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ABSTRACT OF DISSERTATION

OSTEOCHONDRAL PROPERTIES AND RELATIONSHIPS 
IN THE SYNOVIAL JOINT

The overall goal of this study was to examine the relationship between the 

properties of artieular cartilage and its underlying subchondral bone using an equine 

model. Thus, the objectives of this study were: (1) to determine the structural and 

mechanical properties of equine cartilage, (2) to determine the bone mineral density of 

the underlying subchondral bone, (3) to determine the relationship between these 

cartilage and bone properties in different joint regions, (4) to develop methodology for 

subchondral bone plate thickness measurement, (5) to develop experimental protocols 

and novel equipment for loading opposing osteochondral surfaces and to quantify intra­

tissue cartilage strains within the loaded samples, and (6) to determine any regional 

relationships between the cartilage strains and underlying subchondral bone plate 

thickness and bone mineral density.

This study presents the first comparative body of data on equine 

structural/material articular cartilage properties and underlying subchondral bone density 

for the palmar and dorsal aspects of the medial condyle of the 3"̂ *̂ metacarpal bone, 

medial trochlear ridge, and the medial femoral condyle. A positive correlation between 

cartilage tensile equilibrium modulus and underlying bone mineral density was 

discovered.

The measurement of subchondral bone plate thickness is important to the study of 

osteoarthritis and joint adaptation. A subchondral bone plate thickness measurement
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technique using high-resolution contact radiographs and image processing was developed 

with minimal systematic error and high repeatability.

The ability to quantify intra-tissue cartilage strains in loaded physiologically 

opposing surfaces and underlying subchondral bone characteristics should help elueidate 

the etiology and progression o f osteoarthritis. A custom-designed loading system and 

associated sample preparation proeedure were developed and validated to quantify two- 

dimensional strain fields using video image correlation analysis between two opposing 

articular cartilage surfaces from the equine metacarpophalangeal joint. The error involved 

in this process, including the image acquisition system, data analysis, and induced 

friction, was on the order of 7600 pstrain (0.76%). The present study demonstrated that 

superficial cartilage strains were larger than deeper cartilage strains, subchondral bone 

plate thickness and volumetric bone mineral density across the joint regions were 

positively correlated, and cartilage strain did not correlate with subchondral bone plate 

thickness or volumetric bone mineral density in the normal equine metacarpophalangeal 

joint.

Although there are some limitations, testing opposing osteochondral surfaces in 

compression has tremendous benefits; (1) strain distributions across articular surfaces 

with complex geometry can be obtained, (2) provides the capability to relate depth- 

dependent articular cartilage strains with underlying subchondral bone properties or 

pathology changes, and (3) emulates physiological boundary conditions better than platen 

loading experiments. The benefits of the current method could be applied to a variety of 

applications where opposing articular surface loading would be important, such as,
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determining osteoehondral implant discontinuities with surrounding host tissue, 

determining the effects of cartilage and/or bone defects on overlying cartilage strain 

distributions, and determining the effects of impact loading on strain distributions 

between artieular cartilage strains.

Chad W. Lewis 
Mechanical Engineering Department 

Colorado State University 
Fort Collins, CO 80523 

Spring 2004
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1 GENERAL INTRODUCTION

1.1 Purpose of study

The overall purpose of this dissertation was to examine the relationship between 

the properties of articular cartilage and its underlying subchondral bone using an equine 

model. Thus, the objectives o f this dissertation were many-fold: (1) to determine the 

structural and mechanical properties of equine cartilage, (2) to determine the bone 

mineral density of the underlying subchondral bone, (3) to determine the relationship 

between these cartilage and bone properties of different joint regions, (4) to develop a 

method for measuring the thickness of the subchondral bone plate, (5) to develop 

experimental protocols and novel equipment for loading opposing osteochondral surfaces 

and quantify the intra-tissue cartilage strains within the loaded samples, and (6) to 

determine any regional relationships between the cartilage strains and underlying 

subchondral bone plate thicknesses and bone mineral densities.

1.2 Hypotheses

The purpose and objectives were developed to test the following hypotheses:

H I. Third metacarpal osteochondral structural and material properties will differ
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from those of the stifle (Chapter 2).

H2. Osteochondral structural and material properties will differ within the third 

metacarpal and stifle (Chapter 2).

H3. Volumetric subarticular bone mineral density will be correlated to overlying 

articular cartilage structural/material properties (Chapter 2)

H4. The superficial articular cartilage strains will be larger than strains in deeper 

layers (Chapter 5).

H5. Subchondral bone plate thickness and volumetric bone mineral density will be 

positively related (Chapter 5).

H6. Articular cartilage strains will be greater over areas of greater subchondral 

bone thickness and volumetric bone mineral density (Chapter 5).

1.3 Introduction

Subchondral bone has been shown to adapt by becoming thicker and denser in 

order to absorb larger loads within the joint as a result of repetitive synovial joint loading. 

The subchondral bone adaptation process may in tum produce greater degeneration 

within the articular cartilage; therefore, the articular cartilage overlying thick and/or 

dense subchondral bone may possibly show larger strains, perhaps indicative of 

degeneration. Presently, the relationship of subchondral bone thickness and density to 

overlying articular cartilage strain distributions is unknown. The current introduction 

provides a brief synopsis of representative past studies of articular cartilage, bone, and 

their involvement in osteoarthritis.
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1.4 Synovial articulation

1.4.1 Gross anatomy

Synovial joint (or diarthrosis) function depends on these main structures: articular 

cartilage, subchondral bone, cortical bone, cancellous bone, ligaments, fibrous 

membranes, and the synovial membrane, which maintains synovial fluid between the 

articular surfaces (Figure 1.1). There are several types of synovial joints: ginglymus, 

condyloid reciprocal reception, enarthrosis, and artrodia, to name a few [1]. The 

ginglymus or hinge joint, for example has limited motion in one plane, commonly the 

sagittal plane (flexion/extension) due to the geometry of the articular surfaces [1]. The 

primary function of the synovial joint is to provide smooth, nearly frictionless movement 

during motion.

Synovial
Membrane

Synovial Fluid

Cortical Bone

Articular Cartilage

Subctrondral Bone

Cancellous Bone

Figure 1.1: Main structures of the synovial joint: synovial membrane, fibrous capsule, ligaments, 
synovial fluid, articuiar cartilage, subchondral bone, cortical bone, and cancellous bone. Modified 
from [2] pg 460.

1.4.2 Cartilage

Cartilage is a connective tissue, which provides protection and support for 

surrounding structures. There are three types of cartilage: hyaline (articular), 

fibrocartilage (white), and elastic (yellow). Each cartilage type differs in their proportions
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of extracellular matrix, cell distribution, structure, anatomical location, and function. For 

example, articular cartilage is primarily composed of cartilage cells (chondrocytes), 

extracellular matrix (primarily proteoglycan and collagen), and interstitial fluid, which all 

vary in density with depth. Articular cartilage is predominantly in synovial joints 

providing load distribution over the articulating bone surfaces of the joint, while 

providing low friction and wear rate [3]. The functional absence o f vascular, nerve, or 

lymphatic systems in articular cartilage is thought to be due the large cartilage 

deformations that would make such systems useless [3]. It is well known structural and 

mechanical properties of cartilage vary during development [4, 5]; therefore, it must be 

stated that the focus of this dissertation is “adult articular cartilage”, and which will be 

considered synonymous with “cartilage” or “articular cartilage” for the remainder of this 

dissertation.

1.4.2.1 Cartilage components

1.4.2.1.1 Chondrocytes

Making up <10% of cartilage total volume, chondrocytes, or cartilage cells (10- 

20|j,m diameter) provide a balance between the breakdown (catabolism) and production 

(anabolism) of extracellular matrix macromolecules [3, 6, 7]. Chondrocytes respond to 

environmental stimuli (e.g. mechanical, chemical, and electrical) by creating and/or 

breaking down extracellular matrix around them [8-12] to maintain tissue homeostasis. 

Articular cartilage is avascular which means chondrocytes must receive their nutrients 

through synovial fluid diffusion facilitated by joint loading [6]. Due to the avascular 

nature and rare replication of chondrocytes, chondrocyte loss is traumatic to the health of 

the cartilage [6].
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1.4.2.1.2 Proteoglycans

Fifteen to thirty percent of cartilage wet weight is due to proteoglycans [6], 

Proteoglycans have a protein core with one or more polyanionic glycoaminoglycans 

(GAG) chains (usually chondroitin sulphate or keratin sulphate) covalently attached 

(Figure 1.2, [3]). Each type of proteoglycan possesses a unique structure and function. 

One common articular cartilage proteoglycan, aggrecan, comprises the bulk of cartilage 

proteoglycans having up to 150 GAG chains attached to its core protein [3]. The hydrated 

aggrecan macromolecules form aggregates which are trapped within an extracellular 

meshwork of collagen providing articular cartilage with unique biomechanical 

compressive and chemical properties [10, 13-25]. The polyanionic (high negative charge 

density) proteoglycans' main function in the extracellular matrix is to provide cartilage 

with the capability to resist compression -  a phenomenon called the Gibbs-Donnan 

equilibrium induced osmotic pressure [26]. GAG chains have high affinity for water and 

other ions in the interstitial and synovial fluid producing swelling pressures against the 

surrounding collagen meshwork. At equilibrium, these pressures increase until the 

pressure between the surrounding collagen meshwork, proteoglycan colloid, and 

extemally applied compression are equal and opposite [6]. When cartilage is loaded, the 

sum of the extemal pressures and collagen forces is temporarily greater than the swelling 

pressure; thus, causing water to exude from the cartilage. As the water leaves the tissue, 

the repulsion forces of the polyanionic proteoglycan side chains increase causing 

subsequent increase in the swelling pressure as water reabsorbs, preventing further 

cartilage deformation; therefore, the interaction between water and proteoglycans helps 

resist physiologic loading. Until equilibrium is reached, the cyclic flow of water in and
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out of the cartilage continues. Proteoglycan density or charge density is a function of 

depth. Studies have found proteoglycan content contributes to cartilage compression 

properties [19, 22, 27].

f *

L Collagen
Proteoglycan 'v A P -------- fibril
aggregate

Intsrstitial ^  ^ jj^  Unattached
/ag g re c a n

m

Figure 1.2: Collagen and proteoglycan interaction. [28]

1.4.2.1.3 Collagen

Ten to twenty percent of cartilage wet weight is composed of collagen consisting 

of three identical alpha-chain peptides wound together to make a right-handed helix [6]. 

To date, many collagen types have been discovered in cartilage (types II, VI, IX, X, and 

XI) [29]. Collagen type II is the most common consisting of 90-95% of the collagen 

present in cartilage. The collagen in the extracellular matrix provides a three-dimensional 

structural framework entrapping proteoglycans, and maintaining volume, shape, and 

structural integrity. Past studies have demonstrated that collagen is responsible for the 

tensile and shear properties of cartilage [18, 30-36].

1.4.2.1.4 In terstitial f lu id

Water molecules make up over 65-80% of the wet weight of cartilage and are 

attracted to the entrapped proteoglycans contributing to cartilage’s resilience to 

compression [37]. Water content (i.e. porosity) is depth-dependent, decreasing from 85%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



at the surface to 60% in the deep layer [37]. Sodium, calcium, chloride, potassium, and 

other inorganic salts are also present in the interstitial fluid [6],

1.4.2.2 Cartilage organization

The structure/composition o f cartilage has been found to vary by species, age, 

gender, location, and depth from the articular surface [38-40]. These variations in 

structure and composition contribute to depth-dependent mechanical properties [41-43]. 

Articular cartilage can be divided into four layers (zones): superficial, middle, deep, and 

calcified (Figure 1.3). Each layer has unique structure/properties and provides cartilage 

with its dynamic functional qualities.

Articular surface

Tide
mark I

,, Superficial layer 

Middle layer Uncalcified  
f cartilage

Or^O'o' 0 OnO:? O ^  o O ^  0 
q O  0 o  o q O o o  o O  O o O o

Deep layer 

,, Calcified cartilage 

Subchondral bone

Figure 1.3: Illustration of articular cartilage layers, calcified cartilage, tidemark, and subchondral 
bone. The depth-dependent collagen orientation is diagramed. Modified from [28]

1.4.2.2.1 Superficial layer

The superficial layer is the thinnest of the layers and contains collagen fibrils 

aligned parallel to the articular surface. The proteoglycan density is the lowest in this 

layer, while water concentration has been found to be the highest (Figure 1.3)[6, 37]. 

Chondrocytes tend to have a flattened ellipsoid shape with major axes parallel with the 

articular surface [6, 37]. The structural organization of the superficial layer provides
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strength and stiffness to resist applied tensile and shear strains to the articular surface 

during physiological loading [6, 37], In addition, the superficial layer acts somewhat like 

a membrane with low permeability by restricting fluid flow from the tissue, and causing 

increased interstitial pressure to assist in cartilage compression behavior [44]. The low 

permeability of this layer limits large macromolecules (e.g. aggrecan) from exiting and 

other large proteins (e.g. antibodies) from entering the cartilage from the synovial fluid 

[37].

1.4.2.2.2 Middle layer

The middle layer contains approximately two times the volume o f the superficial 

layer [39]. Chondrocytes in this region are spherical and have a higher density of 

catabolic organelles than the superficial layer chondrocytes [37, 39]. The middle layer 

consists of a transition of collagen orientation from parallel to minimal organization 

relative to the articular surface (Figure 1.3, [45]). The larger diameter of the collagen, 

along with higher concentrations of proteoglycans, and lower water and collagen 

concentrations, help differentiate the superficial and middle layer from each other [37, 

39].

1.4.2.2.3 Deep layer

Chondrocytes in the deep layer are spheroidal and are often found oriented in 

columns from the deeper calcified layer [37, 39]. The deep layer collagen fibrils are the 

largest of all the layers, and are perpendicularly aligned with the articular surface passing 

through the tidemark into the calcified layer (Figure 1.3). This zone also has the highest 

concentration of proteoglycans and the lowest concentration of water [37].
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1.4.2.2.4 Calcified layer

Calcified cartilage is a layer of chondrocytes with minimal metabolic activity 

separated by ossified extracellular matrix (radio-dense), which provides an attachment 

site for cartilage to bone and intermediate stiffness gradient between the flexible upper 

cartilage layers and the rigid supportive subchondral bone (Figure 1.3, [46-50]). The 

tidemark is a basophilic landmark with possible signifieance in separating unealcified and 

calcified cartilage thus creating a mineralization boundary of chondrocytes [6, 39]. Using 

scanning electron microscopy, Redler et al. found three distinct layers of collagen in the 

tidemark with transitioning orientations from perpendicular to parallel relative to the 

articular surface, suggesting that the tidemark aets as a “tether” between the deformable 

unealcified and rigid calcified layers [51].

1.4.2.3 Cartilage mechanics

Numerous constitutive relationships have been postulated for articular cartilage 

relating stress and strain using material properties. A validated model is one that can 

predict behaviors under various loading conditions using the same material properties. 

Cartilage models have been proposed using linear elasticity [52-54], viscoelasticity [22, 

36, 55-60], porous media [16, 17, 61-66], and physical chemistry principles [10, 13, 67- 

70]. Using constitutive models, finite element analyses have been used to investigate 

simple joint contact and possible stress conditions within cartilage at different states of 

disease [71-80]. Experimental material testing methods such as indentation [38, 63, 81- 

94], uniaxial tensile testing [5, 18, 30-35, 95-104], confined compression using a porous 

platen [4, 14, 23, 42, 44, 105-117], unconfined compression with a solid platen [61, 106, 

110, 118-125], torsional testing [58, 126], and swelling experiments [14, 18, 26, 34, 127]
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on cartilage samples have been performed to determine the material properties for 

constitutive models. Cartilage experimental testing methods are also commonly used to 

determine effects o f strain dependent permeability [17, 128], speeies [38, 85], age[4, 5, 

52, 97, 102], joint[38, 83, 86, 90, 117, 129, 130], diet [92], gender[30, 83, 86, 95, 96, 98], 

loading [10, 88, 131-133], disease state [38, 134-136], biochemical content [4, 5, 19, 30, 

34, 81, 99, 137], and structural organization [26, 59, 100, 138, 139] on material 

properties. From previous and ongoing investigational testing, cartilage is known to have 

a very intricate composition and structure giving it complex properties sueh as anisotropy 

and inhomogeneity. For additional information. Mow and Ratcliffe provide a good 

overview of cartilage mechanical properties and theory [3].

1.4.23.1 Anisotropy

Cartilage anisotropy is primarily seen using uniaxial tensile testing [30, 32, 33, 

97]. The tensile equilibrium modulus of cartilage is greater when tested parallel with the 

splitline pattem (i.e. superficial collagen alignment) compared to perpendicularly. 

Recently, Wang et. al. investigated anisotropy material properties in compression for 

bovine cartilage, finding linear orthotropic elasticity to be insufficient for describing 

cartilage behavior [140].

1.4.2.3.2 Inhomogeneity

Cartilage’s biochemical content and structural organization contribute to its 

inhomogeneity. Uniaxial tensile testing illustrates depth-dependent tensile properties, 

where the superficial layer has considerably greater properties than deeper layers [31, 35, 

97]. Also, compression inhomogeneity has been reported recently using various methods: 

compression testing cartilage slices from different layers [41, 43, 117, 128, 141] and

10
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compression testing using chondrocytes as fiducial markers for measuring depth- 

dependent intra-tissue strains [41-43, 94, 114, 142-144], For instance, Schinagl et. al. 

manually tracked fluorescently stained chondrocytes during confined compression and 

reported the superficial layer equilibrium compression modulus to be signifieantly 

smaller than deeper layers indieating that equilibrium compression modulus (as well as 

strain) was depth-dependent [42, 114]. Lately, less tedious semi-automated chondrocyte 

tracking methods (i.e. digital image correlation) were adopted showing similar results in 

confined and unconfined platen loading conditions [43, 123, 143].

Until recently, quantifying strain distributions within articular cartilage focused 

on compression behavior using an opposing platen, as opposed to another articular 

surface. Using quantitative electronic speckle pattem interferometry, Eme et al. [144] 

attempted to quantify articular cartilage intra-tissue strain distributions within unmatched 

opposing porcine osteochondral medial femoral and medial patellar specimens 

(5x5x5mm^) under confined compression. Unfortunately, these researchers were only 

able to capture one-dimensional infinitesimal strain fields and only within the femoral 

condyle sections (one surface). The boundary conditions are significantly more complex 

when loading with an opposing articular surface, therefore no constitutive relationships 

are feasible and strain distributions are the only response. To fully understand 

deformational changes occurring within articular cartilage during articular loading, two- 

dimensional strain field quantification o f various regions along the width of 

physiologically matched joint surfaees is needed.

11
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1.4.3 Subchondral bone plate (ScBP)

Subchondral bone can refer to some or all of the subarticular structures. However, 

for this study, the subchondral bone plate (ScBP) was defined as the radio-dense layer 

between the unealcified articular cartilage and the supportive trabecular system [145]. 

The subchondral bone plate consists o f type-I collagen fibrils interwoven with inorganic 

calcium and phosphorus crystalline structures (hydroxyapatite) forming haversian 

systems similar to cortical bone around osteocytes (bone cells) [146]. The less dense 

underlying trabecular bone supports the ScBP with stmt-like stmctures organized 

perpendicular to the overlying articular surface [51, 147, 148]. The majority of energy 

dissipation is provided by the haversion system of the cortical bone and trabeculae 

system of the cancellous bone [149]. Subchondral bone stmcture similarities are found 

across species and unlike cartilage, subchondral bone is highly vascular, and is therefore, 

highly reactive to remodeling and microfractures [145]. The adaptation of bone 

morphology to mechanical stress has been thought to transform tissue stmcture and is 

controlled by modeling and remodeling processes [150-158]. Modeling consists of 

independent formation or resorption rates of bone at a given location to withstand 

physiological demands [156, 158]. Remodeling involves removing and replacing 

“packets” of bone to repair damaged bone (i.e microfractures) [157, 158]. Bone strain is 

thought to stimulate these processes (modeling and remodeling), but the actual 

mechanism is currently unknown [149, 150, 153, 159-172]. The strain magnitude and rate 

have been found to have significant effects on bone formation, and thus bone geometry 

[156, 157, 166, 173].

12
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For example, the ScBP optimally remodels (densifieation and thickening) 

according to its stress environment (e.g., induced by exercise and aging) [145, 152, 174- 

177]. Subchondral bone plate thickness is an indicator of the structural morphology, 

while bone mineral density is indicative of the mineral content (hydroxyapatite) within a 

quantized area or volume. A positive relationship between mean trabecular thickness and 

mineral density of bone has been noted, therefore it is assumed the structural 

measurement (ScBP thickness, macro-view) may positively correlate with bone mineral 

density. Increases in structural bone thickness and bone mineral density are noted to 

increase cortical bone mechanical properties [174, 178-182].

ScBP thickness can be determined using either histological or radiological 

methods. Radiological methods include radiography and quantitative computed 

tomography (CT). Conventional radiography is limited to planar views, whereas CT 

reconstructs multiple planar views into a three-dimensional view. In the horse, Kawcak et 

al. found CT superior to conventional radiography for diagnosing OA changes (i.e. joint 

lesions) [183].

The ScBP thickness varies between/within joints and is dependent on joint 

function [145, 184, 185]. The geometric concavity of the surface (convex/concave) has 

been noted to have an effect on ScBP thickness as well [177, 186, 187]. The convex 

shaped surface is found to be much thinner than its concave counterpart due in part to 

greater tensile stresses acting on the concave surface [186]. Using computer simulations, 

the concave curvature has been noted to augment joint incongruity, providing a more

13
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even stress distribution across the joint, while enhancing cartilage nutrition and 

lubrication [177].

Apparent bone mineral density is commonly determined using conventional 

radiography, radiographic absorbtiometry (single and dual), quantitative computed 

tomography, or quantitative ultrasound [188]. Each method has its benefits and 

limitations. For example, dual energy x-ray absorbtiometry (DEXA), provides a 

measurement of bone mineral eontent (g, grams) within an area (em^) to give an apparent 

area bone mineral density (g/cm^), which is not a true density. Investigators have divided 

the apparent bone mineral density by the specimen thickness in an attempt to estimate 

true bone mineral density. Since CT reconstructs a volumetric rendition of the tissue 

imaged, quantitative CT is capable of quantifying true bone density (g/cm^).

Bone mineral density (BMD) also varies between/within joints and is routinely 

found to be greater under areas of predominately-loaded regions [145, 189]. Two factors, 

age and exercise, have been found to significantly affect the magnitude and distribution 

of bone mineral density [183, 190-192]. Investigators have drawn conflicting conclusions 

about the relationship between ScBP thickness and BMD under areas of cartilage 

degradation [46, 47, 158, 193-204].

1.4.4 Fibrous capsule and ligaments

The interior of the fibrous capsule is lined with the synovial membrane. The 

ligaments are either intracapsular (collateral) or extrasynovial (cruciates) [146]. These 

fibrous structures are mainly connective tissue with low cellularity, extracellular type 1

14
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collagen, proteoglycans, noncollagenous proteins, and water to provide joint stability 

[146],

1.4.5 Synovial fluid/membrane

The synovial fluid consists mostly of blood plasma constituents with high 

concentrations o f hyaluronan making it extremely viscous [146]. Hyaluronan provides 

non-Newtonian properties to synovial fluid enabling it to withstand high shear stresses 

and, surprisingly, absorb some joint load energy [146]. Solute diffusion through the 

synovial membrane via the synovial fluid provides nutrients needed for articular cartilage 

metabolism [146].

1.5 Osteoarthritis

Osteoarthritis, also known as osteoarthrosis (OA), is a group of non-inflammatory 

joint disorders leading to cartilage degradation and subchondral sclerosis (densifieation 

and thickening) in synovial joints [205]. OA is often classified as being either primary or 

secondary. Primary OA is generalized and does not have any single precipitating factor, 

while secondary OA is perpetuated by a specific factor such as joint stresses, congenital 

abnormalities, and not limited to instability due to trauma. OA is also commonly found in 

the equine population and unfortunately, joint disease is the most common cause of 

expenditure of equine athletes [2, 146:Rossdale, 1985 #1568, 158, 199, 206, 207]. 

Recently, the equine model has been used for OA and eartilage healing studies [208-215].

1.5.1 Some morphological changes In osteoarthritis

There are some common morphological changes, whieh occur in the human and 

horse OA condition. Various joint tissues can be affected, including the articular

15
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cartilage, subchondral bone, trabecular bone, synovial capsule, and ligaments [216]. Most 

commonly, connective tissue changes related to OA include articular cartilage fibrillation 

and subchondral bone remodeling [158, 199, 201, 216-219]. The first morphological 

change is debated, since both articular eartilage and subchondral bone are so 

physiologically entwined [49, 152, 158, 174, 180, 182, 194, 195, 198, 200, 202, 204, 218, 

220-228].

1.5.1.1 Subchondral Bone and Calcified Cartilage

Remodeling of both subchondral bone and calcified eartilage is common in OA. 

Diagnostically, remodeling may be seen as thickening and/or increased bone mineral 

density of the ScBP. In addition to the subchondral bone and calcified cartilage 

remodeling, an increased vasculature within these tissues is also commonly seen [49, 

218, 226, 229-233]. According to some investigations, eartilage thinning is also found 

during OA due to tidemark advancement, producing multiple tidemarks [218, 226, 234]. 

The number of tidemarks has been discovered to increase with age, signifying a 

progressing ealeification front [235]. The presence of microcracks in calcified cartilage 

has been suggested to initiate this remodeling and tidemark advancement [50, 218]. In 

addition to formation, bone resorption is also found to be associated with OA, leading to 

articular surface collapse, subchondral bone cysts, and/or fragmentation [202, 206, 225, 

236].

It has been postulated repetitive joint loading induces microfraetures within 

subchondral bone and calcified eartilage, thereby inducing remodeling (thickening and/or 

densifieation) in these tissues [201, 237, 238]. The remodeling causes increases in
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material stiffness o f subchondral bone and calcified cartilage leading to greater intra­

tissue strains applied within unealcified cartilage. The greater strains within unealcified 

cartilage provoke matrix failure and breakdown (i.e. cartilage degradation). Repetitive 

loading induced changes during exercise are dependent on exercise duration, exercise 

type, rest period length, and joint studied [158,183, 191, 201, 225,239-242].

Exercise-associated OA is common in human, equine, and canine species [99, 

101, 158, 199, 204-207, 227, 234, 243-248]. The equine metacarpophalangeal (MCP) 

joint is exposed to high mechanical loading and wear, predisposing the joint to 

osteochondral fragmentation, subchondral bone lesions, articular/subarticular cysts, and 

articular surface fibrillations and erosion [49, 158, 205-207, 239, 249-251]. An increase 

in subchondral bone thickness and bone mineral density with exercise has been noted in 

the equine MCP joint, which may be associated with the high incidence of fractures and 

articular lesions in this joint [189, 193, 206, 207, 239, 251, 252]. The structural OA 

manifestations in the equine MCP joint are very similar to the human condition, possibly 

making the MCP joint an excellent model for the study of OA progression. For more 

information, the reader is referred to an inclusive review on the role of subchondral bone 

in both the human and the horse [158].

1.5.1.2 Cartilage

Fibrillation, softening, swelling, discoloration, fissures and ulceration are some 

common morphological cartilage changes present during OA [253]. Known biochemical 

changes during OA include: increased water content and decreased proteoglycan and
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collagen organization and content [253], Cartilage biochemical changes are 

biochemically and/or mechanically mediated [2, 8, 9,132, 199, 207, 253-261],

Changes in bioehemical and structural properties degrade cartilage’s material 

properties. Changes in the proteoglycan-collagen matrix associated with OA cause 

decreases in equilibrium compression modulus, shear modulus, tensile stiffness, tensile 

strength, and increases in permeability [15, 26, 30, 34, 98, 101, 112, 135, 262-264], Since 

these properties are dependent on cartilage strain and the disease state, intra-tissue 

cartilage strain may be correlated with underlying subchondral properties, possibly 

illustrating early extracellular matrix changes coinciding with subchondral bone 

properties,

1.6 Conclusion

To fully understand deformational changes occurring within articular cartilage

during articular loading and how these changes are related to underlying subchondral

bone changes, two-dimensional strain field quantification of various regions along the 

width of physiologically matched joint surfaces is needed. In the present study, pre­

existing and new testing methods are applied to equine osteochondral tissue to investigate 

cartilage and subchondral bone properties and relationships,
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2 ADULT EQUINE CARTILAGE AND SUBCHONDRAL 
BONE PROPERTIES: STIFLE AND 
METACARPOPHALANGEAL JOINT
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2.1 Introduction

There is a strong interdependency between the structure and function of articular 

cartilage. Changes in structure produce alterations in function and/or functional changes 

cause structural modifications often leading to pathologies [1], For example, focal 

injuries to the structure of the joint lead to degradation of function through necrosis of 

articular cartilage and underlying bone often leading to chronic debilitating osteoarthritis 

(OA) [2]. Similarly, age or disease-associated structural changes in cartilage are 

correlated with a loss in function, ultimately leading to OA. OA is the most frequent 

musculoskeletal diagnosis and disability [3].

Animal models are often used to better understand the etiology of cartilage 

degeneration, healing, and treatment modalities for damaged cartilage. The equine 

(horse) model has proven to be an effective model for osteoarthritis, cartilage healing, 

and/or exercise effects on the musculoskeletal system [4-14]. The equine model has many 

advantages over other animal models including: similar articular cartilage thickness to 

human joints, large articular surface area, ability to apply controlled exercise treatments, 

and joint loading is comparable to the human.

Although many articular cartilage studies have been eondueted using the equine 

model [7-9, 11, 15-26], minimal data exists on baseline structural and mechanical 

properties of equine cartilage. Joints of particular interest in the equine model include the
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stifle and metacarpophalangeal joints due to similarities in joint loading in humans and 

prevalence of naturally occurring OA, respectively.

The stifle joint (analogous to the human knee joint) is often used for cartilage 

healing studies [12, 17, 27, 28]. The stifle is comprised of two articulations, the 

femorotibial (condyles of the femur with the meniscus and tibia) and femoropatellar 

(femoral trochlea with the patella) joints. The femorotibial joint is a simple condylar 

articulation providing flexion and extension motion with predominant compression 

loading and minimal ad- and abduction motions, while simple gliding action 

(compression and shear) predominates within the femoropatellar joint [29]. The low 

weight-bearing medial trochlear ridge (MTR) of the femoropatellar joint and the high 

weight-bearing areas of the medial femoral condyle (MFC) of the femorotibial joint are 

often used for cartilage regeneration studies (Figure 2.1A) [9, 16, 21, 22, 30-33].

The metacarpophalangeal joint (MCP) (analogous to the human finger joint) is a 

composite hinge joint composed of the distal 3'̂ '̂  metacarpal, proximal phalanx, and 

proximal sesamoid bones [29]. The primary motions of the joint are flexion and extension 

[29] with both compression and shear loading. Within the MCP joint, the palmar aspect is 

the most vulnerable to osteochondral degeneration relative to its dorsal surface due to the 

high compression loading by the proximal sesamoid bones (Figure 2 .IB) [2, 34]. Also, 

naturally occurring subchondral bone sclerosis has been noted in the dorsal aspect of the 

phalanx within notably more cartilage degeneration over sclerotic bone regions [35]. 

The sesamoid bones are part of the equine’s suspensory stay apparatus noted to provide 

elastic storage and propulsion during locomotion [34, 36].
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Figure 2.1: Articular surfaces of the distal femur (A) and distal 3'̂ '* metacarpal (MC3, B) bones. 
Distal femur sam ples were taken from the medial trochlear ridge (MTR) and medial femoral 
condyle (MFC), while distal metacarpal sam ples were taken from the medial dorsal (MC3D) 
and palmar (MC3P) aspects illustrated above. Note: Illustrations are not to scale.

Baseline or normal structural and material properties of stifle and MC3 could help 

to direct future veterinary/human research efforts in joint degeneration, cartilage healing, 

and tissue engineering. Based on the geometric differences and functional demands, it is 

hypothesized that the MC3 structural and material properties would differ from those of 

the stifle, as well as regionally. In addition, subarticular bone mineral density is 

hypothesized to correspond with articular cartilage properties [37-49]. To test these 

hypotheses, normal baseline structural and material properties of equine articular 

cartilage and underlying subarticular bone mineral density within the stifle (MFC/MTR) 

and MC3 (MC3P/MC3D) joints were quantified. Cartilage structure was characterized by 

cartilage thickness and surface degeneration, while ex-vivo material properties of 

cartilage were evaluated using static and dynamic tensile and compression loading.
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2.2 Materials and Methods

2.2.1 Sample Background

Tissue samples were acquired from an unrelated study involving three horses 

receiving carpal defects, while the remaining five received no defect. All horses 

underwent routine physical exams including lameness evaluations and blood panels 

before acceptance into the primary study. All horses were run on a high-speed treadmill 5 

days/week for 3 weeks, 2 weeks off without running (defect created in carpal of treated 

horses), followed with 9 weeks o f treadmill exercise 5 days/week. Daily exercise 

consisted o f trotting (16-19km/hr) for two minutes, then two minutes of galloping (32 

km/hr), and slowing down to a trot (16-19 km/hr) for the last two minutes. The influence 

of the carpal defect on the measured responses of the stifle and MC3 samples was 

statistically evaluated (see Appendix A for more sample history).

2.2.2 Tissue Acquisition

Bilateral MC3 and stifle samples were collected at necropsy from eight horses 

(age=2 years, weight=3190+418 Newtons (Mean+STD)) involved in the project 

described above. Tissues were collected within 4 hours of death. All structures were 

visually and manually inspected for normality (articular surfaces, ridges, synovial 

membranes, and superficial bone) before inclusion in the study. Joint areas of interest 

were harvested bilaterally (trochlear ridge, femoral condyles, and the 3"̂*̂ metacarpal) 

using a band saw. The articular surface was kept hydrated during sample preparation 

using sterile phosphate buffered solution (PBS) mixed with proteinase inhibitors (Pis; 

20mM disodium ethylenediamine tetraacetate, lOmM phenylmethanesulfonyl fluoride, 

50mM benzamidine-HCl, and lOmM N-ethylmaleimide [50]). Osteochondral samples
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were wrapped with PBS+PIs soaked gauze and stored at -20°C until more precise sample 

preparation and record keeping were performed. Osteochondral blocks were thawed at 

room temperature, digital images were taken of all joint surfaces, and the samples were 

prepared to the desired geometry (10x1 Ox 10mm) using an Exakt® Cutting System (Exakt 

Technologies, Oklahoma City, OK) with PBS used as cooling fluid. Stifle samples from 

the medial femoral condyle were excised from a region, whieh predominately articulates 

with the tibia’s medial condyle (medial femoral condyle (MFC), high-weight bearing. 

Figure 2.1 A). Samples from the trochlear ridge were taken from the medial aspect of the 

troehlea (medial trochlear ridge (MTR), low-weight bearing. Figure 2.1A). The MFC and 

MTR regions were selected for their common use in cartilage regeneration studies [9, 16, 

21, 22, 30-33]. Lastly, the MC3 samples were cut from the 3'̂ '̂ metacarpal, one centimeter 

palmar and dorsal from the transverse ridge (medial palmar (MC3P) and medial dorsal 

(MC3D), respectively (Figure 2 .IB). The MC3 samples, MC3P and MC3D, were 

selected for their notable osteochondral changes during OA [2, 10, 51-57]. After samples 

were prepared, they were preserved in PBS+PIs soaked gauze at -20°C until testing.

2.2.3 Structural Properties of Cartilage

2.2.3.1 India Ink Staining

Samples were thawed to room temperature (~22“C) and the uptake of India ink 

was quantified as an indicator o f surface degradation/fibrillation [58, 59]. Two pre-ink 

digital images of the articular surface were acquired prior to ink application with/without 

the template. The template was placed within the field of view to provide spatial and 

grayscale calibration targets to allow normalization between samples. India ink diluted 

with PBS+PIs (1:5) was painted on the cartilage surface and allowed to penetrate for ten
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seconds. Excess ink was carefully removed and a post-ink image was acquired. The pre- 

and post-ink images were evaluated for gray level intensity relative to the calibration 

standards using NIH Image (NIH, USA). The average gray levels were determined for 

the calibration targets (black (gray#19, G19M.a„), gray (gray#3, G3Maan)) and post-ink region 

of interest (InkMe,„, 25 mm^ area) for each image. The reflectance score was calculated 

using the following formula:

Equation 2.1

The RS score is inversely related to cartilage surface ink uptake, and thus cartilage 

fibrillation. As the mean gray value increases, the RS values decreases ( |  fibrillation = f 

ink uptake = I reflectance score).

2.2.3.2 Cartilage Thickness

Using a Nikon 920 digital camera (1600x1200 pixels), images of each sample 

with a spatial calibration template were taken to measure cartilage thickness. Using 

Image! (NIH, USA), cartilage thickness for each sample determined (average of five 

equally spaced locations perpendicular to the cartilage surface).

2.2.3.3 Water Content of Residual Cartilage

Cartilage samples were lyophilized and wet and dry weights (WW and DW, 

respectively) were taken from the tissue adjacent to the tested tensile and compression 

samples [60, 61]. Percent water content (WC) was determined using the following 

formula:
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WC = X100 Equation 2.2
WW

2.2.4 Material Properties of Cartilage

2.2.4.1 Tensile Testing

Each 10x1 Ox 10mm osteochondral block sample was cut further to produce 

3x10x10mm and 7xl0xl0m m  blocks. Using the 3x10x10 portion, the first 300pm from 

the articular cartilage surface was sectioned from sample in predetermined tensile regions 

using a vise-equipped microtome. The superficial section was then cut into dumbbell­

shaped specimens having a 0.8mm gage width and 4mm length using a custom-trephine. 

The long-axis of the tensile specimens was aligned perpendicular to the splitline 

direction. Stifle samples from unpublished work [62] were used to determine 

predominant splitline directions using the techniques similar to O’Connor [63] and all 

MC3 tensile samples were oriented perpendicular to joint motion. Each tensile gage 

thickness was determined (average of three measurements) in the unloaded state using a 

custom contact sensing micrometer (1pm resolution) to determine the cross-sectional 

area [60]. Using a micro-testing machine (Biosyntech, Quebec, Canada), all samples 

were tested using techniques previously published [60]. Briefly, the testing involved 

applying a tare load of 0.05N (0.2 MPa), followed by a constant displacement (0.25%/s) 

to a nominal strain of 10% and 20% (grip-to-grip distance, 4mm) while stress relaxation 

was monitored between each strain level until equilibrium (900 seconds). The samples 

were pulled to failure (5mm/min) following the 20% stress relaxation. Tensile 

equilibrium modulus was determined as the slope of the equilibrium stress-strain points 

via linear regression. Tensile dynamic stiffness was calculated as the slope of the stress- 

strain curve between 25-75% failure strain, while tensile strength and failure strain were
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taken as the maximum stress and strain at failure. All samples were tested under constant 

irrigation (tensile) or immersed (compression, below) in PBS at room temperature 

(~22°C).

2.2A.2 Compression Testing

Only compression data was acquired for the MFC and MTR samples, since the 

articular cartilage thicknesses of the MC3 samples were less than 1mm and, thus too thin 

to determine accurate compression properties. Using a microtome and the 7x1 Ox 10mm 

portion of each sample, the first 1mm from the articular surface was sectioned off and 

stamped with a trephine to produce 4.8mm diameter disks. The average disk thickness 

was measured using a custom contact-sensing micrometer in six predetermined areas of 

the disk. Both static and dynamic compression tests perpendicular to the articular surface 

were performed at 15%, 30%, and 45% strain offsets [61]. Estimates of free swelling 

confined compression modulus ( H a o )  were obtained using large deformation theory for 

soft hydrated connective tissue using a nonlinear least-squares regression (with d]=0.9) 

[64]. The equilibrium modulus for each offset was estimated. Permeability (kp) for each 

strain level was estimated by nonlinearly fitting the theoretical open-eircuit stress 

solution with the amplitude and phase of the dynamic stiffness from experimental data 

[50, 65]. The estimated kp values for each strain level were used to estimate the strain- 

dependent parameter, M [66]. Permeability and the strain-dependent parameter estimate 

the deformation dependent extracellular fluid flow behavior within cartilage.
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2.2.5 Subarticular Bone Mineral Density

Bone mineral density of subarticular bone was measured using a dual energy x- 

ray absorbtiometry scanner (DEXA, Hologic Delphi QDR; Bedford, MA) using the high- 

resolution settings and small animal software package. Subarticular scan area was set to

5.2 X 5.2 mm^ in the plane perpendicular to the articular surface. The mean o f three 

independent scans was used to quantify the area bone mineral density, Pbmd (grams/cm^). 

Subarticular volumetric bone mineral density (BMD, grams/cm^) was calculated by 

dividing the area bone mineral density by the thickness of sample, thickness. Mean 

sample thickness was determined from five equally spaced locations along the scan plan 

with a micrometer with a 0.001mm resolution (Mitutoyo America Corporation, Aurora, 

IL, USA). In summary, volumetric BMD was calculated using the following formula:

BMD = Equation 2.3
thickness

2.3 Statistical Analysis

The effects of side (R/L), sample location (MFC, MTR, MC3P, MC3D), and 

carpus treatment (unrelated study), along with two-way interactions were determined 

using a mixed model with SAS statistical software at a significance level of a  = 0.05 

(SAS Institute Inc., Cary, NC, USA). Since some horses had a treatment on either the left 

or right carpus, the only random effect considered was horse within treatment. If 

significant effects were noted, Tukey’s post-hoc comparisons were performed to 

determined differences within levels of the factor. Lastly, a mixed-model analysis of 

covariance determined if the subarticular bone mineral density had any effects on 

cartilage structural/material properties. When significant differences were noted between

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sample locations, separate plots were generated. See Appendix A for SAS algorithms 

used.

2.4 Results

Tensile equilibrium modulus, dynamic stiffness, and strength responses required a 

square-root transformation, while a logio transformation was needed for cartilage 

thickness and failure strain to satisfy normal distribution assumptions. There was no 

significant effect from the unrelated earlier study’s treatment (i.e. carpal defect) for all 

response variables (all p>0.4). Data for all response variables sorted by joint location are 

presented in Table 2.1.

2.4.1 Cartilage Structure

2.4.1.1 Thickness

The cartilage thickness measurement method had a variability of 9% (CV). Eight 

samples (8/64) were not imaged or analyzed since they were accidentally excluded. 

Differences between the right and left side for each location were not significantly 

different (p=0.7). There were significant differences between sample locations 

(p<0.0001, Figure 2.2A). The MFC had significantly thicker cartilage than all other 

locations (p<0.0001, Figure 2.2A). No significant differences were noted between the 

MC3 locations (MC3P vs. MC3D, p=0.7, Figure 2.2A). Taken together, the femoral 

regions (MFC and MTR) were more than 195% thicker than both MC3 regions (p<0.001, 

Figure 2.2A, see Appendix A for p-values).
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2.4.1.2 India Ink Staining

Wear lines were grossly observed on the articular surface of 25% (2/8) of the 

MC3 samples. One sample was taken out of the analysis due to substantial rigid body 

motions between the unstained and stained image, which made image analysis 

impossible. Surface staining was not significantly dependent on side (R/L) for each 

location (p=0.4), although there were significant differences between locations alone 

(Figure 2.2B). The reflectance scores for the stifle were generally greater (MTR), 

indicating less degeneration, than the MC3 locations (p<0.005. Figure 2.2B). However, 

there was no significant difference found between MFC and MTR (p=0.2) or between 

MC3P and MC3D (p=0.5. Figure 2.2B, see Appendix A for p-values).

I 31 R S T T 1 RS R S S

ill ■ ■ .  Ill i i I
MFC MTR MC3P MC3D MFC MTR MC3P MC3D

A B
Figure 2.2: Cartilage structural properties (A) cartilage thickness (mm), and (B) reflectance score  
for each location. Significant differences (p<0.05) between areas are noted with different letters. 
Mean + STD.

2.4.1.3 Water Content

Side and sample loeation showed very little influence on residual eartilage water 

content (p=0.5 and p=0.9, respeetively). Therefore, the mean water content averaged over 

all regions and sides was: 70.8 + 2.4%.
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2.4.2 Cartilage Material Properties

2.4.2.1 Tensile

The average thickness of the prepared samples was 0.3 8+0.09mm. There were no 

significant differences in prepared sample thickness between locations (p=0.4). Two 

samples were not tested, due to testing system failure and sample preparation. Sample 

location was the only significant effect found for all tensile parameters (p<0.005). The 

tensile equilibrium modulus within the MC3 was significantly larger than stifle regions 

(p<0.05, Figure 2.3A), but sample locations within these regions were not significantly 

different (MC3P = MC3D, p=0.17; MFC = MTR, p=0.41).

Tensile dynamic stiffness showed similar differences (MC3>stifle, p<0.05). 

Additionally, MFC had a significantly smaller tensile dynamic stiffness compared to all 

other regions (p<0.05. Figure 2.3B). There were no tensile dynamic stiffness differences 

between MC3 locations (MC3P and MC3D). The MFC tensile strength at failure was 

significantly smaller than all other locations (p<0.005. Figure 2.3C). No tensile strength 

differences were noted between MTR, MC3P, and MC3D (p>0.7. Figure 2.3C). Lastly, 

MTR failed at a higher strain (grip-to-grip) than MC3P (p<0.05, Figure 2.3D). See 

Appendix A for p-values of all the statistical comparisons.
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Figure 2.3: Tensile response parameters determined (A) tensile equilibrium modulus (B) tensile 
dynamic stiffness (C) tensile strength (D) tensile failure strain. Significant differences (p<0.05) 
between areas are noted with different letters. Mean + STD.

2.4.1.2 Compression

Side did have a significant effect on compression responses (p>0.4). No 

compression modulus differences between MFC and MTR were detected (p=0.8, Figure 

2.4A). While there was no interaction between location and strain for permeability 

(p=0.6), there was a difference between strain levels (p<0.005, Figure 2.4B). The depth- 

dependent parameter, M, was not significantly different between the two femoral 

locations (p=0.3, Figure 2.4C). See Appendix A for p-values of all the statistical 

comparisons.
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Figure 2.4: Confined compression response parameters for each stifle location (A) equilibrium 
confined com pression modulus at free-swelling thickness; (B) hydraulic permeability, kp 
(m^/(Pa s), at offset compression strain levels 15% (□), 30% (H), and 45% (■ ) relative to the 
free-swelling thickness; (0 ) strain-dependent parameter, M. Significant differences (p<0.05) 
between areas are noted with different letters. Mean+ STD.

2.4.3 Subarticular Bone Mineral Density

The determined intra-sample variability (CV) for the area-based BMD 

measurements from DEXA was less than 1%, but inereased to 5% for volumetric BMD. 

Four samples were not scanned due to substantially unparallel faces. There were no 

significant interactions or side effect (p>0.6), but sample location had a significant effect 

on volumetric BMD (p<0.005, Figure 2.5). The MC3P region of the MC3 had the largest 

BMD (p<0.005), 85% more dense than the low-weight bearing region of the stifle joint, 

MTR (Figure 2.5). Also, the BMD was 21% greater in the palmar portion of the MC3 

(MC3P) than its dorsal counterpart (MC3D, p<0.005, Figure 2.5). The high-weight
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bearing MFC region had a 26% larger BMD than the low-weight bearing MTR (Figure 

2.5). See Appendix A for p-values of all the statistical comparisons.

E
«  1.5 n O)

h  0.5

MFC MTR MC3P MC3D 
Figure 2.5: Subarticular bone mineral density for each location. Note: R egions were significantly 
different from each other. Significant differences (p<0.05) between areas are noted with different 
letters. Mean + STD.

All the cartilage structural and material properties {Section 2.4.2) and subarticular 

bone mineral densities {Section 2.4.3) are summarized in Table 2.1.

2.4.4 Relationship between Cartilage Properties and Bone Minerai 
Density

The tensile equilibrium modulus had a significant positive relationship with BMD 

(p=0.05, Figure 2.6A), while dynamic stiffness (p=0.5), strength (p=0.14), failure strain 

(p=0.4), and cartilage thickness (p=0.1) were found to have non-significant relationships 

with underlying BMD (Figure 2.6B-E). A negative relationship was found between the 

reflectance score and BMD averaged over sample locations (p=0.03, Figure 2.6F). There 

were non-significant correlations between water content and BMD (p=0.7) and BMD 

with any of the compression responses (F Ia o , k p , and M; all p>0.8).
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MFC
2.20 + 0.33

0.90 + 0.08 

n = 14 

68 + 13%

4.76 + 2.92

19.95 + 6.75

6.65 + 2.19

0.68 + 0.05 

n = 15

0.19 + 0.13 

-14.28 + 0.69 

-15.61 + 0 .4 3  

-16.41 +0.31 

2 6 .20+  15.96 

n = 10

0.78 + 0.16 

n = 16

MTR
1.48 + 0.13

0.97 + 0.06 

n = 13 

73 + 25%

7.71 + 4 .25

31.72 + 12.40

10.68 + 3.21

0.71 + 0.08 

n = 16

0.18 + 0.07 

-14.26 + 0.72 

-15.78 + 0.32 

-16.59 + 0.21 

29 .20+  19.21 

n =  10
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n =  15
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0.94 + 0.14 

n = 14

MC3P
0.67 + 0.11

0.84 + 0.10 

n = 14 

73 + 16%

12.98 + 5.57

36.90 + 8.52

10.58 + 4.16

0.63 + 0.13 

n = 16

■o
w
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o
z

1.14 + 0.10 

n = 14

Table 2.1: All resp on ses for cartilage and subarticular bone are presented: sam ple mean + standard deviation and 
sam ple s izes  (n).



2.5 Discussion

Equine articular cartilage properties and subarticular bone mineral density varied 

between the MC3 and stifle locations demonstrating the importance of physiological 

loading history and joint geometry. The MC3 experiences tremendous stresses due to the 

small surface area and high loading (up to 2-3 times body weight during gait, [67]). On 

the contrary, the stifle joint withstands lower stresses and has a much larger articular 

contact surface area compared to the MC3. The MCP acts as the primary shock absorber 

within the forelimb, whereas the stifle and other joints (tarsal and fetlock) work in 

conjunction to absorb forces in the hind limb [36]. The MC3 surface has adapted to its 

environment with greater BMD and thin cartilage to minimize tissue strains. The 

patellofemoral joint (MTR) primarily accommodates shear loads applied by the patella 

(cartilage is thicker stiffer, and stronger than MFC), whereas the MFC is primarily in 

compression with the meniscus and tibial plateau (greater BMD, softer, and weaker than 

MTR) [29]. Also, the range of motion during physiological loading differs between these 

joints with the MCP (MC3) spanning -88 degrees compared to the femorotibial joint 

(MFC) spanning 55 degrees [29, 36]. The lower reflectance scores (cartilage fibrillation) 

noted for the MC3 compared to the stifle probably are due to greater range of motion and 

stresses on the MCP. Furthermore, the higher MC3 tensile equilibrium moduli and 

dynamic moduli would accommodate these large tensile and shear stresses applied to the 

highly mobile joint. Interestingly, the palmar aspect of the MC3 only had greater BMD 

compared to the dorsal aspect, though the palmar aspect shows more degenerative 

changes clinically possibly due to higher contact stresses [51].
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Functional adaptations o f the MC3 were also noted due to contrasting stress 

histories between the palmar and dorsal aspects (MC3P and MC3D). Higher loads are 

applied to the palmar aspect of the 3'̂ '̂ metacarpal compared to the dorsal aspect due to 

the equine’s suspensory stay apparatus (connective tissue structures to lock joints during 

stance and are the main mechanism for locomotion) [29, 34], The palmar aspect of the 

joint adapts to this physiological loading by increasing tensile properties (equilibrium 

modulus and stiffness) and subarticular bone mineral density. The presence o f greater 

palmar bone mineral density coincides with regional loading estimates [34], This study 

supports that adaptive mechanisms may take place within both cartilage and bone to 

withstand physiological demands in-vivo [68]. Similar possible adaptations and variations 

between joints have been documented for the human knee and ankle [44, 69]. The ankle 

joint (similar to the MC3) has thinner cartilage and appears to have more joint 

congruency than the knee (similar to the stifle) [70, 71]. Cartilage from the ankle is less 

compliant (stiffer) compared to the distal femur o f the knee [69], possibly due to their 

differing stress environments.

Cartilage and bone properties have been found to vary by joint and location 

within the joint [44, 69, 72-74]. Therefore, differences in structure and function of 

articular tissues may be related to the “stress history” of each location [75, 76]. 

Comparing and contrasting the material properties at the MFC and MTR regions in the 

stifle joint supports this concept. Hypothetically, the MFC experiences primarily 

compression while the MTR experiences compression as well as shear and tension forces 

due to the sliding of the overlying patella. The larger BMD found in the MFC compared 

to the MTR may be related to greater applied MFC compressive loading (i.e.
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adaptation/remodeling). Similarly, the shear loading of the MTR by the patella provides 

impetus for the articular cartilage to have greater tensile modulus and strength compared 

to the MFC.

The effects of gender, animal breed, age, freeze-thaw cycles, and splitline 

direction (superficial collagen orientation) on cartilage material properties and/or bone 

mineral density are significant [77-85]. Gender, breed, and age were not controlled in this 

study and may have contributed to response variability. All tissues underwent two freeze- 

thaw cycles; therefore comparisons within the current study most likely would not be 

affected, but comparisons to other studies should consider the number of freeze-thaw 

cycles. Articular cartilage splitline direction has significant effects on the tensile 

properties [86]. In this study, the splitline direction was based on unpublished equine 

pilot data on a separate group of specimens and the assumption the MC3 splitline 

direction was aligned with the joint motion direction. These estimates of collagen 

orientation may have contributed to variability in tensile properties.

Human subarticular bone density has been correlated with overlying articular 

cartilage properties [40, 42, 87-90]. In this study, subarticular bone mineral density was 

positively related to tensile equilibrium modulus, extending this relationship to the equine 

species. Cartilage equilibrium modulus is independent of fluid exudation and dependent 

on collagen and collagen crosslink content. The same stress history initiating adaptation 

within the subarticular bone may also stimulate adaptation in articular cartilage by 

prompting chondrocytes to synthesize more collagen and crosslinks [91]. It must be 

noted that the samples were tested perpendicular to the splitline direction, therefore, the
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effects of collagen crosslinks were predominately tested, compared to collagen fibrils 

aligned with the splitline.

This positive trend between equilibrium modulus and underlying bone mineral 

density may start to become negative in early stages of OA. Although not found in this 

study, increasing the sample size of the compression samples may provide relationships 

between subarticular bone and overlying compression properties. Inconsistent with other 

reports, the cartilage water content did not correlate with tensile properties [60]. 

Systematic errors such as lengthy sample storage and/or the need to lyophilize samples 

twice may have caused these errors. There were large distinctions between trabecular 

(less dense) and subchondral bone (more dense) noted in the topographical bone mineral 

density profiles (Figure 2.7). The stifle regions (MFC/MTR) displayed very thin high- 

density subarticular plates, whereas the MC3 samples (MC3P/MC3D) had substantially 

thicker high-density subarticular plates (Figure 2.7). Therefore, the regional subarticular

Articular Surface Articular Surface
MCP Stifle

Figure 2.7: A typical DEXA scan topographical output ( t  intensity/white = t  density) is illustrated 
to note the visual difference between a MC3 and stifle sam ple bone mineral density distributions. 
MC3 sam ples have a thicker subchondral bone plate (highlighted dotted line), while the stifle 
sam ples have a markedly thinner subchondral bone plate.

bone mineral density differences found in this study may reflect differences in regional 

subchondral bone plate thicknesses due to the fixed area of analysis used for the bone 

mineral density measurement using DEXA. The BMD variations between joints found in
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this study was consistent with others showing subchondral bone variations with articular 

geometry and physiological loading [13, 38, 46, 47, 68, 89, 92-97].

2.6 Conclusion

This study presents the first comparative dataset o f equine cartilage 

structural/material properties and the relationship between cartilage properties and 

underlying subchondral bone density for the palmar and dorsal aspect of the medial 

condyle of the 3'̂ ‘̂ metacarpal (MC3), medial trochlear ridge (MTR), and the medial 

femoral condyle (MFC). A positive correlation between cartilage tensile equilibrium 

modulus and underlying bone mineral density was found. Recommendations for future 

work include determining the effects of age, exercise, OA, sample orientation, 

subchondral bone thickness, and biochemical content on these properties and 

relationships.
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3 REGIONAL SUBCHONDRAL BONE THICKNESS 
MEASUREMENT AND VALIDATION

3.1 Introduction

The structure of the synovial joint is consistent with its two primary functions: 

enabling motion and load transfer [1], Osteochondral structures transmit load across the 

joint by means of the near-frietionless conforming articular cartilage and the energy 

absorbing abilities of underlying subchondral bone. These osteochondral structures 

include articular cartilage, calcified eartilage, cortical bone, and cancellous bone. The 

majority of energy dissipation is provided by the haversion systems of the cortical bone 

and the trabeculae systems of the cancellous bone [2, 3]. Subchondral bone can refer to 

some or all of the subarticular structures; however, for this study, the subchondral bone 

plate (ScBP) was defined as the radio-dense layer between the uncalcified articular 

cartilage and supportive trabecular system [2].

The subchondral bone plate consists of type-I collagen fibrils interwoven with 

inorganic calcium and phosphorus crystalline structures forming haversian systems 

similar to cortical bone [1]. The ScBP is organized parallel to the articular surface. The 

less dense underlying trabecular bone supports the ScBP with strut-like structures 

organized perpendicular to the articular surface [4-6]. This same structure is found across
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species.

For centuries, researchers have noted the strong relationship between bone 

morphology and mechanical stress history [7-12], For example, the ScBP optimally 

remodels (densification and thickening) according to changes in the stress environment 

(e.g., exercise and aging) [2, 9, 13-16]. ScBP adaptation may contribute to the 

development of osteoarthritis by stiffening and reducing the shock absorption capabilities 

o f the joint, producing higher cartilage strains [2, 13]. Subsequently, higher strains in the 

articular cartilage may lead to microffactures within the calcified cartilage and 

subsequent articular cartilage degradation (physical and metabolic) [13]. In summary, 

exercise and age can lead to ScBP microfractures requiring remodeling that increases the 

material stiffness, causing cartilage strains to increase leading to degradation and loss of 

joint conformity precipitating greater stresses and more ScBP microfractures [13].

Exercise-related osteoarthritis is a common condition in several species (e.g., 

human and horse), with the effects of loading on bone metabolism and bone structure 

being of particular interest. Understanding how osteochondral tissues change due to 

trauma and wear will unlock some new treatment modalities for the debilitating disease, 

osteoarthritis. Osteoarthritis has immense ramifications within the human population, as 

well as in the horse. For example, the equine metacarpophalangeal (MCP) joint is 

exposed to high mechanical loading and wear predisposing the joint to osteochondral 

fragmentation, subchondral lesions, articular/subarticular cysts, and articular surface 

fibrillations and erosion [17-25]. Distal lateral 3'̂ ‘' metacarpal bone fractures at the base of 

the sagittal ridge are very common in the equine athlete. An increase in subchondral bone
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thickness and bone mineral density have been noted with inereased exereise and 

increased joint forees in the equine MCP joint, which may provide an explanation to the 

high incidence of fractures [17, 21, 22, 24, 26-28].

Subchondral bone struetures/properties have been studied using several methods 

including, non-decalcified/decalcified histology [9, 24-32], high-resolution contact 

radiographs [33], and computed tomography [2, 26, 28]. Histologieal methods are very 

time consuming, costly, and can be very subjeetive. Computed tomography is very 

expensive, but comprehensive. Contact radiographs provide an economical means to 

determine subehondral bone thiekness from samples ex-vivo, yet measurement variability 

has not been determined for this teehnique. Yamada et. al. used contact radiographs in 

combination with image proeessing to measure subehondral bone plate thickness, but 

negleeted to eomment on systematic errors eontributing to a CV >34%. The purposes of 

this study were to develop a post-processing algorithm to measure ScBP thickness from 

digitized contact radiographs of thin osteochondral slabs from the equine MCP joint. The 

systemic errors of the method will also be assessed.

3.2 Materials and Methods

3.2.1 Sample Acquisition I Preparation

Three matehed-pairs of equine MCP joints were collected within 4 hours of 

sacrifice to minimize tissue degradation (see Appendix B for sample history). After an 

arthrotomy was performed, the synovial fluid was flushed with phosphate buffered saline 

(PBS) and proteinase inhibitors (Pis; lOmM phenylmethanesulfonyl fluoride, 50mM
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benzamidine-HCl, and lOmM N-ethylmaleimide) [34], Joints were wrapped with 

PBS+PIs soaked gauze and stored in sealed bags at -20°C until testing preparation.)

Samples were thawed in PBS for one hour at room temperature. The palmar and 

dorsal aspects of the joint were carefully opened to allow visualization of the articular 

margins. The joint was extended manually and rigidly fixed using a three-dimensional 

clamp (VWR, West Chester, PA, USA), maintained at full extension, and cut twice (6.5 

mm apart, EXAKT Technologies, Inc., Oklahoma City, OK, USA) in the coronal plane to 

yield a flat 6.5 mm thick osteochondral specimens of mating cartilage surfaces (Figure

3.1)

Figure 3.1: (A) Medial-lateral view of the anatomical position of the sample taken from the 
metacarpophalangeal (MCP) joint (B) Coronal view of the typical MCP sample, proximal 
metacarpal (MC3) and distal 1®' phalanx (PI), with analyzed regions (R1-R7) highlighted.

3.2.2 Study Structure

Three matched-pair equine MCP joints (3-right, 3-left) were collected and 

analyzed. In summary, the study design involved: three horses (A, B, C), two sides (R/L), 

three x-rays (1,2,3), two bones (MC3/P1), and seven regions (R1-R7, Figure 3.2). 

Additionally, image analysis was repeated 5 independent times (i-v. Figure 3.2) for each 

radiograph.
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Figure 3.2: Study structure. Osteochondral slabs from bilateral (R, L) MCP joints from three 
horses (A, B, C) were exposed three consecutive times (1, 2, 3). ScBP thickness measurements 
were acquired for each region (R1-R7) within each bone (MC3, P1) five times (i-v) from each  
radiograph.

3.2.3 Contact radiographs

Osteochondral samples were thawed at room temperature and radiographed using 

a high-resolution cabinet x-ray machine (Faxitron® Cabinet X-ray System Model 

43855A, Wheeling, IL) with high-resolution mammography film (X-OMAT film, 

Eastman Kodak, Rochester, NY). Three radiographs were taken of each joint sample with 

an aluminum calibration step wedge in view for each exposure (Dent-X Corporation, 

Elmsford, NY). A 2:15 minute exposure at 42 kVp was selected to allow visualization of 

all the step-wedge luminance intensities. Radiographs were developed and checked for 

consistency of step-wedge intensity graduations. Each film was converted to a digital 

image (LS75 digitizer, Eastman Kodak Company, Rochester, NY) at a resolution of 

119.11 pm/pixel (Figure 3.3A).

3.2.4 Image processing and subchondral bone thickness 
measurement

Images were cropped and rotated to standard orientations using Image-Pro Plus 

(Media Cybernetics, Silverspring, MD). Each image was filtered using a local best-fit
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contrast enhancement to differentiate between pixel luminance values (Figure 3.3B) [35]. 

A custom semi-automatic analysis program was implemented to perform subchondral 

bone edge detection along the articular surfaces using articular landmarks (Figure 3.3B). 

Using the distance between the medial landmarks, the medial condyle regions were 

selected 30% (Rl), 60% (R2), and 95% (R3) relative to the medial margin. Lateral 

condyle regions were selected 95% (R4), 60%(R5), and 30%(R7) between lateral 

landmarks relative to the lateral margin. The region R7 was selected at the sagittal ridge 

(See Appendix B more information on region selection). Briefly, ScBP thickness was 

determined by: (1) identifying luminance profiles at sites o f interest (Figure 3.1) at a 

width of 25 pixels or 3mm; (2) inflection point recognition in the luminance profile 

determined the ScBP boundaries (Figure 3.3C); (3) linear distance determined between 

the subchondral bone boundaries (luminance inflection points) (Figure 3.3C); and (4) a 

visual confirmation of the measurement by the user. The ScBP thickness was quantified 

for all the regions (R1-R7) of each bone (MC3 and PI, Figure 3.1). All radiographs, 

including repeated measurements of the same radiograph, were analyzed in the same 

manner (see Appendix B for protocol and Image-Pro algorithm).
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Figure 3.3: Image processing and subchondral bone (ScBP) thickness measurement: (A) raw 
radiograph Image (B) filtered image with feature points used for ScBP thickness measurement 
locations for the distal metacarpal (MC3) and proximal 1®' phalanx (PI) (C) an illustration of 
the ScBP thickness measurement using a line luminance profile to determine the ScBP margins, 
luminance peak (a) and largest negative gradient (b).

3.2.5 Statistics

Normality was checked and ScBP thickness was transformed to achieve a normal 

distribution. To determine systematic errors, a mixed-effects ANOVA using the 

Satterthwaite approximation for degrees of freedom (SAS Institute Inc., Cary, North 

Carolina, USA) was used with the following random effects, horse (e.g., subject), x-ray 

replication nested within horse, measurement replication nested within x-ray, and horse. 

Variance proportion of each random effect relative to the total systematic variance was 

used to determine the systematic error proportions.

3.3 Results

3.3.1 Systematic Error

The average overall osteochondral sample thickness was 6.30+0.24mm (Mean + 

STD). A reciprocal transformation of ScBP thickness was required to achieve normality. 

The average error for ScBP thickness for the entire study was 23% of total error (CV). 

There was an insignificant source of error from the measurement algorithm (0.23% of

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



total CV). The variability induced by the x-ray and digitizing (2.1% of total CV) was 

one-order of magnitude smaller than the error found between subjects (19.6% of total 

CV) and 2X smaller than the combined residual error o f the entire process (4% of total 

CV). Precision was spatially dependent. The medial and lateral MC3 regions (Rl and R7) 

had a lower precision (meaning higher STD) than those centrally, contrasting the spatial 

dependency found for the PI regions (R3 and R5 regions having the lowest precision, 

Figure 3.4). Processing algorithm precision was 0.045 + 0.045 mm (37% of a pixel).

E  ®

§ 4
(0
0  3

1  2
H
Q. 1
mo  
(0 0

R1 R 2  R 3  R 4  R 5  R 6  R 7  R l  R 2  R 3  R 4  R 5  R 6  R 7

MC3 P1
Figure 3.4: The subchondral bone (ScBP) thickness relationship between bones, distal 3''* 
metacarpal (MC3) and proximal T‘ phalanx (P1), and regions (R1-R7).

3.4 Discussion

Contact radiographs proved to be a feasible method for assessment of ScBP 

thickness with the highest measurement variability associated with inherent sample 

differences and preparation. Variability caused by the radiographic procedure and digital 

conversion was negligible. Precision varied across the joint, possibly due to interference 

from the medial and lateral cortical edges and ScBP thickness variations at the base of the 

sagittal ridge (R4). Other research quantifying ScBP thickness has not assessed
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systematic errors making eomparison to techniques used by others difficult, the current 

method had a 23%CV compared to >34%CV for Yamada et. al.’s method [33],

The inabilities to perform non-invasive three-dimensional analyses are 

fundamental limitations of contact radiographic methods to quantify ScBP thickness. 

Since radiographs are a two-dimensional representation of a three-dimensional object, an 

additional limitation is that as sample thickness increases, the possibility for measurement 

error also increases. Therefore, sample thickness must be relatively thin compared to the 

articular radius of curvature in order to obtain accurate results.

The radiograph digital scanning process limited the precision currently attained 

using the method described herein. The scanner in the present study had a resolution of 

119.11 pm/pixel, which was significantly lower than the available resolution available to 

from high-resolution radiographic film (3-lOpm/grain). Therefore, if  the radiograph 

scanner resolution was comparable to the resolution of more economical radiographic 

film (>50pm/grain), it would be sufficient to use more economical radiographic film for 

the method presented in this study.

For this study, contact radiography has proven to be an effective and efficient 

means to measure subchondral bone plate thickness within planar osteochondral 

metacarpophalangeal joint samples. However, there are some drawbacks to using contact 

radiography to measure ScBP thickness. For example, it requires ex-vivo sample 

preparation and is a two-dimensional representation of a three-dimensional sample. 

Understanding these limitations are necessary to adequately prepare samples and interpret
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the results. Reeommendations for future work inelude eomparing radiographie, 

histological, and computed tomography methods for quantifying ScBP thickness.

3.5 Conclusion

The measurement of subchondral bone plate thickness is important to the study of 

osteoarthritis. A new subchondral bone plate thickness measurement technique that has 

minimal systematic error and repeatability using high-resolution contact radiographs and 

image processing has been developed in this study.
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4 ERROR ASSESSMENT OF INTRA-TISSUE 
ARTICULAR CARTILAGE STRAIN WITHIN OPPOSING 
ARTICULAR SURFACES

4.1 Introduction

The structure and composition of articular cartilage has been found to vary by 

species, location within the organism and joint, and depth from the articular surface [1-3]. 

These variations in structure and composition contribute to depth-dependent mechanical 

properties [4-6], For example, the collagen alignment relative to the articular surface 

changes from parallel in the superficial zone to more perpendicular at the 

cartilage/calcified cartilage interface creating depth-dependent compositional and 

mechanical characteristics [3], The superficial fibers are primarily aligned in the direction 

of articulations to resist tensile forces, while the deep collagen orientation is designed 

primarily to resist shear forces between cartilage and calcified cartilage [7], Proteoglycan 

content also varies as a function of cartilage depth resulting in depth-dependent fixed- 

charge densities and compressive properties [5, 6].

Characterization of articular cartilage physical properties has been performed 

using various methods. Experimental testing analyses using platen to platen strains, 

confined compression [8-11], and unconfined compression [12-14] assume articular 

cartilage intra-tissue deformation to be homogeneous, thereby neglecting its complex
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heterogeneous structure. Measurements o f intra-tissue strains were needed to fully 

understand and characterize articular cartilage. Schinagl et al. [4, 5] found a depth- 

dependent compression modulus within articular cartilage using chondrocytes (cartilage 

cells) as fiducial markers to calculate depth-dependent strains during platen loading of the 

articular surface under confined compression. Articular cartilage’s depth-dependent 

confined compression modulus was verified by taking serial sections along the articular 

depth [6, 15]. Other researchers soon followed, optimizing Schinagl et al.’s technique, by 

using chondrocytes as intra-tissue fiducial markers for deformation analysis [6, 15-17]. 

Recently, researchers used digital image correlation to facilitate tracking of chondrocyte 

positions between deformation states of indentation, confined, and unconfined 

compression via platens for intra-tissue strain analysis [15-18]. Until now, quantifying 

strain distributions within articular cartilage focused on compression behavior via an 

opposing platen only. Constitutive relationship determination is unproblematic for platen 

loading experiments due to the simplified boundary conditions, whereas determining 

constitutive relationships from articular surface loading is significantly more difficult due 

to geometry and uncontrollable articular surface displacements. Consequently, only strain 

distributions between articular surfaces are justifiably determined, but can offer 

considerable insight for certain situations. The study of articular cartilage intra-strain 

distribution under physiological loading conditions of opposing articular surfaces would 

provide a more physiologically appropriate simulation, and is the focus of this 

investigation.

Erne et. al. [19], using quantitative electronic speckle pattern interferometry, 

attempted to quantify articular cartilage intra-tissue strain distributions within unmatched
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opposing porcine osteochondral medial femoral and medial patellar specimens 

(5x5x5mm^) under confined compression. These researchers were only able to capture 

one-dimensional infinitesimal strain fields within the small cubic femoral condyle 

section. To fully understand deformational changes occurring within articular cartilage 

during articular loading, two-dimensional strain field quantification in various regions 

along the width of matched joint surfaces are needed. Therefore, the objectives of this 

study were to develop a custom-designed loading system and associated sample 

preparation procedure, and to quantify two-dimensional strain fields between two 

opposing articular cartilage surfaces (MC3 and PI) within the equine 

metacarpophalangeal joint (MCP) using video image correlation analysis (VIC). 

Systematic errors were quantified to validate the system. The methodology will provide a 

mechanism to evaluate articular cartilage strain fields of various regions along the 

articular surface of naturally opposing osteochondral surfaces (Chapter 5).

4.2 Methods and Materials

4.2.1 Experimental Testing Setup

The experimental testing setup consisted of a sample, custom-designed loading 

system, microscope, digital camera, computer, and digital image correlation analysis 

(Figure 4.1).
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Figure 4.1: Schematic of testing setup (A) custom-designed loading system applies load to the 
osteochondral sample, (B) the epifluorescence microscope, digital camera, and digitizer capture a 
magnified view of fiducial markers (chondrocytes) within osteochondral sam ple’s cartilage 
surfaces, (C) images are taken before and after loading and saved on a personal computer, (D) 
then digital image correlation is used to analyze the images to determine intra-tissue 
displacements and strains.

4.2.2 Sample Preparation

The equine metacarpophalangeal joint was chosen for analysis due to high clinical 

incidence of joint degeneration [20-23], simple two degrees-of-freedom motion [24], and 

prominent sagittal ridge to help maintain proper alignment during testing (R4 in Figure

4.2). An equine MCP joint (2-3yrs) was obtained within 4 hours of sacrifice and flushed 

with phosphate buffered saline (PBS) and proteinase inhibitors (Pis; lOmM 

phenylmethanesulfonyl fluoride, 50mM benzamidine-HCl, and lOmM N- 

ethylmaleimide) while keeping all support structures intact [10]. The joint sample was 

visually and manually inspected for normality prior to acceptance into the study. The 

joint was wrapped with PBS+PIs soaked gauze and stored in a sealed bag at -20°C until 

preparation and testing.
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The sample was thawed at room temperature and maintained at full extension 

during preparation using an adapted fixture (variable-clamp, cat#21572-658, VWR 

Intemational; West Chester, PA). A 5.5mm slab was cut from the mounted specimen in 

the coronal plane using a precision bone saw (EXAKT Technologies, Inc., Oklahoma 

City, OK, USA) with constant irrigation of PBS during cutting. The parallel cuts were 

made through the aligned joint yielding mating osteochondral surfaces at full extension of 

the joint (Figure 4.2). Sample dimensions were quantified using the average of five 

thickness measurements of each bone portion (MC3/P1) using a micrometer (+lmm, 

Mitutoyo; Aurora, IL) and digital caliper to measure the whole sample height (proximal 

to distal, +10mm, Mitutoyo; Aurora, IL). Cell nuclei were stained in a solution of 

propidium iodide (0.02mg/ml) and PBS+PIs, overnight at 5°C prior to testing (see 

Appendix C for sample preparation protocol).

Figure 4.2: (A) Sagittal view of the metacarpophalangeal joint (MCP) showing the joint angle 
which the sample (gray area) prepared from the U* phalanx (PI) and 3'“̂ metacarpal bone (MC3). 
(B) Coronal view of a typical sample showing the P1 and MC3 articular surfaces and analysis 
regions (R1-R7). Note: The sagittal ridge restricts medial-to-lateral movement centrally (R4).

4.2.3 Custom-Designed Loading System

The loading system is diagrammatically presented in Figure 4.3. The system is 

comprised of a main hydration chamber (6061 aluminum) with a sample-viewing 

window (1/8 inch thick plate glass) at the base. The sample was mounted in the hydration
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chamber (filled with PBS+PIs) with palmar aspeet of the sample against the viewing 

window. The sample was aligned eentrally and stainless steel loading platens were 

installed. To minimize unbalanced sample loading, a self-alignment meehanism was used 

between the platens eonsisting of one stainless steel ball bearing centrally placed (relative 

to the sample) between two stainless steel platens (on both sides o f the sample, Figure

4.3). To minimize friction and out-of-plane movement of the sample during compression, 

stainless steel rods (l/32”diameter) were placed parallel with the articular surface and 

perpendicular to applied displacement, between the dorsal bone surfaces (MC3 and PI) 

and a glass-lined confining plate (small 4N in the coronal plane) acting like linear 

bearings. Fluid flow in and around the tissue was allowed to flow freely, except for the 

surface against the viewing glass. The primary actuator (linear micrometer, 10pm 

resolution, Newport; Irvine, CA) applied load on the force cell (2.2kN, Model#51, 

Sensotec; Columbus, OH) located on the secondary actuator (Figure 4.3). An aluminum 

plate and two linear bearing guides (RSR9Z, 115mm, THK America; Schaumburg, IL) 

support the secondary actuator, which transfer load applied to the force cell to the 

stainless steel platen in the hydration reservoir, which in-tum applies load on the sample 

in the hydration reservoir (Figure 4.3). A 12-bit data acquisition system (LabView®, 

National Instruments; Austin, TX) was used to capture the force signal during loading at 

4Hz (see Appendix C for more views of the system).
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Figure 4.4: The custom-designed loading system within the translation stage on an 
epifluorescence equipped inverted microscope with a high-resolution digital camera.

4.2.4 Image Acquisition

The compression system was designed to fit securely on an xy-translation stage (+lpm, 

Microcode II, Boeckeler Inst.; Tucson, AZ) of an inverted microscope (Olylmpus IX-70, 

Melville, NY; 4X objective; Figure 4.4). The microscope was equipped with 

epifluorescence (WG filter, Ex570-550; Em>590) and digital photography using a SpotRT 

camera (Diagnostic Instruments; Sterling Heights, MI) to capture high-resolution 16-bit 

grayscale images (FOV 2.2x3.0mm^, 540 pixels/mm, aspect ratio=1.0; Figure 4.4).

4.2.5 Digital Image Correlation Analysis

Two-dimensional video image correlation (VIC) was performed on the image sets 

to determine displacements and displacement gradients of patterns (subsets) within the 

image. As discussed by Sutton et al. [25], VIC involves measurement of surface 

displacements by matching points on an undeformed object surface (undeformed image) 

to surface points of the deformed object (deformed image). This requires a one-to-one 

relationship between the two states of the object’s images and a high-contrast random
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surface pattern. The imaging process converts the continuous light intensities 0(X,Y) 

reflected off the sample surfaee to discrete quantities I(X,Y) using the charge coupled 

device array of the digital camera ([25], Figure 4.5).

Figure 4.5: Typical subset pattern used for video image correlation (49x49 pixels, ~90x 90pm). 
The high intensity areas (white) are fluorescently stained chondrocytes.

The deformation process is illustrated in Figure 4.6 for a subset (intensity or pixel

pattem). For the undeformed subset centered at (X,Y), the discrete sample location of

point P is (X,Y) and the location of point Q is (X+dX, Y+dY) as presented in equations

4.1 and 4.2 below [25],

I{P) = I (X,Y) Equation 4.1

l {Q)  = l { X  + d X , Y  + dY) Equation 4.2

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Y

«(X,Y)

v(X,Y)

dX

-►X
Figure 4.6: Two-dimensional deformation process of an image subset. Adapted from [25].

Displacements dX and dY between unloaded and loaded image captures are 

typically small distances. To accurately determine subset displacements quintic 

interpolation was used, in conjunction with a low-pass binomial fdter to minimize 

interpolation error [26]. After deformation (Figure 4.6), points P and Q are transformed 

into the deformed points, p and q. Assuming a one-to-one relationship between the 

undeformed and deformed image sets, the displacement vector field was defined as 

{w(X,Y), v(X,Y)} thereby x = X + w(X,Y), y  = Y  + v(X,Y) and discrete deformed 

intensity subset locations are defined by equations 4.3 and 4.4 [25],

v ( x ,  , Y . ) = i [ x , + u ( x „  r,), r, + v ( x ,, r,)) Equation 4.3

and
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I'[x , + u(x „Y,\Yj +A,X,Ji )]

= l[x. + dX, + u(Xi + dX., Yj + dYj \Yj + dYj + v{x. + dX, , Ŷ + dYj)]

=  / X , + u [ x „ Y . ) + 1 +
du
dX.

dX, + —  d Y Y  + v [ x . j ) + — dX, + 
' dY, " '   ̂ e x .  '

dv

IJ
1 +

dv
dY,

dY,
1J

Equation 4.4

Constant displacement gradients within each pixel subset are assumed to achieve 

uniform strain within each subset. By, matching discrete pixel subsets between the 

undeformed and deformed images with a search method, the displacements and 

displacement gradients for each subset are determined. A normalized cross-correlation 

coefficient (C/) was used to determine (w(P), v(P), du/dX, dv/dX, du/dY, and dvIdY) 

defined in equation 4.5 [25]:

1.0-C , u,v,-
du du dv dv

V dX dY dX d Y )

'f)f,Ax,J,]-r[x. +4x,JjIŷ
i=l 7=11.0

i= N  i= M

S I
1=1 7 = 1

{f-(x„Yy[x,+u(x„Y,\Y,^v(x„Y,)f-

Equation 4.5

Initial user-defined estimates (w(P), v(P), duldX, dvIdX, du/dY, and dv/dY) for a 

subset were selected using the undeformed and deformed images. Using optimization 

(Newton-Raphson), the values w(P), v(P), duldX, dvidX, du/dY, and dv/dY are selected to 

minimize the normalized correlation coefficient for that particular subset. The initial 

guess for the next subset uses the results from the previous subset for the next 

optimization step. This process repeats itself for the remaining subsets within the selected
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analysis region. After all the subsets have been correlated, a simple linear interpolation of 

the displacement gradients of selected pixel neighborhood size around each subset was 

used to calculate strain for each subset. Lagrangian strains were determined using the 

following equations (4.6-4.8) [27]:

dX  2
du

Equation 4.6

dY  2
dv

+
du

Equation 4.7

^  X Y ~~ '

f  du dv^ 1 f du^
— ......  ' + — -E

[ d Y  dX J 2 [ d X j U rj [ d x J U tJ Equation 4.8

Using the Lagrangian strains (Eqns 4.5-4.8 ) ,  the maximum principal ( E m a x ) ,  

minimum principal ( E m in ) ,  and maximum shear ( E s h e a r ) strains were calculated as 

detailed in equations 4.9-4.11 [27]:

P m a x  -  ~ { ^ x x  ^  E y y )  +  ~ ^ { ^ x x  ~ ^ y y Y  + 4 E

1
XY Equation 4.9

M̂iN ~ 2 ) 2 ^ yy ) + 47? Equation 4.10

— P  — P2 M̂AX M̂IN
ŝHEAR 2 ^yy) ^^XY 2 Equation 4.11

The VIC program (VIC2D, Correlated Solutions; West Columbia, SC) output the 

following for each subset: displacement {u, v), correlation (C/), Lagrangian strains {Exx,
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Eyy, Exy), and principal strains (Pmax, Emin, ^ P max)- See Appendix C for data reduction 

algorithms.

4.2.6 System Errors

4.2.6.1 Baseline Error

To determine the inherent error expected using the chondroeytes within the 

prepared MCP sample, two images (average of 1-20 images) were acquired five minutes 

apart without translating or deforming the sample. After the images were acquired and 

averaged, the images were analyzed using VIC to determine the displacement errors of u 

and V (standard deviation) using single images (no averaging) and averaged images.

4.2.6.2 Focusing Error

Since the focal plane is subjective and out-of-plane motion may be present 

requiring refocusing, focal plane selection and re-focusing errors were determined 

relative to a user-defined focal plane (set at Opm). To determine how focal plane 

selection could affect VIC analysis, images (deformed) were taken 1-40 pm from the 

focal plane and analyzed with VIC with the user-defined focal plane image as the 

undeformed image. The error was defined as the u and v displacement standard 

deviations at each focal plane. To determine the effect refocusing had on VIC, focused 

(0pm, undeformed) and unfocused (1-40 pm from the optimal focal plane, deformed) 

images were acquired and analyzed. The error was defined as the u and v displacement 

standard deviation.
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4.2.6.3 Rigid Body Motion

Images were digitally transformed with a software plug-in (Transform!, [28]) for 

Image! (NIH; Bethesda, MD) using quintie interpolation to mimie known u and v 

translations (0.001-100 pixels) and rotations (0.001-15 degrees). Using linear regression 

analysis with the applied motion as a predietor for the mean translation ealeulated by 

VIC, the pixel mean and standard deviations for all deformations were determined. [29- 

34]

In addition, known manual translations of the loading system on the microseope 

were applied in the xy-plane. Using linear regression analysis with the applied motion as 

a predictor for the mean translation calculated by VIC, the pixel mean and standard 

deviations for all translations were determined. [29-34]

4.2.6.4 Sample Friction Measurements

Friction induced by the upper and lower confining plates may have significant 

effects on the strain fields found during compression testing. To determine these possible 

systematic errors, a 4N-confming load was applied before translating the sample between 

the confining plate (upper plate) and viewing glass (lower confining plate), while the 

force (R) to translate the sample was acquired (see Figure 4.7). Epifluorescence images 

of the sample were captured before and after translating the sample 400pm. The mean 

and standard deviation of the two-dimensional strain fields were evaluated for both MC3 

and PI of R l only. In addition, the average static and dynamic friction forces were also 

determined assuming the measured force needed to translate the sample was solely due to 

friction (neglecting system friction within the linear bearings).
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1/2

AMPLE

R = F,
Figure 4.7: Rigid body diagram showing how the friction force (F̂ ) on the sam ple between the 
upper and lower confining plates w as attained translating the sam ple by applying an unknown 
force (R).

4.2.6.S System Compliance

The inherent compliance of the compression system was determined using the 

displacement rate of 0.01 mm/sec. Stiffness of the system was considered to be the 

average slope of the linear portion of the force-displacement curve of six consecutive 

compression tests of stainless steel.

4.3 Results

4.3.1 Sample Preparation

The prepared sample thickness was 5.415+0.070mm (mean+std). From medial to 

lateral the sample thickness was 5.403+0.063mm and 5.393+0.090mm, respectively. A 

50pm saw curf loss was found for each cut.

4.3.2 System Errors

All images were analyzed using a subset size of 49 x 49 pixels with a five-pixel 

step size. The mean and standard deviations were determined using 30,222 points. A 

linear interpolation o f a nine-pixel neighborhood o f the displacement gradients was used 

for the strain calculations.
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4.3.2.1 Baseline Errors

There was a small benefit to averaging multiple images on the baseline error 

(Figure 4.8). Averaging greater than 10 images actually increased the error 1-3% for u 

and decreased the error by 20% in the v-direction (Figure 4.8). The expected error (STD) 

for acquiring single images was found to be 0.00025 and 0.00011 pixels for u and v, 

respectively. The calculated principal strains ( P m a x , P m in )  were both 2+6 pstrain 

(mean+std), respectively.
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Figure 4.8: Baseline error of averaged im ages when no motion or deformation w as applied.

4.3.2.2 Focusing Errors

When the second (deformed) image is not properly focused, the error expected is 

illustrated in Figure 4.9. The standard deviation of the displacement fields was about 0.04 

pixels when +20pm from the most favorable focal plane (minimum error). The 

displacement error increased in the v-direction only when the deviation was >20pm. In 

addition, the focal deviation was less severe into the tissue (negative) than out of the 

tissue surface (positive). The calculated P m a x  and P m in  were 536+545 and -501+529 

pstrain, respectively when within +20pm from the focal plane.
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The refocus error results are illustrated in Figure 4.10. Using the current setup, the 

optimal focal range was found to be +20pm. The w-direction had more displacement error 

than the v-direction (Figure 4.10). When within +20pm from the focal plane, the 

calculated P m a x  and P m in  were 459+490 and ^74+ 504  pstrain, respectively.
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Figure 4.9: Focus error when correlating an optimally focused pattern with a pattern acquired a 
specified distance from the focal plane (0pm) without any deformation or translation.
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Figure 4.10: Refocus error when correlating two im ages acquired a specified distance from the 
focal plane (0pm) without any deformation or translation.

4.3.2.3 Rigid Body Motion Error

Artificially applied translations and calculated translations were strongly 

correlated (all r^=l) (Figure 4.11ABC). The largest coefficient of variations (CV)
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occurred at the smallest applied translations (0.001 pixels) with 72% and 12% for u and v 

translation, respectively. Similarly, the largest CV for rigid body rotation was 62% at the 

smallest rotation increment of 0.001 degrees (Figure 4.11C). The calculated P m a x  and 

P m in  strains for all artificial translations were both within 17+31 pstrain.

The manual translation calibration was highly correlated in the v-direction only 

(Figure 4.12). Similar to the artificial translations, the smallest increment (1pm) had a 

68% CV error. The u-direction calibration poorly correlated. Both manual rigid body 

two-dimensional strain fields were continuous and homogeneous. The calculated P m a x  

strains were 100+275 pstrain and the P m in  strains were -410+270 pstrain for manually 

translating the sample across the stage.

4.3.2.4 Friction Errors

Static and dynamic friction forces were 88+13 N and 67+9 N, respectively. The 

static friction was 23% greater than the dynamic friction. The homogeneous strain 

pattems were consistent between repetitions. The calculated friction-induced strain was 

4565+3257 and -8500+6136 pstrain for P m a x  and P m in , respectively (both CV=71%, 

Figure 4.13).

4.3.2.5 System Compliance

The average system compliance was 0.24+0.03 pm/N. Therefore for an applied 

load of 500N, the system is expected to have 119+15pm compliance. A linear 

relationship between force and displacement at all loading levels was assumed for system 

compliance calculations.
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Figure 4.11: Artificial rigid body calibration. Linear regressions between VIC calculated and 
known (A) u  translation (B) t/translation (0 ) Z-axis rotation. Mean + STD.
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Figure 4.12: Manual rigid body calibration results in the \/-direction. Mean + STD.
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Figure 4.13: Expected principal strain and maximum shear strain errors caused by friction only. 
Mean + STD.

4.4 Discussion

The strain error calculations associated with mating osteochondral specimen 

preparation, the custom-designed loading system, image acquisition, and VIC analysis 

methods have been quantified and documented. This system validation and error 

quantification has proven feasibility for testing planar osteochondral tissues and 

measurement of intra-tissue strains within opposing surfaces of cartilage loaded in 

compression. Baseline, focal, and rigid body motion errors are similar to those found in 

previous studies [16, 18, 31, 34]. The expected error involved in this process including
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the image acquisition system, data analysis, and friction is on the order of 7600 fistrain 

(0.76%). The equation, precision (%) = 0.0076 / Strain (%), represents the relationship 

between precision and the measured strain magnitude. For example, to achieve a tissue 

strain accurate within 5%, strain within the tissue must be greater than 15%.

The largest source of error was associated with friction induced on the sample, 

accounting for over 90% of the measured error. The next largest estimated errors were 

focal plane position and manually translating the sample having 0.23% and 0.13% of the 

total measured error, respectively. Ideas to minimize the systematic error associated with 

friction in future experiments include: reducing the confining load applied by using better 

prepared samples (sample thickness consistency and radius of curvature centrally placed 

within the sample), synovial fluid within the hydration chamber, coating the glass with a 

protein (e.g. bovine serum albumin), or adding stainless steel rods between the viewing 

glass and sample.

The benefit of taking multiple images filter noise during the image acquisition 

process, but the current system showed little benefit of taking multiple images and 

averaging them. Therefore, for future experiments, single image acquisition will be used 

which has the advantage of capturing quickly changing events (e.g. stress relaxation). 

The disparity between the estimated u and v baseline errors may be caused by slight 

errors in the digital timing of the CCD chip, similar errors are found using analog 

cameras [34]. The magnitudes of the baseline error were equivalent to researchers using 

similar systems [16, 18].
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The induced focus errors estimated in this study were also found to be very 

similar to previous research [31]. In the cxirrent study, an outlier at -1pm  was noted and 

possibly caused by human or stage error when manipulating the focal length. The manual 

applied w-translations proved to be difficult and caused by the insecure attachment 

between the translation stage and the loading device permitting slip in the w-direetion 

only. Therefore, the calculated and applied displacements in the v-direction correlated 

better than the w-direction translations. There were homogeneous strain fields for all 

translations, therefore the sample was parallel to the focal plane and lens aberration errors 

were not a systematic coneem for the translations tested.

The system stiffness will have significant effects on testing osteochondral 

samples, given that a desired displacement to achieve a certain strain level will not be 

achieved. System compliance will cause errors in total applied strain and will depend on 

the forces being applied to the system. For example, a desired 20% compression strain is 

applied to a sample, but the sample was actually only compressed 17% at 200N or 13% at 

400N due to system compliance. Increasing the stiffness of the system using more robust 

linear bearings would decrease system compliance to be negligible for expected loads.

Thorough evaluation of sample preparation error was not performed in this study, 

other than within sample thickness consistency (<2%CV). Uninvestigated sample 

preparation errors include: joint angle, sample location, and sagittal radius of curvature 

and articular surface placement within the sample. In particular, the radius of curvature 

placement could have significant effects on out-of-plane motion of the articular surfaces
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during loading.  Orientation of  the osteochondral sample within the testing chamber was  

not investigated and is recommended in future experiments.

Though not investigated, subset size and image contrast have an affect on the 

correlation results. Wang and researchers [35] determined a pixel subset size of 40x40 

was sufficient for measuring intra-tissue strain within bovine cartilage at a magnification 

of 0.683pm/pixel (subset area = 1093pm^). This is comparable to the current study’s 

subset area of 1273pm^ with a magnification of 0.530pm/pixel and a pixel subset size of 

49x49. The optimization routine used for the correlation process has been found to 

minimize errors due to image contrast [36, 37], but image quality should be researched 

further in the future for this particular application.

ft must be noted that the tissue in the current loading system will likely react to 

stresses/strains differently than it would if it were in-vivo, since this system represents 

only a snapshot of the joint dynamics during a gait-cycle. Also, the unconstrained tissue 

planes due to sample preparation most likely changed the normal fluid flow between the 

articular surfaces and surrounding tissues. In addition, the applied loads by the loading 

system are minimal compared to true physiological loads (whole joint loads of 4700N, 

[38]), and higher applied loads are limited by the current force cell and hardware.

The errors associated with specimen preparation, loading system, data acquisition, 

and analyses are rarely reported in the literature. The thorough analysis of error has 

validated the feasibility of using this unique system to load mating osteochondral surfaces 

and quantify strain within the cartilage matrix. The largest source of systematic error for 

the system was friction between the sample and the viewing glass. Additionally,

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



specimen preparation eould possibly exaeerbate system error. The current work was 

coneurrentiy performed with the work performed in Chapter 5; therefore knowledge of 

the large systematic error caused by frietion was not addressed. Based on this study, this 

system can be used to investigate eartilage strain in opposing osteoehondral surfaces with 

eonfidence. Future work will involve the use o f this system to evaluate the effeets of 

subehondral bone density, subehondral bone thickness, cartilage damage, age, joint angle, 

species, and tissue engineered eartilage replacement constructs on strain distributions and 

strain magnitudes within the cartilage matrix.

4.5 Conclusion

A custom-designed loading system and associated sample preparation procedure 

were developed and validated to quantify two-dimensional strain fields using video 

image correlation analysis (VIC) between two loaded opposing articular cartilage 

surfaces (MC3 and PI) within the equine metacarpophalangeal joint (MCP). The 

expected error involved in this process including the image acquisition system, data 

analysis, and friction is on the order of 7600 pstrain (0.76%), which is less than 23% of 

the average measured strain under low (relative to in-vivo) loads.
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5 MEASUREMENT OF ARTICULAR CARTILAGE INTRA­
TISSUE STRAIN DISTRIBUTIONS AND UNDERLYING 
SUBCHONDRAL BONE THICKNESS AND BONE 
MINERAL DENSITY IN A NORMAL ARTICULATING 
JOINT

5.1 Introduction

The primary cause of osteoarthritis (OA) is unknown, but may be secondary to 

injury, joint infection, or a variety of genetic disorders [1,2]. Usually, OA affects all joint 

tissues including the articular cartilage, subchondral bone, trabecular bone, synovial 

capsule, and ligaments [3]. Commonly, connective tissue changes related to OA include 

articular cartilage fibrillation and subchondral bone remodeling [2-8], Though the roles of 

mechanical factors (e.g. trauma, repetitive movements, and joint laxity) on OA 

development and progression have been studied extensively, the role of subchondral bone 

in OA progression is less clear with conflicting reports in the literature [4, 6, 9-28].

Subchondral bone can refer to some or all of the subarticular structures. For this 

study, the subchondral bone plate (ScBP) was defined as the radio-dense layer between 

the uncalcifled articular cartilage and supportive trabecular system [29]. The ScBP plays 

an integral part in the physiological function of the synovial joint by supporting the 

articular surface and dissipating applied joint energy [4, 30]. For centuries, researchers 

have noted the strong relationship between bone morphology and mechanical stress
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history [15, 31-35]. For example, research determined that the ScBP remodels 

(densification and thickening) according to its stress environment (e.g., exercise and 

aging) [15, 26, 29, 36-38]. Pauwels and later, Kummer proposed that subchondral bone 

remodeling is determined by applied localized stress [39-42]. This theory implies that 

subchondral bone remodels to create a structure (densification and/or thickening) capable 

of withstanding physiologically applied stresses in order to maintain optimal tissue 

strains [39-42].

The ScBP thickness is different between and within joints and is dependent on the 

function of the joint [29, 43, 44]. The geometric concavity of the surface 

(convex/concave) has been noted to have an effect on ScBP thickness as well [38, 45, 

46]. The convex shaped surface is found to be much thinner than its concave counterpart 

due in part to greater tensile stresses acting on the concave surface [45]. Using computer 

simulations, the concave curvature has been noted to augment joint incongruity, 

providing a more even stress distribution across the joint, while enhancing cartilage 

nutrition and lubrication [38]. Bone mineral density (BMD) also varies between and 

within joints and is routinely found elevated under areas of predominately-loaded regions 

[29, 47]. Two factors, age and exercise, have been found to significantly affect the 

magnitude and distribution of bone mineral density [48-51]. Investigations have drawn 

conflicting conclusions about the relationship between ScBP thickness and BMD under 

areas of cartilage degradation [2, 4, 7, 14, 17-19, 27, 28, 52-57]

According to some theories, ScBP adaptation may contribute to the development 

of osteoarthritis by becoming thicker and denser after remodeling, thus reducing the
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shock absorption of the joint and causing greater physiological strains to be applied to the 

articular cartilage [26, 55], The proposed increased applied strains may be related to 

uncalcifled cartilage degradation (superficial fibrillation and erosion) and/or 

microfractures in the underlying calcified cartilage [22, 26, 58, 59], The mechanical 

environment within articular cartilage is an important regulator o f tissue metabolism 

during normal and pathological conditions. The effects of loading on metabolism and the 

structure of bone and cartilage are of particular interest.

Exercise-associated OA is common in human, equine, and eanine species [2, 4, 

24, 28, 60-71]. The equine metacarpophalangeal (MCP) joint is exposed to high 

mechanical loading and wear, predisposing the joint to osteochondral fragmentation, 

subchondral bone lesions, articular/subarticular cysts, and articular surface fibrillations 

and erosion [4, 22, 66-68, 72-75]. An increase in subchondral bone thickness and bone 

mineral density with exercise has been noted in the equine MCP joint, which may be 

associated with a high incidence of fractures and articular lesions in this joint [47, 53, 66, 

67, 74-76]. The structural OA manifestations in the equine MCP joint are very similar to 

the human condition, possibly making the MCP joint an excellent model for the study of 

OA progression.

The analysis of cartilage contact between articular surfaces is crucial to study the 

etiology of osteoarthritis. Recent experimental methods, such as stereophotogrammetry 

magnetic resonance imaging have been used to analyze synovial joint contact behavior 

[77-80]. Though these methods are effective in observing overall strain, they are 

insensitive to cartilage’s depth-dependent properties related to the zonal structure from
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the articular surface (superficial (0-20%), middle (20-50%), and deep (50-100%), [81- 

89]. Quantification of compression strains using either unconfmed or confined boundary 

conditions under platen loading neglects the interaction between articular surfaces and 

geometrical effeets on strain across the articular surface. To date, experimental data is 

only available for depth-dependent strains induced by contact of naturally opposing 

eartilage surfaces (5x5x5mm^) for one articular surface, under infinitesimal strain 

conditions, and the tested cartilage specimens were not physiologically adjacent articular 

surfaces [90].

Though inhomogeneous deformation within eartilage using platen loading and 

subchondral thickness and bone mineral density have been studied extensively, intra­

tissue cartilage strains within compressed opposing articular surfaces and their 

relationship with underlying subchondral bone properties (thickness and bone mineral 

density) have not. The ability to quantify intra-tissue eartilage strains and underlying 

subchondral bone characteristics between physiologically opposing surfaces is needed to 

help understand the etiology and progression of OA. Therefore, the purpose of this study 

was to experimentally determine and relate regional intra-tissue cartilage strain 

distributions to underlying regional subchondral bone properties of opposing 

osteochondral surfaces from normal equine MCP joints. Regional intra-tissue cartilage 

principal ( P m a x  and P m in )  and maximum shear ( P s h e a r ) strains and their gradients 

( V P m a x , V P m tn , and V P s h e a r ) ,  will be experimentally determined for each cartilage zone 

(superficial, middle, and deep) across the articular surfaces of the MCP joint using digital 

image correlation (Chapter 4). The underlying regional subehondral bone properties 

(ScBP thickness and BMD) of each region will be determined using validated methods
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from Chapters 2 and 3, respectively. The hypotheses for this study include: superficial 

cartilage strains will be larger than deeper zones, ScBP thickness and bone mineral 

density will correlate, and cartilage strains ( P m a x , P m in , and P s h e a r )  will be greater over 

areas of greater ScBP thickness and greater BMD.

5.2 Materials and Methods

5.2.1 Sample Acquisition and Preparation

Six equine MCP joints (2-3yrs) were obtained within 4 hours of sacrifice and 

prepared as described in Chapter 4 (see Appendix D for sample history).

Figure 5.1: (A) Sagittal view of the metacarpophalangeai joint (MCP) showing the joint angle 
which the sample (gray area) prepared from the 1®' phalanx (PI) and metacarpal bone (MC3). 
(B) Coronal view of a typical sample showing the PI and MC3 articular surfaces and analysis 
regions (R1-R7). A benefit using the MCP joint is the sagittal ridge helped restrict medial-to-lateral 
movement centrally (R4) during loading.

5.2.2 Experimental Testing Setup

The experimental testing setup (Figure 5.2) is described and validated to provide 

accurate quantification of strain within mating osteochondral specimens in Chapter 4.
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Figure 5.2: Schematic of testing setup (A) custom-designed loading system applies load to the 
osteochondral sample, (B) the epifluorescence microscope, digital camera, and digitizer capture a 
magnified view of fiducial markers (chondrocytes) within osteochondral sam ple’s cartilage 
surfaces, (C) images are taken before and after loading and saved on a personal computer, (D) 
then digital image correlation is used to analyze the images to determine intra-tissue 
displacements and strains.

5.2.3 Compression Testing

Using the testing setup and image acquisition system described in Chapter 4, a 

lOON preload was applied at 0.01 mm/sec to the MC3 (proximal). The preload was 

allowed to equilibrate until the slope was less than 10 N/min, the images were acquired 

for each region of interest (Figure 5.1). Tidemark-to-tidemark (T-T) distances of the 

mating articular surfaces of each region were measured to determine the average regional 

gauge length using ImageJ software (NIH, Bethesda, MD). Based on the system 

compliance (Chapter 4) and gauge length, a 20% strain was applied to the osteochondral 

sample at 0.01 mm/sec to obtain 12% T-T sample strain. Images of the compressed state 

were acquired for all regions after equilibrium. The testing protocol and an example of 

the datasheet used for each sample can be found in Appendix D.
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5.2.4 Strain Analysis and Post-Processing

Two-dimensional video image correlation (VIC) was performed with software 

(VIC2D, Correlated Solutions; West Columbia, SC) to determine the intra-tissue 

Lagrangian principal ( P m a x  and P m in )  and the maximum shear ( P s h e a r  =  [ P m a x  -  P m in ] /

2) strain maps between the equilibrium preload and equilibrium 12% strain condition. 

VIC used a 49x49 pixel subset (36pm x 36pm) with a step size of 5 pixels (specimen 

resolution=2.7pm). The subset pixel size (49x49) provided good tracking, given the 

fiducial density of the tissue tested. A binomial filter was applied to the image sets before 

VIC was performed to minimize displacement errors using quintic interpolation [91].

The axial spatial coordinates o f each strain map ( P m a x , P m in , and P s h e a r )  were 

normalized to the regional cartilage thickness and their gradients were determined over 

1% increments of the normalized thickness ( V P m a x , V P m in , and V P s h e a r )- For each 

region, the strains ( P m a x , P m in , P s h e a r , V P m a x , V P m in , and V P s h e a r )  were divided into 

three zones corresponding to the superficial zone at 0-30% of the cartilage thickness (S), 

middle zone at 30-70% (M), and deep zone at 30-100% (D). Strains for each zone were 

averaged over an area having the width of 2-10 data points (Figure 5.3, see Appendix D 

for post-processing algorithms).

5.2.5 Subchondral Bone Mineral Density (BMD)

Bone mineral density of subchondral bone was measured using a dual energy x- 

ray absorbtiometry scanner (DEXA, Hologic Delphi QDR; Bedford, MA) using high-
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Figure 5.3: Post-processing schematic (A) region of interest is selected for a typical strain map 
from the articular surface to the tidemark (calcified cartilage) (B) after post-processing, the 
selected strain map is rotated, cartilage thickness is normalized, and responses for each zone (S, 
M, and D) are determined.
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resolution settings and small animal software. Subchondral scan regions were 

3.1x3.1mm^ in the plane perpendicular to the articular surface. The mean of three 

independent scans was used to quantify the area bone mineral density, Pbmd (grams/cm^). 

Subchondral volumetric bone mineral density (BMD, grams/cm^) was calculated by 

dividing the area bone mineral density (grams/cm^) by the region thickness (cm) of 

sample. BMD measurement precision was determined previously to be within 5% of the 

mean (Chapter 2).

5.2.6 Subchondral Bone Thickness (ScBP thickness)

Osteochondral samples were radiographed using a high-resolution cabinet x-ray 

machine (Faxitron® Cabinet X-ray System Model 43855A, Wheeling, IL) with high- 

resolution mammography film (X-OMAT film, Eastman Kodak, Rochester, NY). Ttiree 

radiographs were taken of each joint sample with an aluminum calibration step wedge in 

view for each exposure (Dent-X Corporation, Elmsford, NY). A 2:15 minute exposure at 

42 kVp was selected to allow visualization of all the step-wedge luminance intensities. 

Radiographs were developed and checked for consistency of step-wedge intensity 

graduations. Each film was converted to a digital image (LS75 digitizer, Eastman Kodak 

Company, Rochester, NY) at a resolution of 119.11 pm/pixel (Figure 5.4A).

Images were cropped and rotated to standard orientations using Image-Pro Plus 

(Media Cybernetics, Silverspring, MD). Each image was filtered using a local best-fit 

contrast enhancement to differentiate between pixel luminance values (Figure 5.4B) [92]. 

A custom semi-automatic analysis program was implemented to perform subchondral 

bone edge detection along the articular surfaces using articular landmarks (Figure 5.4B).
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Briefly, ScBP thickness was determined by: (1) identifying luminance profiles at sites of 

interest (Figure 5.1) at a width of 25 pixels or 3mm; (2) inflection point recognition in the 

luminance profile determined the ScBP boundaries (Figure 5.4C); (3) linear distance 

between the subchondral bone boundaries (luminance inflection points) determination 

(Figure 5.4C); and (4) visual confirmation of the measurement by the user. The ScBP 

thickness was quantified for all the regions (R1-R7, coinciding with strain measurements 

of R1-R7) of each bone (MC3 and PI, Figure 5.1). Each measurement was repeated five 

times to provide a mean ScBP thickness (mm) across both MC3 and PI articular surfaces 

(R1-R7). The measurement precision was quantified previously to be 0.045mm (Chapter

3). For more information on regional selection, see Appendix B.

SCB Thickness 
M easurem ent

A B

0 1 0 20 30 40 50 60 70

Pixels

A B C
Figure 5.4: Image processing and subchondral bone (ScBP) thickness measurement: (A) raw 
radiograph image (B) filtered image with feature points used for ScBP thickness measurement 
locations for the distal 3'̂ '̂  metacarpal (MC3) and proximal phalanx (PI) (C) an illustration of 
the ScBP thickness measurement using a line luminance profile to determine the ScBP margins, 
luminance peak (a) and largest negative gradient (b).

5.2.7 Statistical Analysis

Random error normality for each response was checked and transformed if 

needed for parametric statistical analysis. The effects and interactions of bone (MC3 and 

PI), region (R1-R7), and cartilage zone (S, M, and D) on P m a x , P m in , P s h e a r , V P m a x ,
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V P m in , and V P s h e a r  were determined with repeated measures mixed ANOVA using the 

Satterthwaite degrees of freedom approximation. Effects on ScBP thickness and BMD 

were also determined using the same model without considering cartilage zone. For only 

the ScBP thickness regional and bone comparisons, the ScBP measurement data (from 

Chapter 2) was combined with the current data to increase power. The random effect was 

considered as each sample. Post-hoc comparisons were determined using Tukeys- 

adjusted least squares means. Linear regressions were performed to determine the 

relationship between strain ( P m a x , P m in , and P s h e a r )  and subchondral bone properties 

(ScBP thickness and BMD) within each sample by eartilage zone (S, M, and D). The 

regression slopes (P) were compared using Student t-tests. All statistical tests were 

performed used SAS statistical software (SAS Institute Inc., Cary, NC, USA) at a 

significance level of a=0.05 (SAS algorithms are available in Appendix D)

5.3 Results

All samples were visually inspected and without any gross OA changes 

(superficial cartilage degradation and marginal osteophytes). Prepared osteochondral 

samples had uniform height (5.28+0.11mm, thickness, palmar-dorsal) and length 

(17.9+1.0mm, proximal-distal). From medial to lateral, the sample height varied from 

5.26+0.22mm to 5.29+0.22mm, respectively. The width of the sample (joint breadth) was 

different between animals, but was accommodated by the testing setup. Opposing 

cartilage surfaces had a T-T gauge length of 1.47±0.13mm and were compressed (T-T, 

tidemark to tidemark) an average of 11.3+2.3% in the loaded state. Applied strains varied 

by region along the cartilage surface, thus region was considered a covariate for all 

statistical strain analyses. VIC pixel subset correlation between preload and loaded
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images for both mating cartilage surfaces was successful for 60% (8.4/14) of the regions 

on average of each sample or 60% (50/84) of the total attempted analyzed regions. 

Consequently, 40% of the data was not analyzed due to poor image quality (i.e. fiducial 

chondrocytes had moved into a different focal plane). For majority of the samples, R4 

remained unloaded (i.e. unstrained) even after the preload was applied and all other 

regions were strained. Many response variables required transformations to satisfy 

normality conditions: (Pmax)’̂ ^, (Pmin)°^, logio(PsHEAR), (ScBP thickness)'’, and 

logio(BMD).

5.3.1 Principal and Maximum Shear Strains: Pmax> Pmin> and P s h e a r

No significant differences between MC3 and PI were found for P m a x , P m in , and 

P s h e a r  strains (all p>0.5). Region and cartilage zone significantly influenced P m a x  

(p<0.0005 and p<0.05), P m in  (p<0.005 and p<0.0001), and P s h e a r  (p<0.0001 and 

p<0.0001 respeetively). Regional T-T strain adjustment (covariate) was found to be 

significant for only P m a x  comparisons (p<0.05). P m a x  in R4 was significantly less than 

R1-R3, R5 and R7 regions (all p<0.005. Figure 5.5). P m a x  within R7 was found to be 

significantly greater than R3-R6 (all p<0.05. Figure 5.5). P m in  regional differences were 

only detected between R4 and R7 (R7>R4, p<0.005. Figure 5.5). P s h e a r  at R4 was 

significantly less than adjacent regions (R1-R3, R5, and R7, all p<0.05. Figure 5.5).
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Figure 5.5: The effects of region on depth-averaged P m a x  (■)> P m in  (□ ). and P s h e a r  ( ) strains for 
12% compression sam ple. Mean+STD.

When averaging over region, the superficial cartilage zone had slightly greater 

P m a x  strains than the middle zone (p<0.051, Figure 5.6). P m a x  directions were primarily 

parallel to the articular surface in the superficial zone with random orientation in the 

deeper zones, though tensile strains were noted in the deeper zones in some samples 

(Figure 5.7). P m in  within the superficial (S) zone was greater than the deeper zones (M, 

p<0.005; D, p<0.0005; Figure 5.6). P m in  orientation was perpendicular to the articular 

surface for all cartilage zones. P s h e a r  in the superficial cartilage zone was significantly 

greater than middle and deep zones (p<0.05 and p<0.0001 respectively. Figure 5.6). 

Generally, the measured regional averaged strains increased abaxially with distance from 

the sagittal ridge (R4). The medial/lateral edges had the largest strains, while the sagittal 

ridge (R4) had the least (Figure 5.5). Also, there was a decrease in all three strain 

components with decrease in eartilage depth (Figure 5.6). An example strain map is 

illustrated in Figures 5.7-5.9. P-values for all comparisons are available in Appendix D.
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Figure 5.6: The effect of cartilage zone on region-averaged P max (■ ), P min (□ ), and P shear ( I )  
strains for 12% sam ple com pression. Mean + STD.

5.3.2 Strain Gradients ( V P m a x , V P m in , and V P s h e a r )

Bone, region, or cartilage zone did not significantly affect V P m a x  results (Figure 

5.IDA). V P m in  and V P s h e a r  had significant influences from bone, zone, and region (all 

p<0.001). V P m in  in the PI superficial cartilage zone were greater than the V P m in  of the 

MC3 superficial cartilage zone (p<0.05. Figure 5.1GB). P m in  (-) strains have opposite 

signs compared with P m a x  &  P s h e a r  (+) strains, therefore a negative V P m in  and positive 

V P m a x  or V P s h e a r  represent the same phenomenon, the average strain change within 1 % 

increments. The V P m in  in the superficial cartilage zones of MC3 and PI were both 

greater than the V P m in  in the MC3 and PI deep zones (p<0.005. Figure 5.1GB). The
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Figure 5.7; Example Pmax strain and Z Pmax maps for MC3 and PI. Notice the tensile strains are 
larger in the deeper zone and may coincide with collagen fiber direction in the zone (MC3-R2 of 
sample #5).
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Figure 5.8: Example Pmin strain and Z Pmin maps for MC3 and P I . For this sample (MC3-R2 of 
sample #5), the tensile strains are larger in the deeper zone and may coincide with collagen fiber 
direction in this zone.
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Figure 5.9: Example P s h e a r  strain and Z  P s h e a r  maps for MC3 and P 1  (MC3-R2 of sample # 5 ) .
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and V P max represent the sam e phenom enon, a decrease in strain with articular depth. Mean + 
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superficial V P m in  was greater than the deep zone at R2, greater than middle and deep 

zones at R5, and greater than deep zone at R6 (see Appendix D, p<0.05). In general, 

V P m in  decreased with articular depth with few exceptions in the deep or middle cartilage 

zones of regions R l, R2, R4, and R6. P-values for all comparisons are noted in Appendix 

D. Briefly, the following trends were noted: superficial V P m in  within PI was greater than 

superficial V P m in  in MC3, and superficial cartilage zone gradients were larger than deep 

zone gradients in all regions. P-values for all comparisons are noted in Appendix D.

5.3.3 Subchondral Properties (ScBP thickness and BMD)

Subchondral bone plate (ScBP) thickness was dependent on both region and bone 

(p<0.0001). There was both a visual and statistical trend found between regions within 

MC3 and PI (Figure 5.11A). Opposing regions (e.g. R l of MC3 and PI) were found to 

have significantly different SeBP thickness for R l, R3-R5, and R7 (p<0.0005. Figure 

5.11 A). These ScBP thickness differences support an increasing abaxial trend (concave) 

within the MC3 and decreasing trend (convex) within the PI from R4 (sagittal ridge. 

Figure 5.11 A). There were significant differences between regional cumulative (across 

the MC3 and PI) ScBP thicknesses; consequently there was not a common ScBP 

thickness across the joint surface in the coronal plane (Figure 5.11B). P-values for all 

comparisons are noted in Appendix D.
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Figure 5.11: ScBP thickness; (A) Effects of bone (MC3/P1) and region (R1-R7) (B) cumulative 
(MC3 and P I, e.g . MC3 R1 is summed with R1 of P I) ScBP thickness over region. There are 
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w as 4.39+0.34m m . Mean + STD. Statistical significant differences ***p<0.0005, **p<0.005, and 
*p<0.05.
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Region (R1-R7) and bone (MC3 and PI) had significant effects on the BMD 

response (p<0.0001). Unlike ScBP thickness, the only significant differences found 

between bones of the same region were R3 and R5 (both P1>MC3, p<0.001 and 

p<0.0001 respectively; Figure 5.12A, see Appendix for all comparisons). In general, 

BMD within PI was greater than MC3 and abaxial trends relative to the sagittal ridge 

(R4) were similar to those found for ScBP thickness, across the articular surface for both 

MC3 and PI were apparent (concave and convex, respectively; Figure 5.12A). There 

were significant differences between regional cumulative (across the MC3 and PI) BMD; 

consequently there was not a common BMD across the joint surface in the coronal plane 

(Figure 5.12B). There was a significant positive correlation between ScBP thickness and 

BMD (p<0.0001) over all regions and bones. P-values for all comparisons are noted in 

Appendix D.

5.3.4 Relationship Between Cartiiage Strains and Subchondral Bone 
Properties

Cartilage strain was not correlated with subchondral properties (ScBP thickness 

and BMD). The regression slopes, change in cartilage strain with change in subchondral 

bone properties, were not significantly different than zero (p>0.05. Figure 5.1 SAB). Only 

trends (p<0.15) were noted for greater P m in  over thicker ScBP and less BMD and P s h e a r  

over thinner ScBP and greater BMD (Figure 5.13AB). A power analysis was performed 

since there was lack of significance. The highest observed power was 37% between the 

superficial P s h e a r  and P m in  and ScBP thickness. Increasing the sample size to twelve 

(12) would increase their powers to 73%.
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5.4 Discussion

This is the first experimental measurement o f intra-tissue principal and maximum 

shear strains during contact of naturally opposing cartilage surfaces. The results 

demonstrate intra-tissue strains (Pmin, P shear, VPmin, and V P sh ear) were depth 

dependent for both surfaces (Figures 5 .6 -5 .7 ) . Also, the Pmax principal directions 

coincided with the cartilage structural organization (predominant collagen alignment). 

When considering the gauge length encompassed in the present study and applied strain 

level (12% ), the Pmin results were similar to previous reports o f inhomogeneous cartilage 

strains using porous platen loading [83 , 84 , 86 , 8 7 ]. Using an 8% platen-to-platen 

compression on adult bovine patellofemoral groove cartilage samples (dissected from 

underlying bone), Schinagl et. al. found the superficial strains were 6 times larger than 

strains found in the middle and deeper zones [84]. The present study found depth- 

dependent strains also, using a 12% T-T strain (an average 6%  compression was applied 

to each cartilage surface assuming equal cartilage thickness and overall deformation for 

each surface); the superficial strains were 2.2 and 1.6 times larger than strains in the 

middle and deep zones. The depth-dependent disparity with Schinagl et al. [84] could be 

due to sample structural, preparation, and testing differences between the studies. Schingl 

et. al [84] used patellofemoral cartilage (similar to MTR location in Chapter 2) from 

bovine specimens, while the current study used osteochondral tissue from the equine 

MCP. Extrapolating the results from Chapter 2 , the two locations have considerably 

different material properties and cartilage thicknesses producing different depth- 

dependent strain behavior. Also, the cartilage behavior without underlying bone versus 

with underlying bone could be another factor, along with platen vs. articular surface
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loading. Therefore, a direct comparison of platen loading and articular surface loading 

using the same tissue is recommended for future work. Unlike platen loading 

experiments, the current testing system is capable of detecting depth-dependent strain 

variations across complex surface geometry. These marked strain variations between 

regions and cartilage zones (Figures 5.5-5.6) were likely due to MCP regional variations 

in cartilage mechanical [93] and biochemical [94] properties, along with a complex joint 

geometry. The regional strain responses were similar between the opposing surfaces 

(M C3sPl), even though the surface geometry (Figure 5.1) and possibly biochemical 

content [94] were different between them.

Though grossly congruent, increasing strain (compressive, tensile, and shear) 

magnitudes away from the sagittal ridge (Figure 5.5) is evidence that the MCP joint is 

incongruent in the tested configuration (joint angle and location). These larger condylar 

strains may be related to articular scoring lines (superficial degradation or fibrillation), 

parallel with the sagittal plane, most commonly found on the medial and lateral condyles 

[67, 68]. The most lateral margin (R7) notably experienced more strain, perhaps due to 

differences in regional biomechanical/biochemical properties, the lateral condyle having 

less curvature than the medial in the transverse plane, and/or the samples being 

consistently loaded unevenly across the joint surface. The large strains noted on the 

lateral condyle may be related to greater incidence o f lateral condylar fractures [67, 68].

The present study demonstrates the subchondral bone responses (both ScBP 

thickness and BMD) across the articular surfaces were positively correlated and increased 

for the MC3 and decreased in the PI from the sagittal ridge (Figures 5.8-5.9). These
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inverse ScBP regional relationships between bone (MC3/P1) and region (Figures 5.8-5.9) 

may coincide with theories on subchondral bone adaptation within incongruous joints 

[15, 63]. Bi-centric loading found within incongruous joints occurs between the 

seemingly congruent surfaces of the MCP. As the joint is initially loaded, the R4 region 

(apex of sagittal ridge) is minimally loaded and the contact stress is concentrated on the 

condyles and the inflections of the sagittal ridge. As higher loads are applied, the joint 

load is distributed across the entire medial-to-lateral surface creating a larger contact 

surface area, thus reducing contact stresses, similar to those found in the human 

humeroulnar joint [63]. The postulated benefits of incongruent joint surfaces include 

facilitating of articular cartilage nutritional demands and minimizing aberrant strains 

applied to bone and cartilage [63].

Unfortunately the current subchondral bone results were difficult to compare to 

previous work [47, 74-76, 95] of the MC3 due to analysis planes and animal age. Though 

analyzing different tissue planes using computed tomography; Riggs et al. [47] reported 

similar low radiodensity region (sagittal ridge) between the medial and lateral MC3 

condyles for the palmar aspect and less pronounced dorsal radiodensity.

The distal 3'̂ '̂  metacarpal of the MCP joint has a convex articular surface and is 

thought to withstand primarily compression strains [63]. In contrast, the proximal U* 

phalanx, with a concave surface, most likely experiences both compression and tensile 

strains. The combination of compressive and tensile strains have been shown to induce 

bone remodeling in human and other species [96-99]. Consistent with this theory, the 

concave U‘ phalanx tended to have thicker ScBP to resist both compression and tensile
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loading history of an incongruent joint (Figure 5.8). On the other hand, the convex MC3 

joint surface tended to have thinner ScBP and lower BMD (R3 and R5) possibly caused 

by stress shielding from the medullary cortex (Rl and R7, Figure 5.8). The thinner and 

less dense ScBP may predispose the equine MC3 joint surface to catastrophic failure, 

which is often seen clinically at the base of the sagittal ridge (R3 and R5) [53, 66, 74-76].

The present study also demonstrated that quantified cartilage strains were not 

related to underlying ScBP thickness or BMD variations using physiologically normal 

specimens and a sample size o f six (Figure 5.13). Since the 2-3 year old equine 

specimens were without noticeable OA changes (superficial cartilage degradation and 

marginal osteophytes), the relationship between cartilage strains and underlying bone 

properties are expected to be less apparent, thus requiring high precision estimates of the 

measured responses. The expected systematic errors of the intra-tissue strain 

(+7600|ustrain, Chapter 4), ScBP thickness (+45pm, Chapter 3), and BMD (O.Olg/cm^, 

Chapter 2) measurement methods were not precise enough for the sample size used. The 

small sample population (6), in conjunction with missing datasets, produced minimal 

statistical power for analyses. Even though the study had low statistical power, there were 

many relevant statistically significant comparisons (regions and zones). Increasing the 

sample size to twelve (12) and examining specimens with OA for future work will 

increase the power by 50% to possibly expose significant relationships between cartilage 

strains and underlying subchondral bone properties.

The differential distance used for the strain gradient probably had a significant 

effect on the outcome, and therefore, was a possible limitation of the present study. Using
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a 1% of total articular thickness was insensitive to the changes actually occurring within 

the zones studied. If  the differential distance were larger (e.g. zone thickness) than 1% 

increments, perhaps intra-tissue strain patterns could perhaps be more diagnostic.

In the current study, only one strain level was applied; therefore, consecutive 

increasing strain levels are recommended for future studies. Another limitation was the 

poor correlation at the articular surface caused by the dense population of chondrocytes 

in the superficial zone. Staining each articular surface with different fluorescent stains 

(emitting different wavelengths) before testing could possibly minimize the problem by 

taking images using different fluorescence filters. The use of confocal mieroscopy could 

alleviate focal plane limitations in future endeavors. Another reason the present study had 

missing data points was the significant loss of information for certain regions due to out- 

of-plane movement. Out-of-plane movement seemed to coincide with misalignment of 

the articular surfaces (sagittal plane) during the sample preparation procedure. To 

possibly overcome this variability, two images (for each articular surface) could be taken 

at different focal lengths and separately analyzed coinciding with the proposed superficial 

chondrocyte density solution above. The current testing configuration (coronal view) 

limiting relative movement in one plane and the low levels of applied loads were other 

limitations of the current study, since relative 3-D relative motion between articular 

surfaces at physiological loads is also important to understanding intra-tissue cartilage 

strains and their relationship with underlying subchondral bone properties. Metacarpal 

loads as large as 15kN have been estimated to induce bone strains similar to those found 

in-vivo [100]. Also, instead of using the T-T strain to adjust for variability in regional
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applied strain, regional overall cartilage strains for each articular surface would be a more 

reliable adjustment in future works.

In conjunction with the limitation solutions suggested above, increasing the 

sample size to >12 is recommended for future studies. Although there are some 

limitations, testing opposing osteochondral surfaces in compression has tremendous 

benefits: (1) strain distributions across articular surfaces with complex geometry can be 

obtained, (2) the capability to relate depth-dependent strains with underlying subchondral 

bone properties or abnormal pathology, and (3) it emulates physiological boundary 

conditions better than platen loading experiments. Due to these benefits, the current 

method could be applied to a variety of applications where opposing articular surface 

loading would be important, such as, determining osteochondral implant discontinuities 

with surrounding host tissue, determining the effects o f cartilage and/or bone defects on 

overlying cartilage strain distributions, and determining the effects of dynamic loading on 

strain distributions between articular cartilage strains. Also, the testing method can easily 

be extended to other joints and joints of other species.

This was the first experimental study to quantify intra-tissue cartilage strain 

distributions along/between compressed opposing articular surfaces. Thus, new findings 

were ascertained, such as, depth-dependent strain distributions between articular surfaces 

are similar, but depth-dependent strain gradients are different between articular surfaces. 

Additionally, attempts were made to determine a relationship of the measured intra-tissue 

strain distributions with underlying subchondral bone properties. The abaxial regional
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strains were not related with underlying subchondral bone properties, although increasing 

the sample size may elucidate these relationships.

5.5 Conclusion

The present study found that superficial cartilage strains were larger than strains 

of deeper zones, subchondral bone plate thickness and volumetric bone mineral density 

across the articular surfaces were positively correlated, and larger cartilage strains were 

not related to areas of thicker subchondral bone plate or greater volumetric bone mineral 

density in the normal equine metacarpophalangeal joint. In addition, the regional 

subchondral bone properties (both ScBP thickness and BMD) increased with distance 

away from the sagittal ridge for the MC3 and decreased with distance from the sagittal 

ridge in the PI.
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6 SUMMARY AND CONCLUSION

The overall goal of this study was to examine the relationship between the 

properties of articular cartilage and its underlying subchondral bone using an equine 

model. The objectives of this study were: (1) to determine the structural and mechanical 

properties of equine articular cartilage, (2) to determine the bone mineral density of the 

underlying subchondral bone, (3) to determine the relationship between these articular 

cartilage and bone properties in different joint regions, (4) to develop a method for 

measuring the thickness of the subchondral bone plate, (5) to develop experimental 

protocols and novel equipment for loading opposing osteochondral surfaces and quantify 

the intra-tissue articular cartilage strains within the loaded samples, and (6) to determine 

any regional relationships between the articular cartilage strains and underlying 

subchondral bone plate thicknesses and bone mineral densities.

In Chapter 2, the first comparative body of data was presented for equine articular 

cartilage structural/material properties and the relationship between articular cartilage 

properties and underlying subchondral bone density for the palmar and dorsal aspects of 

the medial condyle o f the 3"̂*̂ metacarpal bone (MC3), medial trochlear ridge (MTR), and 

the medial femoral condyle (MFC). A positive correlation between articular cartilage 

tensile equilibrium modulus and underlying bone mineral density was found.
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Recommendations for future work include determining the effects of age, exercise, OA, 

sample orientation, subchondral bone thickness, and biochemical content on these 

properties and relationships.

Since there is a strong relationship between bone morphology and mechanical 

stress history, subchondral bone plate thickness is an important indicator of mechanical 

stress history acting on the bone within the synovial joint. In Chapter 3, a new 

subchondral bone plate thickness measurement technique was developed. This technique 

has minimal systematic error and a high level o f repeatability and uses high-resolution 

contact radiographs and image processing. This research provides the understanding of 

the limitations of this method that is crucial to minimizing experimental errors due to 

surface curvature and sample plane selection. Recommendations for future work include 

quantitatively compare/contrast radiographic, histological, and computed tomography 

methods for quantifying ScBP thickness.

The ability to quantify intra-tissue articular cartilage strains and underlying 

subchondral bone characteristics between physiologically opposing surfaces is obviously 

needed to help elucidate the progression of OA. For this reason, in Chapter 4, a custom- 

designed loading system and the associated sample preparation procedures were 

developed and validated to quantify two-dimensional strain fields using video image 

correlation analysis (VIC) between two loaded opposing articular cartilage surfaces 

(MC3 and PI) within the equine metacarpophalangeal joint (MCP). The expected error 

involved in this process including the image acquisition system, data analysis, and 

friction was shown to be on the order of 7600 pstrain (0.76%). This error is less than 23%
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of the average strain measured in the experiments under low (relative to in-vivo) loads. 

Friction was the largest known error in the methodology; therefore it is imperative to 

minimize the interaction of friction on the quantified strain fields in future work.

In Chapter 5, the methodologies used in Chapters 2-4 were used to show that 

superficial cartilage strains were larger than strains of deeper layers; that subchondral 

bone plate thickness and volumetric bone mineral density across the articular surfaces 

were positively correlated; and that larger articular cartilage strains were not related to 

areas of thicker subchondral bone plate or greater volumetric bone mineral density in the 

normal equine metacarpophalangeal joint. In addition, the regional subchondral bone 

properties (both SeBP thickness and BMD) were found to increase with distance away 

from the sagittal ridge for the MC3 and found to decrease with distance from the sagittal 

ridge in the PI. The regional subchondral bone variations, found in this study, may be 

related to a common distal lateral 3'̂ '̂  metacarpal bone fracture injury originating at the 

base of the sagittal ridge (R5) in the equine athlete population.

Out-of-plane motion proved to be difficult to eliminate causing more than a third 

of the possible data regions to be dropped from the analysis. In addition to the proposed 

techniques to minimize bad images, increasing the sample size is recommended for future 

work. The proposed bone mineral density limitation of Chapter 2 had little if  any affect 

on bone mineral density measurements in Chapter 5, because the DEXA region of 

analysis encompassed only the subchondral bone plate. Since articular cartilage 

mechanical properties have been found to vary across the articular surface (Chapter 2) 

within the metacarpophalangeal joint, it is expected that the strain distributions measured
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were dependent not only on the boundary conditions of the sample, but also the location 

of sample acquisition and joint angle. It must be noted that the prominent sagittal ridge 

geometry o f the metacarpophalangeal joint in the coronal plane played an important role 

in maintaining physiologic joint alignment during compression loading, therefore testing 

samples from other joints would be dependent on joint geometry. Recommendations for 

future work include determining the effects of joint, age, gender, exercise, joint angle, 

strain level, pathology, healing state, lubrication, stress relaxation, impact loading, and 

osteochondral sample thickness on articular cartilage strains and subchondral bone plate 

thickness and bone mineral density.

Although there are some limitations, testing opposing osteochondral surfaces in 

compression has tremendous benefits; (1) strain distributions across articular surfaces 

with complex geometry can be obtained, (2) the capability to relate depth-dependent 

overlying strains within subchondral bone properties or pathology changes, and (3) it 

emulates physiological boundary conditions better than platen loading experiments. Due 

to these benefits, the current method could be applied to a variety of applications where 

opposing articular surface loading would be important, such as, determining 

osteochondral implant discontinuities with surrounding host tissue, determining the 

effects of articular cartilage and/or bone defects on overlying articular cartilage strain 

distributions, and determining the effects of impact loading on strain distributions 

between articular cartilage strains.
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7 Appendix A

7.1 Chapter 2 Sample history
Table 7.1: Sample history

Horse ID#
Approx.

Age
(yrs)

Weight (#> Tall (cm) Gender

Treatment (OCF: o ste o c h o n d ra l 
F ragm ent) All t re a tm e n ts  occu rred  
erirtrin th e  intfri.^iT>al Jo in t p i ^ l  

Redial C arpal Buriei H j r ^ s w e n e  
e x tfn .lsed  S d a y ^ w u e k  lo i J  w e e k s  

prior t j  %urqery in d  8 w e e k s  
_gostoperatlvely^

Location Aspect
(FVL)

Surface
Area

Dimensions
(mm)

F9 2 735 148 Female Right OCR MFC R 3 X >10 Long

F11 2 744 142 Male Right OCR MFC R 3 X >10 Long

F12 2 840 156 Male Control MFC R 3 X >10 Long

F14 2 656 142 Female Control MFC R 10 X >10 Long

FI 5 2 880 146 Female Control MFC R 10 X >10 Long

F16 2 700 140 Female Left OCF MFC R 10 X >10 Long

F17 2 625 136 Female Control MFC R 10 X >10 Long

F18 2 625 140 Female Left OCF MFC R 10 X >10 Long
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7.2 Raw Tensile Data
Table 7.2: Raw tensile data

H orse# fit T realm ent R eg io n
, (KN)

T e n i l l i

(M Pa)

T enalte

(mmAiiDi)

S H fh iM e f t
F slliire
(M P#)

T en efi*  > 
B R uH ibilin i 

M otfultM (MPa)

T an alla

(M Pa)

14 s R MFC . 1- 2 390 .
S noTRT MTR 0 292 1 758 33 883 53 265

s L noTRT MTR 0.476 0.300 1.955 ....... 04 58 16.858 9 3 9 6 29 040

4 s L noTRT MFC 0.466 0.209 1.850 5.507 0.433 12.704 2.451 20.349

5 F R noTRT MC3D 0.465 0.270 1.303 7.122 0.319 22.353 15.391 36.163

6 R noTRT MC3P 0.376 0.298 1.789 9.703 0.431 22.504 16.581 39.907

7 noTRT 0.433 0.267 1.529 7.549 0.369 20.441 12.468 29.826

8 F L noTRT 0.465 0.323 1.332 8.508 0.326 25.975 17.829 36.542

9 12 S L 0.601 3.484 0.571 6.106 1.189 8.926

10 12 s L 0.420 11.572 0.720 16.077 0.359 17.136

12 F L 1.496 6.070 0.337 17.988 13.229 31.595

12 F L MC3P 1.111 6.916 0.269 25.699 19.212 46.431

13 12 S R MFC

14 12 S R MTR 2.287 11.632 0.547 21.277 8.072 27.048

15 12 F R noTRT MC3P 0.215 0.985 6.184 0.241 25.633 20.292 51.759

16 12 F R noTRT MC3D 0.324 0.195 0.767 7.390 0.180 40.953 15.464 39.948

17 15 S noTRT MFC 0.450 0.260 2.344 7.084 0.552 12.837 4.347 19.970

18 15 S noTRT MTR 0.465 0.380 2.124 10.028 0.501 20.023 9.380 29.086

19 15 F L noTRT MC3P 0.238 2.045 7.091 0.471 15.050 8.922 19.743

20 15 F L noTRT MC3D 0.398 7.100

21 17 S L noTRT MTR 0.447 1.764 7.846

22 17 S L noTRT MFC 0.397 1.964 5.770 12.954

23 17 F L noTRT MC3P 0.382 1.314 8.955 0.316 28.316 19.282

24 F L noTRT MC3D 0.364 1.549 14.003 0.378 37.015 23.930

25 S L TRT MFC 0.377 0.243 1.928 7.904 0.454 17.421 5.365 23.231

26 S L TRT MTR 0.307 0.334 1.936 13.350 0.464 28.782 8.651 42.336

27 s R TRT MFC 0.391 0.170 2.037 5.334 0.478 11.167 3.983 15.020

28 TRT 11.824 0.385 30.731 45.358

TRT 13.165 0.377 34.886 51.354
TRT

5.136 0.264 37.006

TRT 9.791 27.978 40.665

TRT 7.805 19.527 29.053

TRT 11.507 20.591 27.153

35 TRT 0.351 16.807

36 TRT 0.379 29.952

37 F TRT 0.301 0.299 49.399 35.313

38 F TRT 0.375 14.145

39 0.330 18.352

40 F

L 1.597

L 2.855

L 1.328

44 33.038

45 TRT

46 TRT
47 TRT

48 F TRT 26.926

49 TRT 2.430

50 L TRT MTR 0.256 2.054 25.382

51 L TRT MC3D 0.477 3.422 23.135

52 F L TRT MC3P 0.269 0.334 2.290 15.235 0.552 27.597

53 R TRT MFC 0.365 0.269 1.745 9.045 0.436 20.730
54 R MTR 0.279 0.301 2.341 13.226 0.548 24.140

55 TRT 28.622
56 TRT

57 15 R noTRT MFC 0.158 0.100 7.798 0.525
58 15 R noTRT MTR 0.329 0.159 1.659 5.920 0.415

59 15 R noTRT MC3D 0.400 0.270 1.325 8.290 0.331 25.037 16.047 35.162
50 MC3P 2.683 0.637 17.132 5.587 22.975
61 2.075 0.467 8.355 3.115 10.655

0.425
53 17 R noTRT MC3D 0.508 0.507 2.296 12.231 0.574 21.311 9.951 30.704

64 17 R noTRT MC3P 0.418 0.393 1.458 11.529 0.348 33.145 18.403 49.815
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7.3 Structural Raw Data
Table 7.3: Raw structural data

ID Horse# JoInC RL Treatment
Reflectance Cartilage

Thfeknees

Volumetnc 
Bone Mineral 

DeneRy
(g/cm*)

1 14 S R noTRT MFC 0.871 2.184 0.7103
2 14 S R noTRT MTR 1.043 1.590 0.5695
3 14 s L noTRT MTR 0.977 1.575 0.2995
4 14 s L noTRT MFC 0.978 1.858 0.4893
5 14 F R noTRT MC3D 0.893 0.596 0.9172
6 14 F R noTRT MC3P 0.816 0.473 1.0650
7 14 F I noTRT MC3D 0.763 0.533 0.8734
8 14 F L noTRT MC3P 0.813 0.738 1.2147
9 12 S L noTRT MFC 0.8360
10 12 s L noTRT MTR 0.7159
11 12 F L noTRT MC3D 1.1489
12 12 F L noTRT MC3P 1.2851
13 12 S R noTRT MFC 0.8237
14 12 S R noTRT MTR 0.7343
15 12 F R noTRT MC3P 1.3076
16 12 F R noTRT MC3D 0.6688
17 15 S L noTRT MFC 0.954 3.047 1.1553
18 15 S L noTRT MTR 0.940 1.616 0.6774
19 15 F L noTRT MC3P 0.815 0.580 0.9201
20 15 F L noTRT MC3D 0.912 0.667 0.9100
21 17 S L noTRT MTR 1.040 1.460 0.8897
22 17 S L noTRT MFC 1.070 1.882 0.6112
23 17 F L noTRT MC3P 0.967 0.665 1.0929
24 17 F L noTRT MC3D 0.815 0.714 1.1541
25 16 S L TRT MFC 0.917 2.261 0.7654
26 16 S L TRT MTR 0.997 1.521 0.6662
27 16 s R TRT MFC 0.859 2.145 0.7932
28 16 s R TRT MTR 0.910 1.691 0.6744
29 16 F L TRT MC3P 0.921 0.610 1.1812
30 16 F L TRT MC3D 0.788 0.680 1.0229
31 16 F R TRT MC3P 0.932 0.694 1.0661
32 16 F R TRT MC3D 0.903 0.859 1.0594
33 18 S L TRT MFC 0.995 2.711 0.6944
34 18 S L TRT MTR 0.986 1.348 0.6415
35 18 S R TRT MFC 0.981 2.300 0.8042
36 18 S R TRT MTR 0.967 1.362 0.6105
37 18 F L TRT MC3P 0.874 0.643 1.0286
38 18 F L TRT MC3D 0.896 0.936 0.8571
39 18 F R TRT MC3P 0.918 0.770 1.1082
40 18 F R TRT MC3D 0.900 0.677 0.7955
41 g S L TRT MFC 0.754 2.000 0.7515
42 9 S L TRT MTR 0.969 1.355 0.5735
43 9 F L TRT MC3D 0.765 0.690 0.8214
44 9 F L TRT MC3P 0.761 0.487 1.2102
45 9 S R TRT MFC 0.831 2.250 0.7212
46 9 S R TRT MTR 0.827 1.382 0.5738
47 9 F R TRT MC3D 0.903 0.586 0.9379
48 9 F R TRT MC3P 1.147 0.488 1.2064
49 11 S L TRT MFC 0.850 2.076 0.8004
50 11 S L TRT MTR 0.957 1.320 0.6476
51 11 F L TRT MC3D 0.976 0.637 1.0071
52 11 F L TRT MC3P 0.813 0,545 1.0846
53 11 S R TRT MFC 0.891 2.101 1.0943
54 11 S R TRT MTR 0.981 1.741 0.6702
55 11 F R TRT MC3D 0.906 0.661 0.9993
56 11 F R TRT MC3P 0.577 1.2148
57 15 S R noTRT MFC 0.852 2.221 0.6798
58 15 s R noTRT MTR 1.015 1,463 0.2162
59 15 F R noTRT MC3D 0.660 0.618
60 15 F R noTRT MC3P 0.784 0.541
61 17 S R noTRT MFC 0.828 1.843 0.7416
62 17 S R noTRT MTR 0.927 1.383 0.7249
63 17 F R noTRT MC3D 0.636 0.517
64 17 F R noTRT MC3P 0.760 0.360
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7.4 Compression Raw Data
Table 7.4: Raw compression data

ID H orse# RL Treatm ent Region T hickness
(mm)

Ha-0%
(MPa)

M
lo9tB(Perm-0%

[ m W s ] )
iog .o iP om i'IS S

[ m W B ] )

logio(Perm-30%

[m*/Pa*s])

k>giB(P6nn'45%
Im’/P a‘8])

2 14 R noTRT MTR 1.214 0.235 16.52 -13.52 -14.50 -15.84 -16.66
3 14 L noTRT MTR 0.995 0.133 20.74 -12.59 -13.77 -15.63 -16.47
18 15 L noTRT MTR 1.105 0.143 25.41 -12.09 -13.54 -15.81 -16.85
21 17 L noTRT MTR 1.335 0.262 10.76 -14.60 -15.29 -16.01 -16.70
26 16 L TRT MTR 1.061 0.102 14.57 -13.79 -14.61 -15.93 -16.51
28 16 R TRT MTR 1.028 0.168 8.41 -14.84 -15.38 -15.97 -16.47
34 18 L TRT MTR 1.121 0.264 25.20 -12.22 -13.62 -16.00 -16.90
36 18 R TRT MTR 1.062 0.218 17.71 -13.36 -14.38 -15.92 -16.69
58 15 R noTRT MTR 1.373 0.109 22.78 -H.83 -13.24 -14.95 -16.21
62 17 R noTRT MTR 1.296 0.122 16.83 -13.29 -14.26 -15.72 -16.45
1 14 R noTRT MFC 1.118 0.069 19.49 -12.24 -13.41 -14.96 -15.95
4 14 L noTRT MFC 1.103 0.124 14.98 -13.35 -14.22 -15.53 -16.17
17 15 L noTRT MFC 1.121 0.093 21.34 -12.30 -13.61 -15.22 -16.39
22 17 L noTRT MFC 1.139 0.112 12.19 -14.10 -14.82 -15.83 -16.4!
25 16 L TRT MFC 1.201 0.136 19.81 -12.66 -13.79 -15.56 -16.37
27 16 R TRT MFC 1.143 0.209 15.12 -13.95 -14.85 -16.09 -16.82
33 18 L TRT MFC 1.151 0.400 11.90 -14.32 -15.04 -15.97 -16.59
35 18 R TRT MFC 1.086 0.338 12.53 -14.52 -15.29 -16.25 -16.92
57 15 R noTRT MFC 1.189 0.055 19.48 -12.33 -13.50 -15.07 -16.04
61 17 R noTRT MFC 1.099 0.152 16.83 -13.29 -14.26 -15.72 -16.45
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7.5 SAS programs
data compression;
input id h RL $ trt $ region $ strain HaO kp M; 
cards;
1 14 R noTRTMFC 0 0.0692 28.17276179 19.4936

62 17 R noTRTMTR 0 0.122 30.5908 16.826

proc mixed;
class h RL region;

model M=RL [region @2 /ddfm=satterth; 
random h;
Ismeans region/pdiff el adjust=tukey;
Ismeans RL/pdiff adjust=tukey;

run;
proc mixed;

class h RL region;
model HaO=RL|region @2 /ddfm=satterth; 
random h;
Ismeans region/pdiff cl adjust=tukey;
Ismeans RL/pdiff adjust=tukey;

run;
proc means;

class region; 
var HaO M;

run;

160

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



data cwl2003;
input id H Joint$ RL$ trt$ locations Tensiie thickness Tensile_MaxLoad 
T ensileEIongation T ensileFailureS tressT  ensileF  ailureStrain 
Tensile failure stiffness Tensile EM Tensile DS Tensile Bestfit DS mPre mink stdPre 
stdink mG19 stdG19 mG3 stdG3 GDI stdCDI cartthick std thickness BoneThick BMDl 
BMD2 BMD3 meanBMD volBMD WC compthick HaO M InkpO InkplS lnkp30 lnkp45 
logkpO logkplS Iogkp30 logkp45;

/*response scaling’̂ / 
sq rtten sileE M  = sqrt(tensile_EM); 
sqrt_tensile_failure_stress = sqrt(tensile_faiiure_stress); 
sq rttensile fa ilu res tra in  = sqrt(tensile_failure_strain); 
sqrt tensiie failure stiffness -  sqrt(tensile_failure_stiffness); 
sq rtten sileE M  = sqrt(tensileEM ); 
sq rtten sileD S  = sqrt(tensileDS); 
lo g ten s ileb es tfitD S  = log(tensile_Bestfit_DS); 
cards;

64 17 F R noTRTMC3P 0.418 0.393 1.458 11.5290.348 33.145
18.403 49.815 49.877 46.920 80.365 7.389 11.806 241.470 5.391 29.606
3.301 0.760 0.056 0.360 0.012 .................................................................
72.76051188 ........................................................................................................

proc mixed;
class h location RL trt;
model sqrt_tensile_EM=trt|location|RL @2 /ddfm=satterth; 
random h(trt);
Ismeans location /pdiff cl adjust=tukey;

run;
proc mixed;

class h location RL trt;
model sqrt_tensile_EM=trt|location|RL @2 tensile thickness/ddfm^satterth; 
random h(trt);
Ismeans location /pdiff cl adjust=tukey;

run;
proc mixed;

class h location RL trt;
model sqrt_tensile_failure_stress=trt|location|RL @2 tensiie thickness 

/ddfm=satterth;
random h(trt);
Ismeans location/pdiff cl adjust=tukey; 
run; 

proc mixed;
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class h location RL trt;
model sqrt_tensile_failure_strain=trt|location|RL @2 /ddfm=satterth; 
random h(trt);
Ismeans location/pdiff cl adjust=tukey; 

proc mixed;
class h location RL trt;
model sqrt_tensile_DS=trt|location|RL @2 tensile_thickness/ddfm=satterth; 
random h(trt);
Ismeans location/pdiff cl adjust=tukey;

run;
proc mixed;

class h location RL trt;
model sqrt_tensile_DS=trt|loeation|RL @2 /ddfm=satterth; 
random h(trt);
Ismeans location/pdiff cl adjust=tukey;

run;
proc mixed;

class h location RL trt;
model log_tensile_bestfit_DS=trt|location|RL @2 /ddfm=satterth; 
random h(trt);
Ismeans loeation/pdiff cl adjust=tukey; 

proc mixed;
class h location RL trt;
model CDI=trt|loeation|RL @2/ddfm=satterth; 
random h(trt);
Ismeans location*trt/pdiff adjust=tukey;
Ismeans location/pdiff adjust=tukey;

run;
proc mixed;

class h location RL trt;
model eartthick=trt|location|RL @2 /ddfm=satterth; 
random h(trt);
Ismeans location/pdiff adjust=tukey;

run;
proc mixed;

class h location RL trt;
model volBMD=trt|location|RL @2/ddfm=satterth; 
random h(trt);
Ismeans location/pdiff adjust=tukey;

run;
proc mixed;

class h location RL trt;
model WC=trt|location|RL @2/ddfm=satterth; 
random h(trt);
Ismeans location/pdiff adjust=tukey;

run;
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proc sort;
by location; 

proc corr;
by location;
var Tensile EM Tensile DS Tensile Failure stress cartthick CD! WC 

volBMDHaO k p M ; 
run;
proc corr;
var sqrt Tensile EM sqrt Tensile DS sqrt Tensile Failure stress 
sqrt Tensile Failure strain cartthick GDI WC volBMD HaO kp M ; 
run;

proc corr;
var sqrt Tensile EM sqrt Tensile Failure stress sqrt_Tensile_Failure_strain
sqrt Tensile DS M kp HaO WC volBMD cartthick GDI;
run;
proc means;

by location;
var cartthick volBMD GDI Tensile Failure stress Tensile DS Tensile EM WC;

run;
proc sort;

by location; 
proc means;

by location;
var logkpO logkplS logkpSO logkp45;

run:
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7.6 Statistical Comparisons
L o c a tio n  C o m p a r i s o n

Cartilage
Thickness

Reflectance
Score

Tensile
Equilibrium

Modulus

Tensile
Dynamic
Stiffness

Tensile
Strength Failure Strain

Bone Mineral 
Density

M C3D  vs. M C 3P 0.2658 0.544 0.0416 0.1416 0.34M 0.4735 0.0005
M C3D  v s. M FC <.0001 0.0795 <.0001 <0001 0.1206 <0001 0.0076
M C3D  vs. MTR <.0001 0.0002 0.0049 0.046 0.0217 0.3183 <0001
M C 3P  vs. M FC <.0001 0.6969 <0001 <0001 0.0138 0.0002 <0001
M C 3PV S. MTR <.0001 0.0143 <.0001 0.0003 0.0014 0.7571 <0001
M FC vs. MTR <.0001 0.1637 0.0859 0.0133 0.4463 0.0009 0.0028

1 Equilibrium 
. . . .  . B Confined 
L o c a t io n  C o m p a r is o n  com pression

1 Modulus

Hvdraulic
Perm eability

Sb^ln-
D ependent
P aram eter

M FC VS. MTR 1 0.8335 0.0495 0.3032

B
Tables 7.5  and 7.6: Statistical com parisons (p-values) for (A) structural and tensile responses (B) 
com pression responses.
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8 Appendix B

8.1 Chapter 3 Sample history
ble 8.1; Sample

Horse ID#

history

Approx.
Age
(yrs)

Weight (#)

Treatment (OCF; osteochondral 
Fragment) All treatments occurred within 
the Intercarpal Joint (Distal Radial Carpal 

Bone). Horses were exercised 
Sdaysfweek for 3 weeks prior to surgery 

and 9 weeks postoperativeiy.)

1 2.5 804 Right OCF

2 2 994 Left OCF

3 2 798 Left OCF
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8.2 SCBP Thickness Measurement Protocol
•  Scan x-ray in VTH multimedia center
• Save image to zip disk (see example below)

Example: sample_ID#.jpg

Transfer images on to image analysis computer
Open Image Pro Plus
Open image to be analyzed
Apply macro to image: MINMAX
Macro applies a loeal best fit eontrast enhaneement filter
(see example image below)

Rotate image so artieular surfaees are horizontal (see example below)
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Run Macro: SCBthickness
Uses optimal settings for smoothness and thickness
Uses calipers to measure thickness and sends data to Excel spreadsheet
Asks user to select points to outline sample geometry
Calipers measure the rising and falling points of inflection based on changes in 
pixel value (direction of measurement tool: trabecular bone to articular cartilage) 
Six (6) regions are analyzed from both the surfaces of MC3 and PI, and their 
coordinates are recorded in the data table {see example below)

Luminance (pixel intensity) profile for each region (arrow) are is analyzed to 
determine SCB thickness {see example below)
Each vertical line represents either the rising or falling point of inflection, which 
determine the SCB boundaries
The line in between the two vertical lines represents the subchondral bone 
thickness

Arrange data in Excel and perform statistical operations

167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8.3 Region Selection
Proportions o f  M^^^jand Mpj lengths are used 
to determine R1-R3 loeations relative to the 
medial articular margin:

R l: 30%

R2: 60%

R3: 95%

R4 is always at the apex o f  the sagittal ridge.

Proportions o f  Lj^c3 Lpi lengths are used to 
determine R5-R7 loeations relative to the 
lateral articular margin :

R5: 95%

R6: 60%

R7: 30%

Figure 8.1: Region selection for ScBP measurement and strain analysis (Chapters).
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8.4 Image-Pro Algorithm
O p t i o n  E x p l i c i t  
Sub S C B t h i c k n e s s ()

I 'k-kic-kir'ki^-^'k-k-k'kir-k-k-k-k-k'k-k-k'k-k-k-k-k'k'k'k'k'k'k'k-k-k-k-k-k-k-k-k-kif-k-k-k-k-k-k-k-kir-k-kif-k-kif-k-k-k'k-k' ir-k-k-kie'k-k

' k ' k ' k ' k ' k ' k - k ' k ' k ' k ' k ' k ' k ' k ' k

S C B t h i c k n e s s  MACRO 
Used w i t h i n  IMAGE PRO PLUS

F u n c t i o n :  D e t e r m i n e s  s u b c h o n d r a l  bone  t h i c k n e s s  I n  v a r i o u s  
r e g i o n s  a c c o r d i n g

c h a n g e s  i n  g r e y s c a l e  v a l u e s  o f  h i g h  r e s o l u t i o n  
r a d i o g r a p h  f o r  t h e  MC3 an d  PI

I n p u t :  D i g i t a l l y  s c a n n e d  h i g h  r e s o l u t i o n  r a d i o g r a p h  o f  MC3 an d  PI 
D i g i t a l l y  R o t a t e d  so  a r t i c u l a r  s u r f a c e  i s  h o r i z o n t a l  
R o t a t e d  Image f i l t e r e d  u s i n g  MINMAX m a c ro  f i l t e r  

f o u n d  on IPPRO w e b s i t e )
O r i e n t a t i o n :

M e d i a l  a s p e c t s  -  R i g h t  
L a t e r a l  a s p e c t s  -  L e f t

O u t p u t :  E x c e l  DDE
xy c o o r d i n a t e s  f o r  a l l  t h e  7 f e a t u r e s  f o r  MC3 an d  PI 
S u b c h o n d r a l  b o n e  t h i c k n e s s

M e d i a l  MC3 (3 r e g i o n s )
L a t e r a l  MC3 (3 r e g i o n s )
M e d i a l  PI  (3 r e g i o n s )
L a t e r a l  PI (3 r e g i o n s )

Chad W Lewis
C o l o r a d o  S t a t e  U n i v e r s i t y
D a t e : 0 2 . 2 5 . 2 0 0 3

- k ' k ' k - k ' k i c ' k ' k ' k i c ' k ' k ' k ' k ' k ' k ' k ' k ' k ' k ' k i r - k ' k ' k - k ' k ' k ' k ' k ' k ' k ' k ' k ' k ' k - k - k ' k ' k ' k ' k - k - k - k i f ' k ' k i r ' k - k ' k - k - k - k ' k i e ' k ' k - k - k ' ^ ' k ' k ' k - k - k - k - k - k

Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim

n u m p o i n t s  As I n t e g e r  
numobj As I n t e g e r  
num_MC3 As I n t e g e r  
num_Pl  As I n t e g e r  
measType As I n t e g e r  
i  As I n t e g e r  
m c 3 o r g l ( 2 )  As p o i n t a p i
m c 3 o r g 2 (2) 
m c 3 o r g 3 (2) 
m c 3 o r g 4 (2) 
m c 3 o r g 5 (2) 
m c 3 o r g 6 (2) 
p l o r g l (2) 
p l o r g 2  (2) 
p l o r g S  (2) 
p l o r g l (2) 
p l o r g 5 (2) 
p l o r g 6 (2)

As p o i n t a p i  
As p o i n t a p i  
As p o i n t a p i  
As p o i n t a p i  
As p o i n t a p i  

As p o i n t a p i  
As p o i n t a p i  
As p o i n t a p i  
As p o i n t a p i  
As p o i n t a p i  
As p o i n t a p i

f V a l u e s ( 1 5 )  As S i n g l e
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Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim

Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim

mc3xl  As 
mc3yl  As 
mc3x2 As 
mc3y2 As 
mc3x3 As 
mc3y3 As 
mc3x4 As 
mc3y4 As

p l x l  As 
p l y l  As 
p l x 2  As 
p l y 2  As 
p l x 3  As 
p l y 3  As 
p l x 4  As 
p l y 4  As

I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r

I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r
I n t e g e r

i p o u t p u t c l e a r

'A sk  u s e r  f o r  g e o m e t r y  p o i n t s  f o r  MC3 p o r t i o n  

t r y a g a i n :
r e t  = IpMeasShow(MEAS_SHOWADVANCED) 
r e t  = IpMeasDelete(MEAS_ALL) 
r e t  = IpMeasShow(MEAS_SHOWADVANCED) 
r e t  = IpMeasTool(MEAS_POINT)

'A sk s  u s e r  t o  u s e  p o i n t  t o o l  t o  s e l e c t  p o i n t  o f  i n t e r e s t
r e t  = i p m a c r o s t o p ( " U s in g  The P o i n t  T o o l :  S e l e c t  t h e  g e o m e t r y  p o i n t s  f o r  
t h e  MC3 (SEE p r o t o c o l  f o r  s p e c i f i c s ) " , 0 )  
r e t  = IpMeasGet  (GETNUMOBJ,1 , num_MC3)
ReDim MC3pt(num_MC3) As p o i n t a p i

F o r  i=0 To num_MC3 -  1
r e t  = IpMeasGet(GETFEATVALUES, i ,  
M C 3 p t ( i ) . x  = fValues(-MDATA_POS) 
M C 3 p t ( i ) . y =  fValues(-MDATA_POSY)

f V a l u e s  (0))
'MC3
'MC3

p o i n t  X c o o r d i n a t e  
p o i n t  Y c o o r d i n a t e

N e x t  i

mc3xl  = MC3p t(0) X 'MC3 p o i n t  X c o o r d i n a t e
mc3yl  = MC3p t(0) y 'MC3 p o i n t  Y c o o r d i n a t e
mc3x2 = MC3pt (1) X 'MC3 p o i n t  X c o o r d i n a t e
mc3y2 = MC3pt (1) y 'MC3 p o i n t  Y c o o r d i n a t e
mc3x3 = MC3pt (3) X 'MC3 p o i n t  X c o o r d i n a t e
mc3y3 = MC3pt (3) y 'MC3 p o i n t  Y c o o r d i n a t e
mc3x4 = MC3pt (4) X 'MC3 p o i n t  X c o o r d i n a t e
mc3y4 = MC3p t(4) y 'MC3 p o i n t  Y c o o r d i n a t e

'Asks  u s e r  t o  c o n f i r m  p o i n t s  a r e  c o r r e c t
r e t  = i p m a c r o s t o p ("Are  t h e  " & num_MC3 & " p o i n t s
c o r r e c t ? " , m s _ m o d a l + m s _ y e s n o )  ' C o n f i r m  c o o r d i n a t e s  a r e  c o r r e c t
I f  r e t  = O' Then GoTo t r y a g a i n

'S a v e  t h e  f e a t u r e  d a t a  t o  E x c e l
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Dim d i r e c  As S t r i n g  * 255 
Dim f i l e n  As S t r i n g  * 255
d i r e c  = G e t F i l e P a t h $ {" x y d a t a " , " " , , "Sa ve  E x c e l  F i l e  A s ; " ,  2) 
r e t  = i p d o c g e t s t r ( i n f _ n a m e ,  d o c s e l _ a c t i v e ,  f i l e n )  
r e t  = I p M e a s S a v e O a t a ( f i l e n ,  S_DATA + S_DDE)

'Ask u s e r  f o r  g e o m e t r y  p o i n t s  f o r  PI p o r t i o n '  

t r y a g a i n 2 :
r e t  = IpMeasDelete(MEAS_ALL)
r e t  = IpMeasShow(MEAS_SHOWADVANCED)
r e t  = IpMeasTool(MEAS_POINT)

'Ask u s e r  t o  u s e  p o i n t  t o o l  t o  s e l e c t  p o i n t s  o f  i n t e r e s t
r e t  = i p m a c r o s t o p ( " U s in g  The P o i n t  T o o l :  S e l e c t  t h e  g e o m e t r y  p o i n t s  f o r
t h e  PI (SEE p r o t o c o l  f o r  s p e c i f i c s ) " , 0 )
r e t  = IpMeasGet  (GETNUMOBJ,1 , num_Pl)
ReDim P l p t ( n u m _ P l )  As p o i n t a p i

F o r  i=0 To num_Pl -  1
r e t  = IpMeasGet(GETFEATVALUES, i ,  
P l p t ( i ) . x  = fValues(-MDATA_POS) 
P l p t ( i ) . y =  fValues(-MDATA POSY)

f V a l u e s  (0))
PI  p o i n t  X c o o r d i n a t e  
PI p o i n t  Y c o o r d i n a t e

N ex t  i

p l x l  = P l p t  (0) . X ' PI p o i n t X c o o r d i n a t e
p l y l  = P l p t  (0) • y ' P I p o i n t Y c o o r d i n a t e
p l x 2  = P l p t  (1) . X ' P I p o i n t X c o o r d i n a t e
p l y 2  = P l p t  (1) • y ' P I p o i n t Y c o o r d i n a t e
p l x 3  = P l p t  (3) . X ' PI p o i n t X c o o r d i n a t e
p l y 3  = P l p t  (3) • y ' P I p o i n t Y c o o r d i n a t e
p l x 4  = P l p t (4) . X ' P I p o i n t X c o o r d i n a t e
p l y 4  = P l p t  (4) • y ' PI p o i n t Y c o o r d i n a t e

'Ask  u s e r  t o  make s u r e p o i n t s a r e  c o r r e c t
r e t  = i p m a c r o s t o p ( "Are t h e  " & num PI & " s e l e c t e d  p o i n t s
c o r r e c t ? " , m s  m oda l+ms_y esno)  ' C o n f i r m  c o o r d i n a t e s  a r e  c o r r e c t  
I f  r e t  = 0 Then GoTo t r y a g a i n 2

' S a v e  c o r r e c t  d a t a  p o i n t s
r e t  = I p M e a s S a v e O a t a ( f i l e n ,  S DATA + S_DDE)

' C a l c u l a t i o n s  t o  d e t e r m i n e  r e f e r e n c e  l i n e  c o o r d i n a t e s  f o r  MC3 and  PI 
' F o r  MC3
Dim mmc3y As I n t e g e r  
Dim lmc3y As I n t e g e r  
mmc3y = (MC3yl + MC3y2)/2 
lmc3y = (MC3y3 + MC3y4)/2

' F o r  PI
Dim mply As I n t e g e r  
Dim I p l y  As I n t e g e r  
mply  = ( P l y l  + P l y 2 ) / 2  
I p l y  = (P ly3 + P l y 4 ) / 2
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' P r o p o r t i o n s  t o  a n a l y z e  
C o n s t  A=0.30 
C o n s t  B=0.60 
C o n s t  C=0.95

C o n s t  E= 0.05 
C o n s t  F=0 .40 
C o n s t  G=0.70

' L e n g t h s  o f  a r t i c u l a r  s u r f a c e  t o  b e  a n a l y z e d
' F o r  MEDIAL MC3
Dim Dmedial_mc3 As I n t e g e r
Dmedia l  mc3 = mc3x2 -  mc3xl

' X and
m c3 o rg l
m c3 o rg l
m c3 o rg l
mcS org l
mc3org2
mc3org2
mc3org2
mc3org2
mc3org3
mc3org3
mc3org3
mc3org3

y c o o r d i n a t e s
• X  = mc3xl  
. y  = mmcSy 
• X  = mc3xl  
. y  = mmc3y 
. X  = mc3xl  
. y  = mmc3y 
■X = mc3xl  
. y  = mmc3y 
■X = mc3xl  
. y = mmc 3 y 
•x = mc3xl  
. y  = mmc3y

f o r  c a l i p e r  t o o l  l i n e s  
+ (A * Dmedial_mc3)
+ 35
+ (A * Dmedial_mc3)
-  80
+ (B * Dmedial_mc3)
+ 35
+ (B * Dmedial_mc3)
-  30
+ (C * Dmedial_mc3)
+ 35
+ (C * Dmedial_mc3)
-  30

' F o r  LATERAL MC3
Dim D l a t e r a l  mc3 As I n t e g e r
D l a t e r a l  mc3 = mc3x4 -  mc3x3

' X and  y 
mc3org4 (1 
m c 3 o r g 4 (1 
mc3org4 (0 
mc3org4 (0 
mc3orgS (1 
m c 3 o r g 5 (1 
mc3org5 (0 
mc3org5 (0 
mc3org6 (1 
mc3org6 (1 
mc3org6 (0 
mc3org6 (0

c o o r d i n a t e s  
) . X = mc3x3 
) . y = lmc3y 
) . X = mc3x3 
) . y = lmc3y 
) . x = mc3x3 
) . y = lmc3y 
) . x = mc3x3 
) . y = lmc3y 
) . X = mc3x3 
) . y = lmc3y 
) . X = mc3x3 
) . y = lmc3y

f o r  c a l i p e r  t o o l  l i n e s  
+ (E * D l a t e r a l _ m c 3 )
+ 35
+ (E * D l a t e r a l _ m c 3 )
-  30
+ (F * D l a t e r a l _ m c 3 )
+ 35
+ (F * D l a t e r a l _ m c 3 )
-  30
+ (G * D l a t e r a l _ m c 3 )
+ 35
+ (G * D l a t e r a l _ m c 3 )
-  80

' F o r  MEDIAL PI
Dim D m e d i a l _ p l  As I n t e g e r
D m e d ia l_ p l  = p l x 2  -  p l x l

' x  and y c o o r d i n a t e s f o r c a l i p e r t o o l
p l o r g l (0) . X  = p l x l + (A * Dmedial _ p l )
p l o r g l  (0) . y = mp1y + 50
p l o r g l  (1) . X  = p l x l + (A * Dmedial _ p l )
p l o r g l (1) . y = mp1y - 5
p l o r g 2  (0) ■X = p l x l + (B * Dmedial _ p l )
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p l o r g 2  (0) y = mply + 50
p i o r g 2  (1) X  = p l x l + ( B  * Dmedial _pl)
p l o r g 2 (1) y = mply - 5
p l o r g 3  (0) X  = p l x l + (C * Dmedial _pl)
p l o r g 3  (0) y = mply + 50
p l o r g 3 (1) X = p l x l + (C * Dmedial _pl)
p l o r g 3 (1) y = mply - 5

' F o r  LATERAL PI
Dim D l a t e r a l _ p l  As I n t e g e r
D l a t e r a l p i = p l x 4 - p l x 3

' x  and  y c o o r d i n a t e s f o r c a l i p e r  t o o l  l i n e s
p l o r g 4  (0 . X = p l x 3 + (E * D l a t e r a l _pl)
p l o r g 4  (0 • y = I p l y + 50
p l o r g 4  (1 . X = p l x 3 + (E * D l a t e r a l _pl)
p l o r g 4 (1 • y = I p l y - 15
p l o r g 5 (0 . X = p l x 3 + (F * D l a t e r a l _pl)
p l o r g 5 (0 • y = I p l y + 50
p l o r g S  (1 . X = p l x 3 + (F * D l a t e r a l _pl)
p l o r g 5  (1 • y = I p l y - 15
p l o r g 6  (0 . X = p l x 3 + (G * D l a t e r a l _pl)
p l o r g 6 (0 • y = I p l y + 50
p l o r g 6 {1 .  X = p l x 3 + (G * D l a t e r a l _pl)
p l o r g 6 (1 • y = I p l y - 15

' C a l i p e r  A n a l y s i s
' C a l i p e r  S e t t i n g s
Dim ID(12)  As I n t e g e r
r e t  = IpClprSet(CLPR_AUTOREFRESH, 1)
r e t  = IpClprSet(CLPRO_SMOOTHING, 34)
r e t  = IpClprSet(CLPRO_THICKNESS,  21)
r e t  = IpClprSet(CLPRO_APPLY_SCAL,1)
r e t  = IpClprSet(CLPRO_SHOW_LABEL,1)
r e t  = IpClprSet(CLPRO_SHOW_NUMBER,1)
r e t  = IpClprSet(CLPRO_PRECISION,4)
r e t  = IpClprSet(CLPR_AUTOREFRESH, 0)

r e t  = Ip C lp rS h o w  (1)

' S e t  Edge D e t e c t o r s
r e t  = I p C l p r D e l e t e M e a s ( - 1 ,  "")
r e t  = I p C l p r C r e a t e D e r i v a t i v e E d g e (" F a l l i n g " , "A" , 255,  0, CLPR_FALLING) 
r e t  = I p C l p r C r e a t e D e r i v a t i v e E d g e (" P e a k " , " B " , 1234523,  0, CLPR_PEAK) 
r e t  = IpClprCreateMeas(CLPR_MEAS_DIST2,  " P e a k " ,  " F a l l i n g " )

' C r e a t e  L i n e  S a m p l e r s  
' F o r  LATERAL MC3 
' D e l e t e s  s a m p l e r s  f rom p r e v i o u s  a n a l y s i s
ID(1)  = Ip C lp r C r e a t e S a m p le r ( C L P R _ L I N E ,  "mc3_Ll" ,  
I D (2) = I p C lp rC re a t e S a m p le r (C L P R _ L IN E ,  "mc3_L2",  
I D (3) = Ip C lp r C r e a t e S a m p le r (C L P R _ L I N E ,  "mc3_L3"; 
I D (4) = Ip C lp r C r e a t e S a m p le r (C L P R _ L I N E ,  "mc3_L4",  
I D (5) = Ip C lp r C r e a t e S a m p le r (C L P R _ L I N E ,  "mc3_L5",  
I D (6) = Ip C lp r C r e a t e S a m p le r (C L P R _ L I N E ,  "mc3_L6",  
I D (7) = Ip C lp r C r e a t e S a m p le r (C L P R _ L I N E ,  " p l _ L l " ,  
I D (8) = Ip C lp r C r e a t e S a m p le r (C L P R _ L I N E ,  " p l _ L 2 " ,

m c 3 o r g l ( 0 ) ,  0)
mc3org2 ( 0 ) ,  0) 
mc3org3 ( 0 ) ,  0) 
m c 3 o r g 4 ( 0 ) ,  0) 
m c 3 o r g 5 ( 0 ) ,  0) 
mc3org6 ( 0 ) ,  0) 

p l o r g l ( 0 ) ,  0) 
p l o r g 2 ( 0 ) ,  0)
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I D (9) = I p C lp r C r e a t e S a m p le r (C L P R _ L I N E ,  " p l _ L 3 " ,  p l o r g 3 ( 0 ) ,  0)
I D (10) = Ip C l p rC re a t e S a m p le r ( C L P R _ L I N E ,  " p l _ L 4 " ,  p l o r g 4 ( 0 ) ,  0)
1 0 (1 1 )  = Ip C l p rC re a t e S a m p le r ( C L P R _ L I N E ,  " p l _ L 5 " ,  p l o r g S  ( 0 ) ,  0)
1 0 (1 2 )  = I p C lp r C r e a t e S a m p le r ( C L P R _ L I N E ,  " p l _ L 6 " ,  p l o r g 6 ( 0 ) ,  0)

' C o n f i r m  c a l i p e r s  a r e  c o l l e c t i n g  t h e  c o r r e c t  i n f o r m a t i o n  
r e t  = i p m a c r o s t o p ( "Make s u r e  a l l  c a l i p e r s  a r e  c a p t u r i n g  t h e  CORRECT 
e d g e s .  Use t h e  c a l i p e r  t o o l  t o  c o r r e c t  i f  n e c e s s a r y .  Are  A l l  c a l i p e r s  
CORRECT?",0) ' C o n f i r m  c o o r d i n a t e s  a r e  c o r r e c t

F o r  i = l  To 12
r e t  = I p C l p r S e l e c t S a m p l e r ( 1 0 ( i ) )
r e t  = I p C l p r S a v e ( f i l e n ,  S_0ATA2 + S_ODE)

N e x t  i

r e t  = I p C l p r S h o w (0) 
r e t  = IpMeasShow (0)

'Remind  u s e r  t o  s a v e  e x c e l  s p r e a d s h e e t
r e t  = i p m a c r o s t o p ( "SAVE EXCEL SPREADSHEET c o r r e s p o n d i n g  t o  SAMPLE 
I D " , 0)

End Sub
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9 Appendix C

9.1 Sample preparation protocol
Materials Required

Propidium Iodide (1 mg/ml Solution)
Benzamidine (lOOX Stock Solution, 5mM) 
N-Ethylmalemide (lOOX Stock Solution, lOmM)
PMSF (lOOX Stock Solution, ImM)
Phosphate Buffered Solution 
Phosphate Buffered Solution Packets (#5)
10% Formalin
Pipette to deliver volume of lOOpl 
Pipette tips for lOOpl volume 
Superglue 
Sharpie Marker
VWR Sample Cups and Lids (4oz and 8oz)
Exakt Macro 0.2mm Blade Rollers 
Exakt Macro 0.2mm Blade 
Exakt Acrylic Vacuum Slides 
Exakt Saw 
Exakt Vacuum Plate 
Custom 90 degree Exakt fixture 
Scalpel Handle 
Scalpel Blades 
Rat Tooth Forceps 
Exakt Laser Positioning Guide 
Blue Absorbent Pad 
Sample Worksheet 
Micrometer (0.001mm resolution)
Non-sterile Gauze 
Digital Camera (Nikon 900)
Camera Tripod 
3-D Mounting Bracket
Stainless Steel Pins (3/8” diameter, 1” long)-Mounting Pins
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• 4.6mm Stainless Steel Drill Bit (sharp point)
• 7/16 HSS Drill Bit
• 3/8” Electric Drill
•  Latex Gloves

Procedure
Remove Specimen (Whole Joint in Freezer Bag) from Freezer 
Place Specimen in Refrigerator until thawed (~lhr)
Prepare Exakt Cutting System (See Exakt Users Manual)
Attach Rollers
Rollers should be dismantled and rebuilt for every samples prepared 
Place Cutting Band on Wheels
Make sure band is placed correctly into rollers before Tensioning 
Manually Turn Wheels while Band Tensioning 
Test Band for Proper Tension (See Exakt Users Manual)
Properly Align Band and Rollers (See Exakt Users Manual)
Place Top and Bottom Plates into position using Nylon covered nuts 
Make sure Exakt Drain is CLOSED
ADD 8 Liters of Unsterile Phosphate Buffered Saline to the Exakt’s Water 
Coolant Basin
Attach Laser Guide to Top Plate Mount 
Align Laser to Band Cutting Path (See Exakt Users Manual)
Setup Preparation Area 
Layout blue absorbent pad 
Layout the following items on pad 

Scalpel Blade + Handle 
Forceps
Three-Dimensional Mounting Bracket 
Drill Bits 
Electric Drill 
Gauze Pads 
Box of Gloves 
Mounting Pins 
Alignment Pins 

Prepare Solution of PBS + Proteinase Inhibitors (PBS+PIs)
Add 96ml of PBS to 8oz VWR Specimen Cup 
Using a pipette, add the following to the 96ml o f PBS 

o ImloflOOX ImM PMSF 
o 1ml of lOOX 5mM Benzamidine 
o 1ml of lOOX lOmM N-Ethylmalemide 

Gently Mix Solution 
Setup Camera
Attach Portable Nikon Digital Camera to Tripod 
Make Labels for the Sample 

Sample ID#
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Medial
Lateral

• Properly position background mat (black foam pad, 1/8” thick)

Joint Dissection
Soak Gauze with PBS+PIs
NOTE; At All Times Keep Articular Surfaces Hydrated with PBS+PIs soaked 
gauze
DO NOT CUT / Dissect Medial/Lateral Ligaments 
Remove Soft Tissue from 
Palmar Aspect 
Dorsal Aspect 
SEE Figure 9.1
Using Exakt and Manual Cutting Plate Add-on
Remove Excess Bone from MC3/P1 to allow proper cutting clearance for Cut #1 
SEE Figure 9.2 
Take DIGITAL picture 
Instructions for CUT #1
Drill hole into PI 3cm below dorsal AC margin 
Place 5/8” Pin into hole (SEE Figure 9.2)
Attach 3-D clamp to PI pin 
Extend joint so dorsal AC margins are in contact 
Manipulate clamp to assure proper Joint angle when MC3 pin is placed 
While holding the joint at the proper angle, drill hole into MC3 using a 4.8mm SS 
bit with SS alignment barrel (5/8” barrel + 4.8mm barrel)
Replace 4.8mm drill bit with 5/8” SS bit 
Take out 4.8mm barrel from SS alignment barrel 
Drill hole for 5/8” pin 
Place pin into MC3
Tighten clamp to both pins. (Figure 9.3)
NOTE: Make sure dorsal margin AC surfaces are in 
contact (medial to lateral).

Instructions for CUT#1
Attach vise clamp (using small jaws) to Exakt (Figure 9.4)
Using the vise, clamp onto PI pin using wet gauze to increase the friction 
between the pin and the vise 
Turn ON Laser
Align sample so the long axis of the palmer side of PI is parallel with the cutting 
axis (planar area on the palmer side)(Figure 9.5)
Align the sample so 1cm of tissue (from the planar palmar PI) will be cut 
(CUT#1)
Perform CUT #1 (Figure 9.6)
Carefully remove damp and sample from Exakt System
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Inst

Inst

Remove Clamp and Pins
Take DIGITAL picture (medial/lateral view)
Super Glue Slide to CUT#1 Surface 
Remove paper from ONE side o f an Exakt slide
Using a Permanent Marker, draw a minor axis line in the middle of the slide 
(perpendicular to the long axis)
Using a scalpel, carefully cut away soft tissue (not articular cartilage) from the 
medial and lateral aspects of the joint, only near CUT#1 to allow visibility of the 
articular cartilage when gluing sample to slide 
Place a nominal amount of SUPERGLUE to the slide
Carefully press the sample on to the slide WHILE assuring articular surface is 
parallel to the marker line (Figure 9.7, Figure 9.8)
Hold in place for 10 seconds and allow to dry
Setup additional slide (remove protecting paper from both sides o f slide)
Setup vacuum plate on slide table of Exakt 
Turn on vacuum pump
Place new slide on vacuum plate and apply vacuum to plate 
Make sure there is vacuum being applied 
Place a small amount of SUPER GLUE on vacuum plate slide 
Remove remaining paper from sample slide
Inspect perpendicularity of the articular surface to the long axis of the glued slide. 
If  not correct, compensate when gluing to vacuum slide. (Figure 9.10)
Place the glued slide/sample on vacuum slide (Figure 9.9)
Make sure both edges of slides (sample and vacuum) match up 
Allow glue to setup for >1 Omin
REMINDER: MAKE SURE CARTILAGE IS HYDRATED WITH PBS +
Protease Inhibitors
Remove sample from vacuum plate
Take DIGITAL pictures of sample (cut surface, dorsal view, side view) 

uctions for CUT#2
Attach vacuum plate so vacuum surface is parallel with cutting path o f blade on
Exakt system
Vacuum plate the sample
Align table so ONLY the MC3 portion is cut
Perform CUT #2 (Figure 9.11)

uctions for CUT #3 (Figure 9.12 - Figure 9.15)
Remove vacuum plate
Attach 90 degree cutting jig (make sure it is somewhat level)
Attach vacuum plate to 90 degree jig (see figure)
Fix sample to vacuum plate using vacuum (make sure the slide is under max 
vacuum)
Plan CUTS#3 & 4 (1.5cm proximal/distal from AC surface) using MagicMarker
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• Make sure automatic translation stepper is fully extended or contained
• Align sample for CUT#3 by adjusting table (proximal or distal) depending on 

stepper translation position (Figure 9.12)
• Before starting, NOTE: WATCH CUT TO PREVENT CUTTING INTO 

VACUUM PLATE
• Perform CUT#3 (Figure 9.13)

Instructions for CUT#4
• Using the automatic translation stage (manually translate if  needed), translate 3cm 

to properly align sample for CUT #4
• Perform CUT#4 (Figure 9.I4,Figure 9.15)
• Remove Sample, Vacuum Plate, and 90 degree attachment in reverse order of 

installation

Instructions for CUT#5
• Attach vacuum plate to translation table (long axis parallel to blade axis) (Figure 

9.16)
• Determine where sample will be taken from sample
• Make sure curvature of surface is in the middle of sample
• Very Important
• Make alignment marks using a MagicMarker
• Fix sample to vacuum plate (using vacuum of course) (Figure 9.16)
• Adjust table to align sample for CUT#5
• Make sure there is nothing that will disrupt the travel of the table during these 

cuts, i.e. vacuum hoses, plates, sample.. Very Important
• Check alignment AGAIN
• Perform CUT#5 (FIGURE 17)
• Take DIGITAL picture of remnants (Figure 9.17)

Instructions for CUT#6
• Carefully translate the sample stage 7.5mm
• 7mm AUTO + 0.5mm MANUAL
• Check Alignment
• DoubleCheck thickness
• Perform CUT#6 (Figure 9.18)
• Carefully watch for sample to be cut free and immediately place into PBS+PI 

solution basin
• Stop Exakt

Perform  Sam ple M easurem ents
• Using 0.001mm resolution micrometer, measure/record the thickness at the 9 

points noted in the sample worksheet
• Using a 0.01mm resolution caliper, measure/record the height of the sample on 

the sample worksheet
• Take DIGITAL picture of the FINAL sample with (Figure 9.19)
• Labels
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• Spatial scale
• Take out memory card
• Promptly tear down camera setup and store in appropriate site
• Place sample in PBS+PI solution basin (50ml PBS+PI Total Volume)

Stain Sample
• NOTE PROPIDIUM IODIDE IS KNOWN TO BE A POTENTIAL MUTAGEN
• CAREFULLY: Add 1ml of Propidium Iodide Solution (1 mg/ml) to the solution 

basin
• Carefully place container cover of basin
• Transport the sample to be stored in a 5° C refrigerator
• Store sample in stain for >8 hours

CLEAN UP:
• PLACE SHARPS IN PROPER CONTAINER
• CLEAN Exakt Saw per protocol
• DISCARD excised tissue at VTH NECROPSY
• DISCARD paper/plastic trash in wastebasket
• CLEAN Tools
• Place Tools in storage box
• Clear of Table Surface
• Sanitize Table Surface and Wipe Clean
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Figure 9.1: Coronal view of the initial MOP sample anatomy with synovial membrane removed.

Figure 9.2: Sample after excess bone from the MC3 and PI has been removed.

Figure 9.3: GUT#1 Sample fixed in angle clamp using fixation pins (5/8” diam)

Figure 9.4: CUT#1 angle fixation using the small vise on the Exakt system.
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Figure 9.5: CUT#1 Alignment of laser to assure proper orientation of sample. This is the most 
important step of the whole process.

4
Figure 9.6: CUT#1 Results

JfSSfr BrB3B .  «0I1 KH7

Figure 9.7: Position of joint during gluing phase #1

Figure 9.8: Dorsal view of joint during gluing phase #1
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Figure 9.9; Gluing Phase #2

Figure 9.10: View of the cut surface #1 which has been glued to the acrylic surface

Figure 9.11: View after CUT #2

Figure 9.12: View of the laser aligning tool for CUTS# 3 & 4
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Figure 9.13: Dorsal view of CUTS#3 & 4 in ACTION

Ktw j£«K» onM • iaiin7«7}

Figure 9.14: Dorsal view of CUTS# 3 & 4 FINAL

H WWJtlKtOJW • *»»»■«!»

Figure 9.15: Medial-Lateral View of CUTS #  3 & 4
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Figure 9.16: Setting up for CUT#5

WR, NEW JERSEV 07936 • (MU 86 7 9E

Figure 9.17: Remnants of CUT #5

Figure 9.18: CUT #6 In progress (NOTE: The sample needs to be rotated 90 degrees relative to 
the blade to minimize out of plane motion).
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Figure 9.19: Final Sample with millimeter scale (below)
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9.2 Illustrations of custom loading system

Stainless steel ball bearings

« steel platens

Osteochondral sample Istainless steel trochar pins

Figure 9.20; Top-view of the compression chamber with the osteochondral sample, stainless 
steel ball bearing (alignment), and stainless steel trochar pins in position before the confining 
compression plate is placed on top.

Confinement support bar

Confining com pression plate

F igure 9 .21 : View of the custom-loading system on the inverted microscope with a close-up view 
showing the confining compression plate and confinement support bar.
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9.3 Matlab m-file for data reduction

9.3.1 getstats.m
function [stats] = getstats(fhame,fpath)

filespec = fullfile(fpath,fhame);

% %Extract the first two lines of the data header 
% fid = fopen(filespee,'r');
% variables = fgeti(fid);
% param = fgetl(fid);
% fclose(fid);
%
% %Number of rows and columns in data set #1 
% row sl = param l(l,;);
% columnsl = paraml(2,;);
% rc=rows 1 *columns 1;

%Extract 8 columns of data from *.dat files 
Z= dlmread(fllespec,V,2,0);

%Divide up columns for datasets 1 & 2 
%x and y coordinates (pixels) = coords 
x=Z (:,l); 
y=Z(:,2);

%u displacements
u = Z(;,3);

%v displacements 
v = Z(;,4);

%correlation coefficients 
corr = Z(:,5);

%Strain Components 
Exx=Z(;,6);
Eyy=Z(:,7)
Exy=Z(:,8)

E1=Z(:,9);
E2=Z(:,10); 
theta=Z(:,l 1);

clear Z;
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num=size(u(;,l));

% for i=l ;num 
% if u(i)==0;
% u(i)=nan;
% end 
% ifv(i)==0;
% v(i)=nan;
% end
% if corr(i)==-l;
% corr(i)=nan;
% end
% ifExx(i)==0;
% Exx(i)=nan;
% end
% if Eyy(i)==0;
% Eyy(i)=nan;
% end
% ifExy(i)==0;
% Exy(i)=nan;
% end 
% ifE l(i)==0;
% pMax(i)=nan;
% end 
% ifE2(i)==0;
% pMin(i)=nan;
% end
% if theta(i)==0;
% pMin(i)=nan;
% end 
% end

mean_u = nanmean(u); 
s td u  = nanstd(u); 
mean_v = nanmean(v); 
s td v  = nanstd(v); 
m eancorr = nanmean(corr); 
s td co rr = nanstd(corr); 
m eanE xx = nanmean(Exx); 
std_Exx = nanstd(Exx); 
m eanE yy = nanmean(Eyy); 
std_Eyy = nanstd(Eyy); 
m eanE xy = nanmean(Exy); 
std_Exy = nanstd(Exy);
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m e an E l = nanmean(El); 
s td E l  =nanstd(El); 
mean_E2 = nanmean(E2); 
std_E2 = nanstd(E2); 
m eantheta = nanmean(theta); 
s td the ta  = nanstd(theta);

stats=[mean_u std u mean v std v mean corr std corr mean Exx std Exx mean Eyy 
std Eyy mean Exy std Exy mean E l std E l mean_E2 std_E2 mean theta std theta];

9.3.2 rgbstats.m
clear;

[fnamel,fpathl] = uigetfile('*.dat','Choose 1st data file'); 
[fname2,fpath2] = uigetfile('*.dat','Choose 2nd data file'); 
[fname3,f^ath3] = uigetfile('*.dat','Choose 3rd data file') 
[fname4,f^ath4] = uigetfile('*.dat','Choose 4th data file') 
[fname5,fpath5] = uigetfile('*.dat','Choose 5th data file') 
[fname6,fpath6] = uigetfile('*.dat','Choose 6th data file'); 
[fname7,fpath7] = uigetfile('*.dat','Choose 7yh data file');
% [fname8,fpath8] = uigetfile('*.dat','Choose 8th data file');
% [fname9,fpath9] = uigetfile('*.dat','Choose 9th data file');
% [fnamelO,fpathlO] = uigetfile('*.dat','Choose 10th data file') 
% [fnamel l,fpathl 1] = uigetfile('*.dat','Choose 11th data file') 
% [fnamel2,f^athl2] = uigetfile('*.dat','Choose 12th data file') 
% [fnamel3,f^athl3] = uigetfile('*.dat','Choose 13th data file') 
% [fnamel4,fpathl4] = uigetfile('*.dat','Choose 14th data file') 
% [fnamel5,fpathl5] = uigetfile('*.dat','Choose 15th data file') 
% [fnamel6,:^athl6] = uigetfile('*.dat','Choose 16th data file') 
% [fnamel7,fpathl7] = uigetfile('*.dat','Choose 17th data file')

rowl = getstats(fnamel,fpathl) 
row2 = getstats(fname2,fpath2) 
row3 = getstats(fname3,fpath3) 
row4 = getstats(fname4,fpath4) 
row5 = getstats(fname5,fpath5) 
row6 = getstats(fname6,fpath6) 
row7 = getstats(fname7,fpath7)
% row8 = getstats(fname8,fpath8);
% row9 = getstats(fname9,fpath9);
% row 10 = getstats(fnamelO,fpathlO) 
% rowl 1 = getstats(fnamel l,fpathl 1) 
% rowl2 = getstats(fnamel2,l^athl2) 
% rowl3 = getstats(fnamel3,fpathl3) 
% row 14 = getstats(fnamel4,fpathl4)
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% row 15 = getstats(fnamel5,lpathl5)
% row 16 = getstats(fnamel6,lpathl6)
% row 17 = getstats(fnamel7,Q)athl7)

M=[rowl; row2; row3; row4; row5; row6; row7];

[newfile,newpath] = uiputfile('data.txtVSave file name'); 
newfilespee = fullfile(newpath,newfile); 
dlmwrite(newfilespec,M);

rotation.m
elear;

[fname,fpath] = uigetfile('*.dat','Choose 1st data file');

filespec = fullfile(^ath,fname);

% %Extract the first two lines of the data header 
% fid = fopen(filespee,'r');
% variables = fgetl(fid);
% param = fgetl(fid);
% fclose(fid);
%
% %Number of rows and columns in data set #1 
% rowsl = param l(l,:);
% columnsl = paraml(2,:);
% rc^rows 1 *columns 1;

%Extract 8 columns of data from *.dat files 
Z= dlmread(filespec,',',2,0);

%Divide up columns for datasets 1 & 2 
%x and y coordinates (pixels) = coords 
x -Z (:,l) ; 
y=Z(;,2);

%u displacements 
u = Z(:,3);

%v displacements 
V = Z(:,4);

%correlation coefficients 
corr = Z(;,5);
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%Strain Components 
Exx==Z(;,6);
Eyy=Z(:,7)
Exy=Z(:,8)

E1=Z(;,9);
E2=Z(:,10); 
theta=Z(:,l 1);

clear Z;

num=size(u(:,l));

midx = 600; 
midy = 800;

for i=l:num-l 
xO = x(i); 
yO = y(i); 
x l = x(i+l); 
y l =y(i+ l); 
xOf = x(i) + u(i); 
yOf=y(i) + v(i); 
x lf= x ( i+ l)  + u(i+l); 
y lf= y ( i+ l)  + v(i+l);
RxO = xl - xO;
RyO = y l -yO;
Rxl = x l f  - xOf;
Ryl = y l f  - yOf;
do = sqrt((x0-xl)^2 + (y0-yl)^2); 
dl = sqrt((x0f-xlf)'^2 + (y0f-ylf)^2); 
alpha(i) = acos((RxO*Rxl+RyO*Ryl)/(dO*dl)); 

end

plot (alpha) 

mean(alpha) * (18 0/pi)
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10 Appendix D

10.1 Chapter 5 Sample history
Table 10.1: Sam ple history

Sample ID# Horse ID# Side Approx. Age 
(yrs)

Weight
(lbs)

Treatment (OCF. osteochondral 
Fragment) All treatm ents occurred 
within the intercarpal joint (Distal 

Radial Carpal Bone) Horseswere 
exercised Sdayslweek for 3 w eeks 

pnor to surgery and 9 w eeks 
postopera lively.]

1 A Right 2.5 965 Right OCF

2 A Left 2.5 965 Right OCF

3 B Right 2.5 935 Left OCF

4 B Left 2.5 935 Left OCF

5 0 Right 2.5 744 Left OCF

6 D Left 3.5 745 Right OCF
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10.2Opposing osteochondral sample testing protocol
Materials Required

Propidium Iodide (1 mg/mi Solution)
Benzamidine (lOOX Stock Solution, 5mM)
N-Ethyimalemide (lOOX Stock Solution, lOmM)
PMSF (lOOX Stock Solution, ImM)
Phosphate Buffered Solution pH=7.5 
Pipette to deliver volume of lOOpl 
Pipette tips for lOOpl volume 
Rat Tooth Forceps 
Sample Worksheet 
Non-sterile Gauze 
Latex Gloves 
Lens Cleaning Supplies
Fluorescence equipped Olympus IX-70 with translation stage digital 
readout
SpotRT digital camera
Computer system with latest SpotRT camera capture software 
133Mhz Computer system with Labview software and hardware 
Force Cell Amplifier 
Osteochondral Testing System 
500# Sensotec Force Cell 
Clean Plate Glass level within Base Structure 
Trochar pins (0.067”)
Stainless steel platens 
%” Stainless steel ball bearings 
Top plate (plate glass mounted on stainless steel)
Aluminum compression vise

Procedure
Make sure Fluorescent Source is ADJUSTED 
Clean all lenses
Data acquisition computer and software open 
Labview File:cwl2003.vi
Force Amplifier: Make sure force cell is CALIBRATED and Tumed ON 
Add 50ml of PBS with PI solution into testing chamber 
Label Cryovial for DMMB sample solution analysis 
Make sure all software and sample worksheets are ready 
Load Sample in to Chamber
Take sample out of 50ml Falcon Tube with tweezers 
Using lenses paper, clean imaged surface (palmar) o f sample 
Make sure PI is place on the stationary end 
Align sample between stainless steel platens
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Make sure SS ball bearings are in the correct position by gently 
compressing the sample and assuring sample is stable. Release any 
compression applied to sample.
Make sure sample is at free swelling state with AC surfaces aligned 
Place trochar pins on sample bone regions (parallel to AC surface) 
Carefully place SSplate/glass support on top of sample and pins (see 
image)
Add compression arm -  tighten side bolts 
Carefully place Testing Chamber on microscope 
Remove round silver plate above objectives from IX-70 
Slide chamber into translation stage bracket
Assure chamber/stage fixation using label tape at both ends of chamber 
setup.
Place brass shim under back right side of fixture to stabilize during 
loading.
Camera Software setup 
Multi-image capture 
Linked to correct directory structure 
Correct Acquisition Rate
Correct Camera Shutter Speed and Gamma Updated in Camera Settings 
Perform pilot translation test using VIC2D to make sure shutter speed and 
gamma settings are correct (good correlation output)
Correct Focal Plane
Position objective at maximum distance away from sample 
Slowly bring in objective closer to sample
Correct Focal plane is considered to be when osteocytes(bone) and 
chondrocytes(cartilage) are both in sharp focus.

Setup Translation Stage Reference System
• While viewing the image output, translate stage to LATERAL side of 

sample.
Position POINT A (see worksheet) on the edge of the image.
Reset Translation Stage Coordinates (0,0)
Translate to POINT B using the same side of the image as in A, Record 
Coordinates on Worksheet 
Perform Step Above for POINTS C and D.
Open Excel Spreadsheet (NAME?)
Enter Translation Coordinates for A, B, C, and D.
Record Translation Stage Coordinates for Regions 
#0, # 1,#2 
#4, #5, #6
Region #3 is the Sagittal Ridge, which will be centered in the image and 
position will be recorded.
Image File Name Structure:
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• SampleID_Side_%_state_#.tif

Preloading Sequence (Time Required: l.Shrs)
Capture Preloading Equilibrium Images for ALL REGIONS 
Use the above calculated coordinates for each region 
Make sure to use the correct image file labeling system 
Record z-axis values for each region 
Last Image taken should be over Region #6 
Make sure CAMERA SETTINGS are the same as LIVE SETTINGS 
Setup Mulitple Image Acquisition Parameters 
Frame Rate = 5min 
Number of Images = 12 
Link Preload/SR Directory 
Starting Image # = 0
Start Force Data Acquisition Program (Labview)
Name File: SampleID_Side_0%
Load Sample (lOum/sec) to a Voltage = 0.230 Volts (lOON)

0% Sequence (Time Required: 1.5 hrs)
• Acquire/Save 0% Equilibrium Images for ALL REGIONS
• Record z-axis for each Region’s Image
• Last Image taken should be over Region #6
• Using Image Pro Plus and IX70-4X spatial calibration, measure WHOLE 

cartilage thickness (tidemark -  tidemark) for ALL regions (2 
measurements/image)

• Average the 12 thickness measurements, Record on Worksheet
• Using Excel Spreadsheet (STRAIN.XLS), calculate micrometer position 

for offset compression levels. Record on Worksheet

20% Sequence (Time Required: 4.5hrs)
• Last Image taken should be over Region #6
• Load Sample (1 Gum/sec) to Mean 20% Calculated Offset Level
• Allow sample to relax for 3hrs
• Turn ON UV Source, Allow to warmup for ISminutes
• Acquire/Save 2% Equilibrium Images for ALL REGIONS
• Record z-axis for each Region’s Image

Post Test Procedures
• Turn OFF UV Light Power
• Turn Off Camera
• Unload Sample
• Safely Remove Sample
• Clean Testing System with GAUZE and PBS
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Prepare for System for NEXT TEST
Record All Data/Images on to CDROM IMMEDIATELY!
VIC2D Strain Analysis
Copy Directory Structure with Images to Computer
Create Analysis Directory Structure
VIC2D Parameters
Subset=45
Step = 5
Guess = Use 4 Points with Complete Guess
Quintic Spline Interpolation
Binomial Pre Filter
Strain Window Size (45/5) = 9
Check Principals Box
Output Directory (.dat files) for each offset in Analysis Dir
Equilibrium
For Each Region
Analyze all equilibrium images at all offsets 
Check for Acceptable Correlation 
Export All Data Files (TecPlot Format)
Note Any Concerns
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10.3Blank sample testing sheet

Sam ple ID; Left Right

G ross A natom ical Notes:

Date:

Digital Im ages: 1 2  3 4 5 6

Test Sam ple M easurem ent
MC3

Exakt Speed_

L
a
t
e
r
a
1

PI

M
e
d
1
a
1

1 - __________

2 - __________

3 -_____
4 -_____
5 -_____
6 - __________

Height

7 - _
8- _

9 - _
10-_ 
1 1 -

Histology Label:

Add 1 6ml o f  Propidium to 40ml PBS+PIs (0.04mg/ml) Vial Label:

T ransla tion  Stage C oordinates (um) 
A- B- C- D-

C artilage Thickness

M icro Position

SR Eg SR Eg SR  Eg
□ □ □ □ □

C oordinates z-axis Preload 0%
Im age P 0 2 4 8 Eg
0 - □

□
□
□
□
□
□

NOTES:
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10.4 Matlab m-files

10.4.1 main.m
% Clear All Variables 
clear;

%Ask user location and name to save statistics data
[fpath] = uigetdir('Seleet Directory Where Datafiles Are Located');

%Ask user location and name to save statistics data 
[newpath2] = uigetdir('Select Directory for Matrix Datafiles');

files=dir(ipath)
R=size(files);
n=R(l)-2;
count=0;

for i=l:n
% Ask User to Select *.out file 
fname=flles(i+2).name; 
filespec = fullfile(fpath,fname);

%Read Data
A= esvread(fllespec);
figure(l);
imagesc(A)
axis image
colorbar

if i==l
button = questdlg('Is the image for MC3 or P1?','MC3','P1','MC3'); 
if  stremp(button,'MC3')

[S, M, D, Sstd, Mstd, Dstd, width, P, Sgy, Mgy, Dgy, Sstdgy, Mstdgy, 
Dstdgy]=analyzeMC3 (A);

temp = ['MC3' fname S M D Sstd Mstd Dstd Sgy Mgy Dgy Sstdgy Mstdgy Dstdgy 
width];

j = length(temp); 
data(i,j) = cellstr(temp); 
matrix = P;
newfllespec2 = fullfile(newpath2, fname);
OS vwrite(ne wfilespec2,matrix);

elseif strcmp(button,'Pl')
[S, M, D, Sstd, Mstd, Dstd, width, P, Sgy, Mgy, Dgy, Sstdgy, Mstdgy, 

Dstdgy]=analyzeP 1 (A);
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temp = [ 'P r fname S M D Sstd Mstd Dstd Sgy Mgy Dgy Sstdgy Mstdgy Dstdgy 
width];

j = length(temp); 
data(ij) = cellstr(temp) 
matrix = P;
newfilespec2 = fullfile(newpath2, fname); 
csvwrite(newfiiespec2,matrix); 

end

elseif i > 1

button = questdlg('ls the image for MC3 or P1?VMC3','P1','MC3'); 
if  strcmp(button,'MC3')

[S, M, D, Sstd, Mstd, Dstd, width, P, Sgy, Mgy, Dgy, Sstdgy, Mstdgy, 
Dstdgy]=analyzeMC3(A);

temp = [fname S M D Sstd Mstd Dstd Sgy Mgy Dgy Sstdgy Mstdgy Dstdgy width]; 
j = length(temp); 
data(i,j) = cellstr(temp) 
matrix = P;
csvwrite(newfilespec,data,i,0); 
csvwrite(newfilespec2 ,matrix);

elseif strcmp(button,'Pl')
[S, M, D, Sstd, Mstd, Dstd, width, P, Sgy, Mgy, Dgy, Sstdgy, Mstdgy, 

Dstdgy]=analyzeP 1 (A);
temp = [fname S M D Sstd Mstd Dstd Sgy Mgy Dgy Sstdgy Mstdgy Dstdgy width]; 
j = length(temp); 
data(i,j) = cellstr(temp) 
matrix = P;
newfilespec2 = fullfile(newpath2, fname); 
csvwrite(newfilespec2,matrix); 

end 
end 
end

%Ask user location and name to save statistics data 
[name, fpath] = uiputfile('*.txt','Save Statistics File As'); 
newfilespee = fullfile(fpath,name); 
csvwrite(newfllespec,data);
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10.4.2 analyze.m
function [S, M, D, Sstd, Mstd, Dstd, width, P, Sgy, Mgy, Dgy, Sstdgy, Mstdgy, 
Dstdgy]=analyze(A)

A = shrink(A);

figure(l)
imagesc(A);

%Determine group element locations 
for k = 1 :length(A(l,:))

group(k,:) = groupfind(A(:,k)); 
end

dif = group(:,2) - group(;,l); 
grad2=gradient(gradient(dif)); 
tempdiff2= diff(grad2,2); 
temp=find(tempdiff2 >= max(tempdiff2)/1.2);

dl = group(l,l) - group(temp(end),l); 
d2 = group(l,2) - group(temp(end),2);

if abs(dl) < abs(d2) 
ddl = abs(dl); 

elseif abs(dl) > abs(d2) 
ddl = abs(d2); 

elseif abs(dl) == abs(d2) 
ddl = abs(d2); 

end

if ddl <4
J=A;
num = round((size(J,2))/3);
J(;,l;num)=[];
J(:,end-num;end)=[];

end

if ddl > = 4

%Determine Angle MAGNITUDE for which to rotate A 
%First determine boundaries where both the parallel lines match up (image 

top/bottom)

if length(temp) <= 2
[S,IS] = sortrows(grad2);
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si =IS(1); 
s2 = IS(end); 

end

if length(temp) > 2
[S,IS] = sortrows(grad2); 
si =IS(1); 
s2 = IS(2); 

end

%Calcualte Angle(degrees)
opposite = group(sl,2) - group(s2,2);
adjacent = s2 - s i;
theta == atan2(opposite,adjacent);
degrees = theta* 180/pi;
angle = -degrees;

%Rotate Image
J = imrotate(A,angle,'bicubicVcrop');

% TRIM Image: Trim the partial thickness data off the edges :) using the 
% indicies found for the common boundaries 
%First determine the boundaries 
num = round((size(J,2))/3);
J(:,l:num)=[];
J(:, end-num: end)=[]; 

end

%Trim TOP/BOTTOM to clean borders 
J(l:5 ,:)=[];
J(end-2:end,:)=[];

% figure (3);
% imagesc(J);

%Interpolate data points to 100 (bicubic)
P = imresize(J,[100,size(J,2)]);

figure (4); 
imagesc(P);

%Output Statistics 
S= mean2(P(l:30,:));
M= meau2(P(31:70));
D= mean2(P(71:100,:)); 
width = size(P,2);
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Sstd = std2(P( 1:30,0);
Mstd = std2(P(31:70,:));
Dstd = std2(P(71:100,:));

[gradx, grady] = gradient(P); 
Sgx= mean2(gradx(l:30,:)); 
Mgx= mean2(gradx(31;70)); 
Dgx= mean2(gradx(71:100,:)); 
Sstdgx = std2(gradx(l :30,:)); 
Mstdgx = std2(gradx(31:70,:)); 
Dstdgx = std2(gradx(71:100,:)); 
Sgy= mean2(grady(l 30,:)); 
Mgy= mean2(grady(31:70)); 
Dgy= mean2(grady(71:100,:)); 
Sstdgy = std2(grady(l:30,:)); 
Mstdgy = std2(grady(31:70,:)); 
Dstdgy = std2(grady(71:100,:));
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10.5Positive correiation resuits
1 2 3 4 5 6 TOTAL

Region 1
MC3 + + + n=3
PI + + 4

Region 2
MC3 + 3

PI + + 2

Region 3
MC3 + + + + + 5

P1 + 3

Region 4
MC3 + + + ■f 3

P1 5

Region 5
MC3 + + 3
PI + + 4

Region 6 MC3 + 3
P i + 4

Region 7 MC3 2
PI + + + + + 5

Table 10.2: Positive image correlation results ( | )  foreacti sam ple (top, 1-6) and the total number 
of sam ples used for each region (R1-R7) of each  bone (MC3 and P I ).
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10.6Raw Data

ID Horse Side Bone Region Zone
Pmax
Mean

Pmax
STD

Pmax
Gradient

Pmax
Gradient

2L 2 L MC3 1 S -0.0706 0.0260
Mean

0.0024
STD

0.0016
2L 2 L MC3 1 M -0.0213 0.0027 0.0002 0.0003
2L 2 L MC3 1 D -0.0098 0.0089 0.0005 0.0019
2L 2 L MC3 2 S -0.2162 0.0337 0.0036 0.0017
2L 2 L MG3 2 M -0.0752 0.0358 0.0032 0.0032
2L 2 L MC3 2 D -0.0248 0.0068 0.0008 0.0011
2L 2 L MC3 3 S -0.0255 0.0402 -0.0036 0.0096
2L 2 L MC3 3 M -0.0882 0.0145 0.0011 0.0032
2L 2 L MC3 3 D -0.0121 0.0256 0.0022 0.0074
2L 2 L MC3 4 S -0.2605 0.0322 0.0025 0.0031
2L 2 L MC3 4 M -0.1238 0.0621 0.0042 0.0027
2L 2 L MC3 4 D -0.0245 0.0112 -0.0003 0.0021
2L 2 L l\/1C3 5 S -0.2091 0.0531 0.0056 0.0029
2L 2 L IVIC3 5 M -0.0823 0.0229 0.0010 0.0029
2L 2 L MC3 5 D -0.0853 0.0165 0.0007 0.0031
2L 2 L P1 1 S -0.0312 0.0081 0.0008 0.0029
2L 2 L P I 1 M -0.0381 0.0036 0.0001 0.0007
2L 2 L P1 1 D -0.0197 0.0045 0.0006 0.0011
2L 2 L P1 3 S -0.2548 0.0495 0.0024 0.0051
2L 2 L PI 3 M -0.0914 0.0695 0.0054 0.0067
2L 2 L PI 3 D -0.0076 0.0033 0.0004 0.0006
2L 2 L P1 4 S -0.0808 0.0548 0.0036 0.0086
2L 2 L P1 4 M -0.0155 0.0052 0.0003 0.0005
2L 2 L P I 4 D -0.0096 0.0010 0.0001 0.0003
2L 2 L P1 5 S -0.1055 0.0591 0.0054 0.0042
2L 2 L PI 5 M -0.0374 0.0067 -0.0003 0.0008
2L 2 L P1 5 D -0.0346 0.0019 0.0003 0.0005
2R 2 R MC3 3 S -0.2527 0.0290 0.0034 0.0017
2R 2 R MG3 3 IVI -0.1211 0.0383 0.0030 0.0022
2R 2 R MC3 3 D -0.0623 0.0084 0.0006 0.0011
2R 2 R IVIC3 7 S -0.2742 0.0433 0.0011 0.0020
2R 2 R M03 7 M -0.2016 0.0495 0.0049 0.0026
2R 2 R MC3 7 D -0.0608 0.0232 0.0022 0.0041
2R 2 R PI 1 S -0.2276 0.0478 0.0038 0.0110
2R 2 R P1 1 M -0.1566 0.0121 0.0006 0.0028
2R 2 R P1 1 D -0.1223 0.0209 0.0013 0.0040
2R 2 R P1 5 S -0.1585 0.0449 0.0041 0.0051
2R 2 R P1 5 IVI -0.0837 0.0256 0.0019 0.0014
2R 2 R P1 5 D -0.0130 0.0068 0.0008 0.0008
2R 2 R PI 6 S -0.1682 0.0666 0.0053 0.0078
2R 2 R PI 6 M -0.0340 0.0189 0.0015 0.0027
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ID Horse Side Bone Region Zone Pmin
Mean

Pmin
STD

Pmin
Gradient

Mean

Pmin
Gradient

STD

T-T
strain

2L 2 L MC3 1 s 0.0082 0.0024 -0.0001 0.0003 -0.096
2L 2 L MC3 1 M 0.0067 0.0016 -0.0001 0.0001 -0.096
2L 2 L MC3 1 D 0.0018 0.0017 -0.0001 0.0003 -0.096
2L 2 L MC3 2 s 0.0061 0.0075 0.0006 0.0006 -0.083
2L 2 L MC3 2 M 0.0150 0.0048 0.0002 0.0008 -0.083
2L 2 L MC3 2 D 0.0028 0.0033 -0.0003 0.0003 -0.083
2L 2 L MC3 3 s -0.0001 0.0023 0.0000 0.0003 -0.096
2L 2 L MC3 3 M -0.0043 0.0143 0.0000 0.0019 -0.096
2L 2 L MC3 3 D -0.0055 0.0040 -0.0001 0.0007 -0.096
2L 2 L MC3 4 S -0.0078 0.0152 0.0010 0.0014 -0.118
2L 2 L MC3 4 M 0.0101 0.0041 0.0000 0.0006 -0.118
2L 2 L MC3 4 D 0.0002 0.0026 -0.0001 0.0004 -0.118
2L 2 L MC3 5 S 0.0252 0.0069 0.0007 0.0008 -0.149
2L 2 L MC3 5 M 0.0221 0.0089 -0.0005 0.0005 -0.149
2L 2 L MC3 5 D 0.0036 0.0026 -0.0002 0.0003 -0.149
2L 2 L PI 1 S -0.0005 0.0112 0.0011 0.0011 -0.124
2L 2 L PI 1 M 0.0214 0.0025 0.0002 0.0006 -0.124
2L 2 L PI 1 D 0.0090 0.0046 -0.0005 0.0003 -0.124
2L 2 L PI 3 S 0.0029 0.0032 0.0002 0.0008 -0.1448
2L 2 L P1 3 M 0.0022 0.0415 -0.0009 0.0067 -0.1448
2L 2 L PI 3 D 0.3078 0.3937 0.0163 0.0233 -0.1448
2L 2 L PI 4 S -0.0049 0.0127 0.0006 0.0033 -0.1438
2L 2 L P1 4 M 0.0031 0.0021 0.0001 0.0004 -0.1438
2L 2 L P1 4 D 0.0073 0.0013 0.0000 0.0005 -0.1438
2L 2 L P1 5 S 0.0118 0.0045 0.0004 0.0009 -0.1442
2L 2 L P1 5 M 0.0214 0.0037 0.0002 0.0004 -0.1442
2L 2 L P1 5 D 0.0119 0.0059 -0.0007 0.0005 -0.1442
2R 2 R MC3 3 S 0.0137 0.0034 0.0002 0.0006 -0.119
2R 2 R MC3 3 M 0.0073 0.0059 -0.0005 0.0007 -0.119
2R 2 R MC3 3 D -0.0032 0.0018 0.0002 0.0003 -0.119
2R 2 R MC3 7 S 0.0832 0.1458 -0.0021 0.0064 -0.165
2R 2 R MC3 7 M 0.0501 0.0360 -0.0027 0.0025 -0.165
2R 2 R MC3 7 D 0.0078 0.0149 -0.0001 0.0014 -0.165
2R 2 R PI 1 S 0.0068 0.0093 0.0011 0.0018 -0.124
2R 2 R PI 1 IVI 0.0616 0.0095 0.0002 0.0022 -0.124
2R 2 R P1 1 D 0.0153 0.0127 -0.0016 0.0020 -0.124
2R 2 R PI 5 S 0.0163 0.0085 0.0009 0.0015 -0.145
2R 2 R P1 5 M 0.0439 0.0112 -0.0004 0.0016 -0.145
2R 2 R PI 5 D 0.0074 0.0048 -0.0006 0.0006 -0.145
2R 2 R P1 6 S 0.0963 0.1140 -0.0042 0.0187 -0.162
2R 2 R PI 6 IVI 0.0188 0.0144 -0.0014 0.0023 -0.162

206

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ID H orse S ide B one Region Zone
Pm ax
M ean

Pm ax
STD

Pm ax
G radient

Mean

Pm ax
G radien t

STD
2R 2 R P1 6 D -0.0096 0.0038 0.0001 0.0010
2R 2 R P1 7 S -0.2721 0.0583 0.0057 0.0048
2R 2 R P1 7 M -0.1460 0.0515 0.0045 0.0040
2R 2 R PI 7 D -0.0272 0.0156 0.0014 0.0011
3L 3 L MC3 1 S -0.1836 0.0167 0.0000 0.0030
3L 3 L MC3 1 M -0.1494 0.0616 -0.0014 0.0094
3L 3 L MC3 1 D -0.1514 0.1079 -0.0010 0.0013
3L 3 L MC3 3 S -0.1902 0.0465 0.0050 0.0035
3L 3 L MC3 3 M -0.0956 0.0259 0.0006 0.0045
3L 3 L MC3 3 D -0.0815 0.0148 -0.0002 0.0032
3L 3 L MC3 4 8 -0.0018 0.0005 0.0000 0.0001
3L 3 L MC3 4 M -0.0010 0.0006 0.0000 0.0001
3L 3 L MC3 4 D 0.0003 0.0016 0.0000 0.0002
3L 3 L MC3 7 8 -0.0818 0.0125 -0.0013 0.0007
3L 3 L MC3 7 M -0.1014 0.0037 0.0004 0.0015
3L 3 L MC3 7 D -0.1023 0.0241 0.0008 0.0058
3L 3 L P1 2 8 -0.1981 0.1225 0.0126 0.0067
3L 3 L P1 2 M -0.0440 0.0088 -0.0004 0.0014
3L 3 L PI 2 D -0.0344 0.0102 0.0001 0.0025
3L 3 L PI 3 8 -0.2101 0.1122 0.0130 0.0097
3L 3 L PI 3 M -0.0288 0.0157 0.0014 0.0011
3L 3 L P1 3 D -0.0041 0.0023 -0.0001 0.0006
3L 3 L P1 4 8 -0.0051 0.0005 0.0000 0.0001
3L 3 L PI 4 M -0.0040 0.0009 0.0001 0.0001
3L 3 L P1 4 D -0.0011 0.0009 -0.0001 0.0003
3L 3 L PI 7 8 -0.1863 0.0244 0.0017 0.0027
3L 3 L P1 7 M -0.1661 0.0342 0.0018 0.0029
3L 3 L P1 7 M -0.1436 0.0448 -0.0026 0.0057
3R 3 R MC3 1 8 -0.0449 0.0106 0.0006 0.0033
3R 3 R MC3 1 M -0.0732 0.0107 -0.0005 0.0023
3R 3 R MC3 1 D -0.0515 0.0118 0.0007 0.0036
3R 3 R MC3 2 8 -0.0211 0.0096 0.0011 0.0021
3R 3 R MC3 2 M -0.0138 0.0038 -0.0001 0.0010
3R 3 R MC3 2 D -0.0604 0.0142 -0.0017 0.0020
3R 3 R MC3 3 8 -0.0287 0.0419 0.0042 0.0075
3R 3 R MC3 3 M -0.0144 0.0037 -0.0002 0.0004
3R 3 R MC3 3 D -0.0225 0.0052 -0.0003 0.0007
3R 3 R MC3 4 8 -0.0018 0.0012 -0.0001 0.0003
3R 3 R MC3 4 M -0.0015 0.0007 0.0000 0.0002
3R 3 R MC3 4 D -0.0014 0.0007 0.0000 0.0001
3R 3 R MC3 6 8 -0.0948 0.0363 0.0038 0.0023
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ID H orse S ide Bone Region Zone
Pmin
Mean

Pmin
STD

Pmin
G radient

Mean

Pmin 
G rad ien t STD

T-T
Strain

2R 2 R PI 6 D 0.0028 0.0029 -0.0003 0.0006 -0.162
2R 2 R P1 7 S 0.1863 0.1660 -0.0044 0.0133 -0.119
2R 2 R P1 7 M 0.0525 0.0364 -0.0003 0.0061 -0.119
2R 2 R P1 7 D 0.0145 0.0084 -0.0008 0.0007 -0.119
3L 3 L MC3 1 S 0.0418 0.0208 0.0019 0.0010 -0.083
3L 3 L MC3 1 M 0.0463 0.0460 -0.0008 0.0092 -0.083
3L 3 L MC3 1 D 0.0070 0.0063 -0.0003 0.0004 -0.083
3L 3 L MC3 3 S 0.0134 0.0022 0.0000 0.0004 -0.134
3L 3 L MC3 3 M 0.0204 0.0050 0.0004 0.0009 -0.134
3L 3 L MC3 3 D 0.0195 0.0096 -0.0007 0.0011 -0.134
3L 3 L MC3 4 S -0.0002 0.0007 0.0001 0.0001 -0.131
3L 3 L MC3 4 M 0.0020 0.0011 0.0000 0.0001 -0.131
3L 3 L MC3 4 D 0.0038 0.0016 0.0001 0.0002 -0.131
3L 3 L MC3 7 8 0.0154 0.0094 0.0010 0.0005 -0.125
3L 3 L IVIC3 7 M 0.0332 0.0080 -0.0003 0.0014 -0.125
3L 3 L MC3 7 D 0.0084 0.0074 -0.0006 0.0008 -0.125
3L 3 L P1 2 8 0.0179 0.0239 -0.0026 0.0050 -0.134
3L 3 L P1 2 M 0.0122 0.0052 0.0002 0.0008 -0.134
3L 3 L P1 2 D 0.0080 0.0050 -0.0004 0.0006 -0.134
3L 3 L P1 3 8 0.0051 0.0139 -0.0018 0.0060 -0.113
3L 3 L P1 3 M 0.0025 0.0030 0.0002 0.0004 -0.113
3L 3 L P1 3 D 0.0008 0.0009 -0.0001 0.0001 -0.113
3L 3 L P1 4 8 0.0005 0.0004 0.0000 0.0001 -0.144
3L 3 L P1 4 M -0.0004 0.0006 0.0000 0.0001 -0.144
3L 3 L PI 4 D 0.0006 0.0006 0.0000 0.0002 -0.144
3L 3 L PI 7 8 0.3417 0.1288 0.0041 0.0024 -0.119
3L 3 L P1 7 M 0.4455 0.1450 -0.0079 0.0053 -0.119
3L 3 L P1 7 M 0.0265 0.0584 -0.0050 0.0080 -0.119
3R 3 R MC3 1 8 0.0090 0.0047 0.0006 0.0005 -0.083
3R 3 R MC3 1 M 0.0336 0.0086 0.0003 0.0013 -0.083
3R 3 R MC3 1 D 0.0142 0.0089 -0.0007 0.0009 -0.083
3R 3 R MC3 2 8 0.0071 0.0035 0.0004 0.0004 -0.096
3R 3 R MC3 2 M 0.0107 0.0024 -0.0001 0.0004 -0.096
3R 3 R MC3 2 D 0.0106 0.0068 0.0004 0.0008 -0.096
3R 3 R MC3 3 8 0.0096 0.0124 -0.0009 0.0022 -0.143
3R 3 R MC3 3 M 0.0104 0.0019 0.0000 0.0003 -0.143
3R 3 R MC3 3 D 0.0054 0.0028 -0.0002 0.0003 -0.143
3R 3 R MC3 4 8 0.0013 0.0020 -0.0001 0.0003 -0.131
3R 3 R MC3 4 M 0.0005 0.0007 0.0000 0.0002 -0.131
3R 3 R MC3 4 D 0.0006 0.0009 0.0000 0.0003 -0.131
3R 3 R MC3 6 8 0.0000 0.0069 -0.0007 0.0007 -0.183
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ID Horse Side Bone Region Zone Pmax
Mean

Pmax
STD

Pmax
Gradient

Mean

Pmax
Gradien

STD

3R 3 R MC3 4 D -0.0014 0.0007 0.0000 0.0001
3R 3 R MC3 6 S -0.0948 0.0363 0.0038 0.0023
3R 3 R MC3 6 M -0.0230 0.0052 0.0006 0.0017
3R 3 R MC3 6 D -0.0227 0.0100 -0.0001 0.0017
3R 3 R P1 4 S -0.0010 0.0015 0.0001 0.0004
3R 3 R PI 4 M -0.0014 0.0014 0.0000 0.0005
3R 3 R P1 4 D -0.0013 0.0009 -0.0001 0.0004
3R 3 R PI 6 S -0.1187 0.0685 0.0078 0.0045
3R 3 R P1 6 M -0.0233 0.0038 0.0002 0.0010
3R 3 R PI 6 D -0.0298 0.0090 -0.0005 0.0015
3R 3 R P1 7 S -0.1181 0.0226 0.0026 0.0017
3R 3 R P1 7 M -0.0579 0.0196 0.0017 0.0007
3R 3 R P1 7 D -0.0314 0.0071 -0.0004 0.0012
5R 5 R MC3 3 8 -0.0142 0.0248 -0.0008 0.0085
5R 5 R MC3 3 M -0.0120 0.0214 -0.0019 0.0083
5R 5 R MC3 3 D -0.0164 0.0337 0.0023 0.0114
5R 5 R IV1C3 4 S -0.1490 0.0711 0.0078 0.0041
5R 5 R MC3 4 M -0.0419 0.0058 0.0004 0.0012
5R 5 R MC3 4 D -0.0440 0.0110 -0.0006 0.0017
5R 5 R MC3 5 8 -0.0260 0.0297 0.0036 0.0048
5R 5 R MC3 5 M -0.0072 0.0020 -0.0002 0.0003
5R 5 R MC3 5 D -0.0331 0.0174 -0.0013 0.0018
5R 5 R MC3 6 8 -0.1115 0.0346 0.0042 0.0023
5R 5 R MC3 6 M -0.0257 0.0134 0.0015 0.0021
5R 5 R MC3 6 D -0.0644 0.0468 -0.0020 0.0081
5R 5 R PI 2 8 -0.0826 0.0359 0.0044 0.0041
5R 5 R P1 2 M -0.0537 0.0061 0.0000 0.0017
5R 5 R P1 2 D -0.0575 0.0137 -0.0004 0.0031
5R 5 R PI 3 8 -0.0693 0.0461 0.0051 0.0042
5R 5 R P1 3 M -0.0281 0.0047 0.0000 0.0012
5R 5 R P1 3 D -0.0338 0.0090 -0.0003 0.0019
5R 5 R PI 5 8 -0.1151 0.0700 0.0066 0.0041
5R 5 R P1 5 M -0.0319 0.0105 -0.0009 0.0024
5R 5 R PI 5 D -0.0673 0.0136 -0.0010 0.0018
5R 5 R PI 6 8 -0.1325 0.0511 0.0059 0.0032
5R 5 R P1 6 M -0.0324 0.0192 0.0011 0.0024
5R 5 R P1 6 D -0.0531 0.0262 -0.0020 0.0032
5R 5 R P1 7 8 -0.1313 0.0277 0.0031 0.0023
5R 5 R P1 7 M -0.0803 0.0068 0.0003 0.0012
5R 5 R P1 7 D -0.0771 0.0070 0.0006 0.0011
7L 7 L MC3 5 8 -0.2291 0.0471 0.0048 0.0025
7L 7 L MC3 5 M -0.0945 0.0247 0.0023 0.0032
7L 7 L MC3 5 D -0.0593 0.0137 0.0015 0.0022
7L 7 L MC3 7 8 -0.1644 0.0807 0.0005 0.0145
7L 7 L MC3 7 M -0.1325 0.0192 0.0011 0.0015
7L 7 L MC3 7 D -0.0698 0.0444 0.0031 0.0084
7L 7 L P1 4 8 -0.0439 0.0201 0.0016 0.0025
7L 7 L P1 4 M -0.0126 0.0047 0.0005 0.0011
7L 7 L PI 4 D -0.0172 0.0054 -0.0011 0.0024
7L 7 L PI 5 8 -0.0287 0.0351 0.0033 0.0037
7L 7 L PI 5 M -0.0082 0.0064 -0.0004 0.0010
7L 7 L P1 5 D -0 .0204 0.0131 -0 .0009 0.0018
7L 7 L PI 6 8 -0.0339 0.0391 0.0044 0.0047
7L 7 L P1 6 M -0.0023 0.0014 -0.0001 0.0003
7L 7 L P1 6 D -0.0069 0.0013 -0.0001 0.0003
7L 7 L PI 7 8 -0.0172 0.0244 -0.0016 0.0051
7L 7 L PI 7 M -0.0518 0.0211 0.0016 0.0058
7L 7 L PI 7 D -0.0158 0.0307 0.0019 0.0063
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ID Horse Side Bone Region Zone
Pm in
Mean

Pmin
STD

Pmin
Gradient

Mean

Pm in 
Gradient STD

T-T
Strain

3R 3 R MC3 4 D 0.0006 0.0009 0.0000 0.0003 -0.131
3R 3 R MC3 6 S 0.0000 0.0069 -0.0007 0.0007 -0.183
3R 3 R MC3 6 M 0.0117 0.0130 0.0007 0.0012 -0.183
3R 3 R MC3 6 D 0.0138 0.0041 -0.0005 0.0003 -0.183
3R 3 R PI 4 S 0.0015 0.0012 0.0000 0.0005 -0.1941
3R 3 R P1 4 M 0.0010 0.0015 0.0000 0.0005 -0.1941
3R 3 R P1 4 D 0.0007 0.0011 -0.0001 0.0004 -0.1941
3R 3 R P1 6 S 0.0041 0.0027 0.0000 0.0005 -0.165
3R 3 R P1 6 M 0.0110 0.0045 0.0002 0.0006 -0.165
3R 3 R PI 6 D 0.0062 0.0046 -0.0004 0.0006 -0.165
3R 3 R PI 7 8 -0.140
3R 3 R P1 7 M -0.140
3R 3 R PI 7 D -0.140
5R 5 R MC3 3 8 0.0041 0.0071 0.0003 0.0024 -0.143
5R 5 R MC3 3 M 0.0033 0.0090 0.0004 0.0039 -0.143
5R 5 R MC3 3 D 0.0104 0.0242 -0.0008 0.0094 -0.143
5R 5 R MC3 4 8 -0.0036 0.0020 0.0001 0.0002 -0.149
5R 5 R MC3 4 M -0.0055 0.0027 0.0000 0.0003 -0.149
5R 5 R MC3 4 D -0.0011 0.0017 0.0000 0.0002 -0.149
5R 5 R MC3 5 8 -0.0044 0.0015 0.0001 0.0003 -0.150
5R 5 R MC3 5 M 0.0036 0.0037 0.0002 0.0003 -0.150
5R 5 R MC3 5 D 0.0069 0.0022 -0.0002 0.0003 -0.150
5R 5 R MC3 6 8 0.0036 0.0036 -0.0004 0.0003 -0.183
5R 5 R MC3 6 M 0.0042 0.0044 0.0005 0.0012 -0.183
5R 5 R MC3 6 D 0.0040 0.0099 -0,0007 0.0024 -0.183
5R 5 R P1 2 8 0.0038 0.0026 0.0002 0.0003 -0.145
5R 5 R P1 2 M 0.0241 0.0074 0.0005 0.0008 -0.145
5R 5 R P1 2 D 0.0162 0.0097 -0.0009 0.0009 -0.145
5R 5 R P1 3 8 0.0032 0.0011 0.0001 0.0002 -0.113
5R 5 R P1 3 M 0.0124 0.0045 0.0003 0.0005 -0.113
5R 5 R P1 3 D 0.0124 0.0034 -0,0003 0.0005 -0.113
5R 5 R P1 5 8 -0.0049 0.0026 0.0002 0.0004 -0.154
5R 5 R P1 5 M 0.0120 0.0060 0.0000 0.0010 -0.154
5R 5 R PI 5 D 0.0026 0.0027 0.0000 0.0003 -0.154
5R 5 R PI 6 8 0.0249 0.0029 0.0003 0.0005 -0.146
5R 5 R PI 6 M 0.0227 0.0070 -0.0005 0.0010 -0.146
5R 5 R P1 6 D 0.0067 0.0059 -0.0005 0.0008 -0.146
5R 5 R P1 7 8 -0.0044 0.0022 0.0000 0.0005 -0.140
5R 5 R P1 7 M 0.0278 0.0180 0.0013 0.0008 -0.140
5R 5 R P1 7 D 0.0473 0.0094 -0.0006 0.0012 -0.140
7L 7 L MC3 5 8 0.0070 0.0061 -0.0003 0.0008 -0.116
7L 7 L MC3 5 M -0.0023 0.0024 -0.0001 0.0004 -0.116
7L 7 L MC3 5 D 0.0008 0.0014 0.0000 0.0003 -0.116
7L 7 L MC3 7 8 0.0156 0.0160 0.0015 0.0020 -0.125
7L 7 L MC3 7 M 0.0486 0.0041 0.0002 0.0006 -0.125
7L 7 L MC3 7 D 0.0238 0.0156 -0.0011 0.0028 -0.125
7L 7 L PI 4 8 -0.0020 0.0017 0.0000 0.0004 -0.188
7L 7 L PI 4 M -0.0020 0.0030 0.0001 0.0004 -0.188
7L 7 L P1 4 D 0.0089 0.0117 -0.0008 0.0043 -0.188
7L 7 L P1 5 8 0.0063 0.0032 -0.0002 0.0008 -0.154
7L 7 L PI 5 M 0.0076 0.0021 0.0000 0.0005 -0.154
7L 7 L PI 5 D 0.0009 0.0020 -0.0001 0.0004 -0.154
7L 7 L P1 6 8 0.0058 0.0054 0.0004 0.0008 -0.146
7L 7 L PI 6 M 0.0055 0.0027 -0.0002 0.0005 -0.146
7L 7 L P1 6 D 0.0051 0.0023 -0.0001 0.0004 -0.146
7L 7 L PI 7 8 0.0004 0.0020 0.0002 0.0006 -0.079
7L 7 L P1 7 M 0.0134 0.0154 -0.0001 0.0027 -0.079
7L 7 L P1 7 D 0.0071 0.0139 -0.0008 0.0028 -0.079
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10.7Statistical Comparisons

Region Comparison R1 R2 R3 R4 R5 R6 R7

R1 1.0000 0.0136 0.0092 0.0045 0.2442 0.4800

R2 0.0008 0.0005 0.0002 0.0223 0.4824

R3 0.9036 0 7833 0.2656 0 0073
R4 0 8319 0.2177 0.0051
R5 0.1491 0.0027
R6 0 1103

R7

Table 10.3; ScBP thickness p-values for comparisons between regions, 

ScBP Thickness Com parisons
Location

Comparison MC3R1 MC3 R2 MC3 R3 MC3 R4 MC3R5 MC3R6 MC3 R7

MC3R1 0.9391 <0.0001 0.2303 <0.0001 0.3153 1.0000

MC3R2 <0.0001 0.9952 0.0006 0.9988 0 8345

MC3 R3 0.0067 1.0000 0.0038 <0.0001
MC3R4 0.0412 1.0000 0.1254

MC3R5 0.0254 <0001
MC3R6 0.1824

MC3R7
P1 R1
P1 R2
P1 R3
P1 R4
P1 R6
P1 R6
P1 R7

ScBP Thickness Com parisons

PI R1 P1 R2 PI R3 PI R4 P1 R5 P1 R6 PI R7

0.6746 1.0000 1.0000 0.0021 0.9962 0.2606 0.0521

1.0000 0.9981 0.9704 0.2718 1.0000 0.9971 0.8788

0.0005 <0.0001 <0.0001 0.0137 <0.0001 <0.0001 0.0008
1.0000 0.5672 0.3078 0.9585 0.9306 1.0000 1.0000

0.0043 <.0001 <.0001 0.7975 <.0001 0.0344 0.1935

1.0000 0.6790 0.4068 0.9153 0.9676 1.0000 1.0000

0.4860 0.9999 1.0000 0.0007 0.9764 0.1452 0.0234
0.9405 0.7692 0.6213 0 9995 1.0000 0.9921

1 0000 0.0139 1 0000 0.6102 0.2020

0 0036 0 9990 0 3438 0.0782

0 0961 0.9446 0.9996

0 9470 0.6072

1.0000

_

Table 10.4: ScBP thickness p-values for comparisons between region and bone.

211

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BMP Comparisons
Location

Comparison MC3R1 MC3R2 MC3 R3 MC3 R4 MC3 R5 MC3 R6 MC3 R7

MC3R1 1.0000 0.0144 0 5656 <.0001 0 9928 0.0787

MC3 R2 0.0040 0 3223 <0001 0 9423 0.0272
MC3 R3 0 9691 0.6263 0 4026 1.0000

MC3 R4 0.0191 0 9990 0.9996

MC3 R5 0.0003 0.2608

MC3 R6 0.7816

MC3 R7
P1 R1
P1 R2
P1 R3
P1 R4 I "
P1 R5
P1 R6
P1 R7 ,

BMP Comparisons
P1 Ri P1 R2 P1 R3 PI R4 P1 R5 PI R6 P1 R7

1.0000 0.2958 0.0971 0.78(» 1.0000 1.0000 0.0593
0.9998 0.5331 0.2286 0.5366 1.0000 0.9999 0.0196
0.0798 <0001 <0001 0.8758 0.0202 0.0657 1.0000

0.8980 0.0001 <0001 1.0000 0.6378 0.8689 0.9989

<.0001 <0001 <0001 0.0063 <0001 <0001 0.3178

1.0000 0.0079 0.0013 1.0000 0.9967 1.0000 0.7183

0.2921 <0001 <0001 0.9929 0.1032 0.2541 1.0000

0.0802 0.0184 0.9771 1.0000 1.0000 0.2380

1.0000 0.0004 0.2414 0.0967 <0001
<0001 0 0739 0 0231 <0001

0.8363 0.9664 ! 0.9858

1.0000 0.0787

0.2049

Table 10.5; BMD p-values for comparisons between bone and region.
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BMD Comparisons

Region Comparison R1 R2 R3 R4 R5 R6 R7

R1 0 1536 1 0000 0 1216 0.0023 0 9803 0 0006
R2 0 1369 <.0001 <.0001 0.0151 <.0001
R3 0.1369 0 0028 0 985’ 0 0007

R4 0 8599 0 5568 0 6650

R5 0.0380 0.9999

R6 0.0131
R7

Table 10.6; BMD p-values for comparisons between regions.

P min C o m p a r is o n s

Region Comparison R1 R2 R3 R4 R5 R6 R7

1.0000 0.9331 0.3163 0 9907 0.9817 0 8928R1
0.9753 0.3644 1 0000 0 8133R2

R3 0.6237 0.9946 1.0000 0.1009

R4 0.1589 0.7347 0.0007
R5 0.4812

R6 0.2897

R7

L a y e r  C o m p a r is o n S M D
S 0 000 2 < .0001

M 1 0.1882

D I
B

Table 10.7: Pmin p-values for comparisons between (A) region and (B) layer.

MAX C o m p a r is o n s

Region Comparison RI R2 R3 R4 R5 R6 R7

RI 0 9967 0.3001 <.0001 0.2744 1 0.3383 0.9870

R2 0.7190 0.0004 0.5894 0.5656 0.8135

R3 0.0022 0 9985 0.9834 0.0139
R4 0.00 52 1 0.0625 <.0001
R5 0.9993 0.0053
R6 0.0160
R7 ______

Layer Comparison S M D
S 0.051 0.9163
M 0.1283

D
B

Table 10.8: PMAxP-values for comparisons betw een (A) region and (B) layer.
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Pshear Comparisons
Region Comparison R1 R2 R3 R4 R5 R6 R7

R1 1.0000 0.9540 0.0057 0.9173 0.8317 0.8678

R2 0.9910 0.0072 0.9680 0.8866 0.7477

R3 0.0041 0.9997 0.9797 0.1212

R4 0.0059 0.1006 <0001
R5 0 9962 0.0693

R6 0 0752

R7

A
Layer Comparison S M D

S 0.0104 <0001
M 0.2075

D
B

Table 10.9: P s h e a r  p-values for com parisons between (A) region and (B) layer. 

V  PufliM C o m p a r iso n s

Location
Comparison DR1 MR1 s  RI D R2 MR2 SR2 DR3

1.0000

MR3

1.0000

SR 3

0.1639DR1 0.6160 0.2855 1.0000 1.0000 0.0183
M RI i S B i i i S 0.9914 1.0000 1.0000 0.0038 1.0000 0.9974 0.0377
S RI 0.9989 1.0000 0.2755 1.0000 1 0000 0.8746

D R2 1.0000 00105 1.0000 0.9997 0.0924

MR2 0.0924 1.0000 1.0000 0.5048

SR2 0.0170 0.0765 0 9994

D R3 1.0000 0.1154

IVI R3 0.4245

SR3
D R4
MR4
S R4
D R5
M R5
S R5
D R6
M R6
S R6
D R7
MR7
SR 7
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V P̂ iN Comparisons
D R4 MR4 SR 4 D R5 MRS SR5 D R6 MR6 SR 6 DR7 MR7 S R7

1.0000 1.0000 0.9995 1.0000 1.0000 0.1087 1.0000 1.0000 0.1865 1.0000 1.0000 1.0000

1,0000 1.0000 0.9725 1.0000 1.0000 0.0259 1.0000 1.0000 0.0596 0.9989 0.9904 0.9995

0.9918 1.0000 1.0000 0.9989 1.0000 0.7342 0.9739 1.0000 0.7993 1.0000 1.0000 1.0000

1.0000 1.0000 0.9912 1.0000 1.0000 0.0553 1.0000 1.0000 0.0906 0.9999 0.9983 1.0000

1.0000 1.0000 1.0000 1.0000 1.0000 0.3406 0.9998 1.0000 0.4112 1.0000 1.0000 1.0000

0.0019 0.0256 0.3231 0.0053 0.0187 1.0000 0.0031 0.1049 1.0000 0.0979 0.1222 0.0610

1.0000 1.0000 0.9999 1.0000 1.0000 0.0565 0.9992 1.0000 0.1026 1.0000 1.0000 1.0X0

0.9894 1.0000 1.0000 0.9993 1.0000 0.2383 0.9602 1.0000 0.3236 1.0000 1.0000 1.0X0

0.0085 0.1363 0.8719 0.0281 0.1027 1.0000 0.0132 0.4133 1.0000 0.4973 0.5739 0.3X0

1.0000 0.7778 i.rooo 1.0000 0.0011 1.0000 1.0000 0.0016 0.9938 0.9521 0.9968

0.9994 1.0000 1.0000 0.0297 0.9989 1.0000 0.0329 1.0000 1 0000 1.0X0

0.9491 0.9979 0.5227 0.6267 1.0000 0.4890 1.0000 1.0000 1.0X0

» 1 1.0000 0.0043 1.0000 1.0000 0.0082 0.9996 0.9939 0.9X9

0.0206 0.9999 1.0000 0.0322 1.0000 1.0000 1.0X0

0.0013 0.1208 1.0000 0.2455 0.3029 0.1526

0.9983 0.0005 0.9676 0.8879 0.9795

0.0645 1.0000 1 0000 1.0X0

0.3130 0.3806 0.2124

1.0000 1.0X0

1.0X0

Table 10.10: V Pmin p-values for comparisons between region and layer

V Piviifj Comparisons
Comparions S MC3

S MC3
MMC3
D MC3
SP1
MP1
DPI

MIVIC3 D MC3

0 0143 0.0007
0 3177

S PI MP1 D P1

0.0019
<.0001

0 0042
o'eira

<.0001 0.6332

<0001

0.0002
0.6347

0.1518

<.0001

Table 10.11: V Pmin p-values for comparisons between bone and layer.
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V Pshear Comparisons
Location

Comparison D R1 MR1 S R1 D R2 MR2 S R2 D R3 MRS SR S

DR1 0 5492 0 9402 0.7223 0.9058 0.0128 0.2159 0.8381 0.0636

MR1 0.6002 0 8 3 '8 0.6587 0.0025 0.5512 0.3968 0.0133
SR1 0.7764 0.9615 0.0106 0.2485 0,7760 0.0524
D R2 0 8201 0 0066 0 4284 0  5597 0 0316
MR2
SR 2
DR3

1 0.0126 0 » 3 9  0  7456 0.0576
. 0 0001 0.0115 0 3293 

0 0004 
0 0519

I  ' ■ ” 0.0917
MR3
SR 3
D R4
IVIR4 ’ ’ 1 '1
SR 4
0 R5
MRS ,[

S R5
— ------- — i ------—

‘
— ^ ^DR6 1 1 ’

MR6 j .
...... 1 ........

—S R6
DR7 ________ :  : :  1. •..........

I I
--------

MR7
S R7 1 I

V P shear C o m p a r is o n s

D R4 MR4 S R4 D R 6 MRS S R S D R6 MR6 S R6 0 R 7 MR7 S R7

0.6501 0.9805 0.5914 0.8605 0.9564 0.0545 0.6521 0.9518 0.0262 0.4819 0.2002 0.9727

0.8892 0.5697 0.2597 0.6779 0.5922 0.0126 0.9450 0.5619 0.0065 0.1926 0.0578 0.5124

0,7042 0.9603 0.5412 0.9188 0.9846 0.0464 0.6987 0.90GG 0.0226 0.4363 0.1739 0.9110

0.9396 0.7307 0.3725 0.8466 0.7557 0.0264 0.9039 0.6976 0.0116 0.3002 0.1096 0.6827

0.7480 0.9214 0.5174 0.9605 0.9456 0.0471 0.7340 0.8655 0.0207 0.4276 0.1776 0.8745

0.0027 0.0094 0.0384 0.0067 0.0093 0.4800 0.0063 0.0245 0.9194 0.0556 0.1364 0.0093
0.4048 0.1778 0.0442 0.2539 0.1982 0.0004 0.5130 0.2064 0.0002 0.0346 0.0040 0.1553

0.4378 0.7965 0.6738 0.6650 0.7733 0.0393 0.4626 0.9005 0.0146 0.5592 0.2085 0.8498

0.0094 0.0360 0.1516 0.0256 0.0363 0.7984 0.0206 0.0847 0.3883 0.2286 0.5129 0.0422

0.5824 0.2059 0.7351 0.6267 0.0041 0.9448 0.5514 0.0008 0.1989 0.0465 0.5675

0.4723 0.8529 0.9704 0.0178 0.5763 0.9154 0.0039 0.4209 0.1384 0.9464

0.3849 0.4709 0.0881 0.2318 0.5933 0.0227 0.8623 0.4191 0.5535

0.8843 0.0124 0.7116 0.7892 0.0035 0.3332 0.1030 0.8084

0.0183 0.6165 0 8925 0.0052 0.4051 0.1356 0.9192

0.0084 0.0428 0.5019 0.1629 0.3800 0.0282
0.5210 0.0010 0.2313 0.0732 0.5740

0.0071 0.5354 0.2320 0.9705

0.0648 0.1567 0.0104
0.5464 0.4503

0.1508

Table 10.12: V P s h e a r  p-values for comparisons between region and layer.
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V Pshear Comparisons
Comparions S MC3

S MC3
MMC3
D MC3
SP1
MP1
DP1

MMC3 DMC3
0.7399 0S844

S P1 MP1

0.0034
0.0015

1.0OQO
0.9994

0.0021

DPI

D.SSOQ

0.9358

<.0001
0.7680

Table 10.13: V P shear p-values for comparisons between bone and layer.
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