0.010 -0.346 -0.193 -2.122 0.699 1.020 
ACLT1 ACL L 2 5 -0.008 -0.240 -0.125 -1.617 -0.540 0.683 
ACLT1 ACL L 2 6 0.014 -0.077 -0.075 -0.788 -1.760 1.058 
ACLT1 ACL L 2 7 -0.015 -0.053 0.011 -2.014 -3.299 0.568 
ACLT1 ACL L 2 8 -0.149 -0.046 0.077 -3.044 -3.840 0.231 
ACLT1 ACL L 2 9 -0.290 -0.037 0.163 -3.762 -4.497 1.138 
ACLT1 ACL L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT1 ACL L 3 1 -0.018 -0.132 -0.061 -0.865 0.313 1.022 
ACLT1 ACL L 3 2 -0.022 -0.277 -0.084 -1.596 0.230 2.048 
ACLT1 ACL L 3 3 -0.070 -0.358 -0.059 -2.258 -0.222 2.599 
ACLT1 ACL L 3 4 -0.052 -0.358 0.069 -2.060 -2.086 2.055 
ACLT1 ACL L 3 5 -0.081 -0.321 0.100 -3.353 -2.751 1.864 
ACLT1 ACL L 3 6 -0.098 -0.222 0.126 -3.257 -3.363 1.846 
ACLT1 ACL L 3 7 -0.138 -0.100 0.157 -2.949 -4.015 2.260 
ACLT1 ACL L 3 8 -0.126 -0.147 0.126 -2.316 -3.888 2.553 
ACLT1 ACL L 3 9 -0.125 -0.248 0.083 -2.210 -3.485 2.902 
ACLT2 ACL L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT2 ACL L 1 1 -0.016 -0.041 -0.016 -0.269 -0.444 0.118 
ACLT2 ACL L 1 2 -0.045 -0.071 -0.032 -0.505 -0.780 0.287 
ACLT2 ACL L 1 3 -0.106 -0.054 -0.059 -0.611 -0.399 0.217 
ACLT2 ACL L 1 4 -0.056 -0.050 -0.043 -0.471 -1.385 0.823 
ACLT2 ACL L 1 5 -0.025 -0.020 0.021 0.155 -3.066 0.629 
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ACLT2 ACL L 1 6 -0.037 -0.017 0.043 -0.308 -4.231 0.114 
ACLT2 ACL L 1 7 -0.059 -0.015 0.059 -0.826 -5.313 0.753 
ACLT2 ACL L 1 8 -0.043 -0.031 0.044 -0.764 -5.786 0.164 
ACLT2 ACL L 1 9 -0.033 -0.034 0.036 -0.367 -6.328 0.282 
ACLT2 ACL L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT2 ACL L 2 1 -0.066 -0.016 -0.083 -1.670 0.906 0.789 
ACLT2 ACL L 2 2 -0.126 -0.019 -0.165 -3.159 1.828 1.597 
ACLT2 ACL L 2 3 -0.172 0.008 -0.135 -3.832 0.890 2.529 
ACLT2 ACL L 2 4 -0.210 -0.051 -0.129 -4.763 0.384 2.907 
ACLT2 ACL L 2 5 -0.217 -0.087 -0.123 -4.451 0.147 1.913 
ACLT2 ACL L 2 6 -0.255 -0.017 -0.112 -3.940 -0.032 1.484 
ACLT2 ACL L 2 7 -0.242 0.007 -0.094 -3.122 -0.653 1.137 
ACLT2 ACL L 2 8 -0.240 -0.012 -0.052 -4.031 -2.067 1.997 
ACLT2 ACL L 2 9 -0.233 -0.045 -0.002 -4.844 -3.552 2.755 
ACLT2 ACL L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT2 ACL L 3 1 -0.056 -0.036 -0.024 0.394 0.495 0.499 
ACLT2 ACL L 3 2 -0.115 -0.065 -0.055 0.542 1.046 1.013 
ACLT2 ACL L 3 3 -0.129 -0.082 -0.054 0.680 0.899 0.810 
ACLT2 ACL L 3 4 -0.089 -0.020 -0.021 1.291 -0.088 0.939 
ACLT2 ACL L 3 5 -0.047 -0.022 -0.027 2.004 -0.086 0.643 
ACLT2 ACL L 3 6 -0.020 0.000 -0.001 2.682 -0.653 1.153 
ACLT2 ACL L 3 7 0.020 -0.069 0.025 2.634 -1.422 1.796 
ACLT2 ACL L 3 8 0.009 0.034 0.024 2.626 -1.787 2.742 
ACLT2 ACL L 3 9 -0.001 0.112 0.034 2.316 -2.396 3.351 
ACLT3 ACL L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT3 ACL L 1 1 0.013 -0.047 0.030 -1.064 -0.897 0.665 
ACLT3 ACL L 1 2 0.032 -0.109 0.055 -2.316 -1.655 1.226 
ACLT3 ACL L 1 3 0.050 -0.085 0.053 -2.208 -2.093 1.921 
ACLT3 ACL L 1 4 0.052 -0.093 0.040 -2.582 -2.458 2.388 
ACLT3 ACL L 1 5 0.061 -0.112 0.061 -2.657 -3.471 2.363 
ACLT3 ACL L 1 6 0.102 -0.078 0.078 -1.914 -4.601 1.946 
ACLT3 ACL L 1 7 0.105 -0.088 0.075 -2.152 -5.166 2.567 
ACLT3 ACL L 1 8 0.074 -0.116 0.086 -2.751 -5.936 3.577 
ACLT3 ACL L 1 9 0.037 -0.140 0.093 -3.394 -6.610 4.766 
ACLT3 ACL L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT3 ACL L 2 1 -0.022 0.003 0.017 -0.064 -0.678 0.433 
ACLT3 ACL L 2 2 -0.042 -0.002 0.043 -0.219 -1.526 0.988 
ACLT3 ACL L 2 3 -0.055 0.019 0.010 -1.542 -1.326 0.307 
ACLT3 ACL L 2 4 -0.031 0.058 -0.014 -2.051 -1.252 1.254 
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ACLT3 ACL L 2 5 -0.039 0.069 -0.022 -1.600 -1.237 1.324 
ACLT3 ACL L 2 6 -0.043 0.033 0.042 -1.126 -2.721 0.023 
ACLT3 ACL L 2 7 -0.087 -0.011 0.069 -1.320 -3.334 0.665 
ACLT3 ACL L 2 8 -0.103 -0.038 0.085 -2.201 -3.753 0.569 
ACLT3 ACL L 2 9 -0.117 -0.066 0.101 -3.144 -4.175 0.287 
ACLT3 ACL L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
ACLT3 ACL L 3 1 -0.022 -0.095 0.077 -0.292 -1.536 1.030 
ACLT3 ACL L 3 2 -0.040 -0.172 0.144 -0.544 -2.872 1.727 
ACLT3 ACL L 3 3 -0.060 -0.129 0.123 -0.532 -2.638 0.769 
ACLT3 ACL L 3 4 -0.087 -0.105 0.087 -0.891 -2.019 0.074 
ACLT3 ACL L 3 5 -0.079 -0.099 0.070 -1.275 -2.035 0.133 
ACLT3 ACL L 3 6 -0.045 -0.100 0.093 -0.789 -2.866 0.684 
ACLT3 ACL L 3 7 -0.041 -0.136 0.137 -0.339 -3.996 1.277 
ACLT3 ACL L 3 8 -0.037 -0.098 0.144 -0.343 -4.585 1.140 
ACLT3 ACL L 3 9 -0.044 -0.052 0.141 -0.402 -4.916 0.678 
DMM1 DMM R 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM R 1 1 0.052 -0.065 0.033 0.024 -1.184 1.195 
DMM1 DMM R 1 2 0.107 -0.133 0.070 -0.461 -2.337 1.997 
DMM1 DMM R 1 3 0.131 -0.180 0.066 -0.678 -2.971 2.783 
DMM1 DMM R 1 4 0.145 -0.192 0.058 -0.925 -3.428 2.853 
DMM1 DMM R 1 5 0.137 -0.139 0.067 -0.465 -4.067 3.592 
DMM1 DMM R 1 6 0.053 -0.135 0.066 -0.734 -4.153 3.949 
DMM1 DMM R 1 7 -0.003 -0.231 0.027 -1.588 -3.979 5.050 
DMM1 DMM R 1 8 -0.002 -0.338 -0.022 -1.523 -4.387 5.391 
DMM1 DMM R 1 9 0.014 -0.427 -0.074 -1.285 -4.787 5.631 
DMM1 DMM R 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM R 3 1 -0.031 0.051 -0.027 0.530 -0.009 0.059 
DMM1 DMM R 3 2 -0.092 0.122 -0.069 1.312 0.389 0.366 
DMM1 DMM R 3 3 -0.178 0.262 -0.106 2.233 1.062 0.882 
DMM1 DMM R 3 4 -0.218 0.219 -0.127 0.796 1.381 0.471 
DMM1 DMM R 3 5 -0.238 0.115 -0.113 -1.628 1.199 0.657 
DMM1 DMM R 3 6 -0.284 0.044 -0.143 -1.514 1.336 1.224 
DMM1 DMM R 3 7 -0.256 0.059 -0.159 -0.127 0.548 1.789 
DMM1 DMM R 3 8 -0.158 -0.091 -0.102 -1.298 -1.401 1.147 
DMM1 DMM R 3 9 -0.053 -0.250 -0.019 -2.986 -3.560 0.750 
DMM2 DMM R 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM2 DMM R 1 1 0.044 -0.010 -0.002 -1.250 -0.378 0.255 
DMM2 DMM R 1 2 0.078 -0.030 -0.007 -2.342 -0.660 0.248 
DMM2 DMM R 1 3 0.045 0.001 -0.006 -1.574 -0.813 0.490 
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DMM2 DMM R 1 4 -0.004 0.111 -0.039 0.128 -0.111 0.643 
DMM2 DMM R 1 5 -0.019 0.189 -0.040 1.052 -0.250 0.752 
DMM2 DMM R 1 6 0.033 0.174 -0.040 0.809 -0.771 0.595 
DMM2 DMM R 1 7 0.028 0.071 -0.007 0.805 -1.894 0.410 
DMM2 DMM R 1 8 0.049 0.005 0.076 1.493 -3.893 1.299 
DMM2 DMM R 1 9 0.065 -0.068 0.166 2.500 -6.062 2.208 
DMM2 DMM R 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM2 DMM R 2 1 -0.001 -0.048 0.044 -0.176 -1.048 0.666 
DMM2 DMM R 2 2 0.016 -0.095 0.087 -0.506 -2.120 1.350 
DMM2 DMM R 2 3 0.045 -0.130 0.089 -0.933 -2.945 1.228 
DMM2 DMM R 2 4 0.062 -0.147 0.108 -1.634 -3.816 1.554 
DMM2 DMM R 2 5 0.027 -0.179 0.147 -2.113 -4.946 2.181 
DMM2 DMM R 2 6 0.064 -0.190 0.198 -2.465 -6.350 2.542 
DMM2 DMM R 2 7 -0.015 -0.149 0.186 -1.337 -6.105 3.157 
DMM2 DMM R 2 8 0.034 -0.091 0.146 -0.013 -6.745 2.126 
DMM2 DMM R 2 9 0.090 -0.070 0.123 0.863 -7.785 1.277 
DMM2 DMM R 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM2 DMM R 3 1 0.054 -0.074 0.011 0.903 -1.419 0.254 
DMM2 DMM R 3 2 0.090 -0.159 0.030 1.867 -2.856 0.019 
DMM2 DMM R 3 3 0.098 -0.195 0.050 1.745 -3.596 1.165 
DMM2 DMM R 3 4 0.022 -0.177 0.006 1.715 -2.741 2.261 
DMM2 DMM R 3 5 -0.054 -0.148 -0.012 1.015 -2.218 2.571 
DMM2 DMM R 3 6 -0.148 -0.163 -0.008 0.988 -2.334 3.214 
DMM2 DMM R 3 7 -0.172 -0.194 -0.025 0.370 -2.736 2.819 
DMM2 DMM R 3 8 -0.153 -0.260 -0.001 -0.304 -4.009 3.172 
DMM2 DMM R 3 9 -0.126 -0.311 0.027 -0.860 -5.378 3.399 
DMM3 DMM R 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM3 DMM R 1 1 0.056 0.026 0.002 -2.306 -0.442 0.557 
DMM3 DMM R 1 2 0.111 0.059 0.016 -4.587 -1.061 1.241 
DMM3 DMM R 1 3 0.116 0.088 -0.004 -4.190 -1.146 1.200 
DMM3 DMM R 1 4 0.073 0.023 -0.040 -3.977 -0.815 0.379 
DMM3 DMM R 1 5 0.081 0.089 0.005 -3.703 -1.575 0.161 
DMM3 DMM R 1 6 0.070 0.093 0.042 -4.828 -2.434 0.351 
DMM3 DMM R 1 7 0.037 0.029 0.032 -4.918 -3.011 0.386 
DMM3 DMM R 1 8 0.014 -0.039 0.103 -5.016 -4.810 0.818 
DMM3 DMM R 1 9 0.005 -0.100 0.179 -4.812 -6.814 2.098 
DMM3 DMM R 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM3 DMM R 2 1 -0.031 0.038 0.013 0.592 -0.147 0.514 
DMM3 DMM R 2 2 -0.081 0.074 0.012 1.742 0.002 0.978 
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DMM3 DMM R 2 3 -0.126 0.016 -0.008 2.297 0.184 0.571 
DMM3 DMM R 2 4 -0.196 -0.037 -0.034 1.172 0.758 0.661 
DMM3 DMM R 2 5 -0.224 -0.083 -0.054 -0.725 0.743 0.040 
DMM3 DMM R 2 6 -0.259 -0.061 -0.045 -1.064 0.483 0.051 
DMM3 DMM R 2 7 -0.225 0.026 0.017 0.609 -1.059 0.781 
DMM3 DMM R 2 8 -0.172 -0.024 0.056 0.504 -3.103 1.550 
DMM3 DMM R 2 9 -0.116 -0.083 0.087 0.431 -5.135 2.092 
DMM3 DMM R 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM3 DMM R 3 1 0.079 0.082 -0.060 1.063 0.221 0.545 
DMM3 DMM R 3 2 0.107 0.161 -0.129 2.209 1.103 1.172 
DMM3 DMM R 3 3 0.120 0.256 -0.091 1.827 0.546 1.902 
DMM3 DMM R 3 4 0.058 0.233 -0.046 0.282 0.130 1.694 
DMM3 DMM R 3 5 0.009 0.184 -0.071 -0.024 0.264 2.010 
DMM3 DMM R 3 6 -0.080 0.101 -0.090 -0.292 0.190 2.621 
DMM3 DMM R 3 7 -0.111 -0.009 -0.061 1.712 -1.209 0.885 
DMM3 DMM R 3 8 -0.089 -0.125 -0.017 4.231 -3.509 1.082 
DMM3 DMM R 3 9 -0.064 -0.248 0.029 6.966 -5.844 3.010 
DMM4 DMM R 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM4 DMM R 1 1 0.075 0.034 0.085 -0.490 -1.333 0.716 
DMM4 DMM R 1 2 0.136 0.069 0.161 -1.082 -2.462 1.221 
DMM4 DMM R 1 3 0.087 -0.035 0.119 -0.044 -3.068 2.183 
DMM4 DMM R 1 4 0.074 -0.053 0.121 -0.041 -4.065 1.891 
DMM4 DMM R 1 5 0.079 -0.035 0.098 -0.552 -4.858 1.021 
DMM4 DMM R 1 6 0.084 -0.015 0.110 -2.237 -5.631 0.716 
DMM4 DMM R 1 7 0.003 -0.056 0.033 -2.544 -5.670 0.391 
DMM4 DMM R 1 8 -0.058 -0.087 0.041 -1.595 -7.016 1.362 
DMM4 DMM R 1 9 -0.113 -0.109 0.058 -0.583 -8.470 2.322 
DMM4 DMM R 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM4 DMM R 2 1 -0.043 -0.017 0.050 -0.877 -0.601 0.258 
DMM4 DMM R 2 2 -0.072 -0.021 0.097 -1.852 -1.109 0.401 
DMM4 DMM R 2 3 -0.093 -0.048 0.089 -2.013 -1.388 0.755 
DMM4 DMM R 2 4 -0.087 -0.034 0.109 -2.722 -1.808 0.880 
DMM4 DMM R 2 5 -0.077 -0.070 0.104 -3.465 -2.145 1.174 
DMM4 DMM R 2 6 -0.105 -0.108 0.090 -3.933 -2.282 1.899 
DMM4 DMM R 2 7 -0.158 -0.189 0.035 -3.721 -2.099 2.977 
DMM4 DMM R 2 8 -0.163 -0.155 0.052 -3.299 -2.908 3.171 
DMM4 DMM R 2 9 -0.155 -0.101 0.080 -2.757 -3.918 3.091 
DMM4 DMM R 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM4 DMM R 3 1 0.000 0.058 -0.010 0.059 -0.625 0.653 
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DMM4 DMM R 3 2 0.006 0.125 -0.013 0.070 -1.360 1.490 
DMM4 DMM R 3 3 0.014 0.219 0.006 -0.585 -2.289 2.489 
DMM4 DMM R 3 4 -0.008 0.280 -0.001 -1.273 -2.893 3.227 
DMM4 DMM R 3 5 -0.081 0.187 -0.047 -1.304 -3.479 2.356 
DMM4 DMM R 3 6 -0.108 0.107 -0.059 -1.484 -4.349 1.165 
DMM4 DMM R 3 7 -0.113 0.078 -0.050 -2.182 -5.235 0.676 
DMM4 DMM R 3 8 -0.119 0.072 -0.007 -2.095 -6.343 0.003 
DMM4 DMM R 3 9 -0.137 0.045 0.037 -1.947 -7.578 0.764 
DMM1 DMM L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM L 1 1 -0.018 0.097 -0.040 -1.793 -0.139 0.686 
DMM1 DMM L 1 2 -0.027 0.174 -0.060 -2.609 -0.299 1.118 
DMM1 DMM L 1 3 -0.033 0.223 0.006 1.157 -0.532 0.703 
DMM1 DMM L 1 4 -0.026 0.197 0.045 1.566 -1.631 0.429 
DMM1 DMM L 1 5 -0.052 0.234 0.032 -1.372 -3.010 0.705 
DMM1 DMM L 1 6 -0.046 0.243 0.033 -2.498 -4.034 1.259 
DMM1 DMM L 1 7 -0.065 0.356 0.000 -3.782 -4.774 0.765 
DMM1 DMM L 1 8 -0.070 0.315 -0.010 -3.677 -5.516 0.963 
DMM1 DMM L 1 9 -0.068 0.275 -0.006 -3.564 -6.474 1.046 
DMM1 DMM L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM L 2 1 -0.080 -0.071 0.050 2.059 -0.163 0.578 
DMM1 DMM L 2 2 -0.140 -0.149 0.110 4.395 -0.352 1.172 
DMM1 DMM L 2 3 -0.131 -0.302 0.235 8.468 -1.094 2.384 
DMM1 DMM L 2 4 -0.082 -0.225 0.148 3.479 -2.138 2.600 
DMM1 DMM L 2 5 -0.056 -0.141 0.133 -0.397 -3.790 2.432 
DMM1 DMM L 2 6 -0.114 0.031 0.027 -5.318 -4.304 2.419 
DMM1 DMM L 2 7 -0.091 -0.076 0.098 -1.906 -4.781 3.090 
DMM1 DMM L 2 8 -0.021 -0.144 0.196 -0.389 -6.333 2.794 
DMM1 DMM L 2 9 0.049 -0.212 0.317 1.150 -8.188 2.310 
DMM1 DMM L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM1 DMM L 3 1 -0.046 -0.011 0.071 0.532 -1.087 0.304 
DMM1 DMM L 3 2 -0.078 -0.042 0.145 1.605 -2.011 0.501 
DMM1 DMM L 3 3 -0.075 -0.083 0.143 1.691 -2.462 0.527 
DMM1 DMM L 3 4 -0.082 -0.115 0.102 1.107 -2.532 0.065 
DMM1 DMM L 3 5 -0.093 -0.062 0.004 -2.565 -2.830 0.168 
DMM1 DMM L 3 6 -0.080 -0.078 0.005 -4.396 -3.824 0.609 
DMM1 DMM L 3 7 -0.026 -0.126 0.116 -4.334 -6.068 0.785 
DMM1 DMM L 3 8 -0.044 -0.087 0.152 -3.639 -6.994 0.945 
DMM1 DMM L 3 9 -0.076 -0.008 0.175 -3.300 -7.875 0.829 
DMM2 DMM L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
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DMM2 DMM L 1 1 0.014 0.015 -0.016 -1.851 -1.764 1.546 
DMM2 DMM L 1 2 0.025 0.040 -0.022 -3.553 -3.671 3.068 
DMM2 DMM L 1 3 -0.042 0.054 -0.059 -4.275 -4.361 4.042 
DMM2 DMM L 1 4 -0.069 0.041 -0.047 -2.474 -5.085 4.276 
DMM2 DMM L 1 5 -0.071 0.022 -0.063 -1.791 -6.099 4.165 
DMM2 DMM L 1 6 -0.072 0.028 -0.098 -2.424 -7.632 5.362 
DMM2 DMM L 1 7 -0.056 0.009 -0.107 -3.096 -9.989 5.915 

DMM2 DMM L 1 8 -0.116 0.030 -0.130 -2.940 
-

11.583 6.166 

DMM2 DMM L 1 9 -0.191 0.112 -0.154 -2.987 
-

13.415 6.876 
DMM2 DMM L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM2 DMM L 2 1 -0.057 -0.034 -0.041 -1.892 -2.302 1.042 
DMM2 DMM L 2 2 -0.103 -0.092 -0.077 -3.307 -4.423 1.533 
DMM2 DMM L 2 3 -0.098 0.231 -0.051 0.565 -5.828 1.312 
DMM2 DMM L 2 4 -0.101 0.276 -0.095 1.657 -7.603 2.126 

DMM2 DMM L 2 5 -0.106 0.220 -0.084 2.572 
-

10.035 3.159 

DMM2 DMM L 2 6 -0.049 0.226 -0.040 3.644 
-

12.856 3.135 

DMM2 DMM L 2 7 -0.036 0.241 -0.026 4.156 
-

14.836 3.321 

DMM2 DMM L 2 8 -0.011 0.137 -0.007 4.766 
-

16.637 3.296 

DMM2 DMM L 2 9 0.003 0.045 0.005 5.203 
-

18.346 3.535 
DMM2 DMM L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM2 DMM L 3 1 0.069 -0.099 0.069 1.272 -1.091 0.400 
DMM2 DMM L 3 2 0.125 -0.170 0.134 2.344 -2.235 0.737 
DMM2 DMM L 3 3 0.126 -0.183 0.169 2.086 -4.105 0.060 
DMM2 DMM L 3 4 0.048 -0.059 0.210 3.609 -6.239 0.636 
DMM2 DMM L 3 5 0.032 -0.098 0.207 4.423 -7.576 1.054 
DMM2 DMM L 3 6 -0.005 -0.084 0.155 4.799 -8.285 2.294 
DMM2 DMM L 3 7 0.036 -0.109 0.143 6.157 -9.492 2.398 

DMM2 DMM L 3 8 0.022 -0.026 0.261 7.712 
-

13.931 3.943 

DMM2 DMM L 3 9 0.025 0.069 0.364 9.554 
-

17.986 5.340 
DMM3 DMM L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM3 DMM L 1 1 -0.022 0.020 0.024 0.044 -0.722 0.927 
DMM3 DMM L 1 2 -0.044 0.036 0.048 0.203 -1.365 2.142 
DMM3 DMM L 1 3 -0.065 0.038 0.070 1.141 -1.688 3.477 
DMM3 DMM L 1 4 -0.061 0.069 0.083 1.806 -2.365 4.981 
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DMM3 DMM L 1 5 -0.081 0.003 0.131 0.641 -3.331 4.339 
DMM3 DMM L 1 6 -0.107 -0.076 0.182 -1.498 -4.043 3.017 
DMM3 DMM L 1 7 -0.120 -0.041 0.194 -1.807 -4.639 2.927 
DMM3 DMM L 1 8 -0.148 0.039 0.166 -1.503 -5.217 3.111 
DMM3 DMM L 1 9 -0.177 0.102 0.146 -1.133 -5.764 3.013 
DMM3 DMM L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM3 DMM L 2 1 0.045 0.096 0.036 1.580 -0.760 0.355 
DMM3 DMM L 2 2 0.097 0.186 0.074 3.013 -1.539 0.644 
DMM3 DMM L 2 3 0.069 0.215 0.098 2.490 -2.527 0.142 
DMM3 DMM L 2 4 0.090 0.184 0.121 2.502 -3.022 0.070 
DMM3 DMM L 2 5 0.099 0.163 0.144 2.881 -3.755 0.624 
DMM3 DMM L 2 6 0.051 0.116 0.142 2.322 -4.354 1.321 
DMM3 DMM L 2 7 -0.049 0.115 0.132 1.565 -4.969 0.198 
DMM3 DMM L 2 8 -0.234 -0.035 0.110 -1.276 -5.505 3.378 
DMM3 DMM L 2 9 -0.405 -0.198 0.107 -4.306 -6.476 7.060 
DMM3 DMM L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM3 DMM L 3 1 0.109 -0.251 0.033 -3.965 -0.482 3.556 
DMM3 DMM L 3 2 0.230 -0.515 0.086 -8.003 -1.104 6.599 

DMM3 DMM L 3 3 0.280 -0.704 0.130 
-

11.347 -1.670 9.288 

DMM3 DMM L 3 4 0.213 -0.628 0.105 
-

11.367 -1.738 9.911 

DMM3 DMM L 3 5 0.263 -0.621 0.140 
-

12.127 -2.699 10.014 

DMM3 DMM L 3 6 0.362 -0.771 0.194 
-

14.527 -3.417 9.816 

DMM3 DMM L 3 7 0.405 -0.875 0.254 
-

16.275 -4.768 10.263 

DMM3 DMM L 3 8 0.434 -0.858 0.275 
-

15.899 -5.465 9.917 

DMM3 DMM L 3 9 0.460 -0.866 0.295 
-

15.885 -6.038 9.763 
DMM4 DMM L 1 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM4 DMM L 1 1 -0.053 0.059 0.016 -0.700 -0.750 0.762 
DMM4 DMM L 1 2 -0.085 0.100 0.034 -1.222 -1.435 1.363 
DMM4 DMM L 1 3 -0.049 0.100 0.042 -1.933 -2.049 1.029 
DMM4 DMM L 1 4 -0.040 0.127 0.024 -2.811 -2.303 0.631 
DMM4 DMM L 1 5 -0.101 0.127 0.024 -2.933 -2.539 1.046 
DMM4 DMM L 1 6 -0.108 0.136 0.044 -2.643 -3.005 1.131 
DMM4 DMM L 1 7 -0.094 0.103 0.099 -2.265 -3.966 0.982 
DMM4 DMM L 1 8 -0.089 0.036 0.122 -3.064 -4.683 0.486 
DMM4 DMM L 1 9 -0.100 -0.045 0.139 -3.773 -5.191 0.039 
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DMM4 DMM L 2 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM4 DMM L 2 1 -0.054 0.124 -0.003 -0.091 -0.157 0.221 
DMM4 DMM L 2 2 -0.093 0.231 0.000 -0.038 -0.287 0.442 
DMM4 DMM L 2 3 -0.061 0.149 0.056 0.415 -1.001 0.332 
DMM4 DMM L 2 4 -0.023 0.105 0.093 0.571 -1.722 0.250 
DMM4 DMM L 2 5 -0.023 0.085 0.111 0.533 -2.247 0.609 
DMM4 DMM L 2 6 -0.001 0.092 0.095 0.108 -2.383 0.057 
DMM4 DMM L 2 7 -0.008 0.110 0.099 -0.083 -2.781 0.930 
DMM4 DMM L 2 8 0.002 0.196 0.133 1.478 -3.533 2.276 
DMM4 DMM L 2 9 0.015 0.291 0.171 3.192 -4.307 3.629 
DMM4 DMM L 3 0 0.000 0.000 0.000 0.000 0.000 0.000 
DMM4 DMM L 3 1 -0.095 0.020 -0.024 -0.617 -0.179 0.086 
DMM4 DMM L 3 2 -0.194 0.035 -0.049 -1.309 -0.304 0.096 
DMM4 DMM L 3 3 -0.224 0.074 -0.052 -1.281 -0.799 0.883 
DMM4 DMM L 3 4 -0.187 0.070 -0.022 -1.610 -1.637 1.314 
DMM4 DMM L 3 5 -0.178 0.031 0.000 -2.371 -2.269 0.964 
DMM4 DMM L 3 6 -0.211 -0.026 0.010 -2.972 -2.443 0.198 
DMM4 DMM L 3 7 -0.227 -0.034 0.035 -2.350 -2.928 0.193 
DMM4 DMM L 3 8 -0.234 -0.109 0.079 -2.324 -3.736 0.197 
DMM4 DMM L 3 9 -0.244 -0.180 0.123 -2.525 -4.603 0.611 
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APPENDIX B: CHAPTER 3 DATA 

Epiphyseal bone morphological metrics in the tibia as measured by microCT: 

ID Strain Limb Duration Treatment BV/TV 
Tb. Th 
(mm) Tb. Sp 

TMD 
(mgHA/cm3) 

A35 B6 Left 1 week Veh 0.2696 0.0540 0.1900 991.5860 
A35 B6 Right 1 week Veh 0.3299 0.0585 0.1906 982.9260 
A36 B6 Left 1 week Veh 0.3270 0.0558 0.1761 991.0000 
A36 B6 Right 1 week Veh 0.3271 0.0561 0.1677 1007.7330 
A37 B6 Left 1 week Veh 0.3044 0.0567 0.1606 999.1390 
A37 B6 Right 1 week Veh 0.3015 0.0536 0.1715 991.7810 
A38 B6 Left 1 week Veh 0.3050 0.0551 0.1800 1002.4590 
A38 B6 Right 1 week Veh 0.3238 0.0561 0.1737 999.4640 
A39 B6 Left 1 week Veh 0.3015 0.0546 0.2018 973.8110 
A39 B6 Right 1 week Veh 0.3154 0.0580 0.1787 1007.9290 
A40 B6 Left 1 week Veh 0.2774 0.0509 0.1848 982.9910 
A40 B6 Right 1 week Veh 0.3078 0.0528 0.1837 993.3440 
B49 B6 Left 1 week Aln 0.3153 0.0560 0.1834 1002.0040 
B49 B6 Right 1 week Aln 0.3106 0.0542 0.1814 1002.1990 
B50 B6 Left 1 week Aln 0.2013 0.0460 0.2047 988.0050 
B50 B6 Right 1 week Aln 0.1506 0.0417 0.2140 979.2150 
B51 B6 Left 1 week Aln 0.3263 0.0569 0.1777 992.9530 
B51 B6 Right 1 week Aln 0.3157 0.0591 0.1905 996.0780 
B52 B6 Left 1 week Aln 0.2898 0.0559 0.1914 980.1270 
B52 B6 Right 1 week Aln 0.3184 0.0601 0.1825 1022.5136 
B53 B6 Left 1 week Aln 0.2909 0.0539 0.1844 967.4950 
B53 B6 Right 1 week Aln 0.2877 0.0534 0.1885 981.6240 
B54 B6 Left 1 week Aln 0.2517 0.0507 0.1969 994.1250 
B54 B6 Right 1 week Aln 0.2975 0.0560 0.1873 1022.3830 
C63 B6 Left 2 week Veh 0.2710 0.0538 0.1772 979.5410 
C63 B6 Right 2 week Veh 0.3099 0.0575 0.1802 993.3440 
C64 B6 Left 2 week Veh 0.3039 0.0600 0.1758 981.0385 
C64 B6 Right 2 week Veh 0.2651 0.0540 0.1903 1001.8080 
C65 B6 Left 2 week Veh 0.2282 0.0532 0.2061 959.4870 
C65 B6 Right 2 week Veh 0.2961 0.0548 0.1951 1005.8450 
C66 B6 Left 2 week Veh 0.3210 0.0606 0.1818 1002.9807 
C66 B6 Right 2 week Veh 0.2729 0.0513 0.1853 1006.9520 
C67 B6 Left 2 week Veh 0.2265 0.0507 0.1934 949.7850 
C67 B6 Right 2 week Veh 0.2965 0.0556 0.1811 987.6140 
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D75 B6 Left 2 week Aln 0.2423 0.0517 0.2086 956.2310 
D75 B6 Right 2 week Aln 0.2793 0.0531 0.1892 989.2420 
D76 B6 Left 2 week Aln 0.3427 0.0578 0.1881 981.3640 
D76 B6 Right 2 week Aln 0.2539 0.0474 0.1843 975.1780 
D77 B6 Left 2 week Aln 0.3336 0.0576 0.1712 990.6090 
D77 B6 Right 2 week Aln 0.2557 0.0478 0.1951 1000.5060 
D78 B6 Left 2 week Aln 0.2410 0.0532 0.1862 970.1650 
D78 B6 Right 2 week Aln 0.2554 0.0496 0.1798 1001.7430 
D79 B6 Left 2 week Aln 0.2099 0.0458 0.2069 958.5750 
D79 B6 Right 2 week Aln 0.2419 0.0509 0.2065 990.2840 
D80 B6 Left 2 week Aln 0.2327 0.0525 0.2101 972.1830 
D80 B6 Right 2 week Aln 0.2386 0.0498 0.2112 1006.2360 
D81 B6 Left 2 week Aln 0.2471 0.0522 0.1911 970.7510 
D81 B6 Right 2 week Aln 0.2914 0.0512 0.1874 998.6180 
E06 B6 Left 6 week Veh 0.2844 0.0571 0.1767 957.2730 
E06 B6 Right 6 week Veh 0.2491 0.0519 0.2179 987.8750 
E07 B6 Left 6 week Veh 0.3188 0.0697 0.1840 986.8330 
E07 B6 Right 6 week Veh 0.2692 0.0524 0.1854 1009.9470 
E08 B6 Left 6 week Veh 0.2611 0.0632 0.2060 977.2620 
E08 B6 Right 6 week Veh 0.2604 0.0519 0.1832 1005.9750 
E09 B6 Left 6 week Veh 0.2425 0.0599 0.1987 965.7370 
E09 B6 Right 6 week Veh 0.2308 0.0489 0.2091 1007.8640 
E10 B6 Left 6 week Veh 0.1941 0.0495 0.1950 937.2840 
E10 B6 Right 6 week Veh 0.2831 0.0533 0.1845 989.7630 
E13 B6 Left 6 week Veh 0.3875 0.0672 0.1348 979.5410 
E13 B6 Right 6 week Veh 0.2595 0.0523 0.1923 1000.7660 
F18 B6 Left 6 week Aln 0.3818 0.0653 0.1521 999.4650 
F18 B6 Right 6 week Aln 0.3064 0.0579 0.1848 1019.8440 
F19 B6 Left 6 week Aln 0.3048 0.0595 0.1753 973.9410 
F19 B6 Right 6 week Aln 0.3437 0.0574 0.1749 1023.4900 
F20 B6 Left 6 week Aln 0.3085 0.0566 0.1637 965.0210 
F20 B6 Right 6 week Aln 0.3292 0.0564 0.1750 992.9530 
F21 B6 Left 6 week Aln 0.3095 0.0600 0.1748 966.2580 
F21 B6 Right 6 week Aln 0.3213 0.0558 0.1891 1018.8670 
F26 B6 Left 6 week Aln 0.2881 0.0545 0.1938 966.3880 
F26 B6 Right 6 week Aln 0.3270 0.0542 0.1840 1011.7050 
F27 B6 Left 6 week Aln 0.3910 0.0721 0.1775 978.0440 
F27 B6 Right 6 week Aln 0.3349 0.0577 0.1738 1022.0570 
G32 FVB Left 1 week Veh 0.3534 0.0576 0.1618 1029.1540 
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G32 FVB Right 1 week Veh 0.3514 0.0580 0.1626 1030.5870 
G33 FVB Left 1 week Veh 0.3326 0.0567 0.1693 1040.6140 
G33 FVB Right 1 week Veh 0.3502 0.0581 0.1639 1031.8240 
G34 FVB Left 1 week Veh 0.3444 0.0559 0.1643 1035.5350 
G34 FVB Right 1 week Veh 0.3468 0.0565 0.1549 1034.0380 
G35 FVB Left 1 week Veh 0.3711 0.0561 0.1482 1035.6650 
G35 FVB Right 1 week Veh 0.3712 0.0570 0.1527 1053.4400 
G36 FVB Left 1 week Veh 0.4010 0.0609 0.1727 1038.9865 
G36 FVB Right 1 week Veh 0.4121 0.0571 0.1339 1041.4600 
G37 FVB Left 1 week Veh 0.3597 0.0571 0.1560 1022.5780 
G37 FVB Right 1 week Veh 0.3646 0.0577 0.1522 1029.285 
H40 FVB Left 1 week Aln 0.3145 0.0527 0.1784 1018.1510 
H40 FVB Right 1 week Aln 0.3403 0.0584 0.1641 1030.3260 
H41 FVB Left 1 week Aln 0.3276 0.0582 0.172 1024.922 
H41 FVB Right 1 week Aln 0.3465 0.0586 0.1628 1052.659 
H42 FVB Left 1 week Aln 0.3394 0.0588 0.1596 1025.899 
H42 FVB Right 1 week Aln 0.3708 0.0583 0.1542 1052.724 
H49 FVB Left 1 week Aln 0.2682 0.0471 0.173 981.494 
H49 FVB Right 1 week Aln 0.3582 0.0579 0.159 1050.511 
H51 FVB Left 1 week Aln 0.3666 0.0625 0.1599 1025.5737 
H51 FVB Right 1 week Aln 0.347 0.0581 0.1634 1031.108 
H52 FVB Left 1 week Aln 0.3279 0.0566 0.1612 1022.904 
H52 FVB Right 1 week Aln 0.3437 0.0559 0.1666 1026.42 
J53 FVB Left 2 week Veh 0.3031 0.0515 0.1674 1025.573 
J53 FVB Right 2 week Veh 0.3664 0.0567 0.16 1045.562 
J54 FVB Left 2 week Veh 0.2525 0.051 0.1847 1021.797 
J54 FVB Right 2 week Veh 0.3463 0.059 0.1716 1056.631 
J55 FVB Left 2 week Veh 0.2583 0.053 0.1743 997.706 
J55 FVB Right 2 week Veh 0.3427 0.0582 0.1754 1052.594 
J56 FVB Left 2 week Veh 0.3364 0.0548 0.1663 1023.946 
J56 FVB Right 2 week Veh 0.3392 0.0621 0.1758 1064.3143 
J57 FVB Left 2 week Veh 0.2461 0.0466 0.1737 1006.301 
J57 FVB Right 2 week Veh 0.3782 0.0623 0.1656 1064.3794 
J58 FVB Left 2 week Veh 0.3265 0.0553 0.1612 1032.931 
J58 FVB Right 2 week Veh 0.3638 0.0594 0.1679 1060.212 
K66 FVB Left 2 week Aln 0.3157 0.0513 0.1675 1031.498 
K66 FVB Right 2 week Aln 0.3504 0.0561 0.1563 1052.268 
K68 FVB Left 2 week Aln 0.4063 0.0604 0.1513 1036.3821 
K68 FVB Right 2 week Aln 0.3473 0.0564 0.1638 1043.023 
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K75 FVB Left 2 week Aln 0.2782 0.0503 0.1675 989.242 
K75 FVB Right 2 week Aln 0.3683 0.0597 0.1617 1063.598 
K76 FVB Left 2 week Aln 0.3896 0.0574 0.1502 1046.148 
K76 FVB Right 2 week Aln 0.3943 0.0593 0.1522 1052.724 
K77 FVB Left 2 week Aln 0.3267 0.0604 0.1666 1040.484 
K77 FVB Right 2 week Aln 0.4137 0.0615 0.1666 1059.0404 
K78 FVB Left 2 week Aln 0.4326 0.0628 0.1422 1052.334 
K78 FVB Right 2 week Aln 0.3974 0.061 0.1522 1061.9053 
L01 FVB Left 6 week Veh 0.3261 0.056 0.1774 1022.709 
L01 FVB Right 6 week Veh 0.3252 0.059 0.1723 1052.789 
L02 FVB Left 6 week Veh 0.1859 0.0471 0.2009 985.531 
L02 FVB Right 6 week Veh 0.3209 0.0576 0.1798 1045.692 
L03 FVB Left 6 week Veh 0.3081 0.0565 0.173 1028.503 
L03 FVB Right 6 week Veh 0.2921 0.0578 0.1775 1044.651 
L04 FVB Left 6 week Veh 0.3952 0.0638 0.1276 1028.3735 
L04 FVB Right 6 week Veh 0.371 0.0614 0.1685 1048.2972 
L11 FVB Left 6 week Veh 0.2998 0.0557 0.1666 1023.75 
L11 FVB Right 6 week Veh 0.2688 0.0523 0.1814 1032.931 
M15 FVB Left 6 week Aln 0.3301 0.0517 0.1565 1004.022 
M15 FVB Right 6 week Aln 0.3545 0.0602 0.163 1041.1351 
M18 FVB Left 6 week Aln 0.3124 0.06 0.1516 1032.2802 
M18 FVB Right 6 week Aln 0.3704 0.0602 0.1639 1043.9348 
M19 FVB Left 6 week Aln 0.3398 0.0519 0.1578 1029.675 
M19 FVB Right 6 week Aln 0.3461 0.0577 0.1635 1060.603 
M20 FVB Left 6 week Aln 0.3473 0.0551 0.154 1037.619 
M20 FVB Right 6 week Aln 0.3187 0.0567 0.1858 1060.603 
M21 FVB Left 6 week Aln 0.2924 0.0487 0.1581 1023.36 
M21 FVB Right 6 week Aln 0.3773 0.0603 0.1629 1045.8882 
M24 FVB Left 6 week Aln 0.3481 0.0564 0.1587 1014.374 
M24 FVB Right 6 week Aln 0.3688 0.0578 0.1692 1061.123 
M25 FVB Left 6 week Aln 0.3249 0.053 0.1652 1031.433 
M25 FVB Right 6 week Aln 0.3568 0.0603 0.1643 1060.7333 
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Subchondral Cortical Bone Morphology in the tibia measured by microCT: 

ID Strain Limb Duration Treatment 

avg 
thickness 
(mm) 

avg TMD 
(mgHA/cm3) 

A35 B6 Left 1 week Veh 0.1495 921.82095 
A35 B6 Right 1 week Veh 0.1330 895.4187 
A36 B6 Left 1 week Veh 0.1305 909.64535 
A36 B6 Right 1 week Veh 0.1260 909.05935 
A37 B6 Left 1 week Veh 0.1350 890.56805 
A37 B6 Right 1 week Veh 0.1280 888.8751 
A38 B6 Left 1 week Veh 0.1235 902.28785 
A38 B6 Right 1 week Veh 0.1270 902.353 
A39 B6 Left 1 week Veh 0.1395 886.10795 
A39 B6 Right 1 week Veh 0.1425 921.91855 
A40 B6 Left 1 week Veh 0.1320 888.5171 
A40 B6 Right 1 week Veh 0.1410 896.26515 
B49 B6 Left 1 week Aln 0.1465 922.0814 
B49 B6 Right 1 week Aln 0.1260 917.6539 
B50 B6 Left 1 week Aln 0.1005 851.95775 
B50 B6 Right 1 week Aln 0.0930 824.44875 
B51 B6 Left 1 week Aln 0.1505 926.86695 
B51 B6 Right 1 week Aln 0.1340 900.0741 
B52 B6 Left 1 week Aln 0.1340 898.3161 
B52 B6 Right 1 week Aln 0.1375 899.32535 
B53 B6 Left 1 week Aln 0.1390 894.99555 
B53 B6 Right 1 week Aln 0.1295 906.87815 
B54 B6 Left 1 week Aln 0.1165 888.41935 
B54 B6 Right 1 week Aln 0.1270 898.28355 
C63 B6 Left 2 week Veh 0.1195 885.7499 
C63 B6 Right 2 week Veh 0.1250 906.09675 
C64 B6 Left 2 week Veh 0.1430 883.37335 
C64 B6 Right 2 week Veh 0.1210 875.3974 
C65 B6 Left 2 week Veh 0.1250 849.5812 
C65 B6 Right 2 week Veh 0.1330 915.668 
C66 B6 Left 2 week Veh 0.1350 883.6338 
C66 B6 Right 2 week Veh 0.1260 897.14415 
C67 B6 Left 2 week Veh 0.1135 808.56185 
C67 B6 Right 2 week Veh 0.1390 900.6601 
D75 B6 Left 2 week Aln 0.1105 826.95545 
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D75 B6 Right 2 week Aln 0.1290 887.80085 
D76 B6 Left 2 week Aln 0.1345 909.15695 
D76 B6 Right 2 week Aln 0.1140 876.30895 
D77 B6 Left 2 week Aln 0.1350 877.0577 
D77 B6 Right 2 week Aln 0.1195 890.3076 
D78 B6 Left 2 week Aln 0.1305 859.7384 
D78 B6 Right 2 week Aln 0.1280 896.4605 
D79 B6 Left 2 week Aln 0.1180 832.58745 
D79 B6 Right 2 week Aln 0.1235 872.4349 
D80 B6 Left 2 week Aln 0.1300 880.67125 
D80 B6 Right 2 week Aln 0.1250 907.75705 
D81 B6 Left 2 week Aln 0.1190 846.9117 
D81 B6 Right 2 week Aln 0.1225 891.4796 
E06 B6 Left 6 week Veh 0.0930 818.10045 
E06 B6 Right 6 week Veh 0.1245 886.6614 
E07 B6 Left 6 week Veh 0.1285 835.51745 
E07 B6 Right 6 week Veh 0.1195 886.9544 
E08 B6 Left 6 week Veh 0.1005 821.9094 
E08 B6 Right 6 week Veh 0.1295 894.377 
E09 B6 Left 6 week Veh 0.1290 868.78875 
E09 B6 Right 6 week Veh 0.1155 899.6834 
E10 B6 Left 6 week Veh 0.0830 786.16395 
E10 B6 Right 6 week Veh 0.1260 884.2849 
E13 B6 Left 6 week Veh 0.1250 845.6746 
E13 B6 Right 6 week Veh 0.1285 880.86655 
F18 B6 Left 6 week Aln 0.1250 869.3421 
F18 B6 Right 6 week Aln 0.1265 893.5956 
F19 B6 Left 6 week Aln 0.1010 800.87885 
F19 B6 Right 6 week Aln 0.1250 911.92415 
F20 B6 Left 6 week Aln 0.1140 820.50955 
F20 B6 Right 6 week Aln 0.1250 881.42005 
F21 B6 Left 6 week Aln 0.0945 794.30275 
F21 B6 Right 6 week Aln 0.1335 910.3289 
F26 B6 Left 6 week Aln 0.1095 856.02715 
F26 B6 Right 6 week Aln 0.1285 908.4082 
F27 B6 Left 6 week Aln 0.1150 822.5931 
F27 B6 Right 6 week Aln 0.1330 911.07775 
G32 FVB Left 1 week Veh 0.1220 918.4677 
G32 FVB Right 1 week Veh 0.1305 950.20895 
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G33 FVB Left 1 week Veh 0.1295 926.6716 
G33 FVB Right 1 week Veh 0.1330 962.5798 
G34 FVB Left 1 week Veh 0.1230 934.6476 
G34 FVB Right 1 week Veh 0.1290 948.3207 
G35 FVB Left 1 week Veh 0.1255 911.8916 
G35 FVB Right 1 week Veh 0.1345 951.83665 
G36 FVB Left 1 week Veh 0.1295 935.72195 
G36 FVB Right 1 week Veh 0.1295 945.71635 
G37 FVB Left 1 week Veh 0.1245 937.12175 
G37 FVB Right 1 week Veh 0.1200 932.98725 
H40 FVB Left 1 week Aln 0.1215 907.36645 
H40 FVB Right 1 week Aln 0.1300 931.68505 
H41 FVB Left 1 week Aln 0.1330 908.01755 
H41 FVB Right 1 week Aln 0.1340 959.87775 
H42 FVB Left 1 week Aln 0.1290 910.329 
H42 FVB Right 1 week Aln 0.1420 961.7009 
H51 FVB Left 1 week Aln 0.1405 920.0304 
H51 FVB Right 1 week Aln 0.1395 942.49335 
H52 FVB Left 1 week Aln 0.1270 909.84065 
H52 FVB Right 1 week Aln 0.1345 931.3921 
J53 FVB Left 2 week Veh 0.1230 902.5483 
J53 FVB Right 2 week Veh 0.1290 955.5479 
J54 FVB Left 2 week Veh 0.1290 914.56115 
J54 FVB Right 2 week Veh 0.1345 951.6739 
J55 FVB Left 2 week Veh 0.1140 871.3931 
J55 FVB Right 2 week Veh 0.1400 949.65545 
J56 FVB Left 2 week Veh 0.1250 908.6035 
J56 FVB Right 2 week Veh 0.1310 945.8791 
J57 FVB Left 2 week Veh 0.1200 885.39175 
J57 FVB Right 2 week Veh 0.1390 968.08165 
J58 FVB Left 2 week Veh 0.1250 898.38125 
J58 FVB Right 2 week Veh 0.1410 964.37035 
K66 FVB Left 2 week Aln 0.1330 916.83995 
K66 FVB Right 2 week Aln 0.1360 960.7893 
K68 FVB Left 2 week Aln 0.1340 924.8811 
K68 FVB Right 2 week Aln 0.1445 951.8041 
K75 FVB Left 2 week Aln 0.1160 861.6917 
K75 FVB Right 2 week Aln 0.1355 944.9024 
K76 FVB Left 2 week Aln 0.1410 927.15995 
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K76 FVB Right 2 week Aln 0.1445 968.79785 
K77 FVB Left 2 week Aln 0.1365 906.78045 
K77 FVB Right 2 week Aln 0.1425 982.01515 
K78 FVB Left 2 week Aln 0.1495 939.43315 
K78 FVB Right 2 week Aln 0.1530 975.3739 
L01 FVB Left 6 week Veh 0.1330 910.394 
L01 FVB Right 6 week Veh 0.1245 921.62555 
L02 FVB Left 6 week Veh 0.1010 827.24845 
L02 FVB Right 6 week Veh 0.1290 929.1132 
L03 FVB Left 6 week Veh 0.1275 895.6467 
L03 FVB Right 6 week Veh 0.1325 929.69925 
L04 FVB Left 6 week Veh 0.1280 915.5052 
L04 FVB Right 6 week Veh 0.1290 945.42335 
L11 FVB Left 6 week Veh 0.1010 893.00975 
L11 FVB Right 6 week Veh 0.1205 907.75705 
M15 FVB Left 6 week Aln 0.1230 891.31675 
M15 FVB Right 6 week Aln 0.1265 937.6101 
M18 FVB Left 6 week Aln 0.1200 886.79165 
M18 FVB Right 6 week Aln 0.1325 951.6414 
M19 FVB Left 6 week Aln 0.1230 913.68215 
M19 FVB Right 6 week Aln 0.1265 950.24145 
M20 FVB Left 6 week Aln 0.1285 914.8216 
M20 FVB Right 6 week Aln 0.1260 936.959 
M21 FVB Left 6 week Aln 0.1155 877.0903 
M21 FVB Right 6 week Aln 0.1305 932.6617 
M24 FVB Left 6 week Aln 0.1300 892.52135 
M24 FVB Right 6 week Aln 0.1305 962.77515 
M25 FVB Left 6 week Aln 0.1170 903.03665 
M25 FVB Right 6 week Aln 0.1325 935.94975 
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Cartilage histological scores, local thickness measurements and osteophyte maturity and size 

measured on Safranin O stained slides. 

ID Strain Limb Duration Treatment 

Sum 
histo. 
Scor
e 

Avg 
Post. 
Th. 
(mm) 

Avg 
Mid. 
Th. 
(mm) 

Avg 
Ant. 
Th 
(mm) 

Osteo. 
Mat 

Osteo. 
Size 

A35 B6 Left 1 week Veh 10.5 0.118 0.113 0.095 1 0.078 
A35 B6 Right 1 week Veh 2 0.081 0.102 0.124 0 0.000 
A36 B6 Left 1 week Veh 6 0.122 0.111 0.081 1 0.137 
A36 B6 Right 1 week Veh 0 0.084 0.103 0.123 0 0.000 
A37 B6 Left 1 week Veh 7 0.115 0.103 0.090 1 0.204 
A37 B6 Right 1 week Veh             
A38 B6 Left 1 week Veh 2.5 0.095 0.091 0.075 1 0.112 
A38 B6 Right 1 week Veh 1 0.101 0.116 0.095 0 0.000 
A39 B6 Left 1 week Veh 12.5 0.082 0.109 0.107 1 0.174 
A39 B6 Right 1 week Veh             
A40 B6 Left 1 week Veh 9 0.110 0.127 0.083 1 0.066 
A40 B6 Right 1 week Veh 0 0.096 0.112 0.101 0 0.000 
B49 B6 Left 1 week Aln 12 0.114 0.118 0.069 1 0.092 
B49 B6 Right 1 week Aln 0.5 0.096 0.119 0.086 0 0.000 
B50 B6 Left 1 week Aln 5 0.103 0.106 0.082 1 0.128 
B50 B6 Right 1 week Aln 1 0.101 0.109 0.109 0 0.000 
B51 B6 Left 1 week Aln 14 0.096 0.110 0.096 1 0.084 
B51 B6 Right 1 week Aln 2 0.079 0.109 0.099 0 0.000 
B52 B6 Left 1 week Aln 10 0.129 0.110 0.098 1 0.061 
B52 B6 Right 1 week Aln 2 0.087 0.118 0.107 0 0.000 
B53 B6 Left 1 week Aln 11 0.116 0.128 0.111 1 0.157 
B53 B6 Right 1 week Aln 0 0.082 0.125 0.108 0 0.000 
B54 B6 Left 1 week Aln 5.5 0.106 0.120 0.090 1 0.103 
B54 B6 Right 1 week Aln 1 0.085 0.100 0.102 0 0.000 
C63 B6 Left 2 week Veh 8.5 0.116 0.126 0.112 2 0.305 
C63 B6 Right 2 week Veh 3 0.081 0.098 0.101 0 0.000 
C64 B6 Left 2 week Veh 9.5 0.112 0.120 0.093 2 0.408 
C64 B6 Right 2 week Veh 2.5 0.086 0.108 0.113 0 0.000 
C65 B6 Left 2 week Veh 15 0.107 0.121 0.104 2 0.399 
C65 B6 Right 2 week Veh 6 0.080 0.114 0.109 0 0.000 
C66 B6 Left 2 week Veh 13.5 0.121 0.107 0.088 2 0.242 
C66 B6 Right 2 week Veh 2.5 0.067 0.116 0.129 0 0.000 
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C67 B6 Left 2 week Veh 8 0.120 0.129 0.083 2 0.271 
C67 B6 Right 2 week Veh 1 0.097 0.090 0.117 0 0.000 
D75 B6 Left 2 week Aln 8 0.123 0.098 0.096 2 0.386 
D75 B6 Right 2 week Aln 2 0.105 0.110 0.103 0 0.000 
D76 B6 Right 2 week Aln 2 0.095 0.113 0.094 0 0.000 
D76 B6 Left 2 week Aln 4 0.092 0.119 0.112 1 0.132 
D77 B6 Left 2 week Aln 8.5 0.113 0.105 0.087 1 0.388 
D77 B6 Right 2 week Aln 0.5 0.080 0.096 0.098 0 0.000 
D78 B6 Left 2 week Aln 5.5 0.109 0.122 0.088 1 0.322 
D78 B6 Right 2 week Aln 1.5 0.087 0.117 0.094 0 0.000 
D79 B6 Left 2 week Aln 18 0.114 0.103 0.085 2 0.322 
D79 B6 Right 2 week Aln 0.5 0.077 0.109 0.102 0 0.000 
D80 B6 Left 2 week Aln 7 0.136 0.119 0.090 2 0.434 
D80 B6 Right 2 week Aln 0 0.102 0.107 0.106 0 0.000 
D81 B6 Right 2 week Aln 0 0.107 0.111 0.103 0 0.000 
D81 B6 Left 2 week Aln 6.5 0.090 0.114 0.094 2 0.383 
E06 B6 Left 6 week Veh 13 0.121 0.099 0.094 3 0.886 
E06 B6 Right 6 week Veh 2 0.068 0.109 0.100 0 0.000 
E07 B6 Left 6 week Veh 4 0.096 0.112 0.109 3 0.319 
E07 B6 Right 6 week Veh 1 0.071 0.120 0.108 0 0.000 
E08 B6 Right 6 week Veh 1.5 0.079 0.093 0.106 0 0.000 
E08 B6 Left 6 week Veh 19 0.077 0.091 0.096 2 0.746 
E09 B6 Left 6 week Veh 5.5 0.107 0.125 0.094 3 0.293 
E09 B6 Right 6 week Veh 4 0.072 0.102 0.107 0 0.000 
E10 B6 Left 6 week Veh 17 0.097 0.126 0.104 3 0.979 
E10 B6 Right 6 week Veh 4 0.084 0.110 0.092 0 0.000 
E13 B6 Left 6 week Veh 13 0.105 0.124 0.103 3 0.501 
E13 B6 Right 6 week Veh 2 0.094 0.114 0.117 0 0.000 
F18 B6 Left 6 week Aln         2 1.018 
F18 B6 Right 6 week Aln 1 0.113 0.105 0.086 0 0.000 
F19 B6 Left 6 week Aln 15.5 0.128 0.109 0.092 2 0.459 
F19 B6 Right 6 week Aln 0 0.075 0.092 0.089 0 0.000 
F20 B6 Right 6 week Aln 0 0.132 0.115 0.105 0 0.000 
F20 B6 Left 6 week Aln 13.5 0.082 0.101 0.133 2 0.375 
F21 B6 Left 6 week Aln 16.5 0.125 0.106 0.110 2 0.705 
F21 B6 Right 6 week Aln 1.5 0.083 0.101 0.120 0 0.000 
F26 B6 Left 6 week Aln             
F26 B6 Right 6 week Aln 0 0.114 0.104 0.095 0 0.000 
F27 B6 Left 6 week Aln 33 0.114 0.104 0.082 2 0.552 
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F27 B6 Right 6 week Aln 0 0.064 0.096 0.123 0 0.000 
G32 FVB Left 1 week Veh 9 0.116 0.156 0.128 0 0.000 
G32 FVB Right 1 week Veh 0.5 0.103 0.125 0.116 0 0.000 
G33 FVB Left 1 week Veh 10.5 0.117 0.142 0.135 1 0.135 
G33 FVB Right 1 week Veh 3 0.090 0.124 0.134 0 0.000 
G34 FVB Left 1 week Veh 14 0.148 0.163 0.098 1 0.053 
G34 FVB Right 1 week Veh 5 0.145 0.166 0.132 0 0.000 
G35 FVB Left 1 week Veh 9 0.108 0.149 0.132 1 0.105 
G35 FVB Right 1 week Veh 1.5 0.096 0.137 0.141 0 0.000 
G36 FVB Left 1 week Veh 10.5 0.121 0.136 0.096 1 0.084 
G36 FVB Right 1 week Veh 1 0.105 0.152 0.126 0 0.000 
G37 FVB Left 1 week Veh 1 0.147 0.159 0.106 1 0.083 
G37 FVB Right 1 week Veh 1 0.126 0.119 0.135 0 0.000 
H40 FVB Left 1 week Aln 2.5 0.159 0.132 0.105 1 0.109 
H40 FVB Right 1 week Aln 5 0.111 0.144 0.129 0 0.000 
H41 FVB Right 1 week Aln 4 0.138 0.128 0.082 0 0.000 
H41 FVB Left 1 week Aln 3 0.099 0.147 0.087 1 0.074 
H42 FVB Right 1 week Aln 1 0.128 0.158 0.104 0 0.000 
H42 FVB Left 1 week Aln 4 0.107 0.147 0.138 1 0.114 
H49 FVB Right 1 week Aln 1 0.145 0.139 0.094 0 0.000 
H49 FVB Left 1 week Aln 7 0.147 0.139 0.117 1 0.109 
H51 FVB Right 1 week Aln 0.5 0.121 0.155 0.109 0 0.000 
H51 FVB Left 1 week Aln 6 0.142 0.150 0.138 1 0.218 
H52 FVB Left 1 week Aln 5 0.142 0.139 0.131 1 0.074 
H52 FVB Right 1 week Aln 0 0.149 0.143 0.110 0 0.000 
J53 FVB Right 2 week Veh 0 0.128 0.127 0.115 0 0.000 
J53 FVB Left 2 week Veh 12 0.094 0.129 0.139 1 0.107 
J54 FVB Right 2 week Veh 0.5 0.133 0.145 0.111 0 0.000 
J54 FVB Left 2 week Veh 4 0.095 0.147 0.126 1 0.158 
J55 FVB Left 2 week Veh 6 0.101 0.146 0.132 2 0.220 
J55 FVB Right 2 week Veh 1 0.100 0.136 0.139 0 0.000 
J56 FVB Left 2 week Veh 11 0.161 0.131 0.090 1 0.203 
J56 FVB Right 2 week Veh 1 0.100 0.161 0.146 0 0.000 
J57 FVB Left 2 week Veh 10 0.158 0.148 0.101 2 0.194 
J57 FVB Right 2 week Veh 2 0.091 0.151 0.158 0 0.000 
J58 FVB Left 2 week Veh 15 0.134 0.141 0.103 2 0.163 
J58 FVB Right 2 week Veh 2 0.111 0.149 0.119 0 0.000 
K66 FVB Right 2 week Aln 0 0.151 0.166 0.115 0 0.000 
K66 FVB Left 2 week Aln 10 0.106 0.150 0.152 1 0.183 
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K68 FVB Left 2 week Aln 4.5 0.100 0.146 0.114 1 0.188 
K68 FVB Right 2 week Aln 2 0.079 0.103 0.139 0 0.000 
K75 FVB Left 2 week Aln 11 0.085 0.149 0.136 1 0.224 
K75 FVB Right 2 week Aln             
K76 FVB Left 2 week Aln 0.5 0.098 0.145 0.130 2 0.281 
K76 FVB Right 2 week Aln             
K77 FVB Left 2 week Aln 4.5 0.136 0.135 0.106 1 0.135 
K77 FVB Right 2 week Aln 4 0.097 0.149 0.123 0 0.000 
K78 FVB Left 2 week Aln 0.5 0.112 0.159 0.154 1 0.201 
K78 FVB Right 2 week Aln 3.5 0.084 0.151 0.156 0 0.000 
L01 FVB Left 6 week Veh 11 0.102 0.143 0.137 2 0.390 
L01 FVB Right 6 week Veh 2 0.094 0.136 0.141 0 0.000 
L02 FVB Left 6 week Veh 15 0.096 0.125 0.146 2 0.343 
L02 FVB Right 6 week Veh             
L03 FVB Left 6 week Veh 0.5 0.143 0.150 0.114 2 0.255 
L03 FVB Right 6 week Veh 2 0.098 0.123 0.146 0 0.000 
L04 FVB Right 6 week Veh 0 0.119 0.145 0.124 0 0.000 
L04 FVB Left 6 week Veh 2.5 0.093 0.129 0.101 1 0.349 
L11 FVB Left 6 week Veh 12 0.106 0.148 0.143 2 0.471 
L11 FVB Right 6 week Veh 1 0.093 0.135 0.134 0 0.000 
M15 FVB Left 6 week Aln 12 0.117 0.160 0.122 1 0.161 
M15 FVB Right 6 week Aln 2 0.101 0.140 0.127 0 0.000 
M18 FVB Left 6 week Aln 8.5 0.123 0.152 0.124 1 0.381 
M18 FVB Right 6 week Aln 3.5 0.109 0.144 0.136 0 0.000 
M19 FVB Left 6 week Aln 4.5 0.122 0.157 0.111 2 0.413 
M19 FVB Right 6 week Aln 1.5 0.100 0.142 0.118 0 0.000 
M20 FVB Left 6 week Aln             
M20 FVB Right 6 week Aln 2 0.106 0.140 0.145 0 0.000 
M21 FVB Left 6 week Aln 6 0.120 0.157 0.143 2 0.388 
M21 FVB Right 6 week Aln 2.5 0.125 0.136 0.122 0 0.000 
M24 FVB Left 6 week Aln 11 0.129 0.144 0.136 2 0.453 
M24 FVB Right 6 week Aln 6.5 0.100 0.153 0.144 0 0.000 
M25 FVB Left 6 week Aln 8 0.132 0.132 0.112 1 0.430 
M25 FVB Right 6 week Aln 0 0.103 0.146 0.133 0 0.000 
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APPENDIX C: CHAPTER 4 DATA 

Average compressive stress (MPa) for all trials calculated using discrete element analysis: 

Load (N) 

kinematics_
beadsA01_1
.xlsx 

kinematics_
beadsA01_2
.xlsx 

kinematics_
beadsA01_3
.xlsx 

kinematics_
beadsA02_1
.xlsx 

kinematics_
beadsA02_2
.xlsx 

kinematics_
beadsA02_3
.xlsx 

0 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 
1 9.49E-01 1.00E+00 8.88E-01 1.23E+00 1.13E+00 1.15E+00 
2 8.80E-01 9.97E-01 7.76E-01 1.44E+00 1.26E+00 1.31E+00 
3 8.22E-01 9.73E-01 6.70E-01 1.70E+00 1.37E+00 1.44E+00 
4 7.55E-01 9.64E-01 5.58E-01 1.94E+00 1.49E+00 1.59E+00 
5 6.81E-01 9.30E-01 4.42E-01 2.17E+00 1.60E+00 1.72E+00 
6 6.18E-01 9.07E-01 3.55E-01 2.41E+00 1.71E+00 1.87E+00 
7 5.58E-01 8.78E-01 2.66E-01 2.69E+00 1.80E+00 2.02E+00 
8 5.00E-01 8.44E-01 1.94E-01 2.97E+00 1.89E+00 2.19E+00 
9 4.41E-01 8.18E-01 1.40E-01 3.25E+00 1.97E+00 2.33E+00 

              

Load (N) 

kinematics_
beadsA03_1
.xlsx 

kinematics_
beadsA03_2
.xlsx 

kinematics_
beadsA03_3
.xlsx 

kinematics_
beadsA04_1
.xlsx 

kinematics_
beadsA04_2
.xlsx 

kinematics_
beadsA04_3
.xlsx 

0 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 
1 1.12E+00 9.37E-01 1.22E+00 1.12E+00 8.24E-01 1.13E+00 
2 1.19E+00 8.50E-01 1.44E+00 1.23E+00 6.25E-01 1.28E+00 
3 1.27E+00 7.57E-01 1.65E+00 1.33E+00 4.41E-01 1.43E+00 
4 1.34E+00 6.70E-01 1.89E+00 1.42E+00 2.68E-01 1.56E+00 
5 1.38E+00 6.02E-01 2.13E+00 1.50E+00 1.48E-01 1.71E+00 
6 1.42E+00 5.16E-01 2.36E+00 1.58E+00 6.91E-02 1.86E+00 
7 1.45E+00 4.44E-01 2.60E+00 1.66E+00 1.89E-02 2.01E+00 
8 1.45E+00 3.81E-01 2.80E+00 1.73E+00 No contact 2.16E+00 
9 1.48E+00 3.13E-01 3.04E+00 1.77E+00  No contact 2.30E+00 

              

Load (N) 

kinematics_
beadsA05_1
.xlsx 

kinematics_
beadsA05_2
.xlsx 

kinematics_
beadsA05_3
.xlsx 

kinematics_
beadsACLT
1_1.xlsx 

kinematics_
beadsACLT
1_2.xlsx 

kinematics_
beadsACLT
1_3.xlsx 

0 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 
1 1.35E+00 8.94E-01 1.28E+00 1.25E+00 8.98E-01 9.96E-01 
2 1.73E+00 7.84E-01 1.58E+00 1.51E+00 7.55E-01 9.57E-01 
3 2.15E+00 6.67E-01 1.87E+00 1.78E+00 6.47E-01 9.22E-01 
4 2.59E+00 5.74E-01 2.21E+00 2.04E+00 5.31E-01 8.74E-01 
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5 3.07E+00 4.82E-01 2.59E+00 2.32E+00 4.44E-01 8.23E-01 
6 3.66E+00 4.04E-01 2.97E+00 2.64E+00 3.58E-01 7.62E-01 
7 4.25E+00 3.18E-01 3.36E+00 2.96E+00 3.02E-01 6.60E-01 
8 4.81E+00 2.59E-01 3.72E+00 3.29E+00 2.47E-01 5.83E-01 
9 5.34E+00 2.10E-01 4.08E+00 3.59E+00 2.08E-01 5.03E-01 

              

Load (N) 

kinematics_
beadsACLT
2_1.xlsx 

kinematics_
beadsACLT
2_2.xlsx 

kinematics_
beadsACLT
2_3.xlsx 

kinematics_
beadsACLT
3_1.xlsx 

kinematics_
beadsACLT
3_2.xlsx 

kinematics_
beadsACLT
3_3.xlsx 

0 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 
1 1.21E+00 1.24E+00 9.17E-01 6.83E-01 8.35E-01 9.01E-01 
2 1.43E+00 1.48E+00 8.30E-01 4.11E-01 6.72E-01 8.05E-01 
3 1.64E+00 1.70E+00 7.42E-01 1.80E-01 5.29E-01 6.88E-01 
4 1.87E+00 1.95E+00 6.57E-01 6.67E-02 4.01E-01 5.93E-01 
5 2.12E+00 2.19E+00 5.80E-01 2.71E-02 2.87E-01 5.08E-01 
6 2.39E+00 2.48E+00 5.08E-01 7.16E-03 1.91E-01 4.21E-01 
7 2.66E+00 2.72E+00 4.52E-01 9.61E-04 1.22E-01 3.46E-01 
8 2.91E+00 2.95E+00 4.02E-01  No contact 7.14E-02 2.75E-01 
9 3.15E+00 3.17E+00 3.64E-01  No contact 3.60E-02 2.14E-01 

              

Load (N) 

kinematics_
beadsDMM
1_1.xlsx 

kinematics_
beadsDMM
1_2.xlsx 

kinematics_
beadsDMM
1_3.xlsx 

kinematics_
beadsDMM
2_1.xlsx 

kinematics_
beadsDMM
2_2.xlsx 

kinematics_
beadsDMM
2_3.xlsx 

0 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 
1 1.34E+00 9.59E-01 1.04E+00 1.69E+00 1.33E+00 8.77E-01 
2 1.66E+00 9.09E-01 1.07E+00 2.51E+00 1.61E+00 6.97E-01 
3 1.99E+00 8.59E-01 1.10E+00 3.44E+00 1.87E+00 5.13E-01 
4 2.32E+00 8.15E-01 1.15E+00 4.48E+00 2.10E+00 3.52E-01 
5 2.59E+00 7.63E-01 1.19E+00 5.22E+00 2.31E+00 2.05E-01 
6 2.78E+00 7.12E-01 1.23E+00 5.64E+00 2.46E+00 8.73E-02 
7 2.90E+00 6.59E-01 1.27E+00 6.22E+00 2.61E+00 2.02E-02 
8 2.93E+00 6.05E-01 1.29E+00 6.59E+00 2.67E+00 1.32E-03 
9 2.78E+00 5.48E-01 1.32E+00 6.51E+00 2.70E+00  No contact 

              

Load (N) 

kinematics_
beadsDMM
3_1.xlsx 

kinematics_
beadsDMM
3_2.xlsx 

kinematics_
beadsDMM
3_3.xlsx 

kinematics_
beadsDMM
4_1.xlsx 

kinematics_
beadsDMM
4_2.xlsx 

kinematics_
beadsDMM
4_3.xlsx 

0 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 
1 1.00E+00 9.01E-01 5.99E-01 1.05E+00 8.58E-01 1.24E+00 
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2 9.84E-01 7.78E-01 2.83E-01 1.09E+00 7.23E-01 1.47E+00 
3 9.45E-01 6.88E-01 8.99E-02 1.12E+00 5.89E-01 1.67E+00 
4 8.87E-01 6.12E-01 1.54E-02 1.16E+00 4.81E-01 1.90E+00 
5 8.29E-01 5.48E-01  No contact 1.19E+00 3.89E-01 2.15E+00 
6 7.67E-01 5.01E-01  No contact 1.23E+00 3.17E-01 2.37E+00 
7 6.94E-01 4.81E-01  No contact 1.25E+00 2.77E-01 2.61E+00 
8 6.14E-01 4.65E-01  No contact 1.29E+00 2.44E-01 2.83E+00 
9 5.32E-01 4.43E-01  No contact 1.32E+00 2.15E-01 3.00E+00 

 


