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The knee meniscus is a complex structure that has been the focus of important and 

extensive research for many years. The most common areas of study include meniscal 

structure, meniscal tears, regeneration, and the biomechanical and anatomical forces 

endured by the meniscus. Although much research has been done regarding these tissues, 

more is needed in order to fully understand the role that menisci plays in the function and 

pathophysiology of the human knee.  The fibrocartilaginous meniscus plays an essential 

role in distributing the majority of the load and maintaining not only congruency, but also 

lubrication in the knee joint. Degeneration of the knee meniscus is commonplace, yet its 

pathophysiology has not been fully explained.  

Because the meniscus is a nearly avascular tissue which lacks blood vessels for 

the delivery of nutrients, one area of study needing further research is the transport of 

fluids and solutes through meniscal tissues. In this dissertation, custom experimental 

methods are used to characterize the transport of solutes and fluids in meniscus 

fibrocartilage.  For each study, we investigated the effects of mechanical strain, tissue 

anisotropy, and tissue region on the transport behavior in porcine meniscus tissue. 

Using a direct permeation experiment, hydraulic permeability was investigated to 

determine its strain- and/or direction-dependent behavior in porcine meniscus 

fibrocartilage. Our measured permeability values (1.53-1.87×10-15 m4/Ns) are similar to 



those in the literature for meniscus tissues.  Results indicate that hydraulic permeability is 

anisotropic, being significantly greater in the circumferential direction than in the axial. 

Additionally, it was found that with increased compressive strain, there was a significant 

decrease in hydraulic permeability for all groups studied.  

Strain-dependent and anisotropic (i.e., direction-dependent) transport of glucose 

in porcine meniscus fibrocartilage was investigated using customized chambers to 

measure the diffusion and partition coefficients. Results indicate that both diffusivity and 

partitioning of glucose in porcine menisci significantly decrease with increasing 

compressive strain. Furthermore, diffusivity of glucose was found to be anisotropic, 

being significantly greater in the circumferential direction than the axial at all strain 

levels. Using the results from the partitioning and diffusion of glucose, we were able to 

calculate the effective diffusivity of porcine meniscus fibrocartilage.   

Finally, the strain-dependent and anisotropic electrical conductivity and relative 

ion diffusion was investigated in porcine meniscus fibrocartilage using a four-wire 

method. Results indicate that the conductivity and diffusion of ions in the meniscus 

significantly decreases with increasing compressive strain. Additionally, the conductivity 

and diffusion of ions was found to be significantly anisotropic, being greater in the 

circumferential directions than the axial direction at all strain levels. 

 To our knowledge, this is the first study to quantitatively characterize the effects 

of strain, anisotropy, and region on transport properties in meniscus tissues.  In particular, 

this is first study to measure glucose or ion diffusivity, glucose partitioning, or electrical 

conductivity in meniscus. The findings of this dissertation greatly enhance the knowledge 

of fluid and solute transport in the knee meniscus. Given that nutrient transport is critical 



for meniscus survival, this information can provide important insight into the functions 

and mechanisms of meniscus disease and even help identify effective treatment solutions 

for osteoarthritis.   



iii 
 

ACKNOWLEDGEMENTS 
 

There are many people I would like to thank for their support and encouragement 

over the past years. Without their confidence in me and support of my dreams, this 

achievement would never have been possible. 

 I would like to start by thanking my advisor, Dr. Alicia Jackson, for giving me the 

opportunity to work in the biomechanics lab as a graduate student at the University of 

Miami. Thank you for always offering me great advice, answering my never-ending 

stream of questions, and supplying me with the necessary tools to become a better 

engineer. I am very grateful for the opportunity you provided me to move to Miami and 

work with you.  

 I would also like to thank the other members of my committee: Dr. Fotios 

Andreopoulos, Dr. Weiyong Gu, Dr. Chun-Yuh Charles Huang, and Dr. Francesco 

Travascio. I am very appreciative of the time you have spent and the advice you have 

provided while serving on my committee. 

 Additionally, I would like to extend my sincerest thanks to all of the members of 

the biomedical engineering department for making work enjoyable. I especially want to 

thank Lukas for putting up with all of my frustrated noises and for always doing whatever 

he could to help me succeed, particularly encouraging walks and chocolate when I’m 

having a bad day. Amaris, I want to thank you for your friendship and for giving me 

someone to follow by example and look up to as both an engineer and a person. You 

saved many of my bad days just by going with me on a walk outside and making me 

laugh.  I would also like to thank the BME office staff: Christine, Vivian, Angie, and 

Melissa. I could always count on all of you to make me smile while I consumed cup after 



iv 
 

cup of coffee. I feel as though this degree would not have been possible without all of 

you. Finally, to my favorite undergrads: Adam, Jeff, and Anthony, thank you guys for 

your consistent help and insights into why our experiments never seemed to run 

smoothly.  

 I have accomplished so many goals in life because of the support of my family: 

my parents, Kim and Rob, and my sister, Kara. I always enjoyed hearing your reports on 

my publications and I’m sorry for never taking your advice and naming the pigs we 

harvested. Thank you all so much for supporting me while I follow my dreams in Miami. 

 Lastly, I want to thank the two people who have been there for me in so many 

ways and made it possible for me to love my life in Miami: Liz, you are my best friend 

and I am so appreciative of your unyielding support and belief in me to succeed. I am 

constantly blown away by the encouragement you have always given me and never 

would have survived my move to Miami without meeting you. Sam, meeting you was the 

best “right swipe” of my life. Thank you for always encouraging me, supporting me, and 

loving me even through my most difficult days. I never could have achieved this without 

you guys; I love you both and dedicate this to the two of you.   



v 
 

TABLE OF CONTENTS 

 
LIST OF FIGURES ix
 

LIST OF TABLES xiii
 

CHAPTER 1. SPECIFIC AIMS 1
1.1 INTRODUCTORY REMARKS 1
1.2 SPECIFIC AIMS 2
1.3 CONTENTS OF THIS DISSERTATION 4

 

CHAPTER 2. BACKGROUND AND SIGNIFICANCE 7
2.1 FUNCTIONS OF THE KNEE MENISCUS IN BIOMECHANICS 7
2.2 THE KNEE MENISCUS 8

2.2.1 ANATOMY 8
2.2.2 BIOCHEMICAL CONTENT 11
2.2.3 MENISCUS PATHOPHYSIOLOGY 12

2.3 KNEE MENISCUS AND OSTEOARTHRITIS  13
2.4 NUTRITIONAL TRANSPORT IN THE KNEE MENISCUS 15

2.4.1 PATHWAYS OF TRANSPORT 15
2.4.2 MECHANISMS OF TRANSPORT 16

2.5 EFFECT OF MECHANICAL LOADING ON KNEE MENISCUS 19
2.6 SIGNIFICANCE AND CLINICAL RELEVANCE 20

  
CHAPTER 3. MEASUREMENT OF STRAIN-DEPENDENT AND 

ANISOTROPIC HYDRAULIC PERMEABILITY IN KNEE MENISCUS 

TISSUES 

22

3.1 INTRODUCTORY REMARKS 22
3.2 THEORETICAL APPROACH 23
3.3 MATERIALS AND METHODS 25

3.3.1 DESIGN OF EXPERIMENTAL APPARATUS 25
3.3.2 SPECIMEN PREPARATION 28
3.3.3 WATER CONTENT MEASUREMENT 29
3.3.4 MEASUREMENT OF HYDRAULIC PERMEABILITY 31
3.3.5 STATISTICAL ANALYSES 31

3.4 RESULTS 32
3.5 DISCUSSION 37

3.5.1 EFFECT OF COMPRESSION 38



vi 
 

3.5.2 EFFECT OF TISSUE WATER CONTENT 43
3.5.3 EFFECT OF ANISOTROPY  43
3.5.4 EFFECT OF REGIONAL VARIATION 44
3.5.5 EXPERIMENTAL LIMITATIONS 45

3.6 SUMMARY AND CONCLUSIONS 47
 

CHAPTER 4. MEASUREMENT OF STRAIN-DEPENDENT AND 

ANISOTROPIC DIFFUSION OF GLUCOSE IN KNEE MENISCUS 

TISSUES 

48

4.1 INTRODUCTORY REMARKS 48
4.2 THEORETICAL APPROACH 50
4.3 MATERIALS AND METHODS 52

4.3.1 DESIGN OF EXPERIMENTAL APPARATUS 52
4.3.2 SPECIMEN PREPARATION 54
4.3.3 WATER CONTENT MEASUREMENT 56
4.3.4 MEASUREMENT OF GLUCOSE DIFFUSIVITY 57
4.3.5 SCANNING ELECTRON MICROSCOPY 59
4.3.6 STATISTICAL ANALYSES 61

4.4 RESULTS 62
4.5 DISCUSSION 70

4.5.1 EFFECT OF COMPRESSION 71
4.5.2 EFFECT OF ANISOTROPY 72
4.5.3 EFFECT OF TISSUE REGION 74
4.5.4 EXPERIMENTAL LIMITATIONS 75

4.6 SUMMARY AND CONCLUSIONS 76
 

CHAPTER 5. MEASUREMENT OF STRAIN-DEPENDENT AND REGION 

SPECIFIC GLUCOSE PARTITION COEFFICIENT IN KNEE MENISCUS 

TISSUES 

78

5.1 INTRODUCTORY REMARKS 78
5.2 THEORETICAL APPROACH 80
5.3 MATERIALS AND METHODS 83

5.3.1 DESIGN OF EXPERIMENTAL APPARATUS 83
5.3.2 SPECIMEN PREPARATION 85
5.3.3 WATER CONTENT MEASUREMENT 86
5.3.4 MEASUREMENT OF PARTITION COEFFICIENT 87
5.3.5 GAG CONTENT MEASUREMENT 91
5.3.6 STATISTICAL ANALYSES 92

5.4 RESULTS 92
5.5 DISCUSSION 98



vii 
 

5.5.1 EFFECT OF COMPRESSION  100
5.5.2 EFFECT OF REGIONAL VARIATION 101
5.5.3 EFFECT OF BIOCHEMICAL CONTENT 102
5.5.4 EXPERIMENTAL LIMITATIONS 103

5.6 SUMMARY AND CONCLUSIONS 104
 

CHAPTER 6. EFFECTIVE DIFFUSIVITY OF GLUCOSE IN KNEE 

MENISCUS TISSUES 
105

6.1 INTRODUCTORY REMARKS 105
6.2 COMBINATION OF DIFFUSIVITY AND PARTITIONING RESULTS 106
6.3 COMPARISON WITH PREVIOUS STUDIES 108
6.4 SUMMARY AND CONCLUSIONS 109

 
CHAPTER 7. MEASUREMENT OF STRAIN-DEPENDENT AND 

ANISOTROPIC ELECTRICAL CONDUCTIVITY AND RELATIVE ION 

DIFFUSION IN KNEE MENISCUS TISSUES 

111

7.1 INTRODUCTORY REMARKS 111
7.2 THEORETICAL APPROACH 113
7.3 MATERIALS AND METHODS 114

7.3.1 DESIGN OF EXPERIMENTAL APPARATUS 114
7.3.2 SPECIMEN PREPARATION 118
7.3.3 WATER CONTENT MEASUREMENT 119
7.3.4 TISSUE COMPRESSION 119
7.3.5 MEASUREMENT OF ELECTRICAL CONDUCTIVITY 120
7.3.6 RELATIVE ION DIFFUSION CALCULATION 122
7.3.7 PROTEOGLYCAN CONTENT MEASUREMENT 122
7.3.8 STATISTICAL ANALYSES 123

7.4 RESULTS 124
7.5 DISCUSSION 131

7.5.1 EFFECT OF COMPRESSION AND TISSUE WATER VOLUME FRACTION 132
7.5.2 EFFECT OF ANISOTROPY 135
7.5.3 EFFECTS OF TISSUE REGION 136
7.5.4 RELATIONSHIP BETWEEN FIXED CHARGE DENSITY AND 

CONDUCTIVITY 
137

7.5.5 EXPERIMENTAL LIMITATIONS 138
7.6 SUMMARY AND CONCLUSIONS 139
 

CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 
141

8.1 SUMMARY AND CONCLUDING REMARKS 141



viii 
 

8.1.1 STRAIN-DEPENDENT TRANSPORT PROPERTIES IN KNEE MENISCUS 142
8.1.2 ANISOTROPIC TRANSPORT PROPERTIES IN KNEE MENISCUS 143

8.2 RECOMMENDATIONS FOR FUTURE WORK 144
 

REFERENCES 147
  



ix 
 

LIST OF FIGURES 
 

2-1 Schematic diagram showing the forces on the meniscus due to everyday 
activities that cause vertical compressive force to be converted into 
horizontal hoop stresses in the knee 

8 

2-2 Schematic diagram of the knee joint including the lateral and medial menisci, 
the ACL, the PCL, the transverse ligament, and the lateral and medial 
collateral ligaments 

9 

2-3 Schematic diagram of the knee meniscus tissues along with the ligaments 
holding them in place 

10 

2-4 Graph showing the changes in water content dependent upon on the stages of 
degeneration 

17 

3-1 Schematic drawing of fluid flow through a porous tissue media showcasing 
how the pressure changes with flow 

24 

3-2 Schematic diagram of the hydraulic permeability set up and all of the parts 
included 

26 

3-3 Photograph showing the actual hydraulic permeability set up including the 
syringe pump, the two pressure transducers, the strain gage meters, the 
chamber, and the flow meter attached to the laptop software 

26 

3-4 Engineering drawing of the permeability chamber used in these experiments. 
The chamber was 3D printed following design 

27 

3-5 Photograph showing both hydraulic permeability chamber halves open to 
show where the tissue goes between the halves 

27 

3-6 Photograph showing a freshly harvested porcine meniscus tissue 28 

3-7 Schematic drawing of the meniscus tissue showing the directions (axial and 
circumferential), regions (horn and central), components (medial and lateral), 
along with the sizes of the test specimens 

29 

3-8 Photograph of the density determination kit and analytical balance used to 
calculate the tissue water volume content 

30 

3-9 Graph showing the mean ± standard deviation of hydraulic permeability for 
each of the six groups studied 

33 

3-10 Scatterplot showing the change in hydraulic permeability with increasing 
static compressive strain for all groups studied 

34 



x 
 

3-11 Scatterplot showing the change in hydraulic permeability with changing 
tissue water volume fraction for all groups studied 

35 

3-12 Results for curve fitting the hydraulic permeability of porcine meniscus 
tissues in the axial central (AC) region 

41 

3-13 Results for curve fitting the hydraulic permeability of porcine meniscus 
tissues in the axial horn (AH) region 

41 

3-14 Results for curve fitting the hydraulic permeability of porcine meniscus 
tissues in the circumferential central (CC) region 

42 

3-15 Results for curve fitting the hydraulic permeability of porcine meniscus 
tissues for all pooled data 

42 

4-1 Engineer drawing of the glucose diffusion chamber with dimensions 53 

4-2 Schematic diagram of the glucose diffusion chamber with all parts labeled 54 

4-3 Schematic drawing of the meniscus tissue showing the directions (axial and 
circumferential), regions (horn and central), and sizes of test specimens 

56 

4-4 Photograph of the actual glucose diffusion chamber used in this study 58 

4-5 Photograph of the customized glucose meter with sourcemeter used to 
quantify the concentration of glucose in the downstream chamber post-
experimentation 

58 

4-6 Photograph of the fixed tissues used to obtain scanning electron microscopy 
images of the direction of collagen fibers 

60 

4-7 Graph showing the decrease in glucose diffusion coefficient with increase in 
tissue compressive strain for all groups 

63 

4-8 Regression analysis for the strain versus the apparent glucose diffusion 
coefficient: (a) AH, (b) AC, (c) CC 

66 

4-9 Scanning electron microscopy (SEM) images of the axial (A, C) and 
circumferential (B, D) tissues used in this experiment 

68 

4-10 Scatterplot showing the results of the tissue water volume fraction versus the 
relative diffusion coefficient for three groups: (a) A-H, (b) A-C, (c) C-C 

69 

5-1 Schematic showing a generalized depiction of the partition coefficient study 81 

5-2 Engineer drawing of the partition coefficient chamber with dimensions 84 

5-3 Schematic drawing of the partition coefficient chamber  with all parts labeled 84 



xi 
 

5-4 Schematic drawing showing the meniscus tissue cut in the axial direction 
from both the horn and the central regions along with the size of the test 
specimen 

86 

5-5 Schematic drawing of the compression chamber setup used to compress the 
tissues to 2mm 

88 

5-6 Photograph of the compression chamber used to compress the tissues to 2mm 89 

5-7 Photograph showing the actual partition coefficient chamber used in the 
experiment 

89 

5-8 Schematic diagram of the entire partition coefficient experimental set up 
including the samples collected and timing of collections 

91 

5-9 Regression graph showing the partition coefficient versus static compressive 
strain 

93 

5-10 Bar graph showing the results for all groups of partition coefficient 
experiments 

95 

5-11 Graph showing the partition coefficient versus tissue water volume fraction 97 

5-12 Graph showing the relationship between GAG content and partition 
coefficient for all groups studied 

97 

6-1 Scatterplot showing the tissue water volume fraction vs. Relative diffusion 
coefficient for all groups studied 

107 

7-1 Engineering drawing showing all three components of the electrical 
conductivity chamber 

115 

7-2 Schematic drawing of the electrical conductivity chamber used in the 
conductivity studies 

116 

7-3 Schematic drawing of the salt bridge electrolysis system used to coat the 
wires with Ag/AgCl 

117 

7-4 Photograph of the salt bridge system used to prepare the wires using 
electrolysis 

117 

7-5 Schematic diagram of the meniscus tissue showing the directions, regions, 
and sizes of specimens 

119 

7-6 Schematic drawing of the compression chamber used to compress tissues to 
3mm prior to measurements 

120 

7-7 Photograph of the conductivity apparatus showing the actual set up and 121 



xii 
 

attachment of all electrodes 

7-8 Graph showing the electrical conductivity and the relative ion diffusion 
coefficient for each of the three groups studied at 0%, 10%, and 20% 
compressive strain 

125 

7-9 Regression analysis showing the correlation between both the electrical 
conductivity and relative ion diffusion coefficient and the level of 
compressive strain 

127 

7-10 Scatterplots showing the relationship between tissue water volume content 
and both the electrical conductivity and relative ion diffusion coefficient for 
all three groups studied 

129 

7-11 Scatterplots showing the correlation between the electrical conductivity and 
the fixed charge density for the three groups investigated 

130 

  



xiii 
 

LIST OF TABLES 
 

3-1 Results for the hydraulic permeability experiments including the location, 
component, sample size, compressive strain level, tissue water volume 
fraction, and hydraulic permeability 

33 

3-2 Statistical analysis from hydraulic permeability study including: (a) 
Component Variation, (b) Axial Horn vs. Axial Central, and (c) Axial 
Central vs. Circumferential Central 

36 

3-3 Comparison of results for hydraulic permeability  in other meniscal tissues 
from different species 

38 

4-1 Results for the glucose diffusion experiments including the strain, sample 
size, tissue water volume content, apparent diffusion coefficient, and relative 
diffusion coefficient 

63 

4-2 Statistical analysis from glucose diffusion study including: (a) Strain-
Dependent Variation, (b) Axial vs. Circumferential Direction, and (c) Axial 
Central vs. Axial Horn Variation 

65 

5-1 Results for glucose partition coefficient at varying levels of compressive 
strain for each location studied in porcine knee meniscus tissue 

94 

5-2 Results for the regression analysis for correlation between glucose partition 
coefficient and strain, water volume fraction, and GAG content 

96 

5-3 Statistical analysis from glucose partitioning study including: (a) Strain-
Dependent Variation, (b) Axial Horn vs. Axial Central Region, and (c) 
Medial vs. Lateral Component 

99 

6-1 Results for relative diffusivity and effective diffusion coefficient for porcine 
knee meniscus tissues in two directions and at two locations 

108 

6-2 Summary of experimental results for diffusion coefficient, D, in cartilaginous 
tissues from the literature 

110 

7-1 Results for electrical conductivity experiments including the strain, sample 
size, sample thickness, and tissue water volume fraction 

126 

7-2 Statistical analysis from electrical conductivity study including: (a) Strain-
Dependent Variation, (b) Axial vs. Circumferential Direction, and (c) Axial 
Central vs. Axial Horn 

133 

7-3 Comparison of results for conductivity and tissue water volume fraction 
values found in porcine meniscus and other cartilaginous tissues from the 
literature at 0% compressive strain 

134 

 



 
 

1 
 

CHAPTER 1. SPECIFIC AIMS 

 

1.1  INTRODUCTORY REMARKS 

The knee meniscus is a complex structure that has been the focus of important and 

extensive study for many years. The most common areas of research include meniscal 

structure, meniscal tears, regeneration, and the biomechanical and anatomical forces 

endured by the meniscus (Andriacchi et al., 2004; Makris et al., 2011; Sweigart and 

Athanasiou, 2005). Although much research has been done regarding these tissues, more 

is needed in order to fully understand the role that menisci play in the function and 

pathophsyiology of the human knee. 

The fibrocartilaginous meniscus of the knee plays an essential role in distributing 

the majority of the load and maintaining not only congruency, but also lubrication in the 

knee joint (Makris et al., 2011; Newman et al., 1989; Proctor et al., 1989; Tissakht et al., 

1996; Zhu et al., 1994). Degeneration of the knee meniscus is commonplace, yet its 

pathophysiology has not yet been fully explained. Because the knee meniscus is a nearly 

avascular tissue which lacks blood vessels in the inner region, termed the white zone, for 

the delivery of nutrients, one area of study needing further research is the transport of 

fluids and solutes through meniscal tissues.  

This dissertation focuses on highlighting the transport of fluids and solutes 

through the meniscus extracellular matrix as an integral role in providing the necessary 

nutrients to cells (Makris et al., 2011).  Transport may occur by diffusive processes or by 
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fluid flow (i.e., convection) through the extracellular matrix and is highly dependent upon 

tissue structure and composition as well as tissue loading conditions.  

Clinical observation has long associated degeneration of the meniscus with the 

occurrence of osteoarthritis (OA) in the knee, although the mechanisms for linking the 

two are not well understood (Andriacchi et al., 2004; Berthiaume et al., 2005; Cooper et 

al., 1994; Fairbank, 1948; Lange et al., 2007; Makris et al., 2011). Given the large socio-

economic impact and the high prevalence of OA, determining the role meniscus tissue 

plays in the onset and progression of the disease is a significant scientific pursuit that 

may greatly accelerate the development of novel OA treatment and management 

techniques. 

 

 

1.2  SPECIFIC AIMS 

The long-term goals of this project were to (1) better understand the pathophysiology 

involved in the development of knee meniscus injury and degeneration; and (2) identify 

effective treatment solutions for OA. The overall goal of this research was to further 

explore the roles of solute and fluid transport in the nutritional supply and mechanical 

functioning of the meniscus in order to more fully understand the origins of meniscal 

degradation. In order to address these goals, the following specific aims were pursued: 

 

Specific Aim #1: To determine the hydraulic permeability of porcine knee meniscus 

tissues. An apparatus was designed and developed for characterizing the hydraulic 
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permeability of healthy knee meniscus tissues under varying levels of compressive strain 

(10%-20%). Anisotropy (axial vs. circumferential) and regional (central region vs. horn 

region) variations were investigated, as outlined above, and results were correlated with 

tissue water content and strain. Each sample specimen was compressed 10%-20% strains 

and includes one of three direction/region combinations: axial central, axial horn, or 

circumferential central.  

 

Specific Aim #2: To determine the transport properties of glucose in porcine knee 

meniscus tissues. Using a one-dimensional steady-state diffusion experiment, the 

apparent diffusivity of glucose in knee meniscus tissues was determined. The glucose 

diffusivity was measured in healthy tissues under three levels of compressive strain (0%, 

10%, and 20%). Additionally, the anisotropic (i.e., direction-dependent) behavior of 

glucose diffusivity was also examined (axial vs. circumferential) along with regional 

variation in the axial direction (i.e., central region vs. horn region). Furthermore, the 

partition coefficient of healthy knee meniscus tissues was determined. An apparatus was 

developed for measuring the partition coefficient of knee meniscus tissues. The tissues 

were taken in the axial direction from both the horn and central regions and were again 

compressed at varying levels of compressive strain (0%, 10%, and 20%). A relationship 

between glucose transport properties and tissue water volume content (or biochemical 

content) was established. Following both glucose diffusion and glucose partition 

coefficient, the effective diffusivity could be calculated using the results from both 

studies.  
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Specific Aim #3: To determine the relative ion diffusion coefficient of porcine knee 

meniscus tissues by using an electrical conductivity study. An apparatus was designed 

and developed for characterizing the electrical conductivity of healthy knee meniscus 

tissues under varying levels of compressive strain (0%, 10%, and 20%). Additionally, 

anisotropy (axial vs. circumferential) and regional variations (central region vs. horn 

region) were investigated, similar to Specific Aim #2, and results were correlated with 

tissue biochemical content (e.g., water volume fraction, glycosaminoglycan content). The 

tissues were taken from healthy pigs and pooled from both medial and lateral menisci. 

Each individual sample was compressed to one of the three compressive strain levels 

(i.e., 0%, 10%, or 20%). The electrical conductivity determined in this study was used to 

calculate the relative ion diffusion coefficient of Na+ and Cl- ions.  

 

 

1.3  CONTENTS OF THIS DISSERTATION 

The overall objective of this dissertation was to investigate the transport of fluid and 

solutes in the knee meniscus, in order to better understand the pathophysiology involved 

in the development of knee meniscus injury and degeneration. A background of the knee 

meniscus and its structure, composition, function, and transport properties is given in 

Chapter 2. In order to investigate the objectives of this work, new experimental 

techniques for investigating nutrient transport in the meniscus have been developed.  
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First, an experimental approach is developed for measuring the hydraulic 

permeability of porcine knee meniscus tissues in Chapter 3. This method is used to 

measure not only the permeability under various compressive strains, but also the 

anisotropic behavior in porcine knee meniscus tissues. Findings are discussed and 

compared to those in literature for other cartilaginous tissues. 

 In Chapter 4, an experimental method is developed for measuring the strain-

dependent diffusion of glucose in meniscus tissues. This method is used to measure not 

only the diffusivity under various compressive strains, but also the anisotropic behavior 

of glucose diffusion in porcine knee meniscus tissues. The detailed methods and 

experimental findings are discussed; results are compared with those in literature. 

In Chapter 5, a method is developed for determining the strain-dependent 

partition coefficient in knee meniscus tissues. This method is applied to measure the 

partition coefficient of glucose in porcine meniscus tissue under three levels of 

compressive strain. Details regarding the custom apparatus, experimental techniques, and 

results are fully described.  

Chapter 6 investigates the effective diffusion coefficient by utilizing the data 

gathered in Chapters 4 and 5. Utilizing an equation calculated using results from the 

partition coefficient of glucose, we were able to calculate the relative diffusion 

coefficient using the apparent diffusivity found previously.  

A new experimental approach is developed for measuring the electrical 

conductivity and relative ion diffusion coefficient in knee meniscus tissues in Chapter 7. 

A custom-chamber was developed to measure the resistance across tissues and used to 
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calculate both the electrical conductivity and relative ion diffusion coefficient in porcine 

knee meniscus tissues under three levels of compressive strain and in two directions.  

Finally, in Chapter 8, the major findings of these investigations are summarized. 

Recommendations for future research initiatives in the field are also presented.  
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CHAPTER 2. BACKGROUND AND SIGNIFICANCE 

 

2.1 FUNCTIONS OF THE KNEE MENISCUS IN BIOMECHANICS 

Meniscus tissues exhibit anisotropic mechanical behavior when undergoing forces in 

shear, tension, and compression (Chia and Hull, 2008; Fithian et al., 1990; Gabrion et al., 

2005; Leslie et al., 2000; Nguyen and Levenston, 2012; Proctor et al., 1989; Skaggs et al., 

1994; Spilker et al., 1992; Sweigart et al., 2004; Tissakht and Ahmed, 1995). Along with 

playing a crucial role in load-bearing, the meniscus is also involved in load transmission, 

shock absorption, lubrication and nutrition of articular cartilage (Proctor et al., 1989). 

Everyday activities (e.g., walking, standing, running, etc.) compress the menisci, but due 

to the wedge shape of the tissue, these vertical compressive forces are able to be 

converted into horizontal hoop stresses, see Figure 2-1.  Simultaneously, shear forces are 

also developed between the collagen fibers when the meniscus is deformed radially 

(Sweigart and Athanasiou, 2001). 

Several studies have been completed researching the forces exerted on knee 

meniscus tissues, quantifying the properties of these tissues in human and animal models. 

According to these studies, the average meniscus resists axial compression with an 

aggregate modulus of 100-150 kPA (Sweigart et al., 2004). The tensile modulus is 

approximately 100-300 MPa circumferentially and approximately 10-30 MPa radially. 

The shear modulus was found to be approximately 120 kPa (Fithian et al., 1990). Studies 

have also shown that the meniscus absorbs approximately 40-90% percent of the load 
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during walking with 40-50% coming from the medial side and 60-70% coming from the 

lateral meniscus (Aagaard and Verdonk, 1999; Seedhom et al., 1974; Walker and 

Erkman, 1975). These properties of shock absorption protect the cartilaginous surfaces 

from both damaging effects and degeneration.  

 

Figure 2-1 Free body diagram of the forces acting on the knee meniscus during loading 
(for simplicity, only the lateral meniscus is shown). Adapted from (Makris et al., 2011). 

 

 

2.2 THE KNEE MENISCUS 

2.2.1 ANATOMY 

The knee joint is the largest joint in the body and is comprised of a medial and lateral 

meniscal component situated between the femoral condyle and the tibial plateau (Kohn 
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and Moreno, 1995). The complex tissue consists of cells, extracellular matrix (ECM) 

molecules, and region-specific innervation and vascularization. The lateral and medial 

menisci are critical components of a healthy knee joint, playing an essential role in the 

distribution of load, maintaining congruency, and lubrication (Makris et al., 2011; 

Newman et al., 1989; Proctor et al., 1989; Tissakht et al., 1996; Zhu et al., 1994). 

As shown in Figure 2-2, the lateral and medial menisci are held in place by the 

anterior cruciate ligament, the posterior cruciate ligament, the transverse ligament, and 

the lateral and medial collateral ligaments (Kusayama et al., 1994; Makris et al., 2011). 

The surface of the healthy meniscus is smooth and glossy-like (Ghadially et al., 1978). 

 

Figure 2-2 The knee meniscus is situated between the femur and the tibia. Crossing the 
meniscus are various ligaments, which aid in stabilizing the knee joint Adapted from 
(Makris et al., 2011). 
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Medial and lateral menisci have very different dimensions: lateral menisci in 

humans are approximately 32.4-35.7 mm in length and 26.6-29.3 mm wide, while medial 

menisci measure approximately 40.5-45.5 mm long and 27 mm wide (Makris et al., 2011; 

McDermott et al., 2004; Shaffer et al., 2000). The lateral menisci display a greater variety 

in size, shape, thickness, and mobility than the medial, though both are roughly wedge-

shaped and semi-lunar (Greis et al., 2002), see Figure 2-3. Due to the fact that the medial 

meniscus is weaker than the lateral under tensile load, the medial meniscus is damaged or 

diseased much more frequently than the lateral (Sweigart et al., 2004). 

 

Figure 2-3 Anatomy of the meniscus: superior view of the tibial plateau Adapted from 
(Makris et al., 2011). 

   

One of the unique properties of knee meniscus tissue is its lack of full 

vascularization. During prenatal development until shortly after birth, the meniscus is 

fully vascularized (Makris et al., 2011). However, vascularization appears to almost 
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completely subside thereafter. Research has shown that at 10 years of age, vascularization 

is present in 10-30% of the tissue, and at maturity, only at the peripheral 10-25% of tissue 

(Clark and Ogden, 1983). This lack of vascularization in mature meniscal tissues points 

to the importance of diffusion for the transport of nutrients through the tissues with 

increasing age. The meniscus is known to have zones corresponding to different levels of 

vascularization known as the red-red zone, red-white zone, and the white-white zone. The 

red-red zone is fully vascular and has sufficient blood flow through which nutrients and 

fluid can be carried. The red-white zone is on the border of the vascularized tissue 

regions and has a generally sufficient flow of nutrients and fluids. Finally, the white-

white zone is the mostly avascular region, with a very poor flow of nutrients and fluids 

(Brindle et al., 2001; Cannon and Vittori, 1992).  

 

2.2.2 BIOCHEMICAL CONTENT 

The knee meniscus is a biphasic composite material consisting of interstitial fluid and a 

porous, fiber-reinforced solid matrix. Water is the most abundant component of the knee 

meniscus, accounting for 63-75% of the total weight (Proctor et al., 1989). The majority 

of the rest of the tissue is made up of differing levels of collagen, glycosaminoglycans 

(GAG), DNA, adhesion glycoproteins, and elastin (Herwig et al., 1984; Proctor et al., 

1989). Physiological conditions, including mechanical forces on the ECM and changes in 

the composition resulting from tissue degeneration, can greatly alter the physical signals 

at the cellular level within the tissue (Mow et al., 1999; Urban, 2000). The levels of these 
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components may also depend on age, prior injuries, and other pathological conditions 

(McDevitt and Webber, 1990; Sweigart and Athanasiou, 2001). 

Type I collagen fibers are responsible for the dominant meniscal structural 

scaffolding (Brindle et al., 2001), while three other collagen fiber types in total compose 

the meniscus and are arranged to convert the compressive loads into circumferential 

stresses.  In the outer layer, the fibers run radially, helping to reduce shearing or splitting. 

The middle layer consists of fibers running parallel or circumferentially to resist the 

circumferential stresses during weight bearing. Finally, the deep inner fibers are aligned 

parallel to the periphery (Brindle et al., 2001). 

Proteoglycans (PGs) play important roles in the tissues, including hydration, 

compressive stiffness, and elasticity (Brindle et al., 2001). Meniscal shock absorption, 

one of the knee meniscus’ primary roles, is dependent on the exudation of water out of 

the ECM (Brindle et al., 2001). As a viscoelastic tissue, meniscal tissues display creep 

properties and deform over time under loads of great frequency or duration.  

 

2.2.3 MENISCUS PATHOPHYSIOLOGY 

In the United States, meniscal tears represent the most common intra-articular knee 

injury, with the mean annual incidence increasing from 61 in 100,000 in 1985 to 8.27 in 

1,000 inhabitants (Baker et al., 1985; Jones et al., 2012; Morgan et al., 1991) and the 

majority resulting in meniscectomy. With a male to female incident ratio between 2.5:1 

and 4:1 (Baker et al., 1985), men are more prone to injuries (Bhattacharyya et al., 2003), 

although the overall incidence level peaks around 20-29 years of age for both sexes. With 
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a high prevalence of meniscal injuries, it has been reported that approximately 850,000 

surgical procedures are performed on the meniscus each year (Arendt et al., 1999). 

In older patients, meniscal lesions occur most often in middle-aged and elderly 

patients. Tears of this kind generally occur from long-term degradation and may lead to 

joint swelling, joint line pain, and mechanical blocking (Barrett et al., 1998). Along with 

general degradation, OA has been shown to have a high correlation to the prevalence of 

meniscal lesions (Englund et al., 2007). As vascularization has been shown to decrease 

with age, the successful application of meniscus repairs in older patients is much less 

promising than in younger age groups (Barrett et al., 1998; Eggli et al., 1995). This lack 

of vascularization decreases the levels of nutrients available to the inner areas of the knee 

meniscus, thus resulting in increased opportunity for degeneration and/or lesions and 

injuries. 

 

 

2.3 KNEE MENISCUS AND OSTEOARTHRITIS 

Knee OA involves a complex chain of events that can be credited to either trauma or 

progressive degeneration (Abraham and Donahue, 2013). With increasing evidence, 

various joint structures have been identified as potential initiation pathways, including 

cartilage, bone, ligaments, synovial fluid, and the meniscus (McGonagle et al., 2010). 

Most importantly, the meniscus has been found to be crucial in maintaining joint health 

and in the role of preventing OA (Fairbank, 1948). 
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As previously stated, clinical observation has long associated degeneration of the 

meniscus with the occurrence of advanced OA in the knee. Studies have shown that 

impaired mechanical functioning of the meniscus can result in abnormal joint loading, 

which translates into excessive joint loads transmitted to the articular cartilage, thus 

resulting in a risk for the development of OA (Bedi et al., 2010; Bhattacharyya et al., 

2003). Affecting over 15.8 million Americans, OA is the most common form of arthritis 

in humans (Pai et al., 1997). Several factors appear to correlate with the rate of 

progression in knee OA: pathogenic factors, impulsive loading, and the breakdown of 

protective, stabilizing mechanisms. 

 Studies have shown that one in four people over the age of 55 suffer from knee 

pain and by the age of 65, 30% of men and 40% of women have radiographic changes of 

knee OA (McAlindon et al., 1993). While studying the impact of age versus disease on 

proprioception, findings suggested that age-related declines in proprioception may 

precede the development of knee OA and, possibly, predispose its development (Pai et 

al., 1997). This idea that the deterioration of the knee joint may lead to a rapid 

progression of knee OA has many implications for the future care of patients suffering 

from OA. For example, there may be a need for preventative therapies that enhance 

proprioception and neuromuscular joint protection for high-risk elderly patients. 

 Future research is needed in order to fully understand the role the knee meniscus 

plays in the onset and progression of this disease. Determination of this role could lead to 

better OA treatment and management techniques and better inform innovative treatment 

strategies for tissue regeneration and/or repair. 
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2.4 NUTRITIONAL TRANSPORT IN THE KNEE MENISCUS 

2.4.1 PATHWAYS OF TRANSPORT 

Due to the limited blood supply in meniscus tissues, transport of fluid and solutes through 

the extracellular matrix plays an integral role in providing necessary nutrients to cells 

(Makris et al., 2011). However, few studies have investigated transport properties in knee 

meniscus tissues. Danzig et al. found that continuous passive motion does not 

significantly affect meniscal nutrition, indicating that diffusion is an important 

mechanism for transport of nutrients in the tissue (Danzig et al., 1987).  Most recently, 

Travascio et al. measured the diffusion coefficient of fluorescein in meniscus 

fibrocartilage using fluorescence recovery after photobleaching (FRAP), and found an 

anisotropic trend (Travascio et al., 2009b).  

Additionally, a study performed by Herwig et al. found that the changes in water 

content of human knee joint menisci are dependent on the stages of degeneration with a 

correlation coefficient of r=0.91 (Herwig et al., 1984), see Figure 2-4. Thus, since the 

degeneration of the knee meniscus is thought to be correlated with the onset of OA, the 

degeneration of the knee is also correlated to the diffusivity due to the changes in water 

content. The water content in this study by Herwig increased from about 70 to 85% wet 

weight of tissue with increasing degeneration. Also of note, this study did not find any 

age-detectable changes in water content (Herwig et al., 1984). 
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2.4.2 MECHANISMS OF TRANSPORT 

In avascular cartilaginous tissues, diffusion is believed to be the main mechanism of 

transport for small solutes (Maroudas et al., 1975; Urban et al., 1978; Urban et al., 1982). 

To understand the transport mechanisms and pathways in knee meniscus, determining the 

diffusion coefficient (i.e., diffusivity, a measure of solute mobility) for small solutes (e.g., 

glucose) is important. Several investigators have examined the mechanical properties in 

meniscus fibrocartilage from human and animal sources.  These studies have found that 

the meniscus exhibits anisotropic mechanical behavior in tension, compression, and shear 

loading conditions (Chia and Hull, 2008; Fithian et al., 1990; Gabrion et al., 2005; Leslie 

et al., 2000; Nguyen and Levenston, 2012; Proctor et al., 1989; Skaggs et al., 1994; 

Spilker et al., 1992; Sweigart et al., 2004; Tissakht and Ahmed, 1995). However, few 

studies have investigated transport properties in the meniscus. Recently, Travascio et al. 

used fluorescence recovery after photobleaching (FRAP) to measure the diffusion 

coefficient of fluorescein in meniscus fibrocartilage, finding an anisotropic trend 

(Travascio et al., 2009b). Moreover, Danzig et al found that continuous passive motion 

does not significantly affect meniscal nutrition, indicating that diffusion is an important 

mechanism for transport of nutrients in the tissue (Danzig et al., 1987).  In this study, we 

compared the anisotropic transport of solutes and fluids under various levels of 

compressive strain and in various areas/components of the meniscus. 
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Figure 2-4 Changes of water content (g/100 g wet weight of tissue) of human knee joint 
menisci dependent on the stages of degeneration. Adapted from (Herwig et al., 1984). 

 

The solute concentration in a porous media relative to the concentration of solute 

in the surrounding fluid at equilibrium is known as the partition coefficient. Because it is 

one of the governing factors in determining the rate of movement of solutes between an 

external solution and the tissue, knowledge of this property is important and pertinent to 

our overall goals. Several studies have been done on the partitioning of small molecules, 

such as glucose, urea, and ions, and large molecules, such as myoglobin, serum albumin, 

and dextran, in cartilage tissues (Fetter et al., 2006; Maroudas, 1976; Nimer et al., 2003; 

Quinn et al., 2000; Roberts et al., 1996; Torzilli et al., 1998). However, this is the first 

study to our knowledge to report on the strain-dependent, region-specific glucose 

partitioning in meniscus fibrocartilage. 

Furthermore, electrical conductivity is an important material property of 

biological tissues depending on ion diffusivity and ion concentration within the tissues. 
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These values are functions of the tissue composition and structure (Chammas et al., 1994; 

Eisenberg and Grodzinsky, 1988; Grodzinsky, 1983; Gu et al., 1998; Hasegawa et al., 

1983; Helfferich, 1962; Maroudas, 1968). By using electrical conductivity to estimate the 

relative ion diffusivity in knee meniscus tissues and its relationship with tissue 

composition and structure, information can be gathered on ion transport in the meniscus. 

Previous studies have investigated the electrical conductivity in order to estimate the 

relative ion diffusivity in other cartilaginous tissues obtained from both human and 

animal sources (Jackson et al., 2009a; Kuo et al., 2011). Additionally, several studies 

have found a correlation between the electrical conductivity and the tissue water content 

with a decrease in water content associated with a decrease in conductivity (Gu et al., 

2002; Jackson et al., 2009a; Jackson et al., 2006; Lai et al., 1991). However, to our 

knowledge, no study has reported on the anisotropic or inhomogeneous behavior of 

relative ion diffusivity or on the electrical conductivity in the knee meniscus. Such 

information is necessary to better clarify the transport environment in meniscus tissue and 

thus more clearly understand tissue pathology. In the present study, the electrical 

conductivity was measured and used to determine the relative ion diffusion coefficient in 

porcine knee meniscus. 

Finally, an additional transport property that is important to cartilaginous tissues 

and knee meniscus tissues, in particular, is hydraulic permeability. This property governs 

the rate of fluid transport in cartilaginous tissues, thus influencing cellular nutrition and 

the viscoelastic behaviors of the tissue. Previous studies have looked at the effects of 

compressive strain (Chen et al., 2001; Frank and Grodzinsky, 1987; Jurvelin et al., 2003; 

Mow et al., 1984; Reynaud and Quinn, 2006) and anisotropy (Gu et al., 1999; Jurvelin et 
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al., 2003; Reynaud and Quinn, 2006) on hydraulic permeability in other cartilaginous 

tissues, such as the intervertebral disc, but to our knowledge few studies have looked at 

the anisotropic hydraulic permeability of knee meniscus tissues (Joshi et al., 1995; 

LeRoux and Setton, 2002; Mansour and Mow, 1976; Martin Seitz et al., 2013; Proctor et 

al., 1989). The effect of compressive strain on the hydraulic permeability of human knee 

meniscus was studied by Seitz et al., and found that on average, the mean permeability of 

the lateral and medial samples decreased with increasing strain (Martin Seitz et al., 2013). 

LeRoux and Setton studied the hydraulic permeability of canine meniscus tissues in 

tension and found that anisotropy did not significantly affect the results (LeRoux and 

Setton, 2002). In the present study, the hydraulic permeability of porcine knee meniscus 

tissues was determined using a direct permeation method, by applying a flow rate across 

the specimen and measuring the resulting pressure difference. 

 

 

2.5 EFFECT OF MECHANICAL LOADING ON KNEE MENISCUS 

Previous studies have investigated the load bearing capabilities of the knee meniscus 

(Fairbank, 1948; Johnson et al., 1974; Krause et al., 1976; Morrison, 1969; Walker and 

Erkman, 1975). These studies found that the meniscus takes part in the load-bearing 

mode of the knee joint, by observing the joint after meniscectomy (Kurosawa et al., 

1980).  
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One study in particular found that the maximum joint force during level walking 

was approximately 4 times the body weight of an individual (Morrison, 1969).  Another 

study found that when the contact side is larger on the medial side than the lateral, the 

meniscus participates in load-bearing actions from small loads (Walker and Erkman, 

1975). These studies, amongst others, outline the physical impacts the meniscus 

undergoes during daily activities and the importance of having healthy, functioning knee 

joints. Because the meniscus undergoes numerous forces during normal daily activities, it 

is important to understand the effects of mechanical loading on transport properties in the 

tissues. In these studies, we investigate the strain-dependent fluid and solute transport 

properties in porcine meniscus. 

 

 

2.6 SIGNIFICANCE AND CLINICAL RELEVANCE 

Osteoarthritis is a debilitating joint disease that occurs in a large portion of the population 

over 60 years old (Berthiaume et al., 2005). An estimated 54 million adults in the United 

States are affected by some form of OA (Barbour et al., 2017), and this number is 

expected to jump to over 78.4 million by 2040. According to a 2009 study, medical care 

in the United States averages roughly $185.5 billion per year for OA patients (Kotlarz et 

al., 2009). Based on a 2005 study, in the United States alone, the costs of treatment were 

estimated to be roughly $16,146 per patient (White et al., 2008).  

The research presented here attempts to begin clarifying the correlation between 

knee meniscus degeneration and the onset of OA. This impact is significant because it is 
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the first step in understanding the connection between the structure and function of the 

knee and developing possible treatments and/or preventative techniques. Research also 

helps determine the role of knee meniscus injuries due to compressive strains and/or 

degenerating tissues in leading to OA. Finally, a better understanding of the mechano-

electrochemical properties elicits more information regarding the composition and 

structure of knee meniscus tissues which will be useful for tissue engineering approaches 

to meniscal treatment. Thus, important advances in the treatment and prevention of OA 

with regard to knee meniscus tissues are expected.  

The following studies provide quantitative information regarding fluid and solute 

transport in meniscus tissue, which will help to offer important insight into the 

pathophysiology of meniscus degeneration and related OA in the knee, and will inform 

new strategies for the restoration of tissue function and disease treatment. Since meniscal 

degeneration is a common occurrence that results in a loss of proper joint biomechanics, 

this research will play a contributing role in understanding the onset of OA. 
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CHAPTER 3. MEASUREMENT OF STRAIN-DEPENDENT AND 

ANISOTROPIC HYDRAULIC PERMEABILITY IN KNEE MENISCUS 

TISSUES 
 

3.1 INTRODUCTORY REMARKS 

The transport of fluid within the knee meniscus is crucial to its viscoelastic behavior, 

cellular nutrition, and biomechanical properties. Therefore, it is necessary to investigate 

the kinetics of fluid flow in the meniscus in order to better understand the behaviors of 

both healthy and degenerated knee meniscus.  

Hydraulic permeability is an important material property for hydrated soft tissues 

such as the knee meniscus. It governs the rate of fluid transport processes in cartilaginous 

tissues (Gu et al., 1993, 1998; Lai and Mow, 1980; Mow et al., 1980), which can 

influence cellular nutrition and tissue viscoelastic behaviors (Armstrong and Mow, 1982; 

Gu et al., 1993; Lai and Mow, 1980; Maroudas, 1979; Setton et al., 1993; Urban et al., 

1977). Additionally, theoretical models have shown that the hydraulic permeability of 

charged hydrated tissues is related to water volume fraction, tissue fixed charge density, 

ion diffusion coefficients, and the frictional coefficient between water and the 

extracellular matrix (Armstrong and Mow, 1982; Gu et al., 1993; Lai and Mow, 1980; 

Maroudas, 1979). These, in turn, are functions of tissue structure (e.g., collagen fiber 

organization) and composition (e.g., water content).  

Previously, the permeability coefficient has been studied in the IVD and other 

cartilaginous tissues from several species (e.g., bovine, human, porcine, etc.). For 

articular cartilage, values were found to be in the order of 10-15 m4/Ns range (Ateshian et 
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al., 1997; Athanasiou et al., 1994; Athanasiou et al., 1995; Bursac et al., 1999; Froimson 

et al., 1997; Gu et al., 2003a; Jurvelin et al., 2003; Korhonen et al., 2002; Mansour and 

Mow, 1976; Mow et al., 1980; Reynaud and Quinn, 2006; Soltz and Ateshian, 2000; Wu 

et al., 2015; Yuan et al., 2011) and for knee meniscus, values were in the range of 0.81-

6.2 x 10-15 m4/Ns (Joshi et al., 1995; LeRoux and Setton, 2002; Martin Seitz et al., 2013; 

Proctor et al., 1989; Sweigart and Athanasiou, 2005). However, to our knowledge, 

limited information has been published regarding the strain-dependent, anisotropic, and 

region-specific permeability of healthy porcine knee meniscus tissues. 

Therefore, the objectives of this study were to measure the hydraulic permeability 

coefficient of porcine meniscus tissues in two major directions (axial and 

circumferential), and to investigate the effects of location (medial vs lateral and horn vs 

central) on the permeability behavior of porcine meniscus. Knowing the hydraulic 

permeability of this tissue is important because many knee joint problems, such as OA, 

are associated with mechanical failure of the meniscus. 

 

 

3.2 THEORETICAL APPROACH 

Darcy’s law describes the transport of fluid through a porous (permeable) material under 

a pressure gradient. This is shown by: 

 (3-1) 
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where  is the flux of the fluid volume in the x-direction,  is the fluid pressure, and  is 

the hydraulic permeability. The flux is defined as the volume flow rate per unit area, 

while the volume flow rate is defined as the volume of transported fluid over time.  

 

Figure 3-1 Schematic drawing of the fluid flow through a porous media (in this case, 
porcine meniscus tissue). The pressure difference across the tissue can be used along with 
the tissue thickness, tissue cross-sectional area, and fluid flow rate to calculate the 
hydraulic permeability.   

 

The volumetric flow rate, , through the porous media is a function of the 

pressure difference across the sample, the cross-sectional area of the sample, , and the 

thickness of the sample, . It also depends on the hydraulic permeability of the sample: 

∆
 (3-2) 

 The volume flux of fluid flow through the porous media is the volume flow rate 

per area: 

∆
 (3-3) 

Therefore, the hydraulic permeability, , can be determined by: 

 

∆ 0 
 

 

Fluid Flow 

Porous tissue 
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∆
,  (3-4) 

where  is the volumetric flow rate (volume per unit time),  is the sample thickness, ∆  

is the pressure difference across the sample, and  is the cross-sectional area of the tissue 

sample. Because the value of hydraulic permeability of cartilaginous tissue is very low, a 

precise measurement is always a challenge. The hydraulic permeability of a sample can 

be determined by applying a constant volumetric flow rate and measuring the pressure 

difference across the sample in a 1-D permeation test (Gu et al., 1999; Maroudas et al., 

1968; Weiss and Maakestad, 2006). 

 

 

3.3 MATERIALS AND METHODS 

3.3.1 DESIGN OF EXPERIMENTAL APPARATUS 

A custom-designed chamber was 3D printed using a Stratasys 3D Printer to be used in 

the hydraulic permeability experiments, see Figure 3-2 - 3.5. The customized chamber 

was used to measure hydraulic permeability by simultaneously applying a fluid flow 

across the sample and measuring the resulting fluid pressure difference. The chamber set 

up included two pressure transducers, a syringe pump, and a digital flow meter, as seen in 

Figure 3-2 - 3.5.  
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Figure 3-2 Schematic drawing of the parts of the hydraulic permeability experiment. The 
pressure transducers were connected to strain gage meters that were able to output the 
pressure on both sides of the tissue.  

 

 

Figure 3-3 Photograph of the hydraulic permeability system including the syringe pump, 
the two pressure transducers and strain gage meters, the chamber, and the flow meter. 
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Figure 3-4 Engineering drawings for the permeability chamber used in this experiment.  

 

 

Figure 3-5 Photograph of the hydraulic permeability chamber showing both chamber 
halves open with no tissue. 

 

 

HOLES FOR BOLTS 
Ø4.06 mm 

4 holes equally 
spaced 
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3.3.2 SPECIMEN PREPARATION 

Porcine knee meniscus samples were obtained from a frozen tissue bank (Animal 

Technologies, Tyler, Texas), see Figure 3-6. They were extracted from the knees of 

healthy pigs (approximately 100kg, 20-25 weeks old, male and female). 

 

Figure 3-6 Photograph of a porcine knee meniscus tissue sample. Meniscus tissues were 
taken from both the left and right knees and both medial and lateral menisci were studied.  

 

A total of 30 menisci were harvested from 15 knees. Cylindrical samples were 

excised in the axial central (AC), axial horn (AH), and circumferential central (CC) 

sections of both the medial and lateral components, n=15 for each group (6 groups = 3 

locations/directions x 2 components), see Figure 3-7.  Each specimen was cut to a 

diameter of 6mm and a thickness of approximately 1mm using a corneal trephine punch 

(Biomedical Research Instruments, Inc., Malden, MA) and sledge microtome (Model 
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SM2400, Leica Instruments, Nussloch, Germany) with freezing stage (Model BFS-30, 

Physitemp Instruments, Inc., Clifton, NJ).  The height of the specimens was measured 

using a custom current-sensing micrometer that works by using a capacitive sensor to 

read the height of the tissue to the nearest 0.001mm. Each specimen was tested under 

static compressive strains varying from 10-20% (i.e., compressed to a final height of 

0.9mm). Each group had 15 samples, for a total of 90 hydraulic permeability specimens.  

 

Figure 3-7 Schematic drawing of the meniscus tissues with the sections, direction, and 
sizes of specimens labeled.  

 

 

3.3.3 WATER CONTENT MEASUREMENT 

The water volume fraction of undeformed specimens was measured using a buoyancy 

method(Gu et al., 1996; Gu et al., 1997). The weight of the specimen in air, , and in 

phosphate buffered saline (PBS), , were measured using a density determination kit 

of an analytical balance (Model ML104, Mettler Toledo, Columbus, OH) prior to 

experimentation, see Figure 3-8. Following permeability measurements, specimens were 

lyophilized and the weight of the dry specimen, , was measured.  
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Figure 3-8 Photograph of the Density Determination Kit of an analytical balance. This balance 
was used to calculate the tissue water volume fraction of all specimens by taking the wet weight 
(in air), the weight in PBS, and the dry weight (post-lyophilization) and utilizing Equation (3-5). 

 

The volume fraction of water, , of the specimens was then calculated by:  

, (3-5)  

where  and  are the mass densities of PBS and water, respectively. The volume 

fraction of water in the compressed tissue ( ) can then be estimated based on the tissue 

dilatation,  (Lai et al., 1991):  
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1
, (3-6) 

wherein for one-dimensional confined compression, the relative volume change is related 

to deformation by 1  where  is the ratio of the current tissue volume to the 

undeformed tissue volume (Jackson et al., 2008; Lai et al., 1991). The dilatation is thus 

equal to the compressive strain (e.g., for 10% compressive strain, 0.1). 

 

3.3.4 MEASUREMENT OF HYDRAULIC PERMEABILITY 

Prior to experiments, the samples were loaded in the chamber ensuring the proper 

compressive strain based on the size of the tissue chamber. Compression was necessary 

in order to seal the tissue within the o-ring. The hydraulic permeability was then 

measured by applying a flow rate of 7 µL/min across the sample using a high precision 

syringe pump (Cole Parmer Single-Syringe Infusion Pump EW-74900-00, Vernon Hills, 

IL). The flow rate was verified by a liquid flow meter (Sensirion SLG0150, Westlake 

Village, CA). The resultant pressure difference was measured via two pressure 

transducers (Omega Engineering Inc., Stamford, CT) and recorded. The hydraulic 

permeability was then calculated using Equation (3-4). 

 

3.3.5 STATISTICAL ANALYSES 

A total of 15 specimens were tested (n=15) for each of the six groups. Two independent 

variables were studied: direction and regional variation. Statistical significance between 

groups was determined by two-way repeated measures ANOVA analysis of variance tests 
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using IBM SPSS Statistics 22 (International Business Machines Corp., Armonk, NY) 

with alpha level set at p<0.05; sample size was set to n=15.  

 One-way ANOVA was also performed to determine if water volume fraction and 

height measurements differed significantly between the three test groups (AC, AH, and 

CC). Regression analysis was performed to determine if the relationships between 

permeability and water volume fraction and strain level were statistically significant. 

 

 

3.4 RESULTS 

A total of 90 specimens were measured, with an average uncompressed water volume 

fraction of 0.71 ± 0.04; results for all groups are shown in Table 3-1 and Figure 3-9. The 

relationship between static compressive strain and hydraulic permeability for all groups is 

shown in Figure 3-10. There was a significant negative linear correlation between 

hydraulic permeability and compression level (AC: R2 = 0.7490, AH: R2 = 0.6850, CC: 

R2 = 0.5649; p<0.05). In addition, hydraulic permeability was significantly greater in the 

circumferential direction than the axial direction for central specimens (p<0.05) in the 

lateral meniscus.  
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Location Component N Strain (%)  	(× 10-15 m4/Ns) 

AC 
Medial 15 12.02 ± 2.20 0.67 ± 0.04 1.65 ± 0.05 

Lateral 15 10.76 ± 2.71 0.68 ± 0.05 1.68 ± 0.07 

AH 
Medial 15 12.47 ± 2.43 0.68 ± 0.04 1.65 ± 0.06 

Lateral 15 11.24 ± 2.03 0.69 ± 0.04 1.67 ± 0.04 

CC 
Medial 15 11.56 ± 2.61 0.67 ± 0.06 1.70 ± 0.08 

Lateral 15 12.26 ± 2.52 0.67 ± 0.05 1.71 ± 0.07 

 

Table 3-1 Results for hydraulic permeability in porcine knee meniscus tissues for the 
three groups tested (axial central (AC), axial horn (AH), circumferential central (CC)) 
and between the medial and lateral components of the tissues. All results are shown as 
mean ± standard deviation. 

 

 

Figure 3-9 Results for hydraulic permeability in porcine knee meniscus tissues for all six 
groups investigated (AC medial and lateral, AH medial and lateral, and CC medial and 
lateral). For each group, n=15. Graph shows mean ± standard deviation. 
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Figure 3-10 Relationship between static compressive strain (%) and hydraulic 
permeability, , in porcine meniscus tissues for the three directional groups investigated: 
axial central (AC), axial horn (AH), and circumferential central (CC). Significant 
correlation was detected for all groups, p<0.05; R2 values are shown. For each group, 30 
measurements were taken.  

 

Additionally, the relationship between tissue water volume fraction and hydraulic 

permeability can be seen in Figure 3-11. Regression analysis for all groups showed a 

significant positive correlation between hydraulic permeability and tissue water volume 

fraction (AC: R2 = 0.4745, AH: R2 = 0.3311, CC: R2 = 0.4074; p<0.05).  
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Figure 3-11 Relationship between tissue water volume fraction, , and hydraulic 
permeability, , in porcine meniscus tissues for the three groups investigated: axial 
central (AC), axial horn (AH), and circumferential central (CC). Significant correlation 
was detected for all groups, p<0.05; R2 values are shown. For each group, 30 
measurements were taken.  

 

The statistical analysis results can be found in Table 3-2. Two-way repeated 

measures ANOVA showed a significant difference between axial central and 

circumferential central groups in the medial (p=0.013) component, but not the lateral 

(p=0.210) component. However, the direction of study was statistically significant 

(p=0.009) for the pooled groups. No statistically significant differences were found 

between the axial central and axial horn groups in either the medial (p=0.770) or lateral 

(p=0.678) groups, nor between the medial and lateral groups of the axial central 

(p=0.200), axial horn (p=0.264), or circumferential central (p=0.641) groups. Finally, 

there was no significant difference between the tissue water volume content or static 

compressive strain of any of the groups (ANOVA, p<0.05).  
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A. Medial vs. Lateral Component 

 P-values 

Axial Central 0.200 

Axial Horn  0.264 

Circumferential Central  0.641 

  

B. Axial Horn vs. Central Region 

 P-values 

Medial 0.770 

Lateral 0.678 

Component 0.090 

Region 0.894 

Interaction 0.663 

 

C. Axial Central vs. Circumferential Central 

 P-values 

Medial 0.013* 

Lateral 0.210 

Component 0.226 

Direction 0.009* 

Interaction 0.495 

 

Table 3-2 Statistical analysis for hydraulic permeability comparisons: (A) meniscal 
variation: medial vs. lateral component; (B) regional specific variation: axial horn vs. 
axial central (samples taken in the axial direction only); and (C) direction variation: axial 
central vs. circumferential central. Values shown are p-values; significant variation is 
highlighted and noted with a ‘*’. Two-way repeated measures ANOVA was performed 
using SPSS software. 
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3.5 DISCUSSION 

The experimental results of this study show that the hydraulic permeability in porcine 

knee meniscus tissues is significantly correlated to both the level of compressive strain 

applied and the tissue water volume content. We also found a significant anisotropic 

trend when comparing axial and circumferential permeability in the central region of the 

tissue.  

Compared to previous studies in literature, our values, ranging from 1.53-

1.87×10-15 m4/Ns, are comparable with other meniscal tissue samples, again ranging from 

approximately 0.81–6.2 ×10-15 m4/Ns (Joshi et al., 1995; LeRoux and Setton, 2002; 

Martin Seitz et al., 2013; Proctor et al., 1989; Sweigart and Athanasiou, 2005; Sweigart et 

al., 2004), see Table 3-3.  The wide spread of data is likely due to differences in 

measurement techniques used (e.g., direct permeation vs. confined compression vs. creep 

indentation) and different species and locations of test specimens. Furthermore, previous 

studies have shown that the measured value of permeability is dependent upon the 

pressure gradient applied to the tissue (Lai and Mow, 1980; Mow et al., 1980). 

Nonetheless, our results are within the range reported in the literature for human and 

animal meniscus tissues.  
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Tissue /  Reference 

Human  1.99 ± 0.79 (Joshi et al., 1995) 

Human  1.5-3.9 (Martin Seitz et al., 2013) 

Human  1.32-2.74 (Sweigart et al., 2004) 

Porcine  3.05-6.18 (Sweigart and Athanasiou, 2005) 

Porcine  1.74 (Joshi et al., 1995) 

Porcine  2.86-6.32 (Sweigart et al., 2004) 

Porcine  1.53-1.87 Present Study 

Bovine  0.81 ± 0.45 (Proctor et al., 1989) 

Bovine  5.40-6.22 (Sweigart et al., 2004) 

Canine  0.11 (LeRoux and Setton, 2002) 

Canine  1.56-3.27 (Sweigart et al., 2004) 

Lapine  0.89-4.00 (Sweigart et al., 2004) 

Baboon  1.05-1.36 (Sweigart et al., 2004) 

 

Table 3-3 Summary of experimental results for hydraulic permeability, , in meniscus 
tissues from various sources from literature. 

 

3.5.1 EFFECT OF COMPRESSION 

The decrease in permeability as the compressive strain increases is likely due to changes 

in the compressed collagen fibers running along the tissues. In general, as a porous tissue 

is compressed, water can flow through the matrix of this tissue through the pores. The 
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rate of flow is directly related to the drag force between the tissue and fluid. As 

compressive strain is increased, the compaction of the collagen network provides an 

increased frictional resistance (or drag force) to the flow of interstitial fluid (Mansour and 

Mow, 1976). Although this study did not measure the effects of highly variable 

compression levels, we nonetheless found a significant negative correlation (p<0.05) 

between permeability and compression level using regression analysis, see Figure 3-10.  

These results are in agreement with previous studies done by this group investigating the 

effects of static compressive strain on other transport properties discussed in the 

subsequent chapters of this dissertation, including glucose diffusion coefficient, glucose 

partitioning, and electrical conductivity in porcine meniscus fibrocartilage (Kleinhans and 

Jackson, 2017; Kleinhans et al., 2015; Kleinhans et al., 2016). In the literature, previous 

studies performed in articular cartilage and the meniscus have also found similar results 

showing a decreasing permeability trend with increasing compression (Chen et al., 2001; 

Frank and Grodzinsky, 1987; Jurvelin et al., 2003; LeRoux and Setton, 2002; Mow et al., 

1984; Reynaud and Quinn, 2006). 

 Over the small range of compressive strain levels applied in this study, we found 

a significant negative linear correlation between permeability and strain. However, it 

should be noted that previous studies have found a non-linear relationship when looking 

at a larger range of strain levels and associated tissue water volume fraction values (Gu et 

al., 2003b; Lai and Mow, 1980). Therefore, it is likely that the relationship between 

permeability and strain in meniscus tissue is also non-linear, and should be further 

investigated. This particular behavior is believed to play an important role in the 
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physiological functioning of cartilaginous tissues by preventing rapid and excessive fluid 

exudation from the tissue during loading. 

 Previously, Lai and Mow found that hydraulic permeability was exponentially 

dependent on the level of compressive strain applied (Lai and Mow, 1980) by Equation 

3-7: 

∙ , (3-7) 

where  and  are material parameters that depend on the applied pressure. 

Specifically,  is the apparent permeability found in this study,  is the intrinsic 

permeability of uncompressed tissue,  is the dimensionless nonlinear interaction 

coefficient, and  is the first invariant of the strain tensor (i.e., compressive strain).  By 

curve-fitting this equation with our experimental data, we were able to solve for the 

intrinsic permeability, , and , see Figures 3-12 through 3-15.  Our values for intrinsic 

permeability ( ), which range from 1.905 x 10-15 m4/Ns to 1.993 x 10-15 m4/Ns, are 

similar to those found in the literature for articular cartilage (Lai and Mow, 1980).  Note 

that the permeability measured using a permeation experiment is considered the apparent 

permeability given that it is dependent on the applied pressure difference across the tissue 

and non-uniform tissue compaction caused by the pressure-driven fluid flow (Holmes 

1985).  Therefore, the measured permeability is the averaged permeability across the 

tissue sample.  Using Equation 3-7, we are able to predict the intrinsic hydraulic 

permeability of the tissue.  The high correlation coefficients determined here indicate that 

this exponential model by Lai and Mow is able to accurately describe permeability 

behavior for meniscus tissues. 
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Figure 3-12 Results for curve fitting the hydraulic permeability of porcine meniscus 
tissues in the axial central (AC) region using Equation 3-7. The results for the curve-fit 
values of the intrinsic permeability,  and  are shown, along with the R2 value.  

 

 

 

Figure 3-13 Results for curve fitting the hydraulic permeability of porcine meniscus 
tissues in the axial horn (AH) region using Equation 3-7.  The results for the curve-fit 
values of the intrinsic permeability,  and  are shown, along with the R2 value.  
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Figure 3-14 Results for curve fitting the hydraulic permeability of porcine meniscus 
tissues in the circumferential central (CC) region using Equation 3-7. The results for the 
curve-fit values of the intrinsic permeability,  and  are shown, along with the R2 
value.  

 

 

Figure 3-15 Results for curve fitting the hydraulic permeability of porcine meniscus 
tissues for all pooled data using Equation 3-7. The results for the curve-fit values of the 
intrinsic permeability,  and  are shown, along with the R2 value.  
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3.5.2 EFFECT OF WATER VOLUME CONTENT 

In addition, as seen in Figure 3-11, it was found that the hydraulic permeability of the 

tissue is highly dependent upon the tissue water content, highlighted by a significant  

positive correlation (p<0.05). Regression analysis showed this significant relationship for 

all groups investigated. This was expected, given the relationship between strain level 

applied and tissue water volume fraction, as shown in Equation 3-6.  As previously 

stated, as tissues are compressed, the water volume fraction decreases due to the 

exudation of water from the tissue during compression. This explains the positive 

correlation between hydraulic permeability and water content with a negative correlation 

between hydraulic permeability and level of compressive strain. Other studies have found 

similar results; for example Gu et al. also reported permeability increasing with 

increasing hydration and decreasing with increasing fixed charge density for other 

cartilaginous tissues (Gu et al., 1993; Gu and Yao, 2003). 

 

3.5.3 EFFECT OF ANISOTROPY 

Our results also indicate that hydraulic permeability in porcine meniscus tissues is 

anisotropic (i.e., direction-dependent). It was found that the hydraulic permeability in the 

central region in the axial direction was significantly less than that in the circumferential 

direction. Additionally, the circumferential group has a very comparable slope to the 

axial horn and axial central groups, but was shifted higher than both other groups. This 

leads us to believe that the hydraulic permeability follows the same trends when 

compared to the water volume content, but at different levels between the directional 
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groups. Previous studies have found that hydraulic permeability was most anisotropic 

when tissues were statically compressed between 20-40% (Reynaud and Quinn, 2006) so 

we can predict that with an even higher level of compressive strain, we would see an 

even greater difference between axial and circumferential specimens. 

Additionally, based on the results in Table 3-1, the specific resistance (reciprocal 

of permeability coefficient) to fluid flow in the axial direction is approximately 3% 

higher than in the circumferential direction. This suggests that the effective “pore” size in 

the axial direction is smaller than the “pore” size in the circumferential direction. This 

shows that an increase in water content, such as with degeneration or increased strain 

level, would therefore lead to a reduced “pore” size in the meniscus. Previous studies 

have found this to be true for other non-degenerative cartilaginous tissues, with 

differences as much as 25% greater in the circumferential direction (Gu et al., 1999). 

 

3.5.4 EFFECT OF REGIONAL VARIATION 

Finally, our results indicate that there is no statistically significant variation in the 

hydraulic permeability when comparing axial diffusion in different tissue regions (i.e., 

horn versus central regions) or different components (i.e., medial versus lateral 

components). Although results in the literature vary regarding tissue homogeneity, these 

findings are consistent with previous studies that showed transport in meniscus tissues is 

homogeneous (Kleinhans and Jackson, 2017; Kleinhans et al., 2015; Kleinhans et al., 

2016; Proctor et al., 1989; Sweigart et al., 2004).  
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3.5.5 EXPERIMENTAL LIMITATIONS 

There are several limitations to this project that should be noted for future reference. For 

example, due to the intricate system of tubing and channels in this project, the presence 

of even the smallest air bubbles could impact our results. Therefore, it was pertinent to 

remove all air bubbles prior to study; all attempts were made to eliminate air bubbles 

from the system prior to measurements. However, over time, it was not always possible 

to ensure 100% elimination of all air bubbles in channels and tubes that were not 

experiencing high levels of pressure and it was also impossible to see whether or not 

there were bubbles present in the inner areas of the 3D printed chamber due to its darker 

coloring. However, we believe that the stability of our results and the comparable range 

with the literature are evidence that our method and experimental setup is able to 

accurately measure hydraulic permeability. 

Additionally, in order to seal the chamber completely, we were unable to measure 

the tissues at 0% compressive strain. In order to ensure no leakage, the minimal level of 

compressive strain required was 10%. In the future, finding a method to measure the 

tissues at 0% compressive strain would be helpful in understanding the true strain-

dependent trends of hydraulic permeability and determine values for intrinsic (zero 

strain) permeability. Additionally, our tissues were compressed only over a narrow range 

between 10-20% strain levels. In the future, it would also be beneficial to expand this 

range of strain in order to get a more accurate depiction of how the hydraulic 

permeability is related to strain in the meniscus. 
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Furthermore, because our tissues came pre-harvested from a frozen tissue bank, 

we were not able to distinguish between anterior and posterior horn in the menisci. 

Therefore, in this study, samples were pooled from these two regions. However, some 

studies in literature show that the posterior and anterior horns are not homogeneous (Di 

Giancamillo et al., 2014; Killian et al., 2010; Sanchez-Adams et al., 2011); therefore, 

further investigation is necessary to better understand the region variation (if any) for 

fluid transport properties in the meniscus. 

 Moreover, in this study we focused on uniaxial, static compressive strain within 

the range of physiological meniscal strains occurring during daily activity (Chia and Hull, 

2008; Eckstein et al., 2000; Martin Seitz et al., 2013; Quinn et al., 2000; Quinn et al., 

2001; Yang et al., 2010). Our results, therefore, represent the hydraulic permeability 

under static conditions. As previously mentioned, the knee meniscus undergoes a variety 

of loading conditions during normal daily activity, including dynamic compression 

(Fithian et al., 1990; Kurosawa et al., 1980; Makris et al., 2011). Nonetheless, the results 

of this study provide important information regarding nutritional supply in the tissue and 

serve as a launching point for this proposed work.  

Finally, as discussed in more detail in the future recommendations section of 

Chapter 8, future studies should investigate all three primary directions (axial, radial, 

and circumferential) in addition to posterior and anterior regions of the menisci and 

degenerated tissues. This data would be beneficial for better understanding the 

inhomogeneous, anisotropic, and degeneration-dependent behavior of fluid transport in 

the meniscus. 
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3.6 SUMMARY AND CONCLUSIONS 

In summary, this study investigated the strain-dependent, anisotropic, and region-

dependent hydraulic permeability in porcine meniscus fibrocartilage. It was found that 

the permeability coefficient is significantly affected by mechanical compression, which 

decreases as strain is increased. It was also found that the permeability in the 

circumferential direction, along the primary direction of the collagen fibers, is 

significantly greater than in the axial direction. Finally, there was no statistically 

significant difference in axial permeability comparing the central and horn regions of the 

meniscus in both the medial and lateral meniscal components. Given the importance of a 

healthy meniscus in the proper functioning of the knee joint, as well as the unknown role 

of the tissue in the onset and progression of OA, better understanding the transport 

environment within the tissue and the relationship with tissue pathophysiology is 

essential in the development of new strategies to treat and/or prevent tissue degeneration 

and related OA. This study provides baseline information on the structure-function 

relationships for fluid transport properties in the meniscus and provides important insight 

into the tissue viscoelastic behavior, load support, and biomechanical functioning.  
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CHAPTER  4. MEASUREMENT OF STRAIN-DEPENDENT AND 

ANISOTROPIC DIFFUSION OF GLUCOSE IN KNEE MENISCUS 

TISSUES 

 

4.1 INTRODUCTORY REMARKS 

The lack of full vascularization is a distinctive property of knee meniscus tissues. As 

previously reported, during prenatal development until shortly after birth, the meniscus is 

fully vascularized (Clark and Ogden, 1983; Makris et al., 2011). Over time, however, the 

majority of vascularization appears to subside (Clark and Ogden, 1983; Makris et al., 

2011). Due to incomplete vascularization, the knee meniscus relies on the transport of 

fluid and solutes through the extracellular matrix (ECM) for providing the necessary 

nutrients to cells (Makris et al., 2011).  Transport may occur by diffusive processes or by 

fluid flow (i.e., convection) through the ECM and is highly dependent upon tissue 

structure and composition as well as tissue loading conditions.  It is believed that the 

main mechanism of transport for small solutes in avascular cartilaginous tissues is 

diffusion (Maroudas, 1975; Urban et al., 1978; Urban et al., 1982). To understand the 

transport mechanisms and pathways in knee meniscus, determining the diffusion 

coefficient (i.e., diffusivity, a measure of solute mobility) for small solutes (e.g., glucose) 

is important.  

Numerous investigators have examined the mechanical properties in meniscus 

fibrocartilage from human and animal sources.  Several studies have found that the 

meniscus exhibits anisotropic mechanical behavior in tension, compression, and shear 
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loading conditions (Chia and Hull, 2008; Fithian et al., 1990; Gabrion et al., 2005; Leslie 

et al., 2000; Nguyen and Levenston, 2012; Proctor et al., 1989; Skaggs et al., 1994; 

Spilker et al., 1992; Sweigart et al., 2004; Tissakht and Ahmed, 1995).  Furthermore, the 

mechanical properties of meniscus tissues have been found to be strain-dependent 

(Bursac et al., 2009; Chia and Hull, 2008; Danso et al., 2014; LeRoux and Setton, 2002; 

Sanchez-Adams et al., 2011). However, few studies have investigated transport properties 

in knee meniscus tissues. Danzig et al. found that continuous passive motion does not 

significantly affect meniscal nutrition, indicating that diffusion is an important 

mechanism for transport of nutrients in the tissue (Danzig et al., 1987).  Most recently, 

Travascio et al. measured the diffusion coefficient of fluorescein in meniscus 

fibrocartilage using fluorescence recovery after photobleaching (FRAP), and found an 

anisotropic trend (Travascio et al., 2009b).  No previous study has reported on the 

anisotropic, strain-dependent, or inhomogeneous behavior of nutrient (i.e., glucose) 

diffusion in the knee meniscus. Such information is necessary to better elucidate the 

nutritional environment in meniscus tissue and thus more clearly understand tissue 

pathology. 

It was hypothesized that the diffusion of glucose in porcine knee meniscus tissue 

is strain-dependent due to changes in the water content caused by compression. It was 

also hypothesized that glucose diffusion coefficient in the meniscus is anisotropic, due to 

the structure of the tissue.  Finally, it was hypothesized that the diffusion of glucose in 

meniscus tissue does not vary with regional location (i.e., horn region versus central 

region), based on previous studies investigating the inhomogeneous behavior of hydraulic 

permeability in the meniscus (Proctor et al., 1989; Sweigart et al., 2004). Therefore, the 
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objective of this study was to test these hypotheses by measuring the apparent glucose 

diffusion coefficient of porcine knee meniscus in two directions (axial and 

circumferential), from two locations (horn and central), and under three levels of static 

compressive strain (0%, 10%, and 20%). Similar methods have been employed to 

determine solute diffusion coefficients in other cartilaginous tissues and intervertebral 

disc tissues (Jackson et al., 2012; Jackson et al., 2008; Maroudas et al., 1968; Maroudas 

et al., 1975; Yuan et al., 2009). 

 

 

4.2 THEORETICAL APPROACH 

In the present study, a one-dimensional steady-state diffusion experiment was utilized to 

determine the value of the apparent glucose diffusion coefficient in porcine knee 

meniscus. With this approach, a tissue specimen of known thickness is confined between 

two acrylic compartments of a diffusion chamber. High-glucose concentrated solution is 

introduced into the upstream, larger chamber, while a solution containing no glucose is 

introduced in the downstream, smaller chamber. Over time, the glucose gradually 

diffuses through the tissue, from the upstream to the downstream chamber. The 

concentration of solute diffusion in the downstream chamber is measured and used to 

calculate the apparent glucose diffusivity of the tissue specimen.  

Using this method, we can assume that the upstream chamber solution is constant 

due to its high concentration of glucose and larger volume of solution versus that of the 



51 
 

 
 
 

smaller, downstream chamber. Additionally, since the solution downstream is replaced 

periodically for measurement with a fresh solution, we can assume the concentration in 

the downstream chamber is always close to zero. The apparent diffusion coefficient,  

( , where  is the partition coefficient and  is the effective diffusion 

coefficient), is derived from Fick’s first law of diffusion: 

∆
, (4-1)

where  is the diffusive flux and  is the concentration. The concentration can also be 

estimated as the concentration difference, ∆ , across a tissue of thickness . Furthermore, 

at steady state, we can assume that the distribution of solute within the tissue is linear 

(that is, / ∆ / / , where 	is the concentration of solute 

in the upstream chamber). The diffusive flux is defined as the mass flow rate of solute, 

∆ , per unit area, : 

∆
. (4-2)

From this relationship, we can therefore derive the following: 

∆
, (4-3)

where  is the concentration of solute in the downstream chamber and  is the 

volume of solution in the downstream chamber. After integrating and solving for , 

we have: 
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ln .  (4-4)

where  is the concentration of solute in the downstream chamber at time  

(initial time) and  is that at time . When the tissue reaches steady-state (i.e., 

linear distribution of solute across the tissue), the apparent diffusion coefficient can be 

calculated directly from the concentration measurements from the downstream chamber.  

In order to determine the strain-dependent diffusion coefficient of tissues, varying 

levels of compressive strain must be applied to the tissue specimens. This was 

accomplished by changing the size of the metal spacers between the chamber halves, thus 

resulting in a 1-D uniaxial strain applied to the tissue. Furthermore, the anisotropic 

behavior of the diffusion coefficient can be investigated by varying the orientation (i.e., 

direction) of the tissue specimens during preparation.  

 

 

4.3 MATERIALS AND METHODS 

4.3.1 DESIGN OF EXPERIMENTAL APPARATUS 

A custom-made diffusion apparatus was constructed as shown in Figure 4-1 and Figure 

4-2 to measure the strain-dependent diffusion coefficient of glucose in meniscus tissue 

based on previous studies (Jackson et al., 2012; Jackson et al., 2008; Yuan et al., 2009).  

The device consists of two cylindrical acrylic solution chambers divided by a specimen 

holder in the center. The volume of the larger, upstream chamber is 1000μL, while that of 
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the smaller, downstream chamber is 200μL.  The diameters of the chambers allow for the 

volumes to have similar heights of solution, thus negating gravitational force as an 

additional driving force for transport across the tissue specimen.  

 

 

Figure 4-1 Engineering drawing showing the front and top views of the diffusion 
chamber halves.  

 

The specimen is held between two semi-rigid polyethylene porous plates 

(hydrophilic polyethylene, 50-90μm pore size, Small Parts, Inc., Miami Lakes, FL) 

(diameter = 5mm) with 50% open area and sealed radially with an o-ring (Buna-N metric 

rubber, Small parts, Inc., Miami Lakes, FL) (inner diameter = 6mm, thickness = 2mm). 
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The 50% open area and 5 mm diameter of the porous plates were used to determine the 

area of diffusive flux across the tissue, in order to calculate the diffusion coefficient using 

Equation (4-4). The level of compressive strain (0%, 10%, 20%) is controlled by 

adjusting the size of the spacer between the chamber halves to within 0.01 mm of the 

tissue size. Stirring bars (VWR International, Suwannee, GA) ensure that the solutions in 

the upstream and downstream chambers are continuously moving to allow homogeneous 

concentration and reduce boundary layer formation. 

 

Figure 4-2 Schematic of the diffusion chamber showing the two chambers, the o-ring, 
metal spacers, porous plates, tissue sample, bolts, and stirring rods. 

 

4.3.2 SPECIMEN PREPARATION 

Lateral and medial menisci were harvested from both left and right cadaveric knees of 

Yorkshire pigs (99.7 ± 6.1 kg, range: 89.4 kg – 108.0 kg, ~20-25 weeks, both male and 

females) obtained from a local slaughterhouse within 1 hour of death. A total of 22 
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menisci were harvested from 11 pigs. Cylindrical specimens (6 mm diameter and ~0.5 

mm thickness) were prepared using a stainless steel corneal trephine (Biomedical 

Research Instruments, Inc., Malden, MA) and sledge microtome (Model SM2400, Leica 

Instruments, Nussloch, Germany) with freezing stage (Model BFS-30, Physitemp 

Instruments Inc., Clifton, NJ). The height was measured using a custom current-sensing 

micrometer that works using a capacitive sensor to read the height of the tissue sample 

and is precise to 0.001mm. Samples were excised in the axial and circumferential 

directions, see Figure 4-3.  

Samples from both medial and lateral menisci from both left and right knees were 

pooled. In the axial direction, samples were taken from both the horn and the central 

regions, as shown in Figure 4-3, while circumferential samples were only taken from the 

central region. A total of three groups of specimens were tested: axial horn (AH) (n=30), 

axial central (AC) (n=30), and circumferential central (CC) (n=30). Three tests, 

corresponding to three levels of compressive strain (0%, 10%, 20%), were performed on 

each sample specimen. In this study, the samples were compressed 10% and 20%, as 

these strain levels have been previously studied and are known to be in the range of 

physiological meniscal strains occurring in daily activity (Chia and Hull, 2008; Eckstein 

et al., 2000; Martin Seitz et al., 2013; Quinn et al., 2000; Quinn et al., 2001; Yang et al., 

2010). 
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4.3.3 WATER CONTENT MEASUREMENT 

The water volume fraction of the tissues was measured using the same methods as the 

hydraulic permeability study in Chapter 3 using a buoyancy method published in 

literature (Gu et al., 1996; Gu et al., 1997).  

 

 

Figure 4-3 Schematic drawing of the meniscus tissue and the locations, directions, and 
sizes of the specimens used. Tissues were taking in both the axial and 
circumferential directions and from both the horn and central regions (axial 
direction only). Specimens were approximately 0.5mm thick with a diameter of 
6mm.  
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4.3.4 MEASUREMENT OF GLUCOSE DIFFUSIVITY 

A 1-D steady-state diffusion experiment was employed to measure the glucose diffusion 

coefficient in meniscus as seen in previous studies (Jackson et al., 2012; Jackson et al., 

2008; Maroudas et al., 1968; Maroudas et al., 1975; Yuan et al., 2009). The specimen 

was placed in the sealed chamber and allowed to equilibrate for approximately 20 

minutes, see Figure 4-4. At the start of the experiment, high glucose PBS solution 

(20g/L, Sigma-Aldrich Co., St. Louis, MO) was added to the upstream chamber, while 

blank PBS solution was loaded in the downstream chamber. At 15 minute time intervals, 

all 200μL of the downstream chamber solution was removed and a fresh 200μL of blank 

PBS solution was added. A sample (1μL) of the extracted 200μL solution was then used 

to measure the glucose levels in the downstream chamber using a custom-modified 

diabetic glucose meter (Accu-Chek Aviva, Roche Diagnostics, Indianapolis, IN) in 

concert with a sourcemeter (Keithley SourceMeter, Cleveland, OH) and custom LabView 

(National Instruments, Austin, TX) software, see Figure 4-5. A standard calibration 

curve was used to determine the glucose concentration measurements from recorded 

current readings; for all experiments, the calibration curve had an R2 ≥ 0.98.   
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Figure 4-4 Photograph of the actual diffusion chamber used during an experiment on a 
magnetic stirring plate. The metal spacers were used to confine the specimen to its 
desired thickness and could be increased in order to compress the tissues to 10% or 20%, 
as needed. 

 

Figure 4-5 Photograph showing the modified glucose meter connected to the Keithley 
SourceMeter. A customized program and glucose meter made it possible to measure very 
low levels of glucose in the solution.  
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Once steady-state (2-3 consecutive measurements within the same (~5%) 

concentration) was achieved for specimens at 0% compression, the experiment was 

repeated for 10% and 20% compressive strains. When the downstream concentration 

reached steady state, the apparent diffusion coefficient, , ( , where 	is the 

partition coefficient and  is the effective diffusion coefficient), was calculated from a 

simplified version of Equation (4-4) (Jackson et al., 2012; Jackson et al., 2008; Malda et 

al., 2004; Yuan et al., 2009): 

ln
∙

, (4-5)

where  is the solute concentration in the upstream chamber (the high concentration 

side), 	is the solute concentration in the downstream chamber, 	is the volume 

in the downstream chamber,  is the time interval (in this case, 15 minutes), and  and  

are the diffusion area and diffusion distance (equal to specimen thickness after 

compression), respectively. Tests were carried out at room temperature (~23°C). 

 

4.3.5 SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy (SEM) images of porcine meniscus tissues were obtained 

in order to compare the collagen fiber structure to the diffusion coefficient results. Axial 

and circumferential slices of knee meniscus tissues from the central region, prepared as 

described above, were fixed with a 2% glutaraldehyde (Sigma-Aldrich Co., St. Louis, 

MO) in PBS solution (Sigma-Aldrich Co., St. Louis, MO). Samples were then dehydrated 
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in a graded series of ethanol (20%, 50%, 70%, 90%, 100%) and dried by immersion in 

hexamethyldisilizane (Sigma-Aldrich Co., St. Louis, MO) (Hayat, 1982). The samples 

were sputter-coated with gold/palladium (Cressington Scientific 108auto Sputter Coater, 

Redding, CA). High-resolution SEM images were obtained using an Environmental 

Scanning Electron Microscope (FEI/Phillips XL-30 FEG ESEM, Hillsboro, OR). The 

fixed tissues can be seen in Figure 4-6. 

 

Figure 4-6 Photograph showing the knee meniscus tissue samples prepared for scanning 
electron microscopy. The samples were fixed with a 2% glutaraldehyde in PBS solution. 
Samples were then be dehydrated in a graded series of ethanol (20%, 50%, 70%, 90%, 
100%) and dried by immersion in hexamethyldisilizane. Tissue specimens were taken in 
both the axial and circumferential direction in order to compare the collagen alignment. 
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4.3.6 STATISTICAL ANALYSIS 

A total of 30 specimens were tested for each of the nine groups (= 3 location/direction 

groups x 3 strain levels). Three independent variables were studied: level of compression, 

direction of diffusion, and regional location. Statistical significance between groups was 

determined by two 3 x 2 two-way mixed ANOVA analysis of variance tests using IBM 

SPSS Statistics 22 (International Business Machines Corp., Armonk, NY).  One test was 

performed to compare axial central and axial horn groups, to determine if significant 

regional variation was present, while another compared axial central and circumferential 

central, to determine if significant anisotropy was present.  The significance level was set 

at p<0.025 (based on the Bonferroni Correction). For both ANOVA tests, effect of 

compression was investigated using repeated measures. Least Significant Difference 

(LSD) post-hoc analysis with the Bonferroni Correction was performed using SPSS 

software to determine between which groups there was a significant difference.  All data 

are given in mean ± standard deviation.  

One-way ANOVA was performed to determine if water volume fraction and 

height measurements differed significantly between the three test groups (AC, AH, and 

CC). Regression analysis was performed to determine if the relationships between 

relative diffusion coefficient and water volume fraction, and diffusion coefficient and 

strain level were statistically significant. 
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4.4 RESULTS 

The results for the glucose diffusion coefficient for the three groups investigated are 

shown in Table 4-1 and Figure 4-7; data are shown as mean ± standard deviation. A total 

of thirty specimens (n=30) were measured for each of the nine test groups (axial horn at 

0%, 10%, and 20% strain; axial central at 0%, 10%, and 20% strain; and circumferential 

central at 0%, 10%, and 20% strain). Tests were carried out at room temperature (~23˚C). 

The mean height and tissue porosity of the specimens under zero compression conditions 

were 0.51±0.06mm and 0.70±0.03, respectively. The relative diffusivity, / 	, [where 

 is the diffusivity of glucose in aqueous solution ( = 6.38 × 10-6cm2/sec)], 

(Longsworth, 1953) of glucose in porcine meniscus under zero compression was 

0.25±0.08 for AH, 0.26±0.08 for AC, and 0.37±0.15 for CC., see Table 4-1 and Figure 

4-7. The values determined here are similar to those in the literature for glucose diffusion 

coefficients in other cartilaginous tissues (e.g., articular cartilage, intervertebral disc) 

(Allhands et al., 1984; Burstein et al., 1993; Jackson et al., 2008; Maroudas, 1970; 

Maroudas et al., 1975; Torzilli et al., 1997; Torzilli et al., 1998). Furthermore, the values 

for relative diffusivity of glucose in meniscus fibrocartilage are similar to results in the 

literature (Maroudas, 1968, 1970). 
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   / 	  /  

 0% 30 0.71 ± 0.03 1.60 ± 0.51 0.25 ± 0.08

AH 10% 30 0.67 ± 0.03 1.18 ± 0.38 0.19 ± 0.06

 20% 30 0.63 ± 0.03 0.84 ± 0.31 0.13 ± 0.05

 0% 30 0.70 ± 0.02 1.67 ± 0.52 0.26 ± 0.08

AC 10% 30 0.67 ± 0.03 1.19 ± 0.47 0.19 ± 0.07

 20% 30 0.62 ± 0.03 0.80 ± 0.39 0.13 ± 0.06

 0% 30 0.71 ± 0.03 2.35 ± 0.94 0.37 ± 0.15

CC 10% 30 0.67 ± 0.03 1.64 ± 0.63 0.26 ± 0.10

 20% 30 0.63 ± 0.03 1.06 ± 0.45 0.17 ± 0.07

 

Table 4-1 Results for glucose diffusivity in porcine knee meniscus tissues in two 
directions (and two regions in the axial direction) and at three levels of compressive 
strain. Results show strain level, sample size, porosity, diffusivity, and relative diffusivity 
(D/Do). All results are shown as mean ± standard deviation. 

 

 Figure 4-7 Results for glucose diffusivity in porcine meniscus for all three groups 
investigated (AH, AC, CC) at three levels of compressive strain (0%, 10%, 20%).  For 
each group, n=30.  Values for diffusivity are in mean ± standard deviation. 
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Results show that the diffusion coefficient decreases with increasing level of 

compressive strain for all groups investigated. On average, 10% compression led to a 

~40% decrease in the diffusion coefficient compared to values in uncompressed tissues; 

20% compression led to an additional ~48% decrease in the diffusion coefficient 

(compared to values at 10% compression). We also found that glucose diffusion in the 

circumferential direction was greater than that in the axial direction in the central region; 

the ratio of CC to AC was 1.41 at 0% compression, 1.38 at 10% compression, and 1.33 at 

20% compression.  

Statistical analysis can be found in Table 4-2. Two-way mixed ANOVA indicated 

that the glucose diffusion coefficient was significantly affected by both compression 

(p<0.001) and direction of diffusion (p<0.025) when comparing the axial central and 

circumferential central groups. However, two-way mixed ANOVA showed that the 

diffusion coefficient was not significantly affected by region in the tissue when 

comparing axial central and axial horn groups (p=0.491), although a significant effect of 

compression was still seen (p<0.001). Tukey HSD post-hoc analysis with the Bonferroni 

Correction indicated that the diffusion coefficient in the circumferential direction was 

significantly (p<0.025) higher than that in the axial direction at all three levels of 

compression. Post-hoc analysis also showed that, for each of the three groups 

investigated, when comparing the diffusion coefficient at 0% and 10% compression and 

at 10% and 20% compression, results were significantly (p<0.025) different.  

Figure 4-8 shows regression analysis for the relationship between apparent 

diffusion coefficient and level of compressive strain. For all three groups, there was a 
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significant correlation detected between diffusion and strain level, as noted by the p-

values, see Figure 4-8.  This further illustrates the significant effects of compression on 

transport in meniscus fibrocartilage.   

 

A. Strain-Dependent Variation 

 P-values 

0% vs. 10% 0.001* 0.001* 0.001* 

10% vs. 20% 0.017* 0.004* 0.008* 

0% vs. 20% 2.30e-08* 5.74e-09* 6.77e-09* 

 

B. Axial vs. Circumferential Direction 

Direction 0.010* 

Compressive Strain 2.04e-20* 

 

C. Axial Central vs. Horn Regional Variation  

Regional Location 0.491 

Compressive Strain 1.33e-25* 

 

Table 4-2 Significance levels for post-hoc analysis of diffusion data for three 
comparisons: (A) strain dependent variation (tested in all 3 groups); (B) anisotropic 
variation: axial vs. circumferential direction (samples taken from central region of 
meniscus); and (C) regional specific variation: axial horn vs. axial central (samples taken 
in the axial direction only). Values shown are p-values; significant variation is 
highlighted and noted with a ‘*’. 2 × 3 mixed ANOVA and Tukey HSD post-hoc analysis 
were performed using SPSS software. 
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Figure 4-8 Correlation between apparent glucose diffusion coefficient and level of 
compression for three groups investigated: (a) axial central (AC), (b) axial horn (AC), 
and (c) circumferential central (CC). Significant correlation was detected for all groups; 
p-values and R values are shown for each. 
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The averaged water volume fraction values of the three groups at three levels of 

compressive strain are shown in Table 4-1; there were no significant differences between 

groups. The mean height of the three groups under zero compression conditions was 0.58 

± 0.06 mm for AH, 0.54 ± 0.08 mm for AC, and 0.54 ± 0.08 mm for CC; again, there 

were no significant differences between groups. The relative diffusion coefficient, 

/ , of glucose in porcine meniscus at three levels of compression are also shown in 

Table 4-1. Statistical significance for relative diffusion data is the same as that for 

apparent diffusion coefficient discussed above, given that relative diffusion is simply a 

scaled value.   

Given the significant anisotropic findings for the glucose diffusion coefficient 

determined here (i.e., circumferential diffusivity > axial diffusivity), SEM images were 

acquired to investigate the relationship between tissue morphology and anisotropic 

transport; images are shown in Figure 4-9. SEM images show the collagen fibers aligned 

perpendicular to the axial direction, as shown in Figures 4-9(a) and 4-9(c), thereby 

creating porous channels in the circumferential direction; one such channel is circled in 

the figure.  Note that channels are not present in the axial direction, see Figures 4-9(b) 

and 4-9(d). 

In addition, we have included scatter plots showing the relationship between 

tissue water volume fraction, , and relative diffusion, ⁄ , for each of the three 

groups tested: AH samples (n=90) [Figure 4-10(a)]; AC samples (n=90) [Figure 4-

10(b)]; and CC samples (n=90) [Figure 4-10(c)]. Regression analysis revealed a 

significant (p<0.001) relationship for all three groups investigated when the best fit line 
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was applied. The values for tissue water volume fraction for compressed samples were 

calculated at strain levels of 10% ( 0.1) and 20% ( 0.2).  

 

 

Figure 4-9 Scanning electron microscopy images of both axial (a,c) and circumferential 
(b,d) porcine meniscus samples. Images (a) and (b) are magnified 250x with scale bars 
equaling 200µm while (c) and (d) are magnified 1000x with scale bars equaling 50µm. 
Note the collagen fiber bundles running in the circumferential direction, thereby allowing 
for the presence of pores in circumferential specimens that are not apparent in axial 
specimens.  The circle on (b) shows an example of a channel in the circumferential 
direction with the arrow pointing to (d) showing a magnified version of a channel. The 
samples were fixed using a 2% glutaraldehyde in PBS solution, dehydrated in a graded 
series of ethanol (20%, 50%, 70%, 90%, 100%) and dried by immersion in 
hexamethyldisilizane. 
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Figure 4-10 Relationship between tissue water volume fraction, , and relative 
diffusion coefficient, / , in meniscus tissues for the three groups investigated: (a) 
axial, central; (b) axial, horn; and (c) circumferential, central.  For all groups, n=90. R2 

values from regression analysis are shown for each group. 
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4.5 DISCUSSION 

In this study, we investigated the effects of compression, anisotropy, and tissue region on 

the apparent diffusion coefficient of glucose in meniscus fibrocartilage using a one-

dimensional diffusion experiment. To our knowledge, this is the first study to quantify 

glucose diffusion in meniscus tissues. The values determined here are similar to those in 

the literature for glucose diffusion coefficients in other cartilaginous tissues (e.g., 

articular cartilage, intervertebral disc), which ranged from 0.138 to 6.08 × 10-6 cm2/sec 

(Allhands et al., 1984; Burstein et al., 1993; Jackson et al., 2012; Jackson et al., 2008; 

Maroudas, 1968, 1970; Maroudas et al., 1975; Torzilli et al., 1987; Torzilli et al., 1997; 

Torzilli et al., 1998).  Furthermore, the value for relative diffusion of glucose in meniscus 

fibrocartilage (average of 0.30 ± 0.15 for all groups at 0% compression) is similar to 

results in the literature, which indicate that it is in the range of 0.3 - 0.38 for articular 

cartilage (under zero compression conditions) (Maroudas, 1968, 1970). 

These experimental results show that the apparent glucose diffusivity in porcine 

knee meniscus tissues is significantly (p<0.05) affected by the level of compressive strain 

applied. The decrease in diffusivity as the level of compression increases is likely due to 

the changes in tissue water content caused by the application of compressive strain. The 

diffusion of solutes in cartilaginous tissues is highly dependent upon tissue water content, 

generally showing a positive correlation (Fetter et al., 2006; Jackson et al., 2008; Ngwa et 

al., 2002; Shi et al., 2013; Travascio and Gu, 2007; Travascio et al., 2009a; Travascio et 

al., 2009b). Indeed, several models for solute diffusion in hydrated porous media, such as 

meniscus fibrocartilage, show that diffusivity is directly related to tissue water content (or 
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porosity) (Gu et al., 2004; Mackie and Meares, 1955).  According to the equation, with 

each additional 10% compression, the porosity of the tissue decreases by ~3-4%.  Thus, 

the decreased diffusivity with decreased tissue water content (and increased compressive 

strain) was anticipated. 

 

4.5.1 EFFECT OF COMPRESSION 

The experimental results of this study show that the apparent glucose diffusion 

coefficient in porcine knee meniscus tissues is significantly affected by the level of 

compressive strain applied.  The decrease in diffusion as the level of compression 

increases is likely due to the changes in tissue water content caused by the application of 

compressive strain. According to the equation, with each additional 10% compression, 

the water volume fraction of the tissue decreases by ~3-4%.  The diffusion of solutes in 

cartilaginous tissues is highly dependent upon tissue water content, generally showing a 

positive correlation  (Fetter et al., 2006; Gu et al., 2004; Jackson et al., 2006; Jackson et 

al., 2008; Kuo et al., 2011; Ngwa et al., 2002; Shi et al., 2013; Travascio and Gu, 2007; 

Travascio et al., 2009a; Travascio et al., 2009b). Indeed, several models for solute 

diffusion in hydrated porous media, such as meniscus fibrocartilage, show that the 

diffusion coefficient is directly related to tissue water volume fraction (Gu et al., 2004; 

Mackie and Meares, 1955).  The relationship between water volume fraction and relative 

diffusion coefficient is shown in Figure 4-10. Regression analysis showed a significant 

relationship between water volume fraction and relative diffusion coefficient for the 

circumferential central group. The R2 values for the correlation between diffusion 
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coefficient and water volume fraction were 0.6277, 0.7535, and 0.7026 for AH, AC, and 

CC, respectively.   

The strain-dependent behavior of glucose diffusion coefficient found here is 

similar to results in the literature for diffusion of solutes in other cartilaginous tissues 

under compression.  Numerous investigators have found that static loading results in 

reduced diffusion of solutes of various sizes in articular cartilage (Arkill and Winlove, 

2008; Burstein et al., 1993; Evans and Quinn, 2005; Ngwa et al., 2002; Nimer et al., 

2003; Quinn et al., 2000; Quinn et al., 2001).  Literature shows that while dynamic 

loading enhances the transport of large molecules in cartilaginous tissues, it does not 

improve the transport of small molecules or fluid (Katz et al., 1986; O'Hara et al., 1990; 

Urban et al., 1982). Previous studies have also found static loading to be detrimental to 

meniscus cellular activity (Imler et al., 2004; Upton et al., 2003). Therefore, the changes 

in nutrient transport and availability caused by compression may play a role in mediating 

cellular response to loading (Quinn et al., 2001).  

 

4.5.2 EFFECT OF ANISOTROPY 

Our results also indicate that diffusion of glucose in meniscus tissues is anisotropic (i.e., 

direction-dependent).  It was found that the apparent glucose diffusion coefficient in the 

central region in the axial direction was significantly less than that in the circumferential 

direction at all levels of compressive strain.  Travascio et al. previously found that the 

diffusion of fluorescein (MW = 332 Da) in meniscus tissues is anisotropic, with an 

anisotropic ratio of 3 in the tissue (Travascio et al., 2009b).  In the present study, we have 
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found that the diffusion coefficient in the circumferential direction was ~1.4X that in the 

axial direction under zero strain conditions.  Similar anisotropic results have been found 

for solute diffusion in cartilaginous tissues (de Visser et al., 2008; Filidoro et al., 2005; 

Hsu and Setton, 1999; Jackson et al., 2006; Jackson et al., 2012; Jackson et al., 2008; 

Leddy et al., 2006; Meder et al., 2006; Shi et al., 2013; Travascio et al., 2009a).  It should 

be noted that there were no significant differences in the tissue water volume fraction 

values for axial and circumferential specimens (values shown in Table 4-1), indicating 

that the difference in the diffusion coefficient found for the two directions is not likely to 

be attributed to variations in tissue composition alone. 

In order to fully understand the anisotropic results found here, SEM images of 

axial [Figure 4-9(a) and 4-9(c)] and circumferential [Figure 4-9(b) and 4-9(d)] meniscus 

samples from the central region were obtained. The SEM images show the collagen fibers 

aligned perpendicular to the axial direction, and thus parallel to the circumferential 

direction (i.e., collagen fiber bundles are oriented in the circumferential direction). As 

seen in Figure 4-9(b), the alignment of the collagen fibers in the circumferential 

direction allow for the presence of pores that are not apparent in the axial direction; see 

notation in Figures 4-9(b) and 4-9(d). This pore structure may allow glucose to move 

more freely in the circumferential direction, parallel to the collagen fiber bundles. Indeed, 

previous studies have found the diffusion coefficient to be significantly higher in the 

direction parallel to collagen fibers (i.e., circumferential) in cartilaginous tissues (Leddy 

et al., 2006; Stylianopoulos et al., 2010).  Furthermore, similar pore structure has also 

been found in other cartilaginous tissues, termed either microtubules or tubules (ap 

Gwynn et al., 2002; Iatridis and ap Gwynn, 2004; Jackson et al., 2009a; Travascio et al., 
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2009a). This is in agreement with our data showing that the particular organization of 

collagen fibers contributes to the anisotropic transport behavior of glucose in meniscus 

fibrocartilage.  It should be noted that this organization of collagen fibers has been 

previously established for the deep (interior) layer of the meniscus (Fithian et al., 1990; 

McDevitt and Webber, 1990); samples for diffusion experiments and imaging studies 

were both harvested from this deep layer. 

 

4.5.3 EFFECT OF TISSUE REGION 

Additionally, our results indicate that there is no statistically significant variation in the 

apparent diffusion coefficient when comparing axial diffusion in different tissue regions 

(i.e., horn versus central regions). This is in agreement with our hypothesis that the 

glucose diffusion coefficient would not vary with location of the tissue specimen (central 

vs. horn region).  These findings are consistent with results in the literature showing that 

fluid transport (i.e., hydraulic permeability) in meniscus tissues is homogeneous (Proctor 

et al., 1989; Sweigart et al., 2004).  The lack of statistical significance found in this study 

may be attributed to several factors.  First, only ten samples (n=10) were tested for each 

of the groups and thus sample size was small.  Furthermore, regional variation was only 

investigated for axially oriented tissue specimens; however, given the anisotropic results 

found here and the dependence on the particular structure of the tissue, the diffusion 

coefficient in other directions (e.g., circumferential) may be affected by tissue region and 

deserves further study.   
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4.5.4 EXPERIMENTAL LIMITATIONS 

There are several limitations to this study that should be noted. For example, in order to 

seal the chamber around the tissues, we utilized porous plates in the custom made 

diffusion chamber. While we do not anticipate a large change in the results due to the use 

of these plates, it is possible that there was a stagnant layer formed on the boundary of the 

porous plates, thus influencing our results. This build-up was minimized by the use of 

stirring rods and continuous movement of the fluid throughout the experiment. These 

porous plates were necessary to hold the tissue in place, minimize swelling, and allow for 

compression. Previous studies by Jackson et al. showed a reduction in the diffusion 

coefficient by 7% with the use of porous plates (Jackson et al., 2008); this was most 

likely due to the build-up of a stagnant layer at the tissue boundary.  

 Additionally, in this study, we used samples from both the medial and lateral 

menisci, but did not study their effects separately, rather pooling all specimens. Future 

studies should report on the differences between the medial and lateral components for 

glucose diffusion, as previous studies in the literature have reported inhomogeneous 

tissue properties (e.g., composition, biomechanics) for meniscus tissues.  

Moreover, these diffusion studies took place at room temperature on a magnetic 

stirring plate. Over time, we found the plates could become heated. Since diffusion is a 

temperature-dependent process, this change in environment temperature could potentially 

affect the results. However, we believe that the total change in temperature inside the 

diffusion chamber was minimal, if any. Nevertheless, in the future, it would be beneficial 
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to better mimic the environment inside the human body to see if results were indeed, 

affected.  

 Finally, as previously stated and discussed further in the future recommendations 

section of Chapter 8, future studies should investigate all three primary directions (axial, 

radial, and circumferential) in addition to medial and lateral regions and posterior and 

anterior horns and degenerated tissues. Nonetheless, the results of this study provide 

important information regarding nutritional supply in the tissue, and serve as a launching 

point for this work. 

 

 

4.6 SUMMARY AND CONCLUSIONS 

In summary, this study investigated the strain-dependent, anisotropic and region-

dependent diffusion of glucose in porcine meniscus fibrocartilage. It was found that the 

apparent glucose diffusion coefficient is significantly affected by mechanical 

compression, decreasing as strain is increased.  It was also found that diffusion of glucose 

in the circumferential direction, along the primary direction of the collagen fibers, is 

significantly higher than in the axial direction.  Lastly, there was no statistically 

significant difference in axial glucose diffusion comparing the central and horn regions of 

the meniscus.  Given the importance of a healthy meniscus in the proper functioning of 

the knee joint, as well as the unknown role of the tissue in the onset and progression of 

OA, better understanding of the transport environment within the tissue and the 
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relationship with tissue pathophysiology is essential in the development of new strategies 

to treat and/or prevent tissue degeneration and related OA.  This study provides baseline 

information on the structure-function relationships for solute transport properties in the 

meniscus, and establishes the methods necessary to move toward full characterization of 

nutritional transport in meniscus fibrocartilage. 
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CHAPTER 5. MEASUREMENT OF STRAIN-DEPENDENT AND 

REGION SPECIFIC GLUCOSE PARTITION COEFFICIENT IN KNEE 

MENISCUS TISSUES 

 

5.1 INTRODUCTORY REMARKS 

As previously discussed, in adult meniscus tissues, vasculature is limited to the outer 10-

30% of the tissue, leaving the inner tissue avascular, referred to as “white zones” (Danzig 

et al., 1987; McDevitt and Webber, 1990; Sweigart and Athanasiou, 2001).  Meniscus 

cells, particularly in white zones, therefore rely on transport through the extracellular 

matrix for essential nutritional supply (Makris et al., 2011). This occurs mainly via 

diffusion from the vasculature in the adjacent red zones, and from the bathing synovial 

fluid.  Although there is little information in the literature regarding the metabolic 

requirements of glucose by meniscus cells, several studies of cells from other similar 

cartilaginous tissues (e.g., articular cartilage, intervertebral disc, temporomandibular 

joint) show reduced viability and altered anabolic and catabolic activity under low 

glucose levels, and suggest glucose as the limiting nutrient for cell survival (Bibby and 

Urban, 2004; Cisewski et al., 2015; Heywood et al., 2006a, b; Holm et al., 1981; 

Richardson et al., 2003).  Thus, elucidating nutrient transport and availability in the tissue 

is fundamental to understanding tissue homeostasis and pathobiology.   

The transport of small, uncharged molecules within cartilaginous tissues is 

determined by the diffusion coefficient and the partition coefficient (Fetter et al., 2006). 

This study focuses on the equilibrium partition coefficient, , which describes the 

maximum concentration of solute that can enter a tissue, sometimes referred to as its 
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solubility. The partition coefficient is the ratio of the concentration of a molecule within 

the tissue, ,  relative to the concentration in free solution, ∗, at equilibrium (Maroudas, 

1968): 

∗  (5-1) 

When the partition coefficient equals unity ( 1), the solute is evenly 

distributed between the tissue and the bathing solution, which is generally only the case 

for small, uncharged solutes. When 1, the solute is excluded from the tissue; 

possibly because of the size or the charge of the solute.  The partition coefficient of 

glucose (MW=180Da) in other cartilaginous tissues has been shown to be less than unity 

(Fetter et al., 2006; Garcia et al., 2003; Maroudas, 1976; Maroudas et al., 1975; Nimer et 

al., 2003; Quinn et al., 2000; Quinn et al., 2001; Roberts et al., 1996; Schneiderman et al., 

1995; Torzilli, 1993; Torzilli et al., 1998), signifying that even a relatively small 

molecule is sterically excluded.  To our knowledge, there is currently no information 

regarding glucose partitioning in the knee meniscus.   

The overall objective of this study is to provide quantitative information regarding 

equilibrium nutrient partitioning in meniscus tissue.  We have hypothesized that the 

glucose partition coefficient in meniscus tissue is strain-dependent, decreasing with 

increasing compression. We have also hypothesized that the glucose partition coefficient 

varies based on location in the tissue, when comparing central vs. horn regions, and 

medial vs. lateral tissues.  Finally, we hypothesized that glucose partition is dependent on 

tissue composition. To test these hypotheses, we measured the glucose partition 

coefficient in porcine meniscus under three levels of uniaxial confined compression (0%, 
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10%, 20%) and in four different locations in the tissue (medial central, medial horn, 

lateral central, lateral horn).  This was accomplished using a series of equilibrating baths, 

as has been previously employed for cartilaginous tissues (Fetter et al., 2006; Jackson et 

al., 2012; Quinn et al., 2001).  Results were then correlated with tissue water volume 

fraction and glycosaminoglycan (GAG) content.  This study provides new information 

about nutritional supply and nutrient availability in meniscus tissues, which may have 

important implications for tissue health and/or degeneration.  

Information regarding the glucose partition coefficient is necessary because the 

partition coefficient is one of the key parameters governing transport properties of a 

tissue. Additionally, it is useful in order to convert the apparent diffusivity (Dapp) into the 

effective diffusivity (Deff) by the equation: 

  

 (5-2) 

 

5.2 THEORETICAL APPROACH 

The partition coefficient is defined as the ratio of the solute concentration in the tissue, , 

to that in the bathing solution, ∗: 

∗ (5-3) 

When the partition coefficient equals 1 ( 1), the solute is evenly distributed 

between the tissue and the bathing solution, which is generally only the case for small, 

uncharged solutes. When 1, the solute is excluded from the tissue; possibly because 
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of the size or the charge of the solute. For the porcine knee meniscus, which has negative 

fixed charges on the matrix, 1 for small cations, such as Na+ and Ca2+.  

The partition coefficient of glucose in knee meniscus tissues can be measured by 

equilibrating the tissue in a series of baths and measuring the equilibrium concentrations, 

see Figure 5-1. Initially, the tissue is equilibrated in a solution containing glucose with 

the final concentration of solute (at equilibrium) measured. This process is then repeated 

in a bath containing no glucose and the equilibrium concentration is measured.  

 

 

Figure 5-1 Schematic showing a much generalized depiction of the methods for 
determining the partition coefficient in a tissue specimen. Bath 1 shows the tissue in the 
high glucose concentration (the first 24 hour equilibration period) while Baths 2-5 show 
the tissue in the no glucose concentration solution (the final ~42 hours). 

 

Using Equation (5-3), the concentration of solute in bath 1, ∗, is related to the 

concentration of the solute in the tissue equilibrated in bath 1, , by:  

∗. (5-4) 

Likewise, the same relationship holds for bath 2: 

∗. (5-5) 
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Using conservation of solute mass after transfer from the first to the second equilibrium 

bath, we have: 

∗. (5-6) 

where  is the tissue water volume fraction,  is the tissue specimen volume, and  is 

the volume of equilibrium bath 2. Using the relationship in Equations (5-4) and (5-5), we 

have: 

∗ ∗ ∗.  (5-7) 

Therefore, by simplifying Equation (5-7), the partition coefficient can be written 

as (Fetter et al., 2006; Quinn et al., 2001): 

∗

∗ ∗ . 

 

 

(5-8) 

where, again,  is the volume in bath 2, ∗ is the concentration of solute in bath 2,  is 

the water volume fraction of the compressed tissue,  is the volume of the compressed 

tissue specimen, and ∗ is the concentration of solute in bath 1. As formerly stated, this 

method has been previously used to measure partition coefficient of solutes in articular 

cartilage. 

Finally, in order to determine the strain-dependent partition coefficient, the tissue 

must be compressed to the desired height with equilibrations taking place while the tissue 

is confined, in order to maintain the proper strain-level. By varying the level of 

compression, a relationship for the strain-dependent partition coefficient of glucose in 

knee meniscus tissues can be determined.  
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5.3 MATERIALS AND METHODS 

5.3.1 DESIGN OF EXPERIMENTAL APPARATUS 

A custom-made chamber was constructed as shown in Figure 5-2 and Figure 5-3 to 

measure the strain-dependent partition coefficient of glucose in meniscus tissue based on 

previous studies (Fetter et al., 2006; Jackson et al., 2012; Quinn et al., 2001). The device 

consists of two cylindrical acrylic solution chambers encompassing a specimen chamber 

in the middle. The chambers allows for confined compression of a specimen during 

equilibration in a given solution. The specimen fits into a well with the same dimensions 

as the compressed tissue (i.e., d=8mm, h=2mm). A stainless steel wire mesh was used to 

confine the specimen, which was sealed with an o-ring. The solution was introduced into 

the solution chamber above the tissue specimen along with a micro stir bar, and was 

sealed from the air with a cap. Four bolts were used to hold the two chamber halves 

together. The compressive strain was determined by the height of the specimen well (i.e., 

2mm) with respect to that of the uncompressed tissue specimen. 

The chamber was machined out of a 2 inch acrylic rod (Small Parts). The solution 

chamber was designed to hold 100 µL of solution, in addition to a magnetic stirring bar. 

The specimen was sealed using an o-ring and a metal screen (Small Parts). The stainless 

steel screen was chosen over the porous plates, as were used in diffusion measurements, 

because it could confine the specimen without absorbing any of the bathing solution. The 

o-ring was used to seal the chamber and confine the equilibrating solution to the chamber 

above the tissue specimen. 
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Figure 5-2 Engineering drawing showing the top and front views of the two halves of the 
custom partition coefficient chamber. See Figure 5-3 for the schematic of the assembled 
apparatus.  

 

Figure 5-3 Schematic drawing of the partition coefficient chamber including the 
solution chamber, o-ring, tissue sample, porous filter, bolts, and cap. The chamber was 
constructed out of acrylic and held together by four bolts with wing nuts and caps. 
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5.3.2 SPECIMEN PREPARATION 

Four meniscus pairs were harvested from porcine knees obtained from a frozen tissue 

bank (Advanced Tissue Concepts, LLC, Smithfield, UT); specimens were kept frozen 

until the day of experimentation, in order to limit changes in tissue properties caused by 

multiple freeze-thaw cycles (Changoor et al., 2010). Pigs were 10 to 12 months in age, 

representing skeletally mature, healthy specimens.  Cylindrical specimens (8mm in 

diameter and ~2.0-2.5mm thickness, depending on compression level) were prepared 

using a stainless steel corneal trephine (Biomedical Research Instruments, Inc., Malden, 

MA) and trimmed to the desired height using a microtome (Model SM2400, Leica 

Instruments, Nussloch, Germany) with freezing stage (Model BFS-30, Physitemp 

Instruments Inc., Clifton, NJ). The height was measured using a custom current-sensing 

micrometer that works using a capacitive sensor to read the height of the tissue sample 

and is precise to 0.001mm. 

Specimens were harvested from the middle zone of the meniscus from four 

regions: medial horn, medial central, lateral horn and lateral central, see Figure 5-4; the 

horn region samples were pooled from both anterior and posterior horns. In each 

meniscus, three samples (n=3) were prepared from each region for testing at three levels 

of uniaxial compression: ~0%, 10% and 20%; thus, a total of six specimens (n=6) were 

harvested from each meniscus.  Because four meniscus pairs were utilized, a total of four 

specimens (n=4) were prepared in each group for each strain level, for a total of forty-

eight (n=48) tissue specimens; only one partition measurement was performed on each 

sample.  
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Figure 5-4 Schematic showing the orientation and size of specimens obtained from the 
porcine knee meniscus tissues. Tissue specimens were taken in the axial direction only, 
from both the medial and lateral menisci, and from both the horn and central regions. 
Specimens were approximately 2mm thick (depending on the level of compressive 
strain) and 8mm in diameter. 

 

Again in this study, the samples were compressed approximately 10% and 20%, 

as these strain levels have been previously studied and are known to be in the range of 

physiological meniscal strains occurring in daily activity (Chia and Hull, 2008; Eckstein 

et al., 2000; Martin Seitz et al., 2013; Quinn et al., 2000; Quinn et al., 2001; Yang et al., 

2010). 

 

5.3.3 WATER CONTENT MEASUREMENT 

Tissue water content for partition coefficient specimens was again measured using a 

buoyancy method (Gu et al., 1996) discussed in Chapter 3. However, with this project, 

the weights were taken following the partition experiment thereby allowing for 

measurements were taken on compressed tissues, the water volume fraction values 

reported reflect the reduced fluid content caused by compression. 
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5.3.4 MEASUREMENT OF PARTITION COEFFICIENT 

Prior to partition measurements, samples were first compressed in a separate compression 

apparatus, see Figure 5-5, 5-6, and 5-8, prior to loading into the measurement chamber. 

This apparatus consisted of an acrylic confining ring and two porous plates. All 

specimens were compressed to a final height of 2mm, and the level of compressive strain 

was calculated based on the initial height measured during specimen preparation. Tissues 

underwent confined compression at a slow strain rate (~1-2%/min) to a final height of 

2mm, and the level of strain was calculated based on the initial height measured during 

specimen preparation. Both initial and compressed heights were measured using a custom 

current sensing micrometer, accurate to 0.001mm. 

The glucose partition coefficient in meniscus tissues can then be measured by 

equilibrating the tissue in a series of baths and measuring the equilibrium concentrations. 

To do this, the tissue was loaded into the chamber, see Figure 5-7, and sealed in place 

with the steel filter and o-ring. The chamber was then tightened with bolts and wing nuts. 

Initially, the tissue is equilibrated with 100µL of PBS (PBS, concentration = 5g/L glucose 

in solution) that was added into the solution chamber along with a magnetic micro-

stirring rod. The concentration of the bathing solution was chosen to ensure final 

equilibrium bath concentrations could be reliably measured using our custom device (see 

below); a previous study in articular cartilage found that partition coefficient is not 

concentration dependent (Torzilli, 1993). The custom cap was then used to seal the 

chamber and the entire apparatus was placed on a magnetic stirring plate inside a 
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refrigerator (T = ~2°C) in order to minimize bacterial production in the bathing solution. 

The initial equilibration period is 24 hours.  

 

 

Figure 5-5 Schematic diagram of the compression chamber used to compress tissues to 
2mm thickness. A vise clamp was used to hold the tissue confined between two porous 
plates for approximately 15 minutes to ensure compression. Following compression, 
specimens were immediately loaded into the partitioning chamber in order to keep them 
in their compressed state. 
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Figure 5-6 Photograph showing the compression chamber based on the schematic in 
Figure 5-5. Tissues were loaded between two porous plates in order for the water that is 
exuded during compression to be absorbed.  

 

Figure 5-7 Photograph showing the partition coefficient chamber used to calculate 
glucose partitioning. This chamber was based on the design shown in Figures 5-2 and 5-
3.  
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At the end of the first equilibration period, the concentration of glucose in the 

bathing solution was measured. Concentration measurements were carried out using the 

modified blood glucose meter used previously in glucose diffusion experiments (Chapter 

4).  

Following this measurement, the solution was removed and the chamber wiped 

out. This process is then repeated in a bath containing no glucose and the equilibrium 

concentration is measured. Therefore, 100µL of PBS containing no glucose was added 

into the solution chamber and allowed to equilibrate for 8 hours in the refrigerator. 

Following this period, the solution was collected and a fresh 100µL of no glucose PBS 

added into the chamber for an additional 8 hour period. This was repeated again a third 

time for an additional 8 hours and a fourth time for a final 18 hours, totaling 

approximately 42 hours of equilibration. Following this period, the concentration of 

glucose in the collected bathing solution (a total of 400µL combined and mixed) was 

measured. The consecutive equilibrations in four solutions were carried out in order to 

facilitate the diffusion of glucose out of the tissue sample and into solution; that is, by 

replacing the equilibrating solution with a fresh, blank solution, the concentration 

gradient remains steep, therefore, allowing for a faster equilibration. This method, that 

can be seen in Figure 5-8, has been previously used to measure partition coefficient of 

solutes in articular cartilage (Fetter et al., 2006; Jackson et al., 2012; Quinn et al., 2000; 

Quinn et al., 2001).  Here, tissues are equilibrated under confined compression in order to 

minimize tissue swelling and proteoglycan leaching. Following the final equilibration 

period, the specimen was removed for water volume fraction measurements and the 

partition coefficient was calculated using Equation (5-8).  
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Figure 5-8 Schematic depiction of the flow chart showing the sequence of baths used to 
calculate the partition coefficient. 

 

 

5.3.5 GAG CONTENT MEASUREMENT 

The GAG content was measured using a 1,9-dimethylmethylene blue (DMMB) 

(Polysciences Inc., Warrington, PA) binding assay (Farndale et al., 1982). Following 

lyophilization, the meniscus tissues were digested using papain solution (250µg/ml) 

(Sigma Aldrich, St. Louis, MO). Once digested, the tissues were mixed with DMMB and 

the absorbance was measured using a multi-mode microplate reader (Molecular Devices 

SpectraMax M2 Series, Sunnyvale, CA) at 525nm wavelength.  GAG content 

measurements were normalized by tissue wet weight and compared to the glucose 

partition coefficient. 
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5.3.6 STATISTICAL ANALYSES 

A total of 4 specimens were tested (n=4) for each of the twelve groups [= 2 locations 

(central vs. horn) x 2 meniscus components (medial vs. lateral) x 3 strain levels (~0%, 

10%, 20%)], for a total of 48 measurements. Three independent variables were studied: 

level of compression, regional location, and meniscus component. Statistical significance 

between groups was determined using repeated measures ANOVA analysis of variance 

tests using IBM SPSS Statistics 22.  Tests were performed to determine if significant 

differences existed between central and horn groups, between 0%, 10%, and 20% 

compression level groups, and between medial and lateral meniscus groups.  The 

significance level was set at p<0.05. Šídák post-hoc analysis was performed to determine 

between which groups there was a significant difference.  

One-way ANOVA was also performed to determine if water volume fraction and 

tissue thickness differed significantly between the test groups. Regression analysis was 

performed to determine if the relationships between glucose partition coefficient and 

strain level, water volume fraction, and GAG content were statistically significant. 

 

 

5.4 RESULTS 

The results of this study can be found in Tables 5-1, 5-2, and 5-3 and Figures 5-9, 5-10, 

and 5-11. A total of 48 specimens were measured; for each regional group, at each strain 

level, n=4, while n=16 for pooled results at each strain level. The relationship between 
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mechanical compression and partition coefficient for all groups is shown in Figure 5-9 

and 5-10. Repeated measures ANOVA indicated that partition coefficient significantly 

decreased with increasing level of compression for all groups (p<0.001). Šídák post-hoc 

analysis showed significant differences when comparing partition coefficient values at 

0% and 10% (p=0.002), 0% and 20% (p=0.00006), and 10% and 20% (p=0.006) 

compressive strain.  However, since our experimental setup resulted in a more continuous 

strain-level (rather than discrete, exact levels at 0%, 20% and 20% compression), we also 

examined the correlation between strain and partition coefficient for pooled data (Figure 

5-9) via regression analysis. We found a significant negative correlation between the 

level of compressive strain and the glucose partition coefficient (R2=0.71, p<0.001). 

 

Figure 5-9 Correlation between glucose partition coefficient, , and level of 
compression for all samples investigated. Significant correlation was detected. 
Correlation coefficient and p-value is shown. 
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 Strain (ε) (%)  

Medial horn 

2.03 ± 2.89 0.82 ± 0.06 

10.89 ± 3.33 0.63 ± 0.05 

20.36 ± 2.70 0.53 ± 0.03 

Medial central 

1.79 ± 3.11 0.80 ± 0.03 

9.79 ± 1.68 0.71 ± 0.07 

18.76 ± 1.44 0.62 ± 0.05 

Lateral horn 

2.24 ± 2.04 0.82 ± 0.04 

11.90 ± 2.99 0.65 ± 0.03 

21.20 ± 1.15 0.57 ± 0.03 

Lateral central 

1.33 ± 1.26 0.81 ± 0.06 

12.65 ± 1.01 0.67 ± 0.08 

20.96 ± 2.62 0.57 ± 0.08 

All Data Pooled 

1.84 ± 2.21 0.81 ± 0.05 

11.31 ± 2.45 0.66 ± 0.06 

20.32 ± 2.12   0.57 ± 0.06 

 

Table 5-1 Table showing the results for glucose partition coefficient for each strain level 
for all four groups and pooled data. 
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Figure 5-10 Bar graph showing the results from the partition coefficient studies: (a) 
shows 0%, 10% and 20% compressive strain; (b) shows medial versus lateral at 0%, 
10%, and 20% compressive strain; (c) shows horn versus central regions at 0%, 10%, and 
20% compressive strain.  
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 Our analysis additionally showed there was no significant effect of region when 

comparing the partition coefficient for central to horn groups (p=0.181) or medial versus 

lateral meniscus (p=0.837).  In order to investigate the effect of tissue composition on the 

partitioning of glucose, we correlated our results with tissue water volume fraction and 

GAG content. Correlation coefficients and p-values for all groups are shown in Table 5-

2; scatter plots showing the relationship between water volume fraction and GAG content 

are shown in Figure 5-11 and 5-12. There was a significant positive correlation between 

tissue water volume fraction and partition coefficient (R2=0.45, p<0.001), but the 

correlation with GAG content was not significant (R2=0.054, p=0.11).  Note that all four 

groups are shown in each graph, but best-fit line and regression analysis shown on the 

figure is for pooled data.  

  

 Strain (ε) (%)  GAG Content 

Medial horn 
R2 = 0.81 
p<0.001 

R2 = 0.44 
p = 0.02 

R2 = 0.059 
p = 0.45 

Medial central 
R2 = 0.64 
p = 0.002 

R2 = 0.43 
p = 0.02 

R2 = 0.088 
p = 0.35 

Lateral horn 
R2 = 0.79 

p = 0.0001 
R2 = 0.68 
p = 0.001 

R2 = 0.48 
p = 0.01 

Lateral central 
R2 = 0.65 
p = 0.002 

R2 = 0.56 
p = 0.005 

R2 = 0.008 
p = 0.78 

All Data Pooled 
R2 = 0.71 
p<0.001 

R2 = 0.45 
p<0.001 

R2 = 0.054 
p = 0.11 

 

Table 5-2 Regression analysis for correlation between glucose partition coefficient and 
strain, , water volume fraction, 	 , and GAG content.  
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Figure 5-11 Relationship between tissue water volume fraction, , and glucose partition 
coefficient, , in meniscus tissues for all samples investigated, n=48. Correlation coefficient 
and p-value are shown. 

 

Figure 5-12 Relationship between GAG content in terms of wet weight, and glucose 
partition coefficient, , in meniscus tissues for all samples investigated, n=48. 
Correlation coefficient and p-value are shown. 
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SIDAK post-hoc analysis showed that, for each group, when comparing partition 

coefficient at 0% and 10%, 0% and 20%, and 10% and 20% compressive strain, results 

were significantly (p<0.01) different. There was no significant difference between tissue 

thickness or water volume fraction of any of the groups (ANOVA, p<0.001). Statistical 

analysis results are shown with detail in Table 5-3. 

 

 

5.5 DISCUSSION 

In this study, we have investigated the effects of compression and tissue region on the 

glucose partition coefficient in healthy porcine meniscus fibrocartilage. To our 

knowledge, this is the first study to quantify glucose partitioning in meniscus tissues. 

Several previous studies have investigated the partitioning of a variety of small and large 

solutes in cartilage (Fetter et al., 2006; Garcia et al., 2003; Maroudas, 1976; Maroudas et 

al., 1975; Nimer et al., 2003; Quinn et al., 2000; Roberts et al., 1996; Schneiderman et al., 

1995; Torzilli et al., 1998). The values determined here are similar to those in literature 

for glucose partition coefficients in other cartilaginous tissues (e.g., articular cartilage and 

intervertebral disc), which ranged from 0.51 to 0.90 (Maroudas, 1976; Maroudas et al., 

1975; Torzilli et al., 1998).  
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A. Strain-Dependent Variation 

 P-values 

 Central Horn Medial Lateral 

0% vs. 10% 0.003* 4.6E-08* 0.0002* 2.4E-05* 

10% vs. 20% 0.016* 0.001* 0.014* 0.011* 

0% vs. 20% 2.0E-06* 4.7E-11* 2.2E-07 * 2.7E-08* 

  

B. Axial Horn vs. Central Region 

 P-values 

Region 0.181 

Compressive Strain 1.07E-8* 

Interaction 0.190 

 

C. Medial vs. Lateral Component 

 P-values 

Component 0.837 

Compressive Strain 2.04-8* 

Interaction 0.968 

 

Table 5-3 Significance levels for post-hoc analysis of partition coefficient data for three 
comparisons: (A) strain dependent variation (tested in all 4 groups); (B) regional specific 
variation: axial horn vs. axial central (samples taken in the axial direction only); and (C) 
meniscal variation: medial vs. lateral component. Values shown are p-values; significant 
variation is noted with a ‘*’. Repeated measures ANOVA with SIDAK post-hoc analysis 
was performed using SPSS software. 
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5.5.1 EFFECT OF COMPRESSION 

The partition coefficient significantly decreased as compressive strain increased, see 

Figure 5-9, which is similar to previous studies examining a variety of solutes in 

cartilage and intervertebral disc (Jackson and Gu, 2009; Jackson et al., 2012; Nimer et al., 

2003; Quinn et al., 2000; Quinn et al., 2001; Travascio et al., 2009a). This strain-

dependent behavior is likely due to the decrease in water content during compression, and 

related decrease in pore size. All specimen groups showed a significant correlation 

between partitioning and strain, see Table 5-3.  The effect of compression on glucose 

partitioning is significant because the tissue undergoes loading throughout the day, 

including circumferential hoop stresses, radial tension, shear and compression (Makris et 

al., 2011; Sweigart and Athanasiou, 2001; Walker and Erkman, 1975; Zhu et al., 1994). 

Our results show that compressive loading leads to a decrease in glucose solubility in the 

tissue, signifying a decrease in glucose availability for resident cells, especially in the 

avascular white zones.  Although exact knowledge of meniscus cell glucose demand is 

not known, previous studies have shown that chondrocytes from articular cartilage, which 

are similar to meniscus cells from the inner, avascular regions (Makris et al., 2011), 

display reduced viability and poor homeostasis (i.e., reduced anabolic and increased 

catabolic activity) when exposed to low glucose levels (Heywood et al., 2006a, b; 

Richardson et al., 2003).  If meniscus cells behave similarly, the reduced solubility of 

glucose in compressed tissues may negatively impact cell behavior and related tissue 

homeostasis.  However, this requires further investigation of the effects of surrounding 

nutrient levels on meniscus cellular activity. 
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In this study, we focused on uniaxial, static compression within the range of 

physiological meniscal strains occurring in daily activity (Chia and Hull, 2008; Eckstein 

et al., 2000; Martin Seitz et al., 2013; Quinn et al., 2000; Quinn et al., 2001; Yang et al., 

2010).  Therefore, our results represent the equilibrium partition coefficient under static 

conditions.  As mentioned, the knee and meniscus undergo a variety of loading 

conditions during normal daily activity, including dynamic compression (Makris et al., 

2011).  However, it has been shown that while dynamic loading enhances the transport of 

large molecules in cartilaginous tissues, it does not improve the transport of small 

molecules (Katz et al., 1986; O'Hara et al., 1990; Urban et al., 1982).  Additionally, an 

earlier study found that continuous passive motion of the knee joint did not enhance 

nutrient transport in the meniscus (Danzig et al., 1987).  Previous studies have also found 

static loading to be detrimental to meniscus cellular activity (Imler et al., 2004; Upton et 

al., 2003).  The changes in nutrient transport and availability caused by compression may 

play a role in mediating cellular response to loading (Quinn et al., 2001). 

 

5.5.2 EFFECT OF REGIONAL VARIATIONS 

Our results did not show any significant regional variation in glucose partitioning when 

comparing central and horn regions, or medial and lateral menisci. Previous studies 

investigating mechanical properties in meniscus have found mixed results regarding the 

inhomogeneous nature of the tissue, see review (Makris et al., 2011).  Our earlier studies 

on glucose diffusion and ion transport in porcine meniscus fibrocartilage also did not 

show any significant regional variation in transport in the tissue (Kleinhans et al., 2015; 
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Kleinhans et al., 2016).   Furthermore, several previous studies, including our own 

discussed in Chapter 3, found that the hydraulic permeability (i.e., fluid transport) in 

porcine meniscus did not vary by region (anterior vs. central vs. posterior medial 

meniscus); in fact, the same study found that permeability only varied significantly by 

region in one (lapine) out of six species investigated (Sweigart et al., 2004). Nonetheless, 

the regional dependence of transport properties in meniscus deserves further 

investigation, particularly in human tissues.  

 

5.5.3 EFFECT OF BIOCHEMICAL CONTENT 

We found a significant correlation between tissue water volume fraction and glucose 

partition coefficient for all groups investigated, see Table 5-3 and Figure 5-10. This is in 

agreement with previous studies who have found that small solute transport in 

cartilaginous tissues depends primarily on tissue water content (Jackson and Gu, 2009).  

This relationship also helps to explain the strain-dependent behavior of glucose 

partitioning in the tissue, given that compression causes reduced tissue water content.  On 

the other hand, our results did not show a significant correlation between tissue GAG 

content and glucose partition coefficient for pooled samples, see Figure 5-12.  Previous 

studies on articular cartilage have found the transport of small solutes is less strongly 

influenced by GAG content than larger solutes (Burstein et al., 1993; Maroudas, 1970; 

Torzilli et al., 1997). Overall, the GAG content of meniscus tissue is much lower than 

that of other cartilaginous tissues (i.e., articular cartilage, intervertebral disc), and 

therefore may provide less interaction, especially for transport of small solutes (Almarza 
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and Athanasiou, 2004). However, we found a significant positive correlation between 

GAG content and the partition coefficient in only the lateral horn region, see Table 5-2.  

We believe the significant correlation in this region alone may be due to the particular 

distribution of GAG in the tissue.  That is, the GAG content in the lateral horn tended to 

be higher than in other regions (no significant difference; data not shown), which may 

indicate that it plays a stronger role in transport.  This should be further investigated to 

determine if differences exist for anterior and posterior horn regions, and for inner and 

outer zones, which have been shown to have different GAG contents (Killian et al., 2010; 

Sanchez-Adams et al., 2011).  Furthermore, it is expected that the partitioning of larger 

and/or charged solutes in meniscus may be significantly correlated with tissue GAG 

content, and should be further explored. 

 

5.5.4 EXPERIMENTAL LIMITATIONS 

There are several limitations to this study that should be addressed. For example, our 

study divided specimens into horn and central regions, while some previous studies have 

found that anterior and posterior horns have distinct structure and composition (Di 

Giancamillo et al., 2014; Killian et al., 2010).  Therefore, more investigation is warranted 

to determine if differences exist in transport properties among these regions.   

Additionally, our measurements were carried out at low temperature (2oC, in the 

refrigerator) in order to minimize bacterial production in the equilibrating baths.  Solute 

transport rates are directly dependent on temperature; therefore, our results may 

underestimate partitioning at physiological temperature (Torzilli, 1993). In the future, 
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these studies should be modified to run at body temperature in order for a more realistic 

environment for experimentation.  

Finally, as previously stated and discussed further in the future recommendations 

of Chapter 8, future studies should investigate all three primary directions (axial, radial, 

and circumferential) in addition to medial and lateral regions and posterior and anterior 

horns and degenerated tissues. This data would be beneficial for better understanding the 

homogenous behavior of the meniscus.  

   

 

5.6 SUMMARY AND CONCLUSIONS 

In summary, we have reported, to our knowledge, the first quantitative information on 

glucose partitioning in meniscus fibrocartilage. We found that glucose partitioning in 

porcine meniscus tissues is strain-dependent, but did not vary with regional location. The 

results of this investigation are important for better understanding the nutritional transport 

pathways and availability in the meniscus. Given the largely avascular nature of the adult 

meniscus, and the need for nutrition by resident cells, understanding how essential 

nutrients, like glucose, are supplied to the cells, and how this supply is affected by 

physiological conditions, is important for elucidating tissue pathophysiology.  New 

knowledge of the mechanisms of meniscus degeneration can provide key insight for 

developing novel strategies to prevent and/or treat meniscus degeneration and related 

OA. 
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CHAPTER 6. EFFECTIVE DIFFUSIVITY OF GLUCOSE IN KNEE 

MENISCUS TISSUES 

 

6.1 INTRODUCTORY REMARKS 

Previously, we determined the apparent diffusion coefficient of glucose in porcine knee 

meniscus tissues in two directions (axial and circumferential) and in two regions (central 

and horn). However, the quantity most commonly expressed in literature is the effective 

diffusion coefficient. With the intention of effectively modeling transport properties in 

knee meniscus tissues, the knowledge of the effective diffusion coefficients is required in 

order to accurately predict solute concentrations in tissues. As mentioned previously, the 

apparent diffusivity can be related to the effective diffusivity by the partition coefficient, 

see Equation (6-1). Thus, we can apply our results from the apparent glucose diffusion 

studies from Chapter 4 with the glucose partition coefficient study from Chapter 5. 

. (6-1) 

 In this chapter, we will be utilizing our results from Chapters 4 and 5 in order to 

determine the effective diffusion coefficient of glucose in porcine meniscus 

fibrocartilage.  
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6.2 COMBINATION OF DIFFUSIVITY AND PARTITIONING RESULTS 

To begin calculating the effective diffusion coefficient, a relationship between the 

partition coefficient and tissue water volume fraction was determined from curve-fitting 

the pooled data in Chapter 5: 

1.887 ∗ 0.5985. (6-2) 

 This relationship was then used to relate the apparent diffusion coefficient data to 

that of the partition coefficient via the tissue water volume fraction for each specimen 

(i.e., the partition coefficient was calculated based on the porosity of the tissue for each 

measurement of apparent glucose diffusion coefficient in Chapter 4).  Then, rearranging 

Equation (6-1), we were able to calculate the effective diffusivity from: 

. (6-3) 

 The results for the relative diffusion coefficient of glucose in porcine meniscus 

fibrocartilage are shown in Figure 6-1, and are also listed in Table 6-1. These results are 

grouped by the two locations studied, as related to tissue water content. Although there is 

an obvious correlation, there is still a large amount of scatter in the data. This is likely the 

result of variation between specimens from different menisci and/or pigs.  
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Figure 6-1 Results showing the tissue water volume fraction versus the relative diffusion 
coefficient for glucose for all three groups and all three strain levels, n=90 per group. 

 

 In addition to this data, diffusion coefficients are often expressed relative to the 

diffusivity of the solute in aqueous solution, known as the relative diffusivity. The 

diffusivity of glucose in aqueous solution, , at 23°C is 6.382 × 10-6 cm2/sec, which was 

calculated based on the value at 25°C (Longsworth, 1953)  using the Stokes-Einstein 

equation: 

6
, (6-4) 

where  is Boltzmann’s constant,  is absolute temperature,  is the solvent viscosity, 

and  is the hydrodynamic radius of the solute. 
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The relative diffusivities of glucose in porcine meniscus tissue at 0% compressive 

strain are shown in Table 6-1. The average relative diffusivity for all strain levels was 

0.28 ± 0.10 for axial specimens, and ranged from 0.035 to 0.536. For circumferential 

specimens, the average relative diffusivity was 0.38 ± 0.16 at 0% compressive strain, 

ranging from 0.071 to 0.83.  

 
Strain (%) Relative Diffusivity 

Effective Diffusivity 
(×10-6 cm2/sec) 

AC 1.03 ± 0.11 0.36 ± 0.09 2.29 ± 0.59 

AH 1.04 ± 0.12 0.34 ± 0.09 2.16 ± 0.58 

CC 1.02 ± 0.11 0.49 ± 0.09 3.15 ± 1.08 

 

Table 6-1 Results showing the effective diffusion coefficient and relative diffusion 
coefficient for each group at 0% compressive strain, n=30 for each group. 

 

 

 

6.3 COMPARISON WITH PREVIOUS STUDIES 

Previous studies have investigated the transport of various solutes in other cartilaginous 

tissues. These results are summarized in Table 6-2; it is important to note that the 

methods and techniques used in these studies vary between one another and our own 

study. However, in general the diffusivities of small solutes in other cartilaginous tissues 

have been found to be smaller than their diffusivity in aqueous solution, similar to our 

results here (Burstein et al., 1993; Gu et al., 2004; Jackson et al., 2006; Jackson et al., 
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2008; Maroudas et al., 1975; Quinn et al., 2000; Torzilli et al., 1987; Travascio and Gu, 

2007; Travascio et al., 2009b; Urban et al., 1978; Yuan et al., 2009). Furthermore, for 

small solutes, the relative diffusivities have been found to be in the range of 0.35 to 0.6 

(Burstein et al., 1993; Gu et al., 2004; Jackson et al., 2006). The majority of results for 

our study fall within this range, although some are much smaller. We believe this to be 

the result of different measurement techniques. 

As can be seen in Table 6-2, the larger the solute, the lower the diffusion rate; 

i.e., solute diffusivity decreases as the size of the solute increases. Our results, as well, 

follow this trend with glucose diffusivity values less than other smaller molecules and 

higher than those of larger molecules.  

 

 

6.4 SUMMARY AND CONCLUSIONS 

We were successfully able to calculate the effective diffusivity by utilizing our results for 

apparent diffusivity and partitioning of glucose in porcine knee meniscus tissues. Our 

results are within the range stated in the literature for the relative diffusivity of small 

solutes in cartilaginous tissues. Additionally, our results follow the trend of decreasing 

diffusivity with an increase in solute size and/or molecular weight. The results for 

effective diffusivity of glucose in porcine knee meniscus tissues are necessary to 

theoretically model nutrient transport in the meniscus. 
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Solute Tissue D (× 10-6 cm2/s) Reference 

Na+ Human articular cartilage 4.3-4.9 (Maroudas, 1968) 

Cl- Human articular cartilage 6.6-7.9 (Maroudas, 1968) 

K+ Human articular cartilage 7.4 (Maroudas, 1968) 

SO4- Human articular cartilage 6.8 (Maroudas, 1968) 

Water Bovine cartilage 13.8 (Burstein et al., 1993) 

NaCl Bovine cartilage 7.56 (Burstein et al., 1993) 

Glucose 
Adult bovine and equine 

articular cartilage 
4.83 (Allhands et al., 1984) 

 Human adult cartilage 1.4-2.3 (Maroudas, 1968) 

 Human cartilage endplate 2.43 (Maroudas et al., 1975) 

 Human articular cartilage 2.1-2.3 (Maroudas, 1970) 

 Porcine meniscus 0.22-5.28 Present Study 

Sucrose Human articular cartilage 1.3 (Maroudas, 1970) 

Hemoglobin Human articular cartilage 0.115-0.16 (Maroudas, 1970) 

Urea Human articular cartilage 5.9-6.15 (Maroudas, 1970) 

Dextran  
(10K) 

Immature bovine articular 
cartilage 

5.09 (Torzilli et al., 1998) 

 Human articular cartilage 0.06-0.147 (Maroudas, 1970) 

 Mature bovine cartilage 0.170-5.68 (Torzilli et al., 1987) 

 

Table 6-2 Summary of experimental results for diffusion coefficient, , in other 
cartilaginous tissues from literature. 
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CHAPTER 7. MEASUREMENT OF STRAIN-DEPENDENT AND 

ANISOTROPIC ELECTRICAL CONDUCTIVITY AND RELATIVE ION 

DIFFUSION IN KNEE MENISCUS TISSUES 

 

7.1 INTRODUCTORY REMARKS 

The fibrocartilaginous meniscus has a composition more similar to temporomandibular 

joint (TMJ) cartilage than hyaline cartilage, with high water content (~70%), and the 

remaining comprising mostly collagen (~75% dry weight, primarily type I) with small 

quantities (2-3% dry weight) of proteoglycans (PGs) (Almarza and Athanasiou, 2004).  

PGs are large, negatively charged molecules formed by glycosaminoglycans (GAGs) 

linked to a core protein; the negatively charged anions attached to GAG molecules attract 

positive cations in the surrounding fluid thus creating the Donnan osmotic pressure. This 

contributes to tissue hydration and related compressive properties, as well as allowing for 

the mechano-electrochemical responses in the tissue (Fithian et al., 1990; Hardingham 

and A., 1992; Mow et al., 1999; Sweigart and Athanasiou, 2001). 

Electrical conductivity is an important material property of biological tissues that 

depends on ion diffusivities and concentrations within the tissues, which are related to 

tissue composition and structure (Frank et al., 1990; Maroudas, 1968).  Previous studies 

have found that conductivity is directly correlated to tissue water content (Gu and Justiz, 

2002; Gu et al., 2002; Gu et al., 2004; Jackson et al., 2009a; Kuo et al., 2011; Wright et 

al., 2013), and is strain-dependent (Jackson et al., 2009a; Kuo et al., 2011; Wright et al., 

2013).  Better understanding of electromechanical properties of tissues, including 

conductivity and ion transport, and their relationship to tissue composition and relevant 
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loading conditions, can provide essential information about endogenous electrical signals, 

which play a key role in directing resident cellular activity.  

Electrical conductivity can be used to estimate the relative ion diffusivity in a 

tissue (Gu et al., 2004; Jackson et al., 2006; Kuo et al., 2011; Wright et al., 2013).  

Elucidating transport properties in meniscus is important given that much of the adult 

meniscus is avascular (Makris et al., 2011).  As a result, essential nutrients are supplied 

by vasculature in outer tissue regions and surrounding synovial fluid.  Solute 

concentrations in the tissue are related to transport rates through the ECM (i.e., solute 

diffusivities). Thus, better understanding transport properties in menisci can provide 

necessary information regarding the chemical environment in the tissue.   

Increased knowledge of electromechanical and transport properties in meniscus is 

important for fully understanding structure-function relations in the tissue.  Such 

information is valuable in developing novel strategies for meniscus repair and/or 

regeneration (e.g., tissue engineering or drug delivery approaches) and can be employed 

in theoretical modeling, used to predict the in vivo environment in the meniscus.  To our 

knowledge, no previous study has investigated the electrical conductivity and/or ion 

diffusivity in meniscus fibrocartilage.  We hypothesized that electrical conductivity and 

ion diffusivity in porcine meniscus are strain-dependent, anisotropic, and region-

dependent. Therefore, our objective was to measure the electrical conductivity of porcine 

meniscus from two tissue regions, in two directions, and under three levels of 

compression.  This information was then used to estimate relative ion diffusivity in the 

tissue. 
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7.2 THEORETICAL APPROACH 

A charged porous material has an electrical conductivity ( ) which is related to the 

diffusivity of its intrinsic cations and anions ( , , ). Under zero fluid flow 

conditions, the measured electrical conductivity of a tissue in ionic solution can be found 

by Equation (7-1) (Frank et al., 1990; Gu et al., 2004; Helfferich, 1962; Maroudas, 

1968): 

 (7-1) 

where  is the Faraday constant,  is the gas constant,  is the absolute temperature, 

is the water volume fraction,  is the cation concentration, and  is the anion 

concentration. Because the ECM of cartilaginous tissues is negatively charged, the cation 

and anion concentrations can be determined using the electroneutrality condition 

(Katchalsky and Curran, 1975; Lai et al., 1991) in Equation (7-2) for a negatively 

charged tissue: 

  (7-2) 

where  is the absolute value of the negative fixed charged density (FCD). At 

equilibrium, the chemical potential inside the tissue is equal to that of the bathing 

solution. As a result (Maroudas, 1975, 1979): 

∗  (7-3) 

where ∗ is the concentration of salt in the bathing solution. Equations (7-2) and (7-3) 

can be solved for the cation and anion concentrations to give the ideal Donnan equation: 
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4 ∗

2
 (7-4) 

4 ∗

2
 (7-5) 

Thus, the electrical conductivity of a tissue is dependent upon the diffusivity of 

anions and cations in the tissue (i.e., D- and D+), tissue water content, and fixed charge 

density.  In this study, we used electrical conductivity measurements to investigate ion 

diffusion coefficients, thereby providing important information about small solute 

transport in the tissue. The relative diffusion coefficient ( / ) can be estimated using 

Equation (7-6), where  is the mean ion diffusivity of Na+ and Cl- in tissue,  is the 

mean ion diffusivity in the bathing solution,  is the electrical conductivity of the tissue, 

 is the tissue water volume fraction, and  is the conductivity of the bathing 

solution.(Gu et al., 2004)  

 (7-6) 

In our analysis, Na+ and Cl- were assumed to carry the electrical current because 

these ions are the primary ionic components of PBS (0.15 M NaCl).  

 

7.3 MATERIALS AND METHODS 

7.3.1 DESIGN OF EXPERIMENTAL APPARATUS 

A custom-made electrical conductivity apparatus was constructed as shown in Figure 7-1 

and Figure 7-2 to measure the conductivity of meniscus tissue based on previous studies 
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(Gu and Justiz, 2002; Gu et al., 2002; Jackson et al., 2009a; Jackson et al., 2009b). The 

device consists of two stainless steel current electrodes, two Polyester-coated Ag/AgCl 

voltage electrodes, a metal spacer, and a nonconductive acrylic chamber. A four-wire 

method was applied using a sourcemeter (Keithley SourceMeter, Cleveland, OH). The 

resistance, Ω, across the tissue sample was measured at a low constant current of 10 µA. 

 

 

 

Figure 7-1 Engineer drawing of the electrical conductivity chamber parts including: (a) 
metal electrode, (b) acrylic chamber and tissue holder, and (c) plastic endcaps. 



116 
 

 
 
 

 

Figure 7-2 Schematic of the custom-designed chamber for measuring the electrical 
conductivity. The metal spacers between the chamber and one of the metal electrodes are 
used to control the amount of uniaxial confined compression on the specimen; that is, the 
spacer matches the desired compressed height of the tissue (i.e., for a 3.00mm thick 
specimen at 0% strain, the spacer is used to make a 3.00mm space in the chamber). 

 

 

 To prepare the Ag/AgCl wire electrodes, ions were passed using an electric 

current through KCl in a process known as electrolysis. A silver wire was used as an 

anode in a solution of 0.1M KCl and separated from a large stainless steel rod in 1M 

NaCl by a salt bridge (Figure 7-3 and 7-4). The salt bridge, containing 0.1M KCl in 2% 

agar, allows the flow of charges but restricts the transfer of solution. The silver wire was 

insulated by heat-shrink polyester tubing, so only the end of the silver was actually 

coated with silver chloride. A current density of 1.0 mA/cm2 for 30 minutes was used (Gu 

and Justiz, 2002; Gu et al., 2002). 
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Figure 7-3 Schematic showing the preparation of the Ag/AgCl wire electrodes using a 
salt bridge. Silver wire is coated with silver chloride at a current density of 1.0 mA/cm2 

for 30 minutes. 

 

Figure 7-4 Photograph showing the salt-bridge electrolysis system. On the left, the wire 
is coated with Ag/AgCl and submerged in KCl and the electrons are transferred through 
the salt bridge to the NaCl on the right side with a metal rod. 
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7.3.2 SPECIMEN PREPARATION 

Fifteen lateral and medial menisci were harvested from both left and right cadaveric 

knees of 9 Yorkshire pigs (~20-25 weeks, both male and females) obtained from a local 

abattoir within one hour of death. Cylindrical specimens (d=5mm and t=3.06±0.27mm) 

were prepared using a stainless steel corneal trephine (Biomedical Research Instruments, 

Inc., Malden, MA) and sledge microtome (Model SM2400, Leica Instruments, Nussloch, 

Germany) with freezing stage (Model BFS-30, Physitemp Instruments Inc., Clifton, NJ). 

The height was measured using a custom current-sensing micrometer that works by using 

a capacitive sensor to read the height of the tissue sample and is precise to 0.001 mm. 

Samples were harvested from either the central or horn region in either the axial and 

circumferential orientation; see Figure 7-5. Samples from both medial and lateral 

menisci from both left and right knees were pooled. In the axial direction, samples were 

taken from both the horn and the central regions, as shown in Figure 7-5, while 

circumferential samples were taken only from the central region due to size restraints. A 

total of nine groups were investigated, including three orientation/regions: [axial horn 

(AH), axial central (AC), and circumferential central (CC)] and three levels of 

compressive strain (0%, 10%, 20%). In each group, fifteen (n=15) samples were 

measured, for a total of 135 tissue specimens; only one electrical conductivity 

measurement was taken on each sample. 
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Figure 7-5 Schematic showing locations and sizes of test specimens. The meniscus was 
divided into central and horn regions (demarcated by larger dashed lines). From the 
central region, both axial and circumferential specimens were prepared; only axial 
specimens were prepared from the horn region. All specimens were cylindrical with a 
height of ~3.0mm and a diameter of 5mm. Samples from both medial and lateral menisci 
were pooled. 

 

7.3.3 WATER CONTENT MEASUREMENT 

Again, tissue water content for electrical conductivity specimens was measured using the 

buoyancy method described in Chapter 3. Measurements were taken following 

experimentation, after each specimen was frozen at -20°C and lyophilized.  

 

7.3.4 TISSUE COMPRESSION 

Prior to conductivity measurement, in a separate chamber, the tissue specimens 

underwent uniaxial confined compression; see Figure 7-6. The tissue was compressed 

between two porous plates in an acrylic chamber with an inner diameter of 5mm. A 

separate compression chamber was used in order to avoid damage to the Ag/AgCl 

Axial 

Specimen Geometry: 
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Central 

Horn 

Horn 

6 mm 
0.5 mm 
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electrodes in the conductivity chamber. Unless being studied at 0% strain, each specimen 

was compressed to either 10% or 20% strain depending on the sample test. Following 

compression, the specimen was removed and immediately placed in the conductivity 

chamber in order to measure the resistance, as detailed below.  

 

Figure 7-6 Schematic drawing of the specimen compression chamber. A vise clamp was 
used to hold the tissue in place and slowly compress the chamber until it was flush with 
the metal spacers. 

 

7.3.5 MEASUREMENT OF ELECTRICAL CONDUCTIVITY 

The custom conductivity apparatus is similar to that in the literature (Gu and Justiz, 2002; 

Jackson et al., 2009a), see Figure 7-7.  Briefly, the apparatus consists of two stainless 

steel current electrodes, two Polyester-coated Ag/AgCl voltage electrodes, a metal 

spacer, and a non-conductive acrylic chamber. A four-wire method was applied using a 
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Metal Washer 
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sourcemeter. The resistance, Ω, across the tissue sample was measured at a low constant 

current of 10µA (current density = 0.051 mA/cm2). Electrical conductivity ( ) is related 

to resistance by: 

Ω ∙
 (7-7) 

where  is the cross sectional area and  is the thickness of the sample.  

 

 

Figure 7-7 Photograph showing the actual electrical conductivity chamber hooked up to 
the SourceMeter. A four-wire method was used to find the resistance across the tissue 
and an equation was used to calculate the electrical conductivity of each specimen. 
 

 

Conductivity measurements were taken at 0%, 10%, or 20% compression. Prior to 

measurements, tissue specimens were compressed to the desired thickness via uniaxial 

confined compression between two porous plates in a separate compression chamber 

based on initial measurement height and desired strain level, see Figure 7-6.  After 
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compression and a brief equilibration period, the compressed sample was moved to the 

custom conductivity apparatus; the level of compression was maintained by controlling 

the distance between current electrodes using metal spacers.  For each experiment, 

several resistance measurements were obtained at 10 minute intervals to ensure the tissue 

had reached equilibrium in the chamber; that is, measurements were repeated until the 

same resistance value (within 5%) was measured for two consecutive readings, signifying 

equilibrium was reached (i.e., no fluid flow). 

 

7.3.6 RELATIVE ION DIFFUSION CALCULATION 

The electrical conductivity of a charged porous material is related to the diffusivity of its 

intrinsic cations and anions ( , , ) under zero fluid flow conditions by (Frank et 

al., 1990; Gu et al., 2004; Helfferich, 1962; Maroudas, 1968) Equation (7-1). Due to the 

low GAG content (~2-3% dry weight) in meniscus compared to other cartilaginous 

tissues, it was considered an uncharged tissue.  The relative diffusivity ( ⁄ ) of NaCl 

can then be related to the conductivity measurements by (Gu et al., 2004; Kuo et al., 

2011; Wright et al., 2013) Equation (7-6). This value is the averaged relative diffusivity 

of Na+ and Cl- ions, which were assumed to carry the current as the primary ions in PBS 

solution (Kuo et al., 2011; Wright et al., 2013). 

 

7.3.7 PROTEOGLYCAN CONTENT MEASUREMENT 

The GAG content was again measured using a 1,9-dimethylmethylene blue (DMMB) 

(Polysciences Inc., Warrington, PA)  binding assay (Farndale et al., 1982) to investigate 
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whether the electrical conductivity was related to the proteoglycan content. Following 

lyophilization, the meniscus tissues were digested using papain solution (250 µg/ml). 

Once digested, the tissues were mixed with DMMB and the absorbance was measured 

using a multi-mode microplate reader (Molecular Devices SpectraMax M2 Series, 

Sunnyvale, CA) at 525nm wavelength. The fixed charge density (FCD) could be 

calculated by: 

.
, (7-8) 

where  is the GAG content (in grams) in the sample and  is the weight of the 

wet tissue in air.  

For compressed samples, the FCD could be calculated by: 

1
1

 (7-9) 

where  is the FCD of the sample calculated in Equation (7-8),  is the compressed 

tissue water volume fraction calculated, and  is the water volume fraction of the 

undeformed tissue. 

 

7.3.8 STATISTICAL ANALYSES 

A total of 9 pigs were tested (n=9) with three factors (location: AC, AH, and CC) and 

three levels per factor (compression level: 0%, 10%, 20%). The total measurements taken 

were 135. Three independent variables were studied for each sample: level of 

compression, direction of diffusion, and regional location. Statistical significance 
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between groups was determined by two-way repeated measures ANOVA analysis of 

variance tests using IBM SPSS Statistics 22 with multiple pairwise comparisons using 

SIDAK post-hoc methods to control for the alpha level, which was set at p<0.05; sample 

size was set to n=9. 

 One-way ANOVA was also performed to determine if water volume fraction and 

height measurements differed significantly between the three test groups (AC, AH, CC). 

Regression analysis was performed to determine if relationships between electrical 

conductivity or ion diffusivity and water volume fraction and strain level were 

statistically significant. 

 

 

7.4 RESULTS 

A total of 135 specimens were measured, with an average uncompressed water volume 

fraction of 0.70 ± 0.04. The results for this study for all nine groups investigated are 

shown in Figure 7-8 and Table 7-1; data are shown as mean ± standard deviation. 

Results show that the electrical conductivity decreases with increasing level of 

compressive strain for all groups investigated.  
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Figure 7-8 Graph showing the electrical conductivity, , and the relative ion diffusion 
coefficient, / , for each of the three groups studied (i.e., axial central, axial horn, and 
circumferential central) at 0%, 10%, and 20% compressive strain. Data is shown as mean 
± standard deviation; for each group, n=15.  
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 Strain (%)    

AH 

0 15 3.06 ± 0.26 0.69 ± 0.04 

10 15 2.96 ± 0.20 0.68 ± 0.05 

20 15 3.22 ± 0.27 0.63 ± 0.04 

AC 

0 15 2.95 ± 0.22 0.71 ± 0.04 

10 15 3.05 ± 0.31 0.65 ± 0.03 

20 15 3.09 ± 0.35 0.60 ± 0.05 

CC 

0 15 2.94 ± 0.23 0.68 ± 0.03 

10 15 3.08 ± 0.20 0.68 ± 0.04 

20 15 3.15 ± 0.28 0.62 ± 0.05 

 

Table 7-1 Results for tissue thickness and tissue water volume fraction in porcine knee 
meniscus tissues for the three groups tested [axial horn (AH), axial central (AC), 
circumferential central (CC)] and at three levels of compressive strain. All results are 
shown as mean ± standard deviation. 

 

Figure 7-9 shows the regression analysis for the relationship between both the 

electrical conductivity and the relative ion diffusion coefficient and mechanical 

compression.  Electrical conductivity and ion diffusivity significantly decreased with 

increasing level of compression for all three regions/direction groups (p<0.001). In 

addition, both conductivity and relative ion diffusion in the circumferential direction were 

made significantly greater than that in the axial direction in the central region. For all 
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groups, there was a significant correlation detected between conductivity and diffusion 

and strain level, as noted by the p-values and R2 values.   

 

Figure 7-9 Correlation between both the electrical conductivity, , and the relative ion 
diffusion coefficient, / , and level of compressive strain, , for three groups 
investigated: (a,d) Axial Horn (AH); (b,e) Axial Central (AC); and (c,f) Circumferential 
Central (CC). Significant correlation was detected for all groups; R2 values are shown for 
each. For all groups, n=45.  
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The average tissue water volume fraction values of the nine groups are shown in 

Table 7-1. It should be noted that there were no significant differences in the tissue water 

volume fraction values or for tissue thickness levels for all specimens (values shown in 

Table 7-1), indicating that the difference in the diffusion coefficients found is not likely 

to be attributed to variations in tissue preparation. 

In addition, we have included scatter plots (Figure 7-10) showing the relationship 

between tissue water volume fraction, , and both electrical conductivity, , and 

relative ion diffusion, ⁄ , for each of the three groups tested. Regression analysis 

revealed significant (p<0.001) relationships for all groups investigated. R2 values are 

shown for each group in Figure 7-10. The values for tissue water volume fraction for 

compressed samples were calculated at strain levels of 10% ( 0.1) and 20% 

( 0.2). 

The average GAG content per dry weight of meniscus tissue specimens under 

zero compression was 14.65 ± 3.31 µg/mg; the calculated average FCD for 

uncompressed tissues was 0.021 ± 0.004 mEq/g wet weight.  Figure 7-11 shows scatter 

plots with the relationship between the estimated fixed charge density and the electrical 

conductivity for each group. R2 values are shown for each of the three groups (i.e., axial 

horn, axial central, and circumferential central). The values for FCD were calculated 

based on the GAG content of the tissue samples using Equations (7-8) and (7-9). There 

was a weak correlation showing an increase in fixed charge density resulting in a 

decreased electrical conductivity.  
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Figure 7-10 Relationship between tissue porosity, , and both electrical conductivity, 
, and relative ion diffusion coefficient, / , in meniscus tissues for the three groups 

investigated: (a,d) Axial Horn (AH); (b,e) Axial Central (AC); and (c,f) Circumferential 
Central (CC). Significant correlation was detected for all groups; R2 values are shown for 
each.  For all groups, n=45.  
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Figure 7-11 Correlation between the electrical conductivity and fixed charged density 
(FCD) for three groups investigated: (a) Axial Horn (AH); (b) Axial Central (AC);, and 
(c) Circumferential Central (CC). Significant correlation was detected for all groups; R2 
values are shown for each. For all groups, n=45. 
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Statistical analysis of this study is presented in Table 7-2, below. Two-way 

repeated measures ANOVA indicated that the electrical conductivity and ion diffusivity 

were significantly affected by both compression (p<0.001) and direction of diffusion 

(p<0.001) when comparing the axial central and circumferential central groups. However, 

two-way repeated measures ANOVA showed no significant effect of region when 

comparing axial central and axial horn groups (p>0.05), although a significant effect of 

compression was still seen (p<0.001). SIDAK post-hoc analysis indicated that the 

conductivity and diffusion coefficient in the circumferential direction was significantly 

(p<0.001) higher than that in the axial direction at all three levels of compression. SIDAK 

post-hoc analysis also showed that, for each of the groups investigated, when comparing 

both the electrical conductivity and ion diffusivity at 0% and 10%, 0% and 20%, and at 

10% and 20% compression, results were significantly (p<0.05) different.  

 

 

7.5 DISCUSSION 

The goal of this study was to determine the effect of compressive strain, anisotropy, and 

tissue region on the electrical conductivity and ion diffusivity in porcine meniscus.  We 

found significant strain-dependent and anisotropic behaviors, while no significant 

regional variation for conductivity or ion diffusivity in meniscus tissues was seen.  

Overall, our values for conductivity and ion transport are comparable to those in the 

literature for other cartilaginous tissues, and are most similar to values for porcine TMJ 
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(Table 7-3).  This is likely because meniscus composition is most like that of TMJ tissue, 

which also has a relatively low GAG content as compared to articular cartilage or 

intervertebral disc (Almarza and Athanasiou, 2004).   

 

7.5.1 EFFECT OF COMPRESSION AND TISSUE WATER VOLUME FRACTION 

The strain-dependent behavior of electrical conductivity and relative ion diffusivity found 

here is similar to results in the literature for other cartilaginous tissues (i.e., meniscus, 

articular cartilage, intervertebral disc, TMJ), which showed that static compression leads 

to reduced solute diffusivity and/or electrical conductivity (Jackson et al., 2009a; Jackson 

et al., 2008; Kleinhans et al., 2015; Kuo et al., 2011; Quinn et al., 2000; Quinn et al., 

2001; Wright et al., 2013; Yuan et al., 2009). This change is likely due to reduced tissue 

water content caused by fluid exudation during compression.  In fact, we found a 

significant positive correlation between conductivity and ion diffusivity and tissue water 

volume fraction, see Figure 7-10; previous studies have found similar correlations (Gu 

and Justiz, 2002; Gu et al., 2002; Gu et al., 2004; Jackson et al., 2009a; Kuo et al., 2011; 

Wright et al., 2013).   Overall, these findings indicate that solute transport through the 

tissue is hindered by mechanical loading. 
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A. Strain-Dependent Variation 

Electrical Conductivity P-values 

 AC AH CC 

0% vs. 10% 0.001* 0.02* 0.01* 

10% vs. 20% 0.0008* 0.0004* 0.009* 

0% vs. 20% 8.4E-09* 4.1E-08* 7.3E-07* 

Relative Ion Diffusion P-values 

 AC AH CC 

0% vs. 10% 0.003* 0.0003* 0.000002* 

10% vs. 20% 0.000005* 0.00003* 0.002* 

0% vs. 20% 5.2E-09* 5.1E-09* 5.1E-09* 

  

B. Axial vs. Circumferential Direction 

 P-values 

Direction 1.35E-08* 2.94E-13* 

Compressive Strain 8.51E-14* 1.76E-19* 

Interaction 0.632* 0.001* 

 

C. Axial Central vs. Horn Regional Variation 

 P-values 

Regional Location 0.933 0.381 

Compressive Strain 6.11E-16* 1.26E-20* 

Interaction 0.852 0.068 

 

Table 7-2 Significance levels for post-hoc analysis of electrical conductivity and relative 
ion diffusion data for three comparisons: (A) strain dependent variation (tested in all 3 
groups); (B) anisotropic variation: axial vs. circumferential direction (samples taken from 
central region of meniscus); and (C) regional specific variation: axial horn vs. axial 
central (samples taken in the axial direction only). Values shown are p-values; significant 
variation is highlighted and noted with a ‘*’. Two-way repeated measures ANOVA and 
SIDAK post-hoc analysis were performed using SPSS software. 
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According to the equation, with each additional 10% compression, the water 

volume fraction of the tissue decreases by ~3-4%.  The strain-dependent behavior of both 

conductivity and ion diffusivity indicates that mechanical loading impedes solute 

transport in meniscus tissues.  Since the meniscus, which relies on diffusive transport for 

nutritional supply to resident cells, undergoes a variety of loading conditions in vivo, 

understanding how physiological loading conditions affect transport behavior in 

meniscus tissues may provide valuable insight into the mechanically driven causes of 

meniscal degeneration.   

 

7.5.2 EFFECT OF ANISOTROPY 

Electrical conductivity and ion diffusivity in porcine meniscus was also found to be 

significantly anisotropic (i.e., direction-dependent).  Both parameters were found to be 

significantly less in the axial direction than in the circumferential direction at all levels of 

compressive strain. Results also found that the electrical conductivity and relative ion 

diffusion coefficient in the circumferential direction was approximately respectively 1.1× 

and 1.2× that in the axial direction under zero strain conditions. Similar anisotropic 

results have been found for ion diffusion in other cartilaginous tissues.(Jackson et al., 

2009a; Jackson et al., 2006)   We believe this behavior is a result of the particular 

organization of the tissue ECM; that is, collagen fibers in meniscus are aligned along the 

circumferential direction, allowing for pores that are not apparent in the axial direction.  

This pore structure, similar to that found for other cartilaginous tissues (ap Gwynn et al., 

2002; Iatridis and ap Gwynn, 2004; Jackson et al., 2009a; Kleinhans et al., 2015; 
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Travascio et al., 2009a), may allow ions to move more freely in the circumferential 

direction, parallel to the collagen fiber bundles, resulting in higher conductivity and ion 

transport rates. Other studies have also found the diffusion coefficient to be significantly 

higher in the direction parallel to collagen fibers (i.e., circumferential) in other 

cartilaginous tissues (Leddy et al., 2006; Stylianopoulos et al., 2010).   These trends are 

similar to earlier findings for glucose diffusivity in porcine meniscus (Kleinhans et al., 

2015). 

 

7.5.3 EFFECTS OF TISSUE REGION 

Our results showed no statistically significant effect when looking at the variation in the 

electrical conductivity and ion diffusion coefficient between axial conductivity in 

different tissue regions (i.e., horn versus central regions). We previously hypothesized 

that the electrical conductivity and relative ion diffusivity would not vary with location of 

the tissue specimen based on our previous study on small solute transport in the tissue 

(Kleinhans et al., 2015). The results are in agreement with this hypothesis and with 

results in the literature showing that fluid and solute transport (i.e., hydraulic 

permeability and glucose diffusion coefficient) in meniscus tissues is homogeneous 

(Kleinhans et al., 2015; Proctor et al., 1989; Sweigart et al., 2004). 

Previous studies investigating mechanical properties, solute diffusivity, and fluid 

transport (i.e., hydraulic permeability) in meniscus have found mixed results regarding 

the inhomogeneity of tissue properties, see review (Makris et al., 2011).  While there was 

no evidence of a significant difference between axial horn and axial central regions, these 
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findings may be attributed to several factors. Although our sample size (n=15 for each 

group) was large enough to see significant effects of other parameters, it is still a small 

collection of samples. Furthermore, regional variation was only investigated for axially 

oriented tissue specimens. However, because of the anisotropic trend found between axial 

and circumferential specimens and the dependence on the collagen structure of the tissue, 

conductivity and relative ion diffusivity in other directions (e.g., circumferential) may be 

affected by tissue region and deserves further study. 

 

7.5.4 RELATIONSHIP BETWEEN FIXED CHARGE DENSITY AND CONDUCTIVITY 

We also found a significant relationship between tissue fixed charge density and 

electrical conductivity (Figure 7-11) based on estimated values from GAG content 

measurements.  This trend was anticipated since FCD increases when the tissue is 

compressed (due to reduced tissue volume).  Maroudas (1968) previously noted a slight 

decrease in solute diffusion coefficients and tissue conductivity with increase in fixed 

charge density in articular cartilage; the same study also found a strong negative 

correlation between hydraulic permeability and FCD in articular cartilage (Maroudas, 

1968).  Hasegawa et al. (1983) found the opposite trend in articular cartilage, with 

conductivity increasing with FCD in the tissue (Hasegawa et al., 1983).  Differences in 

results may be attributed to variable measurement techniques. Our values for GAG 

content of the meniscus tissues are similar to those in the literature for human meniscus 

tissues (Herwig et al., 1984). 
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7.5.6 EXPERIMENTAL LIMITATIONS 

There are several limitations to this study that should be addressed. For example, while 

uniaxial confined compression does not precisely mimic the in vivo strain configurations 

in the meniscus, the data and trends gained here can be incorporated into computational 

models of the tissue to better understand in vivo conditions and predict the overall impact 

of mechanical loading on the tissue chemical environment. 

Moreover, in order to measure the resistance across the tissues using this 

conductivity study, we were required to calibrate the device setup prior to measurement. 

To do so, we calibrated the setup by moving the wire electrodes closer to or farther from 

one another while the chamber was filled with a conductivity solution of known 

resistance. By moving the wire electrodes, we were able to calibrate the system to ensure 

the perfect distance between electrodes. However, when taking the chamber apart and 

putting it back together with a tissue inside, there was always a chance of moving the 

wires from their original position. While this would have changed our results, we do not 

believe this was a major source of error that needs additional testing. We took several 

measurements using the chamber before reporting the final measurement, therefore, 

ensuring that the chamber was properly set up and working appropriately.  

 Finally, as previously stated and discussed further in the future recommendations 

of Chapter 8, future studies should investigate all three primary directions (axial, radial, 

and circumferential) in addition to medial and lateral regions and posterior and anterior 

horns and degenerated tissues. This data would be beneficial for better understanding the 

homogenous behavior of the meniscus. Overall, the findings of this study provide 
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important insight and baseline quantitative information regarding the strain-dependent, 

anisotropic, and region-dependent behavior of electromechanical and transport properties 

in meniscus fibrocartilage, and establish the methods necessary to move toward full 

characterization of the tissue. 

 

 

7.6 SUMMARY AND CONCLUSIONS 

To summarize, the anisotropic, strain-dependent, and region-specific electrical 

conductivity and relative ion diffusion coefficient in porcine meniscus fibrocartilage was 

investigated. Our results suggest that the dominant contributing factor to electrical 

conductivity and estimated ion diffusivity in meniscus tissue is the water volume fraction, 

based on the significant linear correlation.   

Additionally, we found that the electrical conductivity is significantly affected by 

tissue anisotropy, with results in the circumferential direction having a significantly 

higher conductivity and relative ion diffusivity values than the axial direction.  

Furthermore, we determined that the electrical conductivity and ion diffusivity are strain-

dependent, decreasing with increasing levels of compressive strain. Lastly, there was no 

statistically significant difference in axial conductivity or diffusivity between the central 

and horn regions of the meniscus, suggesting transport behavior in meniscus tissue is 

homogeneous. The knee meniscus is very important to the proper function of the knee 

joint and plays an unknown role in the onset and progression of OA. Thus, better 
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understanding of both the transport environment within the tissue and the relationship 

with tissue structure and composition is essential in the development and treatment of 

tissue degeneration and related OA.  

Overall, the findings of this study provide important insight and baseline 

quantitative information regarding the strain-dependent, anisotropic, and region-

dependent behavior of electromechanical and transport properties in meniscus 

fibrocartilage, and establish the methods necessary to move toward full characterization 

of the tissue. 
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

 

8.1 SUMMARY AND CONCLUDING REMARKS 

Every year millions of individuals are affected by osteoarthritis and must deal with both 

the physical pain and financial suffering involved. Degeneration of the knee meniscus is 

thought to play a role and may be the leading cause of pain in the knee leading to OA. 

Due to the avascular nature of the meniscus, poor nutritional supply is thought to be a 

primary etiological factor causing these degenerative changes. Knowing this, it is 

surprising that transport properties of the meniscus and its cells have not been adequately 

studied and their roles remain to be fully elucidated. Glucose, in particular, is known to 

be a critical nutrient necessary for cellular survival and has not yet been fully 

characterized in terms of transport throughout the meniscus.  

 Therefore, the major objectives of this dissertation were as follows: (1) better 

understand the pathophysiology involved in the development of knee meniscus injury and 

degeneration; and (2) identify effective treatment solutions for OA. In order to achieve 

these aims, five studies were carried out: (1) measurement of the anisotropic and region-

specific hydraulic permeability of porcine knee meniscus (Chapter 3); (2) measurement 

of strain-dependent and anisotropic diffusivity of glucose in porcine meniscus (Chapter 

4); (3) measurement of strain-dependent, region-specific partitioning of glucose in 

porcine meniscus (Chapter 5); (4) calculation of the effective diffusion coefficient based 

on the results from the previous glucose diffusion and glucose partition studies (Chapter 
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6); and (5) measurement of the strain-dependent electrical conductivity of porcine 

meniscus (Chapter 7).The most important findings from these investigations are 

summarized below.  

 

8.1.1 STRAIN-DEPENDENT TRANSPORT PROPERTIES IN KNEE MENISCUS 

First, a chamber was customized to measure the hydraulic permeability in porcine 

meniscus tissue. We have found that the permeability decreases with increasing static 

compression, again similar to our findings in previous studies and of other studies 

published in literature. These findings are all important for understanding transport 

pathways and mechanisms in the knee meniscus, and their relation to OA. 

Next, a one-dimensional steady-state diffusion experiment was carried out to 

measure the apparent diffusivity of glucose in porcine meniscus. Our results indicate that 

diffusivity decreases as the level of static compressive strain increases. Furthermore, we 

have found that glucose diffusivity in porcine knee meniscus is anisotropic, being higher 

in the circumferential direction as compared with the axial direction. This trend was true 

for all areas of the meniscus (i.e., horn and central) and all directions (i.e., axial and 

circumferential).  

 The strain-dependent partition coefficient of glucose in porcine meniscus tissue 

was also determined using a custom-designed chamber. We have found that the partition 

coefficient decreases with increasing static compression, similar to our findings for 

glucose diffusivity. Furthermore, we found there to be no statistically significant 
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differences between the axial central and horn regions, nor the medial versus lateral 

meniscus tissues. 

 Finally, a one-dimensional electrical conductivity experiment was carried out to 

measure the ion transport in porcine meniscus. Ours results indicate that conductivity 

decreases as the level of compressive strain increases. Additionally, we did not find 

statistically significant differences between the axial horn and central regions. 

 

8.1.2 ANISOTROPIC TRANSPORT PROPERTIES IN KNEE MENISCUS 

Results from our studies indicated that transport properties in knee meniscus tissues are 

anisotropic. As our studies have shown, the alignment of collagen fibers seems to play a 

large role in the transporting of solutes such as nutrients and ions. With fibers running in 

the circumferential direction, properties of tissues cut from this direction seem to have a 

greater aptitude for transport than those cut in the axial direction which would be against 

the fiber alignment.  

 These results were verified in all experiments (i.e., glucose diffusion coefficient, 

electrical conductivity, and hydraulic permeability). Statistically significant results were 

found for all studies when comparing the axial central to the circumferential central 

region.  
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8.2 RECOMMENDATIONS FOR FUTURE WORK 

Overall, the goal of this research was to develop strategies for the treatment and 

prevention of meniscal degeneration leading to OA. While the research described in this 

dissertation provides valuable insight into transport properties in meniscus tissues, there 

remains a great deal of information necessary to fully understand nutrition in the 

meniscus and its relation to degeneration. Here, recommendations for future work are 

described.  

Transport properties in both the axial and circumferential directions were 

investigated. However, due to size restrictions, certain parameters were unable to be 

measured in the circumferential direction (i.e., glucose partitioning, and therefore, 

effective diffusion coefficient) and no studies were completed in the radial direction. 

Given the importance of the collagen fiber structure in the meniscus tissue for support, 

these studies should be investigated in the axial, circumferential, and radial directions. 

This would allow a more thorough understanding of transport in the meniscus and 

nutritional supply to the center of the tissue. Therefore, in the future, all three principal 

directions (i.e., axial, radial, and circumferential) should be investigated, in order to fully 

understand the anisotropic behavior of fluid and solute transport in the tissue. In addition, 

given that there are some mixed findings in previous studies as to the inhomogeneity of 

properties of meniscus tissues (Bursac et al., 2009; Fithian et al., 1990; Proctor et al., 

1989; Sanchez-Adams et al., 2011; Sweigart et al., 2004), we should further investigate 

regional variations. Although we did not find any significant effect of region in any of the 

studies here, we were not able to distinguish between anterior and posterior horn, and we 
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were not able to measure properties in different directions outside the central region of 

the tissue. Therefore, in future studies, a more comprehensive characterization of the 

regional and anisotropic effects should be investigated. 

 Although the use of human tissues to calculate the transport properties of 

meniscus is preferred, we were only able to obtain porcine samples for these studies due 

to the easy availability of porcine knee joints. However, while we would have preferred 

using human tissues, it has been found that porcine meniscus tissues have similar 

properties to human meniscus tissues (Joshi et al., 1995; Sweigart and Athanasiou, 2005; 

Sweigart et al., 2004). A study by Chu et al. found porcine specimens to be good models 

for human cartilage studies, showing similarities in joint size, structure, and cartilage 

thickness (Chu et al., 2010). Therefore, our results using porcine tissues are expected to 

be indicative of trends in human meniscus, if not exact quantities. In the future, human 

tissues should be investigated to ensure trends in the porcine menisci match those found 

in human subjects.  

 Samples used in this dissertation came from similarly aged pigs and were 

considered healthy tissue. Further studies are necessary in order to understand the effects 

of tissue degeneration on transport behaviors in meniscus fibrocartilage. These future 

studies will help provide a full characterization of the nutritional transport environment 

within the meniscus under numerous physiologically relevant conditions.  

 These recommended studies would greatly enhance the results detailed in this 

investigation and would enable us to achieve the long-term goals of our research: to 
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better understand the pathophysiology involved in the development of knee meniscus 

injury and degeneration and to identify effective treatment solutions for osteoarthritis. 

 In total, we have provided the first quantitative characterization of fluid and solute 

transport properties in meniscus fibrocartilage. Given the importance of a healthy 

meniscus in the proper functioning of the knee joint, as well as the unknown role of the 

tissue in the onset and progression of OA, better understanding the transport environment 

within the tissue and the relationship with tissue pathophysiology is essential in the 

development of new strategies to treat and/or prevent tissue degeneration and related OA. 

This study provides baseline information on the structure-function relationships for fluid 

and solute transport properties in the meniscus and establishes the methods necessary to 

move toward full characterization of nutritional transport in meniscus fibrocartilage. The 

information herein can be used to advance the field of meniscus research, treatment, and 

regeneration. Our quantitative data will be useful for developing new computational 

models of the meniscus, which can be employed to better understand tissue functioning 

and pathophysiology, and may also serve as design criteria for developing novel tissue 

engineered approaches to treating or regenerating the tissue that closely mimic native 

tissue. 
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