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 Low back pain is a major social and economic dilemma in the United States.  

Despite its high impact, the origins of low back remain unclear.  Nonetheless, 

degenerative changes to the intervertebral discs (IVD) of the spine have been implicated 

as a possible source leading to pain.  Poor nutritional supply to the IVD is believed to 

play a primary role in the pathophysiology of disc degeneration.   

Since the disc is avascular, vital nutrients, such as glucose, must be supplied by 

surrounding blood vessels.  However, the transport and metabolic properties of glucose in 

the IVD have not been fully delineated.  This knowledge is necessary in order to 

elucidate the nutrition-related mechanisms of disc degeneration.  Therefore, in this 

dissertation, experimental and theoretical methods are used to investigate the transport 

and metabolism of glucose in the intervertebral disc. 

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

in human annulus fibrosus (AF) was investigated using custom apparatuses.  Results 

indicate that diffusivity and partitioning of glucose in human AF decreases with 

increasing compressive strain.  Furthermore, diffusivity of glucose is anisotropic, being 

lower in the radial direction than the axial or circumferential directions at all strain levels.  

Transport of glucose in human AF was also found to diminish with increasing disc 

degeneration. 



 

 

A new method was developed to measure the rate of glucose consumption by IVD 

cells; this method was then validated with porcine AF and nucleus pulposus (NP) cells at 

varying levels of oxygen tension.  Results show a positive Pasteur effect, with the glucose 

consumption rate by AF and NP cells increasing at low levels of oxygen.  Moreover, 

results indicate that the rate of consumption of glucose by NP cells is significantly higher 

than that by AF cells. 

A new, three-dimensional finite element model of the IVD was developed in 

order to theoretically predict nutrient distributions in the disc.  This model incorporated 

anatomical disc geometry, nutrient transport coupled to cellular metabolism, and 

mechanical loading conditions.  The model was used to investigate the effects of endplate 

calcification and in vivo loading conditions on glucose distributions in the disc.  Both 

calcification and compressive loading resulted in diminished glucose concentrations in 

the tissue.  The model was also used to analyze the effects of degeneration and 

compression on cell viability in IVD by incorporating viability criteria.  Our model could 

predict cell death in degenerated tissue, and compressive loading augmented this effect.  

The model prediction can be used to supplement experimental results, and may also serve 

as a useful tool in developing new strategies for the treatment of disc degeneration. 

The findings of this dissertation greatly enhance the knowledge of glucose 

transport and metabolism in the intervertebral disc.  Given that glucose is a critical 

nutrient for disc cell survival, this knowledge can provide important insight into 

nutritional pathways and mechanisms in the IVD, as well as related disc degeneration. 
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CHAPTER 1.  SPECIFIC AIMS 

 

1.1 INTRODUCTORY REMARKS 

Low back pain is a condition that has a significant impact on society and the 

economy in the United States.  Each year, it is estimated that 15 to 45% of the population 

of this country experiences some type of symptom of low back pain; furthermore, 

upwards of 70% of all individuals suffer from low back pain at some point in their 

lifetime.  It is the second most common complaint heard by primary care physicians, 

behind only upper respiratory infections (i.e., the common cold).  Moreover, low back 

pain is the most frequent cause of disability in workers under the age of 45 years.  It has 

been previously proposed that the total cost of low back pain ranges from $100 to $200 

billion each year in the United States alone.  Two thirds of this is attributed to indirect 

costs, which include lost wages and reduced productivity due to the condition.  Clearly, 

these statistics indicate that low back pain is a condition that warrants significant 

scientific research efforts. 

Despite the high prevalence and costs of low back pain, the exact cause of this 

condition remains unclear to physicians and researchers.  Nonetheless, degenerative 

changes to the intervertebral discs (IVD) in the spine have been charged as a primary 

etiological factor leading to the condition.  As the disc degenerates, it may lose its ability 

to perform its primary function in the spine, leading to pain.  Poor nutritional supply to 

the disc and its cells is believed to be the principal mechanism leading disc degeneration.   

The lumbar IVD is the largest avascular structure in the human body, making 

transport of water and solutes into the disc an important mechanism of nutrition.  
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Knowledge of transport and metabolic properties of important nutrients, such as glucose, 

is important in understanding etiologic factors involved in disc degeneration.  

Furthermore, the extracellular matrix of the disc provides a unique environment for IVD 

cells, being subjected to a variety of conditions including mechanical loading and low 

nutrient (i.e., glucose and oxygen) concentrations.  Mechanical forces at the tissue level 

can affect the physical signals at the cellular level as well as the way tissue remodeling 

changes physical signals through changes in tissue material properties of the extracellular 

matrix.  Also, mechanical factors may regulate cellular responses in IVD that could 

govern the initiation and progression of disc degeneration. Additionally, nutrient levels in 

the disc may affect cellular consumption, which in turn alters the concentration gradients 

and transport of nutrients through disc tissue.  Therefore, better understanding how these 

factors affect the transport and metabolism in IVD tissues is important for better 

understanding the in vivo environment in the disc, as well as the pathology of disc 

degeneration.  However, there remains a lack of knowledge regarding nutritional 

transport and metabolism in the disc.  This information is of utmost importance in fully 

delineating the causes of disc degeneration and subsequent low back pain.  Therefore, 

this dissertation aims to close this gap by investigating both the transport and metabolism 

of glucose, an important nutrient, in IVD tissues.   

 

1.2 SPECIFIC AIMS 

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

pathophysiology involved in the development of low back pain; (2) further elucidate 

transport and metabolic properties in normal and degenerated intervertebral discs; and (3) 
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develop new strategies for assessing and treating the changes occurring in tissue during 

disc degeneration.  In order to address these goals, the following specific aims will be 

pursued: 

 

Specific Aim #1: To determine the strain-dependent transport properties of glucose 

in non-degenerated and degenerated human IVD tissues.  Using a one-dimensional 

steady-state diffusion experiment, the diffusivity of glucose in human IVD tissues will be 

determined.  The glucose diffusivity will be measured for three different degenerative 

grades (I, II, and III) and under three levels of compressive strain (0%, 10%, and 20%).  

Additionally, the anisotropic (i.e., direction-dependent) behavior of glucose diffusivity 

will also be examined.  Moreover, the partition coefficient of glucose in human IVD 

tissues will be measured under three levels of compressive strain (0%, 10%, and 20%) 

and for three degenerative grades (I, II, and III) of tissue.   

 

Specific Aim #2: To determine the oxygen tension-dependent rate of glucose 

consumption by porcine IVD cells.  Using methods similar to those previously 

developed for the measurement of oxygen consumption rate, the glucose consumption 

rate of porcine IVD cells will be determined.  These measurements will be carried out 

under various oxygen tensions to determine the effect of these conditions on cellular 

metabolism.  The inhomogeneous behavior of glucose metabolism in cells will also be 

examined. 
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Specific Aim #3: To develop a three-dimensional finite element model for analyzing 

transport and metabolism of glucose in IVD tissues.  A new three-dimensional finite 

element model of the intervertebral disc will be developed for theoretical prediction of 

nutritional levels in the disc.  The model incorporates anatomical disc geometry, nutrient 

concentrations coupled to cellular metabolism, and mechanical loading along with strain-

dependent tissue properties.  Various boundary conditions will be considered, including 

mechanical loading configurations and disc degeneration.  

 

1.3 CONTENTS OF THIS DISSERTATION 

 The overall objective of this dissertation is to investigate the transport and 

metabolism of glucose in intervertebral disc, in order to better elucidate the 

pathophysiology of disc degeneration and related low back pain.  A background of the 

intervertebral disc and its structure, composition, function, and transport and metabolic 

properties is given in Chapter 2.   In order to pursue the objectives of this work, new 

experimental techniques for investigating nutrient transport and metabolism in 

intervertebral disc have been developed.  Furthermore, a theoretical model of the 

intevertebral disc, based on mixture theory and including nutrient transport coupled to 

cellular metabolism, is developed for investigating the distribution of glucose in the disc.   

 First, the transport properties of glucose in human IVD are investigated.  In 

Chapter 3, a new experimental method is developed for measuring the strain-dependent 

diffusion of glucose in intervertebral disc tissue.  This method is used to measure not only 

the diffusivity under various compressive strains, but also the anisotropic behavior of 
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glucose diffusion in human annulus fibrosus tissue.  The detailed methods and 

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

 In Chapter 4, a new method is developed for determining the strain-dependent 

partition coefficient in intervertebral disc tissue.   This method is applied to measure the 

partition coefficient of glucose in human annulus fibrosus tissue under three levels of 

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

and results are fully delineated. 

 In Chapter 5, results from glucose diffusivity and partitioning are combined to 

determine the effective diffusivity of glucose in human AF.  These results are also 

compared with those in the literature for solute transport in IVD tissues. 

 A new experimental approach is developed for measuring the rate of glucose 

consumption by cells in Chapter 6.  The method employs a diffusional uptake problem, 

along with a custom technique for measuring glucose concentrations in culture media and 

curve-fitting of the Michaelis-Menten equation.  The approach was validated using 

porcine annulus fibrosus and nucleus pulposus cells under varying levels of oxygen 

tension.  Results are discussed and compared with previous studies in the literature. 

 In Chapter 7, a new finite element model of the intervertebral disc is developed.  

The theoretical background and new finite element formulation is described.  Several 

boundary conditions are considered, including in vivo mechanical loading configurations 

and disc degeneration changes (i.e., endplate calcification); glucose distributions in the 

disc are predicted using the finite element model.  Findings are discussed in the context 

of experimental findings in the literature as well as clinical implications. 
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 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 FUNCTION OF THE INTERVERTEBRAL DISC IN SPINE BIOMECHANICS 

The spine functions in many capacities in the human body by transmitting loads, 

allowing for a wide range of motion, and protecting the vital neural components of the 

spinal cord.  The human spine is divided into four main regions: cervical, thoracic, 

lumbar and sacral (Figure 2-1).  The cervical, thoracic and lumbar divisions are 

composed of seven, twelve, and five vertebral bodies, respectively.  Each bony vertebra 

is separated by a soft tissue structure known as the intervertebral disc (IVD).  The sacral 

region, unlike the three other regions, is a rigid structure absent of IVD between 

vertebrae.  Instead, this region is composed of the sacrum and the coccyx, which include 

five and four to five fused vertebrae, respectively. 

The intervertebral discs separating the vertebrae in the three upper regions of the 

spine play an integral role in allowing the spine to fulfill its functions.  The discs allow 

for spinal flexibility and a wide range of motion.  Furthermore, these soft tissue structures 

are also responsible for distributing the loads which are imposed upon the spine 

throughout normal daily activities.   

The lumbar discs are the largest IVD in the spine, allowing for the highest range 

of motion in the lumbar region.  Furthermore, the lumbar spine is also responsible for 

bearing the largest stresses, caused not only by body weight but also by normal daily 

activities, such as lifting or bending.  Hence, given the normal conditions on these discs, 

it is easy to see why the lumbar discs are the most frequent site of disc degeneration, 

leading to low back pain in millions of Americans. 



 

 

 

 

Figure 2-1: Posterior, lateral, and anterior views of the human spine, showing 

the four main divisions (cervical, thoracic, lumbar and sacral).

Posterior, lateral, and anterior views of the human spine, showing 

the four main divisions (cervical, thoracic, lumbar and sacral). 
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Posterior, lateral, and anterior views of the human spine, showing 
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2.2 THE INTERVERTEBRAL DISC 

2.2.1 COMPOSITION AND STRUCTURE OF THE INTERVERTEBRAL DISC 

 The intervertebral disc is comprised of three primary components: the annulus 

fibrosus (AF), the nucleus pulposus (NP) and the cartilaginous end plate (CEP) (Figure 2-

2a).  The composition and structure of each of these components is distinct, indicating a 

unique mechanical role for each (Guiot and Fessler 2000; Lundon and Bolton 2001).   

The fluid-like NP is composed of randomly-oriented collagen fibrils enmeshed in 

a proteoglycan gel.  In the lumbar intervertebral discs, the NP region fills approximately 

50% of the total disc cross-sectional area (Mirza and White, III 1995).  In this portion of 

the spine, the nucleus is located more posterior than central.  The main function of the NP 

is to distribute loads throughout the disc. 

 

The AF surrounds the NP on its periphery and is composed of a series of 

concentric lamellae consisting of collagen fibers.  The fibers run parallel to each other 

within each lamellae, but opposite those in adjacent lamellae, at approximately ±30
o
 to 

NP AF 

CEP 

Vertebral body 

AF 

Figure 2-2: (a) The basic functional spinal unit and its components; (b) schematic of 

the IVD showing the layered structure of the annulus fibrosus (AF). 

AF 

NP 

~30
o
 

(b) 
(a) 
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the horizontal axis (Figure 2-2b)  (Hickey and Hukins 1980; Marchand and Ahmed 

1990).  Depending on age and location in the spine, the AF is composed of 15 to 25 

concentric lamellae, which become progressively thinner and less distinct moving inward 

from outer to inner AF (Marchand and Ahmed 1990).  This layered structure results in 

anisotropic mechanical properties in the AF [e.g. (Ebara et al. 1996; Fujita et al. 1995; 

Galante 1967; Marchand F. and Ahmed A.M 1989)].  The AF region of the disc functions 

primarily in containing the gelatinous nucleus pulposus as well as withstanding forces in 

the radial direction. 

The CEP is located on the top and bottom of the disc, connecting the soft tissue 

structure to the adjacent bony vertebrae.  The CEP surrounds the NP as well as the inner 

third of the AF.  It consists of a thin layer of hyaline cartilage.  Along with the AF, the 

CEP functions to constrain the nucleus.  Furthermore, the end plates also play an integral 

role in nutritional transport in the disc, allowing for passage of nutrients and metabolites. 

 The major component of the IVD is water, making up 65-90% of the wet weight.  

The IVD also has significant amounts of collagen (15-65% dry weight), proteoglycan 

(PG) (10-60% dry weight) and other matrix proteins (15-45% dry weight) (Eyre et al. 

1989; Gu et al. 1999; Hendry 1958; Johnstone et al. 1992; Kraemer et al. 1985; 

Panagiotacopulos et al. 1987; Pearce 1993).  The different components have distinct 

biochemical composition and structure.  The greatest quantities of water and PG can be 

found in the NP and inner AF regions, whereas the outer AF has the greatest collagen 

content.  The outer AF is primarily type I collagen whereas the inner AF is predominantly 

type II.  The ratio of type I to type II decreases from outer to inner AF.  The CEP 

collagen composition is almost exclusively type II, similar to that of hyaline cartilage 
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(Roberts et al. 1989; Setton et al. 1993b).  The IVD is well characterized as an 

inhomogeneous, anisotropic, multiphasic (solid, fluid, ions, uncharged solutes) material.   

 

2.2.2 CELLS OF THE INTERVERTEBRAL DISC 

Although intervertebral disc cells play in integral role in disc health and function, 

they account for less than 1% of the disc by volume (Urban and Roberts 1995).  The cell 

density of the disc varies by region and has been measured to be an average of 

approximately 5800 cells/mm
3
.  The nucleus pulposus has the sparsest cell population, 

with only 4000 cells/mm
3
, while the annulus fibrosus has approximately 9000 cells/mm

3
 

and the cartilaginous end plate has been found to have 15000 cells/mm
3
 (Maroudas et al. 

1975). This cell density is significantly lower than that in most mammalian tissues, even 

articular cartilage.  Furthermore, the regional variation in cell density is believed to be a 

result of the differences in nutritional supply to each area of the disc (Maroudas et al. 

1975).  This explains why cell density is highest closest to the annular edge and endplate, 

which are both closest to the nutrient supply (Maroudas et al. 1975; Urban et al. 2004).   

Table 2-1: Percentage of Major Components in the Intervertebral Disc and in the Two 

Major Regions, Annulus Fibrosus and Nucleus Pulposus 

Component  IVD Annulus Fibrosus Nucleus Pulposus 

Water  

(% wet weight) 
65 – 90% 60 – 70% 70 – 90% 

Collagen  

(% dry weight) 
10 – 60% 50 – 70% 15 – 25% 

Proteoglycan  

(% dry weight) 
15 – 65% 10 – 20% ~50% 
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The cell phenotype also varies by region within the IVD.  The nucleus pulposus 

contains notochordal cells early in life; however, these cells disappear rapidly in the 

human disc and become undetectable at approximately 4-10 years (Urban and Roberts 

1995).  The NP is then occupied by cells originally derived from the notochord; these 

cells are round and chondrocyte-like, often existing in a capsule.  The cells in the outer 

annulus fibrosus are long, thin, and fibrobrast-like; these cells run parallel to the collagen 

fibers in the lamellae (Errington et al. 1998).  In the inner annulus region, cells are more 

rounded.  It has been suggested that these differences in cell phenotypes result from the 

distinct environment within each region, included differences in mechanical and 

nutritional factors (Maroudas et al. 1975). 

The in vivo environment for cells in IVD tissues is distinct.  Even in healthy 

tissues, low oxygen and glucose concentrations, as well as high lactic acid 

concentrations, which result in acidic pH levels, compared with the levels in plasma can 

be found, particularly at the center of the disc (Bibby et al. 2005). For instance, the 

oxygen levels at the center of the disc can be as low as 2-5% the values at the periphery, 

and lactate concentration at the disc center may be 8-10 times that in plasma (Holm et al. 

1981; Mirza and White, III 1995).  This is due to the avascularity of the tissue, with some 

cells being as far as 7-8 mm from the nearest blood supply in the case of the human disc 

(Stairmand et al. 1991; Urban et al. 2004).  Local concentrations of nutrients and 

metabolites have been shown to have a significant effect on cellular activity and survival 

(Bibby et al. 2002; Horner and Urban 2001; Ishihara and Urban 1999; Ohshima and 

Urban 1992).  Furthermore, these nutrient concentrations are also regulated by cellular 

demand (Stairmand et al. 1991).    
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Cells play a vital role in maintaining disc health and function.  Not only do IVD 

cells synthesize the extracellular matrix of the disc, but they also synthesize matrix 

metalloproteinases (MMPs), which are responsible for matrix breakdown (Bibby 2002).  

Thus, the composition and turnover of IVD tissue is controlled by the cells.  In normal, 

healthy tissues, there is a delicate balance between the rates of matrix production and 

degradation; however, if the balance is disrupted, either by an increase in the rate of 

matrix degradation or a decrease in the rate of production, matrix deterioration results.  

Hence, changes in disc structure and composition may result in alteration in disc cell 

metabolism, and vice versa.   

 

2.3 INTERVERTEBRAL DISC DEGENERATION 

Degeneration of the intervertebral disc occurs far earlier than in other 

musculoskeletal tissues (Boos et al. 1993; Miller et al. 1988).  About 20% of people in 

their teens have discs with signs of mild degeneration (Miller et al. 1988). Disc 

degeneration is characterized as a degradation or deterioration of the structure of the 

tissue, resulting in a loss of function.  As the disc degenerates, changes in disc 

morphology, biochemistry, function and material properties take place.   

During degeneration, the disc morphology changes, with increased 

disorganization.  The nucleus region loses its gel-like properties and becomes more 

fibrous (Buckwalter 1995).  Consequently, the boundary between the nucleus and 

annulus regions of the disc becomes less apparent.  Furthermore, cleft formation and 

fissures occur frequently in degenerated discs, leading to an in growth of nerves and 

blood vessels into the tissue (Urban and Roberts 2003).  A morphological grading scheme 
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was previously developed by Thompson et al. (1990), which is used to classify the 

degenerative grade of intervertebral discs based on a five grade scale, with grade I 

corresponding to normal, healthy discs, and grade V corresponding to severely 

degenerate discs (Thompson et al. 1990).  A summary of this grading scheme is shown in 

Table 2-2. 

Perhaps the most noteworthy biochemical change occurring in degenerated disc is 

the loss of proteoglycan (PG) content (Lyons et al. 1981).  Aggrecan molecules of the 

PGs degrade, which allows smaller fragments to leach out of the tissue more easily, 

resulting in a loss in proteoglycans.  The loss of PG is believed to cause a decrease in 

osmotic pressure and tissue hydration (Urban and McMullin 1988), which leads to a loss 

of the load support capability of IVD (Adams et al. 1996).  Additionally, this can also 

have a significant effect on the movement of molecules into and out of the disc 

(Maroudas et al. 1975).  Changes in collagen content also take place, although they are 

not nearly as evident as those for proteoglycan (Urban and Roberts 2003).  Though the 

Table 2-2: Description of Thompson Morphologic Grading 

Grade Annulus Fibrosus Nucleus Pulposus 

I Discrete fibrous lamellae Gelatinous, bulging 

II 
Mucinous infiltration between 

lamellae 
Fibrous tissue, white 

III 

Loss of demarcation between AF 

and NP; enxtensive mucinous 

infiltration between lamellae 

Consolidated fibrous tissue 

IV Focal disruptions 
Clefts running horizontally, 

parallel to endplate 

V Clefts extending throughout Clefts extending throughout 

 Adapted from Thompson et al, 1990. 
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total quantity of collagen in degenerated tissue does not change markedly, the types and 

distributions are altered during degeneration.  

 

Disc degeneration can have deleterious effects on the biomechanics of the spine 

and its motion segments.  Changes may lead to an increase in spinal flexibility, a loss of 

fluid pressurization or a decrease in disc height.  These changes result in an alteration of 

the local stress-strain relationship in the disc.  Consequently, the disc is no longer able to 

properly function in load distribution.   

Knowledge of the response of tissue transport and metabolic properties to disc 

degeneration is important in understanding the etiology of disc degeneration because 

poor nutrition is believed to be one of the main causes of degeneration (Bibby et al. 2002; 

Holm and Nachemson 1982; Horner and Urban 2001; Nachemson et al. 1970; Urban 

2001).  It has also been suggested that mechanical factors regulate cellular responses in 

IVD that may govern the initiation and progression of disc degeneration (Setton and 

Chen 2006).  This dissertation aims to determine the effects of both degeneration and 

(a) (b) 

Figure 2-3: Photographs showing the visible differences between (a) a non-

degenerate disc and (b) a degenerated disc. 
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mechanical strain on important transport properties in IVD tissue, which will aid in 

further elucidating the causes and mechanisms of disc degeneration. 

 

2.4 NUTRITIONAL TRANSPORT IN THE INTERVERTEBRAL DISC 

2.4.1 PATHWAYS OF TRANSPORT 

The lumbar intervertebral disc is the largest avascular structure in the human 

body.  As a result, cells must rely on transport of fluids and solutes through the tissue’s 

extracellular matrix in order to maintain viability; that is, nutrients must be supplied by 

vasculature at the disc periphery given that there are no blood vessels present in the 

tissue.  There are two possible pathways of transport through the IVD: axially via the 

cartilage end plate route, or radially through the perianular route, Figure 2-4.  In the end 

plate route, nutrients are supplied by the capillary bed located at the junction of the 

intervertebral disc and subchondral bone in the vertebral body.  In the perianular route, 

nutrients are supplied by the blood vessels that surround the outer annulus fibrosus.    

End Plate Route 

Perianular  

Route 

Figure 2-4: Sagittal view of the intervertebral disc, highlighting the two main 

nutritional pathways into the disc from the surrounding vasculature. 
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The majority of in vivo (using animal model) and in vitro studies have suggested 

that the end plate route is the main pathway for exchange of solutes between the NP (and 

the inner AF) and the surrounding vasculature (Brodin 1955; Brown and Tsaltas 1976; 

Holm et al. 1981; Maroudas et al. 1975; Nachemson et al. 1970; Ogata and Whiteside 

1981; Urban et al. 1982).  On the other hand, in an in vitro study, Ohshima et al. (1989) 

showed that the diffusion of water for both uptake and washout in the unloaded disc was 

approximately 2-3 times larger in the perianular route as compared to the end plate route 

(Ohshima et al. 1989).  However, because of the difficulty in investigating the transport 

pathways in human subjects in vivo, there is little direct evidence that the end plate route 

is the main transport pathway in human IVD in vivo, especially for the discs under 

mechanical loads or for degenerated discs.   

 

2.4.2 MECHANISMS OF TRANSPORT 

 Transport of nutrients and waste products through the extracellular matrix of the 

IVD may occur by diffusion or by convection (i.e., due to fluid flow).  It is generally 

believed that diffusion is the main mechanism of transport for small solutes (Maroudas 

1975; Urban et al. 1978; Urban et al. 1982), while convection plays an important role in 

transport of larger solutes (Bonassar et al. 2001; Garcia et al. 1996; Maroudas 1975; 

Mauck et al. 2003; O'Hara et al. 1990; Quinn et al. 2002; Urban et al. 1978).   

Diffusion is defined as the movement of matter driven by a concentration 

gradient.  A mathematical model for one-dimensional diffusion in fluids was first 

proposed by Adolf Fick and is known as Fick’s law: 
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� � �� ��
��   , (2-1) 

where J is the diffusive flux, defined as the quantity (i.e., moles) passing through per unit 

area per unit time, D is the diffusion coefficient (units: m
2
/s), C is the concentration of 

solute in the solution, and x is the distance along the path of solute transport (Helfferich 

1962; Masaro and Zhu 1999).   Convection, on the other hand, is a transport process 

resulting from the bulk motion of fluids. 

In order to estimate the relative importance of convective and diffusive effects on 

transport in cartilaginous tissues, we may use the Peclet (Pe) number.  The Peclet number 

is defined as:  


� � � �  � , (2-2) 

where U is the characteristic fluid velocity, L is the diffusion distance, and D is the 

diffusivity of solute (Deen 1998).  If the value of the Pe number is much greater than 1, 

convection is more significant; conversely, if the Pe number is much less than 1, then 

diffusion is more significant.  However, if it is on the order of 1, both convection and 

diffusion must be considered (Deen 1998).   

The partition coefficient is defined as the solute concentration in a porous media 

relative to the concentration of solute in the surrounding fluid at equilibrium.  Knowledge 

of partition coefficient values is important as they are one of the governing factors in 

determining the rate of movement of solutes between an external solution and tissue.  

Therefore, equilibrium partitioning plays an important role in nutritional transport in 

tissue.     
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 The transport of solutes through the disc is dependent upon several factors related 

to both the solute and the tissue, including solute size, charge, concentration gradient and 

pore size; pore size is directly related to tissue hydration and structure (Burstein et al. 

1993; Maroudas et al. 1975).  The concentration gradient is coupled to both the cellular 

demand and the supply of solutes.  Furthermore, throughout the disc, concentration 

profiles of important nutrients and metabolites (e.g., oxygen, glucose, and lactate) are 

steep due to the high rates of cellular metabolism as compared with the low rate of 

diffusion.  Transport of water and solutes in the tissue is governed by several transport 

properties, including hydraulic permeability (or conductivity) and solute diffusivities. 

 

2.4.3 EXPERIMENTAL STUDIES OF SOLUTE TRANSPORT IN IVD TISSUES  

Several studies have investigated the diffusivity of solutes in both human and 

animal intervertebral disc tissues.  A review of these studies can be found in the literature 

(Jackson and Gu 2009).  Solutes investigated include ions (Na
+ 

and Cl
-
), SO4

-
, oxygen, 

water, glucose, lactate, fluorescein, and various-sized dextran molecules.  Diffusion 

coefficients have been measured by a variety of methods.  The most common of these 

include direct measurement based on Fick’s law [Equation (2-1)] (e.g., (Allhands et al. 

1984; Jackson et al. 2008; Maroudas 1968; Torzilli et al. 1983; Torzilli et al. 1987; 

Torzilli et al. 1998)).  More recently, imaging techniques such as magnetic resonance 

imaging (MRI) (Chiu et al. 2001; Drew et al. 2004; Fischer et al. 1995), nuclear magnetic 

resonance (NMR) (Burstein et al. 1993; Foy and Blake 2001; Ngwa et al. 2002), and 

fluorescence recovery after photobleaching (FRAP) (Travascio et al. 2009; Travascio and 

Gu 2007) have been employed to determine solute diffusivities in cartilaginous tissues. 
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The electrical conductivity method has also been used to determine diffusion coefficients 

of ions in IVD (Gu et al. 2004). 

 Several studies have investigated the partition coefficient of solutes in 

cartilaginous tissues; solutes include both small (glucose, urea, proline, sucrose, and ions) 

and large (myoglobin, serum albumin, IGG, and dextran) molecules (Fetter N.L. et al. 

2006; Maroudas 1976; Nimer et al. 2003; Quinn et al. 2000; Roberts et al. 1996; Torzilli 

et al. 1998).  However, very little is reported in the literature regarding the partitioning of 

solutes in IVD tissues (Maroudas et al. 1975).    

 

2.5 METABOLISM OF DISC CELLS 

 It has been found that disc cells obtain their energy primarily through anaerobic 

glycolysis, even in the presence of oxygen (Holm et al. 1981; Ishihara and Urban 1999).  

That is, most energy, in the form of adenosine triphosphate (ATP), is produced by the 

quantitative conversion of glucose to lactic acid, which is almost completely ionized to 

lactate.  Previous studies have shown that there is a threshold level of glucose 

concentration in order to maintain cell viability; that is, if the glucose concentration falls 

below around 0.5 mmol/L for more than approximately 3 days, cells begin to die (Horner 

and Urban 2001).  Moreover, acidic conditions (i.e., pH < 6.4), generally resulting from 

an accumulation of lactic acid in the tissue, have also be shown to lead to cell death 

(Bibby et al. 2005; Horner and Urban 2001).  Further, less acidic conditions, although not 

leading to cell death, have been shown to be detrimental to the disc matrix (Razaq et al. 

2003).  This is because the rate of matrix production is reduced, while that of matrix 

degradation remains unchanged, leading to an imbalance favoring matrix breakdown.  
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Few studies have been done to investigate the metabolism of disc cells.  In 

particular, four previous studies have measured the oxygen consumption rate of IVD cells 

(Bibby et al. 2005; Holm et al. 1981; Huang et al. 2007; Ishihara and Urban 1999).  

Earlier studies using IVD tissue have investigated the effect of oxygen tension levels on 

the rate of oxygen consumption by IVD cells, showing that oxygen consumption rates 

decreased as the oxygen tension was decreased (Holm et al. 1981; Ishihara and Urban 

1999).  A more recent study by Bibby et al (2005) investigated the effect of low oxygen, 

glucose and pH on the metabolic rates of isolated bovine NP cells and found that the rate 

of oxygen consumption depends on both oxygen concentration and pH, but not on 

glucose concentrations over the range of 1 to 5 mmol/L (Bibby et al. 2005).  Our recent 

study showed that the oxygen consumption rate by porcine outer AF cells was 

significantly lower than that by NP cells at 5% oxygen tension (Huang et al. 2007). 

Furthermore, the study also demonstrated that, while the oxygen consumption rate by NP 

cells does not depend on glucose concentration, there was a significant difference in 

consumption rate between outer AF cells in media containing 1 mM and 25 mM glucose.   

Only a small number of studies investigating the glucose consumption rate by 

IVD cells can be found in the literature.  Bibby et al. showed that glucose consumption 

rates are dependent on both initial glucose concentration as well as value of pH for 

bovine nucleus pulposus cells (Bibby et al. 2005).  However, studies have not come to a 

consensus on the effect of oxygen tension on cellular activity in IVD cells.  On the one 

hand, one study showed that low oxygen levels result in a diminished rate of glycolysis 

(i.e., a negative Pasteur effect) (Bibby et al. 2005).  In contrast, other studies have shown 

the opposite: that glycolysis rates rise under low oxygen tension (i.e., a positive Pasteur 
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effect) (Guehring et al. 2009; Holm et al. 1981; Ishihara and Urban 1999).  Because of 

the very low level of oxygen present in the disc in vivo, it is imperative that the effect of 

oxygen level on the glucose consumption rates of cells be investigated.  This is necessary 

to understanding not only the in vivo cellular metabolism in the disc, but also the effects 

that low nutritional levels seen in degenerating discs have on IVD cells.  Furthermore, 

determining the rate of metabolism by disc cells is an integral part of developing accurate 

theoretical models to predict nutrient distributions in the disc in vivo. 

 

2.6 EFFECT OF MECHANICAL LOADING ON THE IVD 

 The intervertebral disc serves a primarily mechanical function in the spine, 

offering load support capabilities.   During normal daily activity, the IVD is subjected to 

various loading configurations, such as tension, compression, torsion, or a combination of 

these.  As a result, the intradiscal pressure varies throughout of the day, see Figure 2-5.  
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Figure 2-5: Intradiscal pressure in common postures and activities normalized 

to standing posture.  For Nachemson study, lifting weight = 10 kg.  For Wilke 

study, lifting weight =20 kg. (Nachemson 1966; Wilke et al. 1999) 



23 

 

 The IVD functions to transfer loads between the two vertebral bodies during 

compressive loading.  When compression is applied to the disc, a hydrostatic pressure 

develops in the nucleus region.  As a result, the surrounding structures, including the 

cartilage endplates and annulus fibrosus tissues, are pushed away from the disc center, 

see Figure 2-6.  The disc is specially designed to resist these forces; the layered structure 

of the AF can withstand forces in the radial direction, holding the NP inside the disc, 

while the gelatinous make-up and high water content of the NP allows for this transfer of 

load. 

There are several studies in the literature reporting on the effect of mechanical 

loading on water content, chemical composition and nutritional levels in the 

intervertebral disc (Adams and Hutton 1986; Bibby et al. 2002; Holm and Nachemson 

1982).  In general, it has been found that abnormal loading conditions result in decreased 

nutrient levels within the disc.  In particular, compressive loading conditions have been 

shown to cause a decrease in water content and water diffusivity in IVD (Adams and 

Figure 2-6: Pressures created in the disc during compressive loading; adapted 

from (White and Panjabi 1990). 
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Hutton 1983; Kraemer et al. 1985; Ohshima et al. 1989).  Furthermore, it has also been 

shown that compressive loading leads to an alteration in the matrix components in the 

disc, including an increase in collagen and other matrix proteins per wet weight (Ohshima 

et al. 1989).  Studies have also shown that tensile mechanical loading causes reduced 

tissue hydration in AF but not in NP for porcine coccygeal discs in vitro.  A significant 

decrease in the diffusion of small solutes in the NP was observed for the same loading 

conditions (Terahata et al. 1994).  Hence, mechanical loading plays an important role in 

the transport of water and solutes within the disc.  It may also affect transport pathways 

as well as mechanisms of solute transport in the IVD.   

Several studies have reported on the effect of mechanical compression on 

diffusion of water in intervertebral discs using magnetic resonance imaging techniques.  

Chiu et al. found that the diffusion of water in IVD tissues increased with an increase in 

compressive load applied (Chiu et al. 2001).  Contrary to this finding, Drew et al. 

reported a decrease in the apparent diffusion coefficient of water in IVD (Drew et al. 

2004).  The difference in findings in these two studies most likely results from the 

difference in experimental techniques.  Chiu et al. measured diffusion immediately after 

applying a step load to the IVD, whereas Drew et al. used longer loading times.   More 

recently, Arun et al. (2009) used MRI to show that sustained supine creep loading retards 

the transport of small solutes into the center of human IVD (Arun et al. 2009).   Finally, 

our recent studies have shown that static mechanical compression results in decreased 

diffusivity of oxygen and glucose in bovine coccygeal IVDs (Jackson et al. 2008; Yuan et 

al. 2009).   
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Few studies have investigated the effect of mechanical loading on the partition 

coefficient of solutes in cartilage.  Quinn et al. found that static compression resulted in a 

decrease in partition coefficient of several solutes in cartilage, with strongest effects seen 

in relatively large molecular weight dextran molecules (Quinn et al. 2001).  Nimer et al. 

found that partitioning based on tissue water of Na
+
 ions increased with increasing load, 

whereas that of SO4
-
 decreased with increasing load in cartilage under static loading 

conditions (Nimer et al. 2003). The same study also showed that the partition coefficient 

of inulin decreased with increasing load.  However, to our knowledge, no study has 

investigated strain-dependent partition coefficients in IVD tissue.   

Currently, very little else can be found in the literature regarding the effect of 

compression on diffusion and partitioning of small solutes in IVD.   This information is 

necessary as the IVD is subjected to a variety of loading conditions during normal daily 

activity; understanding how this affects transport, and consequently the nutritional supply 

to disc cells, is essential in elucidating the pathophysiology of disc degeneration. 

 

2.7 SIGNIFICANCE AND CLINICAL RELEVANCE 

Low back pain is a major socio-economic dilemma, representing one of the most 

significant health concerns in the United States (NIH 1997).  It is estimated that the 

annual prevalence of low back pain ranges from 15 to 45 % of the population, with 

estimates of more than 70% of all individuals experiencing symptoms at some point in 

their lifetime (Kelsey et al. 1992; NIH 1997).  The economic burden of this condition is 

estimated at between $50 and $100 billion annually in medical treatment costs and 

disability payments (Frymoyer and Cats-Baril 1991).   
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While back pain does begin early in life, the symptoms and duration increase with 

increasing age, as does prevalence (Bressler et al. 1999; Woolfe and Pfleger 2003).  

Although the exact cause of low back pain is unclear, the degenerative changes of IVD 

have been implicated as a primary etiologic factor (Buckwalter 1995; Eyre et al. 1989; 

Gruber and Hanley, Jr. 2002; Kelsey et al. 1978; Kelsey et al. 1979; Kelsey et al. 1992; 

Kelsey and White 1980; Nerlich et al. 1998; White 1981; White and Panjabi 1978).  

Despite numerous studies investigating disc degeneration, the etiology has not yet been 

fully delineated.  It is generally understood that an imbalance in matrix synthesis (i.e., 

anabolism) and breakdown (i.e., catabolism) results in tissue degeneration.  However, the 

exact mechanisms and factors triggering this imbalance are not fully understood.   

Poor nutritional supply to the disc is believed to be one of the main mechanisms 

of degeneration (Bibby et al. 2002; Holm and Nachemson 1982; Horner and Urban 2001; 

Nachemson et al. 1970; Urban 2001), along with genetic factors and abnormal 

mechanical loading, see Figure 2-7.  Cells need nutrients in order to maintain viability 

and function in maintaining the disc extracellular matrix; nutrients must be transported 

through the ECM to the cells from the surrounding blood vessels, given the avascularity 

of the disc.   

While it is known that nutrition plays a role in the degeneration cascade, there is a 

lack of knowledge regarding transport and metabolic properties in IVD.  The studies in 

this work aim to bridge the gap in current knowledge regarding glucose transport and 

consumption within the disc.  Due to the important role of glucose in IVD cell viability, 

knowledge of these properties is an important step toward further understanding of the 

pathology of intervertebral discs.   
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Figure 2-7: Schematic showing possible causes and pathways related to disc 

degeneration.  Adapted from (Urban et al. 2004). 
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CHAPTER 3.  MEASUREMENT OF STRAIN-DEPENDENT AND ANISOTROPIC 

DIFFUSION OF GLUCOSE IN HUMAN ANNULUS FIBROSUS 
 

3.1 INTRODUCTORY REMARKS 

 The transport of small molecules, such as glucose, through the extracellular 

matrix of the intervertebral disc has been shown to occur primarily by diffusion 

(Maroudas 1975; Urban et al. 1978; Urban et al. 1982).  Cells throughout the disc require 

glucose to produce energy through glycolysis and remain viable.  Therefore, it is 

necessary that we better understand the transport pathways and mechanisms of glucose in 

the disc in order to elucidate nutritional transport and related disc degeneration.  Thus, the 

aim of this study is to measure the strain-dependent and anisotropic (i.e., direction-

dependent) diffusivity of glucose in human annulus fibrosus tissues, which is part of 

Specific Aim #1. 

 Only few studies can be found in the literature investigating the transport of 

glucose in IVD tissues.  Maroudas et al. (1975) previously measured the diffusion of 

glucose in human AF, and found that the averaged glucose diffusivity was 2.5 x 10
-6

 

cm
2
/sec at 37

o
C (Maroudas et al. 1975).  In this study, diffusivity was measured under 

zero compression conditions, and results for diffusion in the axial and radial direction 

were averaged.  Our previous study (2008) investigated the diffusivity of glucose in AF 

region of bovine coccygeal discs.  Our results showed that the diffusion coefficient of 

glucose decreased with increasing compressive strain and that diffusivity in the axial 

direction was significantly higher than that in the radial direction (Jackson et al. 2008).  

However, to our knowledge, no study has measured the strain-dependent and/or 

anisotropic diffusion coefficient of glucose in human IVD tissues. 
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3.2 THEORETICAL APPROACH 

 In this study, we employ a one-dimensional steady-state diffusion experiment in 

order to directly yield values for apparent glucose diffusivity in human AF tissue.  

Similar methods have been used in the past for determining solute diffusivities in 

articular cartilage and IVD (Jackson et al. 2008; Maroudas et al. 1968; Maroudas et al. 

1975; Yuan et al. 2009).  In this approach, a specimen having a known thickness is 

clamped between the two compartments of a diffusion chamber, see Figure 3-1.  A 

solution containing a high concentration of the solute of interest (here, glucose) is 

introduced into the upstream chamber, while a solution containing no solute is initially 

downstream.  The solute gradually diffuses through the specimen, from the upstream to 

the downstream chamber.  The concentration in the downstream chamber is monitored 

and used to calculate the diffusivity of the tissue specimen.   

 

Upstream Downstream 

Tissue 
Porous plate 

O-ring 
Spacer 

     Bolts 
Stirring rod 

Figure 3-1: Schematic of diffusion chamber.  Solute diffuses from upstream to 

downstream chamber (left to right), passing through the tissue specimen. 
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 In this method, the solute in the upstream chamber is assumed to be constant due 

to the high concentration of the solute and the large volume of solution.  Furthermore, 

because the solution downstream is periodically removed for concentration measurement 

and replaced with a fresh solution, the concentration in the downstream chamber is 

always close to zero.  The apparent diffusion coefficient, Dapp ( = KDeff, where K is the 

partition coefficient and Deff is the effective diffusion coefficient), is derived from Fick’s 

first law of diffusion: 

� � �� ��
�� � �����

∆�
�  , (3-1) 

where J is the diffusive flux and C is the concentration.  The concentration can be 

estimated as the concentration difference, ∆C, across a tissue of thickness h.  We can 

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

� �� ��� � ∆� �� � ���� � ������ �� , where Cup is the concentration of solute in the 

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

unit area, A:  

� � ∆�
� � � ��

� ��  . (3-2) 

From this relation, we can derive the following:  

����� ������� �� � �����
∆�
�  , (3-3) 

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

volume of solution in the downstream chamber.   
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Based on this assumption, we have: 

�������� � � ���������  ���� � ������
� ! , (3-4) 

���������� � ������ � � ��������� � �� . (3-5) 

Letting C’ = Cup – Cdown and dC’ = -dCdown, we have:  

� ��"
�" � � ��������� � �� . (3-6) 

Integrating, we have: 

# ��$
�$ �

%&'()�*�

%&'()�*'�
# � ��������� � ��

*

*'
 , (3-7) 

+ln �"|%&'()�*'�%&'()�*� � + � ��������� �/
*'

*  , (3-8) 

ln ��� � ���������
��� � �������� � � ��������� � �� � ���, (3-9) 

Cup 

Cdown 

Figure 3-2: Schematic illustrating linear distribution of solute in tissue when 

at equilibrium. 

Tissue 
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where Cdown(to) is the concentration of solute in the downstream chamber at time to (initial 

time) and Cdown(t) is that at time t.  Solving for Dapp, we have: 

���� � ln 0��� � ���������
��� � �������� 1 ����� � 

��� � ���  . (3-10) 

Once the tissue has reached steady-state (i.e., linear distribution of solute across the 

tissue, see Figure 3-2), the apparent diffusion coefficient can be calculated directly from 

the concentration measurements in the downstream chamber.   

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

differing levels of compression must be applied to the tissue specimens.  This can be 

accomplished by changing the size of the spacers between the two chamber halves, see 

Figure 3-1.  Furthermore, the anisotropic behavior of the diffusion coefficient can be 

investigated by varying the orientation of the tissues specimen during preparation. 

 

3.3 MATERIALS AND METHODS 

3.3.1 DESIGN OF EXPERIMENTAL APPARATUS 

 In order to carry out diffusivity experiments, a custom diffusion chamber was 

designed and constructed.  The chamber had to serve several functions in order to 

successfully carry out the experiments: (1) confine the specimen to inhibit swelling 

during experimentation; (2) allow for compression of the specimen; and (3) allow for 

glucose concentrations to be measured in the downstream chamber within a reasonable 

time period.  The custom-designed diffusion cell consists of two solution chambers 

divided by a specimen holder in the middle.  The specimen is secured between two rigid 

porous plates and sealed radially with an o-ring.  The compressive strain on the tissue 
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sample could be controlled by changing the size of the metal spacer placed between the 

two chamber halves.  For detailed schematic, see Figure 3-1. 

 An engineering drawing of the chamber can be seen in Figure 3-3.  The chamber 

was machined out of a 2” acrylic rod (Small Parts, Inc., Miami Lakes, FL).  The volumes 

of the two solution chambers were chosen such that a significant quantity of glucose was 

present downstream after a 15 minute time interval.   The upstream chamber was 

designed to hold 1 mL of solution, while the downstream was designed for 200 µL.  The 

difference in chamber diameters, as shown in Figure 3-3, allowed the two volumes to 

have similar heights of solution, such that gravitational force would not add an additional 

driving force. 

 The specimen was sealed between two rigid porous plates made of hydrophilic 

porous polyethylene (PE) (Small Parts).  The PE had a pore size of 50 – 90 µm and an 

open area of 50%.  The porous plates were cut to discs of 5 mm in diameter and 0.5 mm 

in thickness.  The 5 mm diameter and 50% open area were used to determine the area of 

diffusion flux across the tissue specimen, used for calculation of the diffusion coefficient 

in Equation (3-10).  The specimen was also sealed radially using a Buna-N metric o-ring 

with an inner diameter of 6 mm and a thickness of 2 mm (Small Parts); the o-ring was 

chosen for its excellent compression set resistance.   

 The diffusion chamber was assembled using four stainless steel bolts with cap 

nuts and wing nuts.  The wing nuts were tightened sufficiently by hand to the specified 

sample thickness, based on the size of the metal spacers.  Four bolts were used to ensure 

a uniform compression across the tissue specimen.   
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O-RING GROOVE 

I.D. Ø 6 mm 

O.D. Ø 10 mm 

     0.65 mm 

HOLES FOR BOLTS 

Ø 4.06 mm 

4 holes equally 

spaced 

Ø 12.7 mm 
Ø 6.35 mm Ø 4 mm 

Ø 5 mm  X  0.5 mm  

Ø 4 mm 

Ø 5 mm  X   

   0.5 mm  

Figure 3-3: Engineering drawing showing the front and top views of the diffusion 

chamber halves. 
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3.3.2 SPECIMEN PREPARATION 

Human lumbar spines were obtained from cadavers at the University of Miami 

Miller School of Medicine Tissue Bank.  All donors underwent pathological screening 

prior to receiving the spines; only those with negative results were used for experiments.  

Lumbar spines were stored at -80
o
C until the day of dissection.  During dissection, the 

tissue was removed from around the spinal column using a surgical scalpel until the bone 

was obviously visible.  At that point, a reciprocating (i.e., oscillating) saw was used to 

remove the facet joints from the spine; this allowed for complete access to the 

intervertebral discs.  Remaining tissues were removed from around the discs using a 

scalpel.   

For these studies, L2-L3 discs were used.  In order to harvest the disc from the 

clean spine, a scalpel was used to make two transverse cuts at the bone-disc interface.  

Special care was taken to make the cuts as clean as possible, in order to minimize damage 

to the disc tissue.  Once the disc was successfully removed from the spine, the Thompson 

morphological grade for degeneration was assigned based on the macroscopic 

examination of the disc, see Table 2-2 in Section 2.3.  Photographs were also taken of 

both surfaces of the disc for later reference, see Table 3-1.  These steps were carried out 

as quickly as possible in order to minimize tissue dehydration.  The disc was then 

wrapped first in plastic wrap, and then in gauze moistened with phosphate buffered saline 

(PBS) solution, in order to prevent dehydration during storage.  The wrapped disc was 

then stored in a sealed plastic bag at -20
o
C until tissue specimen preparation and 

experimentation.   



 

 

Table 3-1: Photographs of 

with Patient Information and D

Photographs of Intervertebral Discs Used in Diffusivity Studies, Along 

with Patient Information and Degenerative Grades 

 

5118-2007 

41 year old Male 

Ht: 6’0”  Wt: 230 lbs. 

Cause of death: Hemorrhagic CVA

Degenerative grade: I 

 

5577-2008 

40 year old Male 

Ht: 5’8”  Wt: 145 lbs 

Cause of death: Cardiac Arrest

Degenerative grade: I 

 

5199-2007 

63 year old Male 

Ht: 6’0”  Wt: 230 lbs. 

Cause of death: Cardiac Arrest

Degenerative grade: II 

 

5858-2009 

47 year old Male 

Ht: 6’4”  Wt: 260 lbs. 

Cause of death: Cardioplegic Arrest

Degenerative grade: III 

36 

Studies, Along 

Cause of death: Hemorrhagic CVA 

Cause of death: Cardiac Arrest 

Cause of death: Cardiac Arrest 

Cardioplegic Arrest 
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For diffusivity measurements, specimens were prepared as previously described 

in the literature (Jackson et al. 2008; Yuan et al. 2009).  Tissue samples were taken from 

both the anterior and posterior sections of the annulus fibrosus and prepared in the three 

principal directions – axial, circumferential and radial, see Figure 3-4.  Cylindrical 

specimens with a diameter of 6 mm were cut using a stainless steel corneal trephine 

(Biomedical Research Instruments, Inc., Silver Spring, MD).  A Leica sledge microtome 

(Model SM2400, Leica Instruments, Nussloch, Germany, minimum slice height 

capability: 0.001 mm) with freezing stage (Model BFS-30, Physitemp Instruments, Inc., 

Clifton, NJ) was then used to slice the specimen to a desired thickness of approximately 

0.5 mm.  The final specimen height was measured using a custom-designed current-

sensing micrometer; for each specimen, an average height was taken from three 

measurements. 

 

Circumferential Radial 

Axial 

~0.5 mm 

6 mm 

Human Intervertebral Disc 

A 

R 
C 

Figure 3-4: Schematic showing orientation and size of specimens obtained from 

human annulus fibrosus (AF). 

AF 

NP 
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3.3.3 WATER CONTENT MEASUREMENT 

 Tissue water content, or porosity, was measured in order to correlate with the 

glucose diffusion coefficient.  Water content was determined by a previously developed 

buoyancy method, based on Archimedes’ principle. When an object is completely 

submerged in fluid having a density of ρsol, the volume of the object, V, is given as:  

� � 2345�67 (3-11) 

where Fb is the buoyancy force and g is the acceleration due to gravity.  The buoyancy 

force can be determined from the difference in the weight of the specimen in air, Wair, 

and the weight of the specimen in solution, Wsol: 

� � 8�9: � 85�645�67  (3-12) 

In this case, the solution used is phosphate buffered saline (PBS).  The volume of water 

in the specimen, V
w
, can be determined using mass, density and volume relations: 

�� � 8�9: � 8�:;4�7  (3-13) 

where Wdry is the dry weight of the specimen and ρw is the density of water.  The volume 

fraction of water, or porosity, <� , of the tissue specimen can be calculated from the ratio 

of the water volume in the specimen to the wet tissue volume: 

<� � 8�9: � 8�:;8�9: � 85�6
45�64�  (3-14) 

  Prior to experiment, the weights of the tissue in air and in solution (PBS) were 

determined using the density determination kit of a Sartorius analytical balance (Model 
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LA120S, Sartorius, Goettingen, Germany), see Figure 3-5.  In an effort to minimize 

tissue swelling during measurements, the measurement of the tissue weight in solution 

was taken in less than 15 seconds.  Previous studies have indicated that this short duration 

produces negligible swelling effects (Gu et al. 2002; Gu and Justiz 2002; Jackson et al. 

2008; Yao et al. 2002).  Following experimentation, the tissue samples were lyophilized 

and the dry weights were recorded. 

 

 Tissue porosity is related to tissue deformation by: 

<� � 1 � <�5� ,      <5 � <�5�  (3-15) 

where J is the ratio of the deformed tissue volume to the initial (undeformed) tissue 

volume, and <�5 is the volume fraction of solid at the undeformed tissue state (i.e., where 

J = 1).  Volume fraction of solid is related to tissue porosity by <�5 � 1 � <��.  Tissue 

Balance 

Support frame 

Specimen 

PBS Solution 

Figure 3-5: Schematic showing setup for analytical balance with density 

determination kit used for measuring tissue water content. 
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dilatation, e, or relative volume change, is related to deformation by e = J – 1. Therefore, 

the water content of deformed tissue can be calculated from the relation: 

<� � <�� > �
1 > �  (3-16) 

Hence, we can use this relationship to determine the water content of the tissue under 

compression. 

 

3.3.4 MEASUREMENT OF GLUCOSE DIFFUSIVITY 

 Following specimen preparation and measurement of specimen weight in air and 

in solution, the diffusion chamber was assembled with the sample for diffusivity 

measurements.  To assemble the chamber, two porous plates were first placed in the 

designated spaces in each half of the chamber, see Figure 3-1.  Then, the prepared 

specimen was placed centered over the porous plate and the o-ring was placed in the o-

ring groove, around the radial edge of the tissue specimen.  The other chamber half was 

then aligned and four bolts were threaded through the holes.  The wing nuts were lightly 

tightened to hold the two halves of the chamber together and the specimen and o-ring in 

place.  Next, spacers of desired thickness, corresponding to 0% nominal compressive 

strain on the tissue specimen (based on the measured initial height), were inserted in the 

space between the two chamber halves.  The wing nuts were then fully tightened in order 

to compress the tissue to the appropriate thickness. 

 Glucose concentrations were measured employing a spectrophotometric technique 

and using a glucose assay reagent.  The basic principal of this technique involves two 

primary reactions.  Glucose is first phosphorylated by adenosine triphosphate (ATP) in a 



41 

 

hexokinase-catalyzed reaction which produces glucose-6-phosphate and adenosine 

diphosphate (ADP): 

?@ABCD� > �E
 FGH�I9��5GJKKKKKKKL  ?@ABCD� � 6 � 
�CDN�O�� > ��
 (3-17) 

Next, the glucose-6-phosphate is oxidized to 6-phosphogluconate in the presence of 

oxidized nicotinamide adenine dinucleotide (NAD) in a reaction catalyzed by glucose-6-

phosphate dehydrogenase (G6PDH): 

?@ABCD� � 6 � 
�CDN�O�� > P�� 
QRSTFJKKKL  6 � 
�CDN�C7@ABCUO�� > P��V 

(3-18) 

The latter reaction results in an increase in the spectrophotometric absorbance at 340 nm 

which is directly proportional to the glucose concentration. 

 Glucose assay reagent was purchased from Sigma-Aldrich Co. (St. Louis, MO).  

For each concentration measurement, 100 µL of reagent was mixed with 10 µL of 

solution to be measured, and then incubated at room temperature for 15 minutes prior to 

measurement.  Absorbance at 340 nm was measured using a SmartSpec
TM

 Plus 

Spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA).  Prior to each 

experiment, a new standard calibration curve was constructed for glucose concentrations 

varying from 0 to 0.5 mg/mL glucose in PBS solution, as experimental samples had 

glucose concentrations within this range.  Calibration curves were curve-fit with a linear 

trendline passing through zero using Excel Spreadsheet Software (Microsoft Corp., 

Seattle, WA); all calibration curves had an R
2
 value greater than 0.99.  The standard 

curve was then used to calculate the glucose concentrations in experimental samples. 
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 Following assembly of the diffusion chamber, the experiment was started at 0% 

nominal compressive strain.  The chamber was placed on a magnetic stirring rate and 

magnetic stirring bars (ChemGlass, Inc., Vineland, NJ) were used in each solution 

chamber.  The magnetic stirring plate was set to low speed to minimize convection in the 

chamber.  At the start of the experiment, 200 µL of pure PBS solution were dispensed 

into the downstream solution chamber, while 1 mL of glucose solution containing 20 mg 

of glucose per mL of PBS was dispensed into the upstream chamber.  The chamber was 

designed such that the solutions in the two chambers had approximately the same height, 

so as to minimize the pressure difference between upstream and downstream chambers.  

Upon addition of solution, a timer was set for 15 minutes.  During the experiment, the 

solutions in both chambers were constantly stirred at low speed to maintain uniform 

solute distribution and minimize stagnant boundary layer formation at the tissue 

boundary. 

 At the end of the 15 minute time interval, the solution from the downstream 

chamber was collected for glucose concentration measurement.  The solution in the 

upstream chamber was removed and discarded.  Following removal, both chambers were 

cleaned with a cotton swab.  A new 200 µL of PBS and 1 mL of glucose solution were 

dispensed into the downstream and upstream chambers, respectively, and the experiment 

was repeated.  This was continued until the same concentration measurement (within 5%) 

was found for 2 to 3 consecutive readings, indicating that steady state had been reached.  

The average time period of the experiment was 105 minutes (7 intervals of 15 minutes 

each).   
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 Once the experiment was completed, the spacers between the two chamber halves 

were changed to apply a 10% nominal compressive strain on the tissue specimen.  The 

experimental procedure was then repeated to determine the diffusion coefficient of 

glucose at 10% strain level.  Following this, the same was done for 20% nominal 

compressive strain.  At the end of experiments, the apparent glucose diffusion coefficient 

was calculated for each of the strain levels applied using Equation (3-10) and averaged 

values for glucose concentration at steady state.  The tissue specimen was lyophilized for 

determination of dry weight. 

 

3.3.5 STATISTICAL ANALYSES 

For each direction of diffusion (i.e., axial, radial or circumferential), sixteen 

(n=16) specimens were tested; on each specimen, three diffusion tests were performed, 

corresponding to three levels of compressive strain (0%, 10% and 20% nominal strain).  

Two-way ANOVA analysis of variance was performed using SPSS 11.5 statistical 

software (SPSS, Inc., Chicago, IL) to determine if compressive strain and direction 

affected the diffusion of glucose in human annulus fibrous tissue.  Tukey post-hoc 

analysis was performed to determine among which levels of each factor the differences 

were significant. Due to differences in sample size for groups of varying degenerative 

grade, a Student’s t-test was used to determine if glucose diffusivity was significantly 

affected by disc degeneration.  For all statistical analyses, the significance level was set to 

p<0.05.  All data are given in mean ± standard deviation. 
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3.4 RESULTS 

 The apparent diffusion coefficient of glucose in human annulus fibrosus tissue 

was determined at three levels of compression and in the three principal directions at 

room temperature (23.4 ± 0.73
o
C).  Results are shown in Table 3-2, as well as graphically 

in Figure 3-6.  For each sample, the value of compressive strain was calculated based on 

the measured initial height of the specimen and the thickness of the spacer. Two-way 

ANOVA confirmed that apparent glucose diffusivity was significantly affected by both 

level of compressive strain and direction of diffusion (p<0.05).  Post hoc analysis showed 

that all strain groups were significantly different for all three directions of diffusion (i.e., 

0% > 10% > 20%).  Furthermore, diffusion in the radial direction was significantly lower 

than that in the axial or circumferential directions, indicating that glucose diffusivity in 

human annulus fibrosus is anisotropic.  Diffusion coefficients in the axial and 

circumferential directions did not differ significantly at any level of strain. 

 

 n φ
w 

Strain, ε (%) Dapp  (×10
-7

cm
2
/s) 

 

Axial 

16 

16 

16 

0.786 ± 0.033 

0.756 ± 0.036 

0.685 ± 0.047 

3.06 ± 3.09 

12.8 ± 2.78 

22.4 ± 2.47 

7.56 ± 0.75  

6.52 ± 0.65 

5.74 ± 0.72 

 

Circumferential 

16 

16 

16 

0.781 ± 0.043 

0.743 ± 0.049 

0.661 ± 0.068 

4.97 ± 4.25 

14.5 ± 3.83 

24.0 ± 3.40 

7.40 ± 1.06 

6.32 ± 0.81 

5.38 ± 0.76 

 

Radial 

16 

16 

16 

0.770 ± 0.034 

0.738 ± 0.039 

0.664 ± 0.053 

2.43 ± 2.35 

12.2 ± 2.12 

21.9 ± 1.88 

5.85 ± 0.27 

5.18 ± 0.35 

4.46 ± 0.43 

 

Table 3-2: Results for Apparent Glucose Diffusivity at Varying Levels of Compressive 

Strain in the Three Principal Directions in Human Annulus Fibrous Tissue 
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Results for tests on all specimens are shown in Figure 3-7.  The decrease in 

glucose diffusivity with increasing compressive strain is apparent from the figure.  

Moreover, it is also apparent that the diffusivity in the radial direction, represented by 

grey triangles, is lower than that in the axial (orange squares) or circumferential (green 

circles) directions.  

The compressive strain for each specimen was calculated based on the size of the 

spacer and the height of the specimen and was not always exactly 0% initially. Therefore, 

a linear curve-fit of the experimental data could be used to estimate the value of glucose 

diffusivity at zero-strain conditions.  These curve-fits are shown in Figure 3-8.  For 

axially-oriented specimens, zero-strain diffusivity was found to be 7.69 x 10
-7

 cm
2
/s, 

compared with 7.61 x 10
-7

 cm
2
/s in the circumferential direction and 5.96 x 10

-7
 cm

2
/s in 

the radial direction.  Again, the anisotropic behavior of glucose diffusivity in human AF 

tissue is highlighted, with radial diffusivity being lower than both axial and 

circumferential values.    

In order to determine the effect of tissue degeneration on the diffusion of glucose 

in annulus fibrosus, values for apparent diffusivity at zero-strain were compared for the 

three degenerative grades used here (i.e., I, II and III).  For each specimen, a linear 

regression was used to estimate the zero-strain diffusion coefficient (data not shown).  

The values obtained for all specimens were then averaged to determine the mean glucose 

diffusivity in uncompressed tissue.  The results are shown in Table 3-3, as well as 

graphically in Figure 3-9.  Similar to the data described above, diffusion in the axial and 

circumferential directions was significantly higher than that in the radial direction for 

discs having a degenerative grade of I or II.  However, for grade III tissues, there were no 
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statistically significant differences between diffusion in the three principal directions.  

For axial and circumferential directions, diffusion in grade III discs was significantly less 

than in grades I and II; however, the diffusivities in grades I and II tissues in these two 

directions did not vary significantly.  Furthermore, in the radial direction, diffusivity in 

grade II tissues was significantly higher than that in either grade I or grade III discs, 

while diffusivity in grades I and III did not differ significantly.   
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Figure 3-6: Results for apparent glucose diffusivity at varying levels of compressive 

strain in the three principal directions in human annulus fibrous tissue.  A: axial, C: 

circumferential, R: radial. 
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Figure 3-7: Variation of apparent glucose diffusivity with compressive strain in the 

three principal directions in human annulus fibrous tissue.  A: axial, C: circumferential, 

R: radial. 
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3.5 DISCUSSION 

 The main objective of this study was to determine the strain-dependent and 

anisotropic apparent glucose diffusion coefficient in human annulus fibrosus tissues.  The 

findings of this investigation are similar to those found in human IVD, which reported a 

value of 1.7 x 10
-6

 cm
2
/s at 37

o
C (Maroudas et al. 1975).   This corresponds to a value of 

1.2 x 10
-6

 cm
2
/s at 23

o
C, calculated from the Stokes-Einstein equation. Furthermore, our 

results are also comparable to the results for stain-dependent and anisotropic glucose 

diffusivity in bovine coccygeal AF, which reported an averaged value of 1.15 x 10
-6

 

cm
2
/s at 23

o
C and under zero strain conditions (Jackson et al. 2008).  The slightly lower 

values found in this study may be attributed to differences in the micro-organization of 

the tissue, as well as differences in ages and degeneration of the tissue specimens used.  

 

3.5.1 EFFECT OF COMPRESSION ON THE DIFFUSION OF GLUCOSE 

 The results of this study suggest that the apparent glucose diffusivity in human 

annulus fibrous is affected by the level of compressive strain applied to the tissue 

specimen.  There was a significant decrease in the apparent diffusion coefficient with 

increase in compressive strain for all directions of diffusion measured.  To our 

knowledge, this is the first reported data showing the effect of compression of the 

diffusion of glucose in human IVD tissues.  Our results are in agreement with previous 

findings in the literature for strain-dependent diffusion of glucose in bovine coccygeal AF 

(Jackson et al. 2008).    

 The decrease in diffusivity caused by compressive strain was anticipated due to 

the observed changes in water content following compression, when water is exuded 

from the tissue, see Figure 2-6 in Section 2.6; this relationship is expressed in Equation 
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(3-16).  The diffusion of solutes in cartilaginous tissues, including IVD, has been shown 

to be dependent upon tissue water content (Gu et al. 2004).  Hence, the decrease in water 

content that is caused by mechanical compression of the tissue was expected to be 

accompanied by a decrease in the solute diffusivity, as our results indicate.  This is 

similar to previous studies on water diffusivity in the disc. 

 Few previous studies have investigated the effects of compression on solute 

diffusivity in IVD tissues (Arun et al. 2009; Chiu et al. 2001; Drew et al. 2004).  Three 

previous studies have used MRI techniques to show the strain-dependent behavior of 

water diffusion in IVD.  Chiu et al. showed an increase in the apparent diffusion 

coefficient with increasing compressive load (Chiu et al. 2001).  On the other hand, Drew 

et al. reported a decrease in diffusivity with increasing compressive strain in ovine discs 

(Drew et al. 2004), and Arun et al. recently reported similar findings in human IVD 

(Arun et al. 2009).  Furthermore, our previous studies on oxygen and glucose diffusivity 

in bovine coccygeal AF, employing a 1-D steady-state diffusion method similar to the 

one described in this study, showed that solute diffusivity decreases as strain level 

increases (Jackson et al. 2008; Yuan et al. 2009).  Although there is little else in the 

literature regarding the influence of mechanical compression on solute diffusion in IVD 

tissues, several studies have reported on this trend of decreased diffusivity with 

increasing static compressive load in other cartilaginous tissues, such as articular 

cartilage.  Solutes investigated include water, Li
+
 ions, various sized dextran molecules, 

and Na
+
 ions (Burstein et al. 1993; Ngwa et al. 2002; Quinn et al. 2000; Quinn et al. 

2001); all studies demonstrated that increasing compression in bovine articular cartilage 

results in a decrease in solute diffusion. 
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 The finding of decreased diffusivity with increasing compressive strain has 

important implications for nutritional supply to disc cells, given the mechanical function 

of the disc in the spine.  The disc provides flexibility in the spine and absorbs loads, often 

resulting in tissue compression.  Decreased rates of diffusion for tissue in the compressed 

state signify hindered nutritional supply to the cells.  Since cells require glucose for 

survival, prolonged compressive loading of the disc may lead to loss of cell viability as a 

result of poor nutritional supply, resulting in degenerative changes to the tissue.  Hence, 

these findings provide important insight into the nutrition-related mechanisms of disc 

degeneration. 

 

3.5.2 ANISOTROPIC BEHAVIOR OF GLUCOSE DIFFUSIVITY IN HUMAN IVD 

 In this study, we found that diffusion of glucose in human annulus fibrosus is 

anisotropic.  The apparent glucose diffusivity in the radial direction was significantly 

lower than that in the axial or circumferential directions at all levels of compression.  To 

our knowledge, this is the first study reported on the anisotropic behavior of glucose 

diffusivity in human IVD tissues.   

 The anisotropic behavior of glucose diffusivity in AF tissues is believed to be 

caused by the unique structural organization of the tissue.  The annulus fibrosus is made 

up of 15 to 25 concentric lamellae (Marchand and Ahmed 1990), creating a highly 

organized, layered structure.  Furthermore, recent studies have indicated that a distinct 

morphology exists in both animal and human AF, with “microtubes” extending along the 

collagen fiber direction within the lamellae (Iatridis and ap Gwynn 2004; Jackson et al. 

2008; Travascio et al. 2009).  This unique collagen architecture is believed to play a key 
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role in the anisotropic behavior of diffusive transport in the tissue (Travascio et al. 2009).  

As shown in Figure 3-10, microtubes, which run parallel to the direction of collagen 

fibers, are visible in both axial and circumferential specimens, but not in radial 

specimens.  It is thought that these microtubes may facilitate, or provide a preferred route 

for, transport in the axial and circumferential directions; that is, solutes may diffuse 

through the microtubes without significant hindrance by the collagen fiber network of the 

tissue.  In contrast, in radial specimens, the microtubes are not visible, nor do they appear 

to be contiguous between adjacent lamellae.  Therefore, solutes moving in the radial 

direction must diffuse through the collagen fiber network with greater impediment, 

thereby resulting in a lower diffusion coefficient in this direction. 

Only few studies have investigated the anisotropic transport behavior in IVD 

tissue.  Again, our previous study on glucose diffusivity in bovine coccygeal disc showed 

a similar trend to results reported here (Jackson et al. 2008), with axial diffusion being 

significantly greater than that in the radial direction.  Furthermore, previous studies using 

fluorescence recovery after photobleaching (FRAP) methods have shown the anisotropic 

behavior of the diffusion tensor of fluorescein in both animal and human IVD; results 

showed a similar trend to those reported here (Travascio et al. 2009; Travascio and Gu 

2007).   

The ratio of the radial diffusivity to axial diffusivity (i.e, smallest to largest) found 

here was 0.77.  This ratio was similar to those found in the literature for solute transport 

in IVD tissues.  A summary of these results are shown in Table 3-3.  Our previous study 

in bovine coccygeal AF tissue found a ratio of 0.66 for glucose diffusivity (Jackson et al. 

2008), while we found a ratio of 0.64 and 0.4 for fluorescien diffusivity in bovine 
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coccygeal and human lumbar AF tissues, respectively (Travascio et al. 2009; Travascio 

and Gu 2007).  This confirms our previous suggestion that radial hinderance to diffusion 

caused by collagen fiber organization increases with increasing solute size (Travascio et 

al. 2009). 

 

 

(a) (b) 

(c) (d) 

Figure 3-10: Scanning electron microscopy (SEM) images showing no obviously 

visible microtubes in the radial section of human AF (a), the clear presence of 

microtubes in the axial (b) and circumferential sections (c), along with magnified 

view of microtube (d). 
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3.5.3 EFFECT OF DISC DEGENERATION ON DIFFUSIVITY OF GLUCOSE 

 In this study, we investigated the glucose diffusivity in human IVD having 

Thompson degenerative grades I, II and III.  For axial and circumferential sections, there 

was a trend toward decreasing diffusivity with increasing tissue degenerative grade.  This 

decrease is likely the result of decreasing tissue water content caused by the degenerative 

process.  This is in agreement with several previous studies investigating the diffusivity 

of water in normal and degenerated IVD, which found that diffusivity decreased with 

increased degeneration (Beattie et al. 2008; Kealey et al. 2005; Kurunlahti et al. 2001; 

Niinimäki et al. 2009). 

In contrast, unlike axial and circumferential diffusivity, that in the radial direction 

did not show the same decreasing trend.  This difference may result from the specimen 

preparation for radial tissue specimens.  For axial and circumferential specimens, the 

Table 3-3: Summary of Experimental Results for Anisotropic Diffusion in IVD 

Solute Tissue 
Anisotropic 

Ratio 
Reference 

Na
+
 Bovine coccygeal AF 0.62 (Jackson et al. 2006) 

Cl
-
 Bovine coccygeal AF 0.63 (Jackson et al. 2006) 

Water Porcine lumbar AF 0.75 (Hsu and Setton 1999) 

 Human lumbar AF 0.84 (Chiu et al. 2001) 

 Ovine lumbar AF 0.90 (Drew et al. 2004) 

Glucose Bovine coccygeal AF 0.66 (Jackson et al. 2008) 

Fluorescein  Bovine coccygeal AF 0.64 (Travascio and Gu 2007) 

 Human lumbar AF 0.40 (Travascio et al. 2009) 

Note: Ratio is of the smallest to largest value of diffusivity reported. 
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layers of AF run perpendicular to the surface of the sample; however, for radial 

specimens, the lamellae are parallel to the cut surface of the tissue.  The thickness of the 

specimens (~500 µm) is larger than the thickness of a single lamella, which varies from 

100 to 400 µm, depending on the location (Marchand and Ahmed 1990).  Therefore, the 

arrangement of lamellae may differ from specimen to specimen, see Figure 3-11.  This 

variation may impact the measured rate of diffusion in the radial direction. 

 

These results also show that as the disc becomes more degenerated, the 

anisotropic nature of diffusivity in the tissue diminishes.  This is in agreement with 

previous studies on fluid transport in the disc, which have shown a trend toward isotropy 

with increasing degeneration (Gu et al. 1999).  This is likely due to a decrease in the 

organization of the tissue during the degeneration process, which would result in a more 

disorganized, isotropic material as seen here. 

 

3.5.4 EXPERIMENTAL LIMITATIONS 

 There are a few limitations to the experimental techniques and study described 

here.  First, porous plates were used to compress and confine the tissue specimen during 

the experiment.  This may result in stagnant layer formation at the tissue boundary, 

Figure 3-11: Various possible arrangements for lamellae in radial specimens which 

may affect diffusivity measurements in radial direction.  Note that diffusion is 

measured across the specimen, in the direction indicated by the arrows. 
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impacting the measurements for diffusivity.  The use of a stirring rod has been shown to 

minimize boundary layer formation (Maroudas et al. 1968); however, it is likely that it 

could not be eliminated entirely.  Previous studies have shown that porous plate may 

cause an underestimation of the diffusion coefficient measurement by 7% (Jackson et al. 

2008).  However, because swelling and proteoglycan leaching is known to occur in IVD 

tissue in solution, the use of porous plates was necessary in order to carry out the 

experiments.  The use of very thin porous plates and continuous stirring was expected to 

minimize their effects. 

 Additionally, only four L2-L3 discs were used in this experiment, resulting in a 

small sample size.  Due to the large variation in tissues from different discs, standard 

deviations for groups were high.  Furthermore, only two degenerated discs – one each of 

grades II and III – were obtained for this study.  To better understand the effects of 

degeneration on diffusivity of glucose in IVD, the diffusion coefficient should be 

measured in more discs.  This may lead to smaller standard deviation and more 

statistically significant results.   

  

3.6 SUMMARY AND CONCLUSIONS 

 In this study, the strain-dependent and anisotropic diffusivity of glucose in human 

annulus fibrosus tissue was measured using a one-dimensional steady-state diffusion 

problem and custom-designed chamber.  Results indicate that the apparent diffusivity of 

glucose in human AF is anisotropic (i.e., direction-dependent), being lower in the radial 

direction as compared with the axial or circumferential directions.  We also found that 

apparent glucose diffusivity in human AF decreases as the level of compressive strain 

increases.  Furthermore, results show that degeneration affects the diffusivity of glucose 
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in AF tissue.  To our knowledge, this is the first study to show how strain, anisotropy, 

and degeneration affect the transport of glucose in human IVD tissue.  The findings of 

this investigation provide important insight into the pathophysiology of disc 

degeneration, particularly as it relates to nutrition.   
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CHAPTER 4.  MEASUREMENT OF STRAIN-DEPENDENT GLUCOSE PARTITION 

COEFFICIENT IN HUMAN INTERVERTEBRAL DISC 
 

4.1 INTRODUCTORY REMARKS 

 Disc cells require nutrients such as glucose and oxygen in order to survive and 

properly perform their function.  Due to the avascularity of IVD tissues, these nutrients 

must be supplied by the surrounding blood vessels, and transported through the tissue.  

The maximum concentration of solute that can enter the IVD tissue is related to 

properties of the tissue extracellular matrix, as well as to properties of the solute itself.  

The equilibrium partition coefficient, K, can be used to describe this maximum 

concentration.   

 While partitioning of glucose and several other solutes in articular cartilage has 

been investigated, little is known regarding the value of the partition coefficient of 

glucose in IVD tissue.  One previous study determined the partition coefficient of glucose 

in human IVD under zero compression was 0.68 (Maroudas et al. 1975), however little 

more can be found in the literature.  This information is necessary because the partition 

coefficient is one of the key parameters governing transport properties of a tissue and 

therefore provides important insight into the mechanisms of transport in the IVD.  

Furthermore, because our study of glucose diffusivity in the IVD (Chapter 3) is a 

measure of the apparent glucose diffusion coefficient, information about the partition 

coefficient is necessary in order to convert apparent diffusivity (Dapp) to effective 

diffusivity (Deff) by the equation: 

���� � W�GXX  . (4-2) 
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This information is required for theoretical modeling of nutrient distributions in the disc.  

Therefore, the aim of this study is to measure the strain-dependent partition coefficient of 

glucose in human IVD tissues. 

 

4.2 THEORETICAL APPROACH 

 The partition coefficient is defined as the ratio of the solute concentration in the 

tissue, c, to that in the bathing solution, c
*
:  

B � WBY. (4-1) 

For the case of K=1, the solute is evenly distributed between the tissue and the bathing 

solution; this is generally only the case for small, uncharged solutes.  For K < 1, the 

solute is excluded from the tissue; this may be due to the size of the solute or the charge 

of the solute.  For the intervertebral disc, which has negative fixed charges on the matrix, 

K  > 1 for small cations, such as Na
+
 and Ca

2+
.   

The partition coefficient of glucose in intervertebral disc tissue can be measured 

by equilibrating the tissue in a series of baths and measuring the equilibrium 

concentrations.  That is, the tissue sample is initially equilibrated in a solution containing 

glucose and the final (equilibrium) concentration of solution is measured.  This is then 

repeated for a bath containing no glucose and the equilibrium concentration is measured.  

 

c1
* 

c2
* 

Bath 1
 

c2
 

c1
 

Bath 2
 

Figure 4-1: Schematic showing the procedure for determining the partition 

coefficient in a tissue specimen. 
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Using the relationship in Equation (4-1), the concentration of solute in bath 1, BZY, is 

related to the concentration of the solute in the tissue equilibrated in bath 1, BZ, by: 

BZ � WBZY. (4-3) 

Likewise, the same relationship holds for bath 2: 

B[ � WB[Y. (4-4) 

 By conservation of solute mass after transfer from the first to second equilibration bath, 

we have: 

<���BZ � B[� � �[B[Y, (4-5) 

where V is the tissue specimen volume, <� is the porosity, or water volume fraction, of 

the tissue, and V2 is the volume of equilibrium bath 2.  Using the relationship in 

Equations (4-3) and (4-4), we have: 

<���WBZY � WB[Y� � �[B[Y. (4-6) 

Therefore, the partition coefficient can be calculated from (Fetter N.L. et al. 2006; Quinn 

et al. 2001): 

W � �[B[Y<���BZY � B[Y�. (4-7) 

This method has been previously used to measure the partition coefficient of solutes in 

articular cartilage. 

 In order to determine the strain-dependent partition coefficient, the tissue must 

first be compressed to the desired height; equilibrations take place while the tissue is 

confined, in order to maintain the proper strain-level.  By varying the level of 
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compression, a relationship for the strain-dependent partition coefficient of glucose in 

IVD tissues can be determined. 

 

4.3 MATERIALS AND METHODS 

4.3.1 DESIGN OF EXPERIMENTAL APPARATUS 

Due to the nature of the disc tissue, which tends to swell and break down when 

immersed in solution, it is necessary to confine the specimen during equilibration.  This 

will limit tissue swelling as well as proteoglycan leaching, both of which lead to changes 

in the composition and structure of the tissue.  Therefore, a chamber that accomplishes 

this while allowing for the measurement of the partition coefficient of glucose in IVD 

tissues was specially-designed to carry out this experiment. 

The custom-designed chamber, designed in order to allow for confined 

compression of a specimen during equilibration in a given solution, is shown in Figure 4-

2 and 4-4b.  The chamber consists of a specimen well having the same dimensions as the 

compressed tissue, a porous plate and o-ring used to seal and confine the specimen, and a 

chamber for the equilibration solution.  The solution chamber is sealed with a custom-fit 

cap. 

The chamber was machined out of a 2” acrylic rod (Small Parts).   The optimal 

specimen size was determined in preliminary experiments in order to maximize tissue 

volume and surface area, while minimizing the diffusion distance (i.e., relatively small 

height compared with surface area).  The specimen size chosen was a height of 2 mm and 

a diameter of 8 mm.  Therefore, the well for holding the specimen during equilibration 
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had the same dimensions.  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 polyethelene 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.     

 

O-RING GROOVE 

I.D. Ø 8.1 mm 

O.D. Ø 11.3 mm 

     0.65 mm 

HOLES FOR BOLTS 

Ø 4.06 mm 

4 holes equally 

spaced 

Ø 17.8 mm Ø 7 mm 

Figure 4-2: Engineering drawing showing the top and front views of the two halves 

of the custom partition coefficient chamber.  See Figure 4-4 for schematic of 

assembled apparatus. 

Ø 8 mm x 2 mm 
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4.3.2 SPECIMEN PREPARATION 

 Intervertebral discs used for partition coefficient experiments were the same as 

those used for diffusivity experiments; therefore, methods for harvesting of discs is the 

same as those described in Section 3.2.1.  For details on the donor information and 

degenerative grades of discs used, see Table 3-1 in Section 3.2.1.   

For partition coefficient experiments, specimens were prepared with either axial 

or circumferential orientation, based on tissue availability.  Specimens were not prepared 

having radial orientation due to the lower diffusion coefficient of glucose in this 

direction, as described in Section 3.4.  The equilibration period, t, for a tissue specimen 

can be estimated by the equation: 

� � �[
�  , (4-8) 

where h is the specimen thickness and D is the diffusivity.  Therefore, in order to 

minimize equilibration times, only axial and circumferential specimens were used.  

Axial or circumferential blocks of tissue were harvested from the IVD, see Figure 

4-3.  From each block, cylindrical specimens were prepared using a corneal trephine (d = 

8 mm), as described previously.  A microtome with freezing stage was then used to slice 

specimens to the desired thickness of approximately 2.0 – 2.5 mm, depending on the 

desired level of compression.  The final height of the specimen was measured using a 

current-sensing micrometer; as in diffusivity studies, the averaged height was taken from 

three measurements. 
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4.3.3 WATER CONTENT MEASUREMENT 

 Tissue water content for partition coefficient specimens was measured using the 

buoyancy method described in Section 3.3.3.  Following equilibration in two baths, the 

weights of the tissue in air and in solution (PBS) were determined using the Sartorius 

analytical balance.  Again, the measurement of the tissue weight in solution was taken in 

less than 15 seconds to minimize swelling and PG leaching.  Then, the tissue samples 

were lyophilized and the dry weights were recorded.  Water contents of compressed 

tissues were measured directly, since tissue specimens were equilibrated in the 

compressed state. 

 

~2-2.5 mm 

8 mm 

Human Intervertebral Disc 

Figure 4-3: Schematic showing orientation and size of specimens obtained from 

human annulus fibrosus (AF). 

AF 

NP 

Axial 

Circumferential 
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4.3.4 MEASUREMENT OF PARTITION COEFFICIENT  

 Following specimen preparation, samples were first compressed in a separate 

compression apparatus, see Figure 4-4, prior to loading into the measurement chamber.  

All specimens were compressed to a final height of 2 mm, and the level of compressive 

strain was calculated based on the initial height measured during specimen preparation. 

Because even the specimens used for 0% nominal compressive strain were not exactly 

2.0 mm in height, all specimens were compressed prior to loading in the chamber. 

 

Compression 

Tissue 

Porous Plates 

Acrylic Chamber 

Cap 

Solution 

Chamber 

O-ring 
Tissue 

Porous 

Filter 

Bolt 

Figure 4-4: Schematic of (a) the compression apparatus and (b) the custom chamber 

for measuring the partition coefficient of a compressed IVD tissue sample. 

(b) 

(a) 
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 Once loaded into the experimental chamber, the tissue was sealed in place with 

the stainless steel filter and o-ring, and the chamber was tightly closed using four bolts 

and wing nuts.  Next, 100 µL of high glucose Dulbecco’s Modified Eagle Medium 

[DMEM, concentration = 5 g/L (~25 mM) glucose in solution] was dispensed into the 

solution chamber.  A magnetic micro-stirring rod was also inserted, and the custom cap 

was used to seal the chamber.  The apparatus was placed on a magnetic stirring plate 

inside a refrigerator (T = ~2
o
C).  The experiment was carried out at lower temperature in 

order to minimize the production of bacteria in the bathing solution.  The initial 

equilibration period was 24 hours. 

 At the end of the first equilibration period, the concentration of glucose in the 

bathing solution was measured.  Concentration measurements were carried out using a 

commercially-available blood glucose meter (Accu-Check Aviva, Roche Diagnostics, 

Indianapolis, IN).  The meter uses an electrochemical method to measure glucose 

concentrations in solution (for more details, see Section 6.3.5).  Using a micro-pipet, 1 

µL of solution was extracted from the solution chamber and the concentration measured.   

 Following concentration measurement, the solution was removed and the chamber 

dried using a cotton swab.  Then, 100 µL of DMEM containing no glucose was dispensed 

into the solution chamber.  The chamber was again placed on a magnetic stirring plate at 

2
o
C and allowed to equilibrate for 8 hours.  Following this period, the solution was 

collected and a fresh 100 µL of no glucose DMEM was dispensed into the chamber for 

an additional 8 hour equilibration.  This was then repeated a third time, for a total of 24 

hours of equilibration.  At the end of this period, the concentration of the collected 

bathing solution (a total of 300 µL combined from three equilibrations) was measured by 
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the same method.  The consecutive equilibrations in three solutions were carried out in 

order to facilitate the diffusion of glucose out of the tissue sample and into solution; that 

is, but replacing the equilibrating solution with a fresh, blank solution, the concentration 

gradient remained steep, therefore allowing for a faster equilibration.  Following the final 

equilibration, the specimen was removed for water content measurement. 

 Using the concentration and water content measurements, the partition coefficient 

was calculated using Equation (4-7).  The volume of the tissue specimen was calculated 

based on weight measurements, see Equation (3-12) in Section 3.3.3. 

 

4.3.5 STATISTICAL ANALYSES 

 A total of 12 specimens (n=12) were measured for each of three levels of nominal 

compressive strain (0%, 10% and 20%), for a total of 36 specimens.  A one-way ANOVA 

analysis of variance was performed to determine if differences between groups were 

statistically significant.  Tukey post-hoc analysis was performed to determine among 

which levels of each factor the differences were significant.  A two-way ANOVA was 

used to determine if partitioning was significantly affected by both disc degeneration and 

compressive strain, followed by Tukey post-hoc analysis. For all statistical analyses, the 

significance level was set to p<0.05.  All data are given in mean ± standard deviation. 

 

4.4 RESULTS 

 The partition coefficient of glucose in human annulus fibrosus was determined at 

three levels of compressive strain.  Results are shown in Table 4-1.   The value of 

compressive strain was calculated based on the initial height of the specimen and the 



69 

 

compressed height (2 mm for all specimens).  One-way ANOVA confirmed that there 

was a significant decrease in the partition coefficient with increase in compressive strain 

(p<0.05).  Post-hoc analysis showed that only the partition coefficients determined at 0% 

and 20% nominal strain levels differed significantly.   

 The effect of degenerative grade on the partition coefficient was also investigated 

in this study.  Tissues having three different degenerative grades (I, II and III) were used.  

Due to the small number of specimens, the tissue was divided into normal (grade I) and 

degenerated (grades II and III), with each group having six specimens (n=6) for each 

level of compression, for a total of 18 specimens for each degeneration group.  The 

dependence of the glucose partition coefficient on the tissue degenerative grade is shown 

in Figure 4-6.  A two-way ANOVA showed that there was a significant decrease in the 

partition coefficient as both the compressive strain and degenerative grade increased 

(p<0.05).  However, post-hoc analysis showed that only the difference between normal 

and degenerated tissue at ~0% strain was significantly different, while there was no 

significant difference at ~10% and ~20% strain levels. 

 

 

 

n φ
w 

Strain, ε (%) K 

12 

12 

12 

0.77 ± 0.03 

0.75 ± 0.03 

0.73 ± 0.04 

1.45 ± 0.90 

13.2 ± 1.18 

26.4 ± 1.87 

0.82 ± 0.05  

0.76 ± 0.04 

0.71 ± 0.08 

 

Table 4-1: Results for Glucose Partition Coefficient at Varying Levels of 

Compressive Strain in Human Annulus Fibrous Tissue 



70 

 

 

 

 

-5 0 5 10 15 20 25 30 35

0.5

0.6

0.7

0.8

0.9

1.0

 

 

P
a

rt
it

io
n

 C
o

e
ff

ic
ie

n
t,

 K

Compressive Strain, ε (%)

 

Figure 4-5: Results for glucose partition coefficient in human annulus fibrosus 

tissue at varying levels of compressive strain. 



71 

 

 

 

 

 

0 5 10 15 20 25 30

0.6

0.7

0.8

0.9

1.0

 

 

P
a

rt
it

io
n

 C
o

e
ff

ic
ie

n
t,

 K

Compressive Strain, ε (%)

 Normal 

 Degenerated

n=6 for all groups

 

Figure 4-6:  Relationship between partition coefficient and compressive strain for 

normal and degenerated human annulus fibrosus tissue.  Note that normal tissue 

signifies Thompson Grade I, while degenerated tissue is for Grades II and III. 
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4.5 DISCUSSION 

 The primary aim of this study was to determine how mechanical strain affects the 

partitioning of glucose in human annulus fibrosus tissue.  The results found here are 

similar to those for glucose partitioning (or distribution) in human AF at zero-strain, 

measured as 0.68 ± 0.05 using a radiotracer method (Maroudas et al. 1975). Additionally, 

our results are similar to those in the literature for articular cartilage, ranging from 0.666 

to 0.9 (Maroudas 1976; Torzilli et al. 1998).   

  

4.5.1 EFFECT OF COMPRESSION ON GLUCOSE PARTITIONING IN HUMAN IVD 

Our results indicate that compression significantly affects the partitioning, or 

solubility, of glucose in human AF tissue.  To our knowledge, this is the first study 

investigating the effect of compression on partitioning in intervertebral disc tissues.  The 

results found here are similar to those for partitioning of solutes in articular cartilage 

under compressive strain found in the literature.  Previous studies have shown that 

compression causes decreased solubility of solutes in cartilaginous tissues (Nimer et al. 

2003; Quinn et al. 2000; Quinn et al. 2001). 

A plot of the partition coefficient versus compressive strain is shown in Figure 4-

5.  The decrease in partitioning with increasing strain is apparent.  Compression causes 

exudation of water from the tissue, resulting in decreased tissue water content, as 

expressed in Equation (3-16) in Section 3.3.3.  Since transport of solutes in cartilaginous 

tissues is dependent upon tissue porosity, the trend found here was expected.  This is 

similar to the trend found for diffusion of glucose in human AF tissue (Chapter 3).   

The relationship between tissue porosity and glucose partition coefficient was also 

investigated, and is shown in Figure 4-7.  A linear relationship was found to exist.  The 
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large scatter of data is likely the result of tissue variation between discs; we would expect 

to find a stronger correlation with a greater number of tissue specimens.  Nonetheless, 

this provides the first quantitative relationship between tissue porosity (or water content) 

and glucose partitioning in IVD tissue.  The decrease in the partition coefficient with 

decreasing porosity was expected, as transport of solutes in cartilaginous tissues is 

dependent upon the tissue water content.   

The effect of compression on the partitioning of glucose in IVD tissue is 

significant because of the mechanical role of the disc in the spine.  The IVD is subjected 

to a variety of loading conditions throughout the day, often in compression.  This may 

have a deleterious effect on disc cells, which need nutrition for survival.  Decreased 

solubility of glucose in compressed tissue decreases its availability to disc cells, which 

may lead to loss of viability or functioning. 

 

4.5.2 EFFECT OF DEGENERATION ON GLUCOSE PARTITIONING IN HUMAN IVD 

 In this study, it was found that degeneration of intervertebral disc tissue affects 

the partitioning of glucose in the tissue.  Although results were not significant for all 

groups, this trend is apparent, as seen in Figure 4-6.  To our knowledge, this is the first 

study to investigate how degeneration affects the solubility of solute in disc tissue.  The 

decreased partition coefficient of glucose in degenerated tissue is likely the result of 

lower water content in the tissue, as it is known that disc degeneration results in loss of 

tissue porosity. 

 The finding of decreased solubility of glucose in degenerated tissue provides 

important insight into the nutrition-related causes of disc degeneration.  In order to 
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survive, disc cells require glucose, which must be transported through the extracellular 

matrix of the tissue from the surrounding blood vessels, given that the tissue is avascular.  

Therefore, determining how glucose transport is affected by degenerative changes to the 

tissue is important for understanding disc pathophysiology.  A decrease in the partition 

coefficient with increasing degeneration signifies that less glucose is able to enter 

degenerated tissue.  As a result, the nutritional supply to disc cells will be diminished, 

leading to loss of cell viability and further degenerative changes.     

 

4.5.3 EXPERIMENTAL LIMITATIONS 

 The methods for determining the partition coefficient of glucose in IVD 

developed here have few limitations.  For instance, it is difficult to determine if the tissue 

specimens were confined to exactly 2.0 mm using the metal screens.  That is, there is a 

possibility that the screens could have allowed for some tissue swelling during the 

equilibration period.  In this case, the value for strain-level, calculated based on the 

measured height and the final, 2.0 mm height, would have error.  However, since the 

tissue porosity was measured directly from the compressed tissue, the relationship shown 

in Figure 4-7 is believed to be accurate. 

 Additionally, the commercially-available glucose sensor used to measure glucose 

concentrations did not have a high resolution.  This may have allowed for some error in 

the accuracy of glucose concentration measurements.  This may have been corrected by 

using an alternate source for current measurements, as described in Section 6.3.5.  

However, the resolution was deemed sufficient for this application. 
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 Finally, as for the diffusivity measurements, only four IVDs were harvested for 

partition coefficient measurements.  Due to low tissue availability, only a small number 

of specimens were prepared for this study.  There was a large scatter in experimental data 

due to differences in the tissues from different discs and regional variation.  Furthermore, 

no significant differences could be found for normal and degenerative groups at 10% and 

20% nominal compressive strains, despite an apparent trend.  Therefore, more discs 

should be used in order to further investigate the significance of the results found here. 

 

4.6 SUMMARY AND CONCLUSIONS 

 In this study, we investigated the effect of compression and degeneration on the 

partitioning of glucose in human annulus fibrosus.  Our results indicate that both factors 

lead to lower partition coefficients, although not all trends were statistically significant.  

To our knowledge, this is the first study to determine the strain-dependent partition 

coefficient of glucose in human IVD, as well as the first to investigate the effects of 

tissue degeneration on glucose partitioning in human IVD.  The results provide insight 

for better understanding the nutritional supply to disc cells and related disc degeneration 

and low back pain. 
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Figure 4-7:  Relationship between partition coefficient and tissue porosity for 

human annulus fibrosus tissue.  A linear curve-fit was performed using Origin 

6.1. 
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CHAPTER 5.  EFFECTIVE DIFFUSIVITY OF GLUCOSE IN HUMAN ANNULUS 

FIBROSUS 
 

5.1 INTRODUCTORY REMARKS 

 In Chapter 3 of this dissertation, we determined the apparent diffusion coefficient 

of glucose in human annulus fibrosus in the three principal directions.  However, the 

effective diffusivity is the quantity most commonly expressed in the literature.  

Furthermore, theoretical modeling of transport in IVD requires knowledge of effective 

diffusion coefficients to predict solute concentrations in the tissue.  As has been 

mentioned, the apparent diffusivity is related to the effective diffusivity by the partition 

coefficient.  Hence, our results for apparent diffusivity of glucose in human IVD, detailed 

in Chapter 3, can be converted to effective diffusion coefficients using our measured 

values for the partition coefficient (Chapter 4). 

 In this chapter, we combine our results in Chapters 3 and 4 in order to determine 

the effective diffusivity of glucose in human AF.  Results are then compared with those 

in the literature for other solutes in IVD tissues. 

 

5.2 COMBINATION OF DIFFUSIVITY AND PARTITIONING RESULTS 

 In order to calculate the effective diffusion coefficient, the partition coefficient 

was first calculated based on its relationship with tissue porosity, determined from curve-

fitting data in Chapter 4:  

W � 1.0286 Y <� �  0.0047. (5-1) 
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For each measurement of apparent diffusion coefficient, the partition coefficient was 

calculated based on the porosity of the tissue.  The effective diffusivity was then 

calculated from:  

�GXX � ����W . (5-2) 

The results for the effective diffusion coefficient of glucose in human AF in the three 

principal directions, as related to tissue porosity, are shown in Figure 5-1, and are also 

listed in Table 5-1.  The data show significant variability, as can be seen in Figure 5-1.  

This is likely the result of variation between specimens from different discs.  Human 

tissue harvested from discs of different spines shows wide variation.   

Diffusion coefficients of solutes in cartilaginous tissues are often expressed 

relative to the diffusivity of the solute in aqueous solution, called the relative diffusivity.  

The diffusivity of glucose in aqueous solution, Do, at 23
o
C is 6.382 x 10

-6
 cm

2
/s, 

calculated based on the value at 25
o
C (Longsworth 1953) using Stokes-Einstein equation: 

�� � abE
6cde5 , (5-3) 

where kB is Boltzmann’s constant, T is absolute temperature, η is the solvent viscosity, 

and rs is the hydrodynamic radius of the solute.   

The relative diffusivities of glucose in human AF tissue at 0% nominal 

compressive strain are shown in Table 5-1.  The average relative diffusivity for all strain 

levels was 0.14 ± 0.02 for axial specimens, and ranged from 0.088 to 0.17.  For 

circumferential specimens, the relative diffusivity was 0.13 ± 0.02 at 0% nominal strain, 

ranging from 0.099 to 0.16.  And finally, for radial specimens, the relative diffusivity at 

0% nominal strain calculated was 0.11 ± 0.01, and ranged from 0.084 to 0.14. 
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Figure 5-1: Relationship between effective diffusivity and tissue porosity for human 

AF in the three principal directions (axial, circumferential, and radial). 
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5.3 COMPARISON WITH PREVIOUS STUDIES 

 Many studies have investigated the transport of solutes in IVD tissues.  These 

studies are summarized in Table 5-2; note that results were found using a variety of 

techniques and at varying temperatures.  In general, the diffusivities of small solutes in 

cartilaginous tissues, such as IVD, have been found to be smaller than their diffusivity in 

aqueous solution, as was found here (Bonassar et al. 2001; Burstein et al. 1993; Garcia et 

al. 1996; Gu et al. 2004; Jackson et al. 2008; Jackson et al. 2006; Leddy and Guilak 2003; 

Maroudas 1975; Quinn et al. 2000; Torzilli et al. 1987; Travascio et al. 2009; Travascio 

and Gu 2007; Urban et al. 1978; Yuan et al. 2009).  Moreover, 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; Urban 1977).   

The results from our study are lower than this reported range.  By comparison, a 

previous study investigating glucose diffusivity in human AF tissue determined the 

relative diffusivity was approximately 0.28 (Maroudas et al. 1975), which is also below 

the range reported in the literature, but above the value determined in this study.  The 

differences in findings may result from different measurement techniques.  The previous 

study used a radiotracer method to measure glucose diffusivity using a method similar to 

Table 5-1: Results for Effective Diffusion Coefficient and Relative Diffusivity for 

Human AF in the Three Principal Directions 

 Strain (%) 
Effective Diffusivity 

(x10
-7

 cm
2
/s) 

Relative 

Diffusivity 

Axial 3.06 ± 3.09% 9.41 ± 1.00 0.15 ± 0.01 

Circumferential 4.97 ± 4.25% 9.29 ± 1.04 0.14 ± 0.02 

Radial 2.43 ± 2.35% 7.44 ± 0.42 0.12 ± 0.01 
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our one-dimensional steady-state diffusion technique.  This method for measuring 

glucose concentrations may differ in precision with our measurements using a glucose 

assay and spectrophotometer.  Furthermore, although the tissues in both studies were 

from human spines, the study by Maroudas et al. does not provide information regarding 

the degenerative grade or porosity of the tissue specimens used; this may also account for 

differences in results.   

In general, solute diffusivity decreases as the size of the solute increases; this is 

apparent from results in Table 5-2.  Our results follow this trend; as expected, glucose 

diffusivity is lower than values reported for smaller molecules, such as lactate, oxygen, 

water, and ions, and higher than the diffusivity of large molecules such as dextrans.  

Furthermore, the results found here are similar to those for fluorescein, which is of 

comparable size to glucose (Travascio et al. 2009; Travascio and Gu 2007). 

 

5.4 SUMMARY 

 The results for apparent diffusivity and partitioning of glucose in human annulus 

fibrosus were combined to calculate the effective diffusivity.  Our results are below the 

range stated in the literature for relative diffusivity of small solutes in cartilaginous 

tissues.  However, they are comparable with previous studies on glucose and similarly-

sized molecules (Jackson et al. 2008; Maroudas et al. 1975; Travascio et al. 2009; 

Travascio and Gu 2007).  Additionally, our results fit within the trend of decreasing 

diffusivity with increased solute size or molecular weight.  The results for effective 

diffusivity of glucose in human AF are necessary for theoretical modeling of nutrient 

transport in the IVD. 
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Table 5-2: Summary of Experimental Results for Diffusion Coefficient, D, in IVD from 

the Literature 

Solute Tissue D (×10
-6

 cm
2
/s) Reference 

Na
+ 

Human lumbar IVD 7.4 (Urban 1977) 

 Bovine coccygeal AF 2.75 – 4.4 (Jackson et al. 2006) 

Cl
-
 Human lumbar IVD 11.4 (Urban 1977) 

 Bovine coccygeal AF 4.25 – 6.75 (Jackson et al. 2006) 

Oxygen Bovine lumbar AF 14.3 (Yuan et al. 2009) 

 Porcine lumbar IVD 25 (O'Hare et al. 1991) 

Water Porcine lumber AF 10.6 – 13.6 (Hsu and Setton 1999) 

 Ovine lumbar AF 10.3 – 11.4 (Drew et al. 2004) 

 Human lumbar IVD 20.6 – 22.7 (Kealey et al. 2005) 

 Human lumbar NP 15.0 – 19.2 (Beattie et al. 2008) 

 Human lumbar IVD 10.9 – 16.0 (Kerttula et al. 2001) 

 Human lumbar IVD 19.1 – 21.8 (Niinimäki et al. 2009) 

SO4
- Canine IVD 2.78 – 3.89 (Urban et al. 1978) 

Lactate Human lumbar AF 4.86 (Selard et al. 2003) 

 Bovine AF 3.4 (Boubriak and Urban 2002) 

 Bovine caudal IVD 2.73 – 5.12 (Das et al. 2009) 

Glucose Human lumbar AF 2.5 (Maroudas et al. 1975) 

 Bovine coccygeal AF 0.917 – 1.38 (Jackson et al. 2008) 

 Human lumbar AF 0.744 – 0.941 Present Study 

Fluorescein 

(332Da) 
Bovine coccygeal AF 0.814 – 1.26 (Travascio and Gu 2007) 

 Human lumbar AF 0.38 – 2.68 (Travascio et al. 2009) 

Dextran 

(3kDa) 
Bovine caudal IVD 0.247 (Das et al. 2009) 

Dextran 

(10kDa) 
Bovine caudal IVD 0.171 – 0.173 (Das et al. 2009) 

Dextran 

(40kDa) 
Bovine caudal IVD 0.159 – 0.164 (Das et al. 2009) 

Dextran 

(70kDa) 
Bovine AF 0.14 (Boubriak and Urban 2002) 

 Bovine caudal IVD 0.113 – 0.161 (Das et al. 2009) 
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CHAPTER 6.  DEVELOPMENT OF NOVEL METHOD FOR MEASURING 

OXYGEN-TENSION-DEPENDENT RATE OF GLUCOSE CONSUMPTION BY IVD 

CELLS 
 

6.1 INTRODUCTORY REMARKS 

 Intervertebral disc cells require nutrients to maintain viability and function in the 

tissue.  Although the cell density in the tissue is low, cells require large quantities of 

energy in order to maintain the extracellular matrix.   It has been found that disc cells rely 

mainly on glycolysis (i.e., anaerobic respiration) in order to produce energy in the form 

of adenosine triphosphate (ATP) (Holm et al. 1981; Ishihara and Urban 1999).   That is, 

disc cells consume glucose, which is then converted to ATP and lactate through the 

process of glycolysis; there is a net yield of 2 moles of lactate and 2 moles of ATP per 

mole of glucose.  Hence, it has been found that glucose is the main nutrient necessary for 

disc cell survival (Bibby et al. 2002; Bibby and Urban 2004; Horner and Urban 2001; 

Shirazi-Adl et al. 2010). 

 Despite this, there remains a lack of knowledge regarding the rate of glucose 

consumption by IVD cells.  Several studies have investigated this (see Section 2.5), 

however, there is a no consensus in the literature as to the effects of oxygen tension levels 

on glucose consumption rates.  This knowledge is necessary in order to better understand 

the relationship between disc cell functioning and nutrient levels in the IVD.  

Furthermore, determining the functional relationship between oxygen tension level and 

glucose consumption rates is necessary for theoretical modeling of the intervertebral disc 

and accurate prediction of nutritional levels.  Therefore, the objective of this study is to 

develop a new method for measuring the rate of glucose consumption by IVD cells, and 
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to validate this method by determining the glucose consumption rate by porcine annulus 

fibrosus and nucleus pulposus cells under various oxygen tension levels.   

 

6.2 THEORETICAL APPROACH 

 In order to determine the rate of glucose consumption by IVD cells, a diffusional 

uptake problem was used.  The Michaelis-Menten equation can be used to describe the 

relationship between the glucose consumption rate and glucose concentration in the 

medium (Huang et al. 2007): 

��
�� � �fg6� � � �h�H�

Wh > � 4 (6-1) 

where Rglu is the glucose consumption rate, t is time, C is the glucose concentration in 

culture medium, Km is the Michaelis-Menten constant, Vmax is the maximum consumption 

rate per cell and ρ is the number of cells per volume of solution in the chamber.  

 

ρ=Vs/N 

C1 
ρ=Vs/N 

C2 

t=to 

 

t=t 

 

Figure 6-1: Schematic showing how consumption rate is measured.  Cells are 

placed in culture media with cell density ρ(=Vs/N, where Vs is the volume of media 

in the chamber, and N is the number of cells) and initial concentration C1; as cells 

consume glucose, the concentration in the media decreases to C2.  The rate is 

calculated based the change in concentration over time. 

C1 > C2 
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Based on this relationship, an analytical solution to the equation can be determined: 

�Wh > ���� � ���h�H��4��, (6-2) 

iWh > �
� j �� � ���h�H�4��, (6-3) 

iWh� > 1j �� � ���h�H�4��. (6-4) 

Assuming that at t = to, C = Co, and integrating, we have:   

# iWh� > 1j ��%
%'

� �4 # ��h�H���*
*'

, (6-5) 

Whkln��� � ln���� > �� � ���l � �4�h�H�� � ���, (6-6) 

ln i��� j � 4�h�HWh
�� � ��� � ��� � ��

Wh , (6-7) 

� � Wh4�h�H @U i��� j > �� � �
4�h�H > �� . (6-8) 

Hence, by measuring the change in glucose concentration over time and curve-fitting to 

the analytical solution, we can determine the values of the Michaelis-Menten constants, 

Vmax and Km, and calculate the glucose consumption rate from Equation (6-1).  

Furthermore, by taking measurements at various levels of oxygen tension, we can 

determine the dependence of the glucose consumption rate by IVD cells on the oxygen 

levels present. 

 The above method, curve-fitting the Michaelis-Menten equation, was used to 

determine the glucose consumption rate by NP cells.  However, for AF cells, the 
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consumption rate was estimated based on a linear curve-fit of glucose concentration 

change over time.  This was due to slower consumption by AF cells, and resulting small 

change in glucose concentration over the time course of the experiment. 

 

6.3 MATERIALS AND METHODS 

6.3.1 CELL ISOLATION 

 Porcine IVD cells were used in this investigation.  Pigs, aged approximately 6 

months and weighing ~200 lbs., were obtained from a local slaughterhouse within 1 hour 

of death.  Cell isolation was carried out within 6 hours of death, during which time cells 

remained viable. 

 The spine was first isolated from the porcine body using a reciprocating saw and 

bone-cutting forceps.  Excess tissue and ligaments were removed from around the disc 

tissues.  The facet joints were also removed in order to make the IVD easily accessible, 

see Figure 6-2a.  The isolated spine was then washed with PBS solution containing 1% 

antibiotic-antimycotic (Invitrogen, Corp., Carlsbad, CA) three to four times for 15 

minutes each.  Following wash, the spine was placed inside a biological safety hood and 

wiped with 70% isopropyl alcohol in order to minimize contamination. 

Each disc was opened by making a circular transverse cut through the IVD using 

a surgical scalpel, see Figure 6-2b.  The outer AF and NP regions were extracted, 

independently, using a scalpel and tweezers.  The NP tissue was placed directly into 

enzyme solution, while the AF tissue was first finely chopped, in order to facilitate tissue 

digestion, and then placed in enzyme solution.  The enzyme solution was made from high 

glucose (5 g/L) Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen), 
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supplemented with 15% fetal bovine serum (FBS; Invitrogen) and 1% antibiotic-

antimycotic, and containing 1 mg/mL collagenase (Worthington Biochemical Corp., 

Lakewood, NJ), and 0.6 mg/mL protease (Sigma Chemical, St. Louis, MO). Digestion 

was carried out for 24 hours on a plate shaker at 37
o
C, 5% CO2 and 21% O2 within an 

incubator.   

Following digestion, media containing released cells were filtered using a 70 µm 

cell strainer (BD Biosciences, San Jose, CA) in order to isolate cells.  Cells were then 

collected by centrifugation and re-suspended in high glucose DMEM.   

 

Figure 6-2:  (a) Porcine lumbar spine harvested from 3-6 month old pig; (b) 

transverse view of porcine IVD showing AF, NP and transition zone. 

(a) 

(b) 
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6.3.2 CELL – GEL CONSTRUCT PREPARATION 

 Following release from porcine IVD tissues, cells were encapsulated in a 2% 

agarose gel construct.  This was done in order to maintain cell phenotype for the 

remainder of the culture period.  To prepare constructs, cells were first suspended in 

DMEM.  Suspensions were adjusted to a density of 20 million cells per milliliter of 

DMEM.  A 4% agarose solution was prepared using sterile PBS solution and low melting 

agarose (Sigma).  The isolated cells, suspended in DMEM, were then mixed in a 1:1 

volume ratio with agarose gel at 37
o
C, giving a final concentration of 10 million cells per 

milliliter in 2% agarose gel.   Molds having a diameter of 8 mm and a thickness of 1.5 

mm were then used to prepare agarose discs using 100 µL of cell-agarose mixture, see 

Figure 6-3; each disc contained approximately 1 million cells. 

 

 

 

 

 Once the agarose disc cooled to room temperature, constructs were removed from 

molds and placed in culture dish.  Constructs were cultured with low glucose DMEM (1 

g/L glucose) for at least 24 hours at 37
o
C, 5% CO2 and 21% O2.  Culturing the cells at 

Figure 6-3: Cell-gel construct having a diameter of 8 mm and containing 

approximately 1 million cells in 2% agarose gel. 
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low glucose concentrations for 24 hours allows the cellular glycogen levels to adjust to 

low extracellular glucose levels (Bibby 2002).  Prior to the start of the experiment, cells 

were allowed to adjust to oxygen tension levels (for experiments at 5% and 2.5% oxygen 

tension) overnight (~15 hours).   

 

6.3.3 ASSESSMENT OF CELL VIABILITY 

 The viability of the cells in the agarose constructs was assessed in order to ensure 

that cells could remain viable during the timeframe of the experiment.  Additional cell-

gel constructs were prepared for this purpose using the same protocols as for 

experimental samples.  Constructs were cultured at the same conditions as experimental 

constructs (i.e., low glucose DMEM solution at 21% O2, 5% CO2, 37
o
C).  On the day of 

each experiment, one construct was used to assess viability using a LIVE/DEAD® 

Viability / Cytotoxicity Assay Kit (Invitrogen).  Results showed that cells maintained 

viability during the experimental time period (data not shown).  

 

6.3.4 EXPERIMENTAL SETUP 

 Following the pre-incubation period, gels were removed from culture media.  

Each agarose construct was cut into 4 pieces and placed into a well of a 96-well culture 

plate.  Gels were cut in order to minimize the concentration gradient of both glucose and 

oxygen across the specimen.  Although the size of gel pieces was still on the order of 

several millimeters, due to the small thickness (~1.5 mm) and fast rate of diffusion of 

nutrients in 2% agarose gel compared with the relatively slow rate of consumption by 

disc cells, effects of concentration gradients on metabolic rates were believed to be 
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negligible.  A magnetic micro-stir bar was also placed in the well along with the gels, in 

order to allow for continuous stirring throughout the experiment for uniform 

concentration distribution.  At the start of the experiment, 200 µL of low glucose DMEM 

were dispensed into the well.  The 96-well plate was then placed on a magnetic stirring 

plate inside the incubator set to the appropriate oxygen tension level.  

 At one hour intervals, the culture plate was removed from the incubator and 1.1 

µL of solution was collected for glucose concentration measurements, carried out as 

described in Section 6.3.5.  The experiment was continued until the glucose concentration 

Stirring bar 

Computer 

Cell-gel 

constructs 

Electrochemical Glucose 

Measurement System 

Stirring plate 

O2-controlled 

incubator 

Figure 6-4: Schematic showing the basic experimental setup.  The chamber was 

housed in a controlled environment in order to maintain constant oxygen tension, 

humidity and temperature.  There was a free exchange of gas between the culture 

medium and the inner controlled environment.  Glucose concentrations were 

measured outside the incubator using an electrochemical method connected to data 

acquisition. 
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in the chamber was depleted (i.e., less than 0.5 mM).  At the end of the experiment, the 

gels were removed and collected for measurement of DNA content. 

 

6.3.5 MEASUREMENT OF GLUCOSE CONCENTRATION 

 Glucose concentrations were measured using a modified blood glucose meter 

(Accu-Chek Aviva, Roche Diagnostics, Indianapolis, IN).  The Accu-Chek Aviva system 

employs an electrochemical method for measuring glucose concentration in solution.  

The meter and test strips act as a small electrochemical cell that produces an electrical 

current proportional to the glucose concentration.   

Details regarding electrochemical glucose meters and fundamentals of the 

measurement technique are described in the literature (Heller and Feldman 2008).  The 

electrical current is produced by the oxidation of glucose in the measured solution; this 

reaction is catalyzed by an enzyme and a mediator molecule that are coated onto the strip.  

In the case of the Accu-Chek Aviva strips, the enzyme used is pyrrole quinoline quinine 

glucose dehydrogenase (PQQ-GDH), while the mediator molecule is not disclosed due to 

proprietary reasons.  The enzyme reacts directly with the glucose molecule to remove two 

available electrons.  The mediator molecule accepts the electrons from the enzyme and 

transports them to the working electrode for measurement.  This chain of transfer is 

illustrated in Figure 6-5. 

Each strip contains several elements that allow it to work as a miniature 

electrochemical cell.  Within the solution chamber, strips contain (1) a working electrode, 

(2) a reference/counter electrode, and (3) chemical reagents necessary for the reaction.  

The working electrode is generally constructed from an inert material, such as carbon, 



92 
 

gold or platinum, and serves as the portal through which electrons exit the solution 

sample and enter the meter for measurement.  The reference/counter electrode, generally 

constructed from Ag/AgCl or an inert material, acts as the portal through which electrons 

derived from glucose exit the meter and return to the solution sample.  The working and 

reference/counter electrodes are generally minimized, which allows for a smaller sample 

volume; the configuration of electrodes in the Accu-Chek Aviva test strips is shown in 

Figure 6-6b.  The chemical reagents are deposited, in dry form, over the working 

electrode.  Chemicals include the enzyme and mediator molecules, as well as other 

reagents that may help to stabilize the enzyme or aid in the solution filling.  

 The Accu-Chek Aviva strips used here employ an amperometric analysis method 

for measuring glucose concentrations.  Since the concentration can be determined from 

the peak current value, which can be measured over a short period (5 – 15 seconds), we 

can quickly obtain results for concentrations measurements.  The current level is directly 

proportional to the glucose concentration in the sample.  

Glucose 

PQQ-GDH 

Mediator 

Working Electrode 

Figure 6-5: Schematic illustrating the chain of transport of electrons from the 

glucose molecule, to the enzyme (here, PQQ-GDH), to the mediator, and finally 

to the working electrode. 
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glucose consumption rates by IVD cells, measurements for concentrations of 0.5 mM or 

lower are necessary.  The lower limit of 1.4 mM was deemed to be a limitation of the 

meter itself, rather than of the test strips; therefore, the Keithley SourceMeter was used to 

measure current values produced.  The SourceMeter, which has a measurement resolution 

in the pA range, was capable of measuring currents in the nA range as was the case for 

glucose concentration measurements.   

The SourceMeter was connected to a computer via data acquisition and LabView 

software (National Instruments Corp., Austin, TX).  The working electrode and 

counter/reference electrodes were connected to the positive and negative terminals of the 

SourceMeter, respectively.  To measure the current, a test strip was placed into the holder 

(with electrodes connected), and a 100 mV voltage was applied.  The peak current 

produced after 1 µL of solution was applied to the test strip was measured. 

 A calibration curve was used to determine the relationship between glucose 

concentrations and measured current.  Glucose solutions, prepared from DMEM and 

ranging from 0 to 1 g/L (i.e., 0 to 5.56 mM), were used for calibration.   A linear curve-fit 

was performed using Excel software (Microsoft).  An example of a calibration curve is 

shown in Figure 6-7.  A new calibration curve was prepared for each box of glucose 

strips used, unless strips were manufactured in the same batch (as indicated on the 

packaging).  The linear relationship was then used to calculate glucose concentrations 

based on current measurements for each experimental sample. 
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6.3.6 MEASUREMENT OF DNA CONTENT 

 DNA content was used to normalize experimental results.  Cells were first lysed 

using a lysis buffer containing 15% 1.5 M NaCl, 15% 50 mM EDTA, 1% Triton-X 100 

and 10% 100 mM TRIS-Cl at pH 7.4 in distilled, deionized water.  Samples with buffer 

were heated at 65°C for 10 minutes, vortexed to promote breakdown of agarose and cell 

release, and then heated for an additional 10 min at 65°C.  Samples were then centrifuged 

at 9000 rpm for 15 minutes and the supernatant was collected.  The DNA content was 

measured using a fluorometric assay (Quant-it, Invitrogen). 

 

0 100 200 300 400 500 600 700

0

1

2

3

4

5

6

 

 

G
lu

co
se

 C
o

n
ce

n
tr

a
ti

o
n

 (
m

M
)

Current (nA)

[Glucose] = 0.0089*I(nA) - 0.59

            R
2
= 0.993

Figure 6-7: Example of calibration curve used for calculating glucose 

concentration from current measurements measured with a constant 100 mV 

applied voltage. 
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6.3.7 DETERMINATION OF EVAPORATION EFFECT 

 During incubation throughout the experiment, which lasted for 6 hours or more, 

evaporation of culture media from the experimental samples occurred.  This results in an 

increase in the concentration of glucose in the media, due to the loss of fluid volume.  

Quantifying this loss was necessary for accurately determining the glucose consumption 

rate by cells, based on the change in glucose concentration in the media.    

 In order to determine the evaporation effect, three (n=3) control wells were 

included for each experiment.  In each well, there was a micro-stir bar, a 2% agarose gel 

having the same volume as the cell-gel constructs, but without cells, and 200 µL of 

DMEM.  The same procedure was followed for the control wells as described in Section 

6.3.4 above.  The change in glucose concentration over time was monitored to determine 

a quantitative relationship for the effect of evaporation on measurements.  This was 

incorporated into the glucose concentration measurements for experimental samples, in 

order to correct for the evaporation. 

 

6.3.8 CALCULATION OF GLUCOSE CONSUMPTION RATE 

 Following completion of the experiment, data for change in glucose concentration 

versus time were used to determine the rate of glucose consumption by IVD cells.  For 

AF cells, a linear curve-fit of glucose concentration measurements over time was 

performed using Excel software; the consumption rate was determined from the slope of 

the line.  For NP cells, the data was curve-fit to Equation (6-8) using MATLAB 6.5 

(MathWorks, Natick, MA) to determine values for Vmax and Km.  The consumption rate 

could then be calculated based on Equation (6-1). 
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6.3.9 STATISTICAL ANALYSES 

A total of 5 gel constructs (n=5) were used to measure the glucose consumption 

rate of IVD cells for each of six groups (i.e,. 2 cell groups [AF and NP] and 3 levels of 

oxygen tension [2.5%, 5% and 21%]), for a total of 30 tests.  For each NP sample, the 

values of Km and Vmax were determined via curve-fitting, while the rate of consumption 

was determined by linear curve-fit for AF samples, see Section 6.3.8.  A one-way 

ANOVA analysis of variance was performed to determine if differences between Km and 

Vmax for the different NP groups were statistically significant.  Post-hoc analysis (Tukey 

test) was performed to determine between which groups differences were significant.  

The same analysis was performed to determine if the difference between consumption 

rates for AF cells of different groups were significant.  Two-way ANOVA was performed 

to determine if differences in the consumption rates of AF and NP cells at various oxygen 

tension levels were significant; rate of consumption for NP cells was calculated based on 

Equation (6-1).  A student’s t-test was used to determine if rates of consumption for AF 

and NP cells varied significantly (2 groups of n=15 each).  All analyses were performed 

using SPSS 11.5 statistical software.  For all statistical analyses, the significance level 

was set to p<0.05.  All data are given in mean ± standard deviation.  

 

6.4 RESULTS 

 The glucose consumption rate by porcine AF and NP cells was determined at 

three different levels of oxygen tension (2.5%, 5%, and 21%).  For NP cells, the values of 

the Michaelis-Menten constants, Km and Vmax, were determined by curve-fitting 

experimental data.  Results are shown in Table 6-1 and in Figure 6-8.  Values for Vmax 
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have been normalized by DNA content and are expressed in nmol/hr/µg DNA.  One-way 

ANOVA analysis did not show significance differences for values of Vmax (p=0.078) or 

Km (p=0.39) for different levels of oxygen tension.  Post-hoc analysis showed that there 

were no statistically significant differences between any groups for either Vmax or Km 

values.   

 For AF groups, the consumption rates determined are shown in Figure 6-9.  

Values have been normalized by DNA content and are expressed in nmol/hr/µg DNA.  

One-way ANOVA showed that the consumption rate of glucose by porcine AF cells is 

significantly affected by the oxygen tension level.  Furthermore, post-hoc analysis 

showed that the consumption rates at 2.5% and 5% oxygen tension were significantly 

lower than that at 21% oxygen tension, but did not differ significantly from each other. 

 Using values determined for Vmax and Km for NP cells, the consumption rate at 5 

mM glucose was calculated based on Equation (6-1) and used to compare with the results 

for consumption rate of AF cells.  These results are shown in Figure 6-9.  Two-way 

ANOVA showed that both oxygen tension level and cell type significantly affected the 

consumption rate of cells.  Student’s t-test analysis showed that the consumption rate for 

NP cells was significantly higher than that for AF cells.   

 

 

Table 6-1: Results for Vmax and Km for Porcine NP Cells at Varying Oxygen Levels 

O2 Level Vmax (nmol/hr/µg DNA) Km (mM) 

2.5% 482.4 ± 212.9 0.46 ± 0.23 

5% 425.9 ± 98.1 0.70 ± 0.54 

21% 269.6 ± 47.5 0.36 ± 0.39 
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Figure 6-8: Results for Vmax and Km for porcine NP cells at three oxygen tension levels: 

2.5%, 5%, and 21%. 
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Figure 6-9: Comparison of glucose consumption rates for porcine AF and NP cells at 

varying oxygen tension levels.  For NP cells, consumption rates were calculated at 5 

mM glucose concentrations based on values for Vmax and Km determined and 

Equation (6-8). 
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6.5 DISCUSSION 

 The major objective of this study was to develop a new method for determining 

the rate of glucose consumption by IVD cells.  This method was then employed to 

measure the oxygen-tension dependence of the glucose consumption rate by porcine AF 

and NP cells.  Our results for consumption rate by porcine AF and NP cells are discussed 

in detail below, including comparisons with previous studies in the literature. 

 

6.5.1 COMPARISON OF CONSUMPTION RATES WITH STUDIES IN THE LITERATURE 

 The findings of this investigation for the rate of glucose consumption by IVD 

cells are comparable with previous findings in the literature for IVD cells.  A previous 

study by Guehring et al. found that the glucose consumption rate by notochordal NP cells 

was 205 nmoles/million cells/hr at 21% oxygen tension (Guehring et al. 2009).  These 

results are similar to those found in this study.  For each experiment, approximately one 

million cells were used; converting our results, we find an averaged maximum 

consumption rate of approximately 216 nmoles/million cells/hr at 21% oxygen tension.  

Furthermore, Bibby found that glucose consumption by bovine NP cells ranged from 

approximately 20 to 120 nmols/million cells/hr, depending on the glucose concentration 

(Bibby 2002).  Comparison with our results for other studies in the literature for IVD 

cells is difficult due to the lack of knowledge on cell density used in experiments (Holm 

et al. 1982; Ishihara and Urban 1999); however, the trends found in these studies are 

discussed in more detail below. 

Only few studies have used the Michaelis-Menten relationship to describe glucose 

consumption by IVD cells and chondrocytes.  Guehring et al. found that the value of Km 
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for notochordal NP cells was 0.199 mM, compared with our averaged value of 0.51 mM 

(Guehring et al. 2009).  Alternatively, a study of articular chondrocytes found the value 

of Km to be 0.35 mM, which similar to our results (Windhaber et al. 2003).  Differences 

in values determined for Km may be due to the techniques used.  For the method described 

here, concentration values are measured every sixty minutes; however, in order to 

accurately detect the value for Km, more frequent measurements may be necessary.   

 

6.5.2 EFFECT OF OXYGEN TENSION LEVEL ON GLUCOSE CONSUMPTION RATE 

 In this study, we found that the rate of glucose consumption by IVD cells 

increases as the oxygen level decreases; hence, there was a positive Pasteur effect (i.e., an 

increase in the glycolysis rate under low oxygen tension).  The dependence of the glucose 

consumption rate on oxygen tension can be seen in Figure 6-10.  Our findings are in 

agreement with a recent study, which reported that the rate of lactate production 

increased at low level of oxygen for notochordal NP cells (i.e., porcine NP cells) 

(Guehring et al. 2009).  Note that the rate of glucose consumption is related to the lactate 

production rate by a ratio of 1:2.  Additionally, two other previous studies have also 

reported similar results for NP cells (Holm et al. 1981; Ishihara and Urban 1999).  

However, one study in the literature found a negative Pasteur effect for bovine NP cells 

(Bibby et al. 2005).  It should be noted, however, that the bovine NP cells used in the 

study by Bibby et al. were more mature than the porcine cells used here.  Notochordal 

cells in the nucleus disappear with age, and NP cells become more chondrocyte-like with 

maturation.  This difference in cell phenotype may account for the varied behavior of the 

cells in these two studies.  Additionally, differences in experimental conditions may also 
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account for differences.  A negative Pasteur effect has also been shown to exist for 

articular chondrocytes (Lee and Urban 1997).   

 

 

Figure 6-10: Comparison of glucose consumption rates for porcine NP cells at varying 

oxygen tension levels, calculated based on values for Vmax and Km determined and 

Equation (6-8). 
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Our finding of a positive Pasteur effect for porcine AF cells is in agreement with 

previous studies in the literature, which found that, as oxygen tension levels decreased, 

the rate of lactate production by bovine (Ishihara and Urban 1999) and canine (Holm et 

al. 1982) AF cells increased.  One previous study showed that lactate production at high 

oxygen tension (i.e., 10% to 21%) was lower than that at low oxygen tension (1% to 5%), 

while no difference was found between the lactate production rates for oxygen tension 

levels below 5% (Ishihara and Urban 1999).  This is in agreement with the findings of 

this study.   

The positive Pasteur effect found in this study suggests that the IVD cells are able 

to adapt themselves to local nutrient concentrations in order to maintain energy 

production.  At higher levels of oxygen, the cells may go through aerobic oxidation in 

order to produce the energy necessary to maintain the disc extracellular matrix.  On the 

other hand, in the absence of oxygen, cells may “switch” to glycolysis, or anaerobic 

respiration, to meet energy demand.  Indeed, our previous study showed that the rate of 

oxygen consumption by porcine IVD cells decreases as the oxygen tension level 

decreases (Huang et al. 2007), which is similar to earlier studies in the literature (Bibby et 

al. 2005; Holm et al. 1981; Ishihara and Urban 1999).   

Our findings have important implications for better understanding the metabolism 

of disc cells.  Disc cells are in a hypoxic environment in vivo, and cells likely rely on 

glycolysis for energy production since oxygen tension levels are very low. This validates 

the finding that cells require glucose to survive (Bibby and Urban 2004; Guehring et al. 

2009; Horner and Urban 2001).  As the disc ages, supply of glucose to disc cells becomes 

hindered.  Therefore, since disc cells rely on glucose, they may not receive an adequate 
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supply to produce the energy necessary to maintain and repair the extracellular matrix of 

the disc via anaerobic metabolism.  This, in turn, would result in degenerative changes to 

the tissue, and a subsequent loss of functioning. 

 

6.5.3 DIFFERENCE IN GLUCOSE CONSUMPTION RATE FOR NP AND AF CELLS 

 In this study, we found that the rate of glucose consumption by porcine AF cells 

was significantly lower than that by NP cells for all oxygen tension levels investigated.  

Only a few studies in the literature have investigated the metabolic rate of AF cells 

(Guehring et al. 2009; Holm et al. 1981; Holm et al. 1982), with mixed results.   

Guehring et al. showed that the rate of lactate production by both mature (bovine) and 

notochordal (porcine) AF cells was higher than that of NP cells (Guehring et al. 2009).  

In contrast, Holm et al. found the opposite trend, with the lactate production rate by NP 

cells from canine lumbar discs being higher than that of AF cells (Holm et al. 1982).  

Finally, Ishihara and Urban found that lactate production by bovine outer AF cells was 

higher than that by NP cells at low oxygen tensions, but lower at high oxygen tension 

levels (Ishihara and Urban 1999).  The varied findings of these studies may result from 

differing experimental conditions, as well as the use of cells from different animal discs 

and at different stages of maturation.  Our results are in agreement with those of Holm et 

al.   

 The difference in glucose consumption rates by AF and NP cells may be 

attributed to differences in cell phenotypes.  NP cells are notochordal-derived, while AF 

cells are derived from the mesenchyme.  As a result, these cells exhibit differences in cell 

morphology, phenotypic expression, and matrix production (Chelberg et al. 1995; Chen 
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et al. 2006; Chiba et al. 1997; Flagler et al. 2009; Horner et al. 2002; Maldonado and 

Oegema, Jr. 1992; Melrose et al. 2001; Urban et al. 2000; Wang et al. 2001).  In this 

study, we used porcine IVDs from young pigs, in which the NP cells are notochordal (as 

opposed to more mature tissue, in which notochordal cells have disappeared).  Therefore, 

the differences between metabolic rates of the two cell types likely result from 

differences in cell types.  Indeed, our previous study found that the oxygen consumption 

rate by porcine NP cells was significantly higher than that by AF cells (Huang et al. 

2007).  These results suggest that notochordal NP cells are more metabolically active 

than AF cells.   

 The findings of this investigation provide important information necessary for 

understanding and predicting nutrient distributions in the IVD in vivo.  Since IVD cells 

receive nutrients from the surrounding vasculature, concentration gradients across the 

tissue exist, with the concentration of glucose and oxygen falling moving away from the 

supply at the periphery.  These gradients are coupled to the rate of nutrient consumption 

by disc cells; that is, the faster cells consume nutrients, the steeper the concentration 

gradient.  Therefore, understanding how cells in different regions of the disc (i.e., AF and 

NP) consume nutrients is important for predicting the distributions in the tissue.  

Furthermore, this knowledge provides important insight into nutritional pathways in the 

IVD. 

 

6.5.4 EXPERIMENTAL LIMITATIONS 

 In this study, we investigated the rate of glucose consumption by porcine IVD 

cells.  As has been mentioned, porcine NP cells are notochordal, and therefore differ from 
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adult human IVD cells.  This difference in phenotype likely influences the metabolism of 

the two cells types.  Therefore, it is expected that the rate of glucose consumption by 

human NP cells would differ from that of porcine NP cells, and thus should be 

investigated further. 

 The consumption rate of AF cells in this study was measured over a relatively 

small range of glucose concentrations.  As a result, values for Vmax and Km could not be 

determined for AF cells.  Therefore, we have not determined a relationship between the 

rate of glucose consumption by AF cells and the concentration of glucose (i.e., a 

Michaelis-Menten relationship).  Better understanding of this relationship is necessary for 

more accurate prediction of nutrient distributions in the disc, as discussed later in Chapter 

7.  Hence, the glucose consumption rate by AF cells should be further studied to 

determine this functional relationship. 

 In the experimental setup developed for this study, cells had to be removed from 

the oxygen-controlled incubator periodically in order to collect samples for glucose 

concentration measurements.  As a result, the oxygen environment changed during the 

experiment.  However, due to the very low solubility of oxygen in solution, it is not likely 

that the dissolved oxygen concentration in the media was significantly altered during the 

approximately 1-2 minutes that the cells were removed from the incubator for 

measurement.  Nonetheless, the use of a glove box, or other closed environment, would 

allow for constant oxygen tension environment throughout the experiment, and may lead 

to more accurate results; conversely, the development of a continuous, online probe to 

measure glucose concentrations over the course of the experiment may also provide 

increased accuracy.  Furthermore, the use of either of these experimental methods would 
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allow for more frequent measurement of glucose concentrations, thereby providing 

greater accuracy in curve-fitting and determination of Michaelis-Menten constants. 

 Furthermore, during the experiment some media was lost due to evaporation, as 

discussed in Section 6.3.7.  In addition to this, the volume of solution in the chamber 

decreased during the experiment due to solution extraction for concentration 

measurements.  We have determined that evaporation results in an approximate 1% 

decrease in media volume for each hour of the experiment (~3µL).  And, as mentioned, 

1.1 µL of media was extracted each hour for concentration measurement.  We have 

corrected for the evaporation effect in the calculation of the consumption rate by the 

cells; however, the change in volume due to solution extraction has not been accounted 

for.  Since the original volume of media in the chamber (300 µL) was comparatively 

large, this change in volume is expected to have negligible effects on calculated values 

for the consumption rate of IVD cells.  Nonetheless, in future experiments, this factor 

should be taken into account for more accurate calculations. 

 Due to low cell density in IVD tissue coupled with the large number of cells 

needed to carry out the experiment, only five samples were investigated for each 

experimental group.  Because of large sample variation, trends found here, although 

apparent, were not always statistically significant.  Therefore, more studies should be 

conducted in order to better understand the trends for glucose metabolism by IVD cells. 

 Finally, it should be noted that the cells used for these experiments were isolated 

from the AF and NP tissue for measurements.  Cells were cultured in three-dimensional 

agarose constructs, which has been shown to maintain phenotype (Gruber et al. 1997; 

Gruber et al. 2004).  However, by isolating cells, the cell-matrix interactions are 
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disrupted, and the extracellular environment is markedly changed (Bibby 2002).   This 

may alter the behavior of disc cells, thereby changing their metabolic activity.  Hence, 

actual in vivo rates of glucose metabolism by AF and NP cells may differ from those 

described here.  However, in order to minimize nutrient gradients and determine 

consumption rates at the cellular level (rather than at the tissue level), cell isolation was 

necessary.  Additional studies should be conducted to further investigate IVD cellular 

metabolism for cells within the native disc extracellular matrix.   

 

6.6 SUMMARY AND CONCLUSIONS 

 In this study, we developed a new technique for determining the rate of glucose 

consumption by IVD cells.  We validated this technique by measuring the oxygen 

tension-dependent rate of glucose consumption by porcine annulus fibrosus and nucleus 

pulposus cells.  Our results show a positive Pasteur effect in both AF and NP cells, 

indicating that the glucose consumption rate increases as the oxygen tension level is 

lowered.  This finding is in agreement with several studies in the literature (Guehring et 

al. 2009; Holm et al. 1982; Ishihara and Urban 1999).  Furthermore, we also determined 

that the rate of glucose consumption by AF cells is significantly lower than that by NP 

cells, which is similar to a previous study in canine discs (Holm et al. 1982).  These 

findings provide important insight into better understanding the metabolism and nutrition 

by IVD cells, and its relationship to disc degeneration. 
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CHAPTER 7.  INVESTIGATION OF GLUCOSE DISTRIBUTIONS IN THE 

INTERVERTEBRAL DISC USING THREE-DIMENSIONAL FINITE ELEMENT 

ANALYSIS 
 

7.1 INTRODUCTORY REMARKS 

 The intervertebral disc is a complex, highly organized structure that functions to 

support loads and allows flexibility in the spine.  Due to the difficulty in investigating the 

distribution of important nutrients, such as glucose, in vivo, theoretical modeling can be a 

helpful tool to supplement in vitro studies in order to better understand the in vivo 

conditions in the disc.  Several investigators have presented theoretical models of the disc 

in order to investigate the mechanical behavior of the tissue, without the inclusion of 

cellular metabolism, see review in (Yao and Gu 2006).   More recent models of the IVD 

have incorporated nutrient concentrations coupled to metabolic rates, but have either 

presented an axisymmetric disc geometry, or have not included mechanical loading 

configurations (Huang and Gu  2008; Magnier et al. 2009; Selard et al. 2003; Shirazi-Adl 

et al. 2010; Soukane et al. 2005; Soukane et al. 2007; Soukane et al. 2009). 

In order to accurately predict the nutrient distributions in the IVD, theoretical 

models must incorporate each of three main elements: (1) three-dimensional (3D) 

anatomical disc geometry; (2) nutrient concentrations coupled to cellular metabolic rates; 

and (3) in vivo mechanical loading conditions along with strain-dependent tissue 

properties.  The aim of this study is to develop a finite element model of the disc which 

includes all of these aspects.  Using this newly developed model, we will investigate the 

effects of endplate calcification, simulated by reduced endplate permeability, and in vivo 

mechanical loading conditions on the glucose distributions in the IVD.  Furthermore, we 

also incorporate cell viability criteria into the model, based on threshold glucose levels in 



111 

 

the tissue; we then analyze the effect of disc degeneration and static compression on the 

glucose distributions and cell viability in the IVD. 

  

7.2 THEORETICAL MODEL 

 The theoretical framework based on the triphasic theory has been extended to a 

new formulation (Gu et al. 1998; Huang and Gu  2008; Lai et al. 1991; Yao and Gu 

2004).  The following governing equations were based on the balance of linear 

momentum for the mixture and the conservation of mass for each of the phases or solute 

species: 

m · o � 0, (7-1) 

m · �p5 > ��� � 0, (7-2) 

��<�Bq�
�� > m · ��q > <�Bqp5� � �q, (7-3) 

where σ is the total stress of the mixture, v
s
 is the velocity of the solid phase, J

w
 and J

α
 are 

the molar fluxes of the water and solute α phases, respectively, relative to the solid phase, 

<� is the tissue porosity (water volume fraction), c
α
 is the concentration (per unit water 

volume) of solute α, and Q
α
 is the cellular metabolic rate of solute α per unit tissue 

volume.  Note that, in Equation (7-3), nutrient concentrations are coupled to cellular 

metabolic rates. 

In this study, three neutral solutes (glucose, oxygen (O2), and lactate), sodium ion 

(+) and chloride ion (-) were considered.  Charged ions were included as a necessary 

balance to the fixed negative charges on the solid matrix.  Therefore, Equation (7-3) 

above expands to Equations (7-4) – (7-6) for the solutes (i.e., α = +, -, O2, glu, and lac):  
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��<�Br�
�� > m · ��r > <�Brp5� � 0, (7-4) 

��<�Bs�
�� > m · ��s > <�Bsp5� � 0, (7-5) 

��<�B�t�
�� > m · ���t > <�B�tp5� � ��t , (7-6) 

��<�Bg6��
�� > m · ��g6� > <�Bg6�p5� � �g6�, (7-7) 

��<�B6�u�
�� > m · ��6�u > <�B6�up5� � �6�u . (7-8) 

The pH-dependent (Bibby et al. 2005) consumption rate of oxygen (�vt� was 

based on the literature (Huang et al. 2007) : 

�vt � � �h�H′ �NV � 4.95�Bvt
Wh′ �NV � 4.95� > Bvt 4uG66, (7-9) 

where Bvt is expressed in µM, �h�H′  = 5.27 nmol/million cells-hr for NP cells and 3.64 

nmol/million cells-hr for AF cells, Wh′  = 3.4 µM for NP cells and 12.3 µM for AF cells, 

and ρ
cell

 is the cell density.  The rate of production of lactate (�6�u) was based on that of 

NP cells in the literature (Bibby et al. 2005): 

�6�u � exp |�2.47 > 0.93 ~  NV > 0.16 ~ Bvt �  0.0058 ~ Bvt [� 4uG66, (7-10) 

where  Bvt is expressed in kPa.  The oxygen concentration can be converted between kPa 

and µM using the solubility of oxygen in water (i.e., 1.0268 × 10
-6

 mol/kPa – 100 mL) 

(Huang and Gu  2008; Soukane et al. 2005).  For sodium and chloride ions, the metabolic 

rates were assumed to be zero.  The rate of glucose consumption is based on the 
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assumption that glucose is primarily consumed through the process of glycolysis, in 

which one molecule of glucose is broken down into two lactic acid molecules; therefore, 

the rate of glucose consumption (�g6�) was:  

�g6� � �0.5 Y �6�u . (7-11) 

An approximate linear relationship between pH and lactate was used to calculate the pH 

within the IVD (Bibby et al. 2005; Soukane et al. 2005): 

NV � ��0.1 ��sZ�B6�u > 7.5    �0 � B6�u � 30���. (7-12) 

 In this model, strain-dependent tissue properties were taken into consideration.  

The tissue porosity, or water volume fraction, is related to the tissue dilatation, e, and the 

tissue porosity at reference configuration (i.e., e = 0) by (Lai et al. 1991):  

<� � <�� > �
1 > �  . (7-13) 

The hydraulic permeability, k, of the tissue was calculated based on the constitutive 

equation (Gu et al. 2003): 

a � O i <�
1 � <�j�, (7-14) 

 

where a and n are material constants previously determined for gels and cartilaginous 

tissues.  The diffusivity of solute α, D
α
, was estimated based on the constitutive 

relationship (Gu et al. 2004): 

�q
��q � exp  �� ieq

√ajb!, (7-15) 
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where ��q is the diffusivity of solute α in aqueous solution, eq is the hydrodynamic radius 

of solute α, and A and B are material constants previously determined for agarose gel and 

IVD tissues.  Values for ��q  and eq for solutes included are shown in Table 7-1 (Huang 

and Gu  2008).   

 

 The averaged glucose concentration, B�g6�, in AF and NP regions was determined 

by: 

B�g6� � � Bg6��� 
� �  (7-16) 

where V is the volume of the disc region (i.e., AF or NP). 

 

7.3 FINITE ELEMENT FORMULATION 

In this study, we considered a 3-D anatomical geometry based on that of an L2-L3 

IVD (Thompson degenerative grade I) harvested from the lumbar spine of a 41 year-old 

male (Figure 7-1a).  The IVD was modeled as an inhomogeneous material consisting of 

Table 7-1: Diffusivity in Aqueous Solution and Hydrodynamic Radius of Solutes Used 

in Model 

 

 
��� (m2

/s) ��  (nm) 

Glucose 9.2 x 10-10 0.3 

Oxygen 3.0 x 10-9 0.1 

Lactate 1.28 x 10-9 0.255 
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three distinct regions: AF, NP and CEP.   The AF and NP regions were considered to 

have a uniform thickness of h = 10 mm.  The CEP had a thickness of h = 0.6 mm and was 

considered to be permeable above the NP region only (i.e., completely calcified, or 

impermeable, above the AF).  Due to symmetry with respect to the plane x = 0 and the 

plane z = 0, only the upper right quadrant of the disc was modeled (Figure 7-1d).   

 

NP 

CEP 

z 

x AF 

(a) 
(b) 

(c) 

(d) 

Figure 7-1: (a) Photograph of L2-L3 IVD used for determining disc geometry; (b) disc 

geometry; (c) disc mesh; (d) test configuration. 
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The FEM formulation was based on the work by Sun et al. (1999) (Sun et al. 

1999).  The standard Galerkin weight residual method was used to construct the finite 

element formulation.  The weak form is given by:  

# � · m · �
Ω

�Ω � 0 (7-17) 

# ��Z�km · ��� > ���l
Ω

�Ω � 0 (7-18) 

# ��[�  ��<�Br�
�� > m · ��r > <�Brp5�!

Ω

�Ω � 0 (7-19) 

# ���� ���<�Bs�
�� > m · ��s > <�Bsp5��

Ω

�Ω � 0 (7-20) 

# ���� ���<�B�t�
�� > m · ���t > <�B�tp5� � ��t�

Ω

�Ω � 0 (7-21) 

# ����  ��<�Bg6��
�� > m · ��g6� > <�Bg6�p5� � �g6�!

Ω
�Ω � 0 (7-22) 

# ��R�  ��<�B6�u�
�� > m · ��6�u > <�B6�up5� � �6�u!

Ω
�Ω � 0 (7-23) 

where vector w and six scalar functions w
(1)

, w
(2)

, w
(3)

, w
(4)

, w
(5)

 and w
(6)

 are arbitrary 

admissible weighting functions for the seven governing equations.  Applying the 

divergence theorem, we obtain: 
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# trk�m��� · �l
Ω

�Ω �  # � · �Y�Γ
��

 (7-24) 

# ��Z�m · ���Ω � # �� · m��Z��Ω
Ω

� 
Ω

� # ��Z���Y ·  �Γ
��(

 (7-25) 

# ��[� ��<�Br�
�� �Ω � # �r · m��[��Ω

Ω
 >  # ��[�m · �<�Br����Ω

Ω
� 

Ω

� # ��[��rY ·  �Γ
��¡

 

(7-26) 

# ���� ��<�Bs� ��� �Ω � # �s · m�����Ω
Ω

 >  # ����m · �<�Bs����Ω
Ω

� 
Ω

� # �����sY ·  �Γ
��¢

 

(7-27) 

# ���� ��<�B�t� ��� �Ω � # ��t · m�����Ω
Ω

 >  # ����m · �<�B�t����Ω
ΩΩ

� # ������t�Ω
Ω

� � # ������tY ·  �Γ
��'t

    
(7-28) 

# ���� ��<�Bg6�� ��� �Ω � # �g6� · m�����Ω
Ω

>  # ����m · �<�Bg6�����Ω
ΩΩ

� # �����g6��Ω
Ω

� � # �����g6�Y ·  �Γ
��£¤¥

    
(7-29) 
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# ��R� ��<�B6�u� ��� �Ω � # �6�u · m��R��Ω
Ω

 >  # ��R�m · �<�B6�u����Ω
ΩΩ

� # ��R��6�u�Ω
Ω

� � # ��R��6�uY ·  �Γ
��¤¦§

   
(7-30) 

where nσt ⋅= **  is the traction on the boundary of the tissue and * stands for the 

quantities on the tissue boundary. 

The model was solved using COMSOL software (Comsol 3.2, COMSOL, Inc., 

Burlington, MA).  The upper right quadrant of the disc was modeled with a mesh of 6927 

second-order, tetrahedral Langrange elements (Figure 7-1c).  The relative tolerance for 

convergence was 1 x 10
-6

.   

Initial solute concentrations at the tissue boundaries were the same as those used 

in our previous model (Huang and Gu  2008), see Table 7-2.  Note that ‘AF edge’ 

signifies the lateral surface of the AF; the axial AF edge (i.e., at z = 0.5) is impermeable.  

Tissue properties used in the model are shown in Table 7-3.   

 

Table 7-2: Solute Concentrations at the AF Edge and CEP edge of the IVD 

 
AF edge CEP edge 

Glucose  5 mM 4 mM 

Oxygen 5.8 kPa 5.1 kPa 

Lactate 0.9 mM 0.8 mM 

Na
+ 0.15 M 0.15 M 

Cl
-
 0.15 M 0.15 M 
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Table 7-3: Tissue Properties Incorporated Into Finite Element Model of the 

Intervertebral Disc 

 
AF NP CEP 

¨�©  0.75a 0.86a 
0.60b 

ρ
cell

 (cells/mm
3
)

c 9000 4000 15000 

c
F
 (mol/m

3
) 150 250 90 

Parameters for 

diffusivity
d
  

A = 1.29 

B = 0.372 

A = 1.25 

B = 0.681 

A = 1.29 

B = 0.372 

Parameters for 

hydraulic permeability  

a = 0.00044 nm2 e 

n = 7.193e 
a = 0.00339 nm2 f 

n = 3.24f 
a = 0.0248 nm2 g 

n = 2.154g 

Lamé constants
 λ = 0.30 MPah 

µ = 0.10 MPah 
λ = 15.6 kPai 

µ = 0.18 kPai 

λ = 0.10 MPaj 

µ = 0.20 MPaj 

a(Yao and Gu 2007) 
b(Roberts et al. 1989) and (Setton et al. 

1993a) 
c(Maroudas et al. 1975) 
dValues for porcine AF tissue (AF and 

CEP) and agarose gels (NP) (Gu et al. 

2004) 
eValues for porcine AF tissue (AF) (Gu 

and Yao 2003)  

 

f Values for agarose gels (NP) (Gu et al. 

2003) 
gFrom (Yao and Gu 2004), curve-fit from 

Figure 9 of (Maroudas 1975) 
h(Iatridis et al. 1999) 
iCalculted from results in (Iatridis et al. 

1997) and (Johannessen and Elliot 

2005) 
j(Yao and Gu 2004) 
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7.4 CASE 1: EFFECT OF ENDPLATE CALCIFICATION AND MECHANICAL LOADING ON 

GLUCOSE DISTRIBUTIONS IN IVD 

 

 The cartilage endplate is known to become calcified during aging and 

degeneration (Bernick and Cailliet 1982; Nachemson et al. 1970; Roberts et al. 1993), 

resulting in a decrease in the nutrient exchange between the disc and the capillary bed in 

the adjacent vertebrae (Nguyen-minh et al. 1998; Urban et al. 2001).  Consequently, the 

nutrient distributions in the disc are altered due to the hindered transport.  Additionally, 

the disc undergoes a variety of loading configurations throughout daily activity. This 

loading can affect the transport of solutes into and out of the disc, thereby altering the 

distribution of nutrients in the IVD.  In this study, we investigated the affect of in vivo 

mechanical loading conditions and endplate calcification on the distribution of glucose in 

the disc.  

   

7.4.1 BOUNDARY CONDITIONS 

 In this investigation, we analyzed the distribution of glucose in the IVD under 

three loading configurations: (1) supine, (2) standing, and (3) weight-bearing standing.  

Strain was applied to the disc using a displacement boundary condition.  In the supine 

configuration, no strains were applied to the disc (i.e., initial, or reference, geometry).  

The standing configuration was based on a recent in vivo study investigating the change 

in disc geometry associated with the transition from supine to standing positions (Wang 

et al. 2009).  This transition was found to result in 16% compression in the posterior 

region of the disc, while the anterior region is 19% in tension (Figure 7-2).  In order to 

investigate a weight-bearing standing configuration, we considered the same 

tension/compression configuration described for the standing condition, plus an 
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additional 10% static compressive strain (i.e., the anterior region was in 9% tension, 

while the posterior region was 26% in compression).  These configurations are illustrated 

in Figure 7-2.   

 The effects of endplate calcification on the distribution of nutrients in the disc 

were also considered by reducing the permeability of the endplate tissue. Since the 

permeability of the endplate tissue is related to the tissue water content, see Equation (7-

14), the water content of the CEP was reduced to simulate endplate calcification; the 

water content of the normal CEP was considered as 0.6, while that in the ‘calcified’ case 

was 0.42 (i.e., a 30% reduction).  Based on the constitutive model for hydraulic 

permeability (Gu et al. 2003) incorporated into the model, this reduction in tissue 

porosity results in ~79% decrease in the hydraulic permeability (from 5.94 × 10
-17

 m
4 

/ 

z 

y 

16% 

Posterior 

19% 

Anterior 

(a) 

(b) 

Figure 7-2: Loading on the disc for (a) supine and (b) standing configurations. 
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N·s to 1.24 × 10
-17

 m
4 

/ N·s).  Furthermore, the solute diffusivity is also reduced due to 

the decreased permeability of the tissue, see Equation (7-15) (Gu et al. 2004).  The degree 

to which diffusivity is reduced varies based on the size of the solute; for instance, for 

glucose, the 30% reduction in CEP water content results in a ~38% decrease in glucose 

diffusivity in CEP tissue.    

 

7.4.2 RESULTS 

 The main objective of this study was to investigate the effects of mechanical 

loading and endplate calcification on the distribution of glucose in the disc using a 3-D 

finite element model of the IVD.  Although only the results for glucose and pH 

distributions are reported here, our model is capable of simultaneously predicting stress 

and strain distributions in the disc, as well as the concentration distributions of other 

solutes (e.g., oxygen, lactate, ions).   

 In general, our results showed that glucose concentrations decrease moving away 

from the blood supply at the disc periphery and cartilaginous endplates.  Minimum 

glucose concentrations were found at the interface between the AF and NP regions of the 

disc and varied according to strain configurations (Figures 7-3, 7-4 and 7-6).  The values 

for minimum glucose concentration determined here (i.e., 0.41 – 0.75 mM for supine 

configuration) are in agreement with those measured in the AF of scoliotic discs, which 

were the range of 0.5 – 2.5 mM (Bibby et al. 2002).  Typical results for glucose 

concentrations in the disc for both the normal (left column) and ‘calcified’ endplate (right 

column) cases are shown in Figure 7-3.   
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Our results indicate that there is a 17% decrease in the minimum glucose 

concentration in the IVD for the ‘calcified’ CEP case, for which the permeability of the 

CEP tissue was reduced.  Additionally, our results show that the NP region is more 

strongly affected by endplate calcification as compared with the AF region of the disc.  

This effect is shown in Figures 7-5 and 7-6.  In fact, there was a 30.6% decrease in the 

averaged glucose concentration, calculated using Equation (7-16), in the NP region for 

the ‘calcified’ case compared with normal CEP, in contrast to the 6.4% decrease in the 

averaged glucose concentration in the AF region.   

 In this study, we also investigated the effects of mechanical compression on the 

glucose concentrations in the IVD.  The in vivo strain conditions associated with the 

transition from lying to standing configuration resulted in a 4.8% decrease in the 

minimum glucose concentration in the disc for the normal endplate case, as compared 

with the supine configuration.  In contrast, this standing configuration led to a 14% 

decrease in the minimum glucose concentration in the disc for the ‘calcified’ case.  The 

standing configuration also led to an alteration in the glucose distribution in the IVD, 

resulting in an increase in the glucose concentration in the anterior region while that in 

the posterior region of the disc decreased (Figure 7-5).   

Furthermore, deformation associated with weight-bearing standing conditions 

(i.e., an additional 10% static compressive strain added to that in standing configuration) 

led to a 21% decrease in the minimum glucose concentration in the disc, as compared 

with the standing configuration, for the normal endplate case.  By comparison, the same 

loading led to a 57% decrease in the minimum glucose concentration for the ‘calcified’ 

endplate case. 



124 

 

The change in pH distribution in the disc with varying endplate permeability and 

strain configurations was also investigated.  The pH profile in the IVD for the normal and 

‘calcified’ endplate conditions (in supine configuration) are shown in Figure 7-7.  Similar 

to results for glucose, minimum pH values were found near the interface between the AF 

and NP, at the mid-plane of the disc (i.e., z = 0).  Our results indicate that the minimum 

pH value in the disc decreases when the permeability of the endplate is reduced, from 

6.899 in the normal CEP case, to 6.854 in the ‘calcified’ case.  Additionally, both the 

standing and weight-bearing standing configurations resulted in small decreases in the 

minimum pH value for both CEP conditions.  The minimum pH value decreased to 6.894 

and 6.875 for standing and weight-bearing standing, respectively, in the normal endplate 

case, as compared with decreases to 6.846 and 6.821 for the ‘calcified’ endplate cases. 
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0.75                 2.8                    5.0 

0.15                 2.8                    5.0 0.56                 2.8                    5.0 

0.71                 2.8                    5.0 0.35                 2.8                    5.0 

0.41                 2.8                    5.0 

Glucose Concentration (mM) 

Figure 7-3: Typical glucose concentrations in the IVD for the six cases investigated: (a) 

normal CEP, supine; (b) normal CEP, standing; (c) normal CEP, weight-bearing 

standing; (d) ‘calcified’ CEP, supine; (e) ‘calcified’ CEP, standing; and (f) ‘calcified’ 

CEP, weight-bearing standing.  Note in (b)-(c) and (e)-(f), the deformed shape is 

shown, while the black outline signifies the original geometry. 
 

(a) (d) 

(b) (e) 

(c) (f) 
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  Figure 7-4: Minimum glucose concentration in the disc for the three loading 

configurations (supine, standing, and weight-bearing standing) and for 

normal (orange) and ‘calcified’ (green) endplate cases.  Note the dashed line 

at 0.5 mM, which denotes the glucose concentration below which cells begin 

to die (Horner and Urban 2001). 
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Figure 7-5: Distribution of glucose in the IV

(supine, standing, and weight

‘calcified’ (green) endplate cases along the 

anterior, see figure). 

 

Posterior                                                           Anterior

 Normal CEP, Supine

 Normal CEP, Standing

 Normal CEP, Weight-bearing Standing

 Calcified CEP, Supine

 Calcified CEP, Standing

 Calcified CEP, Weight-bearing Standing

 

Distribution of glucose in the IVD under three loading conditions 

(supine, standing, and weight-bearing standing) and for normal (orange

) endplate cases along the y axis  at x = z = 0 (from posterior to 
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Figure 7-6: Distribution of glucose in the IVD under three loading conditions 

(supine, standing, and weight-bearing standing) and for normal (orange) and 

‘calcified’ (green) endplate cases along the x axis at y = z = 0 (from center to lateral 

edge, see figure). 
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6.90                  7.15                 7.42 

6.85                  7.15                 7.42 

pH 

(a) 

(b) 

Figure 7-7:  pH distribution in IVD for (a) normal and (b) ‘calcified’ endplate cases.   
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7.4.3 DISCUSSION 

 Our results indicate that reduced permeability associated with calcification of the 

cartilaginous endplates leads to a significant decrease in the minimum glucose 

concentrations in the disc, which is similar to the results presented in previous studies 

(Shirazi-Adl et al. 2010; Soukane et al. 2009).  The minimum concentration of glucose 

fell from 0.748 mM in the normal endplate case to 0.408 mM for the ‘calcified’ case.  

The effects of reduced endplate permeability are most prominent in the NP region of the 

disc, as the NP receives its nutrient supply mainly from the capillary bed in the vertebral 

bone adjacent to the endplate (Brodin 1955; Brown and Tsaltas 1976; Holm et al. 1981; 

Maroudas et al. 1975; Nachemson et al. 1970; Ogata and Whiteside 1981; Urban et al. 

1982).  This decrease in the minimum concentration of glucose is significant as a 

previous study has shown that if glucose levels fall below 0.5 mM for more than 3 days, 

cells begin to die (Horner and Urban 2001).  Endplate calcification occurs during the 

aging process of the disc.  Although the exact mechanism of calcification is unknown, it 

is clear that this leads to a decrease in the transport of nutrients through the tissue 

(Nachemson et al. 1970).  This, in turn, results in a decrease in the nutrient concentrations 

in the IVD, particularly in the NP region, as was seen here.  Alterations in the 

concentrations and/or distribution of nutrients in the disc may lead to changes in the disc 

cellular metabolism and cell viability, which in turn would affect the function of the IVD.   

 Our results show that the in vivo loading configuration associated with the 

transition from supine to standing positions (Figure 7-2) results in a decrease in the 

minimum glucose concentration in the disc (Figures 7-3 to 7-6).  This effect was 

augmented by endplate calcification; the decrease in minimum glucose concentration was 
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more than twice as large in the ‘calcified’ case as compared with the normal case.  

Additionally, the in vivo standing configuration led to an alteration in the distribution of 

glucose in the IVD, with that in the anterior region of the disc increased during standing, 

while that in the posterior region decreased (see dashed line in Figure 7-5), compared 

with results for the supine configuration.  Results were similar for both the normal and 

‘calcified’ endplate cases.  This alteration is a result of a change in the tissue water 

content caused by the unique strain configuration.  The anterior region of the disc is in 

tension, resulting in an increase in the water content, while the posterior region of the 

disc is in compression, causing a reduction in water content.  In fact, for AF tissue with 

an initial tissue water content of 0.75, a 19% tensile strain results in an increase in the 

water content to 0.79, while a 16% compressive strain leads to a reduced water content of 

0.70.  These changes give rise to an alteration in the solute diffusivity through the tissue, 

see Equation (7-15), thereby varying the glucose concentration in the disc.  These 

findings may have clinical implications, as the majority of disc herniations have been 

found to occur in the posterolateral region of the disc (Martin et al. 2002).  A decrease in 

the nutrient levels in the posterior disc during standing may lead to regional degeneration 

of the tissue; this degeneration may disrupt the integrity of the tissue, thereby giving rise 

to herniation in this region. 

This study also investigated the effects of 10% static compressive strain while in 

the standing configuration (i.e, weight-bearing standing configuration) on the glucose 

concentration in the disc.  Results show that this strain configuration results in decreased 

glucose levels in the disc, whether the endplate is normal or calcified (see Figure 7-3 and 

dotted lines in Figures 7-5 and 7-6).  This result was expected, as compressive loading 
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results in decreased water content and solute diffusivities, as discussed previously.  Like 

the standing configuration, this weight-bearing configuration had a more pronounced 

effect on the minimum glucose level in the disc having endplates with reduced 

permeability (‘calcified’) (Figure 7-4), which had a decrease in minimum glucose 

concentration that was ~2.5 times greater as compared with the normal endplate case.  

This indicates that endplate calcification may cause more extreme glucose levels in the 

disc during loading, as compared to the normal, permeable endplate, leading to further 

degeneration of the tissue due to poor nutritional supply to disc cells. 

Previous studies have also shown that the pH level in the disc tissue is an 

important factor in regulating cell viability and function (Horner and Urban 2001; Razaq 

et al. 2003).  Furthermore, the cell metabolic rates incorporated into this model are pH-

dependent, see Equations (7-9) and (7-10).  Therefore, we also investigated how the pH 

profile in the disc was affected by loading configurations and endplate calcification.  

Results for pH values found here are similar to results previously reported for normal and 

symptomatic discs (Kitano et al. 1993).  It is evident that CEP calcification leads to a 

decrease in the pH in the disc (see Figure 7-7).  This is a result of the build-up of lactic 

acid, a by-product of anaerobic metabolism, caused by reduced endplate permeability 

during CEP calcification.  These results indicate that CEP calcification may lead to acidic 

conditions in the IVD, resulting in subsequent changes in cellular activity as well as a 

loss of cell viability.  These alterations would likely be detrimental to the health of the 

disc, resulting in degeneration and loss of function.  It should also be noted that the 

loading configurations investigated here also led to more acidic conditions in the tissue, 

again likely the result of lactic acid accumulation in the tissue.  Similar to the case for 
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glucose, the effect of compressive loading on pH was more pronounced for the ‘calcified’ 

endplate case (data not shown). 

 

7.5 CASE 2: EFFECT OF DEGENERATION ON CELL VIABILITY IN IVD 

 As has been mentioned, disc degeneration is a common phenomenon that happens 

early in life, especially compared to the degeneration of other connective tissues.  

Degeneration results in a change in tissue properties, which may in turn result in an 

alteration, or loss of, functioning of the tissue.  Additionally, these changes may also 

cause cell death due to poor nutritional supply to the tissue.  In this investigation, we 

analyze how changes in tissue properties resulting from degeneration affect the viability 

of cells in the tissue.  We do this by incorporating criteria for maintaining cell viability in 

the tissue, based on threshold levels of glucose necessary for cells to survive. 

 

7.5.1 TISSUE PROPERTIES AND MODEL PARAMETERS 

 In this study, we compare the cell viability in normal, healthy disc to that in 

degenerated IVD using theoretical prediction.  The normal disc investigated here has the 

same properties as those listed in Table 7-3.   Degenerated tissue is known to have lower 

water content and fixed charge density, as well as reduced disc height as compared with 

non-degenerated tissue.  Furthermore, the disc becomes stiffer with degeneration, altering 

the values of Lamé constants for the tissue.  The properties used for modeling 

degenerated disc are shown in Table 7-4.   Additionally, the heights of the AF and NP 

regions of the disc were reduced by 10% to h = 0.9 cm.  Other properties not listed in 

Table 7-4 (e.g., cell density, parameters for diffusivity and hydraulic permeability) 
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remained the same as those listed in Table 7-3.  Solute concentrations at the tissue 

boundary are the same as those listed in Table 7-2. 

 

 For the degenerated case, the water content of the degenerated CEP tissue was 

reduced by 50%, to 0.30.  This reduction resulted in a 93% decrease in the hydraulic 

permeability of the tissue, based on the relationship in Equation (7-14).  Like in our 

previous study, this reduction in permeability was used to simulate endplate calcification, 

which hinders the transport of solutes between the disc and the vasculature in the 

subchondral bone adjacent to the endplate.  

 In order to analyze the effect of degeneration on cell viability in the disc, the 

model includes cell viability criteria based on nutrient levels in the tissue.  Previous 

studies have shown that disc cells begin to die when glucose levels fall below 0.5 mM, 

with all cells dying when glucose levels decrease to 0.2 mM (Bibby et al. 2002; Bibby 

and Urban 2004; Guehring et al. 2009; Horner and Urban 2001).   This criteria for 

viability was incorporated into our theoretical formulation, with cells beginning to die 

when the glucose concentration decreases below 0.5 mM and continuing in a linear 

Table 7-4: Tissue Properties Incorporated Into Finite Element Model for 

Degenerated Intervertebral Disc Tissue 

 
AF NP CEP 

¨�©  0.68 0.78 
0.30 

c
F 

(mol/m
3
)

a 
125 175 90 

Lamé constants
 λ = 0.70 MPab 

µ = 0.15 MPab 
λ = 25.8 kPac 

µ = 0.61 kPac 
λ = 0.10 MPa 

µ = 0.20 MPa 

a(Magnier et al. 2009)   cCalculated from results in (Iatridis et al. 1997)  
b(Iatridis et al. 1999)    and (Johannessen and Elliot 2005) 
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fashion until levels fall to 0.2 mM, at which point all cells die.  This is illustrated in 

Figure 7-8.  Studies have also shown that pH levels also affect the viability of IVD cells; 

however, a previous analysis indicated that the effect of glucose is predominant in 

determining viability (Shirazi-Adl et al. 2010).  Therefore, we have only incorporated the 

criteria based on glucose concentrations into this model. 

 

 We have also investigated how mechanical compression affects cell viability in 

normal and degenerated IVD using our model.  In this study, a 10% static compressive 

strain was applied to the tissue using a displacement boundary condition (see 

configuration in Figure 7-1d).  The final results are for the disc in equilibrium after the 

application of strain to the IVD. 

 

7.5.2 RESULTS 

The results of this study indicate that degeneration and static compression both 

affect the glucose levels and related cell viability in the IVD.  Typical results for glucose 

Glucose Concentration 

(mM) 

�4uG66� 

Cell Density  

0.2 0.5 0 

4�
uG66 

Figure 7-8: Schematic showing the criteria used for cell viability based on glucose 

concentrations in the tissue. 
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distribution in normal and degenerated IVD are shown in Figure 7-9.  Similar to our 

previous study, discussed above, the minimum glucose concentrations in the disc were 

located at the lateral interface between the AF and NP regions, at the center (or mid-

plane) of the disc.   

Our results show that degeneration results in a 70% decrease in the minimum 

glucose concentration in the IVD.  This effect was predominant in the NP region of the 

IVD, which had a 68% decrease in the averaged glucose concentration, as compared with 

a 33.2% decrease in the AF region.  This effect is visible in Figure 7-9, in which dark 

blue signifies low glucose concentration. 

Disc degeneration was also found to significantly affect cell viability in the tissue.  

The averaged cell density fell 17% in the disc as a result of degenerative changes to the 

tissue.  Similar to glucose concentrations, this was more prominent in the NP region, 

which had a 25% decrease in averaged cell density, compared with a 12% decrease in the 

AF region.  This can be seen in Figure 7-12a.  As expected, no cell death was found to 

occur in the normal tissue (not shown). 

Static mechanical compression affected both the nutrient and cell density 

distributions in the IVD.  For normal IVD, the minimum glucose concentration decreased 

by 19% following the application 10% static compressive strain. Comparatively, there 

was a 5% decrease in the minimum glucose concentration in the degenerated IVD.  This 

can be seen in Figure 7-9(b and d).  Cell viability in normal IVD was not affected by 

compression.  In contrast, for degenerated IVD, the averaged cell density decreased by 

8% following compression.  The NP region, which had a 14% decrease, was more 

affected than AF, with a 5% decrease, see Figure 7-12. 



137 

 

 

 

 

0.748                    3.0                    5.0 0.223                    2.8                   5.0 

0.604                    3.0                    5.0 0.212                    2.8                    5.0 

Figure 7-9: Typical glucose concentrations in the IVD for the four cases investigated: 

(a) normal disc, reference configuration; (b) normal disc, 10% static compressive 

strain; (c) degenerated disc, reference configuration; (d) degenerated disc, 10% static 

compressive strain.  Note in (b) and (d), the deformed shape is shown, while the 

black outline signifies the original geometry. 
 

Glucose Concentration (mM) 

(a) (b) 

(c) (d) 
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Figure 7-10: Distribution of glucose in the normal (orange) and degenerated (green) 

IVD under two loading conditions [supine or reference (solid) and 10% static 

compression (dashed)] along the x axis at y = z = 0 (from center to lateral edge, see 

figure). 
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Figure 7-11:  Distribution of glucose in the normal (orange) and degenerated (green) 

IVD under two loading conditions [supine or reference (solid) and 10% static 

compression (dashed)] along the y axis at x = z = 0 (from posterior to anterior, see 

figure). 
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Figure 7-12: Cell density in degenerated IVD for (a) reference and (b) compressed 

tissue at cross section shown. Values are normalized by initial cell density (see Table 

7-2).  Note that cell death occurs moving away from nutritional supply. 
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7.5.3 DISCUSSION 

 To our knowledge, this is the first study to predict cell viability in IVD under 

mechanical compression using theoretical analysis.  The results found here for minimum 

glucose concentrations in the IVD, ranging from 0.212 to 0.748 mM, are comparable 

with measurements in scoliotic discs in the literature (Bibby et al. 2002).  Additionally, 

our results for concentrations distribution of glucose in the disc are also in agreement 

with previous studies [e.g., (Shirazi-Adl et al. 2010; Soukane et al. 2009)]. 

For normal IVD, no cell death was found to occur, either with or without 

compression.  This is because glucose levels in the tissue did not fall below the minimum 

levels necessary for cell survival (i.e., 0.5 mM).  This finding is in agreement with a 

previous study (Shirazi-Adl et al. 2010), which found that no cell death occurred in the 

uncompressed disc with permeable cartilage endplate.  Glucose levels in the IVD were 

reduced following the application of static compression.  This is likely due to the 

decreased diffusivity caused by decreased tissue water content during compression, see 

Equation (3-16).  

For degenerated IVD, significant cell death was found to occur even without the 

application of compressive strain.  This is in agreement with results in the literature, 

which found reduced cell viability in degenerated IVD and for calcified CEP (Shirazi-Adl 

et al. 2010). In general, cell death occurred moving away from the nutrition supply, see 

Figure 7-12.  This was due to the fall in nutrient supply moving further from the 

nutritional source.  Because our criterion for cell viability was based on glucose 

concentrations thresholds alone, the correlation between these two factors was expected.   
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Our results show that cell viability in the NP region is more affected by the 

reduced permeability of the endplates, as compared to the AF.  As has been noted, the NP 

receives its nutritional supply primarily from the vasculature located in the subchondral 

bone adjacent to the CEP; endplate calcification, resulting in reduced permeability, 

reduces this supply, thereby leading to lower nutrition levels and subsequent cell death.   

Mechanical compression led to increased cell death in degenerated tissue. This 

result is likely due to the lower glucose levels in the disc, resulting from slower diffusion 

rates caused by the decreased tissue porosity following compression.  Compression did 

not have as large an effect on the glucose levels in degenerated tissue as compared with 

normal tissue.  This can be explained by the lower cell density in degenerated tissue.  For 

the degenerated case, there are fewer viable cells present to consume glucose, thereby 

easing the nutritional stress on the remaining cell population in the tissue; hence, there is 

less overall consumption as compared with the non-degenerated tissue. 

The cell viability criteria incorporated into the model depends only on threshold 

levels of glucose.  Previous studies have found that pH levels also affect cell viability, 

with cells beginning to die when pH falls below 6.8.  However, it was previously shown 

that the inclusion of pH viability criteria did not significantly affect results, when 

compared to the glucose criteria alone (Shirazi-Adl et al. 2010).  Therefore, only the 

glucose condition was incorporated into our model.  It should be noted, however, that 

results are strongly-dependent upon the threshold levels chosen.  The levels of glucose 

used here were chosen based on experimental results; however, variation of these values 

would alter the results for cell viability and glucose concentration distributions in the 

tissue. 
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7.6 LIMITATIONS 

We believe the theoretical model developed here can provide accurate predictions 

of the in vivo environment in the IVD; however, the model does possess some limitations 

discussed here.  For instance, in order to most accurately predict nutrient distributions in 

the disc, more information regarding nutrient consumption rates is needed.   As an 

example, the rate of production of lactate, as well as the consumption rate of glucose, 

used in this study was based on results for bovine NP cells (Bibby et al. 2005).  That is, 

metabolic rates for glucose and lactate were assumed to be the same for both AF and NP 

cells.  Studies on the oxygen consumption rate for IVD cells have indicated a difference 

in metabolic rates for the two cell phenotypes (Huang et al. 2007); it is therefore likely 

that a difference would exist for glucose and lactate metabolism as well.  However, 

although a recent study investigated the rate of lactate production by AF cells (Guehring 

et al. 2009), and our study (described in Chapter 6) provides a preliminary report of 

glucose consumption by AF cells, there is currently no quantitative relationship in the 

literature to describe the metabolic rates of glucose and lactate by AF cells.  Such 

information is necessary in order to accurately predict nutrient distributions in the disc.   

Additionally, further detailed studies on the consumption rate of glucose by IVD 

cells are needed, given that glucose is considered the limiting nutrient for cell viability.  

For example, in Equations (7-10) and (7-11), the glucose consumption rate is assumed to 

be dependent on the oxygen-tension level but independent of the glucose concentration.  

It is probable that glucose concentration levels affect the metabolic rate by disc cells, 

particularly at low (i.e., <0.5 mM) levels, thereby influencing the distribution of glucose 

in the IVD.  Indeed, we found a Michaelis-Menton relationship for glucose consumption 
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by porcine NP cells (see Chapter 6), whereby the rate of consumption decreases with the 

glucose concentration.  This phenomenon should be further investigated and incorporated 

into the model to provide more accurate results for glucose distributions in the disc. 

Furthermore, many of the parameters used in this study (i.e., rates of cellular 

metabolism, solute diffusivities) are based on results from studies using animal tissues or 

cells.  For instance, there are few studies in the literature regarding properties of animal 

CEP tissue [e.g., (Accadbled et al. 2008; Ayotte et al. 2000; Setton et al. 1993a)], but data 

regarding material properties of human endplate tissue are not available.  Therefore, for 

convenience, material properties incorporated into the model were based on those of 

human articular cartilage.  Additionally, the Lamé constants, λ and µ, for the 

cartilaginous endplates incorporated into the model were assumed to be the same for both 

the normal and ‘calcified’ or degenerated cases.  Changes in these properties caused by 

the degeneration or calcification processes should be incorporated into future models, in 

order to accurately reflect the disc in vivo environment. 

 

7.7 SUMMARY AND CONCLUSIONS 

 We have developed a new, three-dimensional finite element model of the 

intervertebral disc in order to investigate nutritional supply to the tissue.  This new 

formulation incorporates anatomical disc geometry, nutrient concentrations coupled to 

cellular metabolism, and mechanical loading conditions along with strain-dependent 

tissue properties.   The integration of all of these aspects provides for accurate prediction 

of the in vivo environment in the disc.  Using this model, we have shown that both in vivo 

loading conditions and reduced endplate permeability caused by calcification result in 
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decreased glucose levels in the disc.  Furthermore, our model can predict cell death due 

to poor nutritional supply in degenerated IVD.   

Our model is capable of predicting nutrient distributions, as well as stress and 

strain distributions, in the IVD.  Moreover, it can be used to predict the cell density (or 

viability) in the IVD under a variety of conditions, and therefore may serve as a powerful 

tool in developing new strategies for treatment and/or retardation of disc degeneration.  

For instance, it has been suggested that there exists an ideal window of mechanical 

loading in which cells can survive and function (Stokes and Iatridis 2004). This 

phenomenon may be further investigated using our model, and ideal loading 

configurations (or exercise regimen) may be determined.  These findings are a valuable 

supplement to experimental findings of nutrient distributions in IVD, and also provide 

important insight into the nutrition-related mechanisms of disc degeneration, which 

remain to be fully delineated.   
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 

8.1 SUMMARY AND CONCLUDING REMARKS 

 Low back pain is a condition affecting millions of individuals each year, resulting 

in high costs.  Degeneration of the intervertebral discs has been implicated as a possible 

source leading to back pain.  Poor nutritional supply to the IVD is thought to be a 

primarily etiological factor leading to degenerative changes to the disc.  Despite this, the 

transport and metabolic properties of the disc and its cells remain to be fully elucidated.  

In particular, glucose, which is considered a critical nutrient necessary for cell survival, 

has not been fully characterized in terms of transport and metabolism in the IVD.   

 Therefore, the major objectives of this dissertation were threefold: (1) to 

determine the strain-dependent transport properties of glucose in human IVD; (2) to 

determine the oxygen-tension-dependent rate of glucose consumption by IVD cells; and 

(3) to develop a new finite element model to investigate nutrient distributions in the IVD.  

In order to achieve these aims, four studies were carried out: (1) measurement of strain-

dependent and anisotropic diffusivity of glucose in human AF (Chapter 3); (2) 

measurement of strain-dependent partitioning of glucose in human AF (Chapter 4); (3) 

development of a new technique for measuring glucose consumption rate by IVD cells 

and measurement of the consumption rate at various oxygen levels (Chapter 6); and (4) 

development of a new, 3-D finite element model of the IVD to analyze glucose 

distributions in the disc under mechanical loading and following disc degenerative 

changes (Chapter 7).  The most important findings from these investigations are 

discussed below. 
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8.1.1 STRAIN-DEPENDENT TRANSPORT PROPERTIES IN IVD 

 A one-dimensional steady-state diffusion experiment was carried out to measure 

the apparent diffusivity of glucose in human AF.  Our results indicate that diffusivity 

decreases as the level of static compressive strain increases.  Furthermore, we have found 

that glucose diffusivity in human AF is anisotropic, being higher in the axial and 

circumferential directions as compared with the radial direction.  This trend was true 

from non-degenerated (Grade I) and mildly degenerated (Grade II) tissues, but not for 

degenerated tissues (Grade III).   

 The strain-dependent partition coefficient of glucose in human AF 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 that the partition coefficient in normal IVD 

(Grade I) is higher than that in degenerated tissue (Grades II and III).  

Our results for apparent diffusivity and partition coefficient of glucose in human 

AF were combined to determine the effective diffusivity (Chapter 4).  These findings are 

important for understanding transport pathways and mechanisms in the IVD, and their 

relation to disc degeneration. 

 

8.1.2 GLUCOSE CONSUMPTION RATE BY IVD CELLS AT VARYING OXYGEN TENSION LEVELS  

 We developed a new method for measuring the rate of glucose consumption by 

IVD cells using a diffusional uptake problem.   The consumption rate for porcine IVD 

cells was determined based on the change in glucose concentration over time.  Our results 

show porcine AF and NP cells exhibit a positive Pasteur effect, with the rate of glucose 
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consumption increasing at low oxygen levels.  Furthermore, we found that the glucose 

consumption rate by NP cells was significantly higher than that by AF cells.  These 

findings provide important insight into the metabolism of disc cells, and how cellular 

activity may be affected by in vivo environmental conditions.  Furthermore, this study 

helps us to better understand nutritional demands by IVD cells and related disc 

degeneration. 

 

8.1.3 FINITE ELEMENT MODEL OF THE IVD 

 We developed a new, 3-D finite element model of the intervertebral disc in order 

to predict nutrient distributions in the tissue.  Our model incorporated anatomical disc 

geometry, nutrient transport coupled to cellular metabolism, and mechanical loading 

conditions, which are all essential for accurate theoretical prediction.  Using this new 

finite element model, we investigated the effects of in vivo mechanical loading and 

endplate calcification on the distribution of glucose in IVD.  Our findings show that 

mechanical loading results in decreased glucose levels in the tissue.  Furthermore, we 

also found that endplate calcification causes lowered glucose concentrations in the disc.   

We also investigated how disc degeneration affects cell viability in the IVD by 

incorporating cell viability criteria into the model formulation.  We found changing tissue 

properties to reflect the degenerated case allows us to predict changes in cell viability 

with disc degeneration.  Moreover, we determined that static mechanical loading of the 

degenerated disc leads to increased cell death.  By comparison, there was no cell death in 

normal IVD (with or without static compression). 
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The model developed provides for accurate prediction of nutrient distributions in 

the IVD under a variety of conditions.  It therefore serves as a useful tool in 

supplementing our experimental results, and helps us to better understand nutritional 

supply and related disc degeneration.  Furthermore, the model may offer a useful means 

for developing new treatment strategies for disc degeneration (discussed below). 

 

8.2 RECOMMENDATIONS FOR FUTURE WORK 

 The overall objective of this research was to develop to strategies for the 

treatment of disc degeneration.  Although the studies described in this dissertation 

provide valuable insight into transport and metabolic properties in IVD tissues, there still 

remains a great deal of information necessary for fully understanding nutrition in the disc 

and its relation to disc degeneration.  Here, recommendations for future work are 

described. 

 Transport properties in AF tissue were investigated in these studies; however, 

those for NP tissues were not considered.  This is due to the difficulty in measuring the 

diffusion coefficient in NP, given its gelatinous consistency, using the methods 

developed here.  However, given that the composition and structure of the NP are unique 

to that of AF, transport properties in human NP tissue should be further investigated in a 

future study.  This would allow for a more thorough understanding of transport in the 

IVD and nutritional supply to the center of the disc. 

 We investigated the rate of glucose consumption by IVD cells under various 

oxygen tension levels.  However, a variety of factors may affect the activity and viability 

of disc cells.  Cellular activity and viability depend on the extracellular environment, 
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including hydrostatic pressure, osmolarity, pH, nutrition levels, etc. The extracellular 

environment is regulated by the nutrition supply at the disc periphery, transport properties 

of the ECM, rates of nutrient metabolism by cells, and mechanical loading. Changes in 

these factors (either due to genetics, smoking, or mechanical loading) could affect disc cell 

metabolic activity (including viability), leading to disc degeneration.  Currently, little is 

known about how different factors, including extracellular osmolarity, mechanical 

compression, hydrostatic pressure, growth factor concentration, and pH, quantitatively 

affect disc cell metabolic rates.  Determining a functional relationship between these 

factors is important for better understanding of disc cell activity and viability in vivo; 

furthermore, such relationships are necessary in order to accurately predict the 

extracellular environment and cell viability in IVD using theoretical modeling.  

Additionally, the metabolic activity of human cells should be investigated in order to 

obtain an accurate understanding of what is happening in vivo, and to develop strategies 

for preventing disc degeneration. 

 The finite element model developed here is capable of predicting nutrient 

distributions and cell viability in the IVD under many conditions.  In these studies, we 

have only investigated static compressive loading conditions.  However, during normal 

daily activities, the IVD is subjected to a wide range of motion, which is often dynamic.  

Our model should be employed to further investigate the effects of a variety of loading 

conditions, including dynamic loading, on the nutrient and cell distributions in the disc.  

This may serve as a useful tool for determining which loading configuration may allow 

for optimal nutritional transport to disc cells, thereby allow for decreased cell loss.  
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Hence, we may be able to develop new treatment strategies, perhaps in the form of an 

exercise regimen, for retarding or reversing disc degenerative changes.   

 In all, the recommended studies would greatly enhance the results found in this 

investigation, and would allow us to achieve the long-term goals of our research: to better 

understand the pathophysiology involved in the development of low back pain, to further 

elucidate transport and metabolic properties in normal and degenerated intervertebral 

discs; and to develop new strategies for assessing and treating the changes occurring in 

tissue during disc degeneration.     
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