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ABSTRACT 
 
 

 The knee is a diarthrodial joint whose primary function is to provide a wide range of 

motion while supporting potentially large loads during locomotion.  To perform this task 

over a lifetime, the joint must be stabilized to prevent abnormal motion.  Ligaments 

within the joint capsule span from bone to bone to limit the amount of relative motion 

between articulating surfaces.  Injuries to these ligaments result in altered gait and may 

eventually lead to degenerative disorders such as osteoarthritis.  Much work has been 

done to understand the results of injury and the interactive effects of the ligaments in the 

whole joint structure, but the microscopic organization and molecular constituents within 

ligaments may also provide insight into how these tissues respond to daily or extreme 

loading conditions. 

 The goal of this dissertation was to build on existing scientific knowledge and 

investigate the micro-macro scale interrelationships that occur within the medial 

collateral ligament (MCL).  The MCL is a model tissue in that it is hierarchically 

organized, amenable to experimental analysis and provides a standard from which more 

complex ligament structures may be studied.  The primary building block of ligament is 

Type I collagen, but a significant molecular constituent of MCL is the sulfated 

glycosaminoglycan (GAG).  GAGs have been linked to tissue organization and 

maintenance and have been proposed to directly contribute to the mechanical response of 

their host tissues, though conflicting reports exist in the literature.   



 

v 

 Electron microscopy, biochemical and biomechanical testing batteries were employed 

to evaluate the contributions of sulfated GAGs to the mechanics of the MCL.  Sulfated 

GAGs were found to be distributed in a transversely isotropic material symmetry within 

the MCL.  This supports the assumption of the continuum level material symmetry of 

ligament and provides inputs to models that evaluate the proposed role of GAGs as 

interfibrillar bridges.  GAGs were also shown to contribute to the transient compressive 

response of MCL, similar to their load support role in articular cartilage.  These data are a 

first step in discerning the constituent-based roots of the time- and rate-dependent 

deformation of MCL, which is crucial in defining the capabilities of this important tissue. 
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CHAPTER 1 
 
 

INTRODUCTION 
 
 

MOTIVATION 
 
 

 The knee is a diarthrodial joint that must withstand large loads (2-7x body weight [1, 

2] while simultaneously providing a wide range of motion [3, 4].  Given these somewhat 

conflicting requirements, the knee is prone to injury.  Knee problems result in up to 20 

million practitioner office visits and over 400,000 hospitalizations a year in the United 

States [5].  The associated societal burden is estimated to be nearly $10 billion annually, 

with 10-20 days of lost productivity per individual experiencing knee problems [5]. 

 To withstand daily use over a lifetime, the knee joint is stabilized by a series of 

ligaments that span from bone to bone and prevent abnormal motion.  High risk activities 

like contact sports are associated with ligament injury.  Recent studies have shown 

approximately 20% of football [6] and professional soccer injuries [7] are knee related, 

and nearly 1 in 2000 collegiate athletes will be affected by a knee injury each year [8].  

Damage to the collateral ligaments (medial, lateral) accounts for almost 20% of all sports 

related knee injury [9] and skiers are most prone to injure the medial collateral ligament 

(MCL) [10]. 

 While advanced age, high body mass and surgical alterations to the knee are 

predispositions for the development of degenerative conditions such as osteoarthritis 
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(OA) [11-13], damage to ligaments is a primary contributor to early onset OA [14, 15].  

Tearing the anterior cruciate ligament (ACL) results in cartilage thinning and subsequent 

OA due to changes in bone contact patterns and altered gait [16].  Compensatory changes 

in gait due to knee injury also influences the biomechanics of the hip [1, 17] and gait may 

take up to three months to normalize after ACL repair [1].  Recent research has shown 

that the ACL and MCL serve cooperative functions, and that loss of one makes the other 

vulnerable to further damage [18-20].  Understanding the mechanical response of 

ligaments may lend insight into their normal function and how they are damaged, 

potentially impacting how practitioners repair, rehabilitate and improve outcomes of 

surgical and therapeutic interventions. 

 Many studies have examined system-level effects of ligaments on the knee joint, but 

what underlies ligament mechanics that makes them robust during normal activities and 

prone to damage when loaded beyond their intended use?  On a fundamental level 

microscopic constituents that make up ligament combine to provide the macroscopic 

mechanical properties that can be measured in the laboratory.  How does the organization 

of these building blocks contribute to the tissue integrity?  Is it possible to isolate 

components and test their impact on the continuum level properties of the ligament?  Can 

the distribution of specific constituents indicate how they may function within the tissue?  

Answering these questions not only adds to scientific knowledge of native tissue 

mechanics, but may aid in understanding failure of these important tissues and ultimately 

provide interpretive cues to improve the diagnosis and treatment of injury. 

 Advances in biochemistry make it possible to target select populations of molecules 

in order to test their contributions to the whole tissue response [21-23].  Imaging 
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techniques can then visualize the tissue and allow researchers to describe where and how 

these components are organized and interact with their surroundings [24-28].  

Biomechanical tests can be used to detect changes in inherent material properties when 

specific constituents are removed [29-32].  Computational models may be utilized to 

simulate experiments that are not be possible in the laboratory, or to detect subtle 

mechanistic effects or artifacts present in a given experiment [33-37].  Used together 

these techniques may help answer the basic questions about how the micro-scale 

construction and macro-scale response of ligament are linked, with the ultimate goal to 

improve the understanding and treatment of ligament injury. 
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RESEARCH GOALS 
 
 

 The overall objective of this research was to quantify the contributions of micro-scale 

constituents on the macro-scale mechanics of the medial collateral ligament (MCL).  A 

thorough understanding of the structure-function relationship within ligament assists 

investigators and clinicians in the study of connective tissue pathologies while 

characterizing the relative impact of the microscopic environment on the continuum 

response of the tissue.  Microscopic, biochemical and biomechanical techniques were 

employed to achieve the research objective.  Electron microscopy was used to quantify 

the distribution and orientation of sulfated glycosaminoglycans (GAGs) within ligament, 

and targeted enzymatic digestion allowed these distributions to be classified by the 

molecular species.  Image processing was used to provide a rapid and repeatable method 

to examine the microscopy data, and a computational model was developed to identify 

artifacts present in the visualization process.  Articular cartilage was then used as a 

benchmark tissue in a comparison of experimental techniques to determine which 

technique was most capable of detecting the influence of sulfated GAGs on the 

permeability of the tissue.  Finally, on the continuum level, the impact of GAGs on the 

permeability of MCL was tested to determine their role in the transient compressive 

response of the tissue.  
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SUMMARY OF CHAPTERS 
 
 

 This dissertation focuses on the mechanics of the medial collateral ligament (MCL).  

Chapter 2 was written to provide the reader sufficient background in the function, 

composition and organization of this important tissue.  The MCL is detailed from the 

hierarchical organization down to the molecular level constituents, and special attention 

is paid to the family of sulfated glycosaminoglycans (GAGs) that reside in the hydrated 

matrix of the tissue. 

 To build on the understanding of the organization of ligament, Chapter 3 describes a 

technique to quantify the distribution of sulfated GAGs within the tissue.  Established 

protocols were utilized to visualize the molecules with transmission electron microscopy 

(TEM), but artifacts were identified that prohibited direct interpretation of the resulting 

GAG distributions.  A novel computational model was developed to describe the 

evolution of the artifacts from an idealized three dimensional ligament through the two 

dimensional images simulating TEM micrographs.  The results of this analysis provide 

confidence in the interpretation of GAG distributions within ligament and provide a 

means to identify errors due to projection of three dimensional data into two dimensions. 

 Chapter 4 extends the quantitative technique developed in Chapter 3 to describe the 

material symmetry of sulfated GAGs in ligament.  The volumetric distribution of GAGs 

within the tissue may be an indicator of their ability to stabilize the tissue by joining 

adjacent collagen fibrils.  The objective of this study was to quantify this volumetric 

distribution and determine if it met the assumption of transverse isotropy often used to 

describe bulk ligament tissue [38, 39].  The results of this study provide inputs to 

molecular mechanics models which previously had been limited to simplified GAG 
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distributions [37].  They also provide confirmation of the material symmetry which is a 

critical assumption of subsequent material testing and modeling. 

 Having characterized the sulfated GAG distribution in ligament, Chapters 5 and 6 

then examine their impact on the compressive properties of soft tissues.  Chapter 5 

focuses on the influence of GAGs on the permeability of native and GAG depleted 

articular cartilage.  Cartilage was used as a benchmark tissue to determine if two 

experimental protocols could provide equivalent measures of permeability.  The results 

highlight the mechanistic differences in the protocols and how they are affected by 

changes in the inherent tissue properties upon GAG depletion.  Finite element analyses 

was undertaken to examine the underlying issues with the experimental methods.  These 

data reinforce the need to evaluate the influence of proposed treatments on the desired 

outcome variables of an experiment, and highlight limitations of common experimental 

protocols for measuring permeability of soft tissues. 

 Chapter 6 then describes the influence of sulfated GAGs on MCL permeability, based 

on the results derived in Chapter 5.  Understanding how GAGs influence permeability 

helps characterize the origins of the viscoelastic response of the tissue.  Permeability of 

native tissue was compared to that of GAG depleted tissue.  The results provide a relative 

measure of the change in water mobility as a function of compressive deformation and 

GAG content, which is relevant in areas where ligament wrap around bone. These results 

are useful in basic science as well as tissue engineering applications and implicate GAGs 

directly in the viscoelastic deformation of ligament. 

 The final chapter discusses the contributions of the dissertation in the context of 

ligament biomechanics, and describes future work that may expand the understanding of 
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the influence of sulfated GAGs in ligament.  This chapter also describes preliminary 

studies focusing on the mechanical contributions of other molecular and architectural 

constituents of ligament.  These experiments may provide a direct link between the 

mechanics of the hydrated matrix and the primary collagen family in ligament.  Together 

the current results and future directions are discussed with emphasis on continuing 

progress in the field of soft tissue biomechanics. 
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CHAPTER 2 
 
 

BACKGROUND 
 
 

THE KNEE 
 
 

Morphology 

 The knee is a diarthrodial joint that allows relative motion (flexion, extension, 

rotation) between bones in the leg (Figure 2.1).  The femur and tibia are the longest bones 

in the human body and the primary skeletal structures through which knee joint forces are 

transmitted.  The femoral condyles are rounded and seat into subtle concavities in the 

tibial plateau, though there is a considerable overall lack of congruency between the two 

surfaces.  Alone this geometry does not make a stable joint, but instead requires 

additional structural features to minimize stresses and limit abnormal motions 

 At their interface, each bone has a layer of articular cartilage that acts as the primary 

contact surface (Figure 2.2).  Cartilage of the knee is typically 1-2 mm in thickness 

though it can vary locally [1].  The tissue is highly hydrated, containing up to 80% water 

by wet weight [2].  The dry weight is primarily composed of collagens (50-70%), and a 

significant number of proteoglycans (PGs) are also found in the tissue [3].  Cartilage is 

considered aneural and avascular and is sparsely populated with cells (chondrocytes).  

Articular cartilage has three layered zones of differing composition, organization and 

material properties [4].  These zones blend together and have no definite demarcation 
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signifying zonal boundaries.  The composite nature of the tissue provides it with time- 

and rate-sensitive properties that allow it to withstand decades of repeated loading [5]. 

 Between the bones and cartilage in the joint space are the semi-lunar menisci that seat 

the bones and distribute stress between them [6].  Like cartilage, the meniscus is highly 

hydrated (~70% water) and has a high collagen content (~80% of dry weight) [7], but it is 

innervated and provides sensory cues within the joint [8].  In cross-section the meniscus 

is wedge shaped.  Primary collagen fiber bands run circumferentially through the bulk of 

the tissue around the perimeter of the tibial plateau.  These collagens anchor into the tibia 

at the meniscal horns and convert compressive loading through the knee joint into axial 

loading along their circumference [6, 9].  This distributes the compressive loads between 

the femoral condyles and tibial plateau where direct cartilage contact is limited [1, 10]. 

 Four primary ligaments stabilize the joint from abnormal rotations and translations 

(Figure 2.2).  The cruciate ligaments (anterior-ACL, posterior-PCL) are short, rope-like 

tissues constructed of bundles of collagen fibers.  They oppose one another within the 

joint and form a “four-bar linkage” to resist anterior-posterior (AP) translation and 

transfer applied loads between the bones [11, 12].  The collateral ligaments (medial-

MCL, lateral-LCL) are external to the joint space and are longer than the cruciates.  The 

collaterals connect the bones to limit medial/lateral rotation and act as secondary 

restraints to AP translation [13-15].  The LCL joins the femur and fibula and the MCL 

joins the medial femoral condyle and inserts into the tibia.  The high collagen content (up 

to 70% of dry weight [16]) is generally organized so primary physiologic loads are along 

the collagen axis, though ligaments may experience compressive loading in areas where 

they wrap around bone (e.g. MCL femoral insertion). 
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Figure 2.1.  Flexion, extension and rotation of the human knee.  Adapted with permission 
from SAE paper 861921 © 1986 SAE International [17]. 
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Figure 2.2.  Anterior, posterior and proximal renderings of the human knee. Adapted with 
permission from SAE paper 861921 © 1986 SAE International [17]. 
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 A ligamentous capsule surrounds the joint space and retains synovial fluid that 

lubricates the articulating surfaces within the joint.  Synovial fluid is a distillate of blood 

secreted by the synovial membrane in the capsule [18, 19].  It has an extremely low 

coefficient of friction (0.002-0.03), many times less than Teflon and conventional oils 

[20-23].  It is also non-Newtonian in that its viscosity decreases with increasing shear rate 

[24, 25].  The mechanism of joint lubrication is still debated, but it has been proposed as 

a function of joint dynamics as well as the inherent mechanical properties of the 

underlying cartilage [26, 27]. 

 Around the capsule are the muscles that provide movement to the leg.  The 

quadriceps (quadriceps femoris, sartorius), hamstrings (biceps femoris, semitendinosus, 

semimembranosus) and calf (gastrocnemius, soleus, popliteus) muscle groups work 

together to provide the primary flexion/extension and rotations of the knee.  Via their 

contraction, these muscle groups are passive and dynamic stabilizers and help protect the 

knee from motions that could otherwise damage the ligaments, meniscus and cartilage.  

The quadriceps utilizes the patella as a fulcrum to amplify the forces that extend the knee 

[28, 29].  The hamstrings have been shown to aid the ACL in anterior knee stability [30] 

while the popliteus supports the function of the PCL in resisting posterior tibial 

translation [31].  The degree of muscle activation has also been linked to reductions in 

knee laxity and overall stiffening of the joint during gait, further shielding ligaments from 

direct load [32-34]. 
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Range of Motion and Loading 

The knee must accommodate a wide range of motion during daily use.  From peak 

extension to peak flexion, a typical knee bends up to 150° [35-37].  The tibia may rotate 

relative to the femur both along its axis (~20°) [38, 39] as well as medially (varus) and 

laterally (valgus) (1-5° total) [40-42].  Maneuvers like sudden changes of direction, or 

“cutting”, amplify the amount of lateral load placed on the joint [43], and damage to the 

ACL and collateral ligaments allows excessive varus/valgus rotations (up to 15°) [40-42].  

The cooperative functions of the primary ligaments act to stabilize the joint at full 

extension, a phenomenon known as the screw-home mechanism [44, 45].  This limits the 

amount of tibial rotation with respect to the femur by locking the joint.  Typical 

translation of the femur with respect to the tibia is under 5 mm, but this may exceed 15 

mm if either cruciate ligament is damaged [46].   

 Given the diversity of movements the knee must accommodate, it can be subjected to 

large loads.  Walking has been shown to produce forces of up to 4x body weight (BW) 

within the knee joint [47-49].  Activities like stair climbing create peak loads near 5x BW 

[49] and running may increase this up to 7x BW [43, 48, 50].  Excessive, prolonged or 

shock loads may result in damage to the knee. 

 Each soft tissue component within the knee is optimized to resist daily loading, but 

may experience more extreme forces.  Articular cartilage sees contact stresses up to 6 

MPa (peak near 20 MPa) [51, 52], but has a compressive modulus <1MPa [4, 53].  This 

disparity is accommodated in part by its microscopic constituents and construction that 

make it sensitive to the rate of loading.  The meniscus converts these compressive loads 
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to tensile loads, exhibiting a circumferential tensile modulus of nearly 100 MPa [54, 55], 

helping to absorb loads before they are transmitted to the cartilage.   

 The primary role of ligament is to resist tensile loading along its axis, but in the knee 

ligaments must work together to limit complex motions that arise during gait.  The ACL 

has a tensile modulus of 300-500 MPa [56, 57] and the MCL is on the order of 200-330 

MPa [58, 59].  Due to its planar nature and position within the knee, the MCL may also 

see complex shearing or compressive loads indicative of its role as a secondary restraint 

to AP translation [14, 60].  The transverse tensile modulus and shear modulus of MCL 

are approximately 11MPa [58] and 2 MPa [61], respectively.  Understanding the 

microstructure of the ligament may provide insights into the macroscopic response, 

similar to the mechanisms that allow articular cartilage to resist forces many times its 

equilibrium stiffness. 

 
Joint and Ligament Injury 

 
 With the wide range of motion and potentially high loads placed on the knee, it is a 

commonly injured joint.  Injuries may include bone fractures, fissuring of articular 

cartilage, torn menisci and ruptured ligaments.  Often two or more injuries occur in the 

same incident, complicating the treatment of individual symptoms.  In tracked 

populations, knee injuries occurred in up to 37% of those surveyed, primarily occurring 

while playing sports [62, 63].  The MCL and LCL alone account for nearly 20% of 

sporting injuries [64].  Skiing is a particularly high risk sport in which the MCL is 

especially prone to injury [65, 66]. 

 The most lasting effect of knee injury is a proclivity to develop osteoarthritis (OA).  

OA affects articular cartilage surfaces because the avascular construction of the tissue 
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limits normal the inflammatory response that would otherwise remodel and heal damaged 

areas.  OA is the highest incidence of lower extremity disability, with up to 60% of 

individuals experiencing pain at the age of 65 [67].  It is expected that only a fraction of 

individuals with radiographic evidence of OA actually experience symptoms associated 

with the disease [68], so actual frequency is probably higher.  OA is more likely in obese 

individuals and those with high bone density, both of which apply more direct loading to 

the cartilage surfaces [67].  A genetic predisposition is also present in individuals with 

irregular joints, or those who experienced altered joint kinematics as in the case of many 

knee injuries. 

 Recent studies have suggest individuals are 7x more likely to develop OA after a knee 

injury [69], and 14 year follow up studies showed 40% of damaged knees presented 

radiographic evidence of OA [70].  Damage to the ACL or meniscus has been positively 

associated with increased risk of OA, though some individuals show no evidence of OA 

progression after injury [71]. 

 ACL rupture is associated with changes in gait and tibiofemoral contact patterns, 

resulting in higher rates of OA [72].  After ACL repair, gait may take months to 

normalize which delays correction of altered contact on the cartilage surfaces [47].  Often 

the MCL is damaged with the ACL.  Repair of the ACL does not require repair of the 

MCL and this may exacerbate the time required to fully regain normal gait patterns.  

Ruptured MCL is not usually repaired with surgical intervention, but rather a rigorous 

physical therapy regimen to strengthen the muscles around the knee and stabilize the 

ligaments through conditioning of the whole joint [73].  Only in the case of avulsion of 
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the ligament insertions from the bone is surgical intervention recommended, but this 

condition is likely only in younger populations where bone is still growing [73]. 

 
Importance of the Study of Ligament 

 
 The prevalence of ligament injury and the resulting incidence of OA make it 

important to study how the tissue reacts to daily and extreme loading environments.  To 

fully characterize ligament mechanics, understanding of both the bulk tissue response and 

the components and construction of the tissue are necessary.  It should be obvious that 

macroscopic ligament mechanics must arise from the organization and interaction of the 

molecules that comprise the tissue.  This dissertation focuses on the microscopic 

constituents of ligament, their organization and subsequent influence on the macroscopic 

material properties of the tissue.  The ultimate goal is to more fully characterize the 

important contributions to global tissue mechanics made at the most fundamental levels 

of tissue construction.  This will provide insight in the mechanisms of tissue function and 

failure, and in the future could provide cues to improve outcomes of surgical and 

therapeutic interventions. 
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MEDIAL COLLATERAL LIGAMENT 
 
 

 Each aspect of this dissertation utilizes the medial collateral ligament (MCL).  The 

MCL is integral in providing stability to the knee joint as well as assisting in retaining the 

medial meniscus between the joint’s articulating surfaces.  The MCL has a very ordered 

fibrillar assembly that arises from its primary function in resisting tensile loads across the 

knee joint.  It is a model tissue because its planar geometry allows direct sampling of 

specimens with known orientation relative to the predominant collagen fiber axis. 

Additionally, the relatively simple organization of the tissue provides a clean template 

from which to discern the relative contributions of the microstructural constituents.  

Other ligaments like the cruciates or lateral collateral ligament are limited by their size or 

more complex organization which complicate sample isolation with respect to the tissue 

material symmetry.  Findings arising from the study of the basic organization of the MCL 

may potentially be extended to tissues that are less amenable to experimental analysis. 

 
General Organization 

 
 Ligament is highly hydrated, containing up to 70% water by wet weight [16].  Of the 

dry weight, the primary structural constituent is Type I collagen (up to 70%) though 

lesser populations of other collagens may also be found in the tissue [16].  Structural 

proteins like elastin, as well as proteoglycans like decorin and biglycan are found within 

the hydrated matrix of the tissue [74, 75].  The primary cell type, the fibroblast, is 

responsible for maintenance of the collagen fibers and found distributed throughout the 

matrix between collagen fibers [76]. 
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 Ligament can be considered a fiber reinforced composite in that its primary structural 

component is fibrillar collagen which is surrounded by the hydrated matrix.  The collagen 

is hierarchically organized and in tissues subjected to tensile loads, like ligament and 

tendon, forms into a periodic crimp waveform [77].  This crimp pattern has been linked 

to the low-strain tensile response of ligament, gradually straightening under load and 

imparting nonlinearity to the stress-strain behavior of the tissue [78, 79]. 

 Ligament has different zones of construction.  The mid-substance has the most 

ordered and regular collagen organization, but the insertions have adapted to merge the 

ordered fibers into the bones [80].  The femoral insertion of the MCL is considered a 

direct insertion, where the collagen integrates into the bone via zones of mineralized 

fibrocartilage.  The tibial insertion of the MCL is an indirect insertion, which lacks the 

fibrocartilage and instead fixes the collagen fibers directly into the bone.  These 

differences in construction minimize stress concentrations applied to the ligament based 

on the geometry required to create the bone-ligament union. 

 
Collagen 

 Collagen is the most ubiquitous protein in the body since it is used as a structural 

material in tissues.  Eighteen types of collagen have been characterized, with subgroups 

that form fibers (I, II, X, XI), sheets (IV, VIII, X), anchors (VII) and those that are 

associated with other collagens (IX, XII, XIV) [81].  Ligament is principally composed of 

Type I collagen, and Type II collagen makes up the majority of articular cartilage.  The 

collagens resist tensile loads along their axes, with the exception of bone where the 

molecules are mineralized and can support compressive and bending loads. 
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 The fundamental building block of collagen is the tropocollagen molecule, which 

consists of three helically wound amino acid chains, termed alpha chains (e.g. α1, α2, 

α3), which differ by their amino acid composition [82].  Type I tropocollagen is a 

heterotrimer consisting of two α1 chains and a single α2 chain that form a right-handed 

helical molecule approximately 300 nm in length [82].  Type II collagen is a homotrimer 

of three α1 chains.  Tropocollagen molecules of fibrillar collagens self-assemble into a 

quarter-stagger pattern where the D-period denotes the gap in the periodic assembly, on 

the order of 64-67 nm depending on hydration of the tissue [79, 83].  Some debate 

remains as to the exact organization above this level but it is generally accepted that 

ligament collagen forms into fibrils, fibers, fascicles and then the bulk tissue (Figure 2.3).  

This is similar to the organization of tendon, which typically exhibits more discernable 

fascicle structure than ligament [77, 84, 85]. 

 

 

Figure 2.3.  Hierarchical structure of ligament and tendon.  Adapted from [77]. 
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The “linking” collagens (IX, XII) also serve an important role.  They cannot form 

fibrils and do not aggregate in a quarter-stagger pattern, but they do associate with the 

surface of fibrillar collagens [81].  Type IX attaches to Type II collagens, forming a 

bridge from which other functional groups in the extracellular matrix associate with the 

Type II collagens.  Type XII is believed to serve a similar role, associating with fibrillar 

Type I collagens like those found in ligament. 

 Tissues with fibrillar collagens subjected to tensile loads (tendon, ligament, annulus 

fibrosus, skin, etc) are known to establish a crimp waveform during development [77-79, 

86-89].  The origin of collagen crimp is still debated, but it is first recognized in tissue 

development once fibroblasts begin to organize collagen into aligned fibers [90, 91].  One 

commonly accepted theory is that contraction of the hydrated matrix buckles the fibers 

and imparts the periodic crimp waveform.  Some have suggested other matrix 

macromolecules, like elastin, may be responsible for the crimp by pre-stressing collagen 

fibers along their axis [74, 92].   

 Collagen crimp in mature tissues occurs at the fiber level, with a periodicity ranging 

from 1-300 μm and an amplitude around 1-10 μm [90, 93-95].  Most visualizations of 

crimp show a planar band of aligned fibers exhibiting the same period and amplitude, 

though these may vary somewhat between neighboring bands [77-79, 86, 90, 93].  Only a 

few investigators have noted a helical crimp, though it was typically on a larger 

visualization scale than planar crimp and may be overlooked in detailed studies of 

collagen microstructure [96, 97]. 

Continuity of collagen fibrils and fibers in ligament and tendon is still debated.  Much 

evidence exists that collagen fibrils are short segments early in development  but undergo 
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lateral and axial fusion during maturation [98-100].  The proteoglycan decorin is believed 

to play a role in modulating the degree of lateral fusion by associating with the surface of 

collagen fibrils [98, 101, 102].  Recent experimental work suggests that discontinuous 

fibers must exist in mature tissues since global strains are often much higher than local 

strains in the tissue [103, 104], but visualization of collagen has been unable to detect 

free fiber ends in mature tissues [100]. 

 
Extracellular Matrix 

 
 The extracellular matrix, or ECM, constitutes those materials in the ligament that are 

not collagen-based.  The primary constituents of the ECM are water, structural proteins, 

proteoglycans (PGs) and glycosaminoglycans (GAGs).  As noted previously, water 

makes up to 70% of the wet weight of ligament.  Elastin is a structural protein that exists 

as a coiled polymer mesh interweaving bundles of collagen fibers [105].  It is 

characterized by the presence of desmosine and isodesmosine crosslinks that provide 

extreme chemical stability, even under harsh enzymatic conditions, resulting in a very 

low turnover rate within biological tissues [106, 107].  Elastin content in connective 

tissues varies widely and is correlated to the relative extensibility of the parent tissue 

(75% of dry weight in nuchal ligament, 47% in ligamentum flavum, 4.5% in Achilles 

tendon and ligament, 1% in skin)  [74].  Another component of ECM is fibronectin.  This 

glycoprotein is linked to modulation of remodeling in tissues that are immobilized and 

experience stress deprivation [108, 109]. 
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Glycosaminoglycans and Proteoglycans 

 Glycosaminoglycans (GAGs) are polymers consisting of repeating disaccharide units 

of uronic acid and hexosamine [110].  GAGs in ligament constitute 0.2-5.0% of the total 

tissue dry weight [86, 111].  Most GAGs are found linked to a core protein as a 

proteoglycan (PG), but they can also be found alone in the bulk tissue [110, 112].  

Dermatan sulfate (DS) and chondroitin 4- and 6-sulfate (CS) are the primary sulfated 

GAGs found in ligament and they are differentiated by the presence of the iduronic acid 

found in DS [110].  Other GAGs found in ligament include keratan and heparan sulfates, 

as well as hyaluronic acid.  A series of enzymes, the chondroitinases, assist in 

discrimination of GAG populations by selective degradation of the DS and CS polymer 

chains [110]. 

 Decorin, a small leucine-rich proteoglycan, is the most prevalent PG in ligament but 

lesser populations of biglycan may also be found [113].  Decorin is covalently bound to a 

single DS or CS GAG side chain near its amino terminus (Figure 2.4) [114].  Biglycan is 

bound to two DS or CS side chains [115].  Decorin localizes to the surface of collagen 

fibrils [116] at the D-period band gap in the tropocollagen quarter-stagger pattern [117-

119].  Biglycan has not been shown to associate with collagen.  The structure of decorin, 

including whether it functions as a monomer or dimer, is still debated [119-122].  Other 

PGs, like versican and aggrecan, are prevalent in articular cartilage but are found in 

limited numbers in ligament [113].  Versican is bound to up to 30 CS GAG side chains 

and aggrecan may bind hundreds of CS and KS GAGs [112].  In tendon, versican is 

localized in the mid-substance but aggrecan may be found near bony insertions that 

experience compression [123]. 
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Figure 2.4.  Proteoglycans and glycosaminoglycans in ligament. (not to scale) 

 

GAGs, through their association with PG core proteins, have been implicated in 

diverse functional roles.  Decorin and biglycan have been described as antagonistic with 

respect to their roles in the regulation of growth factors and wound healing [112, 124].  

Decorin and its GAG side chain have been shown to contribute to the formation and 

organization of collagen fibrils [98, 101, 125].  Given well documented developmental 

and maintenance duties, the mechanical contributions of GAGs within ligament are not 

fully characterized and are the subject of conflicting reports.  Chapters 3 and 4 describe 

the distribution of DS and CS GAGs in MCL and the potential implications on global 

tissue mechanics.  Chapters 5 and 6 quantify their influence on the compressive 

properties of articular cartilage and MCL.   
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BIOMECHANICS OF MEDIAL COLLATERAL LIGAMENT 
 
 

General Considerations 

 Medial collateral ligament is subjected to tensile loads in the body, but may 

experience shearing, compressive or compound loads based on global deformation of the 

knee joint.  It is also exposed to both slow and rapid loading conditions.  To accurately 

describe the mechanics, experiments must be performed to quantify the response of the 

tissue to each of these deformations.  Numerical models may then be used to simulate the 

reaction of the tissue in cases where experiments are not possible.  These experiments 

and models usually describe the continuum response, which assumes the tissue is a 

continuous material across its domain and may ignore individual microstructural 

contributions.  More refined models attempt to incorporate the tissue constituents, but 

their contributions must be isolated from the bulk tissue and quantified individually. 

 As described previously, the mid-substance of ligament is the most regularly 

organized region of the tissue.  In the mid-substance, the continuum level material 

symmetry of ligament is often described as transversely isotropic [60, 61, 126, 127].  

Materials exhibiting transverse isotropy consist of a single preferred axis of symmetry 

and the plane normal to the preferred axis is isotropic.  The transverse plane has the same 

construction, constituents, and material properties when tested in any direction on the 

plane.  Any two sections taken along the preferred axis (orthogonal to the isotropic plane) 

will share the same properties but may differ from the isotropic plane. 

 Accordingly, full mechanical characterization of a transversely isotropic material 

requires quantification of relevant material properties both along and transverse to the 

preferred axis of symmetry.  In MCL, Type I collagen represents the preferred axis.  The 
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hydrated matrix is generally considered an isotropic bulk material surrounding the 

collagen, though quantification of constituent material symmetries within the ground 

substance is lacking in the literature.  This motivated work for the dissertation, and 

Chapters 3 and 4 quantify the material symmetry of sulfated GAGs in ligament as a 

foundation to understand their potential roles in the mechanical integrity of the tissue. 

 
Experimental Biomechanics 

 
 The medial collateral ligament is a nonlinear, viscoelastic material [61, 128].  A 

viscoelastic material is defined as having both viscous and elastic properties when 

undergoing deformation, resulting in time- and rate-dependent material properties.  

Typical characteristics of a viscoelastic material are stress relaxation under fixed 

deformations, creep under fixed loads, time- and rate-sensitivity, and hysteresis, or 

energy loss, through dissipative effects within the material through a loading cycle. 

 Fundamentally, the elastic response of the tissue is of interest because it provides a 

baseline from which the viscoelastic properties are characterized or modeled [126, 129, 

130].  To quantify the elastic response, an experiment must be sufficiently slow so as to 

remove inertial effects and ensure that the viscoelastic effects do not confound the results.  

These experiments are said to be quasi-static.  Ligament is first pre-conditioned to ensure 

hysteresis is repeatable [59, 131], then testing may commence to measure elastic 

properties like Young’s modulus, shear modulus or Poisson’s ratio. 

 At higher loading rates viscoelastic effects arise.  Viscoelasticity is said to be either 

flow-dependent or flow-independent in hydrated soft tissues [132, 133].  Flow-dependent 

viscoelasticity develops from the movement of water within the hydrated matrix of the 

tissue.  The movement of water through the solid phase of a material, coupled with the 
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time it takes for this to equilibrate, imparts time- and rate-dependence in the material 

response.  Alternatively, flow-independent viscoelasticity is a function of microstructural 

rearrangement, entanglement or stretching of chemical bonds within the tissue, not the 

movement of water.  To discern between flow-dependent and -independent 

viscoelasticity, experimental batteries utilize rate-sensitivity [61], small deformations 

[134] or selective removal of constituents that may retard water movement to quantify the 

viscoelastic response [135-137]. 

 Ligament is known to exhibit nonlinear stress-strain behavior in tension (Figure 2.5) 

[58, 59, 131, 138].  The nonlinearity arises because different components of the tissue are 

activated at different stages of deformation.  In the low strain “toe” region, stretching of 

elastin and recruitment of collagen crimp make the tissue relatively “soft” [78, 139-143].  

This region is thought to act as a shock absorber to shield collagen from small 

perturbations in load [79, 90, 95, 144].  As the deformation approaches a “critical strain” 

the collagen fibers assume the direct tensile loads and gradually stiffen.  Once collagen 

fully supports the load the response is linear until failure of fiber bundles begins.  

Deformations up to 6% tensile strain are not considered detrimental to the tissue 

structure, but over 16% strain bulk tissue failure may occur [58, 138, 145].  Based on the 

anisotropy of the tissue, the responses vary as a function of the orientation of the test 

specimen. Stiffness transverse to the collagen axis (11 MPa) is much less than axial 

stiffness (330 MPa) [58] because it is loading matrix and non-fibrillar collagens rather 

than the primary Type I collagens. 
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Figure 2.5. Representative nonlinear stress-strain response of ligament. 

 

 Ligament also experiences larger than expected Poisson’s ratios in tension (ν > 0.5) 

[146-149].  Poisson’s ratio is the ratio of the lateral contraction to axial stretch.  

Mathematical constraints dictate that Poisson’s ratio exceeding 0.5 are indicative of 

volume loss in the material.  Common structural materials (metals, concrete, etc) obey 

this limit, but the composite structure of ligament does not.  One probable explanation is 

the exudation of water which would allow greater transverse contraction per unit of axial 

deformation [150, 151].  Another is that collagen fibers may be discontinuous and require 

some lateral binding to maintain axial continuity.  As axial stretch aligns and collapses 

the collagen laterally, crosslinks may amplify the contraction through geometric effects 

associated with their orientation and binding along the collagen. 

In order to isolate the response of the hydrated matrix, the contribution of collagen 

fibers must be removed.  A direct way to measure this is through transverse tensile or 

shear testing.  Shear deforms the tissue by sliding collagen fibers relative to one another 

along their axis, removing the contribution of the fibers and placing the load on the 

matrix.  Recent work has shown that like in tension, ligament exhibits a nonlinear 

response to shear deformation, with a stiffness around 2 MPa [61]. 
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 Ligament acts primarily in tension, but in areas where it wraps around bone it must 

resist compressive loads [75].  Accordingly, compressive material properties can be 

derived using confined and unconfined compression experiments.  Unconfined 

compression applies a compressive load and allows free lateral expansion of the tissue.  

This response quantifies the compressive Young’s modulus and Poisson’s ratio [135, 

152, 153].  Confined compression constrains the material from lateral expansion and 

measures the aggregate, or instantaneous, modulus of the material at zero strain by 

interpolating back from the equilibrium response at incremental strains.  

 To isolate viscoelastic properties, one can test various strain levels and rates.  To 

measure time-dependent properties, stress relaxation holds a constant deformation while 

the tissue stress equilibrates [154].  Alternately, creep applies a fixed load and determines 

the equilibrium tissue deformation [155].  Rate sensitivity is gauged by applying various 

loading rates, either linearly in a ramp or as a series of harmonic oscillation frequencies 

[128].  The degree of damping a material exhibits is quantified as the phase shift that 

occurs between oscillatory deformations and the resulting oscillatory force response. 

Dynamic modulus quantifies the sensitivity of stiffness to the rate of loading. Hysteresis 

measures the energy dissipated during a deformation and is quantified as the area found 

between the stress-strain curves in a loading and unloading cycle [59]. 

 
Modeling Ligaments 

 
 Modeling ligaments allows investigators to test experimental deformations that may 

not be possible in a laboratory.  Numerical methods like finite elements or finite 

difference efficiently solve differential equations describing the physics of a material’s 

response to deformation.  Given the material symmetry of the tissue, the potentially large 
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deformations and the time- and rate-dependent characteristics, accurately modeling 

ligament mechanics is often difficult to accomplish. 

 Here, the use of continuum level characterization permits inherent discontinuities in a 

material’s construction to be overlooked in favor of its macroscopic properties.  This has 

benefits in that it simplifies description on the material behavior and is practical in basic 

engineering applications.  Investigators develop constitutive models, or strain energy 

functions (W) to describe the physics of a system under study.  These equations relate the 

energy stored (elasticity) or the energy stored and lost (viscoelasticity) during a 

deformation.   

 In general, a constitutive model relates stress, strain and other state variables like time 

and strain rate.  Since soft tissues can undergo large finite deformations, the models are 

often termed hyperelastic.  This requires them to be constructed from variables that are 

independent of rotations (objective), and as such, tensor invariant representations are 

useful [156].  To scale material responses relative to one another, material-specific 

coefficients fit experimental results to the general constitutive model [58, 60, 126, 157]. 

 A constitutive model may be constructed using phenomenological or microstructural 

motivation.  Phenomenological models seek to describe the stress/strain response using 

basic mathematical relationships, regardless of the physical motivation of the terms in the 

equations.  Microstructural models then describe the tissue response in terms of 

quantifiable material properties that directly correlate to some aspect of the tissue 

construction.  Microstructural models may lack sufficient information about the 

contribution of individual components of the tissue unless they can be isolated from the 

global response. 
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 One formulation of a transversely isotropic hyperelastic constitutive model has been 

used successfully to represent ligament under a number of loading conditions [58, 60, 61, 

130, 145, 158, 159].  This strain energy function is based on the invariants of the Right 

Cauchy-Green deformation tensor (C) [156] and is incorporated into a finite element 

framework [130].  The strain energy takes the form: 

  (2.1) 
 
 

 Here F1 is a function characterizing an isotropic hydrated matrix, F2 is the 

contribution of a primary fiber family (Type I collagen for ligament), and F3 is the 

interaction between the fiber and ground substance.  The tensor invariants (Ii) and applied 

deformation (λ = stretch) provide the bridge with which the equation describes the energy 

stored in a system in terms of the applied deformation.  This structure gives the model 

some microstructural motivation since fibers and matrix are modeled independently.  The 

2nd Piola-Kirchoff stress may then be calculated from the derivative of the strain energy 

function: 

   (2.2) 
 
 
 The 2nd Piola-Kirchoff stress can be adapted to determine the Cauchy or 1st Piola-

Kirchoff stresses.  The matrix term for ligament is usually represented as an isotropic 

neo-Hookean or Mooney-Rivlin hyperelastic solid [58, 60, 61, 130, 145, 158, 159]. The 

ligament fiber term can be a piecewise function specifying the response to compression 

(none), the nonlinear toe-region (exponential), and the linear region above a critical 

transition strain.  The critical strain is typically characterized as the point at which 

collagen has fully uncrimped and the load is taken by the straightened fibers. 

( ) ( ) ( )1 1 2 2 3 1 2, , ,W F I I F F I Iλ λ= + +

2e WS
C

∂⎛ ⎞= ⎜ ⎟∂⎝ ⎠



  35 

 This hyperelastic formulation is only capable of describing the quasi-static response 

of ligament.  To incorporate time- and rate-dependence, viscoelastic contributions must 

be added.  The most basic modification to a general strain energy is the inclusion of a 

history term that describes the non-equilibrium state (Z): 

   (2.3) 

 This additional term can represent the long time history (integral type) or short time 

history (differential type) of the material [160].  Other representations may include both 

long and short histories in a single strain energy function [161]. 

 One common implementation of transient effects is Quasi-Linear Viscoelasticity 

(QLV) [129].  QLV states that the total stress is a function of the elastic stress convolved 

with a relaxation function describing the transient response of the material.  The 

convolution scales the elastic stress by the relaxation function, introducing the history-

dependence.  Like other phenomenological models, the components of the relaxation 

function do not necessarily have a physical foundation, but QLV can accept hyperelastic 

strain energies of microstructural formulation. 

 A common microstructurally motivated constitutive model is that of poroelasticity.  

Poroelastic, or biphasic, models make the distinction that tissue stress arises from the 

interaction of incompressible, immiscible solid and fluid phases that interact through drag 

of the fluid through the permeable solid phase [155].  This imparts time- and rate-

sensitivity to the model.  They have been useful in describing stress relaxation and creep 

characteristics of articular cartilage and other soft tissues [136, 137, 153, 154, 162, 163]. 

hyperelastic transientW W Z= +
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 Biphasic models have their foundations in traditional solid and fluid mechanics [164].  

The Cauchy stress (T) of the tissue is the sum of the fluid (Tf) and solid (Ts) stress 

contributions: 

   (2.4) 

 Each point in the continuum has to satisfy the conservation of linear momentum, and 

for quasi-static situations these equations reduce to: 

 

   (2.5) 

 

 Here π represents the interaction of the solid and fluid phases of the tissue, which can 

be represented as a function of the permeability of the tissue as well as the fluid pressure 

and relative velocity of the solid and fluid phases [164].  The Cauchy stress is derived 

from any well posed constitutive model for the solid phase (hyperelastic, QLV, etc) and 

the fluid stress is that from a Newtonian viscous fluid.   

 The biphasic formulae have been applied for ultrafiltration / direct permeation 

experiments [165, 166], and have been utilized to describe the stress relaxation and creep 

behavior of soft tissues [154, 167].  This methodology was applied in Chapters 5 and 6 to 

measure the permeability and compressive response of articular cartilage and MCL using 

confined compression stress relaxation. 

= +f sT T T
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BIOMECHANICS OF GLYCOSAMINOGLYCANS 
 
 

General Considerations 

 Decorin is the most prevalent proteoglycan in ligament, making up over 90% of the 

PG content of the tissue [113].  Decorin is most likely to have a single DS side chain, 

though it can bind CS GAGs [124].  This is supported by recent work that verified 

approximately 90% of sulfated GAGs were removed from human MCL treated with 

chondroitinase B (ChB), an enzyme that selectively degrades DS [110, 131]. Populations 

of biglycan, versican and aggrecan present in the tissue contain CS, DS and KS (keratan 

sulfate) [113], but are present in very low concentrations and can vary spatially [123].   

 Sulfated glycosaminoglycans have been linked to regulation of tissue growth and 

wound healing through their PG associations [112, 124], but conflicting reports exist for 

their contributions to the mechanical integrity of ligament.  GAG mechanics in articular 

cartilage have been studied extensively due to the significant proportion of PG in the 

tissue [2, 3, 168].  It is possible that GAGs play similar roles in ligament as they do in 

cartilage, and Chapter 6 was written to directly assess the role of GAGs in the 

permeability and compressive response of ligament.  The background of this dissertation 

concludes with a discussion of the mechanical roles of sulfated GAGs in hydrated soft 

tissues. 

 
Mechanics of Glycosaminoglycans 

 
 Sulfated GAGs are highly electronegative and attract polar water molecules, making 

them important for tissue hydration [110, 112].  Cartilage is said to have a fixed charge 

density (FCD) based on GAG content, which is directly correlated to the mechanical 



  38 

properties of the tissue [169-171].  In hypotonic solutions the charge distribution imparts 

a steric repulsion along the length of the GAG chain making it a space filling molecule 

surrounded by water.  This stiffens the tissue and helps it resist compressive loading.  

Should the solution become hypertonic, GAG charge is neutralized and the chain 

becomes flexible.  With higher configurational entropy in the GAG chain, water is 

imbibed and the tissue once again stiffens as the fluid becomes hypotonic [172]. 

 The presence of GAGs and the consequent swelling pressure created by their affinity 

for water are critical in the frictional and load support characteristics of cartilage [135, 

162, 171, 173, 174].  GAGs and water create a gel-like mass within the tissue that is 

highly rate-sensitive.  Rapidly applied loads do not allow time for bound water to move 

within the tissue, creating a large interstitial hydrostatic pressure that stiffens the tissue in 

response to the deformation [135, 153, 175].   

 GAGs provide a resistance to fluid flow within the tissue, which is directly quantified 

as an increase in permeability upon removal of sulfated GAGs [136, 137, 152, 153, 162, 

163, 170, 176-179].  By retarding the flow of water, GAGs resist slowly applied loads 

which otherwise might collapse the solid matrix of the tissue.  As water eventually does 

leave the tissue, the increase in FCD as GAGs crowd one another provides a secondary 

resistance to compressive loading [174, 180]. 

 A few proposed hypotheses of ligament mechanics have been related to this hydration 

and swelling capability, including a lubrication effect in which water eases relative 

sliding of neighboring collagen fibrils/fibers during deformation [121].  GAG content is 

elevated in areas where tendon and ligament wrap around bone and experiences 

compressive loading [75, 123, 181].  It is likely that GAGs provide compressive support 
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in ligament similar to their role in fluid load support in cartilage.  Chapter 6 addresses 

this question directly by selective degradation of GAGs and quantification of changes in 

the ligament permeability transverse to the collagen fiber axis. 

 The decorin PG has also been shown to play developmental roles that affect the 

mechanics of collagen based tissues.  The absence of decorin PGs during the maturation 

of genetically modified decorin knock-out mice has resulted in irregularly formed 

collagen fibrils that are erratically spaced, leading to mechanically inferior connective 

tissues [102, 182, 183].  Tendons from knock-out mice underwent faster and greater 

stress relaxation than their native counterparts, suggesting decorin deficiency disrupts 

normal mechanical development of fibrillar collagen [183].  These changes may have 

obscured the impact of PG/GAG deficiency by developmental compensation, where other 

structural proteins or PGs were up-regulated to counter the decorin deficiency [184]. 

 Decorin and DS GAGs have also been proposed to directly link adjacent collagen 

fibrils.   Decorin binds to the surface of collagen fibrils at regular intervals of the D-

period between adjacent tropocollagen molecules [116-119].  This binding site allows the 

single DS/CS chain to be exposed to the interfibrillar space.  With conformational 

flexibility and self-association of GAG aggregates in physiologic solution [110, 185-187] 

a number of crosslinking mechanisms have been put forth.  

 The GAG side chain of decorin has been described as forming interfibrillar 

proteoglycan bridges with GAGs on adjacent collagen fibrils [188, 189].  The bridges 

have been suggested to play a direct role in the mechanical integrity of tendons [190, 

191].  The interfibrillar bridges are proposed to elastically sustain mechanical stresses 

through a reversible longitudinal slippage/brushing model [104, 189].  These models 
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suggest the GAG bonds would break and reform bonds with other GAGs/PGs as the 

neighboring collagen fibrils move relative to one another.  Recent research has attempted 

to quantify mechanical interactions in the collagen-decorin-DS bond chain [191].  Liu et 

al. showed the GAG-GAG association to be the weakest link, overcome by strong 

attractive forces between the decorin core protein and tropocollagen molecule, and 

weaker still than the decorin-DS bond at the protein-GAG interface, supporting the 

mechanism of the longitudinal slippage models.  

 A variation of the slippage model was described in which the GAG/PG bonds 

between fibrils were not able to break and reform [192].  Simple tensile deformation 

caused relative shearing of the GAG bonds as fibrils slid past one another.  GAGs 

resisted the motion up to axial strains on the order of 1100% of their initial length.  The 

energy stored as a function of the bond stretching acted as a restorative force.  These 

descriptions of GAG linking mechanisms may provide a foundation for the large 

Poisson’s ratio detected during axial deformation of ligament.  GAGs may impart direct 

mechanical forces onto the collagen fibrils/fibers and compound the lateral contraction 

normally present in the matrix through geometric effects. 

 The tendon study recognized that the assumption of an orthogonal GAG population 

may generate misleading results.  Should a significant percentage of GAGs not assume 

perfectly orthogonal orientations, the contribution of each GAG to the overall force 

transfer would be a function of their relative orientation.  Rather than evenly distributing 

the force, some GAG aggregates would be subject to tensile loads many times greater 

than their bond strength, while others would be placed in compression or bending and 

may not resist the deformation.  Only a detailed understanding of their distribution and 
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orientation could assist the model.  Investigators qualitatively described DS GAGs as 

oriented orthogonal to collagen fibrils in various connective tissues [118, 189, 193-198].  

Quantitative data for GAG spatial distribution and orientation in ligament are the subject 

of Chapters 3 and 4. 

 Most recently, work on the continuum level mechanics of ligament showed that 

enzymatic digestion of sulfated GAGs could not affect a change in tissue behavior to 

tensile or shear deformations [131, 138].  Removal of DS GAGs did not significantly 

influence the peak stress or nonlinearity of the quasi-static stress-strain curve in human 

MCL samples treated with ChB [131].  This indicated the equilibrium properties were 

unaffected by the removal of DS GAGs from mature native tissues.  Subsequent 

viscoelastic testing of human MCL also could not detect a significant change in the 

dynamic modulus, phase shift or stress relaxation of the tissue when treated with 

chondroitinase ABC (ChABC) selectively targets DS and CS GAGs [110]) [138].  

Similar results are seen in tendon for the elastic and viscoelastic responses [199-202]. 

 This dissertation focuses on two aspects of GAG mechanics, namely their distribution 

within the ligament and their potential to resist compressive deformation in the tissue.  

The following chapters describe the experiments and findings of work with human and 

porcine MCL, continuing the research line of Lujan et al. [131, 138] which utilized 

chondroitinases to discern the impact of GAGs on the continuum level mechanics of the 

tissue. 
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CHAPTER 3 
 
 

SPATIAL DISTRIBUTION AND ORIENTATION OF DERMATAN SULFATE IN  
 

HUMAN MEDIAL COLLATERAL LIGAMENT1 
 
 

ABSTRACT 
 
 

 The proteoglycan decorin and its associated glycosaminoglycan (GAG), dermatan 

sulfate (DS), regulate collagen fibril formation, control fibril diameter and have been 

suggested to contribute to the mechanical stability and material properties of connective 

tissues.  The spatial distribution and orientation of DS within the tissue are relevant to 

these mechanical roles, but measurements of length and orientation from 2D transmission 

electron microscopy (TEM) are prone to errors from projection.  The objectives of this 

study were to construct a 3D geometric model of DS GAGs and collagen fibrils, and to 

use the model to interpret TEM measurements of the spatial orientation and length of DS 

GAGs in the medial collateral ligament of the human knee.  DS was distinguished from 

other sulfated GAGs by treating tissue with chondroitinase B, an enzyme that selectively 

degrades DS.  An image processing pipeline was developed to analyze the TEM 

micrographs.  The 3D model of collagen and GAGs quantified the projection error in the 

2D TEM measurements.  Model predictions of 3D GAG orientation were highly sensitive 

to the assumed GAG length distribution, with the baseline input distribution of 69 ± 23 

                                                 
1   Reprinted from Journal of Structural Biology, Vol. 158, No. 1. Henninger, H.B., Maas, S.A., 
Underwood, C.J., Whitaker, R.T., Weiss, J.A., “Spatial Distribution and Orientation of Dermatan Sulfate 
in Human Medial Collateral Ligament”, pp: 33-45, 2007, with permission from ELSEVIER 
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nm providing the best predictions of the angle measurements from TEM micrographs.  

The corresponding orientation distribution for DS GAGs was maximal at orientations 

orthogonal to the collagen fibrils, tapering to near zero with axial alignment.  Sulfated 

GAGs that remained after chondroitinase B treatment were preferentially aligned along 

the collagen fibril.  DS therefore appears more likely to bridge the interfibrillar gap than 

non-DS GAGs.  In addition to providing quantitative data for DS GAG length and 

orientation in the human MCL, this study demonstrates how a 3D geometric model can 

be used to provide a priori information for interpretation of geometric measurements 

from 2D micrographs. 
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INTRODUCTION 
 
 

Ligaments are collagen based tissues that resist abnormal joint motions by connecting 

bone to bone.  Ligament is approximately 70% Type I collagen by dry weight [1], with 

the balance of the hydrated tissue consisting of “ground substance”, which is a gel-like 

mixture of proteins, proteoglycans (PGs), glycosaminoglycans (GAGs), and water 

surrounding the ordered collagen fibrils.  GAGs in ligament constitute 0.2-5.0% of the 

total dry weight [2, 3].  Although only a small percentage of tissue, understanding the 

distribution and structural organization of GAGs in ligament may shed light on the role of 

these important molecules. 

 Decorin, a small leucine-rich PG, has been demonstrated to play diverse roles in 

connective tissues, ranging from regulation of collagen fibril formation [4] to affecting 

the mechanical properties of the tissue [5, 6].  Decorin is the most prevalent PG species in 

ligaments in terms of molar quantity [7] and it localizes to (or “decorates”) the surface of 

collagen fibrils in a repeating fashion [8].  The decorin core protein is thought to be either 

a horseshoe- or banana-shaped molecule and to straddle a single collagen triple helix, 

binding every 67 nm along the fibril surface at the D-period band gap in the 

tropocollagen quarter-stagger pattern [9-11].  The exact 3D conformation of decorin, 

including whether it functions as a monomer or dimer, remains a subject of debate [9, 12-

14].  Depending on the tissue, either a single dermatan sulfate (DS) or a single 

chondroitin sulfate (CS) GAG side chain is covalently bound near the amino terminus of 

the decorin core protein [15].  This binding site allows a single DS chain to be exposed to 

the interfibrillar space.  Conformational flexibility within the iduronate residues along the 

DS backbone may yield the flexibility to align the GAG in many possible orientations 
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with respect to the collagen fibril [16, 17].  DS chains can self associate under 

physiological conditions, containing up to ten or more individual GAG chains as an 

aggregate [17, 18].  It should be noted that the biglycan PG, although significantly less 

prevalent than decorin in ligament [7], contains two GAG side chains, either DS and/or 

CS [19]. 

 The GAG side chain of decorin has been described as forming interfibrillar 

proteoglycan bridges by aggregation of GAG chains from adjacent collagen fibrils [20, 

21] and the bridges have been suggested to play a direct role in the mechanical integrity 

of tendons [22-24].  The interfibrillar bridges have been proposed to elastically sustain 

mechanical stresses in fibrous collagen based tissues through a reversible longitudinal 

slippage model [21].  Within that model, GAG chains may act as a lubricant between 

adjacent collagen fibrils, cushioning compressive forces [12].  Recent research has 

attempted to quantify mechanical interactions in the collagen-decorin-DS bond chain 

[24].  Liu quantified the GAG-GAG association to be the weakest link, overcome by 

strong attractive forces between the decorin core protein and tropocollagen molecule, and 

weaker still than the decorin-DS bond at the protein-GAG interface, supporting the 

mechanism of the longitudinal slippage model. 

 Although DS GAGs have been qualitatively described as oriented roughly orthogonal 

to collagen fibrils in various tissues [11, 21, 25-30], quantitative data for their spatial 

distribution and orientation in any connective tissue are unavailable.  Further, although 

other species of large sulfated GAGs have been shown interspersed between and along 

the collagen fibrils [27, 28, 30], the relative proportions and species of sulfated GAGs at 

each orientation have yet to be determined.  Understanding how GAGs are oriented and 
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distributed with respect to collagen fibrils has implications ranging from tissue modeling 

to gaining a broader understanding of molecular level material symmetries and 

mechanics.   

 To date, existing models of GAG mechanics within fibrous connective tissues have 

assumed perfectly orthogonal GAG symmetry with respect to neighboring collagen fibrils 

[22].  Measurements of three-dimensional (3D) GAG orientation are complicated by the 

fact that the primary method of viewing has been with two-dimensional (2D) TEM 

micrographs.  When GAG structure and orientation are examined in 2D TEM 

micrographs, information is lost.  The viewer is unable to tell if a GAG is leaving the 

viewing plane or is contained wholly within the preparation, if a GAG overlaps another 

in the viewing plane, or the exact three dimensional orientations with respect to the 

neighboring collagen fibrils. 

 The objectives of this study were to quantitatively determine the quantity, length and 

3D orientation of DS GAGs in the human medial collateral ligament (MCL).  To achieve 

this goal, we created a 3D geometric model of sulfated GAGs interspersed within an 

array of collagen fibrils, and used this model to interpret measurements of apparent 

quantity, length and orientation from 2D TEM images.  Digestion with Chondroitinase B 

(ChB, an enzyme that specifically degrades DS) was used to distinguish DS GAGs from 

non-DS GAGs.  Custom image processing software was written to allow reliable 

segmentation of stained GAGs in 2D TEM images. 
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METHODS 
 
 

Collagen / GAG Model Inputs 

 A 3D geometric model of collagen and GAGs in tendon and ligament was created 

using parameters for collagen fibril diameter, fibril area (cross-section), GAG length, and 

GAG distribution.  It should be noted that when DS GAGs are described in the models 

and 2D TEM images, these structures are likely aggregates of at least two GAGs.  

Collagen fibril diameter varies by tissue but not necessarily by species [31].  

Measurements of collagen fibril diameter from various tendons and ligaments place the 

range from 50 nm to 200 nm and measurements of the ratio of collagen cross sectional 

area to total transverse cross sectional area range from 40-70% [31-36].  In the baseline 

model, collagen fibrils were assigned a diameter range of 90-110 nm and collagen area as 

a proportion of total transverse cross sectional area was targeted at 50-65%. 

 A study of decorin PGs using rotary shadowing electron microscopy provides 

realistic measurements of their 3D length.  Decorin PGs from bovine tendon were 

isolated onto a fixed plane before imaging [37].  Small single GAG chain PGs, likely 

decorin, assumed a near-Gaussian length distribution with a mean of 69 ± 23 nm.  The 

core protein appeared to be only a small fraction of the overall length.  This profile of 

GAG lengths was used in the baseline geometric model to represent the DS population in 

ligament. 

 The spatial distribution of GAGs in the model was quasi-random with respect to the 

collagen fibrils.  GAG angle was not constrained, rather GAGs were allowed to project 

from collagen fibrils at any angle so long as they did not occupy the space taken up by 

another GAG or a collagen fibril. 
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Collagen / GAG Model Generation 

 Given the parameters stated previously, a highly controllable and repeatable 3D 

computer model of a 3D collagen/GAG matrix was programmed using C++.  Collagen 

was generated in a quasi-hexagonal packing scheme, using a “jitter” parameter to 

introduce deviations from perfect crystalline organization.  A seed (random number) 

created a unique collagen pattern and therefore a unique GAG distribution.  Any given 

model could be repeated by using the same seed.  An executable version of the software, 

which runs under the Microsoft Windows XP operating system, is available for download 

in the Supplementary Material section on the Journal web page. 

 GAG length in the 3D geometric model was varied as defined by an input distribution 

(mean ± standard deviation).  D-period bands were labeled every 67 nm along the length 

of the collagen fibrils and their location was not dependent on bands of neighboring 

fibrils.  GAGs were generated by first choosing a collagen fibril and D-period band, then 

projecting a GAG from the band at an angle such that the GAG linked to another D-

period band on a neighboring fibril.  This construction is consistent with the often 

hypothesized aggregation of GAG chains from adjacent fibrils to create interfibrillar 

crosslinks.  GAGs were not allowed to pass through the space occupied by other GAGs 

or collagen fibrils (Figure 3.1A). 

 
Creation of 2D Synthetic TEM Micrographs from the 3D Geometric Model 

 
 A sectioning volume was created in the software to simulate the thickness of our 

TEM preparations (70 nm).  The sectioning plane could be centered at any point into the 

depth of field of the model.  A clipping mode allowed the user to turn off display of the 

collagen fibrils and GAGs outside the sectioning plane to visualize the GAG geometries 
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within the plane (Figure 3.1B).  A projection feature was used to create synthetic two-

dimensional TEM micrographs by projecting the three-dimensional GAGs within the 

sectioning plane to the viewing plane (Figure 3.1C). 

 Outputs from the software included GAG angle with respect to collagen fibrils and 

GAG length.  These data were available for the entire 3D volume, within a 3D sectioning 

volume, and for the 2D projection planes.  The synthetic two-dimensional TEM 

micrographs were saved for later processing.  For the baseline model, 30 sectioning 

planes were analyzed. 

 

 

 

 

Figure 3.1.  Three dimensional geometric model of a collagen and GAG matrix.  Panel A 
– Example of a collagen matrix volume generated with GAGs dispersed throughout.  The 
range of collagen fibril diameters and spacing are exaggerated to assist visualization.  
Panel B – A representative sectioning plane from the matrix in Panel A.  GAGs within 
section plane are still three dimensional, but collagen and GAGs outside the section have 
been removed for clarity.  Panel C – Two dimensional projection of the three dimensional 
sectioning plane.  Note that discrete GAGs in three dimensions sometimes appear to 
overlap one another and appear shorter than their three dimensional length.  Model and 
sectioning plane are 1300 x 1300 nm, simulating overall dimensions of a TEM image.  
Arrow denotes viewing plane from which measurements were taken.  Scale bars = 200 
nm. 
 

CA B
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Model Sensitivity Studies 

 Sensitivity studies were conducted to test the relative impact of the input parameters 

to the 3D geometric model on the resultant GAG geometries.  Seed number (9 different 

values), range of collagen diameter (70-90, 110-130, 70-130 nm), GAG length (means of 

50, 100 and 250 nm), and GAG concentration (3 different values) were varied from the 

values used in the baseline model.  Thus a total of 19 different models were analyzed.  

Thirty sectioning volumes were captured from each of the 19 models and their GAG 

angle/length data and an image of each two dimensional projection were saved to files.  It 

is important to note that GAG concentration merely scales the model outputs.  As such, 

all data were normalized for comparative purposes. 

 
Tissue Sample Selection 

 
 Five human knees were obtained from 5 separate donors (age 47-64, median 53).  

Specimens remained frozen until the time of dissection.  Knees were allowed to thaw and 

were dissected free of fat and extraneous soft tissue.  Knees with surgical scars, ligament 

injury or cartilage degeneration characteristic of osteoarthritis were eliminated.  The 

medial collateral ligament (MCL) was removed at both the femoral and tibial insertion 

sites and fine dissected to remove any overlying fascia.  The ligaments were kept 

hydrated with normal saline throughout the tissue isolation.  Bulk tissue was trimmed to 

remove four samples from the mid-substance of each MCL. 
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Glycosaminoglycan Digestion 

 To isolate DS proteoglycans from other sulfated proteoglycans, enzymatic treatment 

with chondroitinase B (ChB) was performed on two of the four samples (randomly 

chosen) from each MCL, while the other two samples were used as controls.  ChB 

specifically degrades DS [18].  All samples were equilibrated for one hour in 15 mL of 

buffer (20 mM Tris pH 7.5, 150 mM NaCl, 5 mM CaCl2) and with 1 tablet of Mini-

Complete protease inhibitor (Roche) per 10 ml of buffer.  Following the 1 hour 

equilibration, the control samples were soaked in 15 ml of the same buffer, without 

protease inhibitors, for six hours at RT.  The enzymatic treatment group was soaked in 15 

ml of the same buffer with 1.0 U/ml of ChB, and then soaked in a stop buffer to inhibit 

further ChB activity (20 mM Tris pH 7.5, 150 mM NaCl, 10 mM EDTA).  EDTA 

sequesters residual calcium and inhibits ChB activity, as it is a calcium dependent 

enzyme [38].  All buffer treatments were performed with gentle agitation using an orbital 

shaker.  To obtain sufficient enzyme for use in this study, ChB was cloned in 

Flavobacterium heparinium as previously described [39].   

 
Specificity of Chondroitinase B 

 
 The specificity of ChB for DS was verified by incubating stock solutions of sulfated 

GAGs found in ligament with ChB and then quantifying the concentration of the GAGs 

using an improved 1,9-dimethylmethylene blue (DMB) assay [40].  Individual reactions 

(30 μl, n=6 for each condition) were set up containing 1.0 U/ml ChB and 500 μg/ml of 

purified GAG (DS, chondroitin sulfate A and C, heparin sulfate, or keratin sulfate).  

Control reactions were set up containing GAGs and buffer only (20 mM Tris-HCl (pH 

7.5), 150 mM NaCl, and 5 mM CaCl2).  Reactions were allowed to proceed for six hours 



  70 

at RT.  GAG concentrations were then quantified using the DMB assay.  Five microliters 

of each reaction (diluted 2 fold) were transferred to a 96 well plate in duplicate, along 

with GAG standards.  Two hundred microliters of dimethylmethylene blue reagent were 

added to each well, and the absorbance was immediately read in a plate reader (Synergy 

HT, Biotek) at 530 and 590 nm.  GAG concentrations were expressed as a percentage of 

control reactions. 

 
Chondroitinase B Activity and Removal of Dermatan Sulfate 

 
 One control and one ChB treated sample from each knee were used to verify the 

removal of DS using the DMB assay.  Samples were lyophilized overnight and dry 

weights were obtained.  The samples were then incubated with 20 volumes (based on dry 

weight) of papain buffer for 4 hours at 60oC until the tissue was completely digested.  

Papain buffer consisted of 50 µg/ml papain, 50 mM sodium acetate pH 5.5, 2 mM 

dithiothreitol, and 2 mM EDTA.  Each extract was divided into a control and a ChB 

group.  Twenty five microliters of extract were mixed with 25 μl of 2X ChB buffer 

consisting of 0.1 U/ml ChB, 30 mM Tris pH 8.1, 10 mM NaCl, 25 mM acetate buffer, 

and 5 mM CaCl2.   Control reactions contained the same buffer but lacked ChB.  DS 

digestion was allowed to proceed for 2 hours at RT.  Total GAG content was quantified 

using the DMB assay in 96 well plates as described previously.  The DS content of the 

papain extracts was calculated by subtracting the amount of GAG in the extract treated 

with additional ChB from that of the extract treated with additional buffer only. 
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Transmission Electron Microscopy 

 The remaining control and ChB treated specimens from each knee were used for 

transmission electron microscopy (TEM).  TEM allows the visualization of sulfated 

GAGs by selectively targeting them with an electron dense stain [25, 41].  Tissue was 

fixed in 4% paraformaldehyde with 2% glutaraldehyde overnight at 4°C with agitation.  

Twenty micron sections along the sagittal plane of the ligament were obtained on a 

cryostat (Leica CM3050S, Exton PA) at -25°C.  Sections were mounted on slides, fixed 

for 30 minutes (2.5% glutaraldehyde, 25 mM sodium acetate, pH 5.8) and stained at 

critical electrolyte concentration (CEC) with 0.05% Cupromeronic Blue (CB) (2.5% 

glutaraldehyde, 25 mM sodium acetate, 0.1 M MgCl2, 0.05% CB, pH 5.8) for three hours 

at 37°C.  At CEC, the CB selectively binds to sulfated GAGs, acting as a scaffold to 

support the native conformation of the molecule while reducing translocation of the 

molecules during further processing [42].  Slides were contrasted for 30 minutes in 0.5% 

aqueous sodium tungstate to amplify the electron density of the CB scaffold.  Specimens 

were then dehydrated through graded ethanol and encapsulated using Spurr’s resin.  

Ultrathin sections (~70 nm) were obtained via ultramicrotome (Leica Ultracut UCT, 

Exton PA) with a diamond knife (Diatome 45°, Hatfield PA) and ribbons were floated 

onto 135 Hex copper grids.  Grids were contrasted in aqueous uranyl acetate to visually 

enhance the collagen fibrils. 

 Digital images were collected on a Hitachi H7100 TEM with a LAB6 filament.  

Fields of view were selected at low magnification (1,000-5,000x) where intact areas of 

ligament were visible in the microscopic field.  Edges of tissue and areas with fine 

sectioning artifacts were avoided.  Magnification was amplified to 50,000x, the 
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microscope was focused, and an image was collected with the integrated CCD camera.  A 

minimum of five digital images were captured from different areas of tissue on a single 

grid so that an average GAG distribution could be obtained for each sample. 

 
Image Processing 

 
 To locate GAGs in the 2D TEM micrographs and to determine their apparent length 

and apparent orientation with respect to the local collagen fibrils, an image processing 

software pipeline was developed in Matlab using functions in the Image Processing 

Toolbox (Mathworks, Natick, MA).  The Matlab input file is available for download as 

Supplementary Material on the Journal web page.  The collagen fibril axis was 

determined by interactively digitizing four vectors along the predominant fibril axis using 

ImageJ (National Institutes of Health).  The average angle of the collagen fibrils with 

respect to the horizontal was saved to a data file. 

 A series of morphological operations were used to eliminate background noise and 

reduce each detected sulfated GAG to a branched binary wireframe element, one pixel 

wide (Figure 3.2).  It should be noted that sulfated GAGs are likely aggregates of smaller 

GAG chains [17, 18].  Branched GAGs are therefore either GAGs projecting off the 

predominant chain of the main GAG aggregate or two or more GAGs overlapping 

through the thickness of the specimen.  As these scenarios could not be discerned using 

two dimensional data, branches were broken from the main chain keeping only the 

longest continuous chain of pixels to represent the GAG.  A size filter was applied to 

remove extremely small objects (≤10 nm).  These small objects were typically residual 

noise artifacts or GAGs exiting the viewing plane directly.  In either case, such small 

units are subject to error in orientation processing and thus eliminated from all images. 
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 Once wireframe elements were isolated, a principal component analysis was 

performed on the coordinates of the pixels of each object.  This yielded a covariance 

matrix that was then transformed into the eigenvectors of the GAG.  Taking the 

maximum eigenvector of each object as the definition of its orientation, the vectors 

associated with the GAGs were compared to the collagen fibril direction and a unique 

angle was quantified for each GAG with respect to the collagen fibril axis. 

 The synthetic 2D TEM images from the 3D geometric model were analyzed with the 

same image processing pipeline.  Therefore, analysis of the simulation data was subject 

to the same overlap, branching, and length errors found in TEM images.  Output data 

from simulation sections was the same as TEM data, including GAG lengths and 

orientations with respect to local collagen direction.   

 

 

 

Figure 3.2.  Demonstration of the image processing procedure.  Panel A – Portion of 
sample image (stained GAGs circled).  Panel B – Sample image after filtering.  Panel C – 
Convolved binary image.  Panel D – Wire frame representation used to calculate 
orientation unit vectors (arrows) (collagen fibril axis: large arrow, Panel A).  As dermatan 
sulfate is a single polysaccharide chain, branched wire frame objects were broken and 
only the longest continuous chain was retained.   Bar = 50 nm. 
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Statistical Analysis 

 Data from the geometric models were analyzed using ANOVA with Tukey post-hoc 

tests.  Data for GAG orientation with respect to collagen fibrils and GAG length data 

were collapsed into discrete bins (0-10°, 11-20°, etc) and histograms were generated.  

The overall number of GAGs in a simulation section and the number of GAGs at each 

angle and length bin were compared between and within models.  Significance was set at 

α = 0.05. 

 Results from TEM image measurements were analyzed with Kolmogorov-Smirnov 

(KS) tests to assess normality of data distribution.  Parametric statistical analyses were 

preferred, but in cases with small sample sizes and/or non-normal distribution per the KS, 

non-parametric alternatives to the parametric tests were chosen.   Significance for all tests 

was set at α = 0.05.  Independent t-tests were used to detect significant changes in the 

overall number of GAGs for the DMB assays as well as the image processing runs.  Data 

for GAG orientation with respect to collagen fibrils were collapsed into discrete angle 

bins (0-10°, 11-20°, etc) and histograms were generated.  Independent t-tests were used 

to detect significant changes in the total number of GAGs at each individual angle bin 

between control and ChB treated groups.  Control and treated images for individual knees 

were compared using the Mann-Whitney U due to non-normal data distributions. 
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RESULTS 

 
3D Geometric Model and Sensitivity Studies 

 The average collagen radius for the baseline model was 92.5±0.89 nm, with a 

collagen cross sectional area ratio of 63.3±1.6%.  The seed number had no significant 

effect on GAG quantity, length, or orientation between or within models (all p-values 

≥0.125).  Based on this finding, the results of the ten models examining seed number 

were averaged to create a master baseline model. 

 Results for GAG angle with respect to the collagen fibril from the geometric models 

were plotted as a histogram (Figure 3.3A).  The true 3D orientation of the GAGs had very 

few coaxially aligned GAGs (0-10°) but increased linearly towards orthogonal 

orientations (81-90°).  The alignment of GAGs occupying the sectioning volumes, 

measured with respect to the viewing plane, showed a higher percentage at coaxial 

orientations, but a nearly linear increasing trend towards orthogonal orientations.  The 

orientations in 2D of GAGs projected onto the viewing plane were determined using the 

TEM image analysis algorithm.  These GAGs were also measured with respect to the 

viewing plane and showed higher concentrations at coaxial orientations, but did not begin 

to increase in number until near orthogonal orientations (51-60°), creating a bowl-shaped 

distribution. 

 GAG length was plotted as a histogram (Figure 3.3B).  The true 3D orientations of 

the GAGs in the baseline geometric model exhibited a nearly Gaussian distribution, 

centered at 69 nm.  This result is consistent with the input parameter to the baseline 

model.  The apparent lengths of GAGs occupying the sectioning volumes, measured with 

respect to the viewing plane, were shorter due to projection.  The lengths decayed 
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steadily from a maxima at the shortest measurement of 11 nm.  The lengths of GAGs 

projected onto the viewing plane were determined using the TEM image analysis 

algorithm and also exhibited a minima at the shortest length.  The profile decayed 

exponentially with increasing GAG length. 

 Changes to collagen diameter and GAG concentration had no significant effect on the 

GAG length or orientation distributions (all p-values ≥ 0.125).  In contrast, changing the 

GAG length distribution had a dramatic effect on the GAG orientation and length profiles 

and magnitudes (all p-values ≤0.05).  Figures 3.3C and 3.3D show the angle and length 

predictions for two different GAG length input distributions (50, 100 nm).  With respect 

to angle (Fig 3.3C), when the prescribed GAG length input distribution was shortened, 

larger orthogonal populations and smaller coaxial populations of GAGs were created.  

Increased input GAG length had the opposite effect, increasing the entire angle 

distribution, especially coaxial orientations.  Apparent GAG length showed similar trends 

(Fig 3.3D).  Decreased input GAG length shifted the normal distribution and created a 

steeper exponential decay in image processed data.  In contrast, increased input GAG 

length flattened the decay resulting in an apparently longer GAG population. 
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Figure 3.3.  GAG orientation and length from 3D model data.  Panel A – In the 3D 
geometric volume, very few GAGs are coaxial, with numbers increasing towards 
orthogonality.  GAGs contained in the section volume (3D Model sections) exhibit higher 
percentages of coaxial GAGs, but still trend towards orthogonality.  This is due in part to 
interpolation error of the GAG angle as it is projected onto a plane.  Two dimensional 
images after image processing take on a slightly inverse Gaussian distribution, but still 
trends towards orthogonality.  Panel B – GAG length distribution in the 3D model 
volume is centered at the input parameter (69 ± 23 nm) in length.  After projection of the 
section volume, the apparent GAG lengths are shorter.   GAG lengths after image 
processing fall off much more steeply due to size filtering in the image processing 
algorithm.  The difference in profile before and after processing arises from the clipping 
artifact when GAGs are not fully contained within the section.  Panel C – Sensitivity of 
GAG orientation to changes in GAG length parameters.  Panel D – Sensitivity of 
measured GAG length to changes in GAG length parameters.  Increasing or decreasing 
the GAG length parameter causes the shape and relative magnitudes of both the 3D 
geometric model and 2D images to shift from baseline (Panel A vs. Panel C, Panel B vs. 
Panel D). 
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Specificity of Chondroitinase B for Dermatan Sulfate 
 

 ChB treatment reduced the DS standard by 77% (Figure 3.4A) but had no significant 

effect on chondroitin sulfates A or C, heparin sulfate, or keratin sulfate (p<0.001).  ChB 

is only capable of degrading the iduronic acid containing portions of the DS stock GAG 

[43, 44].  The balance of undigested DS stock solution is likely the portions of the DS 

GAGs that contained glucuronic acid. 

 
Dermatan Sulfate Reduction in Ligament 

 
 Control specimens contained roughly 1.5±0.5 µg of DS per milligram of tissue dry 

weight (Figure 3.4B).  Treatment with ChB significantly reduced the DS content by over 

93% (p<0.001).  The DS content of the samples was calculated as the amount of GAG in 

the papain extracts that is digestible with ChB.  The difference in percent reduction of DS 

in ligament compared to stock solution concentration of DS arises from differences in 

normalization. 

 
Figure 3.4.  Effect of Chondroitinase B treatment on GAG solutions and ligament.  Panel 
A – ChB (1.0 U/mL) was incubated with GAGs (500 μg/ml) for 6 hours.  GAG 
concentration was determined using the DMB assay.  Concentrations were normalized to 
control reactions, which did not contain ChB.  DS: dermatan sulfate; CsA,C: equal 
mixture of chondroitin sulfates A and C; HS: heparin sulfate; KS: keratin sulfate.  N = 6, 
Bars = std. dev.  Panel B – Reduction in DS concentration was 93.3% (p<0.001).  DS 
content was normalized to dry weight of the specimen. N = 5, Bars = std. dev. 
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Transmission Electron Microscopy 

 Images of control tissue collected via TEM exhibited typical Cupromeronic Blue 

staining of sulfated GAGs [21, 25, 29] (Figure 3.5A).  The apparent orientation of the 

stained GAGs was predominantly orthogonal and coaxial to the fibrils, although 

orientations were distributed in between these extremes as well.  The apparent GAG 

length in control images ranged from approximately 10 nm up to 400 nm in the most 

extreme cases (mean 31±22 nm).  In general, the extremely long GAGs were found along 

collagen fibrils in the interfibrillar space between adjacent fibrils.  Spacing between 

neighboring sulfated GAGs was observed in the expected range of the D-period band 

gap, roughly 60-70 nm [8, 11, 29].  Treatment with ChB reduced the overall number of 

stained sulfated GAGs by 86% (p<0.001) (Figure 3.5B).  GAGs visible after ChB 

digestion were generally longer than those in control images and preferentially aligned 

coaxial to the collagen fibrils (mean 45±13 nm, range 10-350 nm).   

 

 

Figure 3.5.  Representative TEM images of medial collateral ligament stained with 
Cupromeronic Blue (large arrow denotes collagen fibril direction).  Panel A – Control 
tissue with darkly stained sulfated GAGs.  Panel B – Tissue treated with Chondroitinase 
B.  Note the decrease in the number of fibril spanning sulfated GAGs and the preferred 
orientation of remaining GAGs along the collagen fibril direction.  Bar = 200 nm. 
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Orientation of Sulfated GAGs via Image Processing 

 The apparent angular orientation of sulfated GAGs with respect to collagen fibrils 

was significantly altered by ChB treatment (Figure 3.6).  The control tissues exhibited an 

inverse Gaussian distribution with relative peaks at coaxial (0-10°) and orthogonal (80-

90°) orientations (median angle = 47.0°) (Figure 3.6A).  After ChB treatment, the 

apparent orientation of the remaining (non-DS) stained GAGs shifted to a positively 

skewed distribution (median angle = 19.7°) and showed a significant decrease in the total 

number of stained GAGs (p<0.001). 

 Control and treated GAG orientation profiles were compared for each discrete angle 

bin.  Across all knees, coaxial orientations showed a significant 69% decrease in the 

number of GAGs after treatment with ChB (p<0.001).  The percentage increased linearly 

with angle towards a 96% reduction at orthogonal orientations.  Analysis of the GAG 

reduction by angle bin in individual knees showed a similar trend.  Of the five knees 

examined, four knees exhibited a significant decrease in all angle bins (p<0.001).  The 

final knee showed significant decreases in the number of GAGs in all angle bins except 

one, the coaxial orientation (p<0.001 and p=0.81 respectively). 

 The apparent orientation of DS with respect to collagen fibrils was derived by 

subtracting the treated distribution profile from the control distribution profile (Figure 

3.6B).  DS alone exhibited a less dramatic inverse Gaussian distribution than control 

samples.  DS distribution was negatively skewed (median angle = 55.0°) with a minor 

peak at coaxial alignment and a predominant peak at orthogonal orientations.  From this 

profile it was estimated that nearly 60% of DS GAGs are oriented at angles greater than 

45° with respect to collagen fibrils.  
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Figure 3.6.  Distribution of sulfated GAG angles with respect to collagen fibril 
orientation.  Panel A – Sulfated GAGs in control images exhibit an inverse Gaussian 
distribution (median 47.0°) with relative peaks at coaxial (0-10°) and orthogonal 
orientations (81-90°). Non-dermatan sulfate GAGs shift to a positively skewed coaxial 
alignment (median 19.7°).  Treatment with ChB resulted in an 86% reduction in the 
number of sulfated GAGs (p<0.001).  GAGs were significantly reduced by a minimum of 
69% (coaxial) up to roughly 95% at orthogonal orientations (p<0.001).  Panel B – 
Distribution of dermatan sulfate angle with respect to collagen fibril orientation.  
Dermatan sulfate exhibited an inverse Gaussian distribution (median 55°) trending from a 
minor peak at coaxial orientation to a predominant peak at orthogonal orientation.  N=5, 
error bars = standard deviation. 
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DISCUSSION 
 
 

 Interpretation of the results from the analysis of the 3D baseline geometric model 

provides an understanding of the errors in measurement of apparent length and 

orientation from 2D TEM micrographs due to projection.  The stained GAGs in 2D TEM 

micrographs may be oriented so that they leave the plane of section.  Measurement of the 

2D in-plane GAG length underestimates the true length by some factor of the cosine of 

the through-thickness angle with respect to the plane.  Also, TEM sections are simply 

slices through native tissue without regard to the position of the structure in the depth of 

field.  Without a priori knowledge of the underlying geometric structure, one cannot 

presume to know which stained GAGs were cleaved in the sectioning process and which 

were contained wholly within the preparation.  Modeling the collagen/GAG geometry in 

3D provides the necessary a priori information to interpret the 2D TEM image data.  As 

shown in Figure 3.3, the distributions of apparent GAG angle and length change when the 

image data are projected to two dimensions.  The apparent number of GAGs aligned at 

coaxial orientations increases dramatically after 2D projection, both in simple projection 

and after image processing of the planar projection (Figure 3.3A).  Since the true 

orientation of the GAG population was much more orthogonal than coaxial as shown by 

the volume data (Figure 3.3A, filled triangles), this is an artifact.  Within the entire 

volume, GAG angle was measured with respect to the collagen fibril from which it 

originated.  A GAG extending from a fibril parallel to the viewing plane would retain the 

true angle since projection simply maps it onto the viewing plane (Figure 3.7A).  In 

contrast, a GAG extending from a fibril toward the viewing plane would appear more 

vertical with the respect to the viewing plane (Figure 3.7B).  Therefore the projection 
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error is primarily due to the orientation of GAGs relative to the viewing plane rather than 

their orientation with respect to the collagen fibril. 

 When the lengths of GAGs in the 3D geometric model were analyzed, the GAG 

length distribution was as described by the input parameter in a nearly Gaussian profile 

(Figure 3.3B, filled triangles).  Projection onto a 2D plane significantly shortened the 

apparent GAG lengths until their maxima was at the shortest measurable length (Figure 

3.3B, open circles).  Further image processing of the projected planar image intensified 

this effect, creating a maxima at the shortest length and an exponential decay in 

frequency with increasing length (Figure 3.3B, filled circles).  In order to reduce noise 

artifacts in measures of angle and GAG length in TEM images, a size filter is applied to 

remove any GAGs below 10 nm since they are more prone to misinterpretation against 

background noise. 

 

 

Figure 3.7.  Schematic of errors in measurement of apparent orientation and length due to 
projection onto a viewing plane.  Panel A – Collagen fibril with a GAG parallel to the 
viewing plane.  When projected, the GAG length and orientation in the 2D plane will 
reflect the true length (Y) and true angle (α) with respect to the fibril.  Panel B – Rotate 
the same collagen fibril and GAG 90° so the GAG is extended into the viewing plane.  
The GAG has the same length and angle in three dimensions, but the projected length and 
orientation are shorter (y) and more coaxial (β) with respect to the fibril. 
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 Pertaining to MCL specimens, the biochemical analyses demonstrated that ChB 

treatment was effective in eliminating DS GAGs, allowing us to examine their orientation 

as a subpopulation when compared to all sulfated GAGs.  Up to 96% of DS in human 

MCL specimens was removed by enzymatic digestion, while TEM image processing 

resulted in a total sulfated GAG reduction on the order of 86% (in terms of number, not 

weight).  This demonstrates that DS is the predominant sulfated GAG in the human 

MCL.  Previous studies have reported that, purely by number, the majority of PGs in 

connective tissue are decorin with its associated DS side chain [1, 27, 29, 45].  Studies in 

bovine ligament and human tendon have shown that while decorin/DS comprise up to 

90% of the PGs in ligament by number, smaller concentrations of biglycan and versican 

are present [7, 45, 46].  These proteoglycans may both contain GAG chains of 

chondroitin sulfates A and C, the likely sulfated GAGs present in ligament after ChB 

treatment.  Traces of aggrecan, a PG that contains numerous keratin sulfate and 

chondroitin sulfate side chains, may also be found in extremely small concentrations but 

are much more prevalent in other musculoskeletal soft tissues such as articular cartilage. 

 The apparent orientation and length data obtained from analysis of the 2D TEM 

sections can be interpreted in the context of the 3D geometric model to determine the 

appropriateness of the assumptions of the 3D geometric model and to interpret the results 

of the 2D TEM measurements.  Analysis of the 2D TEM images showed that DS GAGs 

were apparently oriented at all angles with respect to the collagen fibrils (Figure 3.6A, 

6B).  However, these data are subject to the projection errors discussed previously.  

Figure 3.8 shows the GAG angle distribution from the 2D TEM images from Figure 3.6B 

and the GAG length distribution from the 2D TEM images (not shown previously), 
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plotted with the results from the 3D geometric model from Figure 3.3.  Simulation data 

from Figure 3.3 were generated using a population with a GAG length describing only 

DS, not the longer non-DS GAG chains.  The GAG apparent length and angle data from 

the 2D TEM images are in very good agreement with the projected and processed data 

from the 3D model in both angle (Figure 3.8A) and length (Figure 3.8B).  In both cases 

the distributions from the 2D TEM images are nearly identical to the distributions from 

the baseline 3D geometric model.  This strongly suggests that the length distribution used 

in the baseline model (69±23 nm [37]) provides a realistic description of DS length 

distribution in human MCL.  Furthermore, it is clear from Figures 3.3C and 3.3D that the 

angle and length distributions from the 3D model are highly sensitive to the assumed 

GAG length distribution, further supporting the interpretation of our experimental TEM 

data with the results of the baseline 3D geometric model. 

 

 
 
Figure 3.8.  Data from the 3D model and 2D TEM.  Panel A – Histograms of GAG angle.  
Measurements from the 2D synthetic images generated from the 3D geometric model 
(open circles) are in good agreement with the 2D TEM data (closed circles).  Panel B – 
Histograms of GAG length.  Measurements from the 2D synthetic images generated 
using the 3D geometric model are in agreement with those from the 2D TEM images.  
The agreement between the model and TEM demonstrates that the model accurately 
describes GAG length and distribution.  Thus the true underlying distributions are similar 
to the predictions from the baseline 3D geometric model (open triangles). 
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Analysis of the GAG orientations with respect to the collagen fibrils demonstrated 

distinct differences between DS and non-DS species within human ligament.  Non-DS 

GAGs preferred coaxial alignment with collagen fibrils and were longer than DS GAGs, 

whereas DS GAGs trended towards orthogonality but were found in all orientations with 

some regularity.  In a study by Morgelin et al. [37], average decorin GAG chain length 

was 69 nm, while a group of large PGs, when extended, had core protein lengths up to 

300 nm.  The results of a study of bovine tendon and ligament using TEM agree with the 

sulfated GAG length ranges stated previously, as well as the observation that smaller 

GAGs spanned fibrils while larger GAGs were typically found between and along 

collagen fibrils [30].  The molecular weight range of the larger GAGs in their study was 

165-200 kDa, consistent with previous observations of aggrecan. 

 Until this study, most observations of the distribution of DS focused on GAG species 

determination and the binding site between decorin and collagen fibrils [11, 21, 25, 26, 

30].  These studies qualitatively described the sulfated GAGs as orthogonal to the 

collagen fibrils, but did not necessarily distinguish between the subpopulations of 

sulfated GAGs and their specific orientations.  Although our results demonstrate that DS 

does indeed prefer orthogonal orientations, almost 40% of DS GAGs were oriented 

across a range of angles around and along the collagen fibril, a significant proportion of 

the overall DS population that had previously been overlooked.  This is in agreement 

with qualitative observations from atomic force and scanning electron microscopy of the 

rat tail tendon [27, 28], which demonstrated that a network of thin filaments wrap along 

the surface or span between neighboring collagen fibrils.  In these studies, treatment with 
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chondroitinase ABC removed these thin filaments, suggesting that the GAGs were DS 

and/or chondroitin sulfates A and C. 

 The observed size and orientation of the sulfated GAGs may be indicative of their 

potential functional roles.  Large proteoglycans such as versican and aggrecan are 

associated with large numbers of peripheral GAGs like chondroitin sulfates A and C and 

keratin sulfate.  The large number of localized GAGs and their high electronegativity 

allows them to trap large amounts of water.  They are found in large quantities in highly 

hydrated tissues like articular cartilage that experience primarily hydrostatic loading 

conditions [44, 47-50].  The presence of versican and aggrecan in ligament may suggest 

similar physiological roles.  As they appear to be found between collagen fibrils and 

orientated coaxially, the presence of a highly hydrated PG would provide resistance to 

water movement through the tissue while possibly acting as a lubricant as adjacent 

collagen fibrils slide relative to one another. 

 In contrast, DS GAGs were much smaller than the large non-DS GAGs in the TEM 

images and they were preferentially orientated in a fibril spanning position, although they 

could be found at all angles with respect to collagen.  There were significantly more DS 

molecules than non-DS molecules.  Decorin/DS has been implicated in limiting collagen 

fibril diameter and controlling fibril spacing [51], and it has been suggested that the DS 

GAGs may link adjacent fibrils and transmit mechanical forces in various fibrous tissues 

[5, 6, 12, 21-24, 52].  DS may act as a spacer between fibrils by surrounding the collagen 

fibril bundles, ensuring repeatable spacing, while self-associating with other DS 

molecules from neighboring fibrils to keep the network intact. 
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 A potential limitation, artifacts arising from the image processing pipeline may 

influence the distribution of GAGs, as the algorithms are not without bias.  The art of 

image processing has no gold standard, since even raw images must first be interpreted 

by a human to determine what data in the field of view are valid.  That said, algorithms to 

remove background noise and to detect stained GAGs can only be evaluated by simple 

comparison of raw images with processed images.  From there it is the observation and 

interpretation of the viewer that determines what is an acceptable result.  In this study, a 

small population of raw images was manually compared to their line element 

counterparts.  Features under scrutiny were the shape, orientation, and position of GAGs 

with respect to their neighbors.  It was found that all stated characteristics of detected 

GAGs agreed very well against raw images, but up to 5% of GAGs were either not 

detected or were detected erroneously.  These errors would be expected to be found in 

any set of images, and as this was a comparative study, the difference between control 

and treated cases would essentially result in error cancellation. 

 In conclusion, a 3D geometric model of collagen fibrils and GAGs was constructed, 

analyzed and then used to interpret the results of measurements of sulfated GAGs in 

human medial collateral ligament from TEM micrographs.  An image processing pipeline 

was developed and used to segment sulfated GAGs in digital TEM images, to determine 

their orientation with respect to their local collagen fibrils, and to quantify their apparent 

length.  The 3D model allowed accurate interpretation of geometric measurements from 

2D TEM images by interpolating the differences between volumetric orientation and 

geometries and their respective projections into two dimensions.  DS was the 

predominant sulfated GAG in the mid-substance of human MCL by number, and it was 
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most often found in orientations spanning adjacent fibrils.  A significant proportion of DS 

GAGs, up to 40%, were found at angles not associated with fibril spanning orientations.  

Non-DS sulfated GAGs, however, were oriented almost exclusively along the long axis 

of the collagen fibrils.  These data provide a foundation for improvements of models 

simulating the fibril linking capabilities of DS GAGs, which to date have only assumed a 

simplified orthogonal GAG arrangement. However, only direct mechanical 

experimentation of the microenvironment of connective tissues will be able to 

conclusively determine if DS provides structural support in connective tissues. 
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CHAPTER 4 
 
 

TRANSVERSELY ISOTROPIC DISTRIBUTION OF SULFATED  
 

GLYCOSAMINOGLYCANS IN HUMAN MEDIAL COLLATERAL LIGAMENT: 
 

A QUANTITATIVE ANALYSIS 1 
 
 

ABSTRACT 
 
 

 Decorin and its associated glycosaminoglycan (GAG) side chain, dermatan sulfate 

(DS), play diverse roles in soft tissue formation and potentially aid in the mechanical 

integrity of the tissue.  Deeper understanding of the distribution and orientation of the 

GAGs on a microscopic level may help elucidate the structure/function relationship of 

these important molecules.  The hypothesis of the present study was that sulfated GAGs 

are aligned with transversely isotropic material symmetry in human medial collateral 

ligament (MCL) with the collagen acting as the axis of symmetry.  To test the hypothesis, 

sulfated GAGs were visualized using transmission electron microscopy (TEM).  Three 

orthogonal anatomical planes were examined to evaluate GAG distributions against 

symmetry criteria.  GAG populations were differentiated using targeted enzyme 

digestion. Results suggest that sulfated GAGs including DS, chondroitin sulfates A and 

C, as well as other sub-populations assume transversely isotropic distributions in human 

                                                 
1   Reprinted from Journal of Structural Biology, Vol. 165, No. 3. Henninger, H.B., Maas, S.A., Shepherd, 
J.H., Joshi, S., Weiss, J.A., “Transversely Isotropic Distribution of Sulfated Glycosaminoglycans in Human 
Medial Collateral Ligament: A Quantitative Analysis”, pp: 176-183, 2009, with permission from 
ELSEVIER 
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MCL.  Sulfated GAGs in the plane normal to the collagen axis were found to be isotropic 

with no preferred orientation.  GAGs in the two planes along the collagen axis did not 

statistically differ and exhibited apparent bimodal distributions, favoring orthogonal 

distributions with over half at other angles with respect to collagen.  A previously 

developed model, GAGSim3D, was used to interpret potential TEM artifacts.  The data 

collected herein provide refined inputs to micro-scale models of the structure/function 

relationship of sulfated GAGs in soft tissues. 
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INTRODUCTION 
 
 

Ligaments are passive collagen based tissues that stabilize articulating joints by 

connecting bone to bone.  Ligament is hierarchically organized and contains 

approximately 70% Type I collagen by dry weight [1-3].  The balance of the hydrated 

tissue consists of “ground substance” which is a gel-like mixture of proteins, 

proteoglycans (PGs), glycosaminoglycans (GAGs), and water surrounding the ordered 

collagen fibrils.  GAGs in ligament constitute 0.2-5.0% of the total dry weight [4, 5].  

Understanding the distribution and structural organization of GAGs in ligament may shed 

light on their role in connective tissues. 

The decorin PG is the most prevalent PG in ligaments in terms of molar quantity [6] 

and has been shown to play diverse roles in connective tissues from regulation of 

collagen fibril formation [7] to influencing the mechanical properties of the tissue [8, 9].   

Decorin localizes to the surface of collagen fibrils in a repeating fashion [10]  and is 

thought to bind every 67 nm at the D-period band gap in the tropocollagen quarter-

stagger pattern [11-13].  The exact 3D conformation of decorin, including whether it 

functions as a monomer or dimer, remains a subject of debate [13-16].   

The decorin core protein is covalently bound to either a single dermatan sulfate (DS) 

or a single chondroitin sulfate (CS) GAG side chain near the amino terminus [17].  

Flexibility within the iduronate residues along the DS backbone may allow the GAG 

many possible conformations with respect to the collagen fibril [18, 19].  DS chains can 

self associate under physiological conditions, containing up to ten or more individual 

GAG chains as an aggregate [18, 20].  The biglycan PG, although significantly less 

prevalent than decorin in ligament [6], contains two DS and/or CS side chains [21]. 
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The GAG side chain of decorin has been described as contributing to the mechanical 

integrity of the host tissue by forming aggregate interfibrillar bridges between adjacent 

collagen fibrils [22-26].  Recent experiments examined ligament’s continuum level 

response to quasi-static shear and tensile deformation using an enzyme degradation 

method and found no macroscopic contribution provided by DS or CS GAGs [27].  

GAGs may contribute to the microscopic mechanical environment but experimental 

validation on native tissues is extremely difficult.  GAG chains may also act to lubricate 

the interfibrillar space [15] and support compressive loads via water retention, similar to 

larger PG/GAG aggregates like aggrecan and versican in cartilage [28-30].   

The material symmetry of ligament in relation to its mechanical properties is often 

described as transversely isotropic on the macroscopic scale [31-35].  Materials 

exhibiting transverse isotropy consist of a single preferred axis of symmetry.  The plane 

normal to the preferred axis is isotropic, meaning it has the same construction, 

constituents, and material properties when tested in any direction on that plane.  

Consequently, any two sections taken along the preferred axis (orthogonal to the isotropic 

plane) will share the same properties as one another but may differ from the isotropic 

plane.  In ligament, fibrillar Type I collagen represents the axis of symmetry and the 

ground substance an isotropic bulk material surrounding the collagen.  Quantification of 

material symmetries of the constituents within the ground substance is lacking in the 

literature.   

Characterization of micro-scale GAG symmetries is critical for formulation of 

molecular models that attempt to describe the mechanical environment within biological 

tissues.  Previous research on GAGs in cartilage modeled the initial GAG distribution as 
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stochastic.  When loaded, GAGs assumed anisotropic symmetries, favoring orientations 

perpendicular to the applied loads [36]. This anisotropy was linked to changes in the 

permeability of the cartilage, suggesting that GAG orientation influences both the global 

and micro-scale viscoelastic response of the tissue.   

Redaelli et al. performed a computational analysis of micro-scale GAG force transfer 

in tendon [23].  The study recognized that the assumption of an orthogonal GAG 

population may generate misleading results.  Should a significant percentage of GAGs 

not assume perfectly orthogonal orientations, the contribution of each GAG to the overall 

force transfer would be a function of the relative orientation with respect to the adjacent 

collagen fibrils.  Clearly a better understanding of GAG distribution and symmetry would 

lead to a more refined interpretation of GAG contributions to overall tissue function. 

 The hypothesis of this study was that sulfated GAGs assume a transversely isotropic 

distribution about the local collagen axis in human medial collateral ligament (MCL).  

The objective was to measure GAG orientation in three orthogonal anatomical planes 

using transmission electron microscopy (TEM) and image processing techniques. 

Enzymatic degradation with chondroitinase B was used to differentiate between 

populations of sulfated GAGs. 
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METHODS 
 
 

Tissue Sample Selection 

 Ten unpaired human knees were obtained from 10 separate male donors (age 47-65, 

median 54).  Specimens remained frozen until the time of dissection and were allowed to 

thaw before being dissected free of fat and extraneous soft tissue.  Knees with surgical 

scars, ligament injury or cartilage degeneration characteristic of osteoarthritis were 

eliminated.  The medial collateral ligament (MCL) was removed at both the femoral and 

tibial insertion sites and fine dissected to remove any overlying fascia.  The ligaments 

were kept hydrated with normal saline during tissue isolation.  Bulk tissue was trimmed 

to remove a sample from the mid-substance of each MCL.  Each sample was then halved 

to obtain paired specimens. 

 
Glycosaminoglycan Digestion 

 
 In order to investigate the distribution of DS versus other sulfated GAGs, enzymatic 

treatment with chondroitinase B (ChB) was performed on one of the two samples 

(randomly chosen) from each MCL while the other sample was used as control.  ChB 

specifically degrades DS [20].  This procedure was identical to that used in previous 

studies [27, 37].  Briefly, all samples were soaked for one hour in buffer (15 ml of 20mM 

Tris pH 7.5, 150 mM NaCl, 5 mM CaCl2) at room temperature with protease inhibitors (1 

tablet of mini-complete per 10 ml buffer).  Samples were then bathed for an additional 6 

hours in buffer or buffer + 1.0 U/ml ChB.  Pilot worked showed 0.25 U/ml for 6 hours 

completely degraded all DS (data not shown).  After treatment, samples were placed in a 

stop buffer (15 ml of 20mM Tris pH 7.5, 150 mM NaCl, 10 mM EDTA) to halt further 



  101 

chondroitinase activity.  To obtain sufficient enzyme for use in this study, ChB was 

cloned in Flavobacterium heparinium as previously described [38].  Chondroitinase B 

specificity was tested using the previous protocols [27, 37]. 

 
Transmission Electron Microscopy 

 
Frozen specimens were sectioned along three orthogonal planes corresponding to 

anatomical directions with respect to the local collagen fiber orientation (Figure 4.1).  

Both the Anterior-Posterior (AP, sagittal) and Medial-Lateral (ML, coronal) planes were 

aligned along the collagen axis while the transverse (T) plane viewed the collagen in 

cross-section.  Twenty micron sections from each plane of the specimen were obtained on 

a cryostat (Leica CM3050S, Exton PA) at -25°C.  Sections were then prepared for TEM 

visualization using previously reported methods [27, 37].  Sulfated GAGs were targeted 

using an electron dense stain at critical electrolyte concentration for three hours at 37°C 

(0.05% Cupromeronic Blue (Sigma, St. Louis, MO), 2.5% glutaraldehyde, 25 mM 

sodium acetate, 0.1 M MgCl2, pH 5.8) [39, 40].  Digital images were collected on a 

Hitachi H7100 TEM with a tungsten filament.  A minimum of ten digital images were 

captured from different areas of a section so average GAG distributions could be 

obtained.  
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Sample harvest location

Femoral Insertion

Tibial Insertion

AP Plane ML Plane

Transverse Plane  

 
Figure 4.1.  Schematic of sample harvest in the medial collateral ligament.  Specimens 
were isolated from the mid-substance of the MCL.  The three anatomical planes were 
sectioned with respect to the local collagen orientation. (AP = sagittal plane, ML = 
coronal plane) 

 

Improved Image Processing Algorithm 

Previous work described an image processing algorithm that isolated stained GAGs 

from a grayscale TEM image [37].  The algorithm was streamlined for the present 

research to improve sensitivity of GAG detection, calibration of grayscale thresholding, 

and processing speed.  The improved algorithm was developed in Matlab using the Image 

Processing Toolbox (Mathworks, Natick, MA).  The Matlab input file is available for 

download as Supplementary Material on the Journal web page.   

 The collagen fibril axis was obtained from TEM images by interactively digitizing 

four vectors along the predominant fibril axis using ImageJ (National Institutes of 

Health).  The average angle of the collagen fibrils with respect to the horizontal was 

saved to a data file. 
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 The improved algorithm reduced the image analysis to three basic steps (Figure 4.2).  

First, images were treated with a local equalization filter to rescale the grayscale 

histograms.  Equalization significantly simplified the process of identifying image-

specific grayscale threshold values.  The equalization filter had the added benefit of 

retaining GAG continuity against the background noise (Figure 4.2, B).  Next, a median 

filter was applied to further reduce background noise while improving GAG homogeneity 

(Figure 4.2, C).   

 Images were converted to binary and isolated GAGs were reduced to wire frame 

elements using a skeletonization function (Figure 4.2, D).  Since visualized GAGs are 

likely aggregates of smaller GAG chains [18, 20] branches are either GAGs projecting 

off the predominant chain or two or more GAGs overlapping through the thickness of the 

specimen.  Two dimensional TEM images could not discern between these branching 

modes, thus only the longest chain of connected pixels was retained to represent the 

GAG.  Finally, a size filter was applied to remove objects below 10 pixels in length since 

they were residual noise artifacts or GAGs exiting the viewing plane directly.  Small 

objects were subject to extreme error in orientation processing and thus eliminated from 

all images. 

 Once wire frame elements were isolated a principal component analysis (PCA) was 

performed on the pixel coordinates [41].  This yielded a covariance matrix that was 

transformed into the eigenvectors of the GAG.  Taking the maximum eigenvector of each 

object as its orientation, a unique angle was quantified with respect to the collagen fibril 

axis. 
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Figure 4.2.  Demonstration of the improved image processing algorithm used to isolate 
sulfated GAGs in TEM images.  Panel A – Portion of sample image with sulfated GAGs 
stained against a grayscale collagen background (arrow denotes collagen axis).  Panel B – 
Local grayscale equalization filtering.  Panel C – Median filtering of equalized image.  
Panel D – Wire frame representation used to calculate orientation of stained GAGs.  
Branched wire frame objects were broken and only the longest continuous chain was 
retained.  Size filtering was applied to remove detected GAGs below a critical length (10 
pixels).   Bar = 50 nm. 

 

Continuous GAG Distributions 

In order to compare GAG orientation from various planes and treatment cases, angle 

measures were compiled into continuous distributions.  Orientation was measured from 

0º to 180º with respect to the collagen axis.  Since it was unclear which end(s) of the 

GAGs were associated with adjacent collagen fibrils, the angle measure was reflected 

into the 0º (coaxial to collagen) to 90º (orthogonal to collagen) range to simplify 

interpretation. 

Continuous distributions were generated using a Parzen windowing technique [41].  

Unit Gaussian curves were assigned for each detected GAG and summed, where angle 

A  

D  C  

B  
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with respect to collagen represented the mean, and variance was a function of the GAG’s 

shape.  Molecular contour varies in two dimensional TEM due to 2D projection artifacts 

and GAG overlap through the specimen thickness [37, 42].  Nearly linear GAGs contain 

little variance perpendicular to their length and result in robust measures of orientation 

due to minimized covariance with respect to the image space.  Amorphous GAGs contain 

higher degrees of covariance and in turn less confident assignment of primary axes. 

Variance of the GAG was defined as the ratio of the minimum to the maximum 

eigenvalue as determined by PCA.  The ratio of eigenvalues yielded a molecular aspect 

ratio where values close to one (1) suggest a highly amorphous GAG (Figure 4.3, right) 

and values close to zero (0) indicate highly linear GAGs (Figure 4.3, left).   When 

summed, unit Gaussians from two GAGs with the same perceived angle, but different 

shape, scale to weight the linear GAG more than the amorphous GAG (Figure 4.3).  In 

practice all variances were less than one and caused considerably noisy distributions.  To 

alleviate this issue, a static multiplier was included to scale up variances such that fine 

detail of the distribution was not lost but the overall curve was devoid of dramatic point 

to point noise.   

The multiplier was refined manually.  Perfectly straight GAGs had an eigenvector 

ratio of zero.  These generated a Dirac Delta function at the determined angle.  In this 

case variance was set to 0.1 so a Gaussian distribution could be defined explicitly. 

Straight GAGs therefore highly influenced the overall distribution since they were 

heavily weighted due to the small variance.  Otherwise the multiplier was set to 1000.  

Most detected GAGs had some degree of curvature and their variances ranged from 0.1 

to one.  The value 1000 was determined manually to provide sufficient resolution in a set 
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of test images such that the angle distribution retained the shape of one with an extreme 

variance multiplier (10,000 = over-smoothed) but was reactive to populations of highly 

linear GAGs.   

GAG orientation distributions were generated for each image, plane of section, 

treatment case, and knee and discretized into 1º increments to simplify comparison and 

data handling.  Angle distributions from each image in a plane/treatment/sample group 

were averaged to generate a representative distribution for that group.  A total of 500 

summed distributions were generated from 500 TEM images. 

 
Figure 4.3.  Weighting of GAG orientation.  GAGs contribute to the angle distribution 
individually with a unit Gaussian curve defined by the angle of the maximum 
eigendirection (mean) and ratio of eigenvalues associated with its shape (variance).  The 
GAGs shown both contribute at the same mean angle.  The left GAG (dashed line) is 
highly linear and yields a smaller variance and stronger weight than the irregular GAG 
shown on the right (solid line).  The cumulative angle distribution is more heavily 
weighted by high-confidence GAGs.   

GAG aspect ratio
Min EigenvalueVariance = ( )
Max Eignevalue

f ≈

Weighted contribution based 
on GAG variance  

Final angle distribution a 
function of weighted sum  

GAG mean angle

GAG angle

GAG with high-confidence 
angle measure

Potential artifact 
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orientation
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Transverse Isotropy Criteria 

Transversely isotropic material symmetry is defined by an axis normal to a plane of 

isotropy about which any number of planes can be sectioned that share the same material 

properties and composition.  The primary axis in this study was the local collagen 

direction in the ligament.  To be considered transversely isotropic, sulfated GAG 

distributions in planes along the collagen axis (AP, ML) could not significantly differ 

from one another and the plane normal to the collagen axis (T) was required to have an 

isotropic GAG distribution. 

 
Statistical Analyses 

 
 Results from TEM images were analyzed with the independent t-test to assess 

differences in the number of detected GAGs between control and ChB treated images.  

Both ANOVA with Tukey post-hoc and independent t-tests were used to examine 

differences in median GAG angle for control versus ChB treatment as well as plane 

versus plane within each treatment group.  The non-parametric Kolmogorov-Smirnov 

(KS) test was used to compare GAG distributions between control and ChB treated cases 

as well as between planes within each treatment group.  Significance for all tests was set 

at α = 0.05.   
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RESULTS 
 
 

GAG Detection and Efficacy of Chondroitinase B 

The total number of sulfated GAGs detected (by number) in both control and treated 

samples was in good agreement with published data [37].  The mean number of GAGs in 

the control AP plane was 363.5±83.4, while in the ChB treated AP plane 35.1±30.5 

(88.2±12.7% reduction).  Mean GAG counts for the control and ChB treated ML plane 

were 395.4±113.1 and 45.5±26.5, respectively (87.1±9.5% reduction).  The control and 

ChB treated GAG counts for the transverse plane were 255.3±68.8 and 49.5±30.7, 

respectively, resulting in a 76.9±18.9% reduction in sulfated GAGs.  Sulfated GAG count 

in control images was significantly different than ChB treated in all three planes (all p ≈ 

0.000).  The AP and ML planes did not significantly differ in either the control (p = 

0.887) or ChB treated cases (p = 0.835).  The transverse plane had a significantly 

different control GAG count than either the AP or ML planes (all p < 0.032), but did not 

differ from either with respect to ChB treated images (all p > 0.688).   

 
Orientation of Sulfated GAGs 

 
In both the AP and ML planes the control GAG distribution assumed an inverse 

Gaussian profile with maxima near coaxial and orthogonal orientations with respect to 

the collagen axis (Figure 4.4).  GAGs remaining after ChB treatment were skewed 

toward coaxial distributions.  The transverse plane displayed a relatively flat distribution 

across all angles for both the control and ChB treatment cases.  Note that “inverse 

Gaussian” is not defined over a semi-infinite domain but in this case is used to describe 

symmetry about a mean/median angle. 
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 Comparing treatment cases by plane showed significantly different median angles.  

Both the AP and ML planes showed a significant decrease in median angle with ChB 

treatment (39.9º±7.4º to 29.9º±1.2º for AP, 40.3º±5.4º to 34.0º±2.9º for ML, both p < 

0.012) as can be seen in the profile shift from the inverse Gaussian to coaxially skewed 

distributions (Figure 4.4, left and center panes).  The transverse plane also showed a 

significant change (38.7º±2.5º to 41.0º±0.5º, p = 0.024), although ChB treatment caused a 

slight increase in median angle.  Significance was detected due to extremely small 

variances associated with the measurements. 

 When comparing control distributions by plane, there were no significant differences 

in median angles (all p > 0.829).  ChB treated distributions yielded significant differences 

between each plane (all p ≈ 0.000). 

 

Figure 4.4.  Distribution of sulfated GAGs with respect to the local collagen fibril 
orientation.  Left Pane – GAG distribution in the AP plane.  GAGs in control images had 
a median angle of 39.88º.  After treatment with ChB sulfated GAGs were skewed toward 
coaxial distributions with a median angle of 29.85º.  Middle Pane – GAG distribution in 
the ML plane. Control and treated cases were similar to those in the AP plane with 
median sulfated GAG angles in control and treated of 40.25º and 34.01º, respectively.  
Right Pane – GAG distribution in the plane transverse to the collagen fibrils.  Both the 
control and ChB treated distributions were nearly flat with median GAG angles of 38.67º 
and 40.96º, respectively.  GAG reduction between control and ChB treated cases was 
significant in each plane (all p ≈ 0.000) and ranged from 80.6-90.3%.   
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 In order to illustrate the differences in distribution shape using the Kolmogorov-

Smirnov (KS) test, the profiles were normalized (Figure 4.5).  An additional set of 

distributions were generated to represent the DS population.  Since ChB selectively 

degrades DS [20], the DS population was derived as the difference between control and 

ChB treated profiles.  It is clear in Figure 4.5 that the AP and ML planes are qualitatively 

similar and appear to vary from the transverse plane.  Note that median angle statistics 

were not derived for the DS populations since their profiles were a difference between 

two generated profiles and thus no raw data existed. 

 

 

 

 

 

Figure 4.5.  Comparison of normalized sulfated GAG distributions between planes by 
treatment case.  Left Pane – Control GAG distribution by plane.  Note the good 
agreement of AP and ML planes across the range of angles. Middle Pane – ChB treated 
GAG distribution by plane.  Again there is good agreement between AP and ML planes.  
Right Pane – DS GAG distribution by plane.  Profiles were derived from the difference 
between Control and ChB treated curves.  As with both Control and ChB panes, the AP 
and ML planes show good agreement while the transverse plane is relatively flat.  
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As expected from qualitative examination of Figure 4.4, the control distributions for 

AP and ML planes did not appear to be derived from the same population distribution as 

their ChB treated counterparts (both KS ≥ 0.600, both p ≈ 0.000).  On the contrary, the 

shape of the control and ChB treated distributions in the transverse plane did not reject 

the null hypothesis that they are derived from the same population distribution (KS = 

0.133, p = 0.376).   

 The shape of the AP plane did not significantly vary from the ML in the control or 

DS distributions (both KS ≥ 0.144, both p ≥ 0.104) but did in the ChB treated case (KS = 

0.233, p = 0.012).  Qualitatively the ChB treated distributions are quite similar (Figure 

4.5, center pane) but the KS test is a function of the cumulative distribution.  Small 

deviations in magnitude of the curves provide enough difference for the highly sensitive 

KS test to detect a significant difference.    

 The transverse plane differed significantly from the AP and ML planes in control (KS 

≥ 0.256), ChB treated (KS ≥ 0.600), and DS cases (KS ≥ 0.222) (all p < 0.020) (Figure 

4.5).  The transverse distributions appear quite flat in comparison to the contoured AP 

and ML distributions for each treatment case examined.   

 
Improved Image Analysis 

 
 The improved image processing algorithm significantly reduced execution time by 

over 80% from approximately 3 minutes down to 30 seconds per image.  Alterations in 

algorithm execution speed coupled with the streamlined process flow significantly 

reduced grayscale threshold calibration times to the range of 1-3 minutes per image.  

Homogeneity of images after grayscale equalization allowed batches of images from the 

same TEM grid to share calibration values, again significantly reducing the amount of 
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user interaction and time required to optimize the image parameters.  Detection of 

sulfated GAGs against the collagen background did not significantly differ from the 

previous algorithm.  Error in GAG detection, either by false detection or omission, was 

near 5% of the total GAGs detected per image.  Direct comparison of a finite set of 

images using the original and modified algorithms found no differences in shape or 

magnitude of the derived orientation distributions. 
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DISCUSSION 
 
 

 The results of this study support the hypothesis that sulfated GAGs are distributed 

with transversely isotropic symmetry in the human MCL.  First, GAGs have an isotropic 

material symmetry in the plane normal to the collagen axis.  Note that in the transverse 

plane the angle measured is merely a reference since the collagen axis is exiting the plane 

of view.  Figure 4.4 (right pane) shows both the control and ChB treated populations in 

the transverse plane have an approximately equal probability of being found in any 

orientation measured.  Consequently, the DS population derived from the control and 

ChB profiles also exhibits an equal probability of finding GAGs in any orientation.  

These distributions therefore satisfy the criteria of the isotropic normal plane. 

 The second criteria of a transversely isotropic material symmetry is that any two 

planes that are coaxial to the preferred axis and normal to the isotropic plane must not 

differ significantly in their respective GAG distributions.  Both the AP and ML planes 

display qualitatively similar distributions for control, ChB treated, and DS populations 

(Figures 4.4, 4.5), and both are coaxial to the collagen and normal to the transverse plane.  

Statistically, it can be said that AP/ML control and DS distributions did not arise from 

dissimilar populations as the null hypothesis of the KS test was not rejected.  On the 

contrary, ChB treated distributions of the AP/ML planes rejected the null hypothesis of 

the KS test due to minor differences in magnitude at the origin of the curves.  Since the 

KS is a non-parametric test it is based on a summed rank of the cumulative distribution 

function of each curve.  This makes the KS test sensitive to small deviations in magnitude 

that, when compiled, exceed the significance level in the ChB treated profiles.  

Understanding this limitation, qualitative inspection of the ChB treated profiles of the 
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ChB treated AP and ML planes shows that they are nearly identical in shape and 

magnitude and in the scope of this work are essentially the same.   

These data support that as a population sulfated GAGs are transversely isotropic, but 

underlying populations can been isolated using enzymatic digestion.  Removal of 

approximately 85% of sulfated GAGs with ChB is in agreement with previous studies 

stating that DS is the predominant sulfated GAG in ligament [6, 37, 43]. Per the criteria 

above, the subpopulation of DS also displays transverse isotropy.   

Sulfated GAGs remaining after ChB treatment are likely chondroitin sulfates A and C 

(Cs-4, Cs-6), keratan, or heparan sulfates [1, 5, 44-46].  Pilot work done with 

chondroitinase ABC (data not shown), which degrades CsA, CsC, and DS, demonstrated 

that over 98% of sulfated GAGs were removed from TEM images of treated ligament.  

This supports that the majority of GAGs remaining after ChB treatment are CsA and 

CsC.  It can then be inferred that CsA and CsC as a population are also transversely 

isotropic about the collagen axis.  

 The GAG distributions presented in this study must be interpreted with caution since 

artifacts arise when measuring orientation of two dimensional data from a three 

dimensional population [37, 42].  Projection and clipping artifacts lead to the loss of 

information about the true 3D population underlying the 2D population measured in 

TEM.  As this was a comparative study, any artifacts arising in a given image should be 

found in any other image.  All comparisons were made on images processed with the 

same algorithms and therefore relative errors between data sets should be negated.   

 Henninger et al. described a technique to three dimensionally model an idealized 

GAG population that may be used to interpret the two dimensional results collected from 
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TEM [37].  The model, GAGSim3D, was updated for this study to include the ability to 

simulate all three anatomical planes (GAGSim3d update also available on the Journal 

web page).  Results of 10 models (30 sections, 3 planes per model) were compared and 

found to have satisfied the criteria of transverse isotropy as described in the present 

methods.   Direct comparison to the 2D TEM yielded an interesting artifact not detected 

in the previous study (Figure 4.6).   

 GAGs detected in the transverse plane (Figure 4.6, Right pane) show good agreement 

between the TEM and GAGSim3D data, yielding an isotropic GAG distribution.  Profiles 

of the AP and ML planes differ between TEM and the model (Figure 4.6, Left and 

Middle panes).  This is not an artifact of the new algorithm as direct comparison of the 

new and old algorithms were nearly identical in magnitude and shape.  GAGSim3D data 

was also compared using both sets of image analysis software and again, no significant 

differences were found in the shape of the profiles in any plane.  The difference arises 

from two sources.  First, the new data set likely included a higher percentage of truly 

coaxial DS GAGs than the previous study.  The second source is the model’s inability to 

truly recreate coaxial GAGs.  Modeled GAGs were constrained so they originated from 

one collagen fibril and terminated to a different collagen fibril in an attempt to model 

interfibrillar bridging.  This prevented GAGs from associating along a single collagen 

and assuming perfectly coaxial orientations.  GAGs detected in the coaxial range (0º-30º) 

of the model were therefore projecting into the viewing plane in 3D space.  This 

population, when projected into 2D, appeared coaxial but was lacking truly coaxial 

GAGs to inflate the population.  When normalized for comparison between TEM and 

GAGSim3D the relative populations appear to arise from different populations.  Isolating 
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only GAGs from 40º-90º, normalization yielded very similar population distributions.  

GAGs in the transverse plane are not subject to this interpretation error since none are 

viewed directly along the collagen axis in this perspective.  Accounting for this artifact, 

one can clearly see that both TEM and GAGSim3D data support transversely isotropic 

material symmetry. 

 

 

 

 

 

Figure 4.6.  Comparison of normalized DS GAG distributions between TEM and 
GAGSim3D by plane.  Left Pane – DS in AP plane.  Middle Pane – DS in ML plane.  
Disagreement in AP and ML planes between TEM and GAGSim3D arises from 
sensitivity of the algorithm to subtleties in grayscale intensity, limitation of the model to 
produce coaxial GAGs, increased incidence of coaxial GAGs in the data, and 
normalization of the data.  Right Pane – DS detected in transverse plane is in good 
agreement between TEM and GAGSim3D.   
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 Sulfated GAGs have been suggested to bridge adjacent collagen fibrils and transmit 

forces between fibrils [15, 23, 25, 26].  Other studies have qualitatively described the 

GAG distribution as generally orthogonal to collagen with some percentage of GAGs not 

falling within truly orthogonal orientations [12, 26, 39, 42, 47-50].  Use of homogenized 

orthogonal populations in molecular models may underestimate the amount of force 

transmitted across a given GAG bridge as function of the density of truly orthogonal 

GAGs.  If each molecule deforms in exactly the same magnitude and direction, the load 

between neighboring fibrils would be distributed equally over the number of GAG 

linkages.  While some molecules no doubt bridge the gap directly, others may be coaxial 

to the collagen or askew at some intermediate angle.  Given an arbitrary deformation, 

certain molecules would be loaded immediately while others would be placed under 

compression.   

 Liao et al. measured GAG distributions in chordae tendinae using transmission 

electron microscopy (TEM) in an attempt to quantify changes in GAG orientation with 

applied tensile loading [51].  Unloaded samples showed GAG angles nearly orthogonal to 

the collagen axis and skewness increased with load, resulting in GAGs more coaxially 

aligned with the collagen.  This study suggested a mechanical contribution of the GAGs 

in resisting deformation due to their apparent shift in orientation, yet the effect of GAG 

deformation due to spatial confinement in the ubiquitous ground substance was not 

evaluated.  Liao did not explicitly address changes in shape of the molecules, but did note 

an apparent lengthening of GAGs under deformation.  This supports the need for detailed 

spatial orientation information in molecular models since not all GAGs were lengthened 

identically, implying that GAG deformation is a function of initial orientation. 
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 A limitation of the current study arises from the difference in perspective associated 

with TEM images of orthogonal planes.  Figure 4.4 shows a gross magnitude mismatch 

between the AP/ML distributions and the transverse distributions.  GAGs cannot occupy 

the collagen volume and are therefore found between them.  As viewed from the 

transverse plane there is significant overlap of GAGs into the viewing plane since GAGs 

are forced into the interfibrillar space.  GAGs seen in the AP and ML planes are not as 

susceptible to this error since the collagen is relatively transparent and they are viewed 

along the length of the collagen.  GAGs in the AP and ML planes are therefore less likely 

to be combined in overlap through the section thickness.  As a result the transverse plane 

has a reduced number of detected GAGs as compared to the AP and ML planes.   

Also, the reader must not attempt to quantify total tissue GAG content based on 

image GAG content.  Detected GAGs are only fragments of longer GAGs that may span 

many measured images.  No attempt has been possible to correlate GAG length in a TEM 

section to assay quantifying GAG fragments since pre-processing renders samples viable 

for only one process or the other and TEM images are only a small fragment of a much 

larger TEM section.  Unbiased stereology tells us estimation of global GAG content from 

extremely small experimental volumes is fraught with compounding errors that can 

significantly impact the confidence of the global estimate [52].  

In conclusion, sulfated GAGs are distributed with transversely isotropic symmetry 

within the human MCL.  The population has a majority of sulfated GAGs orthogonal to 

the collagen axis (70º-90º), but up to half can be found at other angles with respect to 

collagen.  The current data, along with the GAGSim3D model, can be used to generate 

probability densities of GAG distributions for future GAG mechanics models.  The data 



  119 

can be discretized to more accurately interpret interfibrillar interactions by assigning 

properties based on the relative amount of GAGs at a given orientation under an applied 

deformation.  This opens avenues to not only include GAG-GAG tensile bond 

contributions, but also compressive, permeability, space filling, and frictional 

contributions of the molecules.  The new information will aid more thorough 

interpretation of roles of the GAGs in connective tissues. 
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CHAPTER 5 
 
 

PERMEABILITY OF NATIVE AND GLYCOSAMINOGLYCAN DEPLETED 
 

ARTICULAR CARTILAGE DIFFERS BY TEST METHOD 1 
 
 

ABSTRACT 
 
 

 The permeability of articular cartilage is an indicator of the tissue’s viscoelastic 

response and is critical in supporting the compressive loads cartilage experiences.  

Several methods exist to quantify permeability, but it is unclear if they provide consistent 

results.  Differences may confound tests that seek to determine the effect of treatments 

such as the removal of sulfated glycosaminoglycans.  The first objective of this study was 

to derive the permeability of bovine articular cartilage using confined compression stress 

relaxation (CCSR).  The second objective was to test the impact of the enzyme treatment 

on various direct permeation (DP) protocols using the finite element (FE) method.  A 

pair-wise experimental design tested control and chondroitinase ABC treated tissues from 

seven bovine knees using CCSR.  Results from FE models demonstrated that stress 

relaxation and direct permeation derive different values for permeability of control 

tissues based on the applied boundary conditions.  Direct permeation was unable to detect 

the full increase in permeability upon removal of sulfated glycosaminoglycans.  This was 

due to the inability of the Darcy permeability to account for inhomogeneous compressive

                                                 
1   Submitted to Journal of Biomechanical Engineering, Henninger, H.B., Underwood, C.J., Ateshian, G.A., 
Weiss, J.A., “Permeability of Native and Glycosaminoglycan Depleted Articular Cartilage Differs by Test 
Method”, October 2009 
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strains from flow-induced compaction during direct permeation testing.  These data 

highlight the limitations of the standard approach for analyzing data from direct 

permeation experiments.  Extracting intrinsic permeability parameters by curve-fitting the 

stress-relaxation response of cartilage produced a more consistent outcome.  CCSR was 

less sensitive to changes in inherent material properties of the solid phase of articular 

cartilage because the boundary conditions were well controlled and the protocol could 

accommodate changes in tissue stiffness through use of tare strains. 
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INTRODUCTION 
 
 

Articular cartilage contains up to 80% water by wet weight [1-3] and exhibits a 

viscoelastic response during time-dependent loading [4-6].  Interstitial fluid 

pressurization is critical in articular cartilage as a means to support compressive load [7-

10] as well as to promote solute and nutrient transport in the avascular tissue [2, 11, 12].  

Cartilage is often represented as a porous deformable material consisting of immiscible, 

incompressible solid and fluid constituents [13-17].  The time dependent response arises 

through two mechanisms: intrinsic solid-matrix viscoelasticity [18-20] and flow-

dependent viscoelasticity from frictional interactions between the interstitial fluid and the 

solid matrix [1, 14, 21].   

A key determinant of the flow-dependent viscoelasticity of cartilage is the hydraulic 

permeability, which is also a material parameter in porous media models [13, 16, 22, 23].  

Permeability is the measure of the ability of a fluid to pass through a porous medium.  

Intrinsic permeability is defined as the permeability of a native tissue in the absence of 

applied volumetric strain, and it is reduced with increasing compressive volumetric strain 

due to decreasing effective porosity of the solid matrix [5, 15, 17].  Charged constituents 

in the matrix may also act to impede fluid flow when it contains electrolytes, further 

reducing the effective permeability [24].   

One family of macromolecules, sulfated glycosaminoglycans (GAGs) and their parent 

proteoglycans (PGs), are a significant component of cartilage constituting up to 30% of 

the dry tissue weight [25-27].  The primary sulfated GAG species found in cartilage are 

keratan- (KS), dermatan- (DS), and chondroitin 4- and 6-sulfates (CS) [28, 29].  Sulfated 

GAGs are highly electronegative and attract polar water molecules [30, 31].  Several 



  128 

experimental studies with articular cartilage have suggested that permeability increased 

upon removal of sulfated GAGs [16, 23, 32-34], implying that sulfated GAGs limit water 

movement through the tissue [35]. 

Permeability can be measured directly with ultrafiltration/direct-permeation (DP) 

experiments [15, 36, 37] or indirectly by analyzing transient data from confined 

compression stress relaxation (CCSR) or creep experiments [1, 13, 16, 22, 23].  

Modalities such as magnetic resonance imaging also present avenues to quantify water 

movement within porous materials [38-40].  It has not yet been shown that these various 

methods provide consistent measures of tissue permeability.  In particular, to the best of 

our knowledge, a comparison of DP experiments against the analysis of transient 

response from CCSR has not been performed.  The absence of such comparative studies 

potentially confounds both the interpretation of data on permeability obtained using 

different methods and the quantification of experimental treatments such as the digestion 

of sulfated GAGs. 

Consequently, two hypotheses were investigated in this study.  The first hypothesis 

was that CCSR and DP can provide equivalent measures of the intrinsic permeability of 

soft porous hydrated tissues.  The second hypothesis was that the removal of sulfated 

GAGs would yield consistent changes in the permeability as measured by the two test 

methods.  To test these hypotheses, cartilage samples were treated with chondroitinase 

ABC (ChABC) to remove sulfated GAGs and compared to control samples from the 

same bovine knees using CCSR.  Finite element models were then generated to compare 

the two test protocols under varied boundary conditions using the material parameters 

derived from CCSR. 
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METHODS 
 
 

Tissue Sample Isolation 
 

 Seven skeletally mature bovine knees were obtained from a local abattoir and frozen 

until dissection.  Three cartilage samples were isolated from the lateral femoral condyle 

of each knee using a 5 mm coring punch.  The samples were separated from the 

subchondral bone using a scalpel.   The tissue was hydrated with Ringer’s solution during 

isolation.  Specimens were sectioned on a microtome to ensure uniform thickness. The 

articular surface remained intact and all cuts were made from the opposing surface.  The 

knife, sample holders and tissue were frozen at -70 ºC to improve consistency of the cut.  

Specimen thickness was measured three times with a handheld micrometer (Model 

CD-6”CSX, Mitutoyo, Japan).  Samples were measured three additional times on a 

resistive circuit where a micrometer was adjusted until a finite resistance was measured 

across the sample [37].  Measurements were taken at the center and on opposing edges of 

the samples.  All six measurements were averaged to produce the final thickness 

measurement.  The average coefficient of variation in thickness measurement was 4.8% 

for control and 3.5% for ChABC treated tissues.  

 
Glycosaminoglycan Digestion 

 
Enzymatic digestion with ChABC (from proteus vulgaris, Sigma, MO) was 

performed on one of the three samples from each knee.  ChABC specifically degrades 

chondroitin-4- and 6-sulfate, dermatan sulfate and some hyaluronic acid GAGs [30].  One 

sample was used as a buffer-soaked control and the remaining sample was used as the 

native tissue control for GAG and water content.   



  130 

The ChABC treatment protocol was adapted from previous studies [41, 42].  Control 

buffer consisted of non-lactated Ringer’s solution containing 20 mM Tris (pH 7.5) and 

protease inhibitor (Mini-Complete, Roche, Germany).  The treatment buffer consisted of 

control buffer with the addition of 1 U/ml ChABC.   With the exception of the native 

samples, all tissue was equilibrated for one hour in control buffer at room temperature.  

Samples were then soaked for six hours with either control or ChABC buffer.  Wet 

weights were recorded at the time of dissection and after buffer soaks.  Following testing, 

samples were lyophilized and a dry weight was obtained. 

 
Glycosaminoglycan Quantification and Chondroitinase ABC Efficacy 

 
GAG content was quantified using the 1-9 dimethylmethylene blue assay [43] and 

was normalized to tissue dry weight.  Lyophilized samples were digested overnight with 

papain [41, 42].  The assay of sample extracts was conducted in a 96-well plate reader 

(Synergy HT, Bio-TEK, VT) and measurements were based on a standard curve of 

known GAG content.  Additional extract was treated overnight with 0.05 U/ml ChABC 

to quantify the efficiency of the initial ChABC treatment (with any further decrease in 

GAG content indicating initial digestion was incomplete).  The native and tested groups 

were compared to ensure no significant loss of sulfated GAGs associated with the buffer 

or test protocols and to verify GAG depletion after ChABC treatment.  

 
Permeability from Confined Compression Stress Relaxation 

 
Stress relaxation testing followed the protocol of Ateshian et al. [13].  The test 

apparatus consisted of a servo-driven actuator (Model MRV22, Tol-O-Matic, MN, 

accuracy ±1.0 μm), linear variable displacement transducer (Model ATA 2001, 
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Schaevitz, VA, accuracy ± 0.05% FS), and a 5 mm diameter custom fabricated confining 

chamber.  Porous sintered steel filters (Model PXX, 20 μm pores, Small Parts Inc, FL) 

retained the sample within the chamber.  Permeability of the sintered steel filters was on 

the order of 10-11 m4/N·s.  A 20% strain was applied to seat the tissue in the confining 

chamber.  The strain was then removed and the tissue was allowed to recover for 15 

minutes.  A 2% tare strain was then applied to establish the reference position.  A tare 

strain was used rather than a tare load because pilot work showed that ChABC treatment 

softened the tissue.  A fixed tare load would lead to greater initial compaction of ChABC 

treated samples than control samples, influencing the derived strain-dependent 

permeability.  Five displacements of 10% each (10-50%) were applied at a rate of 0.02 

%/sec, each followed by 1400 seconds of relaxation at static displacement.  A load cell 

was used to measure the applied force (Model 31, Sensotec Inc., OH, accuracy ± 0.1 g). 

Experimental data were fit to a constitutive model for intrinsic permeability [13, 15].  

Equilibrium axial stress (σe) versus stretch (λ) was fit using the Levenberg-Marquardt 

method to derive the aggregate modulus (Ha) in the strain-free reference state (λ=1) and 

the strain-stiffening nonlinearity coefficient (β) from: 

 
 (5.1) 

 
 
These values of Ha and β were then used in a finite difference curve-fitting procedure 

to extract the intrinsic permeability (k0) and nonlinearity coefficient (M) from the 

experimental force versus time response [13] using the following constitutive equation 

for permeability k [15]:   
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Here, J is the local tissue volume ratio (J = λ for confined compression) and φ0 is the 

solid volume fraction of the cartilage (specimen specific range: 0.14-0.23). 

 
Darcy Permeability 

 
Darcy’s Law relates applied strain, pressure gradients and fluid flux to calculate the 

permeability of porous media at steady state conditions.  These quantities were collected 

from finite element models and used as inputs to Darcy’s Law, which defines the 

apparent permeability k as: 

 
 (5.3) 
 

 
Here P is the applied pressure and Q is the resultant volumetric flow rate.  The cross 

sectional area of the flow path is A and L denotes the flow path length across the strained 

tissue.  The path length is defined by scaling the initial tissue thickness (L0) to account for 

any applied compressive stretch (L=λL0) [37, 44].  Equation 5.3 was used to extract a 

value for kapparent at each prescribed pressure and pre-strain.   For cases of applied pre-

strain, values for k(λ) were fit to Eq. 5.2 to extract the intrinsic properties k0 and M for 

comparison to CCSR.   

 
Finite Element Modeling 

 
Finite element models were utilized to compare the results of CCSR and DP under 

varied boundary conditions for both control and ChABC tissue material properties.  

Meshes were generated and material properties assigned in PreView [45].  Problems were 

solved in FEBio, an implicit finite element solver developed specifically to address soft 

tissue biomechanics [46].  Outputs were analyzed in PostView [47].  All models 
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represented the cartilage as an isotropic Holmes-Mow biphasic material (Eq. 5.1, 5.2) 

[15, 17, 48] whose properties were taken from data collected in the CCSR experiments.  

Poisson’s ratio was set to zero since confinement removes the dependence on lateral 

expansion by reducing the problem to one dimensional deformation [13, 15]. 

Fifteen unique finite element meshes were generated.  Fourteen were used to model 

the specimen specific dimensions and material properties from the samples tested in 

CCSR.  These were undertaken to ensure the constitutive implementation in FEBio 

matched the experimental stress-time responses.  The remaining mesh was the universal 

model used to evaluate the influence of DP boundary conditions (1x1x1.3 mm thick).  

Each model executed with the universal mesh was run with both control and ChABC 

properties to gauge the influence of GAG digestion on outcome variables. 

Both CCSR and DP problems were one dimensional analyses with outcome variables 

of (Z) displacement, fluid flux, stress and strain.  The universal finite element mesh was 1 

element in width (1 mm2).  A mesh convergence study determined that 40 elements were 

required through the 1.3 mm thickness to reduce changes in outcome variables to <1% of 

higher density meshes.  The mesh was symmetrically biased with smaller elements near 

the top and bottom surfaces to increase resolution of gradients at tissue boundaries. 

Boundary conditions for CCSR models were as follows: sides of the element stack 

were constrained from lateral motion (X, Y).  The bottom nodes were constrained from 

deformation (Z) and zero pressure was enforced at the surface to simulate free flow of 

fluid from the tissue during deformation.  Rigid body contact drove the Z deformation 

from the top surface where zero pressure was also enforced.  The displacement followed 

the strain and hold profile prescribed in the CCSR experiments for five strain increments. 
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All DP models were also constrained laterally (X, Y) and the bottom surfaces were 

constrained (Z) with zero pressure enforced.  Two sets of loading conditions in DP 

models were examined.  First, to examine the influence of pressure gradients on the 

Darcy permeability a prescribed pressure was applied to the top surface.  Nodal pressures 

(1, 5, 10, 20, 40 kPa) were applied linearly over 500 seconds and the tissue was allowed 

to equilibrate an additional 4500 seconds.  The normal traction on a free biphasic surface 

is defined as T = -p + Te where T is the Cauchy stress, Te is the effective solid phase 

traction and p is the fluid pressure.  These are opposite in sign due to convention (- 

compression, + tension).  In order to apply a nodal pressure p, the boundary condition 

must be accompanied by a complementary surface pressure Te explicitly loading the solid 

phase with the same pressure.  The rate of pressurization affected transient flux, stress, 

strain and internal pressure but these quantities equilibrated to steady state over time.  All 

outcome variables were measured at steady state as required by Darcy’s Law.   

The second set of models evaluated the influence of strain dependence and pressure 

on Darcy permeability.  The same boundary conditions were applied as in previous DP 

models with the exception of those on the top surface.  First a Z displacement of the top 

surface was applied in 1500 seconds, simulating application of compressive pre-strains 

(10-50%).  Note that the traction boundary condition was no longer needed due to 

inclusion of prescribed displacements that directly loaded the solid phase.  The strains 

were held constant for 1000 seconds until the tissue equilibrated and then pressure 

boundary conditions were applied as described previously.  Outcome variables were 

again captured at steady state conditions. 
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Statistical Analysis 
 

A pilot study showed that neighboring samples provided repeatable measures of 

permeability and could be used for paired comparison (17% coefficient of variation of 

intrinsic permeability from CCSR).  Due to the small sample sizes (n=7) nonparametric 

statistical analyses were used.  Differences in thickness, water and GAG content and 

material parameters between treatment groups were analyzed using the Wilcoxon signed 

ranks test for related samples (all comparisons for n=7 pairs).  Spearman’s ρ was used to 

test the relationship of GAG content and intrinsic permeability.  Statistical significance 

was set at p≤0.05 for all tests.  All data are presented as mean±SD unless otherwise 

noted. 
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RESULTS 
 
 

GAG Quantification and Efficacy of Chondroitinase ABC 
 

Specimen thickness averaged 1.30±0.27 mm across all samples tested.  Specimen 

water content was 82.00±3.61%.  No significant differences were detected between 

treatment groups for thickness (p=0.176) or water content (p=0.237).  Total sulfated 

GAG content was 212.0±41.9 μg/mg tissue dry weight for native cartilage and 

201.7±44.1 μg/mg for control incubated cartilage (Fig. 5.1).  ChABC treatment reduced 

sulfated GAG content to 71.1±32.6 μg/mg.   There was no significant difference in total 

sulfated GAG content between native and control groups (p=0.866), but sulfated GAG 

content for both groups was significantly higher than ChABC treated tissue (both 

p=0.018).   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1.  Sulfated GAG content of bovine articular cartilage. 
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ChABC treated papain extracts digested with additional ChABC further reduced 

sulfated GAG content to 47.9±20.0 μg/mg.  These values showed a 65% reduction in 

sulfated GAGs with initial ChABC treatment and an additional 11% reduction upon 

secondary digestion.  This yielded an 85% efficiency of CS/DS GAG digestion upon 

initial treatment, meaning 15% of CS/DS GAG was not digested while in native tissue 

conformation.   

 
Influence of Chondroitinase ABC on Permeability from Stress Relaxation 

 
ChABC treatment increased the permeability of bovine cartilage as determined from 

CCSR (p=0.018, Fig 5.2).  Curve fits of equilibrium modulus and intrinsic permeability 

yielded the parameters found in Table 5.1 and Figure 5.2.  Representative curve-fits are 

shown in Fig. 5.3.  The coefficients of determination for control and ChABC stiffness 

were R2 = 0.995±0.003 (root-mean-squared-error [RMSE] = 0.004±0.003 MPa) and 

0.998±0.001 (RMSE = 0.001±0.0005 MPa), respectively.  Modulus (Ha) and M were 

significantly different between control and ChABC treated cases (both p=0.018) but β 

was not significantly different (p=0.063).  GAG content was negatively correlated to 

permeability (ρ = -0.653, p=0.011). 

 
Figure 5.2.  Confined compression stress relaxation parameters. (mean±SD) 
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Table 5.1:  Comparison of material parameters from stress relaxation of full thickness 
articular cartilage (control vs. ChABC).  Data reported as mean±SD. 
 
(control/ChABC) Ha (MPa) β (unitless) k0 (10-15 m4/Ns) M (unitless) 
Present study 0.15±0.10 / 

0.03±0.02 a 
0.61±0.19 / 
0.97±0.47 

7.58±4.31 / 
33.9±22.2 a 

3.90±0.40 / 
6.09±1.51 a 

Ateshian 1997 0.40±0.14 / NA 0.35±0.29 / NA 2.7±1.5 / NA 2.2±1.0 / NA 
Chen 2001 0.47±0.11 / NA - 7.3±1.73 / NA 8.41±1.72 / NA 
Katta 2008 0.44 / 0.27 a,b - 0.58 / 1.28 a - 
Korhonen 2003 0.34±0.04 / 

0.12±0.08 a,b - 0.71±0.11 / 
1.13±0.36 a - 

Williamson 2001 0.31±0.03 / NA - ~15±1 / NA ~16±2 / NA 
a significant at p<0.05 
b Young’s modulus (MPa) 
 

 
 
Figure 5.3.  Experimental data from stress relaxation testing of control and ChABC 
treated bovine cartilage.  Top Left: Curve fit of representative experimental ChABC 
stress-time data to the biphasic constitutive model for incremental stress relaxation 
testing.  Parameters: Ha = 0.03 MPa, β = 0.58 (unitless), k0 = 16.9x10-15 m4/Ns, M = 4.30 
(unitless).  Top Right: Average control and ChABC treated stress-time curves for the 
sample population (n=7, mean±SEM).  Bottom:  Average stress-stretch curves for the 
sample population (n=7, mean±SEM). 
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Finite Element Models of Confined Compression Stress Relaxation 
 

The average transient response of the 14 specimen specific FE models is shown in 

Figure 5.4 (n=7 for each treatment case).  The average curves exhibit excellent qualitative 

agreement between the experiments and FE models, providing confidence that the 

constitutive relationship was implemented correctly in FEBio.  Statistical comparison 

showed no significant differences at any equilibrium stress between experiments and FE 

models for control samples (all p>0.116).  Similarly, no significant differences were 

detected at equilibrium stresses between experiments and FE models for ChABC (all 

p>0.237).  Peak stress varied at 10% strain between experimental and FE models for the 

control case (p=0.028).  Otherwise, no differences were detected between the other peak 

stresses in control (all p>0.116) or between the peak stresses in ChABC (all p>0.310).   

 

 

 
Figure 5.4.  Comparison of average CCSR stress-time data from experiments 

(mean±SEM) and FE models for control (left) and ChABC (right) tissues. 
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Influence of Applied Pressure on Direct Permeation 

Darcy permeability (apparent) was calculated from Eq. 5.3 using the applied pressure 

boundary conditions and the resultant fluid flux from FE models.  Uniform surface to 

surface displacement induced by the pressure was used as the input for deformed path 

length L.  As shown in Figure 5.5, the application of pressure gradients alone had a 

significant effect on the calculated Darcy permeability.  Intrinsic values (permeability 

inputs to the homogeneous FE models from CCSR) are shown on the Y axis at zero 

applied pressure.  Increased applied pressure created nonlinear reductions in apparent 

permeability.  Control models exhibited up to 45% error in calculation of apparent Darcy 

permeability versus the input intrinsic value.  Minimal pressure of 1 kPa produced less 

than 2% error in apparent permeability for control tissues.  These effects were more 

profound for ChABC models where error neared 90% at the highest pressures.  Even the 

lowest pressure (1 kPa) produced 10% error in apparent permeability in ChABC models.  

The highest pressure examined (40 kPa) showed only a 20% increase in apparent 

permeability with ChABC parameters versus control.  In contrast, there was a 350% 

increase in intrinsic permeability calculated from CCSR. 

 
 

Figure 5.5.  Influence of applied pressure on Darcy permeability. 

Applied Pressure (kPa)
0 10 20 30 40

A
pp

ar
en

t P
er

m
ea

bi
lit

y 
(1

0-1
5  m

4 /N
s)

0

5

10

15

20

25

30

35

40

Control - Model Input
Control - Pressure Dependent k
ChABC - Model Input
ChABC - Pressure Dependent k

Applied Pressure (kPa)
1 5 10 20 40

%
 E

rr
or

 in
 A

pp
ar

en
t P

er
m

ea
bi

lit
y

vs
. M

od
el

 In
pu

t

0

20

40

60

80

100

Control
ChABC



  141 

The applied pressure generated inhomogeneous strains through the thickness of the 

models (Figure 5.6).  Strains were relatively homogeneous in low pressure control 

models but became extremely inhomogeneous in ChABC models at high pressure.  

Intuitively, the softer ChABC models exhibited higher peak displacement than the stiffer 

control at the same pressures.  ChABC models displaced nearly 0.25 mm at 40 kPa in 

contrast to control which displaced half that.  Control models at 1 kPa exhibited peak 

strains of < 0.01 whereas peak strains in ChABC at 40 kPa approached 0.36. 

 

 

Figure 5.6. Peak displacement and strain in applied pressure models. Top: Representative 
inhomogeneous Z strain in a control and ChABC model.  Bottom: Peak displacement and 
strain in control and ChABC models. 
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Influence of Applied Strain on Direct Permeation 
 

Darcy permeability (apparent) was again calculated from Eq. 5.3, now also using the 

applied strain boundary conditions.  The deformed path length L was taken as the 

deformed thickness due to applied strain.  Apparent permeabilities were fit to Eq. 5.2 to 

derive intrinsic permeability (k0) and M from the strain-dependent DP models.  As shown 

in Figure 5.7 (left), curve fits of control models at both 1 kPa and 20 kPa were within 2% 

error of the input intrinsic permeability from CCSR.  The M coefficient also deviated less 

than 2% at 20 kPa.   

Both control and ChABC models exhibited inhomogeneous strains through their 

thickness as described in the pressure-only models.  For applied pressures greater than 10 

kPa, tensile stress was generated at the 10% applied compressive strain boundary in 

ChABC models.  This indicated the applied displacement surface constraint limited the 

true deformation of the model (i.e. liftoff of tissue from the upstream filter in an 

experiment would have occurred).  For this data point, displacement and flux from the 

pressure-only model were used as their top surface was not constrained from Z 

deformation. 

Curve fits of ChABC models in Figure 5.7 (right) illustrate the influence of the 

combination of applied strain and pressure on the “softened” ChABC models.  At low 

pressure (1 kPa) the strain-dependent apparent permeability accurately predicted the 

intrinsic permeability from Eq. 5.2 to within 0.2% error.  At 20 kPa applied pressure the 

error in intrinsic permeability significantly increased to nearly 40%.  The M coefficient 

showed a similar trend with errors less than 0.1% at 1 kPa but dramatically increased to 

11% at 20 kPa applied pressure.   
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Figure 5.7.  Influence of applied strain and pressure on Darcy permeability. 
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DISCUSSION 

 
The first hypothesis of this study was that CCSR and DP could provide equivalent 

measures of the intrinsic permeability of soft porous hydrated tissues.  The second 

hypothesis was that the removal of sulfated GAGs would yield consistent changes in the 

permeability as measured by the two test methods.  Results showed that the 

measurements of tissue permeability varied by test protocol as well as by treatment case, 

dependent on the choice of boundary conditions in DP tests.   

Simulation of DP tests on control models had less than 2% error in predicted apparent 

permeability with applied pressure of 1 kPa.  Error grew considerably with increases in 

pressure, to over 45% at 40 kPa.  This was due to interactions of the solid and fluid 

phases in the biphasic model.  Inhomogeneous strains developed from fluid drag through 

the solid phase (Figure 5.6).  Flow-induced compaction [5, 15, 44] produced an 

increasing compressive strain from the upstream to the downstream face of the specimen.   

The local effective permeability decreased from the upstream to the downstream face, 

following a nonlinear function of the volumetric strain (Eq. 5.2).  This inhomogeneous 

compaction is not taken into account by Eq. 5.3, which only accounts for the prescribed 

strain or gross deformation from applied pressure.  Consequently, even the assumed 

homogeneous value of λ employed in Eq. 5.3 may have been too large, yielding an 

inaccurate over-estimation of the actual sample thickness L.  Therefore, the values of k0 

and M obtained from a conventional application of Darcy’s law to direct permeation data 

may consistently underestimate their true values, because the values of λ employed in 

Eqs. 5.2 and 5.3 are over-estimated. 
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The influence of inhomogeneous strain was compounded in ChABC models where 

the aggregate modulus was much lower than in control models.  Error in permeability 

approached 12% at 1 kPa and was over 85% at 40 kPa.  Use of pressures above 10 kPa 

was determined to cause lift-off of the tissue at the 10% strain constraints applied in 

strain-dependent models.  This again limited the ability of the Darcy permeability to 

capture the true strain given its input was the applied deformation, not the additional 

compaction caused by pressure. 

Inclusion of strain-dependent boundary conditions increased the tolerance for 

predicting the appropriate intrinsic permeability.  Control models were now within 2% of 

the intrinsic permeability up to pressures of 20 kPa whereas with pressure alone 20 kPa 

altered the apparent permeability by nearly 25%.  ChABC models were also less sensitive 

to strain dependence, staying within 12% of intrinsic permeability up to 10 kPa (rather 

than 10% error in 1 kPa pressure-only models).   

DP can therefore reasonably predict the intrinsic permeability derived from transient 

CCSR tests, provided a select set of boundary conditions are used.  A survey of the 

literature showed the ranges of applied pressures in permeation studies were on the order 

of 1-70 kPa, with typical values between 10-30 kPa [49-53].  On the low end, pressures 

of roughly 1-3 kPa were achieved through use of hydrostatic water columns, and flux 

equilibration took as long as 16 hours [49, 54].  Higher pressures were applied with 

syringe pumps or gas over liquid pressurization systems and equilibrated in as short as 30 

minutes [50-52, 55].   

These pressures were applied to articular cartilage, annulus fibrosus and agarose gels.  

Agarose gels have been shown to have aggregate moduli ranging from 0.005-0.1 MPa 
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[53] so the low end of the pressure spectrum would be required to minimize flow induced 

compaction artifacts.  Unfortunately, higher pressures used on slightly stiffer tissues may 

have resulted in errors in predicted permeability due to the issues with Darcy 

permeability described previously.   

As noted, careful choice of boundary conditions is required.  To minimize the 

confounding effect of compaction, the prescribed pressure difference should be well 

below the compressive modulus of the material being tested.  Applied pressure of 1 kPa 

caused nearly 12% error in apparent permeability in ChABC models where the aggregate 

modulus was assumed to be 30 kPa.  This error was nearly the same with strain-

dependent boundary conditions at 10 kPa.  Applied pressures should be less than 10% of 

the compressive modulus of the material in question to limit error in calculation of 

intrinsic permeability.  It worth noting that the inhomogeneous strain from flow-induced 

compaction during DP testing can never be completely eliminated. 

In contrast to DP, fitting the load response of a stress relaxation test to the numerical 

solution of the partial differential equation governing this problem [13, 15] represents an 

approach that uses a local form of Eq. 5.2.  This solution accounts for the variation of 

permeability with volumetric strain throughout the thickness of the sample.  Unlike DP 

where deformation is flow-induced, the actual surface-to-surface deformation of the 

tissue sample is measured directly during the stress relaxation test.  The values of k0 and 

M obtained from curve-fitting the CCSR response are therefore expected to be more 

reliable than the conventional application of Darcy’s law in DP.   

Measurements of sulfated GAG content were in good agreement with previous 

reports [8, 23, 32, 56].  The slight decrease in GAG content from native to control tissues 
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(<5%) may have resulted from GAG loss into the buffer solution [57].  Furthermore, 

ChABC was effective in removing nearly 70% of sulfated GAGs, providing direct 

evidence that digestion effected compositional changes in the tissue.  Permeability has 

been shown to increase with water content [1, 58], but no differences in hydration were 

detected between treatment groups.  These data, along with increased permeability from 

ChABC treatment and the general agreement of material properties presented in Table 

5.1, provide confidence in the reliability of material properties produced from the CCSR 

experiments.   

When comparing the compressive modulus and permeability values obtained from 

CCSR in the present study to prior reports in the literature, it is important to note 

differences in initial tare conditions employed in these tests, especially in light of the 

softening with ChABC treatment.  In previous studies a tare load was used to determine 

the reference height of the sample [13, 22, 32].  Since the constitutive models are based 

on applied strain, a reduction in stiffness results in higher initial strain when using a fixed 

tare load. The 2% tare strain applied in the present study produced average tare loads of 

0.15±0.08 N and 0.04±0.02 N for control and ChABC tissues, respectively.  Both are 

lower than the tare loads that were used previously (0.26 N [13]) and likely explain the 

higher value for the intrinsic permeability and lower value for the aggregate modulus 

with respect to previous work (Table 5.1). 

A possible secondary reason for the observed disparity between the permeability 

measured by DP and CCSR is the inhomogeneity of cartilage mechanical properties 

through its thickness [33, 59, 60].  For instance, the compressive modulus of the 

superficial zone of cartilage is smaller than the middle and deep zones [60, 61].  
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Inhomogeneity in the material properties of both the solid phase and the permeability 

itself could further complicate the influence of inhomogeneous strain fields in both test 

methods.   

Preliminary FE models constructed with inhomogeneous material properties were 

capable of reproducing the steady state response of DP boundary conditions, but the 

transient response under DP and CCSR boundary conditions suffered considerably (data 

not shown).  This is likely because assumptions that can be made for the composite 

nature of material parameters like permeability and aggregate modulus cannot account 

for their individual strain-dependence (β, M).  Also, isolation of layer-wise material 

properties in experiments is compromised by disruption of natural morphological and 

compositional changes that occur continuously through the tissue thickness.  More work 

is required to fully characterize the depth-dependent material properties of cartilage and 

their inclusion into composite FE models.      

In conclusion, two common methods for measuring the permeability of articular 

cartilage were evaluated with the finite element method.  It was shown that the use of the 

conventional Darcy’s Law to extract permeability from a DP experiment can 

underestimate the value of the intrinsic (zero-strain) permeability.  This effect was 

exacerbated in the case of enzyme digested tissues, where a decrease in modulus due to 

digestion resulted in greater flow-induced compaction under the same prescribed pressure 

gradient.  The finite element analysis demonstrated that this effect could be explained by 

inhomogeneous compressive strain through the sample due to flow-dependent 

compaction, which is not accounted for in the Darcy equation.  In contrast, extracting 

intrinsic permeability parameters by curve-fitting the CCSR response of cartilage during 
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confined compression with a partial differential equation that accounts for local 

variations in the strain produced a more consistent outcome; it could detect the increase 

in intrinsic permeability with GAG removal that is expected to occur from theoretical 

considerations.   

This outcome may seem counter-intuitive, since a permeation experiment appears to 

be a more direct method of measuring the permeability of a tissue.  However, the current 

study outlines significant experimental challenges and limitations in the analysis of 

results from DP.  Limitations in the analysis method for DP could be overcome by using 

the same type of curve-fitting procedure that relies on the solution of a partial differential 

equation governing this problem (as used in the finite element analysis), instead of 

relying on Darcy’s law.  Alternatively, Darcy’s law could be expanded to include an 

explicit dependence of the permeability on local strain.  This would provide a relationship 

between the permeability measured via direct permeation testing and the true 

permeability of the tissue. 
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CHAPTER 6 
 
 

EFFECT OF SULFATED GLYCOSAMINOGLYCAN DIGESTION ON 
 

THE TRANSVERSE PERMEABILITY OF MEDIAL 
 

COLLATERAL LIGAMENT 1 
 
 

ABSTRACT 
 
 

 Dermatan and chondroitin sulfate glycosaminoglycans (GAGs) comprise over 90% of 

the GAG content in ligament.  Previous studies of their mechanical contribution to soft 

tissues have reported conflicting results.  Measuring the hydraulic permeability of the 

tissue may elucidate the contributions of GAGs to the viscoelastic response to 

deformation.  The hypothesis of the current study was that removal of sulfated GAGs 

would increase the permeability of porcine medial collateral ligament (MCL).  Confined 

compression stress relaxation experiments were carried out on porcine MCL and MCL 

treated with chondroitinase ABC (ChABC).  Results were fit to a biphasic constitutive 

model to derive permeability.  Bovine articular cartilage was used as a benchmark tissue 

to verify that the apparatus provided reliable results.  GAG digestion removed up to 88% 

of sulfated GAGs from the ligament.  Removal of sulfated GAGs increased the 

permeability of porcine MCL nearly 6-fold versus control tissues.  Bovine articular 

cartilage exhibited the typical reduction of GAG content and resultant increases in

                                                 
1   Submitted to Journal of Biomechanics, Henninger, H.B., Underwood, C.J., Ateshian, G.A., Weiss, J.A., 
“Effect of Sulfated Glycosaminoglycan Digestion on the Transverse Permeability of Medial Collateral 
Ligament”, October 2009 



  157 

permeability with ChABC digestion.  Given the relatively small amount of GAG in 

ligament (<1% of tissue dry weight) and the significant increase in permeability upon 

removal of GAGs, sulfated GAGs may play a significant role in maintaining the 

apposition of collagen fibrils in the transverse direction, thus supporting dynamic 

compressive loads experienced by the ligament during complex joint motion. 
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INTRODUCTION 

 
Ligaments contain approximately 70% Type I collagen by dry weight, though other 

collagens can be found in limited quantities [1, 2].  Importantly, in addition to collagen, 

ligaments also contain up to 70% water and the balance of the hydrated tissue matrix is a 

mixture of cells, structural proteins, proteoglycans (PGs) and other glycosaminoglycans 

(GAGs).  GAGs and PGs constitute 0.2-5.0% of the total dry weight of ligaments [1, 3].  

Chondroitin-4- and 6-sulfates (CS) and dermatan sulfate (DS) are the primary GAGs 

found in ligament, comprising over 90% of the total sulfated GAG content [4-6]. 

DS and CS are typically bound to core proteins to form decorin and biglycan [7].  

They have been implicated in diverse functional roles in ligament, both alone and through 

their PG associations, including cell and growth factor adhesion, matrix remodeling, 

collagen fibril formation and spacing [8-12].  GAGs are also highly electronegative and 

contribute to the hydration of biological tissues by attracting polar water molecules [8, 

12, 13].   

Attempts to quantify the mechanical contribution of PGs and GAGs in ligaments and 

tendons have resulted in contradictory reports.  Developmental studies have linked the 

absence of decorin PGs to irregular collagen fibril formation and mechanically inferior 

tissues [14-16].  Micro-mechanical models have suggested that GAGs support tensile 

loads by connecting neighboring collagen fibrils [17-20], and work with isolated GAGs 

has shown they can self-associate and resist axial loads under physiologic conditions [21, 

22].  Research on chordae tendinae demonstrated that GAGs undergo a change in 

orientation when the tissue is strained [23].  To the contrary, recent studies did not detect 

a change in the continuum level mechanical response of human medial collateral 



  159 

ligament (MCL) after enzymatic digestion removed CS and DS from the tissue [24, 25].  

Clearly, additional research is needed to determine whether there is a mechanical 

function of sulfated GAGs in ligaments. 

GAG content influences the hydraulic permeability of biological tissues.  

Permeability is defined as the ease with which a fluid flows through a porous medium.  

GAGs may limit the amount of water that moves freely through the tissue volume due to 

their association with water molecules [26-30].  Constitutive models have been developed 

and applied to describe permeability as a function of deformation and tissue material 

symmetry [30-34].  Using these models, studies of articular cartilage have shown that 

permeability increased after enzymatic digestion of GAGs from the tissue [27, 35].  The 

increase in permeability after removal of GAGs is characteristic of their role in the fluid 

flow-dependent viscoelasticity of articular cartilage [29, 32, 36, 37].  Ligament exhibits 

time- and rate-dependent response to deformations [38, 39], but the source of ligament 

viscoelasticity has not been linked to the presence of sulfated GAGs. 

Given the potential influence of GAGs in the viscoelastic characterization of 

ligament, the hypothesis of this study was that the permeability of porcine medial 

collateral ligament transverse to the collagen axis would increase upon enzymatic 

digestion of CS and DS GAGs.  To test the hypothesis, confined compression stress 

relaxation experiments were performed and permeability was calculated using a biphasic 

constitutive model [34, 40].  Tissue samples were treated with chondroitinase ABC to 

remove CS and DS GAGs and compared to control samples from the same ligament.  

Bovine articular cartilage was used as a benchmark tissue to ensure that the test 

procedure provided data that were consistent with previous results in the literature. 
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METHODS 

 
Tissue Isolation 

 
Six skeletally immature (5-8 months) porcine knees were obtained from a local 

biomedical supply company (Frontier Biomedical, Logan, UT).  Knees were frozen at -20 

ºC until the day of testing.  Knees were allowed to thaw and then dissected free of fat and 

extraneous soft tissue.  The MCL was removed at the insertion sites and the tissue was 

fine dissected to remove overlying fascia.  The tissue was kept hydrated with Ringer’s 

solution during isolation.  MCLs were then frozen to -70 ºC and three neighboring 

samples were removed from the mid-substance of each ligament using a 5 mm coring 

punch.  The axis of the cylindrical punch was oriented normal to the lateral anatomical 

surface of the ligament.  This produced cylindrical plugs where the predominant collagen 

fibers were oriented normal to the test axis. 

Specimen thickness was measured three times with a handheld micrometer (Model 

CD-6”CSX, Mitutoyo, Japan).  Samples were measured three additional times on a 

resistive circuit where a micrometer was adjusted until a finite resistance was measured 

across the sample [41].  Measurements were taken at the center and on opposing edges of 

the samples.  All six measurements were averaged to produce the final thickness 

measurement.  The average coefficient of variation in thickness measurement was 3.8% 

for control and 4.7% for ChABC treated tissues.  

Since no previous reports for confined compression stress relaxation were available 

for normal or ChABC treated MCL, cartilage served as a benchmark tissue to verify that 

the test system provided reliable results.  Five skeletally mature bovine knees were 

obtained from a local abattoir and three plugs of articular cartilage were removed from 
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the lateral femoral condyle of each knee.  These cartilage samples underwent the same 

preparation, enzyme treatments and stress relaxation testing as the MCL samples, with 

the exception that full thickness cartilage was sectioned with a microtome to ensure the 

superficial and cut surfaces were parallel. 

 
Glycosaminoglycan Digestion 

 
Enzymatic digestion with chondroitinase ABC (ChABC) was performed on one of 

the three samples collected from each knee.  ChABC specifically degrades chondroitin-4- 

and 6-sulfates as well as dermatan sulfate and some hyaluronic acid GAGs [13].  The 

enzyme was derived from proteus vulgaris (Sigma, St. Louis, MO).  A second sample 

was used as a buffer soaked control and the remaining sample was used as the native 

tissue control (for water and GAG content). 

ChABC protocols were adapted from a previous study that verified the efficacy of 

ChABC treatment on MCL [24, 42].  The control buffer consisted of non-lactated 

Ringer’s solution containing 20 mM Tris (pH 7.5) and protease inhibitors (Mini-

Complete, Roche, Germany).  The treatment buffer was the same as control buffer with 

the addition of 1 U/ml ChABC. 

Excluding native controls, all samples were equilibrated for one hour in control buffer 

at room temperature.  Samples then underwent six additional hours of treatment with 

either control or ChABC buffer.  Wet weights were recorded at the time of isolation, and 

after buffer soaks, to quantify changes in wet weight due to swelling.  Samples were 

lyophilized after testing and dry weights were collected. 
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Glycosaminoglycan Quantification and ChABC Efficacy 
 

GAG content was quantified using the 1-9 dimethylmethylene blue assay [43].  All 

samples were digested overnight with papain, and an aliquot was mixed with reagent in a 

96-well plate [24, 42].  Absorbance was measured on a plate reader (Synergy HT, Bio-

TEK, VT) and the measured absorbance was compared to a standard curve with known 

concentrations of sulfated GAGs.  The remaining extract was treated overnight with 

additional ChABC to determine if additional GAG was degraded once freed from the 

tissue macrostructure.  This quantified the efficiency of the initial ChABC treatment.  

Sulfated GAG content was normalized to tissue dry weight. 

 
Confined Compression Stress Relaxation 

 
The stress relaxation protocol was adapted from Ateshian et al. [31].  The test 

apparatus consisted of a servo-controlled mechanical stage (Model MRV22, Tol-O-

Matic, MN, accuracy ±1.0 μm), linear variable displacement transducer (Model ATA 

2001, Schaevitz, VA, accuracy ± 0.05% FS), and a 5 mm diameter custom confining 

chamber.  Porous sintered stainless steel filters (Model PXX, 20 μm pores, permeability 

~10-11 m4/N·s, Small Parts Inc, FL) retained the sample within the chamber.   

Samples were loaded with the primary collagen fibers aligned transverse to the test 

axis.  The chamber was submersed in control buffer throughout the test cycle.  The 

sample was confined in the radial direction and loading occurred along the axis of the 

cylindrical sample.  A 20% compressive strain was applied for one minute to seat the 

tissue in the confining chamber.  The actuator was then retracted to its reference position 

and the tissue was allowed to recover for 15 minutes. 
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An incremental tare strain (1% steps) was then applied until a minute load (<0.01 N) 

was detected.  This ensured that the actuator was in contact with the upper filter and 

established the reference thickness of the sample.  A tare strain (rather than a tare load) 

was used because pilot testing indicated that ChABC treatment softened the tissue.  Five 

incremental step displacements (5-25% strain) were applied at a rate of 0.01 %/sec, each 

followed by 1400 seconds of relaxation at static displacement.  A 1000g load cell (Model 

31, Sensotec Inc., OH, accuracy ± 0.25% FS) was used to measure the resulting force. 

Experimental data for equilibrium stress (σe) and stretch (λ) were fit to a constitutive 

model for the solid phase of the material using the Levenberg-Marquardt method to 

derive the aggregate modulus (Ha) and strain-stiffening nonlinearity coefficient (β) [31, 

40].  For the one-dimensional case of confined compression, this constitutive model can 

be written as:   

  
 (6.1) 
 
 
Ha and β were then used in a second curve fit to determine the intrinsic permeability 

(k0) and nonlinearity coefficient (M) from a constitutive model that relates the intrinsic 

permeability to the volumetric deformation [33]:   

 
 (6.2) 
 
 

Here, k is the strain-dependent permeability, J is the local tissue volume ratio (J = λ 

for confined compression) and φ0 is the solid volume fraction of the ligament.  Solid 

fraction was determined by linearly interpolating the water content after the application 

of tare strain between the native and free-swelling thicknesses and water contents of each 
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sample (sample specific range: 0.22-0.28).  The intrinsic permeability (k0) is the 

permeability in the absence of applied volumetric strain.  The finite-difference method 

was used to minimize the difference between the experimental stress-time data and that 

predicted by the biphasic theory for confined compression [31].  The biphasic model 

described above was formulated for isotropic materials.  Given mathematical reductions 

possible with the confined compression experiment [31, 33] the transversely isotropic 

ligament is considered isotropic through the specimen thickness since the collagen fibers 

are normal to the axis of compressive loading.  For a detailed derivation of the 

constitutive model and the application of the theory to experiments, the reader is 

referenced to the works of Holmes [33] and Ateshian et al. [31], respectively. 

 
Statistical Analysis 

 
A pilot study showed that neighboring samples provided repeatable measures of 

permeability and could be used for paired comparison (22% coefficient of variation of 

intrinsic permeability).  Due to the small sample sizes (n=6 MCL, n=5 cartilage) 

nonparametric statistical analyses were used.  Differences in thickness, water and GAG 

content between MCL treatment groups were analyzed using the Wilcoxon signed ranks 

test for related samples (all comparisons for n=6 pairs).  The Mann-Whitney U was used 

to detect differences in permeability and related model parameters between MCL and 

cartilage samples (all comparisons for n=6 MCL, n=5 cartilage).  Spearman’s ρ was used 

to test the relationship of GAG content and intrinsic permeability.  Statistical significance 

was set at p≤0.05 for all tests.  All data are presented as mean±SD unless otherwise 

noted.
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RESULTS 

 
GAG Quantification and Efficacy of ChABC 

 
MCL specimen thickness after tare strain application averaged 2.01±0.19 mm for 

control tissues and 2.12±0.28 mm for ChABC treated tissues.  No differences in thickness 

were detected between treatment groups (p=0.463).  Water content was 67.0±2.7% for 

untested native samples.  Water content increased with control and ChABC buffer 

treatment to 78.6±1.6% (from 70.8±1.8%) and 77.8±2.1% (from 71.2±2.6%), 

respectively.  Control and ChABC soaked tissue water content were significantly higher 

than native tissue water content (both p=0.028) but were not significantly different from 

each other (p=0.463).   

The total sulfated GAG content was 7.07±1.64 μg/mg tissue dry weight for native 

MCL and 8.14±1.39 μg/mg for control MCL (Fig. 6.1).  Sulfated GAG content after 

ChABC treatment was 1.00±0.11 μg/mg, representing a drop in GAG content of nearly 

88% after ChABC treatment.  There was no significant difference in total sulfated GAG 

content between native and control groups (p=0.116), but both were significantly higher 

than the ChABC treated group (both p=0.028).  ChABC treated papain extracts digested 

with additional ChABC further reduced sulfated GAG content to 0.95±0.11 μg/mg.  This 

represented an additional 5% reduction in GAG content by the secondary digestion, 

yielding 95% efficiency for the initial CS/DS GAG digestion. 
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Figure 6.1.  Sulfated GAG content of porcine MCL normalized to tissue dry weight.  
ChABC significantly reduced sulfated GAG content (*) upon initial digestion as 
compared to native and control tissue samples.  No statistical differences were detected 
between native and control (buffer soaked) samples.  GAGs remaining after digestion 
were likely keratan or heparan sulfates, which are not affected by ChABC. (mean±SD) 

 
 

Influence of ChABC on the Permeability of Porcine MCL 
 

The permeability of porcine MCL increased significantly due to ChABC treatment 

(p=0.028, Fig. 6.2).  Fits to the constitutive models (Eq. 6.1 & 6.2) yielded the parameters 

in Table 6.1.  Figure 6.3 shows a representative curve fit of experimental stress-time data 

(top), the average control and ChABC treated stress-time responses (middle), and the 

average stress-stretch data for all samples tested (bottom).  The coefficients of 

determination for control and ChABC equilibrium stress-stretch responses were R2 = 

0.997±0.002 (root-mean-squared-error [RMSE] = 0.002±0.001 MPa) and 0.996±0.002 

(RMSE = 0.002±0.002 MPa), respectively.  The aggregate modulus (Ha) was generally 

lower for ChABC treated tissues, although no significant differences were detected 

(p=0.345).  Conversely, M was generally higher for ChABC tissues but no significant 

differences were detected (p=0.249).  There was no effect of treatment on β (p=0.249).  

GAG content was negatively correlated to permeability (ρ = -0.741, p = 0.003).   
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Figure 6.2.  Influence of CS and DS GAGs on the permeability of porcine MCL.  
Permeability significantly increased (*) upon removal of sulfated GAGs as compared to 
control tissues.  (mean±SD) 
 
 
 
 
 
Table 6.1:  Comparison of material parameters from confined compression stress 
relaxation of porcine MCL (control vs. ChABC).  Data reported as mean±SD.   
 
(control/ChABC) Ha (MPa) β (unitless) k0 (10-15 m4/N·s) M (unitless) 
Present study 0.16±0.10 / 

0.11±0.10 
4.19±2.43 / 
5.02±1.23 

4.08±2.62 / 
20.67±14.02 a 

7.43±1.12 / 
10.16±4.51 

Atkinson 1997  - - 0.1-10 / NA b - 
Adeeb 2004 - - 10.0 / NA b - 
Van Driel 2000 - - 10.0 / NA b - 
Weiss 2006 - - 2.94 / NA 7.98 / NA 
a significant change between control and ChABC at p<0.05 
b properties utilized in mechanical models of ligament 
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Figure 6.3. Experimental data from stress relaxation testing of control and ChABC 
treated porcine MCL.  Top Left: Curve fit of representative experimental ChABC stress-
time data to the biphasic constitutive model for incremental stress relaxation testing.  
Parameters: Ha = 0.07 MPa, β = 4.54 (unitless), k0 = 15.0x10-15 m4/Ns, M = 11.92 
(unitless).  Top Right: Average control and ChABC treated stress-time curves for the 
sample population (n=6, mean±SEM).  Bottom:  Average stress-stretch curves for the 
sample population (n=6, mean±SEM).  ChABC treated samples consistently had lower 
stress than their control counterparts within the same knee, but there was large variance 
between pairs from different knees. 

 
 

Verification of Testing Procedures with Bovine Articular Cartilage 
 

Bovine cartilage specimen thickness averaged 1.40±0.31 mm and 1.20±0.20 mm for 

control and ChABC treated tissues, respectively.  Water content for native tissue was 

81.9±3.2%, while control and ChABC tissues averaged 81.5±4.1% and 82.9±2.5%, 

respectively.  No significant differences were detected between treatment groups for 

thickness (p=0.091) or water content (all p>0.249).  Sulfated GAG dry weight content 
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was 212.0±41.9 μg/mg for native cartilage and 201.7±44.1 μg/mg for control cartilage.  

ChABC treatment reduced sulfated GAG content to 71.1±32.6 μg/mg.   Sulfated GAG 

content did not vary significantly between native and control tissues (p=0.866) but both 

were significantly higher than those treated with ChABC (both p=0.018). 

The permeability of bovine cartilage in the ChABC treated group was significantly 

higher than the control group (p=0.018, Fig. 6.4).  Curve fits for articular cartilage 

yielded the material parameters in Table 6.2.  The coefficients of determination for 

control and ChABC equilibrium stress-stretch responses were R2 = 0.995±0.003 (RMSE 

0.004±0.003 MPa) and 0.998±0.001 (RMSE 0.001±0.001 MPa), respectively.  GAG 

content was negatively correlated to permeability (ρ = -0.644, p = 0.006).  No significant 

differences were detected between the cartilage and MCL samples for either treatment 

case (control: p=0.101, ChABC: p=0.181). 
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Figure 6.4.  Permeability of bovine articular cartilage and porcine MCL.  Permeability of 
bovine cartilage was similar to previous reports.  Both bovine cartilage and porcine MCL 
showed significant increases (*) in permeability with ChABC treatment.  No significant 
differences in permeability were detected between tissues by treatment case.  (mean±SD) 
 
 
 
 
Table 6.2:  Comparison of material parameters from confined compression stress 
relaxation of full thickness articular cartilage (control vs. ChABC).  Data reported as 
mean±SD. 
 
(control/ChABC) Ha (MPa) β (unitless) k0 (10-15 m4/Ns) M (unitless) 
Present study 0.15±0.10 / 

0.03±0.02 a 
0.61±0.19 / 
0.97±0.47 

7.58±4.31 / 
33.9±22.2 a 

3.90±0.40 / 
6.09±1.51 a 

Ateshian 1997 0.40±0.14 / NA 0.35±0.29 / NA 2.7±1.5 / NA 2.2±1.0 / NA 
Chen 2001 0.47±0.11 / NA - 7.3±1.73 / NA 8.41±1.72 / NA 
Katta 2008 0.44 / 0.27 b - 0.58 / 1.28 - 
Korhonen 2003 0.34±0.04 / 

0.12±0.08 a,b - 0.71±0.11 / 
1.13±0.36 a - 

Williamson 2001 0.31±0.03 / NA - ~15±1 / NA ~16±2 / NA 
a significant change between control and ChABC at p<0.05 
b Young’s modulus (MPa) 
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DISCUSSION 
 
 

The permeability of porcine MCL increased upon digestion of sulfated GAGs, 

leading to acceptance of the initial hypothesis.  This result agrees with findings for 

bovine articular cartilage, both in the present study and in the literature [27, 35].  GAG 

content for native, control and ChABC treated ligaments were in agreement with 

previous reports that DS and CS were the predominant GAGs in ligament [4-6, 25, 44].  

Each ChABC treated sample had higher permeability than the corresponding paired 

control, and the only difference was that ChABC treated tissue had significantly less 

GAG than control tissue.  This is a strong indicator that sulfated GAGs are a contributor 

to the transverse permeability of ligament when subjected to deformations transverse to 

the collagen fiber direction.  

Prior studies that have examined the impact of GAGs on ligament mechanics focused 

on the tensile and shear properties of the tissue [24, 25].  Ligaments primarily resist 

tensile forces and experience large lateral contraction per unit axial deformation 

(Poisson’s ratio υ > 0.5, [45-48]), but they are also known to experience transverse 

compressive loads in areas where they wrap over bone [49-51].  Ligaments likely 

experience both deformations simultaneously given their role in constraining highly 

mobile joints.  The present experiments allowed direct quantification of the influence of 

GAGs on the compressive response of the tissue, which was not previously reported.  The 

use of the confining chamber provided a means to control lateral expansion during 

compression, removing the Poisson’s ratio as a confounding factor when measuring 

differences due to the ChABC treatment. 
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In articular cartilage, it is known that GAGs contribute significantly to the 

equilibrium compressive modulus of the tissue [52, 53].  GAGs may function in a similar 

manner in ligament, since relatively elevated GAG concentrations are found in ligament 

and tendon in areas experiencing compressive loading [6].  However, though a significant 

decrease was observed in the cartilage value of Ha following digestion with ChABC 

(Table 6.2), the decrease observed in the MCL was not statistically significant (Table 

6.1).  The lack of significance for MCL may be explained by its much smaller GAG 

content (0.8% of the dry weight) relative to cartilage (20% of the dry weight).  Thus, 

GAGs contribute much less significantly to the equilibrium compressive modulus of 

MCL than in cartilage.   

Likewise, removal of sulfated GAGs provided no change in β for MCL or cartilage 

but did affect M in cartilage.  This demonstrates that removal of GAGs does not affect the 

nonlinearity of the equilibrium stress-strain response, but the magnitude may change 

since the matrix cannot support as much load once GAGs are removed.  The change in 

the magnitude of the strain-dependence of the permeability (M) is more dramatic in 

cartilage once GAGs are removed, and this again may be a function of the relative 

quantities of GAG in the tissues. 

Nevertheless, in regions of ligament that are subjected to compressive loading, 

interstitial fluid pressurization during dynamic deformation may contribute significantly 

to the tissue’s dynamic compressive modulus [54]; in this case, the lower permeability 

induced by the higher GAG content may produce a higher magnitude of interstitial fluid 

pressurization for a given loading frequency, and a correspondingly higher dynamic 

compressive modulus.  Due to the dependence of permeability on strain, the GAG/fluid 
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pressurization mechanism would likely have the greatest impact during low strain 

deformations.  This is illustrated in Figure 6.5.  Here the permeability is plotted as a 

function of the compressive stretch using the experimentally derived parameters and the 

biphasic constitutive model.  The compaction of the tissue drives down the porosity of 

the solid matrix and consequently the permeability of control tissues that contain GAGs 

(solid symbols).  It is apparent that the removal of GAGs profoundly increases the low 

strain permeability (open symbols) but both control and GAG depleted tissues converge 

to the same permeability after large compressive deformations.  This highlights the 

importance of GAGs in providing compressive support during low strain conditions 

where they strongly impact the permeability of the tissue.    

The results of this study suggest that GAGs in ligaments have a very significant 

influence on transverse permeability, since the reduction from 0.8% to 0.1% GAG 

content by dry weight induced a six-fold increase in this material parameter (Table 6.1).  

Since GAG content in ligaments may reach as much as 5.0% of the total dry weight in 

some cases [1, 3], the corresponding permeability might achieve values significantly 

smaller than those measured here, as may be investigated in future studies.  Thus, the 

influence of permeability may be more significant on the dynamic compressive modulus 

rather than the equilibrium compressive modulus of ligaments. 

Consistent with the present results on the equilibrium compressive modulus, recent 

work was not able to detect changes in the quasi-static tissue response to tensile and shear 

deformation [24] or axial viscoelastic testing [25] when GAGs were removed from 

human MCL with Chondroitinase B or ChABC.  Tensile tests may not have been 

sensitive enough to detect GAG contributions due to the overwhelming comparative 
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influence of the organized collagen fibers.  It is likely much harder to detect the impact of 

GAGs on the tensile properties of ligament since the mechanical properties of collagen 

dominate the tissue mechanical response.  More work is required to determine if and how 

GAGs directly contribute to the Poisson’s effects in ligament. 

Although there are no previous results for confined compression stress relaxation of 

ligament, the present results for MCL are considered reliable based on the results for 

testing of bovine articular cartilage in this study.  Cartilage exhibited an increase in 

permeability after digestion of GAGs and material parameters were in good agreement 

with previous reports of cartilage modulus and permeability (Table 6.2) [27, 28, 31, 55, 

56].  Sulfated GAG content in cartilage was also in agreement with previous studies [27, 

57, 58]. 

 
Figure 6.5.  Permeability as a function of applied volumetric strain (J).  Since the raw 
data from stress relaxation testing do not directly provide the strain-dependent 
permeability, the intrinsic permeability (k0) and strain-dependence parameter (M) were 
input to the constitutive model (Eq. 6.2) and plotted over a range of compressive stretch 
(λ).  Note how permeability decreases with increasing compressive strain, but curves 
from the ChABC treated data are much more sensitive to changes in compressive strain.  
Permeability of the curves reduce to nearly zero by 50% compressive strain (λ = 0.5). 
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Our previous study examined the permeability of human MCL with direct 

permeation/ultrafiltration [41] and the results for permeability of control ligaments in the 

present study were in good agreement with the permeability reported in the previous 

study (Table 6.1).  Other studies utilizing permeability in modeling of ligament required 

values similar to those presented herein (Table 6.1) [59-61].  The present study provides 

much needed inputs to biphasic constitutive models and is also the first report of the 

influence of sulfated GAGs on the compressive response and permeability of ligament.  

These data are also a first step to discerning the relative impact of flow-dependent and 

flow-independent viscoelasticity in ligament, which seeks to scale the contributions of 

water movement and intrinsic solid phase viscoelasticity to the overall time- and rate-

dependent response of the tissue. 

One limitation of the present study was that the permeability was only determined in 

the transverse direction.  The MCL is a relatively planar tissue.  Gathering samples 

oriented along the collagen axis was not possible given transverse thickness of the tissue.  

Alternate ligaments with larger cross-sectional areas may provide more amenable 

samples to derive axial permeability, but could suffer from similar size and shape 

constraints.   

It is expected that the highly anisotropic material symmetry of the MCL will result in 

a higher permeability along the primary fiber direction [32, 47, 48, 62].  This is motivated 

in part by work using magnetic resonance imaging of tendon that suggested axial water 

diffusion was much greater than transverse to the fiber axis [63-65].  The removal of 

GAGs would likely increase the permeability along the fibers even more than in the 

present study, given they are found primarily in the interfibrillar space [44].  
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It has been reported that interdigitation of the sample into the porous filter and 

incomplete lateral confinement can alter perceived material properties in confined 

compression tests.  Buschmann et al. [66] showed that these issues could have an effect 

on the transient load response and thus alter the computed permeability.  In the present 

study, MCL samples were punched while frozen to optimize the fit into the cylindrical 

confining chamber in an attempt to minimize lateral confinement issues.  The fibrillar 

nature of the tissue may have been beneficial in preventing short segments of fibers from 

getting trapped in the filter pores.  Pore size of the filters (20 μm) was chosen to ensure 

that the permeability of the sintered filters was several orders of magnitude higher than 

the expected permeability of either the control or ChABC treated tissue.  This pore size is 

similar to that used in previous studies of confined compression in the literature [36, 41, 

67, 68]. 

In conclusion, digestion of sulfated GAGs increased the transverse permeability of 

porcine MCL. This result supports the concept that sulfated GAGs function as molecules 

that assist the tissue in resisting dynamic compressive deformation in ligament.  The 

results of both control and ChABC treated permeability measures provide needed inputs 

to models of the time- and rate-dependent material response of ligaments and can help to 

refine our understanding of the functions of sulfated GAGs in ligament.  Future studies 

should address the anisotropic nature of ligament in determining the probable differences 

in permeability along the preferred directions as well as determining any contributions of 

GAGs to the Poisson’s ratio in ligament. 
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CHAPTER 7 
 
 

DISCUSSION 
 
 

Summary 
 

 The objective of this dissertation was to investigate microstructural components of 

ligament and determine their influence on the continuum level mechanics.  This work 

focused on sulfated glycosaminoglycans in the hydrated matrix of medial collateral 

ligament.  Histological, microscopic and image analysis techniques were used to 

determine the continuum level material symmetry of GAGs within human MCL.  Next, 

digestion of sulfated GAGs facilitated comparison of two experimental techniques that 

measured the permeability of articular cartilage.  A final experiment quantified the 

influence of sulfated GAGs on the transverse permeability and compressive viscoelastic 

response of porcine MCL.  The major findings from this dissertation include: 

 
− Sulfated GAGs are distributed with transversely isotropic material symmetry in 

ligament, and subspecies have different preferred orientations within the tissue. 

− Sulfated GAGs are found at all angles with respect to the primary collagen fibers in 

ligament, but prefer orthogonal orientations.   

− Confined compression stress relaxation is favored over direct permeation as a means 

to measure the permeability of hydrated soft tissues.  This is especially important in 

experiments where the inherent compressive stiffness of the tissue is affected. 
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− Sulfated GAGs may support dynamic compressive loading transverse to the primary 

collagen fibers in ligament by reducing the permeability of the tissue. 

 
 Medial collateral ligament is described as transversely isotropic, where collagen 

provides the axis of symmetry.  Previous work considered the hydrated matrix of the 

tissue as an isotropic bulk material surrounding the collagen [1-4], but constituents within 

the matrix had not been individually characterized.  A first step in understanding the 

potential impact of sulfated GAGs in ligament mechanics was to quantify their material 

symmetry.  Accurate modeling of GAGs, either micromechanical or continuum level, 

requires this to support assumptions of material symmetry in the model formulation. 

 Sulfated GAGs have been previously visualized with transmission electron 

microscopy [5, 6], but two dimensional micrographs contain projections artifacts that 

affect interpretation of GAG three dimensional orientation [7].  A novel three 

dimensional model of GAGs in collagen was examined with a custom image analysis 

algorithm.  Two dimensional distributions from the model compared favorably to those 

collected from TEM, quantifying the projection artifacts that resulted in missing 

information about true GAG orientation.  This agreement provided confidence that the 

volumetric distribution described by the model reflected the distribution of GAGs in 

ligament.  The agreement also supported the physiologic assumptions about GAGs, 

collagen and their interactions in ligament. 

 A follow up study refined the image analysis and model to evaluate GAG 

distributions in ligament from three orthogonal planes of section.  It was determined that 

like bulk ligament, GAGs can be described by transversely isotropic material symmetry.  

This was the first quantitative report of GAG distributions and material symmetry in the 
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literature.  DS GAGs occupied all angles with respect to collagen, but the highest 

concentration was orthogonal to the fibrils.  Their presence spanning between fibrils 

supports their known roles as interfibrillar spacers that help regulate lateral growth of 

collagen fibrils [8-10].  This also lends insight into hypothesized roles of sulfated GAGs 

as crosslinks that resist relative movement of collagen fibrils.   

 Collagen fibrils are known to be discontinuous in immature tissues and may be 

continuous in mature tissue due to lateral fusion [11].  Discontinuous fibrils require a 

force transfer mechanism to transmit physiologic loads.  The evolution towards 

continuous fibrils suggests a GAG crosslinking method may be useful during 

development but would be extraneous in mature tissues.  Is there then a mechanical 

function of GAGs in mature tissues?  What transmits forces between fibrils when they are 

known to be discontinuous?   

 A molecular mechanics model simulating collagen-GAG crosslinks had previously 

assumed purely orthogonal GAGs link the fibrils [12].  This ensured GAGs shared loads 

uniformly between collagens under deformation.  That assumption is now expected to 

significantly underestimate tensile forces on GAGs since less than 30% of GAGs are 

within 20° of orthogonal orientations.  Entropic effects could provide secondary 

resistance to deformation for those GAGs not in pure tension [13].  Many askew GAGs 

may be subjected to bending and compression during tissue deformation, placing greater 

strain on those that span directly between collagens.  GAG-GAG association has been 

shown to be the weakest link in the collagen-decorin-GAG bond chain [14], so it is 

unlikely they could maintain distinct collagen linkages to resist tensile forces in situ.  
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 An alternative linking mechanism may therefore be supported.  Longitudinal slippage 

models suggest GAGs dissociate with one another during deformation, creating a 

ratcheting or brushing affect that resists relative sliding of collagen [15-17].  Recent work 

was not able to detect this contribution of GAGs in shear or tensile deformation [18, 19], 

but they may still exert mechanical influence on the fibril level.  It is likely their primary 

mechanical function during tensile deformation is to limit the lateral contraction of the 

tissue by acting as collagen spacers and to provide lubrication of fibrils sliding through 

their associations with water.  Measurement of Poisson’s ratio in GAG digested tissues 

could also provide evidence of this mechanism. 

 GAG subspecies were found in different preferred orientations.  CS and KS GAGs 

remaining after ChB digestions were axially aligned between collagen fibrils.  These 

GAGs are associated with biglycan and large volume filling PGs like versican and 

aggrecan [20, 21].  This may indicate large PGs act to lubricate relative sliding between 

adjacent collagen fibrils [22] or act as bulk collagen spacers.  It is possible they directly 

link collagen, but their small concentration within the tissue likely limits this potential 

impact.  Additional microscale testing is required to validate which, if any, mechanisms 

allow GAGs to transmit direct forces between collagens. 

 Considering the limited role sulfated GAGs appear to play in the continuum tensile 

and shear response of ligament, their contributions in compression are still of interest.  

Sulfated GAGs support compressive loading in articular cartilage through FCD and 

hydration effects [23, 24], and similar mechanisms may exist in areas where ligaments 

wrap around bone.  GAGs retain water, and tissue permeability is a key parameter to 

describe their impact in biphasic materials [25, 26].  Permeability transverse to collagen 
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in ligament had previously been measured using direct permeation [27], but alternative 

protocols exist.  A study was conducted to compare permeability from confined 

compression stress relaxation and direct permeation as calculated using Darcy’s Law. 

 GAG depletion significantly reduced the aggregate compressive modulus of cartilage, 

which had been seen previously [28, 29].  This effect was easily accommodated in stress 

relaxation experiments where a tare strain was used to ensure specimen preload was not a 

confounding factor on the derived strain-dependent permeability.  A large increase in 

permeability was detected upon removal of GAGs from cartilage, in agreement with the 

literature [28, 29].  Alternatively, models of direct permeation tests were significantly 

affected by the tissue softening upon GAG removal.   

 It was determined that the reduction in compressive stiffness negatively affected the 

calculation of permeability using Darcy’s Law.  The inhomogeneous strain within the 

tissue and the gross compaction by even small applied pressures limited the ability of 

Darcy’s Law to accurately predict the permeability of the tissue, as has been described 

previously [30].  This study was the first to directly compare the results of confined 

compression stress relaxation and direct permeation with the finite element method, 

confirming that confined compression was the superior method.  This study also 

highlighted the limitations of Darcy permeability in hydrated soft tissues where the 

inherent compressive properties of the tissue were affected. 

 Utilizing the findings from the previous studies, the permeability and stress relaxation 

response of porcine MCL were measured transverse to the collagen axis.  The transverse 

response is important in areas like the MCL femoral insertion where it may experience 

compressive loading as it wraps over the femoral condyle [2].  The aggregate modulus of 
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ligament tended to decrease with GAG removal, but the change was not significant.  Like 

cartilage, the permeability of ligament transverse to the collagen increased significantly 

upon removal of GAGs.  Given the low GAG content of ligament in comparison to 

cartilage, the large change in permeability was an indicator of the important role GAGs 

may play in the dynamic stiffness of the ligament. 

 GAGs limit water movement and likely drive up interstitial fluid pressurization 

during deformation, similar to their role in cartilage [23, 24].  This would stiffen the bulk 

tissue and prevent lateral collapse of the collagen fibers during deformation.  The 

influence of increased permeability is most likely felt at low strains where GAGs are the 

primary resistance to water exudation, in comparison to high strains where the effective 

porosity of the tissue is greatly reduced even when GAGs are present. 

 These data complement previous reports that GAGs do not contribute to the tensile 

response of ligament [18, 19].  On the continuum level GAGs are more important in their 

hydration and compressive resistance mechanisms than in bridging collagen and 

stabilizing the tensile loading.  Rate dependent tensile testing did not detect a large 

contribution to damping or dynamic modulus when GAGs were removed because the 

tensile mechanics were likely dominated by collagen.  A similar rate sensitivity study in 

compression may clarify how GAGs and permeability impact the dynamic compressive 

response of the tissue. 

 In conclusion, the GAG distribution and compressive mechanical data presented 

herein build upon previously described functions of sulfated GAGs.  Robust collagen 

supports the primary tensile loading of ligament, and GAGs do not play a measurable 

role in this response.  GAGs resist compressive deformation of ligament transverse to the 
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collagen fibers, similar to how they resist compression in cartilage.  GAGs likely amplify 

compressive rate sensitivity of ligament by reducing the permeability of the tissue.  This 

could cause large internal pressures to build up in response to rapid loading, stiffening the 

tissue and secondarily supporting collagen function.  The transversely isotropic 

distribution of GAGs around the collagen fibrils ensures that they act universally through 

the mid-substance tissue volume.  Preferential GAG distributions may also motivate a 

collagen crosslinking mechanism in immature tissues where discontinuous collagen 

fibrils are stabilized until lateral fusion during maturation.  The presence of select GAGs 

between collagen fibrils could further support lubrication and spacing functions. 

 Though developmental and maintenance roles are well documented, these data 

provide a broader understanding of continuum level ligament mechanics and the relative 

importance of GAGs within the tissue matrix.  Future experimental, biochemical and 

modeling studies should utilize these findings to investigate the tissue response to 

alternate loading scenarios.  Ultimately, this could be extended to examine the mechanics 

and the importance of GAGs in damaged and repaired tissues. 
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LIMITATIONS 
 

 Two main limitations are present in this dissertation.  The first is that GAG 

distribution was only quantified in the stress-free state.  A primary indicator of GAG 

mechanics or linking mechanisms might be a change in GAG orientation distribution or 

length with applied loading.  As neighboring collagens shear relative to one another, 

through pure shear or relative sliding of collagen fibrils in tension, it would be expected 

that GAGs shift to a skewed population if they link collagens.  Preliminary evidence of 

this mechanism was put forth in work on chordae tendinae [31].  These investigators 

correlated an increase in GAG skewness to the tensile load applied to the tissue. 

Alternatively, a previous study examining GAGs in tendon could not detect a change in 

GAG distribution while under tensile load [5], suggesting the longitudinal slippage / 

brushing models may be more accurate. 

 A significant question arises and challenges acceptance of these results.  The hydrated 

matrix is a continuous volume so any relative shearing of collagen fibrils should also 

impart shearing in the matrix between them.  A change in GAG angle cannot be 

confidently assumed to arise from a direct force transfer mechanism, but could simply be 

a result of bulk deformation of the all-encompassing matrix.  Therefore, it may be 

technically infeasible to use a visualization methodology to discern GAG contributions to 

collagen fibril force transfer based primarily on their change in orientation.  

 The second limitation was that confined compression tests were carried out with a 

single loading rate and the equilibrium relaxation response.  Connective tissues undergo 

varied loading rates in situ.  Unconfined compression tests can characterize rate 

dependence by applying different ramp loading rates to the tissue.  Alternatively, 
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harmonic oscillations can be used to quantify the difference between the applied strain 

and resultant reaction force waveforms [19, 32].  These experiments are typically 

conducted with the oscillatory loading applied after the tissue has equilibrated at each 

strain level in a stress relaxation test.  Rate studies were not conducted in the present 

work because the goal was to fit the transient response to the biphasic constitutive model 

and quantify the impact of sulfated GAGs on permeability of ligament.  The slow loading 

rate (0.01 %/sec) was required to ensure inertial effects in the confined compression 

experiment were minimized and the relaxation was a function of the water movement 

within the tissue, not rate-dependent internal pressurization. 

 Treatment with ChABC appeared to soften the tissue but the change in equilibrium 

stress was not significantly reduced (likely due to limited sample size).  The increase in 

permeability upon GAG digestion is however expected to have a profound influence on 

the dynamic compressive response.  GAGs retard fluid flow in the tissue and create 

internal fluid pressurization in response to deformation.  This effect is known to be highly 

sensitive to the rate of loading in cartilage and would be expected to show a similar trend 

in ligament compression.  The addition of harmonic oscillations to the current stress 

relaxation tests could quantify the dynamic modulus and damping of ligament transverse 

to the collagen axis.  Differences detected in ChABC treated tissues would then directly 

measure the impact of GAGs on these two measures of the dynamic response.   
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FUTURE WORK AND PRELIMINARY STUDIES 

 
 This dissertation was only able to focus on a fraction of the potential mechanical 

interactions within the microscale environment of ligament.  Sulfated GAGs are 

important in the transverse compressive response and permeability of ligament, but are 

there other mechanical roles of GAGs and PGs that have yet to be determined?  What 

other molecular or structural features could contribute to continuum level mechanics?  

This dissertation will conclude with a discussion of future work and preliminary studies 

examining some of these mechanisms. 

 
Additional Mechanisms of Glycosaminoglycans 

 
 Extending the work performed in Chapter 6, of interest is the role of GAGs in the 

axial permeability of ligament.  Quantifying axial permeability would help characterize 

the anisotropic viscoelastic nature of the tissue.  The diffusion of water along the collagen 

in ligament is estimated to be up to 2x higher than transverse [33, 34].  Permeability is 

consequently expected to be higher.  Removal of GAGs may further increase the 

permeability along the collagen fibers, but measuring axial permeability is challenging. 

 Due to size limitations and buckling of fibers, the MCL cannot simply be oriented so 

the collagen axis is aligned with the deformation.  A modified Chapter 6 apparatus in 

which alternate surfaces in the confined compression chamber allow and restrict water 

flow (Figure 7.1) could be used with a finite element parameter optimization to calculate 

the permeability perpendicular to the applied deformation. 
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Figure 7.1.  Schematic of axial permeability confined compression apparatus. 

 
 

 The proposed apparatus shown in Figure 7.1 not only simulates physiologic 

compressive loading [2, 21], but limits buckling of collagen fibers that could influence 

fluid path tortuosity and assumptions of transverse isotropy in the tissue.  Potential 

limitations are fluid leakage around the “impermeable” interface of the chamber and 

compressive actuator, incomplete confinement, and interdigitation of the collagen fiber 

ends into permeable filters.  Buschmann et al. [35] examined incomplete confinement and 

interdigitation and found they affected the measured force response and the subsequent 

curve fits to derive permeability.  To quantify these effects experimentally, one could use 

a parametric analysis varying filter pore size and the contact surface area/sliding 

tolerance of the tissue interface block in the confining chamber.  Changes in transient 

response and resultant material parameters would be analyzed to determine which are 

most sensitive to actual experimental conditions. 
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 The expected transient response from finite element simulations of the idealized 

experiment is shown in Figure 7.2.  Models were generated in PreView, processed in 

FEBio, and analyzed in PostView [36] to determine the transverse stress-time response.  

The tissue was initially represented as an isotropic Holmes-Mow biphasic material [26] 

and parameters were taken from Chapter 6.  Axial permeability was varied incrementally 

(isotropic control: 4.08x10-15 m4/Ns, isotropic ChABC: 20.67 x10-15 m4/Ns, 2x, 10x).  

The primary deformation of the proposed experiments, transverse to the collagen axis, is 

the same as previously reported (Chapter 6).  Models were constrained laterally and zero 

fluid pressure boundary conditions were applied to opposing faces representing the ends 

of the collagen fibers.  Controlled displacement of 5, 10 and 15% strain was applied to 

the top surface of the model while the bottom surface was constrained from displacement.  

 The mesh had a 25 mm2 surface area and was 2 mm thick, representative of samples 

processed in Chapter 6.  The propagation of internal pressure and flux gradients through 

the tissue required three dimensional mesh discretization.  A mesh convergence study 

was performed and 20 elements were required along the collagen axis to produce 

solutions for stress and flux that varied less than 1% from those of higher density meshes.  

Eight elements were required in the directions orthogonal to the collagen axis.  The 

meshes were biased with smaller elements towards the edges to resolve localized effects 

that arise as the pressure and flux gradients interact with the fixed chamber boundaries.   
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Figure 7.2.  Transient response from permeability tests at 5, 10 and 15% compressive 
strain.  Top Left: Average transverse compressive stress response from previous confined 
compression experiments (Chapter 6).  Top Right: Optimized finite element mesh for 
axial permeability simulations.  Bottom: Simulated stress for control and chondroitinase 
ABC treated tissues with varying degrees of anisotropic permeability. 
 

 Estimates of compressive stress shown in Figure 7.2 illustrate the influence of varied 

axial permeability.  In both control and ChABC treated cases the stress response is 

expected to be similar to those measured previously for transverse compression.  

Isotropic permeability produced the highest peak stresses.  Increasing axial permeability 

decreased the peak stress substantially, though they were still within the resolution of the 

existing mechanical apparatus.  The difference between control and ChABC simulations 

also showed an expected increase in permeability upon removal of GAGs is resolvable 

between treatment cases and degrees of anisotropic permeability. 
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 The experimental stress-time curves could be used in a finite element optimization 

routine in FEBio and may require many iterations to converge to a solution.  The models 

described above, running on a cluster with eight 2.67 GHz Intel Xenon processors with 

20 GB memory (Tesla1, SCI Institute, University of Utah) converged to a solution in 

approximately 6 minutes each.  Quarter symmetry models may potentially be used to 

significantly reduce computational time and speed up the optimization process. 

 Both transverse and axial confined compression experiments may be used to fully 

characterize the anisotropic biphasic properties of the tissue.  For ease of tissue isolation, 

initial experiments would be performed on tissue from the ligament mid-substance.  

Similar studies focused on regions that wrap over bone (e.g. MCL femoral insertion) 

could elucidate differences in the compressive response and permeability versus areas 

with  lower GAG content like the mid-substance [21]. 

 Definitive results on the potential for GAG-collagen crosslinking may also be sought.  

Previous shear and tensile testing could not detect a contribution from GAGs [18, 19], but 

other methods may be more sensitive and remove the influence of collagen fibers.  

Tensile tests transverse to the collagen axis have shown a modulus of 11 MPa, which is 

an order of magnitude less than directly loading the collagen [37].  This method may 

allow a discernable GAG contribution to be detected, though Type XII collagen could 

obscure an effect by linking neighboring fibers.  Alternatively, single fascicles or 

collagen fibers may be tested provided they can be isolated without damage.  This limits 

the magnitude of forces that must be applied, and may detect GAG contributions if 

collagen fibers are discontinuous and use the GAGs to stabilize and link neighbors.  The 

study of immature versus mature tissue could also provide insight into the potential for 
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GAGs to provide a true crosslinking mechanism given the debate about collagen fibril 

discontinuity during development [11]. 

 Testing of fascicles and fibers could also help determine if GAGs influence the 

Poisson’s ratio of ligament.  Tendon has been shown to exude water during deformation 

[38, 39].  Having similar construction, ligament may experience the same volume loss 

during deformation.  This could explain measured Poisson’s ratios over 0.5 [40-42].  

Removal of GAGs might further increase the Poisson’s ratio, owing to higher 

permeability that may allow more water to leave the tissue during deformation.  

Conversely, if GAGs truly crosslink collagens they may increase Poisson’s ratio when 

present by exacerbating lateral contraction as collagens slide relative to one another. 

 
Collagen Crimp and Elastin 

 
 A background discussion of collagen crimp was presented in Chapter 2.  Briefly, 

collagen crimp in mature tissues occurs with a periodicity of 1-300 μm and an amplitude 

around 1-10 μm [43-46].  It has been described as both sinusoidal and sawtooth in shape.  

Its origins are linked to fibroblast organization of the tissue during development [45, 47, 

48].  The periodic waveform has been suggested to arise due to contraction of the ground 

substance during dehydration, through pre-stress induced by matrix macromolecules like 

elastin [49, 50] or traction forces generated by the fibroblasts [47]. 

 Crimp is believed to act as a shock absorber, taking up small strains and shielding the 

collagen structure from repetitive loading [45, 46, 51, 52].  Crimp can be visualized with 

various forms of microscopy [53, 54], and tracked when loaded to determine the 

extinction of the periodic waveform [55].  The uncrimping of collagen at low strains is 

generally attributed as the cause of the nonlinear toe-region in the stress-strain response 
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of ligament (Figure 2.5) [5, 37, 55-57].  Once collagen fibers are straightened, they 

respond linearly to increases in strain until failure.   

 Also acting in the low strain region of ligament response is the structural protein 

elastin (background also discussed in Chapter 2).  Elastin is described as a coiled polymer 

mesh that provides resilience to repeated loading of soft tissues.  The mechanical 

influence of elastin can be tested in one of two ways.  Due to the chemical stability of the 

elastin network, investigators digest away all but elastin using enzymes like collagenase, 

hyaluronidase and chondroitinases.  Studies using this method found shrinkage in the 

elastin network after removal of other tissue constituents, suggesting pre-stress is present 

in the native elastin conformation [50, 58].  The alternative method is to use enzymes 

(elastases) to selectively degrade the elastin network.  Elastase may also act on collagen, 

but recent work has shown soybean trypsin inhibitor (SBTI) to minimize its action 

against collagen degradation [59-61].  Use of a hydroxyproline assay provides a method 

by which to verify collagen content and quantify collagen loss due to degradation by 

elastase [62]. 

 Elastin provides a restorative force after deformation of tissues.  The opening angle is 

a measure residual strain in arteries, quantified by the degree to which the vessel will 

open around its central axis when cut.  Treatment with elastase significantly decreases the 

opening angle, suggesting there is less restorative force in the artery wall after elastin is 

removed [63, 64].  Elastin also affects the quasi-static tensile mechanics of connective 

tissues, typically in the nonlinear toe region of the stress/strain curve [60, 61, 65-68].  

Treatment with elastase suppresses the toe-region, making a sharper transition from low 

to high strain regions and sometimes decreasing the modulus of the tissue [68]. 
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 Little data is available in the literature to describe the direct contributions of elastin to 

the mechanics of medial collateral ligament.  The most direct way to examine the 

continuum level impact is through enzymatic digestion studies, similar to those 

previously described.  Various techniques exist to quantify elastin content in soft tissues 

(HPLC [69], ELISA [70, 71], colorimetric assay [72, 73], microscopy [63, 64]).  Typical 

mechanical batteries can then be used to evaluate elastase digested tissues and determine 

the impact of elastin degradation versus native controls.   

 Elastin is active at the same low strain levels as crimp.  A natural question then is 

how do these constituents interact to provide the low strain response of ligament 

deformation?  Are they coupled or independent?  Does one beget the other?  Limited data 

are available suggesting elastic fibers follow the crimp waveform in intervertebral disc 

[74].  Lanir and others proposed an elastin/crimp interplay model where elastin is 

periodically bound to the crimp waveform [51, 75-79].  To date no experiments have 

directly evaluated the ability of elastin to support the crimped collagen network under 

active loading.   

 Preliminary work has visualized the deformation of crimp with confocal reflection 

microscopy in both control and elastase treated tissues (Figure 7.3).  One pair of vertical 

light and dark bands indicates one period of the crimp waveform. Images were captured 

at 10x magnification with illumination from a 633 nm laser on an Olympus X71 F1000 

confocal microscope.  Thin sections of tissue (200-300 μm) were submerged in a bath of 

non-lactated Ringer’s solution with 0.1 mg/ml SBTI and a Z stack image series was 

captured in the unloaded state (Z projection of image stacks, Figure 7.3, Left).  Crimp 

extinction is expected in whole ligaments around 3% strain or 2-5 MPa stress [37, 55].  
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Progressive increases in load showed the characteristic extinction of crimp around 2.5 

MPa applied stress, and removal of the load indicated that the return of crimp was 

qualitatively repeatable.  This was evident in multiple fields tested via use of an 

automated XY stage on the microscope (data not shown).  The crimp period was 

estimated to be 30 μm, which is in the relevant range for ligament and tendon (10-100 μm 

[45, 80-82].  It should be noted that this was in vitro crimp, and in situ strains may 

elongate the equilibrium period when ligament is attached at bony insertions. 

 The bath solution was removed and replaced with the same stock including 20 U/ml 

elastase (pancreatic elastase 2292, Worthington, NJ).  Typical elastase concentrations in 

the literature vary from 6-60 U/ml, with higher concentrations used for treatment 

durations as low as 30 minutes on full thickness samples [60, 61, 63, 65, 67].  Image 

stacks of unloaded elastase treated tissue were captured after 30 minutes (Figure 7.3, 

Right).  There was a clear disruption of the ordered and banded crimp period in the tissue, 

though it did appear disorganized crimp was still present.  The tissue was again able to 

support the same loads and did show apparent crimp extinction.  Note that applied strain 

was not monitored so the tissue may have exhibited creep under the same load.  Removal 

of the stress brought back the appearance of the disrupted crimp, though qualitatively it 

did not appear the same as in the initial unloaded case.  Two samples were evaluated and 

both exhibited the same qualitative behavior in control or elastase treated cases. 
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Figure 7.3.  Crimp in porcine MCL using confocal reflection microscopy. 

Z projections, 10x magnification, image width ~450 μm 
 
 

 These results provide initial indication that elastin and crimp are interconnected in 

their function.  Elastase treatment disrupted the ordered crimp banding in unloaded 

samples.  This may suggest elastin serves a function in organizing the collagen into a 

coherent ordered array of fibers.  Further tests examining whole tissue versus isolated 

fascicles and fibers may provide secondary indications of this mechanism.  It is possible 

that elastase was degrading the visible collagens, but the tissue was capable of supporting 

the same load as before digestion commenced.  Future work will need to asses the extent 

of collagen degradation due to elastase treatment. 

 Crimp returned after load was removed from control tissues, but the disrupted crimp 

in elastase treated specimens was difficult to register against landmarks.  This could mean 

elastin provides a direct mechanical function in recoiling the crimp waveform, as would 

be supported by the changes seen in the toe-region response of tissue treated with elastase 

[60, 63, 67, 83].  Further testing directly quantifying applied stress and strain to control 
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and elastase treated samples could correlate changes is baseline crimp to the presence of 

elastin and consequent changes in tissue mechanics. 

 Twenty U/ml was chosen as the concentration for elastase digestion based on initial 

quantification of elastin in ligament.  Tissue was treated at 100° C for one hour with 0.25 

M oxalic acid to solubilize the stable elastin into alpha-elastin [84, 85].  Alpha-elastin 

may contain fragments or complete segments of tropoelastin and intact crosslinks that 

were not otherwise degraded. The alpha-elastin was precipitated and quantified with the 

Fastin Elastin colorimetric assay kit (Biocolor Ltd., UK) [72, 73, 86].  The active binding 

ingredient of the Fastin dye reagent is 5-10-15-20-tetraphenyl-21-23-porphrine tetra-

sulfonate (TPPS).  The method of binding to alpha-elastin is still unknown but it is 

believed to be shape-fit of complementary acids on the dye to basic amino acids on the 

elastin chains [86].  Dye was stripped from precipitated alpha-elastin and resuspended 

using the Fastin dye dissociating reagent and aliquots were transferred into a 96-well 

plate.  The absorbance was measured at 513 nm in a plate reader (Synergy HT, Bio-TEK, 

VT) and compared to graded concentrations of alpha-elastin in two individual standards. 

 Fifteen samples of porcine MCL were tested for elastin content.  All samples were 

equilibrated for one hour in a control bath (non-lactated Ringer’s, 0.1 mg/ml SBTI).  

Groups of three samples were treated for three hours in a control bath or with the addition 

of pancreatic elastase (5, 10, 15, or 20 U/ml). The results of elastin quantification are 

shown in Figure 7.4.  There were no detectable differences in elastin content between 

elastase treated groups (all p>0.05, Mann-Whitney U), and all showed a significant 

reduction (*, ~20-25%) with respect to control tissues (all p<0.05, Mann-Whitney U).  
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Figure 7.4.  Elastin content of porcine medial collateral ligament. (mean±sd) 

 

 The elastin content in control samples was 2.25±0.14% elastin by wet weight, and 

7.50±0.47% by dry weight assuming 70% water content of the tissue (no dry weights 

were obtained prior to elastin quantification).  These values were higher than those 

reported for tendon (4% of dry weight) and much less than highly elastic nuchal ligament 

(75% DW) and ligamentum flavum (47% DW) [49].  After elastase treatment the wet 

weight content dropped to 1.51±0.26% and dry weight content to 5.09±0.87%.   

 Since no changes in elastin digestion were detected with increased concentrations of 

elastase, a few possible mechanisms may be at play.  First, the number of available 

digestible crosslinks may be adequately cleaved at the lowest elastase concentration.  

Second, there may be a diffusion limit in full thickness samples were the enzyme cannot 

penetrate the organized tissue structure, so additional elastase had no added benefit.   

Finally, the short treatment time (3 hours) may not have allowed adequate time for the 

enzyme to penetrate the tissue.  The lack of additional digestion in pilot samples treated 

overnight suggests the treatment time was not an issue, but the enzyme may have lost 
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activity over time.  Another series of pilot samples prepared with graded thicknesses 

produced inconclusive results and no thickness dependence was detected.   

 A more probable conclusion was shown previously in the literature.  Specimens of 

rabbit carotid artery were treated with 7 U/ml pancreatic elastase for 30 minutes [63].  

Note that artery is nearly 50% elastin by dry weight [87].  No biochemical analysis of 

elastin content was undertaken, but the elastic fibers were visualized with multiple forms 

of microscopy.  Elastin in native tissue was shown to be a universally present and 

continuous network surrounding collagen in samples that were visualized.  Images 

collected after elastase treatment showed the majority of the elastin was still present but 

cleaved into smaller fragments.  The elastase treatment caused significant changes in the 

stiffness of the tissues under study, even though the majority of elastin was still present in 

the tissue.   

 The Fastin protocol used in the preliminary studies presented in this dissertation 

solubilized the entire tissue structure.  Elastin fragments that had been cleaved by elastase 

but were still present in the tissue would still have been detectable by the assay.  The 

~25% reduction in elastin likely constituted fragments that were freed from the tissue 

macrostructure, or were too small for the TPPS dye to bind.  Secondary analysis of 

supernatant liquids from each step in the treatment and solubilization processes may 

provide clues as to the location of the “missing” elastin.  Alternatively, methods like 

HPLC or ELISA may be more sensitive to detect the presence of crosslinks not directly 

affected by the enzyme treatment [69, 71]. 

 Based on these initial findings, experiments evaluating the influence of quasi-static 

and time-dependent loading of elastin degraded tissues are proposed.  Tensile testing 
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along the collagen fibers would provide the most direct validation against previous 

examinations if the nonlinear toe-region is suppressed upon elastin degradation [50, 60, 

63, 66, 67, 88, 89].  Alternatively, shear and transverse tensile testing could quantify the 

extent of elastin contributions in the absence of direct loading of primary collagen fibers.   

 Tensile tests along the collagen, if performed while visually tracking the crimp 

waveform, could yield direct evidence of the relationship between the elastin network 

and collagen crimp.  Treatment with elastase may yield four potential scenarios: 1) Crimp 

is extinguished and restored with no change to the period or repeatability of the 

waveform.  Degraded elastin fragments are capable of restoring crimp or elastin has no 

direct influence on collagen crimp.  2) Crimp extinction occurs but is not fully restored 

upon removal of load (evidenced in Figure 7.3, right).  Elastin degradation may disrupt 

the mechanism that stabilizes crimp and creates the coherent registration of crimp period 

seen in neighboring fibers.  Unrecoverable plastic deformation may have occurred due to 

limited restorative forces in the degraded elastin network.  3)  Treated tissues support the 

same loads as before treatment but do not exhibit crimp extinction.  Elastin may 

distribute loads between discontinuous fibers and cause a homogenization of the crimp 

extinction across neighboring fibers.  Pilot work suggests this mechanism is at play (data 

not shown).  4) Removal of elastin could increase the “zero-load” length of the tissue 

versus controls.  This further motivates a discontinuous fiber model where elastin is a 

force transfer mechanism between neighboring fibers. Alternatively, zero-load 

lengthening might suggest a pre-load increase in the crimp period.   

 Stress relaxation and creep might also provide clues as to the influence of elastin.  

Tensile stress relaxation applies a fixed displacement and allows the stress in the tissue to 
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relax to equilibrium.  Degradation of elastin may decrease the peak stress with respect to 

native tissues, indicating a loss of tissue integrity.  If elastin is only active at low strains 

this affect would not be seen at higher strains, but collagen could dominate the linear 

response and consequently peak stress.  A change in the rate of relaxation would be 

indicative of elastin providing a viscoelastic contribution to the tissue.  This is feasible 

since entropic theories of elastin stretch estimate interaction of exposed hydrophobic 

amino acids with interstitial water provides the impetus to recoil the elastin chain and 

resist loading [83].  Cleavage of elastin chains could also reduce overall network 

extension, suppressing this mechanism in the transient response of digested tissue.  Under 

load, elastin may provide direct resistance to creep.  Creep is the increased displacement 

a tissue undergoes with a constant load.  Cleavage of the elastin network could allow 

additional lengthening under load (if discontinuous fibers are present), but the presence 

of elastin fragments might mask this effect.   

 Visualizing crimp during transient experiments could be used to support these results, 

but technical limitations exist.  The rate of relaxation or creep may make it difficult to 

track real-time changes in crimp between fields of view, so many repeated cycles of 

loading and recovery will be required.  Also, the tissue will likely change focal planes 

during deformation, requiring longer imaging scans that track more field of view.   

 Alternative visualization protocols where fibroblasts are fluorescently labeled with 

Hoechst stain and collagen is labeled with fluorescein are under investigation.  These 

may improve the quality of crimp definition and shorten the time required to collect 

image data by increasing the required Z step size.  Fluorescein directly labels the collagen 

fibers and could provide additional refinement of the visualized crimp waveform against 
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the reflection images.  Hoechst stain labels DNA-rich cell nuclei.  The nuclei could be 

tracked simultaneously with reflectance microscopy and the images overlaid to provide 

demarcation of fiber boundaries since fibroblasts reside between them.  The nuclei could 

also serve as local strain markers to relate back to applied global strains, providing data 

about location specific changes in collagen crimp relative to collagen deformation.   

 To facilitate these investigations, an apparatus is proposed that simultaneously 

measures applied load and strain while the tissue is visualized and treated.  The design 

presented in Figure 7.5 was refined from prototypes used to collect the confocal 

microscopy images presented previously.  Specimens are anchored into polycarbonate 

test chambers with cover slip bases.  These chambers are placed over the microscope 

objective in order to visualize changes in crimp with loading.  The thin cover slip base is 

necessary to keep the specimen as close to the objective’s working field of view as 

possible.  A piezoelectric stage provides controlled displacement of the samples and 

forces are monitored with a load cell.  The chamber allows the specimen to be submerged 

in a bath and treated while undergoing simultaneous loading and visualization.  The small 

orifice in the chamber wall through which forces are applied is sealed with inert grease.  

This will limit fluid seepage out of the chamber while minimizing friction. 

 
Figure 7.5.  Schematic of crimp visualization apparatus. 
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 The entire assembly can be mounted on the servo-controlled stage of a microscope so 

multiple fields of view may be tracked while under applied deformations.  This device 

will interface with a portable stage controller, bridge amplifier and signal conditioner and 

be controlled via laptop PC equipped with LabView.  These features ensure the device is 

easily adapted between available light and confocal microscopy stations.   

 
Conclusion 

 
 In conclusion, many unanswered questions remain that could more fully characterize 

the molecular level contributions to the continuum level mechanical response of 

ligament.  This dissertation has provided insight into the important roles sulfated GAGs 

play in ligament compressive response and material symmetry.  Alternate methods of 

testing GAG influence have been proposed.  New directions examining collagen crimp 

and elastin have been described and preliminary data point the way toward new and 

useful experimental techniques to quantify their impact in the mechanics of ligament 

deformation.  It is hoped that these data provide a stepping stone from which more 

thorough characterization of global ligament mechanics can be refined.   
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