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Abstract 
 

Human Endplate Permeability and Microstructure and Their Relationship to Disc 

Degeneration 

By 

Azucena Guadalupe Rodriguez 

Doctor of Philosophy in Bioengineering 

University of California, San Francisco and Berkeley 

Professor Jeffrey C. Lotz, Chair 

 
Low back pain may be caused by disc degeneration and is a prevalent problem in 

the United States affecting thirty-one million Americans at any given time.  While the 

etiology is unknown, it has been hypothesized that poor disc nutrition triggered by 

sclerosis in the vertebral endplate and/or calcification of the cartilaginous endplate is a 

leading factor in disc degeneration. The objective of this study was to better understand 

these phenomena by measuring endplate permeability and vertebral endplate bone 

microstructure and correlating these parameters with disc degeneration parameters.  

Intervertebral cores including the subchondral bone, cartilage endplate and 

adjacent nucleus were harvested from human cadaveric lumbar spines and used for 

permeability and morphology assessments. The endplate permeability was measured 

using a custom made, validated permeameter device and the morphology of the vertebra 

was analyzed using a MicroCT device. The individual relationships between endplate 

permeability, vertebral endplate morphological changes and disc degeneration parameters 

were analyzed.  
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Contrary to previous findings, bone permeability was observed to increase with 

disc degeneration. Vertebral endplate porosity increased and trabecular thickness 

decreased as the bony endplate became more homogeneous with disc degeneration. 

Cartilage permeability was not correlated with disc degeneration, but cell density 

increased, GAGs decreased and GAGs/cell decreased with degeneration. 

The correlation between bone permeability, porosity and degeneration suggest 

that sclerosis at the vertebral endplate was not present. These results in combination with 

those found for cartilage permeability, cell density and GAGs in the disc imply that cell 

dysfunction and a decrease of nutrient availability through the capillaries, rather than 

physical barriers to transport, accelerate disc disease. 
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Chapter 1 Introduction  

1.1 Motivation 

Lower back pain is one of the most prominent diseases in industrialized countries 

[1] and cost the U.S. over $85.9 billion for doctor visits in 2005 [2]. U.S. Statistics 

indicate that 80% of the population experience low back pain in their lives with 40% 

explained by disc degeneration [3]. Intervertebral disc (IVD) degeneration is a normal 

phenomenon in humans that is strongly associated with aging [4], but also can have 

pathologic origins identified  by a  premature loss of architectural, biological or 

biomechanical properties of the intervertebral disc [5] that can lead to chronic low back 

pain. Risk factors for premature degeneration are not fully understood, but include 

genetic and familial predisposition , mechanical exposures (i.e. occupational lifting or 

vibration)[6] and poor disc cell nutrition[7]. Since the disc is largely avascular, its cells 

rely primarily on diffusion for nutrient and waste transport [8]. Early research determined 

that the main location of  diffusion is through the central endplate [7]. However, the 

relativity between IVD and endplate permeability is incompletely defined with disc 

degeneration.  The motivation of this dissertation is to define important relationships 

between the cartilage endplate, vertebral endplate, and intervertebral disc health. We 

anticipate these relationships will shed light on principal disc degeneration mechanisms, 

and lead insight into approaches to disc regeneration. 

1.1 Structure and function of the IVD 

The intervertebral disc is the largest avascular tissue in the body making up one 

third of the spine length. It provides mobility to the spine framework by absorbing loads 
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and allowing bending and twisting motions between the vertebrae [9], while providing 

stability for protection of the neural elements.. The disc is composed of three structures, 

the nucleus pulposus, the annulus fibrosus and the cartilaginous endplate (Figure 1.1). 

The nucleus pulposus is a gelatinous mass comprised of proteoglycans (hydrophilic 

molecules), chondrocyte-like cells and type II collagen. In a healthy disc, the nucleus is 

80% water and the annulus 65% water [10]. The annulus fibrosus is a highly organized 

structure containing up to 25 collagen layers oriented in alternating directions [11]. This 

organization allows the disc to withstand tensile and compressive forces when the body 

experiences twisting or bending. The collagen layers of the annulus are anchored to the 

vertebral body [12]. The cartilaginous endplates (CEP), composed of hyaline cartilage, 

are located at the superior and inferior ends of each vertebra where they also attach the 

disc to the vertebrae (Figure 1.1). The central region of the CEP covering the nucleus is 

thinner than that of the periphery, with a thickness ranging from 0.1 mm to 1.6 mm [13]. 

The CEP and the vertebral endplate (VEP)   form the endplate structure (Figure 1.1). The 

endplate structure prevents the highly hydrated nucleus from bulging into the adjacent 

vertebrae when heavy loads are placed on the spine [14]. Together the VEP and the CEP 

form a boundary between the vertebra and the disc and regulate the nutrients diffusing 

into the disc to maintain the nuclear cells.  
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Figure 1.1 (Left) Diagram of the spine. (Middle bottom) Diagram magnification of the 
intervertebral disc and the adjacent vertebrae at the lumbar region. Each intervertebral 
disc is positioned between two vertebrae. (Middle top) Diagram of extracellular matrix 
including chondrocytes, GAGs, link proteins and collagen components. Image adapted 
from Aigner et al 2007[15]. (Right) A schematic representation of the normal histology 
of annulus, nucleus, disc, CEP, VEP and Blood Vessels (BV). Image adapted from 
Roberts et al 1989[13] 
 

In the intervertebral disc, the nuclear cells maintain the extracellular matrix 

(ECM). A normal ECM imbibes water to allow for structured and functional integrity. 

Cells in the nucleus are mainly notochordal cells at a young age (<10 years old)[12]. 

With age, they are replaced with chondrocyte-like cells[16]. These nuclear cells 

synthesize and break down their own matrix[16].  They must thrive in this relativity 

avascular environment while responding to outside loads and synthesizing molecules for 

the ECM[9].  
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Proteoglycans, collagen and water make up 90-95% of the disc ECM (Figure 1.2).  

The extracellular matrix consists of the most abundant proteoglycan in the disc, aggrecan, 

which contains glycosaminoglycans (GAGs), which in turn are composed of  keratan 

sulfate, chondroitin sulfate and repeating chains of disaccharides, attached to a core 

protein [9]. The composition of the GAGs changes with age and degeneration changes. 

These molecules are attached to a hyaluronan chain. The side chains of 

glycosaminoglycans attract water molecules to the negatively charged sulfated ends, 

creating  swelling pressure in the disc [9], which is resisted by compressive forces [12]. 

This swelling pressure is resisted radially by the surrounding collagen of the annulus and 

axially  by the vertebral endplates [9].  

Collagen is the main structural protein in the disc [17]. The disc is composed of 

many types of collagen. Annulus is composed of the type I collagen and resistant to 

tension forces.  The nucleus and the cartilage are mainly composed of type II collagen. 

Inter and intra fibril cross-links provide support to resist mechanical stresses and 

enzymatic degradation[9].   

1.2 Structure and function of the vertebrae 

The function of the vertebrae is to protect the spinal cord and neural elements, 

which are enclosed by the spinal canal, and to support the transmitted loads from the IVD 

[18] (Figure 1.2). Loads are shared between the trabecular and cortical bone[19]. Each 

vertebra is composed of the relatively dense cortical bone externally and the porous 

trabecular bone internally[20]. Cortical bone forms the vertebral outer shell and is 

composed of subchondral bone at the superior and inferior vertebral endplates[19] and 

the vertebral cortex on the remaining vertebra. In contrast to cortical bone, trabecular 
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bone is more porous and it forms the internal volume of the vertebra. Trabecular bone is 

described as ”a porous honeycomb like network of trabecular plates and rods interspersed 

in the bone marrow compartment”[21]. These small interconnecting plates and rods, 

known as trabeculae, average 50 to 400 µm in thickness[21]. The minute structures 

evolve with age and disease from plates to rods, such that the ratio of plates to rods 

decreases, leading to an overall decrease in bone density with age [22]. 

 

 

Figure 1.2 (Top) Top view of lumbar vertebra (Bottom) Sagittal section of lumbar 
vertebra. The vertebral foramen contains the spinal cord. (Image adapted from DeLisa et. 
al. 1981)[23]. 
 

The bone cells of cortical and trabecular bone are called osteocytes[21]. Osteons 

are the functional unit of compact bone, composed by a cylindrical layering of concentric 
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lamellar around a central Haversian canal, which provides the blood supply for the unit. 

Cortical bone is formed by osteons called Haversian systems. These systems are 

cylindrical in shape and are approximately 400 μm long and 200 μm wide at their base 

and are distributed evenly within the bone[21]. The porosity of cortical bone is an 

average of less than 5%, but this percentage can increase as cortical bone mass 

decreases[21]. Healthy adults normally experience thinning of the vertebral cortex and 

increasing cortical porosity as age increases [21].  

The trabecular and cortical bone matrix structure is composed of the following 

materials, within these ranges: 50-70% mineral content (hydroxyapatite); 20-40% organic 

matrix; 5-10% water; and less than 3% lipids[21]. Mineral content is quantified by 

measuring , bone mineral density (BMD) , which provides information about the 

mechanical rigidity and load bearing strength of bone[21] . In addition, the organic 

matrix content provides information about bone elasticity and flexibility [21]. The 

mineral content known as bone mass accounts for 50-70% of bone strength.[21]  

Bone remodeling is the process by which bone renews itself to maintain its 

strength and mineral homeostasis. Remodeling involves resorption and replacement of 

bone produced by the osteons[24].  A balance in the remodeling process indicates good 

bone health. An imbalance may lead to osteoporosis.  According to Wolff’s law, bone 

transforms itself in response to external stresses. Therefore the structure of the bone mass 

adapts to its functional requirements [25].  

1.3 Nutrition of the lumbar IVD 

The intervertebral disc receives its nutrition through both the annular disc 

periphery and the central one third cartilaginous endplate [26] [7]. In a healthy adult disc, 
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the outer annular disc cells obtain nutrients from blood vessels  in the soft tissues around 

the annulus periphery [27]. Similarly, the blood supply for the central endplate location 

originates from the lumbar arteries and terminates at the capillaries which provide 

nutrients essential for cellular activity, viability and removal of metabolic waste[18]. The 

lumbar arteries enter the vertebral foramen, then, coil in the center and extend to the 

periphery [28, 29].  These arteries transform into capillaries and terminate just above the 

cartilaginous endplate within the vertebra and provide a continuous capillary bed across 

the bone disc interface [28](Figure 1.3).  The capillaries are thus surrounded by vertebral 

trabeculae. The nutrients originating in the capillaries in the vertebra go through the 

endplate structure, enter the intervertebral disc and arrive at the nucleus pulposus where 

the nutrients are used by the disc cells, and metabolic products are removed from the disc 

[7, 30]. 

 

Figure 1.3 Illustration of the vascular supply to the disc space from the cartilaginous 
endplate (1) lumbar arteries enter through the vertebral foramen, (2) vertebral artery, (3) 
capillary bed and (4) annulus. (Image adapted from Martin et .al. 2002) [31] 
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Diffusion has been found to be the main mechanism for transport of nutrients into 

the intervertebral disc [30]. A landmark diffusion study was performed by Nachemson, in 

which a radiopaque dye was injected through cadaveric endplates, providing a visual 

description of the endplate diffusion pathway[7]. This study illustrated the nuclear central 

region as the main location of nutrient diffusion in the vertebral endplate and the 

cartilaginous endplate[7].  In order for the cells to maintain the ECM, they must obtain 

nutrients (glucose, lactate, amino acids and oxygen) via diffusion from the capillaries 

located in the adjacent vertebral structures [32]. Diffusion into the disc is driven by the 

concentration gradient between the blood plasma and the tissue matrix. It represents the 

balance between supply (capillary density) and demand (cell density and metabolic rate). 

The cartilage endplate acts as a selectivity membrane which is charge specific, freely 

allowing uncharged small solutes like oxygen, amino acids and water to diffuse across 

the endplate [33]. Larger solutes such as the blood plasma components, serum albumin 

and transferrin, may cross the endplate barrier by convective flow created by mechanical 

disc compression[34].  A cycle of load and recovery ranging from approximately 2.3 

MPa to 0.1 MPa respectively provokes diffusive and convective transport, driving the 

nutrients in and metabolites out of the disc[7, 35]. This mechanical cycle is a 

characteristic of the diurnal cycle, which is provoked by physical activity creating 

compressive forces, driving water away from the disc and during rest, imbibing water 

back to the disc [36].  

At an early age, capillaries perforate the hyaline cartilage endplate. After 

approximately two decades, with age the capillary bed recedes back to the center of the 

vertebra[37]. Therefore, the quantity  of nutrient pathways decreases with age [38] as a 
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result some cells in the intervertebral disc may be as far as 8 mm from the closest nutrient 

source [27]. The average cell density in the nucleus pulposus (15 -56 age range)  is  4 x 

106  cells/cm3  and 9 x 106 cells/cm3
 in the annulus [39]. For comparison, this density is 

considerably less then the cell density found in blood, which is 4.8 x 10 9cells/cm3[40]. A 

decrease in nutrient supply with age may lead to apoptosis and may limit the ability of the 

nuclear cells to synthesize new extracellular matrix[9], leading to disc degeneration[41].  

It may also limit cell division, may cause apoptosis and account for age – related  decline 

in cell density [42]. 

1.4 Physical changes in the CEP and VEP  

Poor disc nutrition may accelerate disc degeneration. When blockage occurs in 

the endplate, the disc may suffer nutrient deficiency affecting the health of the disc. Three 

physical changes that may affect the flow of nutrients into the disc are calcification in the 

cartilage endplate, sclerosis in the vertebral endplate and osteoporosis in the vertebra.   

Calcification of the CEP stiffens tissues, restricting the movement and flexibility 

of collagen molecules [43]. The etiology of calcification remains unclear [44].  

Additional long-term changes related to calcification may include loss of vertebral body 

height, osteophyte formation and disc space narrowing. [41]. A significant amount of 

calcification is reported in the cartilage endplates of patients with scoliosis [41], a disease 

identified by a sideways bend of the spine where both the IVD and the VB are wedged.  

Another physical change that may block disc nutrition is sclerosis in the VEP. 

Sclerosis is the thickening of the bone at the vertebral endplates. Vertebral endplate 

sclerosis may originate from an abnormal motion between vertebrae and is sometimes 

seen in rheumatoid arthritis. This bone thickening has been associated with disc 
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degeneration [45].  A recent study investigated the pore size of the subchondral bone in 

VEP. Pore size openings from 20-50μm, in the capillary size range, were directly 

correlated to degeneration. It was observed that the number of pores in the bony endplate 

decreased with degeneration, indicating that the pores became larger with 

degeneration[46].  

Disc degeneration has been linked to osteoporosis, a disorder affecting the bone 

density of adjacent vertebral bodies [47, 48]. Osteoporosis is prevalent in the elderly 

population. It is identified as a structural deterioration of bone illustrated by a thinning of 

the bone, increase in porosity and a bone mineral density (BMD) of more than 2.5 

standard deviations below the mean of the young healthy reference population of the 

same gender, indicating a decrease in bone quality[49]. These changes in osteoporosis 

may increase the propensity to fractures, disrupt the biomechanics of the disc and 

promote disc degeneration[50, 51] [52].  

1.5 Aging of the disc and disc degeneration 

Physiologic aging and pathologic degeneration can be seen as similar processes; 

the only factor that may differentiate them is presence of symptoms including pain and 

the mechanical profile of the functional spine unit [9]. The disc is naturally prone to 

degeneration with age due to its hostile environment of heavy loads, low cellularity and 

avascularity[53]. The rate at which aging occurs could be dependent on many factors 

including, severe mechanical loading and/or a genetically inferior matrix [9].  These 

factors may decrease the synthetic capabilities of the disc cells, resulting in an 

accumulation of degradation products[9]. Consequently, GAGs degrade and breakdown 

by enzymatic degradation and this decreases water content[9], which in turn affects disc 
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height[54]. This degradation may cause the disc to collapse when exposed to heavy loads, 

which may trigger additional disc degeneration.  The histological appearance of 

degeneration with aging and disc degeneration disease, such as loss of GAGs, loss of 

water and loss of disc height, have a tendency to overlap. 

1.6 Disc degeneration classification 

A non-invasive clinical MRI system is currently used to assist in disc 

degeneration classification. This systematic methodology was developed by Pfirrmann et. 

al. focusing on five different characteristics of disc degeneration (Figure 1.4). The figure 

below presents the guidelines used to grade degeneration in discs on a scale of 1 to 5, 

with grade 1 being the healthiest and grade 5 being the most degenerated.  This method 

shows a good correlation between radiographic markers with disc degeneration and 

histology.  

 

Figure 1.4 Pfirrmann classification of disc degeneration [55]. 
 

1.7 Permeability studies 

Since a reduction of nutrition has been associated with disc degeneration, 

measuring the permeability of the endplate structure to nutrient flow can provide 

quantitative data about the correlation between the nutrient availability and disc 
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degeneration[41]. Permeability is defined as a measure of the ability of a porous material 

to transmit fluid [56]. Some animal studies have measured permeability[36, 57]and  

others have compared their permeability to disc degeneration [58, 59], however the  

permeability of human cartilage has not being reported before. Some qualitative 

information regarding human permeability was reported by Nachemson[7]. Animal 

studies have  indicated that the range of permeability values between bone and cartilage 

might be as much as eight orders of magnitude [56, 57]. In order to make comparisons 

between the two components, the same measuring device is preferred.  However, this 

wide range creates a challenge when measuring the permeabilities of the two-endplate 

components with one device. To date, permeameter devices have been constructed to 

measure the permeability of either bone or cartilage[56], but not both. Nauman’s device 

quantified human  trabecular permeabilities of bones in different locations in the body  

and found an average permeability of approximately  7.2 x 10-7(m2/Pa-s)[56]. Setton’s 

device measured baboon endplate cartilage at an average of 14.3 x 10-14 (m2/Pa-s)[57].  

Overall, no studies have reported the permeability of the human endplate composite 

natural of structure,   

Permeability is calculated using Darcy’s law[56, 57]. In the endplate structure 

(porous material), the nutrient flow (fluid) is driven by a change in pressure from one 

direction to the other. Darcy’s law is therefore expressed as Q=AKΔP/L. This equation 

states that volumetric flow, Q (m3/s) of a liquid through a porous material is proportional 

to the flow area A(m2), the length of the specimen L (m), the pressure difference across 

the specimen ΔP (Pascals) and a proportional constant K (m2/Pa-s).   This constant K is 
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the permeability of the material. The following figure illustrates a one dimensional flow 

model (Figure 1.5). 

 

Figure 1.5 A one-dimensional flow of liquid through a porous material. Q is volumetric 
flow (m3/s), A is the cross sectional area (m2), ΔP is the change in pressure and L is the 
length of the specimen. 
 

1.8 Imaging of vertebral endplate 

In addition to permeability, bone morphology can also elucidate information 

about the vertebra’s relationship to disc degeneration. VEP morphology can provide 

additional information to support the correlation between permeability and disc 

degeneration.  The current methods available in clinical settings to quantify bone 

structure and bone mineral density (BMD) are Dual X-ray Absorptiometry (DXA) and 

quantitative computed tomography (QCT). These methods are practical but their 

resolution is insufficient to detect microscopic bone structural changes with age [60]. 

High-resolution micro computed tomography (MicroCT) is the current research standard 

tool used to quantify bone morphology and measure calcium density in bone[61]. 

MicroCT is used as a quantitative approach to measure high-resolution microstructural 

changes by acquiring and reconstructing virtual cross-sections[62]. It allows visualization 
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of the internal structures without destroying the samples.  This tool consists of an X-ray 

source and a detector. The highest resolution currently available is a voxel size of 8 µm, 

which is able to measure trabeculae thickness (generally from 50-400 μm in thickness 

[21]).  Three dimensional datasets are reconstructed and the grayscale values are 

converted to hydroxyapatite content (bone density indicator) using a linear calibration 

phantom [62]. The hydroxyapatite content is used to separate the bone and the pore 

pixels.   

The morphology data obtained from the MicroCT device can be interpreted by 

calculating the sample’s structural bone indices. Structural bone indices provide 

information about the architecture of bone in the vertebra. The most common bone 

indices selected to study bone properties and their relationship to osteoporosis are bone 

volume (BV/TV), trabecular thickness (Tb.Th), trabecular space (Tb.Sp) trabecular 

number (Tb.N) and bone mineral density (BMD)[19, 60, 63-65]. The indices reported in 

these studies are based on bone structure, but few studies have reported indices related to 

porosity such as pore number (Po.N) and pore diameter (Po.D) [66, 67]. These indices 

describing porosity would be useful to elucidate more information about the flow of 

nutrients through the vertebral endplate and its changes with disc degeneration.  

1.9 Objectives 

Previous studies of endplate diffusion have reported qualitative information 

regarding human endplate permeability [7, 68]. However, quantifying the endplate 

permeability is needed in order to understand the role that nutrients play in disc 

degeneration. The objective of this dissertation is to determine the role of endplate 

permeability and endplate microstructure on disc degeneration, by measuring changes in 
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endplate permeability potentially caused by disc calcification and/or sclerosis.   

The microscopic morphology of the adjacent vertebral endplate and IVD degeneration 

characteristics such as GAG content, cell density and disc height will be demonstrated.   

The following work is presented in the next chapters: 

a. In chapter 2, the design, construction and validation of a custom-made 

permeameter are presented.  

b. In chapter 3, the permeability measurements of human endplate structure with 

and without cartilaginous endplate are presented. They are compared to disc 

degeneration parameters such as cell density and GAG content. 

c. In chapter 4, the morphology of the VEP is analyzed by quantifying the 

structural bone indices and then comparing them to permeability values and 

disc degeneration parameters.  

We anticipate that the results of these studies will be helpful in determining the 

role of nutrients play in disc degeneration by focusing on the endplate structure of the 

disc and vertebrae.  
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Chapter 2 Permeameter Design and Validation 

2.1  Introduction 

Back pain is caused by many factors including disc degeneration.  Disc 

degeneration may cause physical changes in the vertebral endplate and the disc, such as 

calcification and/or sclerosis in the endplate structure. The function of the endplate 

structure - to maintain disc hydration and allow nutrients in and out of the disc – may be 

altered by these changes.  Since the disc cells get their nutrients via diffusion through the 

cartilaginous endplate (CEP) and vertebral endplate (VEP) [27] any nutrient blockage in 

one of the two endplate structures may play a role in disc nutrition and metabolite 

excretion changes.  In order to estimate the relative ability of nutrients to diffuse through 

the endplate, the permeability - a material property that can be obtained by measuring the 

flow of fluid through a specific material over time using a permeameter - is measured. In 

the following chapters, we will determine the relationship of the endplate structure 

composite, the CEP and the VEP to disc degeneration and related parameters including 

cell density and proteoglycan content. We will quantify this contribution by measuring 

the nutrient permeability using a permeameter. The design and validation of our 

permeameter are presented in this chapter.  

Currently there are no commercially available testing systems capable of 

measuring permeability over a range of values wide enough to encompass both the CEP 

and VEP at physiologic settings. Although the CEP and the VEP tissues can be measured 

independently in different devices, making measurements for the endplate structure, the 

CEP and VEP in the same permeameter system allows for comparison between the 

different tissues and it reduces artifacts caused by using different systems. Previous 



 17

authors have measured the permeability of non-composite tissues in vitro using custom-

made devices. Setton designed a permeameter to measure baboon cartilage permeability, 

while Nauman designed a permeameter to measure trabecular bone permeability for 

different locations in the body including the vertebra [56, 57]. These devices performed 

well measuring the permeability of their respective tissues. However, they were not made 

to measure composite tissues over a wide range of permeabilities, such as the endplate 

structure, which may have a range of 8 orders of magnitude in permeability when the 

cartilage and bone are separated [56, 57].  

In order to characterize the contribution of cartilage and bone endplate 

permeability, we designed, constructed and validated a permeameter device.  In this 

chapter, we present the evolution of the design (generation 1 and 2), the selected system 

components and the methodology and results from the validation of the permeameter 

device.  

2.2  Permeameter Design 

Requirements for the Permeameter Design 

A list of requirements was generated for our permeameter design based on our 

needs and on  previous permeameter designs obtained from literature [36, 56, 58]. 

Generally, the permeameter must measure the permeability of the nutrients (fluid) 

diffusing through a sample at a physiological pressure.  

The design characteristics of the permeameter are: 

 (a) The device must measure permeability at physiologic pressures (0.2 MPa – 

2.3 MPa)[7, 35]. For this study 0.7 MPa was selected to represent an average nominal in 

vivo disc pressure. 
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(b) The permeameter must quantify the interstitial fluid permeability of the 

endplate at physiologic pressures for a wide range of permeability values ranging over 8 

orders of magnitude (10-15 - 10-7 m4/N-s, cartilage and bone respectively [56, 57]).   

(c) Cartilage and bone have irregular surfaces, which create small openings that 

allow fluid to leak around the specimens. Leakage around specimens has been a common 

problem in previous permeability studies [56, 58]. Therefore, in designing the 

permeameter, particular attention should be paid to leakage, which should be minimized 

around the specimen.  

 (d) In order to obtain physiologic values, a fluid similar to interstitial fluid must 

be used. We selected deionized water which was used previously in Nauman’s study 

[56].  

(e) The specimen holder must fit an 8.25 mm diameter sample. The selected 

sample diameter represents the minimum surface area contained in the nucleus pulposus.  

This diameter also meets the minimum standard diameter  required to successfully 

measure the permeability of the bone tissue [69].  

Permeameter-Generation 1 Components and Function 

The first generation permeameter device design consisted of an aluminum 

syringe-like permeameter adapted from Nauman’s study (Figure 2.1)[56]. It could be 

possible to adapt this device to increase its measurement range, but several modifications 

would be needed in order to accomplish this. We believed that this device could provide 

suitable data for our study because it was previously used to study the permeability of 

bone tissue. We anticipated that minor modifications to the specimen holder could be 

made to accommodate the added cartilage endplate tissue in our samples.  In this design, 
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cylindrical endplate specimens are mounted within the cap of the permeameter and their 

flat surfaces are sealed with two rubber-o-rings (Figure 2.2). Fluid is forced through the 

specimen by an aluminum plunger driven by a servohydraulic materials test system (MTS 

Bionix 858, Eden Prairie, MN) operating under load control. The upstream fluid pressure 

is measured by an integrated pressure sensor (the fluid pressure differential (Pu-Pd) was 

maintained at 0.7 MPa). The downstream pressure is calculated based on the geometry of 

the device and assuming the outlet pressure is atmospheric. The fluid flow rate is 

calculated from the measured plunger displacement rate and the device geometry. 

Unfortunately, this device was not acceptable for several reasons. First, the specimen set 

up was laborious. Tightening the 12 screws that sealed the top plate to the external 

cylinder such that there was no gap that would cause leaks was challenging and time 

consuming. This required multiple iterations for each sample in order to achieve the 

necessary seal. In addition, the permeameter leaked at the junction between the top and 

the external cylinder.  After multiple attempts with a variety of different gaskets, a 

temporary gasket was found. However, the solution required replacing the gasket 

frequently, (after about six tests showed an overall deterioration of the gasket) a 24 hour 

process. No permanent retrofit was possible. The aluminum plunger was also 

problematic; it wore overtime requiring disassembly between tests using a vise, causing 

additional artifacts to the test, such as an increase in friction between the cylinders. 

Fixing leakage after a failed test also led to the destruction of the specimen when the 

specimen was removed from the specimen holder. It was not possible to confirm if the 

specimen was seated correctly in the specimen holder. A missing feature for this device 

was real time data calculation, which could have expedited data analysis. Finally, 
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permeability decreased with time during the experiment, as opposed to the expected trend 

to be constant with time. It was suspected that this trend was due to debris present in the 

device.   After multiple unsuccessful attempts to make steady measurements, the first 

generation permeameter was abandoned and a new design for a second-generation 

permeameter was designed and constructed.  

 

Figure 2.1 Schematic of device for endplate permeability measurement generation 1 [56]. 
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Figure 2.2 Permeameter connected to MTS machine  

Additional Requirements for Permeameter  

Before the second-generation permeameter was designed, additional requirements 

were added to the list shown above to optimize the new permeameter based on the 

lessons learned during assessment of the previous design. The following requirements 

were added: 

(f) The permeameter must contain a removable specimen holder to keep the 

sample from being damaged.  

(g) The permeameter must measure permeability in real time to help monitor the 

fluid flow to the disc and detect whether the specimen has any defects as the test runs.  

(h) A filter in the system to remove any debris in the fluid path must be included 

to reduce artifacts created by debris in the permeameter system.  
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Permeameter-Generation 2 Components and Function 

Using the guidelines listed above, a second-generation permeameter was designed 

and constructed. A schematic of the second-generation permeameter is shown in Figure 

2.3. The device is composed of stainless steel pipes connected to a water reservoir and a 

0.05 micron filter (Absolute-Rated Membrane Filter Cartridges, PTFE 10” cartridge, 

McMaster Carr 6648T11), three valves to control the pressure, a safety valve, a water 

inlet and a water outlet. The permeameter is pressurized by a nitrogen tank. An external 

pump delivers water to the reservoir via the water inlet (maximum volume capacity of 1 

liter).  Before the fluid outlet, the device contains a removable specimen holder made up 

of a cryogenic vial cap with an outer o-ring that tightly fits an 8.25 mm diameter 

specimen (Cryogenic Vial, Corning Cat. No.2018 – 8.25mm in diameter and 11 mm 

deep).  

The sample is placed in the specimen holder.  First, cyanoacrylate is added to the 

periphery of the disc to prevent leakage. Then, high vacuum grease is applied around the 

cap’s o-ring (Dow Corning High Vacuum Grease DC 976) and the specimen holder is 

inserted in the permeameter (Figure 2.3). Deionized water is delivered to the reservoir 

using the external pump and the air trapped in the system is released using the vents 

(Figure 2.4).  The upstream fluid pressure (Pu) of 0.7 MPa (100 psi) is generated in the 

nitrogen tank and measured by an integrated pressure sensor: the downstream pressure 

(Pd) is atmospheric (0.1MPa). The flow of water is calculated by weighing the amount of 

water collected by a beaker placed on a balance, (Ohaus, Cat No. AV2102CU-US, 2100g 

capacity, 0.01 g resolution, 3s stabilization time) converting it to m3 units and dividing it 

by time (Figure 2.5). The time to run the experiment is selected based on the expected 
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permeability, where lower permeabilities require longer times. For the validation, the test 

runs for 10 minutes. The initial data (approximately the first 2 minutes) is used to 

stabilize the measurements by allowing the specimen to soak and any remaining bubbles 

in the system to evacuate. The permeability is then calculated as the average value over 

the remaining time (approximately 8 minutes). The pressure is recorded from the pressure 

transducer (Honeywell Sensotec, Model A205, 500 psi, infinite resolution). Finally, a 

LabView program (National Instruments Corporation, Austin, TX) is used to synchronize 

and collect data from the pressure transducer and the balance. 

 

Figure 2.3 Illustration of the second-generation permeameter 
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Figure 2.4 Second-generation permeameter used for studies. 
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Figure 2.5 Fluid collection system for permeameter (top). Specimen holder close up 
(bottom) 
 

The data collection system was designed to collect and synchronize time 

dependent data from the pressure transducer and the balance. The system is composed of 

a data acquisition board (PCI-6221, National Instruments, Austin, TX)  with 4 different 

channels sampling at 5 MS/s, a shielded I/O connector box (SCB-68, National 

Instruments) and a PC computer running Windows XP. A program was developed using 

LabView software v7.1 (National Instruments, Austin, TX) for data acquisition. The 

acquired data was then analyzed with a custom-made MATLAB program, which used the 
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pressure transducer data, the weight of the water from the balance and the time of the test 

to quantify permeability as described in the next section.   

Permeability Calculations  

The fluid flow Q was calculated by dividing the weight of the fluid (m) passing 

through the specimen by the density of water (ρ) at three-second intervals (t), Q = m/ρt 

The sample’s permeability (k) was calculated using Darcy’s Law to relate the velocity (v) 

to the pressure drop across the specimen (Pu-Pd) per length of the sample: 
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Equation 2.1

 
Where V is the volume water (m3), t is time (s), Q is the flow rate (m3/s), A is the cross-

sectional area for fluid flow (m2), μ is the fluid viscosity (0.001 N/m2-s for water), k is 

the permeability constant (m2) and Ls is the specimen length (m). The final results were 

reported as intrinsic permeability in units of fluid mobility (m4/N-s) and defined as the 

sample permeability normalized by the viscosity of the fluid (k/μ) [70-72] 

Validation Guidelines  

An acceptability criterion will be applied to this system to determine if the device 

is acceptable to measure permeability for bone and cartilage endplate tissue. The criteria 

for precision indicates that a variation under 10% is acceptable, 10-30% may be 

acceptable and over 30% is not acceptable [73]. Although, the absolute accuracy is not 

crucial to approve this device, since the contribution of bone and cartilage permeability to 

disc degeneration parameters will be sufficient to determine a relationship, the accuracy 

will be characterized for completeness.  The precision will be reported as the standard 
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deviation of the repeatability tests. Finally, upper and lower permeabilities should 

encompass the bone and cartilage permeability range mentioned above.  

2.3  Validation Methods 

The methodology used to validate the second-generation custom-made 

permeameter is presented below.  First, a leakage test was performed on the system. 

Second, a testing material with physical properties comparable to bone and cartilage was 

selected. Then, repeatability measurements were performed with the material selected to 

quantify the accuracy and precision of the system. The upper and lower limits were 

quantified and the data was analyzed and compared to the manufacturer values solving 

for accuracy.  

Leakage Test 

Since leakage is a known issue with these devices, a leakage test was performed. 

A solid specimen was placed in the specimen holder and pressurized at physiological 

pressure.  The pressure was held for 15 minutes. Any drops of fluid which accumulated at 

the end of the specimen holder were recorded.  

Selection of Standard Specimen 

The requirements defined to select the best standard were the following: The 

material should be a porous material available in different porosities providing 

permeabilities between the testing range mentioned above (10-15 - 10-7 m4/N-s), be large 

enough to fit in our specimen holder (8.25 mm in diameter), be affordable and be able to 

sustain high pressures (>1.5 MPa). The materials explored included ceramic, 

polyurethane and stainless steel porous discs. After comparing each of the materials with 
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the requirements list, the stainless steel discs were selected as the best material to use for 

the permeameter validation based on their wide range of available permeabilities and 

affordability. In contrast, ceramic was rejected due to high cost. Polyurethane specimens 

did not provide an open continuous porosity to allow the fluid to get through.   

The permeability of five porous stainless steel discs (0.2, 0.5, 1.0, 2.0 and 5.0 

microns, Small Parts Inc PXX-K2-A) was obtained from the manufacturer in units of 

Darcy.  Then, the manufacturer value was converted from Darcy units to m2 units using 

the conversion factor of 1 Darcy = 9.87 x 10-13 m2. Then this was divided by viscosity 

0.001 N/m2-s. The permeabilities of the 5 discs were therefore 2.47 x 10-11, 1.02 x 10-10, 

2.23 x 10-10, 6.57 x 10-10, 1.25 x 10-9 m4/N-s. Although the complete range of 

permeabilities listed in the requirements is not covered by the selected validation 

samples, the samples fall in the middle of the range and the upper and lower range of the 

device can be computed using the resolution of the data acquisition devices.   

Repeatability Study 

The repeatability study was performed using 30 standard samples. Six samples at 

each of the 5 pore size discs were tested. The stainless steel discs are commonly used as 

filters to trap debris in water systems. In order to keep the discs from potentially 

accumulating debris from the system, we decided to test each disc only once to reduce the 

amount of confounding errors.  The accuracy was quantified by comparing the measured 

with the manufacturer’s stated permeabilities.  

 
The following parameters were held constant: the length of the specimen (Ls = 

1.55 mm), the cross-sectional area of the specimen (A = 5.34 x 10-5 m2) and the pressure 
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applied on the specimen (Pu-Pd = P = 0.7 MPa).  The flow rate was quantified using 

Equation 2.1.   

Upper and Lower Limits of Permeability Range  

The factors that affect the upper and lower ranges of the permeameter were examined 

(Figure 2.6). 

 
Figure 2.6 Permeability range for cartilage and bone and the validation range for the 
device. 

Statistical Analysis 

The precision range was quantified using the standard variation of each of the 5 

porous discs for the repeatability results (Equation 2.2), where sd is the standard 

deviation, x is the value in each sample, x  is the mean of the values and n is the number 

of samples.  The accuracy (% error) was quantified by calculating the percent error using 

Equation 2.3, which compares the manufacturer permeability with the measured 

permeability, where kmanufacturer is the manufacturer’s permeability obtained from the disc 

manufacturer and kmeasured is the measured permeability obtained from Darcy’s law 

(Equation 2.1). The manufacturer’s stated permeability was correlated to the measured 

permeability. The least squares linear fit and the R2 are reported. 
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2.4  Results 

The permeameter was found to be acceptable for use in the proposed studies.  A 

negligible amount of leakage was observed.  The measured values were approximately 2-

4 times the manufacturer values (Table 1). A linear equation fit provided the following 

relationship: Measured Permeability = 2.01(Manufacturer Permeability) + 2 x 10-10 with 

an R2 = 0.95 (Figure 2.7). 

 

Figure 2.7 Comparison of the measured permeability with the manufacturer permeability. 
A linear fit was applied. The correlation has an R2  = 0.95.  
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The measured permeability readings from the 0.2 to 5.0 micron porous discs were 9.5 x 

10-11 (m4/N-s) to 2.6 x 10-09 (m4/N-s) discs respectively (Table 2.1). The standard 

deviation for the pore size samples ranged from 9% to 29% (Table 2.1, Figure 2.8) 

Specimen (pore size μm) 0.2  0.5 1.0 2.0 5.0  
k/µ(10-10 m4/N-s) – 
manufacturer 

0.25 1.02 2.23 6.57 12.5 

k/µ(10-10 m4/N-s 
 ± SD%) – measured 

0.951 
± 20% 

4.00 
± 9% 

7.64  
± 29% 

19.48 
 ± 18% 

25.60 
 ± 13% 

Percent error per porous 
disc type (accuracy)  

286% 
(3.8x) 

293% 
(3.9x) 

242% 
(3.4x) 

196% 
(3.0x) 

104% 
(2.0x) 

Table 2.1 Permeability values obtained for repeatability and accuracy. Permeability (k/µ) 
presented for manufacturer’s and measured values 
 

 
Figure 2.8 Repeatability of the permeameter for each of the 5 different pore size discs. 
Each disc type was tested 6 times and the variability is shown in the graph. 
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The upper and lower ranges of the permeameter were computed. In the upper 

range, the measurement is limited by the volume of fluid in the reservoir (V=1 Liter) and 

the highest data collection frequency (1 point every 3s). The flow rate (Q) at the upper 

range was calculated by converting 1 Liter to m3 units and dividing by t = 3 s such that 

Q=V/t.  This results in a flow rate of 3.33 x 10-2 m3/s. Using this flow rate, the largest 

permeability measureable by the system is K=4.45 x10-6 m4/N-s. This is obtained by 

solving Equation 2.1 for the intrinsic permeability K=k/μ (Equation 2.4) and using the 

specimen inputs Ls= 5.00 mm, A = 5.34 x 10-5 m2 and ΔP=0.7 MPa. Ls was chosen as a 

comfortable fit in the specimen holder, ΔP is the physiologic pressure and A is the cross 

sectional area of the specimen holder. 

AP

QLk
K s


 

Equation 2.4

 

In contrast to the upper range, the resolution of the lower range is a function of the testing 

time. For example, a specimen in the 10-15 m4/N-s permeability range will have a flow 

rate of 7.48 x 10-12 m3/s (calculated using Equation 2.1). In this case, a weight of 0.01 g 

of water (the minimum change detectable by the balance) would be delivered every 1336 

seconds (22 min). At this rate, it would take 7 hrs to collect 0.2 g of fluid and 21 hrs to 

collect 0.6 g of fluid.  

2.5  Discussion 

The permeameter device was successfully designed, constructed and validated. 

The results showed that the accuracy and the precision are acceptable for this device 

based on the acceptability criteria listed above.  
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The measured values were 2-4 times different from the manufacturer reported 

values. These ranges of values could be explained by different factors.  

For example, the manufacturer values were obtained under different testing conditions 

compared to this study. Some unknown variability with the samples was present and 

potentially other factors such as tortuosity, could explain these differences. The 

measurements obtained are acceptable for our permeability studies. The main goal of the 

permeability studies in the next chapters is to determine the relationship between 

permeability (in both the bone and cartilage) and degeneration parameters.  For that 

reason, only relative comparisons are necessary. The expected difference in permeability 

variation within bone is two orders of magnitude and within cartilage is five orders of 

magnitude. When this difference is compared to the accuracy of the permeameter, then it 

can be seen that the accuracy difference is trivial when comparing a wide range of 

permeabilities expanded over a few orders of magnitude. Therefore, this difference does 

not affect the final results.  At the other extreme, if the permeability considered for either 

bone or cartilage falls within the same magnitude, then the difference in accuracy will not 

affect our conclusions because all the values will be off by the same order of magnitude.  

The only time when relative differences in accuracy could be a problem would be if the 

permeability values fall in the range of 10-8 or higher. This last scenario is not relevant 

because the permeameter is not designed to function in this range. In summary, the 

accuracy obtained from the validation study shows that the permeameter is acceptable to 

use for our studies in the next two chapters.    

The precision range of the machine was 9-29%. Although the values obtained fall 

in the middle-acceptance range of the acceptability criteria, the precision obtained is 
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satisfactory for our permeability study. When the inherent variability within the tissues is 

considered, this can affect the results in different ways.  If the precision value for the 

specimens is less than the difference between the specimens, then the precision value is 

acceptable. If the difference in precision is higher than the difference between each of the 

tissues than the difference between the tissues cannot be distinguished. For that reason, a 

power calculation should be used to determine the number of samples needed to discern 

differences in the upcoming tissue studies.  One of the limitations of this machine was 

that the pressure control system was not constant for all of the samples. This could 

explain the mixed standard deviation values obtained for each of the porosities measured.  

For example, the permeability for the smallest porosity (0.2 micron) had a standard 

deviation of 20% or ± 9.5 x 10-11 and the largest porous disc (5.0 micron) had a standard 

deviation of 13% or ± 2.56 x 10-9. When the permeability was high, the nitrogen tank 

pressure system had difficulties delivering enough nitrogen gas to keep the system at a 

constant pressure. This problem with pressure was not present at low permeabilities. 

Another limitation of the validation, which could explain the disparity in precision values 

in the system, involves the potential debris left in the porous metal discs from machining 

dust. The discs were cut to fit in the specimen holder (8.25mm) from their original 

diameter of (12.7 mm). This could provide additional explanations for the variation in the 

validation samples. However, we believe that the debris in the system is negligible and 

will not have an effect on the real tissue samples. Based on this rationale, the precision of 

the second-generation design is acceptable for the studies that will be performed in the 

following chapters. 
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The upper and lower limits specified in the acceptability criteria will be reached 

successfully by the permeameter system. An upper limit of permeability of 4.45 x 10-6 

m4/N-s is obtainable. In order to successfully measure the permeability at the lower limit, 

the testing time must be increased in order to obtain a sufficient amount of fluid. We 

recommend a minimum of seven hours of testing time, which corresponds to least 0.2 g 

of fluid collected to allow for both system stabilization and a sufficient number of data 

points to perform the calculations.  In addition, we recommend a maximum time of 21 

hrs, which corresponds to 0.6 g of fluid, to minimize specimen degradation. Note that 

when these long times are used the beaker should be covered to avoid water evaporation.  

These results show that this device can effectively measure permeabilities in the expected 

range shown in Figure 2.6. 

In summary, we validated the device within 3 orders of magnitude - 10-9 to 10-11 

m4/N-s- in the cartilage and bone permeability range. The upper and lower limits 

calculations showed that the device has a wide range of permeability detection. This 

device is able to make sufficiently precise measurements of permeability for a variety of 

tissues, in this case cartilage and bone. It meets the accuracy requirements for the studies 

planned in the next chapter.  This permeameter will aid in elucidating information about 

the nutrient diffusion of the intervertebral disc and how it leads to degeneration.  
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Chapter 3 Human Disc Nucleus Properties and Vertebral Endplate Permeability 

3.1 Introduction 

 
The central intervertebral disc (IVD) loses its blood supply in the first decade of life 

[8] [74]. This avascularity causes disc cells to rely on diffusion and convection for 

nutrient and metabolite exchange, principally with capillaries in the adjacent vertebral 

bodies [30, 58, 75]. Early work by Nachemson [7], demonstrated that endplate capillaries 

are more numerous at the disc center, where the disc is tallest and cellular competition for 

nutrients is greatest [27, 76]. The vertebral endplate has subsequently been shown to be 

the principal route for nucleus cell nutrition [77, 78]. 

Clearly, sustaining adequate transport is critical to disc health, as cells maintain 

the extracellular matrix (ECM) and regulate the biochemical environment [79, 80]. Over 

thirty years ago, Nachemson hypothesized that endplate calcification may impede disc 

cell nutrition and lead to degeneration [7]. Since then, this has been analyzed 

theoretically [81], and experimentally in vitro where a restriction in nutrient supply has 

been shown to reduce the number of viable or functional cells [27]. This notion is 

supported by several studies that report differences in diffusion pathways between 

healthy and degenerate discs [82-84]. 

Transport linking endplate capillaries to disc cells is controlled by direction-

dependent interactions between cartilage endplate and subchondral bone [36, 85, 86]. 

Hence, one mechanism for adversely affecting cell function is reduced cartilage 

permeability via calcification [38, 41]. Alternatively, subchondral bone sclerosis may 

result in fewer and smaller pores through which transport can occur [46]. While 
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qualitative evidence suggests one or more of these mechanisms underlie disc 

degeneration, quantifiable relationships between disc cellularity, endplate permeability, 

subchondral bone porosity, and matrix content are unavailable.  

Establishing such associations would help clarify disc degeneration 

pathomechanisms. Further, if degeneration is causally linked to transport inadequacy, 

then patient-specific risk factors that initially lead to degeneration may be detrimental for 

subsequent efforts at stimulating disc repair. That is, therapeutic increases in disc cell 

number and/or metabolic activity may not be achievable and sustainable within this 

transport constrained environment. The goal for this study was to investigate univariate 

relationships between human endplate morphology, permeability, disc cell density, 

matrix content, and radiographic evidence of degeneration in attempts to establish 

quantitative relationships that would be useful for disc degeneration/regeneration 

research.   

3.2 Materials and Methods 

Dissection 

Thirteen freshly frozen cadaveric human lumbar spines from levels L1-L5 and 

L1-L4 (age range 32-85 years; average age 63 ± 16 years; 4 females and 9 males) were 

obtained from donor banks. Overall, 51 motion segments were harvested. No attempt was 

made to preselect samples with osteoarthritis or osteoporosis; therefore, they only 

represent a random sample of the population. The specimens were kept at -20ºC until 

they were thawed for MRI assessment. The intervertebral disc (IVD) specimens were 

scanned in a 3T MRI Scanner (GE Healthcare, Milwaukee, WI) and graded by three 

trained radiologists using the Pfirrmann degeneration scale [55]. In order to obtain the 
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average IVD height, three locations were selected and measured from mid-sagittal MRI 

images using NIH Image software: one from each lateral side and one at the center.  The 

posterior processes were removed using a bone saw (Exakt Model 300, Band Saw, 

Norderstedt, Germany). Subsequently, the surrounding muscle and other soft tissue were 

dissected away from the spine. The motion segments were then cut transversely in each 

vertebra using a bone saw to obtain specimens consisting of half-vertebra/disc/half-

vertebra (Figure 3.1).  Next, they were refrozen for the following two steps, to preserve 

nuclear tissue. The motion segments were cored at the center of the nucleus pulposus 

using an 8.25 mm (inner diameter) diamond coring tool (Starlite Industries, Rosemont, 

PA) and a drill press. In the transverse plane, the center of the nucleus pulposus was 

approximated by marking a point one-third of the anterior-posterior length along the 

sagittal midline. Next, the adjacent vertebra/endplate core was separated from the nuclear 

tissue.  In order to keep the cartilage endplate intact, the nucleus tissue was cut 

approximately 1 mm away from the cranial and caudal ends of the adjacent vertebra. 

Then, the nucleus was carefully divided in three roughly equal parts along the axial 

length of the nuclear core and labeled in reference to the adjacent vertebrae: superior, 

center and inferior (Figure 3.1). The 102 vertebral/endplate cores were stored at -20°C for 

later use in MicroCT imaging. 
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Figure 3.1 Schematic of endplate specimen harvest. Specimen was cored from the frozen 
motion segment (8.25 mm diameter). The cartilage endplate attached to the vertebral 
cores was separated from the nucleus pulposus tissue for MicroCT (μCT) and 
permeability measurements. The nuclear tissue was separated in three parts, which were 
labeled in reference to the adjacent vertebra: inferior (1), center (2), superior (3) for 
biochemical measurements.  
 

Imaging 

The vertebral bone cores were thawed and imaged in a commercial micro-

computed tomography system (μCT 40, Scanco Medical, Brüttisellen, Switzerland) with 

an X-ray tube voltage of 70 kV and 180º acquisition. Fifteen cores were excluded due to 

technical issues. Each core was placed in a cylindrical sample holder in a bath of protease 

inhibitors diluted 1:10 with distilled water (P2714 Protease inhibitor cocktail, Sigma-

Aldrich, St Louis MO)  to keep the cartilage in the specimens from degrading [57].  A 

spatial resolution with an isotropic voxel size of 8 μm (matrix 2048 x 2048, 1000 

projections/180º, FOV 16.4 mm) was chosen. Specimens were scanned along the length 

of each core, encompassing the vertebral endplate surface and 3 mm of bone underneath 
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it. Next, image cross sections were reconstructed to create a 3D structure using the 

manufacturers’ cone beam reconstruction algorithm [60].  Then each 3D structure was 

transformed into 1000-1100 serial-8μm thick-sliced images in a sagittal orientation.  

Next, a light Gaussian filter (to remove high frequency noise) followed by a fixed 

threshold was applied (to segment the images into a bone and pore phase) [64]. The 

irregular vertebral endplate surface was then identified using a custom-made algorithm 

developed using MATLAB software.  The semiautomatic technique is fully described 

elsewhere  [87]. For each sagittal CT image, this algorithm identified a single region of 

interest (ROI) that included an 8 μm (one pixel) thick endplate surface contour. For each 

contour, the bone volume fraction (BV/TV) was calculated, where BV is bone volume 

and TV is tissue volume (equivalent to the ROI volume). The porosity was calculated as 

the average of 1-BV/TV for the series of sagittal images for each specimen (Figure 3.2).  

A B  
Figure 3.2 A MicroCT transverse view of a subchondral endplate is shown on the left 
(A).  The open pores are filled using a method that highlights the size of the pores by 
using a color scale right (B) 
 

Permeability testing 

After the vertebral bone specimens were scanned, the specimens were trimmed to 

approximately 5 mm from the vertebral endplate surface using a low concentration 
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diamond wafering blade on a Buehler Isomet Circular Low Speed Saw. The marrow was 

then removed from the trabecular bone using a water pik (Waterpik, CO) and the cores 

were stored at -20ºC. A custom-built permeameter was used to measure the hydraulic 

permeability of the endplate cores. The permeameter consists of a series of pipes 

connected to a pressurized fluid reservoir (Figure 3.3) and was validated using porous 

stainless steel discs of known permeability (Mott Corp, Farmington, CT) [88]. 

 

 
Figure 3.3 Illustration of the permeameter. The custom-made permeameter is composed 
of stainless steel pipes connected to a water reservoir. These pipes are also connected to a 
pressure transducer, a safety pressure release valve, fluid outlets, a filter and a specimen 
connector. The fluid is pressurized to 1 MPa and pressed through the cartilage-bone 
specimen. A schematic of the test specimen is shown on the top left corner where Pu is 
the upstream pressure, Pd1 is the pressure downstream of the cartilage endplate, and Pd2 
is the pressure downstream of the subchondral bone. 
 

Permeability measurements were performed on 51 vertebral/endplate cores, one 

from each motion segment. The locations (inferior or superior) were randomized and the 

matching core was saved for a future study. To assess the permeability of the cylindrical 

core samples, they were first thawed and then placed in perforated cryogenic vial caps 
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(Cryogenic Vial, Corning Cat. No.2018). Then, cyanoacrylate glue was carefully added 

to seal the cartilage endplate periphery to prevent leaks around the specimen. The 

samples were oriented so that the driving hydraulic pressure was against the cartilage 

endplate so that fluid passed in the flow-out, disc to bone direction [36]. We chose the 

flow-out direction for two reasons. First, several groups have demonstrated that nucleus 

pressure compacts cartilage endplate leading to decreased matrix pore size and lower 

permeability [36, 89]. Because of this, we adjusted the apparatus flow to correspond with 

physiologic disc pressures so cartilage endplate compaction in our experiment would 

match that present in vivo. In that way, we expect our data to be more representative of in 

situ conditions. A similar choice was made by other groups [90, 91], and consequently 

this also allowed a representative comparison to historical data. Second, the cartilage 

endplate is only loosely adherent to the subchondral bone, and our preliminary attempts 

at measuring permeability in the flow-in direction damaged the specimens by separating 

tissues. The cartilaginous portion of the sample in the cryogenic vial was equilibrated in 

protease inhibitors diluted 1:10 in distilled water for at least half an hour to reduce 

cartilage degradation. The sample in the vial was then inserted in the sample mount and 

ready for testing. The permeameter was filled with deionized water and pressurized to 1 

MPa – the average physiological pressure of the disc [92]. The fluid flow rate was 

calculated by measuring the weight of the fluid passing through the specimen at two-

second intervals using a precision electronic balance (Ohaus, Cat No. AV2102CU-US, 

2100g capacity, 0.01g resolution). The upstream fluid pressure (Pu) was generated using a 

nitrogen tank and was measured by a pressure sensor (Honeywell Sensotec, Columbus, 

Ohio, Model A-205). The downstream pressure (Pd) was atmospheric.  
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Specimen’s permeability (k/μ) was calculated using Darcy’s Law to relate the 

Darcy velocity (v) to the pressure drop across the specimen (Pu-Pd): where Q is the flow 

rate (m3/s), A is the cross-sectional area for fluid flow, μ is the fluid viscosity (Pa-s), the 

Darcy permeability constant k, is the intrinsic property of the tissue (m2), and Ls is the 

specimen length (m). 
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Each specimen’s permeability was measured twice, once intact, and a second time; after 

careful removal of the cartilage endplate using blunt dissection and Toluidine blue tissue 

marker to differentiate the cartilage from the bone. The cartilaginous endplate thickness 

(Lcep) was then measured using a resistance micrometer [93]. The cartilage endplate 

permeability was calculated assuming ‘permeabilities in series’; that is, for the intact 

specimen, the flow is equal through both the cartilage endplate (cep) and subchondral 

bone (bone) (see also Figure 3.3). 
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From the intact specimen flow experiments, total permeability (ktotal) in Equation 

3.2 was determined.  From the bone-only flow experiments, bone permeability (kbone) was 

determined. Using these quantities, and the pressure-drop/flow-rate relationships from the 

intact specimen test, cartilage endplate permeability (kcep) was determined from Equation 
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3.2 by first solving for Pd1 and then for Kcep.  The final results were reported in fluid 

mobility units (m4/N-s) and defined as the tissue permeability normalized by the viscosity 

of the fluid (k/μ).[70-72]. 

Biochemistry 

Cell density was quantified by measuring DNA fluorescence using the PicoGreen 

assay method (Molecular Probes Invitrogen Detection Technologies, Eugene, OR) 

following the manufacturer’s protocol. First, the stored nuclear tissue was thawed out for 

3 minutes. Each nuclear section (inferior, center and superior) was finely minced, 

weighed to obtain wet weight, and then lyophilized in order to obtain dry weight. The 

water content was quantified by measuring the difference between these two weights. 

Samples were digested using papain (Sigma-Aldrich) prepared at a dilution of 1:100 in 

PBS for 24-36 hours at 60° C and then centrifuged at 3000 rpm for 10 minutes to separate 

the sample into a pellet containing cells and supernatant containing GAGs. The pellet was 

then resuspended in 300 mL of TE buffer (Sigma-Aldrich) and used to estimate nucleus 

cell density, while the supernatant was used to determine nucleus glycosaminoglycan 

(GAG) content. In a validation study (Appendix A), it was determined that the amount of 

DNA in the supernatant was negligible compared to the amount of DNA found in the 

pellet; for that reason the DNA was only obtained from the pellet. The amount of DNA 

was quantified by using the results from a standard curve produced using a calf thymus 

DNA concentration. Finally, the cell density was calculated by dividing the amount of 

DNA by 6 picograms of DNA which are contained per cell [94].  

Nucleus GAG content was quantified using the dimethylmethylene blue assay 

(DMMB)  method with the supernatant from the nucleus digestion [95].  The supernant 
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was diluted to 1:200 and then 40 µL of the solution was added to 250 µL of the DMMB 

dye solution. A wavelength reading was measured using a spectrophotometer 

(SpectraMax M3, Sunnyvale, CA). The GAG content was calculated based on a standard 

curve using an aqueous solution of chondroitin sulfate C from shark cartilage 

(chondroitin 6-sulfate, Sigma Aldrich, St. Louis, MO).  The results were normalized by 

volume (mm3) from the water content previously obtained.  

Data Analysis 

All statistical analyses were performed using the JMP (Version 7.0, SAS Institute 

Inc.). Interobserver variability for degeneration scores was determined by a kappa score. 

Means and standard deviations for the variables were obtained. Pairwise linear and power 

fit regressions were performed to analyze relationships between relevant variables 

[permeabilities (total, cartilage and bone), porosity, endplate cartilage thickness, age, disc 

height, cell density, GAGs, GAGs/cell]. The linear fit was applied first, if a nonlinear 

relationships was encountered a power fit was then applied. The best fit was determined 

to be that which resulted in the largest R2 value. The statistically significant variables 

were further investigated using stepwise multiple regression models. The stepwise 

multiple regression models were assessed by using hydraulic permeability, cell density, 

GAG content, GAGs/cell individually as the dependent variables and were assessed as a 

function of (degeneration grade entered as an ordinal predictor, porosity, age, endplate 

cartilage thickness, and disc height entered as continuous predictors) and the remaining 

variables not use as the independent variable.  
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Permeability, Porosity and Cartilage Thickness. 

A one way ANOVA was used to compare porosity to degeneration. Then, a one-

way repeated measures ANOVA to compare degeneration grade to vertebral level by 

donor was completed. A one way ANOVA was used to compare the differences between 

inferior and superior permeability.  

Cell Density, GAGs and GAGs/cell 

A one way repeated measures ANOVA was used to compare the variation 

between the inferior, center and superior locations of each disc for cell density and GAG 

content. A one way ANOVA was used to compare degeneration to cell density, GAG 

content and GAGs/cell. When appropriate, Tukey post-hoc tests were used to identify 

group differences.  

Degeneration 

Analysis of variance was used to compare the effect of degeneration on age and 

disc height. Also a one way repeated measures ANOVA comparing degeneration with 

vertebral levels was performed. When appropriate, Tukey post-hoc tests were used to 

identify group differences.  

3.3 Results 

Of the 51 discs, 2 were scored Pfirrmann grade 1, 18 discs were grade 2, 21 were 

grade 3, 6 were grade 4, and 4 were grade 5. The disc tissue for one segment was 

subtracted because it was absent due to extreme degeneration. The calculated kappa value 

rating interobserver agreement on grading degenerative changes of the disc had a fair 

agreement (calculated k value was 0.41). 
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Endplate Permeability, Porosity & Cartilage Thickness  

The mean total hydraulic permeability was 3.26 x 10-10 ± 4.43 x 10-10 m4/N-s. For 

the cartilage endplate alone, the permeability was 1.19 x 10-10 ± 1.64 x 10-10 m4/N-s while 

that for the subchondral bone alone was 22.1 x 10-10 ± 13.7 x 10-10 m4/N-s. Total 

hydraulic permeability (THP) had a positive correlation with age and bone porosity 

(R2=0.16, p<0.01, THP (x 10-10) = 0.11*age - 3.80 and R2=0.09, p=0.05, THP (x 10-10) = 

16.13*bone porosity - 5.33, respectively; Figure 3.4 and Figure 3.5). Bone permeability 

also had a positive correlation with age and bone porosity (R2=0.10, p=0.03, Bone 

Permeability (x 10-10) = 0.27*age + 4.89 and R2=0.23, p<0.001, Bone Permeability (x 10-

10) = 75.15*bone porosity - 18.69, respectively; Figure 3.6 and Figure 3.7). In addition, 

bone permeability was compared to GAG content, a power equation was fitted as 

follows; Bone Permeability = 44.18*GAG content-0.6 (R2=0.14, p=0.02; Figure 3.8). Out 

of 102 vertebral cores, fifteen cores were excluded due to inhomogeneities. The mean 

endplate porosity was 54.6 ± 7.5% and was positively correlated with age (R2=0.13, 

p<0.01; Figure 3.9) and degeneration (R2=0.19, p=0.04; Figure 3.10 ). It was observed 

that cartilage thickness increased with age (R2=0.08, p=0.03). The results of the one way 

repeated measures ANOVA showed that no relationship was found in degeneration grade 

with different vertebral levels, p=0.94. Total and cartilage permeability was observed to 

increase with vertebral levels from L1 to L5, but the relationship was not statistically 

significant.  The results of the one way ANOVA showed that inferior and superior 

permeability (total, cartilage and bone) were not statistically different either.  
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Figure 3.4 Total hydraulic permeability (THP) had a positive correlation with age (THP 
(x 10-10) = 0.11*age - 3.80; R2=0.16, p<0.01). 

 

Figure 3.5 Total hydraulic permeability (THP) had a positive correlation with bone 
porosity (THP (x 10-10) = 16.13*bone porosity - 5.33; R2=0.09, p=0.05). 
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Figure 3.6 Bone permeability also had positive correlation with age (Bone Permeability 
(x 10-10) = 0.27*age + 4.89;  R2=0.10, p=0.03). 

 
Figure 3.7 Bone permeability also had positive correlation with bone porosity (Bone 
Permeability (x 10-10) = 75.15*bone porosity -18.19; R2=0.23, p<0.001). 
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Figure 3.8 The variation of Bone permeability with GAG content. Data fitted with a 
power equation, (Bone Permeability = 44.18*GAG content-0.6; R2=0.14, p=0.02) 

 

Figure 3.9 The variation of subchondral bone porosity with age (R2=0.13, p=0.004). 
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Figure 3.10 The variation of subchondral bone porosity with degeneration (R2=0.19, 
p=0.04). (Significance using post-hoc Tukey test, *p<0.05). 
 

Cell density 

The mean cell density was 1651 ± 1015 cells/mm3 (Table 3.1). The results of the 

one way repeated measures ANOVA demonstrated that the three cell density regions 

were not statistically different. Therefore, the average cell density was used.  There was a 

significant decrement in cell density between grade 1 and 2 discs, then a progressive 

increase with degeneration grades 2 through 5 (Figure 3.11). When specimen factors 

were analyzed individually, cell density decreased as disc height increased (R2=0.13 

p<0.02), but was not directly related to subchondral bone porosity (p>0.5), total hydraulic 

permeability (p>0.4), or age (p>0.2). A multiple regression model indicated that cell 

density was inversely correlated to age and disc height (R2=0.26, p<0.003).  
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Table 3.1 Means and standard deviations for outcome variables 
Parameter (units) Sample size Mean ± SD 

Average cell density (cells/mm3) 50 1650 ± 1015 

Inferior cell density (cells/mm3) 50 1529 ± 1099 

Center cell density (cells/mm3) 50 1731 ± 1399 

Superior cell density (cells/mm3) 50 1588 ± 911 

GAG content (μg/mm3) 50 10.9 ± 10.6 

GAGs/cell  (ug/cell) 50 0.0104 ± 0.008 

Disc height (mm) 51 10.00 ± 2.31 

Total Hydraulic Permeability (m4/N-s) 50 3.26 ± 4.43 x 10-10  

Cartilage Permeability (m4/N-s) 50 1.19 ± 1.64 x 10-10  

Bone permeability (m4/N-s) 50 22.1 ± 13.7 x 10-10   

Subchondral bone porosity 87 0.54 ± 0.07 

Cartilage thickness (mm) 50 1.68 ± 0.59  
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Figure 3.11 The variation of cell density (cells/mm3) with Pfirrmann degeneration grade 
is presented. Results are shown for mean and standard deviations. (Significance using 
post-hoc Tukey test, *p<0.05). 

GAGs 

The results of the one way repeated measures ANOVA demonstrated that the 

three GAG content regions were not statistically different. Therefore, the average GAG 

content was used. Average GAG content non-linearly decreased with age (R2 = 0.57, 

p<0.0001, average GAG=296257*age-2.58, Figure 3.12) Then average GAG content and 

Pfirrmann degeneration grade (R2=0.52, p<0.0001), with grade 1 significantly higher 

than grades 2-5, and grade 4 being significantly lower than grades 1 and 2 (Figure 3.13). 

Endplate porosity decreased as GAG content increased (R2=0.20, p<0.002, Figure 

3.14).Disc height was non-linearly correlated with average GAG content (R2=0.20; 

p<0.001, Figure 3.15).  The multiple regression model for GAG content with age and 
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cartilage endplate permeability showed that GAG content did not depend on endplate 

permeability (p>0.05).  

 
Figure 3.12 The variation of GAG content with age. Data fitted with a power fit equation 
GAG =296257*age-2.58 (R2 = 0.57, p<0.0001).  

 
Figure 3.13 The distribution of GAG content with degeneration is shown (R2=0.52, 
p<0.0001). (Significance using post-hoc Tukey test, *p<0.05). 
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Figure 3.14 Endplate porosity decreased as GAG content increased (R2=0.20, p<0.002). 

 
Figure 3.15 The variation of GAG content with disc height. Data fitted with power fit 
equation GAG = 0.12*disc height1.81 (R2 = 0.20, p<0.001). 
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GAGs/cell 

GAG content was normalized by cell density as an indirect measure of cell 

function. Average GAGs/cell decreased with degeneration, with statistically significant 

differences between grades 1-3 and grade 4-5 (R2=0.24; p<0.001; Figure 3.16). 

GAGs/cell were also weakly correlated with disc height (R2=0.29, p<0.01) and age 

(R2=0.23, p<0.01) respectively; Figure 3.17 and Figure 3.18).There was no relationship 

with hydraulic permeability (p>0.4), or porosity (p>0.07). When modeled together, disc 

height and age explained 25% of the variation of GAGs/cell (p=0.001). 

 

Figure 3.16 The variation of cell function (GAGs/cell) was compared to Pfirrmann 
degeneration grading (R2=0.24; p<0.001). Results are shown for mean and standard 
deviations. (Significance using post-hoc Tukey test, *p<0.05). 
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Figure 3.17 GAGs/cell were compared to disc height where GAGs/cell=1x10-5*disc 
height2.70 (R2=0.29, p<0.01)  

 
Figure 3.18 The GAGs/cell had a power fit variation with age. GAGs/cell =25.87*age-2.01 

(R2=0.23, p<0.01). 
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Degeneration 

Pfirrmann grade increased with age (R2=0.31, p=0.002), with grades 1, 3 & 4 

being statistically different (Figure 3.19). Disc height declined with degeneration beyond 

grade 2 (Figure 3.20). With increasing degeneration, subchondral bone porosity increased 

(R2=0.22; p<0.0004) and disc height decreased: the height of grade 3 discs was less than 

grade 2, and grade 4 and 5 discs were less than grades 2 and 3 (R2=0.57, p<0.001, Figure 

3.21).   

 
Figure 3.19 Pfirrmann grade increased with age (R2=0.31, p=0.002), with grades 1, 3 & 4 
being statistically different (Significance using post-hoc Tukey test, *p<0.05) 
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Figure 3.20 The distribution of disc height with degeneration is shown (R2=0.57, 
p<0.0001) 

3.4 Discussion  

Our goal was to investigate how disc endplate features correlate with disc 

cellularity and degeneration within the context of our broader objective to learn whether 

transport limitations can impede disc tissue engineering. We observed that disc cellularity 

was inversely correlated with disc height, increased with progressive degeneration 

beyond grade 2, and was unrelated to cartilage endplate permeability or subchondral bone 

porosity. Although cell density increased with degeneration, cell function indicated by 

GAGs/cell decreased. Importantly, we noted that total endplate permeability and porosity 

increase with age and degeneration. Taken together, these results imply that cell 

dysfunction, rather than physical barriers to transport, accelerates disc disease.  

There was also an interesting interplay between age, endplate bone porosity, and 

GAG content. We observed that endplate porosity increased with age while GAG content 
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decreased. These opposing trends in porosity and GAG content conflict with reports by 

Nachemson who made qualitative observations on a smaller sample of endplates and 

noted a porosity decreased with age and degeneration [7]. More recently, Benneker and 

coworkers quantified endplate pores in 2 mm thick endplate samples and also reported a 

decrease in the density of holes (20 to 50 m range) with increasing degeneration and 

GAG content, and a variable relationship with age [46]. The discrepancy with our results 

may be due to their focus on a narrow range of hole sizes, as they noted that overall hole 

density did not correlate with degeneration because of the presence of large openings that 

were more apparent with grade 4 and 5 discs. Other authors have reported that increasing 

GAG content is associated with increased endplate thickness, stiffness, and presumably 

decreased porosity, and that this may be due to vertebral remodeling to balance increased 

nuclear osmotic swelling [96-98]. While it is well recognized that GAG content decreases 

with degeneration [99], these results collectively support our finding that endplate 

porosity increases with age, and that this may be an adaptive response to a reduction of 

nuclear swelling pressure.  

Permeability has been reported for endplates from several species. Baboon 

cartilage endplate permeability was measured using confined compression and reported 

to be 14.3 x 10-14 m4/N-s cartilage [57]. Accadbled and colleagues measured the 

hydraulic permeability of intact endplates from growing lambs and pigs that ranged from 

1.32 x 10-14 m4/N-s (lamb) to 3.69 x 10-14 m4/N-s (pig) [58, 90]. Our total permeability 

(3.26 x 10-10 m4/N-s) and cartilage permeability (1.19 x 10-10 m4/N-s) values were 

significantly higher, likely due to inhomogeneities and focal cartilage lesions common in 

degenerated human samples. Conversely, our endplate bone permeability values (2.21 ± 
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1.37 x 10-9 m4/N-s) are lower than those reported by others for human bone removed 

from the vertebral centrum (3.52 x 10-6 m4/N-s;[56], This likely is due to the fact that our 

samples included the bony endplate.  Also, based on the comparison results between 

permeability and vertebral level, we speculate that an increase in permeability from L1 to 

L5 could be related to an increase in load carried by the lower vertebral levels. 

Cell density was inversely related to disc height. This observation is consistent 

with the well-established concept that diffusive transport (and consequently diffusion 

distance) is a crucial factor for disc cell viability [27, 100]. Stairmand and coworkers 

(1991) present an inverse power relationship (19124*h-0.68) between cell density and half-

disc height across several species and a large range of disc sizes [76]. Assuming an 

exponential relationship between cell density and disc height [76] gives Equation 3.3: 

CD 16324  h1.02     Equation 3.3

    
where CD is cell density (cells per mm3), and h is the disc height (mm; R2=0.15, 

p=0.005) (Figure 3.21). Over our narrower range (5.8-15.7 mm), cell density was nearly 

proportional to height, yet the weak association (R2=0.15) suggests other factors play an 

important role, such as age that explains another 10% of the variance. Yet, historical 

reports linking cell density to age have been mixed. Maroudas et al showed that cell 

density increased with age in the three samples investigated, while Liebscher et al did not 

find a strong correlation between cell density and age for donors older than 16 years of 

age [39, 101]. Our results demonstrate that the strong influence of disc height needs to be 

considered in statistical analyses; otherwise, the strength of other associations may be 

missed. Discrepancies with historical data may also be differences in cell density analysis 
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techniques: our average nucleus cell density was approximately 1700 cells/mm3, while 

others report this to be closer to 4000 cells/mm3 [39, 102]. We estimated cell density by 

quantification of DNA, while others typically rely on histological methods and 

extrapolation from two-dimensional images to volumetric estimates. 

 

Figure 3.21 The variation of cell density (cells/mm3) with disc height (mm). Data fitted 
with a non-linear fit equation of the relationship between the two parameters cell density 
(CD) and disc height (h); CD =16324 x h-1.02 (R2 = 0.15, p = 0.005). 
 

Our report of increasing endplate porosity with degeneration is at odds with a 

common clinical view that degenerate discs have more sclerotic endplates. For example, 

subchondral bone sclerosis (and presumably decreased endplate porosity) has been 

identified as a characteristic of spine osteoarthritis [103], and given the tenuous nature of 

disc cell nutrition, this sclerosis would negatively impact disc health [18]. Yet, while 

radiographic evidence of moderate sclerosis is evident in some low back pain patients, no 

dose-response relationship is apparent [50]. Conversely, some have argued that moderate 
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osteoporosis would be protective against disc degeneration [47]. However, the clinical 

data relating osteoporosis to degeneration are mixed [104], with no clear evidence that 

osteoporosis either protects against or predisposes to degeneration. In a more direct 

assessment of endplate structure and disc degeneration, Grant and colleagues measured 

the strength of 77 human endplates using an indentation protocol. They report that 

endplate strength was correlated with vertebral BMD, and that increasing disc 

degeneration was associated with an overall loss of endplate strength. Consistent findings 

were reported by Keller and coworkers [98], who observed a significant negative 

correlation between endplate stiffness and increasing disc degeneration. Consequently, 

while vertebral rim density is consistently increased with disc degeneration (i.e. 

osteophytes), our observations are supported by biomechanical data and indicate that the 

central endplate becomes more porous with disc degeneration.  

Our study is limited because measurements were made on cadaveric tissues and 

cause-and-effect cannot be directly established. As such, we can only report trends or 

associations between variables and hypotheses regarding mechanisms are not testable. 

Equally important, vertebral capillary density was not calculated and therefore the role of 

nutrition on disc cell density or degeneration cannot be fully clarified. It is well 

established that many factors, such as smoking, diabetes, atherosclerosis, or steroid use, 

can decrease vertebral blood flow that, in turn, can impair cell function and accelerate 

disc degeneration [105-108]. Because these co-morbidities are common in the general 

population, it is likely that vertebral capillary density varies significantly between 

individuals and needs to be analyzed in future studies. In this regard, studies using 

imageable tracers may be particularly valuable [109]. 
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Another protocol limitation was measurement of mobility in the flow-out 

direction only. Because the cartilage endplate is supported by subchondral bone on one 

side, the resistance to fluid flow is direction dependent [36, 85]. Here, the flow-out 

direction was chosen so that test fluid pressure would compact the cartilage endplate 

analogous to the in vivo situation. Ultimately, disc nutrition is mainly facilitated by 

movement of small molecules (e.g. glucose) along a concentration gradient (diffusion) 

rather than fluid flow along a pressure gradient (convection) [18, 110]. Nonetheless, the 

mobility that characterizes the resistance to solvent flow during convection and the 

filtration coefficient that quantifies resistance to solute flow during diffusion co-vary 

since they are both related to tissue pore size[111]. Accordingly, in these experiments it 

was more important to compact the cartilage endplate so that the tissue pore size 

corresponded to in vivo conditions rather than quantify direction-dependent mobility.   

Successful intervertebral disc tissue engineering requires a stable physicochemical 

environment [112]. Given this diffusion-limited system, nucleus oxygen is very sensitive 

to cell density and cell metabolism [76]. Diminished oxygen, in turn, is known to 

adversely influence disc cell function [113]. Our data suggest that changes in endplate 

permeability or porosity are not sealing off the disc from vertebral capillaries since 

permeability and porosity increase with age and degeneration and our mean porosity 

(54.6%) is far from the theoretical value of 20% suggested by others to provoke disc cell 

dysfunction [114]. Alternatively, age-related decreases in GAG content and GAGs/cell 

indicate cellular dysfunction that may be due to senescence [37], or as mentioned above, 

a poor capillary nutritional source rather than endplate pathology.  The majority of 

current tissue engineering strategies focus on stimulating disc cell matrix synthesis using 
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growth factors [115], or augmenting the nucleus with rejuvenated cells [116, 117]. 

Conceptually, these therapies will stress homeostasis and place increased demands on 

available nutrition routes. For these approaches to be successful therefore, the system 

needs to have excess capacity to achieve a new steady-state that will sustain increased 

cell metabolism. This may be the case as transplantation of disc cells and growth factors 

has begun and shows some clinical benefit in canine models [118, 119].  

In summary, our results solidify well-established concepts that disc degeneration 

is associated with age-related decreases in GAG content and cell activity. The strong 

influence of disc height on cell density suggests a compensatory mechanism that may 

help maintain disc cellularity as degeneration progresses. Unexpectedly, endplate 

hydraulic permeability and porosity were found to increase with age and degeneration. 

These observations are important both for better understanding degeneration mechanisms 

but also for evaluating potential risks for regenerative therapies. The preservation of 

permeability and porosity indicates the disc may not be a ‘coffin’ [120], and implicates 

other factors as more important for contributing to the degeneration cascade, such as cell 

senescence or loss of vertebral blood supply. 
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Chapter 4 Morphology of the vertebral endplate 

4.1 Introduction 

Previous research has demonstrated age-related macrostructural changes causing 

endplate thickening [38, 121]. However, subtle changes in bone microstructure may have 

profound effects on diffusion beyond thickness alone [122, 123]. Important 

morphological features include bone porosity, trabecular thickness, pore thickness, and 

pore number [49, 122, 124-126]. Quantitative analysis of these features may provide new 

insights into the endplate’s role in promoting disc degeneration.  

Typically, disc degenerative change is quantified using morphological criteria 

based on clinical images (Pfirrmann grading) or direct visualization of cadaveric samples 

(Thompson grading). To complement these visual methods, changes in disc cell density 

and glycosaminoglycan (GAG) content have been used as indicators of pathomechanisms 

[127]. With age and degeneration, it is well known that proteoglycans degrade [9], while 

cell density fluctuates  [37, 128]. Therefore, disc GAG content and cell density are 

quantitative indices with which to investigate the potential degenerative influence of 

endplate bony morphology. 

In the previous chapter, we studied the relative roles of cartilage endplate and 

vertebral endplate permeability in disc degeneration. The results indicated that bone 

permeability at the surface had a statistically significant relationship with porosity at the 

surface. Also, bone porosity increased with disc degeneration. These associations indicate 

that additional relationships between permeability and bone morphology may be present.  

By exploring the relationships between the permeabilities obtained in the previous 
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chapter and the bone characteristics investigated in this chapter, we would add to our 

understanding of bone morphology and disc degeneration.   

  

 

Figure 4.1  Diagram of a motion segment, comprised of an inferior vertebra, an adjacent 
disc and a superior vertebra. The endplate structure is composed of the vertebral endplate 
and the cartilaginous endplate. Capillaries are located in the center of the vertebra and on 
the periphery. Nutrients travel from the capillaries through the endplate structure to the 
nucleus pulposus.  
 

We hypothesized that changes in endplate microstructure alter nutrient diffusion, 

and thereby contribute to disc degeneration. To test this, we examined the relationship 

between several measures of bone microstructure (bone porosity, trabecular thickness, 

pore thickness, and pore number) and three disc degeneration indices: Pfirrmann grade, 

cell density and GAG content. The effect of age on VEP morphology was also examined. 

Finally, we studied the relationship between the VEP regional morphology and 

permeability.  
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Vertebral  
Endplate 

  Nucleus 
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4.2 Materials and Methods  

          Fourteen cadaveric lumbar spines L1-L4 (4) or L1-L5 (10) were obtained from 

donor banks (4 female and 10 male donors; mean age 64 ± 16 yrs, age range 35-85). The 

spines were scanned in a 3T MRI Scanner (GE Healthcare, Milwaukee, WI), and graded 

(1-5) by 3 trained radiologists using the Pfirrmann degeneration scale [55]. Next, the 

surrounding soft tissue and posterior elements were removed from the spines using a 

bone saw (Exakt Model, Band Saw, Norderstedt, Germany). Fifty-one motion segments 

were then cut transversely using a bone saw to obtain specimens consisting of half 

vertebra/disc/half vertebra. While frozen to preserve nuclear tissue, cores were obtained 

from the center of the motion segments by using an 8.25 mm diamond coring tool 

(Starlite Industries, Rosemont, PA) (Figure 4.2). Each motion segment core was 

composed of the inferior vertebral endplate cranial to the disc, the intervertebral disc 

nuclear tissue and the superior vertebral endplate caudal to the disc, producing a total 

number of 102 vertebral cores after the nuclear tissue was removed as detailed in Chapter 

3.  

 

Figure 4.2 Diagram of a motion segment dissection.  Each motion segment core was 
composed of the inferior vertebral endplate cranial to the disc, the intervertebral nuclear 
tissue and the superior vertebral endplate caudal to the disc.  

Nuclear tissue  

Inferior vertebral endplate with 
cartilaginous endplate cranial 
to the disc  

Superior vertebral endplate 
with cartilaginous endplate 
caudal to the disc  
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Imaging 

The vertebral bone cores were thawed and imaged in a commercial micro-

computed tomography system (μCT 40, Scanco Medical, Brüttisellen, Switzerland) with 

an X-ray tube voltage of 70 kV and 180º acquisition. Each core was placed in a 

cylindrical sample holder in a bath of protease inhibitors diluted 1:10 with distilled water 

(P2714 Protease inhibitor cocktail, Sigma-Aldrich, St Louis MO)  to keep the cartilage in 

the specimens from degrading [57].  A spatial resolution with an isotropic voxel size of 8 

μm (matrix 2048 x 2048, 1000 projections/180º, FOV 16.4 mm) was chosen. Specimens 

were scanned along the length of each core, encompassing the vertebral endplate surface 

and 3 mm of bone underneath it. Image cross sections were restored to a 3D structure 

using the manufacturers’ cone beam reconstruction algorithm [60] and then each 3D 

structure was transformed into 1000-1100 serial 8 μm thick sliced images in a sagittal 

orientation.  Next, a light Gaussian filter (to remove high frequency noise) followed by a 

fixed threshold (to binarize the images into a bone and pore phase) was applied to each 

sagittal slice [64]. The irregular vertebral endplate surface was then identified using a 

custom-made algorithm developed using MATLAB software. The semiautomatic 

technique is fully described elsewhere  [87].  

Four bone microstructural indices, pore fraction, PF (1-BV/TV[%], where BV is 

bone volume and TV is tissue volume), trabecular thickness (TbTh [mm]), pore diameter 

(PoD [mm]) and pore number (PoN [1/mm]) were calculated using a 2D distance 

transformation method [129](Figure 4.3). The distance transformation method calculates 

the distance of every bone/voxel (object) to the nearest bone/air (background) surface. 

The distances were visualized as the radius of a sphere with a center in the voxel that fits 
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inside each bone structure. Then, the redundant spheres were removed and the largest 

spheres confined the smaller spheres. This resulted in the mid axes of the maximal 

spheres filling the structure completely [129]. To calculate pore fraction (porosity), data 

from the binarized images mentioned above was used to calculate the fraction of pore 

volume per tissue volume or (1-BV/TV). Next, to calculate TbTh, each trabecula attained 

the value of the radius of the maximal sphere contained in the trabecular bone. Then, the 

mean value of the diameter (twice the radius) was assigned as the TbTh. The calculation 

of PoD followed the same procedure except each voxel in the background (air) was fitted 

with a maximal sphere instead of the bone. Then, the distance between the spheres’ mid 

axes was calculated and the inverse was taken to provide the number of pores per mm, 

PoN.   
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Figure 4.3  (A) MicroCT sagittal view of VEP thickness region on one slice. 2D view 
from top for (B) Porosity – The gray color highlights the bone and blue background 
highlights the open pores (C) Trabecular thickness – The red areas highlight the thickest 
trabeculae. (D) Pore Diameter – The red areas highlight the largest pores. 
 

In order to compare morphological changes in different regions of the vertebral 

endplate, four specific regions of interest (ROIs) were selected for morphological 

analysis. A diagram of the vertebral core highlighting the location of the VEP region can 

be seen in Figure 4.4 along with a plot of the average bone volume fraction variation in a 

2 mm depth region (Figure 4.4). The definition of the four ROIs is as follows (Figure 

4.5). First, for each sagittal CT image, the surface endplate was identified as an ROI 

selecting the subchondral endplate contour that included a 16 μm (two pixels) thick 

region. The next region highlighted the maximum bone density and it was identified as 

the most-dense region within the 2 mm region with a two pixels thick delineation. The 

third region selected encompassed the full endplate thickness of each individual slice, 
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which was defined as the distance from the surface contour to the point of maximum 

bone density for each individual slice within each 2 mm ROI. This region was identified 

as the vertebral endplate thickness (VEP Th). Lastly, in order to select the full vertebral 

endplate encompassing donors from varying ages, a 2 mm thickness region was selected. 

The surface contour was shifted in the axial direction to a 2 mm depth away from the 

surface, generating a 2 mm ROI. This thickness was also used in previous studies [130]. 

 

B  

Figure 4.4 A. (From left to right). The diagram shows the cylindrical core obtained from 
the vertebral motion segment. It is followed by a 3D MicroCT image of the two 
individual vertebral cores highlighting the location of the 2 mm regions. From the 
surface, a 2 mm thick region was selected. B. A sagittal binarized image of a subchondral 
bone section with a 2 mm ROI was selected (bottom left). A plot of the bone volume 
fraction (BV/TV) variation through the 2 mm depth is shown on the right.  The location 
of the four ROIs analyzed was matched visually with the sagittal image on the left 
(bottom right). 
 

 
2 mm

A

 
2 mm 
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Figure 4.5 MicroCT binarized sagittal sections from two specimens. The left column 
shows ROIs for a vertebral core next to a healthy disc and the right shows a vertebral 
core next to degenerated disc. A & E highlight the ‘surface’ region; B & F highlight the 
‘most dense’ region. C & G highlight the ‘VEP thickness’ region and D & H highlight 
the ‘2 mm’ region.  
 

Total, bone and cartilage permeability measurements of the bone cores were 

obtained. The methods to acquire and calculate permeability were described in Chapter 3. 

The thickness of the cartilage endplate removed was measured using a contact 

micrometer.   

The biochemical analyses for the nuclear tissue included cell density and GAG 

content. As detailed in the previous chapter, the nuclear tissue was separated in three 

parts to determine the difference in cell density within the disc. Since it was found that no 

statistically significant difference was present between the three parts of the nuclear 

tissue (Chapter 3), the average cell density was used. 
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Finally, each sample was inspected for the presence of a double layer endplate 

(Figure 4.12). A subset from the main dataset indicating the double layer feature was 

used to further analyze the samples. This subset of specimens was used to correlate the 

bone indices with degeneration grade, age, cell density, GAG content and the 3 types of 

permeability.  

Statistical analyses were performed using a commercial statistical software 

package (JMP v5.0, SAS Institute, Inc., Cary, NC). Analysis of variance (ANOVA) 

procedures were used to calculate group means and to test for differences in the 

microstructural indices between bone regions. When indicated, a post-hoc Tukey was 

performed. Regression analyses were also performed to estimate the effects of the 

structural bone indices at each of the four ROIs on degeneration grade, age, cell density, 

GAG content, total permeability, bone permeability and cartilage permeability. Also, an 

ANOVA was used to compare vertebral endplate thickness with degeneration grade. The 

differences in vertebral endplate thickness were compared for the inferior and superior 

cores using a student t-test.  

4.3 Results  

Six cores were excluded from the main dataset due to severe, degeneration-related 

inhomogeneities at the surface that could not be analyzed in a semiautomatic fashion. The 

2 mm region had the highest porosity (69%) followed by the surface (54%), the most-

dense region (43%) and the VEP Th (43%) (Table 4.1).  PoN was highest at the surface 

and lowest at the 2 mm region.  
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Structural 
Bone Indices Regions Mean  

Standard 
Deviation 

PF Surface  54% 8 

  Most Dense 43% 16 

  VEP Th 44% 14 

  2 mm  69% 9 

TbTh Surface  0.10 mm 0.02 

  Most Dense 0.21 mm 0.06 

  VEP Th 0.18 mm 0.05 

  2 mm  0.17 mm  0.04 

PoD Surface  0.19 mm 0.09 

  Most Dense 0.33 mm 0.08 

  VEP Th 0.24 mm 0.08 

  2 mm  0.53 mm 0.12 

PoN Surface  6.24/mm 1.12 

  Most Dense 4.36/mm 1.46 

  VEP Th 4.27/mm 0.69 

  2 mm  2.88/mm 0.52 
Table 4.1 The mean and standard deviations for each structural index in all four regions. 

Porosity variation with degeneration (Figure 4.6A, Figure 4.7) 

The 2 mm region was more porous than the other three regions when the 

comparison was performed for only grade 1 (Figure 4.6A). The same comparison 

performed for only grade 5 at the surface region showed this porosity trend disappeared 

and the four regions had similar porosity (Figure 4.6A). Porosity increased with 

degeneration at three out of the four regions (Figure 4.7).  

Trabecular thickness variation with degeneration (Figure 4.6B, Figure 4.8) 

Trabecular thickness had statistically significant differences with degeneration at 

the most dense and the VEP thickness regions (p<0.05; Figure 4.8). The surface region 

had the thinnest trabeculae, and thinning increased with degeneration at the most dense 

and the VEP Th regions. The most dense region contained the thickest trabeculae for 
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grade 1 samples (Figure 4.6B). The trabecular thickness at the most dense and VEP 

thickness region for grade 1 was approximately twice as thick as the trabeculae at the 

surface. This large difference decreased in the grade 5 samples.  

Pore diameter variation with degeneration (Figure 4.6C, Figure 4.9 ) 

All the regions except for the 2 mm region had some statistically significantly 

differences with degeneration grade (Figure 4.9). At grade 1, the smallest pore diameter 

was located at the vertebral surface region, but at grade 5, the differences in pore 

diameter were not discernable (Figure 4.6C).    

Pore number variation with degeneration (Figure 4.6D, Figure 4.10) 

Overall, the surface region and the most dense region had statistically significant 

differences with degeneration grade (Figure 4.10). The first four degeneration grades 

showed statistically significant differences between the regions (Figure 4.6D). These 

differences in pore number were not observed in the four regions at grade 5.  
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Figure 4.7 Porosity variations with degeneration over the four regions. * = statistically 
significant difference (p<0.05). 

 

Figure 4.8 Trabecular thickness variations with degeneration over the 4 regions. * = 
statistically significant difference (p<0.05). 
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Figure 4.9 Pore diameter variations with degeneration over the 4 regions. * = statistically 
significant difference (p<0.05). 
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Figure 4.10 Pore number variations with degeneration over the 4 regions. * = statistically 
significant difference (p<0.05). 
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Structural bone indices variation with age, GAGs and cell density (Table 4.2) 

GAG content decreased as age increased, while pore fraction and pore diameter 

increased (Table 4.2). In addition, as age increased, trabecular thickness and pore number 

decreased. No statistically significant differences in the bone indices with cell density 

were present, except for pore number at the surface and the most dense regions. Overall, 

the structural bone indices followed consistent trends in all 4 regions, except for PoN.  
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   R2   R2   R2  

PF Surface ↑ 0.14 * ↓ 0.16 * ↓ 0.02  

  Most Dense ↑ 0.18 * ↓ 0.23 * ↓ 0.02   

  VEP Th ↑ 0.28 * ↓ 0.28 * ↓ 0.03   

  2 mm  ↑ 0.39 * ↓ 0.23 * ↓ 0.03   

TbTh Surface  ↓ 0.11 * ↑ 0.14 * ↑ 0.04   

  Most Dense ↓ 0.21 * ↑ 0.22 * ↑ 0.03   

  VEP Th ↓ 0.22 * ↑ 0.23 * ↑ 0.03   

  2 mm  ↓ 0.20 * ↑ 0.14 * ↑ 0.03   

PoD Surface  ↑ 0.07 * ↓ 0.08 * ↑ 0.03   

  Most Dense ↑ 0.16 * ↓ 0.19 * → 0.00   

  VEP Th ↑ 0.15 * ↓ 0.16 * → 0.00   

  2 mm  ↑ 0.35 * ↓ 0.20 * ↑ 0.02   

PoN Surface  → 0.00  → 0.00  ↓ 0.13 * 

  Most Dense ↓ 0.20 * ↑ 0.25 * ↑ 0.08 * 

  VEP Th ↑ 0.06 * ↑ 0.04  ↓ 0.07   

  2 mm  ↓ 0.07 * ↑ 0.05  → 0.00   
Table 4.2 Correlations of structural bone indices with age, GAGs and cell density for 
each of the four regions. * = statistically significant difference (p<0.05). (↑) increasing 
trend, (↓) decreasing trend and (→) no relationship. The arrows indicate the trend that 
age, GAGs or cell density (dependent variables) follow with bone index (independent 
variable).  
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Permeability 

The total, cartilage and bone permeability tended to increase with an increase in 

porosity and with a decrease in trabecular thickness in the four regions (Table 4.3). 

Consistent trends were not observed between the three permeabilities and pore diameter 

and pore number at the four regions. With an increase pore diameter, bone permeability 

increased, for two of the four bone indices. There were statistically significant trends with 

total and cartilage permeability in at least one region for all indices, except for PoD. 
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   R2  R2  R2 

PF Surface ↑ 0.08 * ↑ 0.19 * ↑ 0.04  
  Most Dense ↑ 0.10 * ↑ 0.17 * ↑ 0.03   
  VEP Th ↑ 0.08  ↑ 0.27 * ↑ 0.02   
  2 mm  ↑ 0.04  ↑ 0.15 * ↑ 0.02   

TbTh Surface  ↓ 0.17 * ↓ 0.06   ↓ 0.14 * 
  Most Dense ↓ 0.12 * ↓ 0.17 * ↓ 0.06   
  VEP Th ↓ 0.15 * ↓ 0.15 * ↓ 0.09   
  2 mm  ↓ 0.19 * ↓ 0.10 * ↓ 0.11 * 

PoD Surface  → 0.00  ↑ 0.13 * → 0.00   
  Most Dense → 0.01  ↑ 0.02   → 0.00   
  VEP Th → 0.01  ↑ 0.20 * → 0.00   
  2 mm  → 0.00   ↑ 0.06   → 0.00   

PoN Surface  ↑ 0.03   ↓ 0.05   ↑ 0.05   
  Most Dense ↓ 0.02  ↓ 0.07   ↓ 0.02   
  VEP Th ↑ 0.15 * → 0.01   ↑ 0.13 * 
  2 mm  ↑ 0.03   ↓ 0.02   ↑ 0.02   

 
Table 4.3 Correlations of structural bone indices with total permeability, bone 
permeability and cartilage permeability for each of the four regions. * = statistically 
significant difference (p<0.05).  (↑) increasing trend, (↓) decreasing trend and (→) no 
relationship.  The arrows indicate the trend that total, bone or cartilage permeability 
(dependent variables) follows with bone index (independent variable).  
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Additional Observations  

Figure 4.11The vertebral endplate thickness decreased with degeneration beyond 

degeneration grade 2, but the differences were not statistically significant (Figure 4.11). 

The average VEP thickness was 0.45 ± 0.32 mm and the range of VEP thickness varied 

from 0.05-1.84 mm. In addition, the difference between the inferior and superior 

vertebral endplate thickness was not statistically significant, (p=0.34). The VEP thickness 

variation was compared with vertebral level and no statistically significant differences 

were found, (p=0.09).  

The majority of the observed double layers were located adjacent to degenerated 

discs grade 2 or 3. Twenty-two vertebral cores out of the main dataset showed this 

feature. The majority of the double layer vertebral endplate specimens were observed 

from three donors in both superior and inferior vertebral bodies of the L1-L5 levels 

including 13 IVDs, 16 vertebral cores out of 27 possible vertebral cores showed this 

feature (Figure 4.12). These three donors were males in the 49-84 years age range. The 

rest of the specimens came from different donors. Few statistically significant 

correlations between bone indices were observed for double-layer endplates (Table 4.4). 

For example with an increase in age, porosity increased and trabecular thickness 

decreased for some of the regions. Also, cell density increased with an increase in 

porosity at the VEP thickness and the 2 mm region.  GAG content decreased as porosity 

and pore diameter increased. The correlations with permeability were inconsistent, the 

majority of the correlations occurred at the 2 mm regions for total permeability. Two 

correlations were present with bone permeability and one with cartilage permeability.  
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Figure 4.11 The results for the VEP thickness with degeneration for the complete dataset 
including the double layer samples are shown. No statistical significance was observed in 
vertebral thickness with degeneration grades.  

 
Figure 4.12 Sagittal slices of two samples that showed a double layer vertebral endplate 
(left). The matching bone fraction distribution per depth is presented (right). On the top 
left, level L4 superior vertebral endplate is shown and on the bottom left, level L2 
superior vertebral endplate is shown. Each sample’s distribution of bone fraction vs. 
depth plot is shown on the right. The double layer endplate can be seen in the plots on the 
right as showing two separate peaks.   
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Table 4.4  Double layer specimens-correlations of structural bone indices with age, cell 
density, GAG content, total permeability, bone permeability and cartilage permeability 
for each of the four regions. * = statistically significant difference (p<0.05).  (↑) 
increasing trend, (↓) decreasing trend and (→) no relationship.  The arrow indicate the 
trend that age, GAGs, cell density total, bone or cartilage permeability (dependent 
variables) follow with  bone index (independent variable). 

4.4 Discussion 

We hypothesized that changes in endplate microstructure would correlate with 

disc degeneration. Our data demonstrate significant depth-dependent changes in bone 

morphology, with the peak density occurring at approximately 0.29 ± 0.20 mm below the 

endplate surface. However, this heterogeneity decreased with increasing disc 

degeneration. Morphological features correlated with two of the three adjacent disc 

degeneration indicators (Pfirrmann grade and GAG content) as well as with age and 
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   R2   R2   R2    R2    R2    R2 

PF Surface  ↑ 0.20 * ↑ 0.18  ↓ 0.00  → 0.07  ↑ 0.02  ↓ 0.19  
 Most Dense ↑ 0.04  ↑ 0.04  ↓ 0.00  → 0.00  → 0.00  ↓ 0.21  
 VEP Th ↑ 0.38 * ↑ 0.20 * ↓ 0.01  ↓ 0.40  → 0.00  ↓ 0.65 *
 2 mm  ↑ 0.22 * ↑ 0.29 * ↓ 0.34 * ↓ 0.79 * ↑ 0.15  ↓ 0.18  

TbTh Surface  ↓ 0.27 * ↓ 0.03  ↓ 0.16  ↓ 0.01  ↑ 0.57 * → 0.01  
 Most Dense ↓ 0.20 * ↓ 0.20 * ↑ 0.03  ↑ 0.15  ↑ 0.12  ↑ 0.14  
 VEP Th ↓ 0.13  ↓ 0.21 * ↑ 0.07  ↑ 0.12  ↑ 0.26  ↑ 0.06  
 2 mm  ↓ 0.11  ↓ 0.19  ↑ 0.09  ↑ 0.57 * ↑ 0.13  → 0.00  

PoD Surface  ↑ 0.14  ↑ 0.15  ↓ 0.28 * ↓ 0.40  ↑ 0.07  ↓ 0.33  
 Most Dense ↑ 0.01  ↑ 0.01  ↑ 0.04  → 0.04  ↑ 0.07  ↓ 0.12  
 VEP Th ↑ 0.13  ↑ 0.01  → 0.02  → 0.02  ↑ 0.06  ↓ 0.40  
 2 mm  ↑ 0.07  ↑ 0.21  ↓ 0.49 * ↓ 0.50 * ↑ 0.53 * ↓ 0.25  

PoN Surface  ↓ 0.03  ↓ 0.08  ↑ 0.48 * ↑ 0.31  ↓ 0.16  ↑ 0.30  
 Most Dense → 0.03  ↓ 0.02  ↓ 0.08  ↓ 0.02  ↓ 0.23  ↓ 0.00  
 VEP Th → 0.00  → 0.00  ↑ 0.02  → 0.00  ↓ 0.24  ↑ 0.11  
 2 mm  → 0.00  ↓ 0.11  ↑ 0.60 * ↑ 0.33  ↓ 0.35  ↑ 0.11  
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permeability. In general, the endplate became thinner and more porous with age and 

degeneration.   

The VEP changes from a heterogeneous structure to a homogeneous structure as 

the adjacent disc degenerates.  This indicates that while bone loss occurs throughout the 

VEP with an increased age, density is lost predominantly in the most-dense region. 

Adjacent to grade 1 discs, porosity, trabecular thickness and pore diameter were lowest in 

the surface region. This difference disappeared for endplates adjacent to grade 5 discs. 

Therefore, changes occurring to the denser regions are more pronounced, manifested as a 

higher rate, than the surface and the 2 mm regions (Figure 4.13). The loss of endplate 

heterogeneity is consistent with prior reports that vertebral bone structure is more 

heterogeneous in young human lumbar vertebrae than in older ones [126]. Overall, bone 

loss lead to an increased surface porosity indicating that sclerosis does not block the 

surface adjacent to endplate cartilage leading to an increase in degeneration as others had 

hypothesized [37, 131]. Also, it was previously believed that sclerosis blocked disc 

nutrition to the intervertebral disc, but based on this study results we can see that this 

does not occur in the central region. It has been reported that sclerosis has a higher 

likelihood to appear in the periphery of the vertebra [48], but the periphery does not 

interfere with the main nutrient diffusion path at the central endplate.  

With increasing age, GAG content decreased and Pfirrmann grade increased as 

expected, but unexpectedly VEP porosity increased. This increasing porosity with age is 

at odds with prior reports [41], and suggests that endplate sclerosis is not a dominant 

factor in accelerating degenerative change via reduced nutrient transport [37, 41, 131]. 
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This perspective is more consistent with recent data for the central endplate region  [52, 

132].  

Nucleus cell density was not correlated with any of the endplate morphological 

indices. This observation further refutes the notion that endplates become more sclerotic 

with age, compromised disc cell nutrition, and thereby promote degenerative change. We 

have previously demonstrated that disc cell density is more strongly correlated with disc 

height, and tends to increase with the later stages of degeneration when discs collapse due 

to GAG loss.  Yet, though disc cell density tends to increase, these cells become less 

synthetically active which may be due to senescence or other factors such as changes in 

the osmotic environment or the presence of inflammatory factors  [128].  

Though we did not observe a correlation between endplate sclerosis and 

degeneration, a lack of nutrient availability may still be an important degenerative factor. 

Previous studies noted that vascularity decreases with age [7, 8, 133] and another study 

reported a lack of vascularization beyond the fourth year of life (Boos, Weissbach et al. 

2002). Further investigation of cell function and the capillaries content in the vertebral 

endplate could provide useful information about their relationship to disc degeneration. 

Another mechanism that might exacerbate the disc degeneration cascade was 

suggested by supporting work by Roughley. Roughley speculated that proteoglycans 

degrade and break down into smaller molecules with an increase in age and a decrease in 

nutrients. Since porosity increases with disc degeneration, GAGs might be escaping the 

VEP with more ease. This decline in GAG content observed with an increase in porosity 

was supported by our previous results where GAG content decreased and porosity 

increased with age and degeneration (see chapter 3 and Rodriguez, 2010). The degraded 
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proteoglycans (GAGs) contribute to disc swelling pressure and function as long as they 

remain entrapped within the center of the disc by an intact outer annulus fibrosus and 

endplate structure [9]. Therefore, if the VEP is disrupted with bone loss, an increase in 

porosity could provide an open door for GAGs to migrate out as the disc degenerates and 

ages. 

 

Figure 4.13 Degeneration changes from two representative vertebral cores: (A) adjacent 
to a healthy disc and (B) adjacent to a degenerative disc, are illustrated showing a bone 
fraction variation in 2 mm depth. As the disc adjacent to a vertebral endplate became 
more degenerated (sample B). The most dense peak moved closer to the surface and the 
bone fraction decreased with degeneration. The quantity of trabeculae below the 
transitional zone (most dense peak) also decreased as the disc became more degenerated.  
 

In accordance with previous studies, we observed a decrease in endplate thickness 

with degeneration [38, 96]. A double endplate structure, noted by others, was also 

detected in a subset of our samples [121]. This feature was observed only on vertebral 

cores adjacent to Pfirrmann grade 2 and 3 discs, which might suggest that this is a 

transient feature that is lost as the endplate surface subsides with degeneration. 

Interestingly, the majority of the double layer features were observed in male donors, 

supporting the suggestion of different bone distributions occurring in males and females 
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[134]. When double-layered samples were analyzed separately, disc cell density 

increased with an increase in porosity and it decreased as trabecular thickness increased. 

These two trends are opposite to the trends observed in the full dataset, and suggest that 

the double layer increase in bone density might represent a sclerotic change. This 

relationship could be further explored in future studies with a larger amount of samples.  

The majority of studies characterizing vertebral bone density focus on 

osteoporotic fracture risk as opposed to adjacent disc health [48]. The current study is one 

of few that compares the morphological changes of the vertebral endplate with adjacent 

disc degeneration in the central region [96]. We used a high spatial resolution MicroCT 

to study the morphology at the level of individual trabeculae within the vertebra.  The 

semiautomatic selection method chose predetermined regions in a systematic fashion. 

The focus on the microscale provides more details about the changes occurring in the 

VEP with degeneration.  A study limitation is the focus on the central endplate and 

consequently, the results may not be applicable to the vertebral rim. Another limitation is 

the nature of cadaveric studies that preclude conclusions regarding cause-and-effect. As a 

result, we can only speculate about the potential mechanisms driving the bone 

morphology changes and adjacent disc degeneration.   

Our results suggest that measures of endplate morphology may add value to 

current regimens that rate degenerative status. Currently, pain level and disc degeneration 

grades are used for assessment of appropriate interventions which may require surgery 

[135]. Additional degeneration information based on the VEP morphology could 

potentially increase the accuracy of the degeneration assessment. While MicroCT is 
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inappropriate for human use because of the high radiation dose, the results may be 

translated to clinical devices such as DXA and MRIs using registration techniques [65].  

Overall, this study provides new information regarding endplate morphology, its 

changes with age, and its potential role in disc degeneration. The increase in bone 

porosity in the vertebral endplate with Pfirrmann grade, GAG content, and age suggests 

that nutrient diffusion is not interrupted by endplate sclerosis. Rather it suggests that the 

potential barriers to disc nutrition could be driven by changes in either cell function or 

capillary density. Future studies may explore whether a reduction in capillary density at 

the VEP reduces the vertebral blood supply of nutrients available to the disc leading to 

disc degeneration.  
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Chapter 5 Conclusions and Future Directions 

5.1 Research Summary  

The goal of this dissertation was to advance the understanding of disc 

degeneration by studying the relationship between endplate permeability, vertebral 

endplate morphological changes and disc degeneration parameters. The findings 

established that bone permeability, VEP porosity (a sclerosis indicator) and cell density 

increased and GAG content decreased with disc degeneration. An additional observation 

was the change in VEP morphology from a heterogeneous to a homogenous structure 

with advanced disc degeneration. Contrary to previous studies[45, 50], our results found 

that the VEP becomes more porous with advanced disc degeneration. These results imply 

that disc degeneration might arise from changes in either the cell’s ability to absorb the 

nutrients, the number of available capillaries or the functioning of the capillaries. The 

combination of these results in the disc and the bone leads us to conclude that physical 

barriers do not inhibit the transport of nutrients. 

Chapter 2 presented the design, construction and validation of a permeameter 

device. The permeability of the device was validated using porous metal discs within the 

expected range of bone and cartilage tissue (10-9 to 10-11 m2/Pa-s). After obtaining 

undesired results on the first generation permeameter device, the device was successfully 

modified and then validated. To our knowledge, no study has measured the permeabilities 

of both bone and cartilage with the same permeameter device.  

The permeameter described in chapter 2 was used to measure the permeability of 

human cadaveric endplate samples in chapter 3. This study focused on the central human 

vertebral endplate region, specifically on the permeabilities of the CEP, the VEP and the 
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combined CEP and VEP structure. No one has previously examined all three structures 

from the same specimen, nor have correlations between the permeabilities and 

degeneration been reported. The disc degeneration parameters measured were disc 

degeneration grade, disc height, GAG content, cell density and subchondral bone 

porosity. A statistically significant inverse relationship between GAG content and 

cartilage permeability was observed, but no relationship was found with cartilage 

permeability.  We observed a decrease in disc height, which explained the cell density 

increase with disc degeneration. Since no significant correlations were observed between 

cartilage permeability and disc degeneration, and since porosity was linearly correlated to 

permeability at the VEP surface, we concluded that cell dysfunction and/or a reduction of 

capillaries providing nutrients to the disc might be driving disc degeneration.     

In chapter 3, we focused most of our attention on the intervertebral disc. Since 

nutrition in the disc is driven by changes in both the disc and the vertebra, chapter 4 

focused more on the vertebra by exploring the microstructural changes occurring in the 

vertebral endplate with degeneration. In this study, a semiautomatic algorithm was 

developed to measure the microstructure of the vertebral endplate. Previous studies 

selected regions of interest using manual methods based on histology images, which were 

prone to errors and difficult to replicate. This study offered an easily reproducible 

selection method, which was therefore more robust. A major finding of this chapter was 

the morphological change in the VEP from a heterogenous to a homogenous structure as 

disc degeneration advanced. The results indicated that the VEP became more porous with 

degeneration, while GAG content decreased with disc degeneration.  We concluded that 
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GAG content is dependent on vertebral physical changes and that sclerosis at the endplate 

may not be blocking the disc as was previously hypothesized[41, 46].   

5.2 Future Directions 

Our results indicated that nutrients were not blocked by sclerosis at the endplate. 

Since there is no sclerosis at the endplate in advanced disc degeneration, molecules might 

be escaping the disc. However, there is no current information regarding the relationship 

between pore size and the ability of molecules of different sizes to diffuse through the 

endplate. A future study could focus on nutrient diffusion of individual molecules 

crossing the endplate to the disc. Human cadaveric endplate samples similar to our 

specimens could be used to determine how different size molecules could diffuse in and 

out of the disc. For example, molecules of different sizes could be forced through the 

endplate at physiologic pressures and the concentration quantified before and after they 

cross the disc. The purpose of this study would be to advance knowledge of the role that 

the cartilage endplate plays in sieving different molecules as disc degeneration increases.  

This dissertation did not correlate bone mineral density (BMD) from our samples 

at the microstructural level with disc degeneration. We inferred osteoporosis in our 

specimens by comparing our specimens’ bone structural indices at the microscopic level 

to osteoporotic characteristics, such as high bone porosity and bone thinning at the 

macroscopic level. Typically, osteoporosis and osteopenia (a precursor to osteoporosis) 

are diagnosed clinically by using DXA, which quantifies BMD at the macrostructural 

level. A previous study investigating the relationship between osteoporosis and disc 

degeneration concluded that clinically obtained BMD values from the vertebra do not 

directly correlate with disc degeneration[52]. Further studies assessing the BMD at the 
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microstructural level could elucidate information about the relationship between BMD 

and bone structural parameters at the microscopic level with disc degeneration. A study 

could be performed on human cadaveric vertebrae that have either osteoporosis or 

osteopenia, where the BMD would be obtained at the macrostructural level using DXA.  

Then, measurements of BMD and bone structural indices, such as porosity and bone 

thickness, from the central region of the vertebrae, where the most disc nutrition to the 

disc diffuses, would be obtained at the microstructural level using MicroCT.  These 

values would be compared to disc degeneration parameters. Overall, this study would 

clarify the role of BMD and bone structural indices with disc degeneration at the 

microstructural level and give some insights about disc degeneration not provided by the 

macroscopic level clinical BMD values.   

Our results also established a linear relationship between disc degeneration and 

bone porosity and bone permeability. In this study, a one-dimensional Darcy’s law 

equation was used to quantify permeability. This simple equation was used to obtain 

fundamental information about the relationship between permeability and disc 

degeneration.  However this simple equation did not take into account the complex bone 

structure, which might explain the difference in values in our bone permeability 

compared to past studies [36, 57]. A future study using a higher order Darcy’s law 

equation could potentially improve accuracy by incorporating a complex factor such as 

tortuosity. The tortuosity factor would measure the movement of liquid through the 

bone’s tortuous path. By incorporating this factor, this equation could provide more 

accurate permeability values.  
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Our observations also provided a good foundation for future, time controlled 

studies. The results in chapter 3 and 4 indicated that vertebral sclerosis was not present. 

This indicates that other factors might be affecting disc degeneration. One of these factors 

could be capillary reduction in the VEP. In order to investigate the role of capillaries in 

disc degeneration, a study could be performed on an animal model in which nutrition 

would be blocked to create disc degeneration. This study would focus on in vivo imaging 

of the flow of nutrients through the capillaries to the endplate and into the disc. The 

animal disc would be analyzed under two conditions: first on a normal disc, and then on a 

disc in whose adjacent capillaries are blocked to create a nutrient deficit on the disc.  This 

study would determine the relationship of nutrient reduction to disc health.   

Based on our results we concluded that another factor that could affect disc 

degeneration is cell dysfunction. The symptoms of cell dysfunction could range from a 

reduction in the maintenance of the ECM to an increase in apoptosis or senescence.  An 

in vitro study, using animal cells from a young and old population, relative to the 

animal’s age, could be exposed to a harsh environment, similar to the one experienced in 

degenerated discs.  Then, the cells’ function would be analyzed by using a DMMB assay 

to measure proteoglycan production and a viability assay to assess the cell’s health.  If a 

reduction in ECM is observed, indicated by low DMMB values, this would identify a 

need to stimulate cell matrix synthesis. This could be performed by adding growth 

factors, which could be introduced in a subsequent study followed by an analysis of the 

changes assessed with the same assays mentioned above. On the other hand, if the results 

indicate mostly cell death, then  the  cell matrix could be regenerated by inserting young 

cells into the disc, as has been done before in animal studies [116, 117]. The changes 
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would then be analyzed with the same assays mentioned above to look for differences in 

disc health.  These studies would provide basic information supporting tissue-engineering 

techniques aiming to regenerate degenerated human discs in the near future. 

Overall, the information obtained in this proposed studies would be useful to 

further advance disc degeneration knowledge. 
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