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Back pain is the leading cause of disability worldwide, entailing a significant
socioeconomic impact. A primary source of back pain can be attributed to
intervertebral disc (IVD) degeneration allowing nerve ingrowth, facet joint arthritis,
disc bulging, and osteophyte formations that press on nearby nerve roots or the spinal
cord. While several methods like conservative therapy, discectomy, VD replacement,
and spinal fusion exist to alleviate back pain, no solution has been found to eliminate

the pain and return the IVD to its full function.

Stem cell injections administered in the IVD have emerged as an attractive
option to treat back pain compared to the conventional invasive methods. These
injections can retain tissue hydration, improve the 1VD’s height, and alleviate pain.
However, the VD is prone to dehydration and calcification that inhibit nutrient
transport and metabolite removal. Limitations in solute transport can thus render the

IVD’s microenvironment inhospitable to the injected cells.

This dissertation first introduces the solute transport conundrum in the
literature, including conventional knowledge and methods to study transport. We then
discuss the utilization of a whole organ bioreactor in the study of transport. The
bioreactor provides a way to define the I\VD's microenvironment, mimicking in vivo
conditions in humans. In addition, the dissertation includes three manuscripts on the
effects of culture conditions on VD cells, cryopreservation of the VD, and finite

element modeling of solute transport. All of this work ties into the theme of



engineering a platform for the ex vivo study of nutrient transport in human

intervertebral discs.

Manuscript one in Chapter 3 discusses the impact of cell culture conditions on
phenotypic changes in IVD cells, activation of different metabolic pathways, and
remodeling of the extracellular matrix (ECM). Current culture conditions fail to
represent the IVD's in vivo microenvironment and lacks standardization. Cells in the
IVD's outer annulus fibrosus (AF) and cartilaginous endplate (CEP) exist in well-
oxygenated and nourished conditions compared to the inner AF and nucleus pulposus
(NP). 1 discovered that the modulation of glucose levels every three days induced
oxidative stress leading to senescence in AF but not in NP cells. Culture conditions
also influenced the metabolic pathways in each cell type in which steady levels of
glucose increased AF metabolic activity and remodeling of the ECM compared to NP
cells. This study highlights the importance of the in vivo quasi-steady state nutrient

transport conditions in VD cell and tissue cultures experiments.

In manuscript two (Chapter 4), | describe a novel method to cryopreserve
IVDs at -80°C while maintaining high cell viability. This will allow us to ship and
store fresh human cadaveric 1VDs until we have bioreactor space and experimental
demand. The bioreactor system was utilized to compress bovine IVDs enhancing
transport of the cryoprotectant (CPA) transport, reducing CPA cytotoxic effects, and
increasing CPA penetration in the inner AF and NP. Our results showed a 95%
improvement in the penetration of the CPA in the IVD’s soft tissue. Improving the
CPA’s penetration resulted in cell viability equivalent to the fresh control, averaging
80%. This novel cryopreservation technique aims to improve the logistics of
obtaining and storing human 1VDs for research and clinical purposes. Specifically,

this method enables convenient and flexible use of a whole human 1\VVD bioreactor.

Next, manuscript four in Chapter 5 examines the development of a patient-
specific model of 1VVD nutrient transport to select appropriate patients and determine
optimal cell dose for stem cell therapy. This model is intended to be validated using
the bioreactor system. The model used Magnetic Resonance Imaging (MRI) data to
generate patient-specific solute transport models, factoring in the exact IVD

geometry, water content, and diffusion coefficients, thus providing a realistic



representation of solute transport in the human IVD. This model provides a better
alternative to study transport phenomena in the human IVD compared to animal
models and can be used to infer factors that impact transport. The model will be

validated and improved in conjunction with bioreactor experiments.

I conclude the dissertation with two proposals to improve this work. One is
related to the creation of an intact IVD organ bank, and the second discussed the
development of a clinically viable finite-element model to deduce transport
information in patient IVDs. The second topic will show how all of the work
presented in this dissertation feeds into an engineered ex-vivo platform for studying

transport phenomena in human IVDs.
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Chapter 1 — General Introduction and Literature Review

1.1 General introduction

Low back pain is a leading cause of disability and missed workdays worldwide, and it has
been associated with the degeneration of the intervertebral disc (VD) (Andersson 1999). While
several methods exist to mitigate low back pain, no solution has been found to eliminate pain and
restore IVVD function. Stem cell injections administered in the IVD have emerged as an attractive
alternative to conventional therapies for IVD regeneration.

Animal and human studies have shown that cell injections could restore IVD height,
increase tissue hydration, and alleviate pain. However, the literature does not provide sufficient
information on which IVD morphology and physiological conditions are appropriate to support
stem cell injections. Current methods of stem cell administration are arbitrary where the injection
dose size and location in the IVD are not predetermined before the procedure (Noriega et al. 2017;
Orozco et al. 2011; Meisel et al. 2006b; Hohaus et al. 2008; Coric et al. 2013; Yoshikawa et al.
2010; Centeno et al. 2017; Tschugg et al. 2017; Tschugg et al. 2016; Sakai and Schol 2017; Smith
et al. 2018).

Transport phenomena limitations in patient IVDs can become obstacles to successful cell-
based treatments in patients. This work elucidates the need to consider limitations in patient IVD

transport phenomena when developing cell injection treatments for back pain.

1.2 The intervertebral disc

1.2.1 Intervertebral disc anatomy

The IVD is the largest avascular structure in the human body, and it functions as a cushion
between the vertebral bodies (Figure 1.1) (Urban, Smith, and Fairbank 2004; Vergroesen et al.
2015). This structure gives flexibility to the spine and a wide range of motion, including bending,
twisting and rotation (Urban, Smith, and Fairbank 2004; Vergroesen et al. 2015). The VD is about
7-10 mm in thickness and 4 cm in diameter (Urban, Smith, and Fairbank 2004; Vergroesen et al.
2015). Composed of three main types of tissues, the 1D contains: (1) two thin layers of hyaline
cartilage on the superior and inferior sides of the VD that transfer loads between the vertebrae in

the spinal column, (2) a thick outer ring that is made up of type I collagen, and elastin, and (3) a



soft gelatinous core constituted by type Il collagen and proteoglycans (PGs) (Urban, Smith, and
Fairbank 2004; Vergroesen et al. 2015).

In adults, the IVD is avascular. Blood vessels penetrate through the bony vertebrae and end
at the CEP. Nutrients, glucose, and oxygen that are important to sustain cell activity in the VD
must diffuse through the CEP to the center of the IVD. Conversely, cellular byproducts such as
lactate, which is more concentrated at the center of the IVD, will have to diffuse outward to the
blood vessels. The IVD’s structure is held together by the ECM in the NP and AF. The NP center
contains a random matrix of aggrecan, proteoglycan and type Il collagen fibers that maintain a
well hydrated core. The AF section of the disc is made up of 15-25 concentric rings of well-
organized type | collagen fibers. Elastin fibers in the AF connect the concentric rings and maintain
elastic attributes of the IVD’s outer ring.

Various factors including limited nutrient availability, overload, injury, and aging can lead

to deterioration of the IVD’s tissue, causing loss of water content and height.
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Figure 1.1. Solute transport in the intervertebral disc (left). The IVD is an avascular structure
comprised of three types of tissues: the annulus fibrosus (AF), the cartilaginous endplates (CEP),
and the nucleus pulposus (NP). Nearby vessels penetrating through the CEP provide the IVD with
most nutrient supply. Concentration profile of solutes in the 1VVD (right). Solute transport in the
IVD is dominated by diffusion through the CEP and outer AF creating solute gradients, where the
IVD’s boundaries have low nutrient levels and high metabolites (red area), and the inner AF has
low nutrients and high metabolites (blue area). The scale bar indicates approximate glucose
concentrations.



1.2.2 Intervertebral disc degeneration

IVD degeneration leads to changes in the extracellular matrix (ECM) which becomes more

fragmented, and it loses most of its mechanical properties, shock absorption and elasticity (Urban,

2007). As the ECM deteriorates, the demarcation between the AF and NP slowly disappears,

dehydration increases, and the cells present abnormal phenotypes like senescent and apoptotic
(Urban, 2003).

The specific causes and mechanisms behind degeneration is not clearly known (Jeon et al.

2017; Wang et al. 2016b; Zhou et al. 2016; latridis and ap Gwynn 2004). However, studies point

to several factors that can initiate degeneration:

Mechanical stressors
The 1VD is constantly under various types of loads such as compression and torsion

(latridis and ap Gwynn 2004). In some cases when the IVD is overloaded, the AF
undergoes tears and lesions, propagating a negative chain of events including fiber failure
and ECM cracking (latridis and ap Gwynn 2004). Accumulation of damage to the tissue
can lead to mechanical failure of the IVD and a herniation (latridis and ap Gwynn 2004).
Aging

Several changes happen to the IVD as it ages contributing to its degeneration (Wang
et al. 2016a). Studies report a shift in cellular phenotype, increasing the number of
senescent and apoptotic cells (Vinatier et al. 2018; Wang et al. 2016b; Cisewski et al.
2018). Such cells can be burdensome on the starved microenvironment because they
consume nutrients but fail to remodel the ECM. Thus, the ECM breaks down leading to
dehydration of the IVD (Vinatier et al. 2018; Wang et al. 2016b; Cisewski et al. 2018). The
aging 1VD cells has also been shown to initiate inflammation, another cause for IVD
degeneration.
Inflammation

Inflammation has long been associated with 1VD degeneration (Molinos et al.
2015). When the IVD undergoes a traumatic event, it initiates an inflammatory response
that activates and recruits immune cells to the injury site (Molinos et al. 2015). The NP is
considered by the body as “non-self”; therefore, mechanical failure of the AF that exposes

the NP can also initiate inflammatory positive feedback (Molinos et al. 2015). The recruited



cells secrete catabolic factors that contribute to ECM loss and cellular phenotypic changes
(Molinos et al. 2015).
e Limited nutrient transport
The adult IVD is known to lose its vasculature and deposit calcium in the CEP
limiting solute transport (Nachemson et al. 1970; Shutkin 1952; Andersson 1999; Huang,
Urban, and Luk 2014; Hassler 1969; Boos et al. 2002). It is reported that a drop in
microenvironment glucose and pH level to 0.5 mM and 6.5, respectively, leads to cell death
(Shirazi-Adl, Taheri, and Urban 2010; Bibby and Urban 2004; Jackson et al. 2009). Loss
of viable cells in the IVD leads to the deterioration of the ECM, including loss in
proteoglycans which are important to retain water molecules and facilitate solute transport
(Bibby and Urban 2004).
e Genetic causes
It is established that genetic factors play a significant role in initiating VD
degeneration (Oichi et al. 2020). In fact, three-quarters of IVD degeneration cases could
be traced to genetic alterations in the IVD. Polymorphism and genetic variation of IVD
proteins (e.g., collagen and aggrecan), enzymes, (including matrix metalloproteinases
(MMPs)), and proinflammatory cytokines (such as interleukin-1 (IL-1) and IL-6) lead to
impaired tissue homeostasis (Oichi et al. 2020). The accumulation of these changes

eventually compromises the IVD’s physiology and mechanical properties.

It is also worth mentioning other factors including smoking, diabetes and disc injury that
lead to IVD degeneration (Molinos et al. 2015). These factors have been shown to induce catabolic
pathways in the IVD. As a results, cells begin to lose their normal phenotype initiating the

deterioration of the ECM and IVD degeneration.

1.2.3 The extracellular matrix

NP and AF cells in the 1VD secrete extracellular matrix (ECM) to build and maintain a
microenvironment that promotes cell survival. The ECM is composed of a network of collagens,
fibers, and proteoglycans (PG) (Weidenbaum et al. 1992; latridis et al. 2007; Lyons, Eisenstein,
and Sweet 1981). Studies have shown the important role that the ECM plays in IVD cell

differentiation, proliferation and cell signaling (Weidenbaum et al. 1992; latridis et al. 2007,



Lyons, Eisenstein, and Sweet 1981). Additionally, the ECM influences the rate of diffusion for
biomolecules inside the IVD. A recent study done by Kihara et al. at Osaka University, Japan used
fibroblast mediated collagen gel to investigate biomolecular diffusion through the ECM (Kihara,
Ito, and Miyake 2013). The study found a strong correlation between collagen fiber arrangement
and diffusion of biomolecules- molecules with a diameter less than 10 nm (i.e., ions) diffused
through the ECM as if they were diffusing through a Newtonian viscous fluid (Kihara, Ito, and
Miyake 2013). On the contrary, GAG content in the ECM showed an ability to hinder diffusion of
anionic molecules into the ECM due to their negative charge (Kihara, Ito, and Miyake 2013). The
work of Dr. Stylianopoulos on diffusion of particles in the ECM also support the idea that ECM
integrity is important for molecular diffusion (Stylianopoulos et al. 2010). His research shows that
GAG content significantly determines the ability of charged molecules to diffuse in the ECM
(Stylianopoulos et al. 2010). There are additional benefits to the ECM: (1) the ECM improves cell
migration by assisting in cell adhesion; (2) Collagen in the ECM provides tensile strength and
regulates cell adhesion; (3) GAGs form hydrophilic hydrogel like substance that withstands
compressive forces in the disc; and (4) small leucine-rich proteoglycans (SLRPs) have been show
to activate growth factor pathways in NP and AF tissues (Merline, Schaefer, and Schaefer 2009).

1.3 The intervertebral disc microenvironment

The avascular 1VD receives its nutrient supply from the nearby vessels penetrating the
outer regions of the AF and CEP (Urban, Smith, and Fairbank 2004). Solutes diffuse from the
nearby vessels through the pores and channels of the CEP in order to reach the inner AF and NP
(Urban, Smith, and Fairbank 2004). Diffusion of solutes creates gradients across the tissue in
which the outer regions have physiological levels of glucose and oxygen estimated to be 5.0 mM
and 5.1 kPa, respectively (Bibby and Urban 2004). In contrast, the NP and inner AF exist in
hypoxic and acidic conditions with glucose and oxygen levels estimated to be 2.0 mM and 0.43
kPa (Bibby et al. 2005; Liebscher et al. 2011; Urban, Smith, and Fairbank 2004).

pH is another important factor of the IVD’s environment that ranges between 6.7 to 7.4
(Mokhbi Soukane, Shirazi-Adl, and Urban 2009). It is well established that low pH levels
decrease cellular proliferation, hinder ECM remodeling, and propagate senescent and apoptotic
cell phenotypes (Guerrero et al. 2021). NP cells cultured under pH levels of 6.5 or lower showed

a dramatic drop in viable cells and DNA expression (Gilbert et al. 2016). The study also reported



an increase in secreted proinflammatory cytokines and pain-related factors such as interleukin-1
(IL-1pB) and IL-6. The activation of proinflammatory responses in the VD initiates secretion of
catabolic factors, like MMP-3 and ADAMTS-4, and the downregulation of collagen, aggrecan,
and proteoglycans, leading to ECM deterioration (Gilbert et al. 2016).

Last, the IVD’s microenvironment is very dynamic. As the IVD compresses structural
changes take place in which the fibers in the ECM become denser, the pores get smaller, and
charge density increases (Guerrero et al. 2021). In addition, compression of the VD exposes the
cells to various shear stresses and osmotic pressures. Compression of the 1\VD forces water out of
the tissue, changing solute concentrations and thus modulating the osmotic pressure. The
osmolarity in the NP can range between 300 mOsm/L (hypoosmotic) to 496 mOsm/L
(hyperosmotic) depending on the applied load (Guerrero et al. 2021). The wide range in
osmolarity that the NP experiences induces water “movement” through the tissue that also
modulates solute levels (Guerrero et al. 2021). Degeneration of the IVD has been reported to
include fragmentation of the ECM leading to floating charged fragments increasing osmolarity in
the tissue (Guerrero et al. 2021). Considering the physiological environment of the IVD, NP cells
are constantly exposed to changes in water content and shear stress through the natural
compression of the VD which also leads to fluctuations in the nutrient levels (Wang, Yang, and
Hsieh 2011; Jackson et al. 2011).

1.4 Intervertebral disc culture microenvironments

It is crucial when studying the 1D to accurately reflect either the healthy or degenerated
microenvironment discussed above. Unfortunately, there are still many challenges in recreating
those environments. Scaffold-based cultures in alginate, cellulose, gelatin, polystyrene, or silk,
are typical alternatives to monolayer cultures, providing the cells with a more physiological
environment (Knight and Przyborski 2015; Mahmoudifar and Doran 2010; Kwon and Peng
2002). In monolayer cultures, cells are intended to adhere to the bottom of the vessel, flattening
the cell’s geometry and changing gene expression (Knight and Przyborski 2015). On the other
hand, scaffolds provide the cells with a complex environment, similar to the IVD’s ECM, in
which the cells can attain their natural shape, elongated or round (Bruehlmann et al. 2002;
Pattappa et al. 2012; Knight and Przyborski 2015; Kwon and Peng 2002). The scaffold’s

complex matrix also enhances cell signaling, proliferation, and resistance to therapeutic agents,



increasing the value of the collected data for researchers (Knight and Przyborski 2015; Bibby et
al. 2005; Mahmoudifar and Doran 2010). Another advantage of using scaffolds is the ability to
immobilize cells in bioreactors, enabling the design of experiments with defined nutritional
conditions, which is essential when investigating the effects of therapeutics and
microenvironmental factors on cell viability, phenotype, metabolism, and gene expression
(Martin, Wendt, and Heberer 2004). Bioreactors can also address limitations associated with
mass transport in three-dimensional cultures by modulating flow rates increasing cellular
metabolism and expression of the ECM (Martin, Wendt, and Heberer 2004).

Currently, it is not common to apply hypoxic conditions to VD cell and tissue cultures,
raising questions about outcome relevance compared to in vivo. Furthermore, high glucose media
with a cyclical feeding schedule is common among research groups despite some evidence
showing induced oxidative stress due to elevated glucose concentrations in cell cultures (Park et
al. 2014; Shan et al. 2019; Cheng et al. 2016). Monolayer cultures, inaccurate nutrient
concentrations, and fluctuations in media conditions are factors that can induce altered cellular

responses, inaccurately reflecting in vivo conditions.

1.5 Cryopreservation

Access to cells and tissues can also be a barrier in recreating accurate representations of
deceased or healthy disc environments. Human cells can be collected during surgical procedures
where portions of the IVD are normally removed. Intact human IVDs must be collected from
cadavers within hours of the person's death. The cells or whole IVDs must then be processed to a
state where they can be cultured. For instance, cells must be extracted from the tissue and whole
IVVDs must be detached from the vertebrae and cleaned. Cells or tissues are then either cultured
immediately or need to be cryopreserved from long term storage. Cryopreservation has been
increasingly used to preserve cells, tissues, organelles, and intact organs for research and medical
applications (Lam et al. 2011). This process has revolutionized allograft clinical research by
overcoming the increasing supply-demand imbalance for viable specimens (Aijaz et al. 2018;
Bradley, Bolton, and Pedersen 2002). The cell’s vital functions slow down significantly at low
temperatures, making it viable to store cells long-term (Lam et al. 2011). However, freeze-thaw
cycles damage the cells due to formation of ice crystals that lead to osmotic shock, membrane

damage, and cell death (Lam et al. 2011). As the cells begin to freeze water transitions from its



liquid phase to ice leading to changes in the intra- and extracellular solute concentrations (Jang et
al. 2017b). These changes are thought to induce various stressors including osmotic shock and
mechanical damage to the cell’s cytoskeleton and ECM (Jang et al. 2017b). Therefore, there has
been an increasing need in the IVD research community to optimize cryopreservation techniques
that protect the fine structure of the cells in intact IVDs during long-term storage.

Researchers have developed various strategies to prevent cryoinjury in mammalian cells
including (1) slow freezing, (2) vitrification, and (3) subzero nonfreezing storage(Jang et al.
2017a). The major steps in each type of cryopreservation includes the addition of a
cryoprotectant (CPA), cooling the tissue at a constant rate, long-term storage of the samples,
bringing the the sample to a functioning temperature (usually 37°C), and removal of the CPA
(Jang et al. 2017a). The addition of the CPA is essential in controlling ice crystal formation,
freezing rate of water, and the rate of solute and solvent transport across the cellular membranes
(Jang et al. 2017a). There are two types of CPA used in cryopreservation applications, including
intracellular and extracellular CPAs(Jang et al. 2017a). Intracellular CPAs, such as dimethyl
sulfoxide (DMSO) and glycerol, permeate through the cell’s membrane and impede ice crystal
formation (Jang et al. 2017a). Extracellular CPAs, including saccharides like trehalose, limit the
interactions between cells and the extracellular ice crystals and prevent mechanical damage to
the ECM (Lam et al. 2011).

Despite the breakthroughs that have been accomplished in tissue cryopreservation, there
are limitations to this application. It would be ideal to completely saturate the tissue and cells with
the CPA (e.g., DMSO) to achieve perfect cryopreservation. However, DMSO is toxic to the cells,
and it has been shown to shift the gene expression leading to tumor development in some instances.
Next, cryopreservation of large intact tissue has been challenging due to limitations in mass and
heat transport. Failure to ensure complete saturation of large tissues with the CPA hinders the
cryoprotective properties leading to areas within the tissue with poor cell viability. Current
methods for whole IVVD cryopreservation also fall victim to transport phenomena limitations, with

the CPA taking up to 72 hours to penetrate the 1VD, but cytotoxicity occurring within 6 hrs.

1.6 Literature review on transport phenomena
Transport phenomena is known to be limited in the VD not only for CPAs, but for nutrients

as well. Most information known about I\VVD transport phenomena is from studies of nutrient



transport in the IVD, so | will outline the collective knowledge of IVD transport phenomena in
this context. The availability of nutrients for IVD cells depends on the balance of transport and
consumption rates. This balance is disrupted as the IVD degenerates and undergoes complex
structural changes leading to diminished transport. This includes (1) loss of proteoglycans (PG),
(2) tissue dehydration, (3) disruption of the lamellae in the annulus fibrosus (AF), (4) and
calcification of the cartilaginous endplates (CEP) (Andersson 1999; Huang, Urban, and Luk 2014;
Willems et al. 2016). As a result, the IVD’s tissue becomes starved of glucose and oxygen,
preventing the cells from carrying out their normal cellular functions, maintaining homeostasis,
and remodeling the tissue leading to an endless cycle of degeneration (Le Maitre, Freemont, and
Hoyland 2007; Risbud et al. 2015; Payne and Spillane 1957; Baber and Erdek 2016; Turner 1959;
King 1959; Maroudas et al. 1975; Hassler 1969; Shirazi-Adl, Taheri, and Urban 2010; Bibby and
Urban 2004).

This section reviews our accumulated knowledge in the field of 1VD nutrient transport and
the various factors that affect it including biochemistry, biomechanics, and cellularity. We also
review the latest knowledge on modeling transport, experimental validation of transport in the disc,
and methods to improve nutrient status of the IVD. Below is a list of important terms that are used
throughout the chapter to discuss solute transport. Each term is briefly explained within the context
of transport phenomena in the 1D and provided with an elementary equation.

1. Convection. This method of solute transport relies on the movement of bulk flow due to
hydraulic and osmaotic pressure gradients (Adams and Hutton 1986). In the IVD, bulk flow
movement is facilitated by postural variation motion of the spine (Adams and Hutton
1986).

Equation 1.1
Ny = k. V¢,

Molar flux of solute A is represented by N, with a mass transfer coefficient of k.,
which combines properties of the system including, geometry, velocity, and fluid
properties. The driving force for mass transfer is represented by the concentration gradient
Vc, (Pathak and Basu 2013).

2. Diffusion. Diffusion describes the process of solute movement from a high to a low

concentration region through means of random Brownian motion (Torzilli P.A. 1990).
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Diffusion of solutes can be modeled using Fick’s first law (Equation 1.2) (Travascio,
Valladares-Prieto, and Jackson 2020; Torzilli P.A. 1990).

Equation 1.2

] = —DV¢y

Where ] is solute flux per cross-sectional area, D is the solute’s diffusion coefficient (i.e.,
diffusivity), which depends on the temperature, viscosity, and molecular size, and Vc,
describes concentration gradient as the driving force for diffusion (Travascio, Valladares-
Prieto, and Jackson 2020). Fick’s first law can describe most diffusion processes in the
IVD; however, it has its limitations when other factors such as pore size and solute-matrix
interactions are present (Travascio, Valladares-Prieto, and Jackson 2020).
. Permeability. This property characterizes the tissue’s capacity to enable fluid flow through
the extracellular matrix (ECM). It is described by the permeability coefficient (m*/Ns)
derived from Darcy’s law (Equation 1.3) (Gu et al. 1999).

Equation 1.3

»
|
N x|%|©

Where Q describes the volumetric flow, AP is the pressure difference across the sample, A
is the sample’s cross sectional area available for fluid permeation, and h describes the
sample’s thickness.
Porosity. The amount of space within a solid that is occupied by a fluid describes porosity
(o) (Gu et al. 2004). In the IVD, porosity varies based on location and mechanical load
(Malandrino et al. 2014). The value for porosity in the IVD can be measured by taking the
ratio of wet and dry tissue multiplied by the ratio of solute density to solvent density
(Equation 1.4) (Gu et al. 2004).
Equation 1.4

w _ Wwet = Wary psol

Wywet = Wsor  Pw
In this equation, ¢" denotes the volume fraction of water, W,,,o; — Wy, is water

®

content in the tissue, W,,.; — Ws,; describes the tissue’s buoyancy force, ps,; describes

bathing solution density, and p,, represents the density of water.
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1.6.1 Nutrient supply in the intervertebral disc

Two sets of capillaries supply the VD with its nutrients (Figure 1.1): one set is adjacent to
the CEP and supplies the IVD with most of its nutritional demands (Nachemson et al. 1970;
Naylor, Happey, and Macrae 1955; King 1959); the other set penetrates several millimeters into
the AF and supplies the surrounding AF tissue primarily (Sakai and Schol 2017; Urban et al. 1977;
Maroudas et al. 1975; Nachemson et al. 1970). IVD developmental studies highlight hyper-
vascularized tissue in early childhood, with significant devascularization occurring during
maturation (Nachemson et al. 1970; Shutkin 1952). Decreased vessel density in the boney endplate
correlates with diminished nutrient supply in the VD (Hassler 1969; Boos et al. 2002). Due to the
avascular nature of the 1VD, the nutrients and metabolites rely on two transport mechanisms:

diffusion and convection.

1.6.1.1 Diffusion

Loss in the vasculature led early researchers including Bohmig, Schmorl, and Ubermuth to
study molecular transport in the IVD and investigate the effects of disc degeneration on transport
(Nachemson et al. 1970; Malcolmson 1935; Bush 1934; Albert 1942; Shutkin 1952). Their work
can be summarized in three key points. (1) Solute transport in the IVD relies on molecular
diffusion, (2) most solute diffusion takes place through the CEP, and (3) calcification of the IVD
hinders molecular diffusion propagating the cycle of degeneration (Nachemson et al. 1970;
Malcolmson 1935; Bush 1934; Albert 1942; Shutkin 1952).

Most solute diffusion occurs in the VD through the large surface area shared by the CEP
and NP. This interface has been termed a “gateway” for solute diffusion due to pores and channels
that facilitate transport (Figure 1.2) (Naylor 1951; Yin et al. 2019; Naresh-Babu et al. 2016; Wong
etal. 2019; Nachemson et al. 1970; Roberts, Menage, and Urban 1989; Ogata and Whiteside 1981;
Nguyen-minh et al. 1998; Urban et al. 1977; Silverman 1954; Urban, Holm, and Maroudas 1978;
Albert 1942; Naylor, Happey, and Macrae 1955; King 1959; Urban and Maroudas 1979). Solute
transport through the CEP can be appreciated through experiments that look at diffusion patterns
in IVVDs (Ashinsky et al. 2020; Rajasekaran et al. 2004; Rajasekaran et al. 2008; Nguyen-minh et
al. 1997; Muftuler et al. 2015). To mimic degenerated 1VDs with mineralized CEPs and low
vasculature, researchers blocked the CEPs with bone cement (Ashinsky et al. 2020; Rajasekaran
et al. 2004; Rajasekaran et al. 2008; Nguyen-minh et al. 1997; Muftuler et al. 2015). These studies
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support the notion that blocked 1VDs suffer from diminished solute diffusion coefficients and
disrupted solute gradients (Ashinsky et al. 2020; Rajasekaran et al. 2004; Rajasekaran et al. 2008;
Nguyen-minh et al. 1997; Muftuler et al. 2015).

Once solutes cross the CEP, they travel several millimeters to reach the IVD’s axial center
(Bibby et al. 2001). This slow and gradual movement of solutes creates concentration gradients
that decrease from physiological levels near the IVD’s boundaries to critical levels at the IVD’s
center (Sakai and Grad 2015; Shirazi-Adl, Taheri, and Urban 2010; Bibby and Urban 2004;
Jackson et al. 2009). Worthy to note that lactate and other metabolites have a reversed trend (Sakai
and Grad 2015; Shirazi-Adl, Taheri, and Urban 2010; Bibby and Urban 2004; Jackson et al. 2009).
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Figure 1.2. Most nutrient transport into the 1VD occurs through the surface area shared between
the NP and the CEP (left). At this interface, solute diffusion of nutrients and metabolic waste
occurs readily through the large number of pores and vascular channels (right).

Molecular diffusion can also occur through the highly organized extracellular matrix of the
AF (Urban et al. 1977; Naresh-Babu et al. 2016; Jackson et al. 2008; Hsu and Setton 1999). In a
diffusion tensor imaging study, Stein et al. concluded that the outer AF could have an increasingly
important role in the diffusion of nutrients as individuals age (Stein et al. 2021). They further stated
that while the CEP pathway for nutrient diffusion becomes diminished due to aging, the highly
ordered fibers of the outer AF could aid in the directional displacement of nutrients into the IVD
(Stein et al. 2021). However, diffusion through the AF is believed to be insufficient in supporting

the IVD’s total nutritional demands. MRI tracking of contrast agents in the [IVD show solutes in
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the NP to depend on diffusion through the CEP, while diffusion through the AF only penetrated a
few millimeters through the AF in adult IVDs (Naresh-Babu et al. 2016). It is fitting to note that
the specific alignment of AF fibers increases the diffusion of solutes in the axial and
circumferential aspects of healthy adult AF tissue (Jackson et al. 2008). Please refer to Table 1 for

diffusion coefficient values of glucose, oxygen, and lactate in the IVD.

Table 1.1. Diffusion coefficients for glucose, lactate, and oxygen in the IVD.

Model Tissue | Temperature | Dg[m?/s] Di[m?/s] Do [M?/s] References
[°C]
Human ex CEP 37 3.44E-11 5.52E-11 - (Wu et al. 2016)
vivo
Human in AF Room 3.56E-11 - - 1.13E-10 - (Jackson et al. 2012)
vitro temperature 8.71E-11 1.85E-9
Bovine in AF Room - 2.73E-6 - (Das et al. 2009)
vitro NP temperature - 5.12E-6 -
FE model CEP 37 9.17E-10 1.39E-09 3.00E-09 (Magnier et al. 2009)
Bovine in AF Room 1.38E-10 - - 1.43E-09 (Jackson et al. 2008)
vitro temperature 9.17E-11
FE model CEP - 2.11E-10 3.14E-10 7.81E-10 (Soukane, Shirazi-
AF 2.85E-10 4.24E-10 1.05E-09 Adl, and Urban 2007)
NP 3.78E-10 5.61E-10 1.39E-09
FE model AF - 2.50E-10 4.86E-10 8.33E-10 (Sélard, Shirazi-Adl,
NP 3.75E-10 6.11E-10 1.28E-09 and Urban 2003)
Canine in CEP 37 - 6.25E-10 1.28E-09 (Holm et al. 1981)
vivo NP - 7.64E-10 1.39E-09
Human in CEP 37 2.43E-10 - - (Maroudas et al. 1975)
vitro AF 2.50E-10 - -

1.6.1.2 Convection

Despite the profound evidence that diffusion is the main means of transport in the 1VD,
recent studies show conflicting results about the role of convection in molecular transport (Jackson
et al. 2012; Das et al. 2009). Because of the IVD’s large area and avascularity, it is thought that

diffusion alone cannot be the only driving force for solute transport (Sylven 1951; Giers et al.
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2017a). The transport of solutes via convection depends on the IVD’s fluctuating water content
due to spinal compression and traction throughout the day (Adams and Hutton 1983). MR scans
have shown IVD water content in patients to vary throughout the day significantly (Ludescher et
al. 2008; Malko, Hutton, and Fajman 1999). The IVD tends to have a higher water content after a
long night sleep, and due to sustained loading during the day, the IVD loses some of its water
content (Belavy et al. 2011; Malko, Hutton, and Fajman 2002). Changes in water content are
believed to induce bulk flow by generating hydraulic and osmotic pressure gradients (Adams and
Hutton 1986). Recent studies showed axial loading-induced convection enhancing the transport of
small molecules into rabbit 1VDs (Holm and Nachemson 1983; Adams and Hutton 1986;
KRAEMER, KOLDITZ, and GOWIN 1985a; Gullbrand et al. 2015; Sampson, Sylvia, and Fields
2019). Convection in the IVD was reported to improve the transport of small and large molecules
was improved by a factor of 1.85 and 4.97, respectively (Gullbrand et al. 2015; Sampson, Sylvia,
and Fields 2019).

Research is still unclear on the importance of dynamic loading and convective transport in
the IVD. Some studies suggest an insignificant effect of dynamic loading on small molecules, e.g.,
glucose, but a significant one on large molecules such as albumin proteins (O'Hara, Urban, and
Maroudas 1990; URBAN et al. 1982; KATZ, HARGENS, and GARFIN 1986). Other studies show
no improvement in the penetration of solutes into the IVD by means of dynamic loading (Giers et
al. 2017a; Hughes et al. 1993). More studies are still needed to elucidate the importance of
convection on solute transport in the IVD, providing clinical insight into tailoring IVD treatment

regimens to fit the patient’s lifestyle.

1.6.2 Intervertebral disc properties affecting transport

Solute transport in IVDs plays an essential role in maintaining the physiological
microenvironment, contributing to cellular homeostasis, nutrient replenishment, and the removal
of metabolites. The complex structure of the IVD’s ECM, which is made of a mosaic of
polysaccharides and glycoproteins, introduces several factors that can affect molecular transport,
such as tissue biochemistry, charge density, permeability, and cellular metabolism.
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1.6.2.1 Intervertebral disc biochemistry

The IVD’s extracellular matrix (ECM) is a biochemical mosaic of different proteins and
polysaccharides, the two most common compounds are proteoglycans (PGs), and
glycosaminoglycans (GAGs) (Oegema 1993). PGs are a type of non-collagenous proteins
(lecticans such as aggrecan) with a serine-rich core connecting sulfated GAGs, including sulfated
chondroitin and keratan sulfate (Figure 1.3) (Eyre 1979). The negative charge of the sulfated GAGs
attracts and retains water molecules within the tissue contributing to molecular transport, osmotic
pressures, viscoelastic properties of the tissue, and the ability to withstand load (Sylven 1951; Vo
et al. 2016; Risbud et al. 2015; Bezci et al. 2019).

CEP cells AF cells NP cells Collagen type IV

sacmensacanmansn X2

Collagen type IT Collagen type I Elastin Proteoglycans

Figure 1.3. Biochemical composition of the IVD. The IVD consists of three different tissue
types: the AF, CEP and NP. The AF is made of concentric lamella of type I collagen and PGs. Due
to the AF’s compact area and stiffness, it helps withstand torsional forces. At the center of the IVD
exists the NP, which is made of disorganized type Il collagen fiber and PGs. The NP is known to
have the highest PG content retaining water molecules. This structure is responsible of
withstanding compressive forces. The inferior and superior sides of the IVD are attached to the
vertebral bodies through the CEPs. CEPs are thin, porous plates of cartilage that are made of
organized type Il collagen and hyaline.
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Variation in the amount of chondroitin and keratan sulfates can alter the ECM’s total
charge density, total steric hindrance, and water content (Figure 1.4) (Antoniou et al. 2004; Vo et
al. 2016). The average charge density in the NP is measured to be 317 mM compared to 48.1 mM
in the AF (Cortes et al. 2014). Since most sulfated GAGs are located at the center of the NP and
gradually drop moving outward to the outer AF, we can expect the hydraulic and osmotic pressures
to follow the same profile since they are closely related to water content (Figure 1.4) (latridis et
al. 2007; Adams and Hutton 1986). latridis et al. developed a linear correlation between GAG
content and water percent based on measurements in human lumbar IVD (Equation 1.5) (latridis
et al. 2007).

Equation 1.5
GAG = —1329 + 20.9 x %H20

The total charge density of the IVD’s ECM can also affect the diffusion pathways of
administered antibiotics and drugs (Table 2) (Thomas Rde et al. 1995). Hence, negatively charged
molecules face greater exclusion in the NP due to the high fixed charge density. Therefore, less
negatively-charged molecules, about one third, diffuse into the NP compared to more positively
charged molecules (Urban and Maroudas 1979). Sustained loading of the I\VVD is believed to
compress the ECM and force the sulfated GAGs to pack closely, resulting in a localized high
charge density which reduces the diffusion of both small and charged molecules (Gu et al. 2004).
An MRI study observed a change in the diffusion coefficient of Gadoteridol, a nonionic contrast

agent, due to prolonged cyclic loading of the IVD (Arun et al. 2009).

Table 1.2. Diffusion coefficients for several large and charged molecules in the IVD.

Compound Charge Molecular Apparent diffusion coefficient Reference
weight (g/mol) in the AF (m?2/s)
Dextran-3 0 3,000 2.47E-11 (Boubriak et al. 2000)
Dextran-10 0 1.71E-07 1.73E-11 (Boubriak et al. 2000)
Dextran-40 0 1.59E-07 1.64E-11 (Boubriak et al. 2000)
Dextran-70 0 1.61E-07 1.13E-11 (Boubriak et al. 2000)
Vancomycin +1 1449 7.94E-12 (Jackson et al. 2018)
Oxacillin -1 401 2.26E-10 (Jackson et al. 2018)

Fluorescein -2 332 ~1E-10 (Travascio and Gu 2007)



17

Degeneration of the I'VD involves the loss of PGs and sulfated GAGs, reducing the total
negative charge density in the ECM (Figure 1.4) (Martins et al. 2018; Pulickal et al. 2019). Once
the IVD’s total charge density becomes less negative, the tissue’s ability to retain water decreases
and becomes dehydrated (Figure 1.4) (Naylor, Happey, and Macrae 1955). Degeneration of the
NP can lead to a 20-30% loss in water content and is thought to reduce nutrition transport to this
compartment (Naylor 1951; Gruber and Hanley 1998). X-ray studies also show increased
crystallization of the collagen in the NP which reduces its ability to absorb and hold water (Naylor
1962).
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Figure 1.4. The profile of water, GAG, and collagen (COL) in a healthy 1VD (continuous line),
and a degenerate 1VD (dashed line) (Weidenbaum et al. 1992; latridis et al. 2007; Lyons,
Eisenstein, and Sweet 1981). The NP’s high content of GAGs helps with the retainment of water
which aids in withstanding compressive forces (latridis et al. 2007). The AF’s high content of COL
contributes to its rigidness so it can contain the NP, and withstand torsional forces (latridis et al.
2007). IVD degeneration leads to loss of GAG in the NP, and it also alters the phenotype of NP
cells prompting them to deposit more COL, instead of GAG, leading to a drop in water content
and loss of biomechanical function (Hartman et al. 2018).

Another problem associated with degeneration of the 1VD includes high osmolarity and
internal pressure due to free-floating molecules (Naylor 1962). Increased osmolarity in the AF can
lead to a rise in water absorption and internal pressure leading to rupture of the AF (Naylor 1962).

In conclusion, the biochemistry of the ECM is important in maintaining the flux of nutrients and
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metabolites. Loss of PG and GAG due to degeneration can be very detrimental to the IVD’s health
leading to compromised nutrient transport, reduced VD height, and abnormal biomechanical
loading (Vo et al. 2016; Beattie, Morgan, and Peters 2008; Niinimé&ki et al. 2009; Kealey et al.
2005; Belykh et al. 2017; Adams and Hutton 1985; Bibby et al. 2002; Jackson et al. 2008; Kraemer,
Kolditz, and Gowin 1985b; Yuan et al. 2009; Yang and O'Connell 2019; Sampson, Sylvia, and
Fields 2019; latridis et al. 2007).

1.6.2.2 Permeability in the intervertebral disc

Permeability in the IVD refers to the tissue’s capacity to permit fluid flow through its ECM
and it relies on the pressure, area, and height of the tissue (Gu et al. 1999). The CEP and NP have
a relatively low water permeability of 5.5-10% (m*/N-s) compared to the AF’s of 64-1071® (m*/N-s)
(Maroudas et al. 1975; Cortes et al. 2014). The low permeability of both tissues (CEP and NP) is
thought to restrict local water loss due to dynamic loading contributing to the tissue’s resistance
of compression (Cortes et al. 2014; Tourell et al. 2017; Adams and Hutton 1985; Bibby et al. 2002;
Jackson et al. 2008; Kraemer, Kolditz, and Gowin 1985b; Yuan et al. 2009; Yang and O'Connell
2019; Sampson, Sylvia, and Fields 2019; latridis et al. 2007; McMillan, Garbutt, and Adams
1996). On the other hand, as the AF is compressed it loses 30% of its water content due to its high
permeability values (Figure 1.5) (McMillan, Garbutt, and Adams 1996). Thus, permeability plays
an important role in controlling water content in the tissue which facilitates solute transport and

affects solute concentration gradients.
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Figure 1.5. Retraction and compression of the IVD changes its water content and ECM density.
As axial load compresses the VD, pore size is reduced, and water is pushed out of the tissue. Type
Il collagen and aggrecan move closer together and become denser in the NP as the IVD is
compressed. Likewise, type | collagen and aggrecan become denser in the AF.

Degeneration of the 1VD has been shown to alter tissue properties leading to reduced
permeability. For example, blood flow becomes restricted to the bony endplates increasing the
deposition of calcium ions in the CEP which reduces permeability by 60-70% and restricts
transport distance by 50% (Figure 1.6) (Térner and Holm 1985; Wong et al. 2019; Jones and
Roberts 1933; Albert 1942; Silverman 1954; Gu et al. 1999; DelLucca et al. 2016; Fields et al.
2018; Giers et al. 2017a; Van Der Werf et al. 2007; Bibby and Urban 2004; Han et al. 2019; Liu
et al. 2016).
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Figure 1.6. Comparison of the CEP between a normal and degenerated IVD. Degeneration leads
to restricted blood flow to the bony endplates and increased deposition of calcium in the CEP.

Lower permeability levels in the tissue can thus be responsible for high accumulation of
lactate and low levels of glucose contributing to cell death, low metabolic rates, and slow
remodeling of the ECM (DeLucca et al. 2016; Brodin 1955; Naylor, Happey, and Macrae 1955;
King 1959).

1.6.2.3 Cell metabolism and density

Despite low cell numbers in the 1IVD which make up ~1% of the tissue, having a healthy
population of cells is crucial to maintaining matrix homeostasis and 1D biomechanical functions
(Hohaus et al. 2008; Gruber et al. 2004). It is believed that the IVD’s cell distribution follows that
of nutrients (Maroudas et al. 1975). As mentioned previously, a steep gradient of nutrients exists
from the outer to the inner regions of the IVD creating hypoxic and acidic microenvironments in
the inner AF and NP (Holm et al. 1981; Holm and Selstam 1982; HOLM, SELSTAM, and
NACHEMSON 1982; Nagvi and Buckley 2015). Oxygen drops from physiological levels near the
outer parts of the IVD to about 0-1 kPa (Ejeskér and Holm 1979). As a result of nutrient and
oxygen distributions, higher cell count is found in the outer regions of the 1VD especially in the
CEP (Bibby et al. 2002; Martins et al. 2018; Holm et al. 1981; Holm and Selstam 1982; HOLM,
SELSTAM, and NACHEMSON 1982). In contrast, low cell count is found in the inner region of
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the IVD such as the NP and inner AF (Huang, Urban, and Luk 2014; Holm et al. 1981; Holm and
Selstam 1982; HOLM, SELSTAM, and NACHEMSON 1982; Martins et al. 2018).

IVD cells are known to have distinct microenvironments due to lack of vasculature. For
example, NP cells are known to be under hypoxia which prompts their reliance on glycolysis for
the generation of ATP resulting in high accumulation of lactate, and acidification of the tissue
(Silagi et al. 2021). Whereas AF cells tend to be more oxygenated and thus rely on phosphorylation
for their ATP production (Hartman et al. 2018). The high acidity experienced in the NP has been
shown to affect the main metabolic pathways as cells in such environments upregulate the
expression of glucose transporters and glycolytic enzymes (Agrawal et al. 2008; Risbud et al.
2006). Hypoxic conditions in the VD are also thought to increase the production of intermediates
in the glycolytic cycle such as glucose-6-phosphate and decrease ones in the tricarboxylic cycle
(TCA) including aspartate, and glutamate (Risbud et al. 2006). Acidification of the NP tissue, and
generally in the IVD, has been linked to degeneration of the IVD leading to lower ECM turnover,
inflammation, and cell senescence (Gilbert et al. 2016). In addition, high acidity has shown to
reduce the expression of collagen and GAGs expression in the ECM propagating IVVD degeneration
(Bibby and Urban 2004; Martins et al. 2018; Naqvi and Buckley 2015). Accordingly, it has been
postulated that tackling the high lactate levels in the IVD would slow down 1D degeneration and
alleviate pain (Gilbert et al. 2016). A recent study however showed that excess content of lactate
in the tissue is not all that harmful since the more oxygenated cells of the AF consume it in
oxidative phosphorylation to produce ATP (Wang et al. 2021).

In addition to changes in cellular metabolic pathways, the harsh microenvironment at the
axial center of 1VDs can lead to changes in cell viability, induce senescence, apoptosis, and
autophagy (Horner and Urban 2001; Yurube et al. 2020; Silagi et al. 2020; Le Maitre et al. 2021).
If pH levels in the IVD drop to 6.8 due to lactate accumulation, it can lead to a 40-65% loss in cell
density (Bibby and Urban 2004; Martins et al. 2018). A shiftin IVD cell phenotype is also expected
because of degeneration and high acidity. For example, the membrane potential for the cells’
mitochondria decreases harming the process of ATP production and compromising the tissue’s
response to various environmental stresses including nutrient deprivation, and inflammation
(Hartman et al. 2018). The shift in cell phenotype drives aging NP cells to fibrosis and increased
expression of collagen instead of PG (Hartman et al. 2018; Byvaltsev et al. 2018). As a result, the

NP compartment becomes dehydrated and loses its ability to withstand compression (Ishihara and
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Urban 1999; Hartman et al. 2018). Changes in the phenotype of CEP cells have shown increased
deposition of minerals like calcium into the ECM leading to a 50-60% decrease in permeability
(Ishihara and Urban 1999; Hartman et al. 2018; Giers et al. 2017a; Van Der Werf et al. 2007,
Bibby and Urban 2004; Han et al. 2019; Liu et al. 2016). In addition, the number of senescent cells
triple further increasing the demand for nutrients by 3-5 times compared to healthy IVD cells
(Cisewski et al. 2018).

Understanding how the nutrient status of the IVD affects cell viability and metabolism is
important to develop studies that aim to improve the overall health of the IVD. Several studies
have incorporated cell density and metabolic data to create finite element models to further
investigate the effects of limited transport on nutrient availability and 1VD degeneration (Holm et
al. 1981; Holm and Selstam 1982; HOLM, SELSTAM, and NACHEMSON 1982; Bibby et al.
2005).

1.6.3 Modeling transport

Researchers have pivoted toward developing advanced mathematical modeling techniques
to study transport phenomena in the human 1D to overcome challenges in obtaining appropriate
specimens that represent human discs. Studies have been relying on animal 1VDs because of shared
properties to human discs including geometry (O’Connell, Vresilovic, and Elliott 2007; O'Connell,
Vresilovic, and Elliott 2007). However, animal 1VDs have profound differences including cell
population, tissue composition, degeneration mechanisms, and mechanical properties making it
challenging to draw conclusions on human 1\VVDs and thus are incompatible for translatable studies
(Alini et al. 2008).

Studies have been successful in using finite element (FE) modeling to study transport of
glucose, oxygen, and lactate in human IVDs. These models compartmentalized the 1\VVD into three
areas, the AF, CEP, and NP, and assigned each compartment with different experimentally
measured transport properties, including diffusion coefficients for glucose, oxygen, and lactate,
water content, cell density, and rate of glycolysis (Urban, Smith, and Fairbank 2004; Sélard,
Shirazi-Adl, and Urban 2003; Bibby et al. 2005; Ferguson, Ito, and Nolte 2004; Jackson et al.
2009; Soukane, Shirazi-Adl, and Urban 2007). These models investigated the effects of various
factors on transport in the IVD, e.g., cell metabolism, cell density, degeneration, calcification,

vasculature density, and biomechanical loading (refer to Table 1 of Appendix Al).
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Finite element modeling of solutes has the potential to provide patient-specific results
leading the way for clinically viable tools to assess the nutrient status of human I'VVDs. One possible
application for patient-specific models of human IVDs we believe, can be used in determining the
appropriate dose and location of stem cells in patients who seek cell-based therapies to regenerate
the IVD (Shalash et al. 2021). The authors of this paper have explained in a previous publication
the advantages of developing a patient-specific platform to study molecular transport. We also
demonstrated the importance of generating specific models that incorporate patient-specific
parameters that play an essential role in molecular diffusion including IVD geometry, diffusion

coefficients, and reaction rates (Shalash et al. 2021).

1.6.4 Validation of transport

Imaging techniques that have been widely used to assess tissue properties in the human
body were also adapted to study transport phenomena in the IVD. For imaging techniques to be
successful they are required to have the following four requirements: (1) reproducibility in which
the techniques are able to reproduce the same results in subsequent measurements; (2) the ability
to differentiate patients, in which the technique can produce significant differences in measured
values between patients with different stages of degeneration and those who are healthy; (3)
monitoring of therapy and prediction of risk of disease; (4) validation requires the imaging
technique to measure what is supposed to be measuring with high accuracy and precision (Link,
Neumann, and Li 2017). A summary of common imaging techniques to assess molecular transport
is provided including MRI, CT, etc. (Table 1.3).

Table 1.3. A list of various imaging techniques used to study transport in the IVD

Imaging technique Application Reference

o Diffusion properties

) ¢ Dynamic information (Tourell et al. 2017; Naresh-
Magnetic Resonance
(MR) e Fiber alignment Babu et al. 2016; Haughton
¢ Functional information 2004, 2006)

o \Water content



Table 1.3. A list of various imaging techniques used to study transport in the IVD.
(Continued)

Imaging technique

Application

Reference

Dynamic Contrast

Enhanced (DCE)-MRI

T2

T1-w

Diffusion Tensor

Imaging (DTI)

DWI

ADC

Chemical Exchange
Saturation Transfer
(CEST)

Computed
Tomography (CT)

e ECM integrity

e Pathology

e Solute transport

o Classification of degeneration
e Functional information

¢ IVVD structure

¢ Morphology and pathology
¢ Neurography

o Water content

e Functional information

¢ |VVD biochemistry

¢ IVVD structure

o Water content

e Diffusion properties

o Fiber integrity

¢ Functional information

e Pathology

e Tissue consistency

o Water diffusion

o Classification of degeneration
e Diffusion properties

o ECM integrity

¢ Pathology

o \Water content

o Classification of degeneration

¢ 1\VVD biochemistry

¢ Dynamic imaging
e Movement of spine

e Structural integrity

(Arpinar et al. 2015;
Rajasekaran et al. 2010)

(Chiu et al. 2001; Haughton
2004, 2006; Xiong et al.
2018)

(Chiu et al. 2001; Xiong et
al. 2018; Giers et al. 2013)

(Haughton 2004)

(Xiong et al. 2018)

(Zhang et al. 2014; Beattie,
Morgan, and Peters 2008;
Niinimaki et al. 2009;
Kealey et al. 2005; Belykh
etal. 2017)

(Xiong et al. 2018)

(Haughton 2004)
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1.3.5 Improvement of the intervertebral disc’s nutrient status

Solute transport is important in maintaining balanced levels of nutrients and metabolites in
the IVD to facilitate normal cellular functions and prevent hypoxic and acidic conditions from
forming. Evidence suggests that restricted diffusion can be a driving factor for painful 1vVD
degeneration and thus enhancing transport might be one way to maintain IVD health by preventing,
slowing, or reversing degeneration (citation). Studies have suggested ways to improve transport

including pharmacological and mechanical ones (Table 1.4).

Table 1.4. Summary of experiments that enhanced solute transport in the IVD.

Method used to

enhance transport

Conclusions References

e Pharmacological | e Nimodipine increased vasculature in the CEP (Turgut et al. 2003)
) e Recombinant-human Growth Differentiation Factor-5 )

e Pharmacological ] (Chujo et al. 2006)

(rhGDF-5) increased PG and water content

(Miyamoto et al. 2006)

e Pharmacological | e Osteogenic protein-1 increased PG and collagen contents

e Pharmacological | e Nimodipine improved diffusion in patient lumbar IVDs (Rajasekaran et al. 2008)

¢ Nimodipine (calcium channel antagonist) enhanced vessel

size increasing diffusion in the IVD
e Pharmacological (Gullbrand et al. 2014)

¢ Changing vessel density is not sufficient to improve
diffusion

e Low-rate loading, 0.5 Hz at 0-200N, enhanced transport

e Mechanical (Gullbrand et al. 2015)

of nutrients and metabolites in rabbit 1\VDs
Method used to

enhance transport

Conclusions References

e Mechanical

e Implant

e Pharmacological

e Pharmacological

e Mechanical

e Traction increased solute transport

¢ Polyurethane implantation increased nutrient transport and
energy production

e MMP-8 reduced matrix density in the CEP enhancing the
transport of small molecules

¢ 0-Vanillin and RG-7112 increased PG and water content

e Low-tension traction improved IVD’s microenvironment

and increased ECM synthesis

(Giers et al. 2017b)
(Wang et al. 2017)

(Dolor et al. 2019)

(Cherif et al. 2020)
(Guo et al. 2020)
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1.7 Conclusion

Restricted molecular transport is thought to be an initiator for intervertebral disc (IVD)
degeneration leading to lower back pain. This review covers the latest understanding of transport
in the IVD including the main transport mechanisms, common ways to validate transport theory,
and breakthrough-methods aimed to improve molecular transport. The review also sheds light on
the complexity of the nutrient transport problem in the IVD which motivated researchers to
develop finite element models to better predict transport phenomena in the IVD. Transport
phenomena limitations in patient I\VVDs can become an obstacle to guaranteed successful cell-based
treatments. Therefore, future efforts to improve stem cell therapy outcomes should include
improving the nutrient status in the IVD. This involves developing a platform that incorporates
finite element modeling and the various factors affecting transport phenomena such as VD
pathology state, tissue diffusivity, ECM composition, and vessel density.

In the next chapter, | present the bioreactor system which was applied in this work to innovate
amethod to cryopreserve the IVD. Whole organ bioreactors are emerging as a preferred cultivation
method compared to current protocols. For instance, bioreactors offer controlled and adaptable
microenvironments that could mimic various in vivo scenarios overcoming a limitation in common

culture systems, including two- and three-dimensional.
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Chapter 2 — Intact Intervertebral Disc Bioreactor

2.1 Introduction

Back pain is one of the major causes of disability in the world. It has been reported to
have devastating effects on the workers’ productivity, costing the economy over $85 billion
annually (Baber and Erdek 2016). One of the leading causes of back pain is degeneration of the
intervertebral disc (VD) (Baber and Erdek 2016; Andersson 1999). Various factors can
contribute to IVD degeneration, including transport limitations, trauma, inflammation, and aging
(Baber and Erdek 2016). As the IVD undergoes degeneration, calcium and other minerals start to
accumulate in the cartilaginous endplates (CEP), restricting solute transport (Cheung et al. 2009;
Wang, Videman, and Battié 2012; Teraguchi et al. 2014; Boubriak et al. 2013; Urban and
Roberts 2003; Urban, Smith, and Fairbank 2004). In addition, cellular phenotypes become more
apoptotic, necrotic, and senescent leading to catabolic reactions in the extracellular matrix
(ECM) (Cheung et al. 2009; Wang, Videman, and Battié 2012; Teraguchi et al. 2014; Boubriak
et al. 2013; Urban and Roberts 2003; Urban, Smith, and Fairbank 2004).

Researchers have been interested in developing models that mimic the in vivo
environment to test various IVD regeneration regimens (Pfannkuche et al. 2020). The IVD is
known to have distinct microenvironments where the outer AF and CEP have high nutrient levels
compared to the inner AF and NP (Pfannkuche et al. 2020; Urban, Smith, and Fairbank 2004). In
addition, the IVD exists under mechanical load, which was reported to regulate cellular
functions, including gene expression and ECM remodeling (Neidlinger-Wilke et al. 2012).
Therefore, it is essential to study the impact of regenerative therapies on IVDs in their natural
environment to prevent phenotypic changes (Urban, Smith, and Fairbank 2004; Pfannkuche et al.
2020; Knight and Przyborski 2015).

Studies have used animal 1VVDs to conduct studies on transport phenomena, including
lumbar discs from porcine, ovine, rabbit, rat, mouse, and bovine tails. Some animal models share
common properties with human IVDs (Daly et al. 2016). For example, goat and sheep models
lose notochordal cells in early adulthood like human IVVDs (Daly et al. 2016). They also have a
similar size and mechanical loading to human 1\VVDs, making them ideal for studying transport
phenomena (Daly et al. 2016; Beckstein et al. 2008; Showalter et al. 2012). Animal models,
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however, might possess properties that differ from humans, such as the ECM’s composition, so
researchers are careful about expanding their conclusions to patients (Daly et al. 2016).

Novel bioreactors have been created to improve culture conditions and address various
limitations of in vitro cultures, including control over the nutritional microenvironment,
improvement of solute transport in the VD, and the application of mechanical loading (Lisbet
Haglund et al. 2011). Researchers have reported the successful cultivation of intact I\VDs for
weeks maintaining cellular function and phenotype in the AF, CEP, and NP (Lisbet Haglund et
al. 2011; Hartman et al. 2012; Chan et al. 2015).

These systems are designed to cultivate intact IVDs in a chamber, maintaining a sterile
controlled environment. The IVD is usually situated between two platens that distribute culture
medium into the CEP (Lisbet Haglund et al. 2011). Many of these bioreactor systems come
equipped with pistons to apply a mechanical load mimicking various loading schemes such as
walking, standing, or lying supine (Lisbet Haglund et al. 2011; Pfannkuche et al. 2020; Hartman
etal. 2012).

Our research laboratory collaborated with Drs. Lisbet Haglund and Thomas Steffen’s
teams to develop an axially loaded bioreactor system that could facilitate performing
experiments on intervertebral discs (IVD) in a sterile and controlled environment (Lisbet
Haglund et al. 2011).

2.2 Materials and Methods

The bioreactor comprises three independent chambers to support one VD each under
controlled conditions, including temperature, CO2 and Oz environment, circulation of nutrients,
and dynamic or static loading. An important feature of this bioreactor includes the chamber’s

MRI-compatible material to avoid artifacts when imaging the IVDs mid-experiment.

2.2.1 Bioreactor parts
2.2.1.1 Chambers
In this bioreactor, there are three chambers. Each chamber comprises a borosilicate glass

tube sealed with silicone O-rings. The IVD is immersed in media inside the glass tube (Figure
2.1). The media is circulated through upper and lower porous platens, which are in contact with

the endplates of the IVD. The upper platen is connected to a plunger, sealed by a neoprene
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bellow to the upper-end cap (Figure 2.1). Additional features of
the chambers include incorporating MRI-compatible materials
and adding three titanium screws to fasten the plunger.
Fastening the plunger is essential when removing the chamber
to perform various tests, including acquiring MRI scans. This
improved design of the chambers allows the study of transport

phenomena using various imaging modalities.

2.3.1.2 Pneumatic pistons

The pneumatic piston, shown in figure 2.2, puts a load
on the cultivated IVDs by pushing down on the collar and onto
the chamber. This load is controlled by a MATLAB®
(R2022a, Natick, MA) software package which determines the

voltage input sent to the pressure control. Each piston used in

this system includes a displacement sensor that continuously

measures 1VD height changes. Figure 2.1. Intervertebral disc
chamber. A blue piece of

Styrofoam represents the IVD
2.3.1.3 Pressure control in this picture.

A proportional pressure controller (PPC) supplies air
pressure to the pneumatic piston in response to a 0-10 VDC signal
(Figure 2.3). The air pressure supplied to the pneumatic piston applies a
load to the cultivated IVD via the plunger. The MATLAB® (R2022a,

Natick, MA) software package controls the programmed load.

2.3.1.4 Load cell
Each chamber sits atop a strain-gauge load cell that measures the actual

load applied to the specimen.

2.3.1.5 Air supply

In-house pressurized air at 120 psi is used to push the pistons and

provide mechanical loading. Figure 2.2.
Pneumatic piston.
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2.3.1.6 Data acquisition

This bioreactor is controlled via the Labjack U6 DAQ unit fitted with an expansion board
(CB37). The DAQ is fitted with analog output modules (LJTick-DAC) and amplifier modules
(LJTick-InAmp) to capture the load cell signals.

Figure 2.3. Pressure

controller.

2.2.2 Intervertebral disc software
A software package was developed in MATLAB® (R2022a, Natick, MA) to provide
seamless bioreactor control (Figure 2.4). The software features control panels for the three

chambers and a status sidebar shown in the figure. A calibration feature is added to each
chamber to reset the displacement and load sensors. Each main panel is comprised of five sub-
panels that provide information on (1) experiment progress, (2) experiment parameters, (3) load
parameters, and (4) live plots of load and displacement data. The status sidebar indicates an

estimated finish time and live readings of load and displacement.
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Figure 2.4. User interface of the bioreactor. The image shows the control panel for chamber 1
including 5 sub-panels, (1) experiment progress, (2) experiment input parameters, (3) load
parameters, (4) live data plot, and (5) experiment status sidebar.

2.2.3 Operational procedure

The operation of the bioreactor starts by calibrating the displacement sensor and the load
cell. The user can initiate the calibration window from the software package in each chamber
panel. The chambers are calibrated to 0 MPa accounting for the weight of the chamber, media,
and 1D without load. The upper plunger is lowered to touch the 1\VD before calibrating the
displacement sensor.

Once the 1VD has been placed in the chamber, connected to media lines, and chambers
calibrated, the user is ready to enter the experiment parameters. In the main panel for the

chamber, the user is presented with an option to choose between dynamic and static load
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schemes. The user can also indicate the run time for each loading cycle. To start an experiment,

the user would push the button start. There are options to pause and end the experiment.

Upon experiment termination, the software will send a message to the user indicating that
the experiment has ended with a reading of the applied load.

2.3 Results

The bioreactor was used to cultivate IVDs over two weeks at 37°C and 5% CO_ under
various loading schemes. An example of a loading scheme is presented in figure 2.5.
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Figure 2.5. Plot of load data collected by the software. The plot shows two loading
schemes (1) a high activity period between 0 and 15 seconds and (2) a resting period with low

loading frequency between 15 and 25 seconds.
We also used the bioreactor to develop a novel method to cryopreserve the VD described
in Chapter 5. Bovine IVVDs were compressed to enhance convective cryoprotectant (CPA)

transport through the tissue. Compression increased the saturation of the CPA and improved its
protective properties in the tissue.

2.4 Discussion and conclusion

Bioreactor systems have emerged as an attractive method for studying transport
phenomena. These systems allow researchers to cultivate I\VVDs under controlled
microenvironments, apply defined mechanical stresses, and maintain in vivo cell
phenotypes(Lisbet Haglund et al. 2011). The bioreactor system presented in this work facilitates

the research process by ensuring that the chambers’ materials are autoclavable. In addition, the



53

MRI-compatible materials, which is an added feature, prevent imaging artifacts. This bioreactor
will be used in performing experiments on solute transport phenomena in the human IVD to
validate the finite element model discussed in Chapter 5. Cultivated I\VVDs will be scanned using
an MRI at specific time intervals (e.g., every two days) to infer changes in local solute
distributions, including glucose, oxygen, and lactate. Therefore, it was essential to design the
chambers with MRI-compatible materials to prevent image artifacts that can distort the data. In
addition, we added a set of three fastening screws, as shown in figure 2.1 to secure the plunger in
place, maintaining a constant load during the transportation of the chamber to the MRI facilities.
Keeping the load on the IVVD to prevent it from free-swelling and altering internal solute
distributions is essential.

The bioreactor presented in this chapter has some design limitations that could affect the
cultivation of IVDs. For example, the bioreactor applies axial load only, which is not
representative of the forces in vivo. The IVD is under various mechanical stresses, including
axial, torsional, and complex (Yang and O’Connell 2017; Hirsch 1955). Cells in the IVD use
external stimuli to modulate their processes and communicate to nearby cells; therefore, we
might expect the absence of torsional load in this design to affect cellular functions in the IVD.

In one study, 1D cells responded to complex loading (compression and torsion), inducing
degenerative pathways compared to simple loading (Chan et al. 2013). Despite this limitation,
the bioreactor provides a great tool to mimic in vivo conditions, including the nutrient
environment and mechanical load, and prevent cell phenotypic changes.

In the following chapter | discuss the impact of the microenvironment in cultivation cultures
on the AF and NP cells. In general, cells are sensitive to their environment, and they interact with
it by communicating the various stressors, often in the form of proinflammatory cytokines. In this
work, | established how steady glucose levels in the culture could affect VD cells differently. We
discovered that steady glucose levels increase metabolic rates in the AF while increase anerobic
glycolysis in NP cells. This work further elucidates the importance of considering the in vitro

microenvironment when designing studies.
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3.1 Abstract

In this study, we cultured AF And NP cells in alginate beads to infer the effects of glucose
level modulation in cell culture on (1) cell senescence, (2) synthesis of sulfated
glycosaminoglycans (GAGSs), and (3) the levels of intracellular metabolites. Cell culture conditions
used in IVD research lack standardization among research groups and deviate from the IVD’s in
vivo microenvironment. This discrepancy causes variations in the cell phenotypes and cellular
functions, leading to inconsistent results. Studies have shown a strong correlation between culture
conditions, including cell phenotype, extracellular (ECM) composition, and cellular metabolism.

Therefore, there is a need to investigate the effects of culture conditions on I\VD cells and
establish standard culture conditions. Encapsulated AF and NP cells were cultured under unsteady-
and steady-state glucose in a well plate and a fluidized bed for ten days. Culture media in the
unsteady-state group was replaced every three days, while under the steady-state condition, the
media was replaced three times every day. In the bioreactor cultures, cells under unsteady-state
had their media replaced manually once every three times. The media for cells under steady-state
was replaced continuously using a pump at a 0.139 mL/hour flow rate. Cells were harvested after
ten days of culture and further processed to elucidate senescence, GAG content, and intracellular
metabolite levels. This work highlighted the differential phenotypic responses between NP and AF
cells, supporting our hypothesis that cell culture conditions affected cell phenotypes. For example,
NP cells cultured in the well-plate acquired twice as many senescent phenotypes when exposed to
steady glucose compared to unsteady glucose.

Nonetheless, AF cells showed a reversed trend in which more cells in the bioreactor culture
acquired senescence when exposed to unsteady glucose levels compared to steady glucose levels.
In addition, NP cells under unsteady glucose were observed to synthesize more sulfated GAGs (5-
fold) compared to the steady-state. AF cells showed a reversed trend in which higher levels of
GAGs were measured in the steady-state compared to the unsteady state. In addition, more
senescent NP cells were observed in steady-state conditions, while AF cells acquired senescence
when experiencing unsteady glucose levels. Our results strongly support the hypothesis that culture
conditions impact vital cellular functions and phenotypes. Although we did not expect AF and NP
to respond differently to the same environmental stimuli, it emphasized the need to control culture

conditions mimicking the in vivo microenvironment.
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3.2 Introduction

Culture conditions used in intervertebral disc (IVD) degeneration research are reported to
vary widely between research groups, which may affect research outcomes and the development
of efficient treatments (Mizuno, Allemann, and Glowacki 2001; Liu et al. 2020; Martin, Wendt,
and Heberer 2004; Gruber, Stasky, and Hanley 1997).

Degenerative disc disease (DDD) is a prevalent medical condition that occurs in more than
90% of individuals over the age of 50, often leading to nerve compression and chronic back pain
(Andersson 1999). Although pharmacological and psychotherapeutic treatments have been
demonstrated to alleviate early and minor symptoms caused by the disease, invasive surgery is
necessary for more than 500,000 patients throughout the U.S. every year (Brodke and Ritter 2005;
Rajaee et al. 2012). Studies hypothesize that DDD occurs due to mechanical failure of the
intervertebral disc (VD) and slow regeneration of the worn tissue (Cheung et al. 2009; Wang,
Videman, and Battié 2012; Teraguchi et al. 2014; Boubriak et al. 2013; Urban and Roberts 2003;
Urban, Smith, and Fairbank 2004). Trauma, aging, and limitations in the nutrient supply are
propagate cell death leading to VD degeneration (Cheung et al. 2009; Wang, Videman, and Battié
2012; Teraguchi et al. 2014; Boubriak et al. 2013; Urban and Roberts 2003; Urban, Smith, and
Fairbank 2004).

The IVD is an avascular joint that is comprised of three major tissue types including the
annulus fibrosus (AF), the cartilaginous endplates (CEP), and the nucleus pulposus (NP)
(Vergroesen et al. 2015). Inseparably, they assist in absorbing mechanical stresses and provide
flexibility in the spine (Vergroesen et al. 2015). Due to the IVD’s avascularity and anatomy, the
cells in each tissue are exposed to distinct microenvironments (Urban, Smith, and Fairbank 2004).
Most nourished and oxygenated cells are located in the CEP and outer AF due to nearby blood
vessels (Urban, Smith, and Fairbank 2004). While inner AF and NP cells exist under elevated
hypoxia and acidity (Table 3.1) (Bibby et al. 2005; Liebscher et al. 2011; Urban, Smith, and
Fairbank 2004). Cells in degenerated 1VDs experience hypoxic and acidic conditions in which
glucose and pH levels can drop to 0.5 mol/m®and 6.7, respectively (Shirazi-Adl, Taheri, and Urban
2010; Bibby and Urban 2004; Jackson et al. 2009; Bibby et al. 2005; Urban, Smith, and Fairbank
2004).
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Table 3.1. Values for cell density, glucose, lactate, and oxygen in the intervertebral disc.

Cell density Glucose Lactate Oxygen
Tissue (103 cells per concentration concentration tension (kPa)
mm?) (mM) (mM)
AF 2.1+0.73% 5.0-2.0 0.90-4.0 5.8-0.43
NP 2.5+0.65 2.0 4.0 0.43
CEP 11 +£3.7% 5.0 0.90 5.1

I(Liebscher et al. 2011) (Holm et al. 1981; Urban, Smith, and Fairbank 2004) (Holm et al. 1981)
“Average of age groups 16-29 and 30-60
#Values are averaged across all tissue regions

Culture conditions used in IVD research vary widely between research groups and can
deviate from the IVD’s in vivo microenvironment. This discrepancy is hypothesized to cause
inconsistencies in research data due to the strong correlation between culture conditions and cell
phenotype, ECM composition, and cellular metabolism (Martin, Wendt, and Heberer 2004;
Gruber, Stasky, and Hanley 1997). Biomarkers for anaerobic glycolysis in 1VVD cells, such as
lactate levels, can drop to 75% in acidic environments compared to non-acidic ones (Bibby et al.
2005). High acidity has also been reported to decrease glucose consumption, reducing ECM
remodeling and affecting its composition, demonstrating the need to standardize 1\VVD cell cultures
(Bibby et al. 2005).

Scaffold-based cultures in alginate, cellulose, gelatin, polystyrene, or silk, are emerging as
an alternative to monolayer cultures, providing the cells with a more physiological 3D environment
(Knight and Przyborski 2015; Mahmoudifar and Doran 2010; Kwon and Peng 2002). In monolayer
cultures, cells are intended to adhere to the bottom of the vessel, flattening the cell’s geometry and
changing gene expression (Knight and Przyborski 2015). On the other hand, scaffolds provide the
cells with a complex environment, similar to the IVD’s ECM, in which the cells can attain their
natural shape, elongated or round (Bruehlmann et al. 2002; Pattappa et al. 2012; Knight and
Przyborski 2015; Kwon and Peng 2002). The scaffold’s complex matrix also enhances cell
signaling, proliferation, and resistance to therapeutic agents, increasing the value of the collected
data for researchers (Knight and Przyborski 2015; Bibby et al. 2005; Mahmoudifar and Doran

2010). Another advantage of using scaffolds is the ability to immobilize cells in bioreactors,
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enabling the design of experiments with defined nutritional conditions, which is essential when
investigating the effects of therapeutics and microenvironmental factors on cell viability,
phenotype, metabolism, and gene expression (Martin, Wendt, and Heberer 2004). Bioreactors can
also address limitations associated with mass transport in three-dimensional cultures by
modulating flow rates increasing cellular metabolism and expression of the ECM (Martin, Wendt,
and Heberer 2004).

The strong correlation between culture conditions, such as nutrients, metabolites, and
acidity, raises the need to establish standardized protocols to culture IVD cells (Martin, Wendt,
and Heberer 2004; Mizuno, Allemann, and Glowacki 2001). In this study, we encapsulated bovine
AF and NP cells in alginate beads to investigate the effects of modulating glucose levels on cell
senescence, glycosaminoglycan (GAG) content, and metabolic processes. We hypothesized that
constant glucose levels would reduce cell senescence, increase GAG deposition in the ECM, and
upregulate the metabolic pathways involved in ECM production. We also hypothesized that
culturing cells in a bioreactor with continuous fluid flow conditions would enhance nutrient
availability in the alginate beads and thus enhance metabolic processes and ECM remodeling. The
findings of this study would demonstrate the need to standardize cell culture conditions for DDD

research and encourage the consistent production of results among various research groups.

3.3 Materials and Methods
3.3.1 Isolation of AF and NP cells

AF and NP cells for monolayer cell culture were isolated by an enzymatic reaction from

Black Angus IVDs (Wiseman et al. 2005). Two freshly skinned tails were obtained from a local
abattoir within 24 hours of slaughter and kept on ice for three hours. The tails were disinfected in
a 1% betadine (RC3955, VWR International, PA) solution with tap water for five minutes and then
allowed to dry in a sterile environment. Muscle and fat tissue were removed from each tail,
exposing the IVDs. The most proximal three IVDs (caudal levels two to four) were separated due
to their large size using a butcher saw. Isolated 1VDs were wrapped with a sterile gauze soaked in
0.9% sodium chloride (1C102892.5, VWR International, PA) and 55 mM sodium citrate
(BDH9288, VWR International, PA). AF and NP tissue were removed from each I\VVD using a
surgical blade size 10. Each tissue fragment was chopped into smaller pieces to speed up the

enzymatic digestion process, which was conducted in a cell culture incubator at 37°C and 5% CO2.
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Digestion of each tissue required incubation in 0.2% Pronase E (97062-916, VWR International,
PA) for lhr, centrifugation of digestion solution at 300 x g for five minutes to remove the
supernatant, incubation in 0.025% Collagenase (103701-190, VWR International, PA) for 18hr,
an additional centrifugation step to pellet cells, and incubation in cell culture media comprised of
89% low glucose Dulbecco's Modified Eagle's Medium (DMEM) - (D6046, Sigma, MO), 10%
Fetal Bovine Serum (F0926, Sigma, MO), and 1% Antibiotic-Antimycotic (A5955, Sigma, MO).
Monolayer cultures were passaged three times prior to alginate encapsulation.

3.3.2 Alginate encapsulation

AF and NP cell encapsulation in 2% low-viscosity alginate (A0682, Sigma, MO) was
adapted from a protocol by Le Maitre et al. (Le Maitre, Freemont, and Hoyland 2005). Cell
concentration in alginate was adjusted to 1 million cells per mL and verified by running a Trypan
Blue assay using Countess FL Il (Thermo Fisher, MA). For each cell type, AF, and NP, ten batches
of alginate beads with a total volume of 10 mL per batch were made. The beads were formed in
200 mM CaCl, (C4901, Sigma, MO) using a 16-gauge needle and placed on a rocker for 15
minutes until the alginate was crosslinked. The beads were washed twice with 150 mM NaCl
(1C102892.5, VWR International, PA) before being placed in the fluidized -bed bioreactor.

3.3.3 Bioreactor setup

The fluidized-bed bioreactor for the alginate beads was adapted and modified from Park
and Stephanopoulos (Park and Stephanopoulos 1993). The beads were held in a 50 mL conical
tube connected to a peristaltic pump establishing continuous flow by circulating the media at a
rate of 4mL/min. Two peristaltic pumps were connected to a second 50 mL conical tube, acting
as a holding vessel, at a constant rate of 0.139 mL/hour to replace glucose in the holding vessel
(Figure 3.1).

3.3.4 Experimental groups

Out of the ten alginate-bead batches, two were incubated in a fluidized-bed bioreactor to
maintain steady glucose levels using a media pump (Figure 3.1A). An additional two batches of
beads were incubated in a batch reactor with manual modulation of glucose levels every three days
(Figure 3.1B).
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Figure 3.1. Schematic of the bioreactor showing the two setups for steady-state (A), And unsteady-
state (B) glucose levels. In (A), pump one circulated the media at a constant rate of 4mL/min to
achieve well-mixing conditions in the bioreactor. Pump 2 was used to replace 10 mL of media
over a 3-day period. In (B), only one peristaltic pump was used to maintain constant mixing in the
bioreactor at a flow rate of 4mL/min. Cell culture media was replaced once every three days over
ten days.

The remaining six batches were incubated in a 6-well plate and randomly assigned to

manual modulation of glucose levels at 8-hour intervals or three days (n=3) (Figure 3.2).
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Figure 3.2. Schematic of culturing encapsulated AF and NP cells in a well-plate. Six batches of
AF and NP cells were cultured in well-plates under steady-state glucose, changing the media three
times per day, and under unsteady-state glucose, replacing culture media once every three days.

3.3.5 Cell extraction from alginate beads
Alginate beads were collected and washed with NaCl (1C102892.5, VWR International,

PA) twice for 10 minutes. AF and NP cells were extracted from the alginate beads by gentle
pipetting in a dissolving buffer of pH 7.4 containing 55 mM sodium citrate (BDH9288, VWR
International, PA), 30 mM EDTA (BDH9232, VWR International, PA), and 150 mM NacCl
(1C102892.5, VWR International, PA) in distilled water. The solution was immediately incubated
at 37°C with agitation for 10 minutes prior to pelleting the cells at 300 x g for five minutes. The
cell pellet was reconstituted in 5 mL 1X PBS and used to measure cell viability, cell senescence,
and metabolomics. The supernatant was collected to measure GAG content in the beads using
dimethyl-methylene blue (DMMB).

3.3.6 Glucose measurements

Glucose levels in cell media were measured daily using ReliOn blood glucose meter (Novo
Nordisk, Denmark). A volume of 10 uL was sufficient to provide a reading. Glucose readings were

converted from mg/dL to mM and reported in this study.
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3.3.7 AF and NP cell viability

Cells in alginate were pelleted and then reconstituted in 1X PBS as described previously.

Cell viability was measured in each sample by mixing 10 pL of cells with trypan blue (15250061,
ThermoFisher, MA) at a 1:1 ratio and analyzed with Countess FL Il (ThermoFisher, MA).

3.3.8 SA-B-Gal cell senescence assay

A cellular senescence assay was performed on 1 million cells using a senescence kit
(KAAOQ02, ThermoFisher, MA). The cells were washed twice in 1X PBS, pelleted at 300 x g for
five minutes, and aspirated the supernatant in-between washes. The cells were then fixed in 1X
fixation solution at room temperature for 15 minutes, centrifuged at 300 x g, and washed with 2
mL 1X PBS aspirating the supernatant each time. The cells were pelleted and gently mixed with 2
mL pre-made 1X SA-B-Gal detection solution as per the kit’s protocol. The cells were incubated
at 37°C for 4 hours, washed twice with 1X PBS, and reconstituted in 1 mL 1X PBS prior to
counting the cells using Countess FL Il (ThermoFisher, MA).

3.3.9 (HR-MAS) NMR metabolomics

The protocol for NMR metabolite process and data acquisition was adapted from Long et

al (Long et al. 2020). Cells obtained from the extraction step were pelleted at 300 x g for five
minutes, quenched with 300 uL pre-chilled HPLC grade methanol at-20°C (BDH2018, VWR
International, PA), vortexed briefly, mixed well with equal amounts of 300 pL distilled water and
chloroform (25666, Sigma, MO), and chilled on ice for 10 minutes. Liquid phase extraction was
used to separate cell metabolites. Each sample was centrifuged for 10 minutes at 16,000 x g and
4°C. The top aqueous layer containing cell metabolites was transferred to a 2.0 mL tube and stored
at -80°C. A speed-vacuum was used to remove methanol from the samples prior to elucidating
organic compound contents via proton high resolution magic angle spinning (HR-MAS) NMR
(Oregon State University, OR). Briefly, the dried metabolite samples were resuspended in 200 puL
50 mM sodium citrate (pH 7.0 with 10% D>0 and 0.456 mM DSS), loaded into 3 mm NMR tubes
(Bruker, Billerica, MA), and stored at 5°C prior to NMR analysis. Metabolite profile analysis was
performed at Oregon State University using an 800 MHz Bruker Avance Ill HD NMR
spectrometer equipped with 5 mm cryogenic triple resonance (TCI) probe. The NMR data were

collected at room temperature using a presat-NOESY pulse sequence with 512 scans, 4s
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acquisition time per scan, 1s recycle delay, and a 12 ppm spectral window. Data was processed,
apodised, phased, and spline baseline corrected using the Chenomx software suite (Edmonton,
Alberta, Canada). Metabolite profiling was performed using Chenomx NMR Suite 9.0 (Chenomyx,
Edmonton, Canada).

3.3.10 Glycosaminoglycan (GAG) content in alginate beads

Deposited GAG in the alginate was measured using a protocol adapted and modified from
Coulson-Thomas, V. J. and Gesteira, T. F. and Zheng et al. (Coulson-Thomas and Gesteira 2014;
Zheng and Levenston 2015). Briefly, the supernatant from the cell extraction step was collected,
centrifuged at 16,000 x g, and reconstituted in 1 mL 1X PBS. A DMMB detection solution (pH
3.0) was prepared by dissolving the following in 500 mL distilled water:16 mg DMMB (341088,
Sigma, MO), 1.52 g glycine, 0.8 NaCl (1C102892.5, VWR International, PA), and 47.5 mL of 100
mM acetic acid (AA10994, VWR International, PA). In a 96-well plate, 20 pL from each sample
was mixed with 200 uL. DMMB and scanned immediately at 525 and 595 nm (Coulson-Thomas
and Gesteira 2014; Zheng and Levenston 2015). The GAG content was calculated by taking the
absorbance difference between both wavelengths and compared to a standard curve ranging from
0 to 10 pg/mL (Zheng and Levenston 2015).

3.3.11 Statistical analysis

This study investigated the impact of steady glucose levels and fluid flow in cell culture
media on alginate-encapsulated AF and NP cells. We used the following metrics to assess the
impact of the culture technique: cell viability, senescence, GAG content, and cellular metabolites.

Six batches of AF and NP cells were cultured in 6 well-plates under two glucose conditions:
steady-state glucose, changing the media three times per day (n=3), and unsteady-state glucose,
replacing culture media once every three days (n=3). Four batches of AF and NP cells were
cultured in a fluidized-bed bioreactor with continuous fluid flow at 4 mL/min. The cultures were
under two glucose conditions: steady-state glucose, replacing culture media with a pump at a rate
of 0.139 mL per hour, and unsteady-state glucose, replacing culture media once every three days
(n=2).
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Factorial analysis of variance (factorial ANOVA) followed by a Tukey HSD test were
performed in TIBCO Statistica v13.5 (Palo Alto, CA, USA) to determine significant difference in

the means across treatment groups with alpha = 0.05.

3.4 Results

3.4.1 Glucose levels

In AF and NP cell cultures, glucose levels were measured over 10-12 days in triplicates
using a blood glucose meter (Figure 3.3). Glucose in the unsteady-state cultures fluctuated between
2 mM and 6 mM, with the peaks indicating the addition of fresh media to the cell culture. In steady-
state cultures, glucose levels stabilized after three days at an average of 2 mM to 3 mM (Figure
3.3. A-C). NP cell in the bioreactor steady-state treatment group had a higher mean glucose
concentration of 5.3 mM compared to the other groups (Figure 3.3D). Starting glucose
concentrations on day 0 were different between the groups due to the separate processing of each
bead-group in NaCl which diluted the glucose in the well-plates; additional variance may be

attributed to the glucose meter.
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Figure 3.3. Average glucose concentrations (mM) in AF (A-B) and NP (C-D) cell cultures a well-
plate n=3 (A-C) and in a bioreactor n=2 (B-D). Under unsteady-state conditions, glucose fluctuated
between 2 mM and 6 mM. Glucose levels in steady-state conditions were maintained between 2
mM and 3 mM, except in D, where glucose levels stabilized at an average of 5.3 mM.

3.4.2 Cell senescence

Cell senescence was measured to investigate the impact of culture conditions on cellular
phenotype (Figure 3.4). We compared the results against the steady-state treatment group in the
well-plate and bioreactor set-ups. There was no difference in AF senescence in the bioreactor
groups (factorial ANOVA, p = 0.95). Whereas more senescent AF cells were observed in the well-
plates under steady-state conditions compared to unsteady-state (factorial ANOVA, p = 0.01)

(Figure 3.4). NP cells in the bioreactor group showed more senescence under steady-state
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conditions when compared to unsteady-state (factorial ANOVA, p = 0.03) (Figure 3.4). However,
no change in senescence was observed in the well-plate group when comparing unsteady-state
with steady-state conditions (factorial ANOVA, p = 0.14) (Figure 3.4).
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Figure 3.4. Cell senescence of AF and NP cells cultured in a bioreactor and well-plate under two
glucose conditions, steady-state and unsteady-state. AF cells showed higher senescence when
cultured in the well-plates under unsteady-state glucose compared with steady-state (p = 0.01),
indicated with *. But no difference in mean senescent AF cells was observed in the bioreactor
culture when comparing unsteady-state glucose with steady-state glucose (p = 0.95). NP cells in
the well-plates showed no difference in mean cell senescence when comparing steady-state and
unsteady-state glucose (p = 0.14). However, when NP cells were cultured in the bioreactor, we
observed higher senescence when under unsteady-state compared to steady-state (factorial
ANOVA, p =0.03), indicated with #.
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3.4.3 (HR-MAS) NMR metabolomics

To elucidate the effects of unsteady glucose levels in cell culture on the metabolic

pathways in AF and NP cells, we performed an NMR metabolomics analysis after harvesting the
cells from the alginate beads. We considered steady-state as the baseline to calculate the percent
difference of metabolite concentrations in the unsteady-state cell cultures. To infer significance,
we applied a repeated measures ANOVA with p < 0.05 and marked the significant changes in
metabolites by a * in Figure 3.5.

NMR data showed a differential metabolic response between AF and NP cells cultured in
the well-plate and the bioreactor. Although not significant, AF cells in the well-plate showed an
increase in the utilization of amino acids under unsteady-state conditions, which was indicated
by concentration ratios less than 100%. AF cells cultured in the bioreactor showed a reversed
trend where cells under unsteady-state utilized more amino acids, including alanine, leucine,
tyrosine, and valine. In addition, the TCA substrates like glucose were utilized more under
unsteady state conditions leading to increased levels of lactate compared to steady conditions
(p<0.05) (Figure 3.5).

Interestingly, NP cells showed a reversed trend compared to AF cell cultures. In the well-
plate culture, NP cells showed increased utilization of amino acids under steady-state conditions
indicated by % ratios higher than 100%. We also observed an increase in lactate accumulation in
the unsteady-state, indicating an increase in TCA cycle activation. NP cells acquired a different
metabolite profile in the bioreactor cultures with a dramatic increase in methionine. In addition,
the utilization of all amino acids and most TCA cycle intermediates decreased in unsteady-state
conditions compared to steady-state (Figure 3.5).

Intracellular glutamate levels, which are utilized in the production of GAGs in IVD cells,
increased under steady-state conditions for AF cells compared to unsteady conditions. We
observed an opposite trend in NP cells, where glutamate levels increased under unsteady-state
conditions. We observed a reversed trend in the bioreactor culture where AF cells under
unsteady-state accumulated glutamate levels compared to steady-state. NP cells in the bioreactor
showed increased glutamate levels under steady-state compared to unsteady-state (Figure 3.5).
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Figure 3.5. Results of (HR-MAS) NMR metabolomics of AF and NP cells cultured in the well-
plate and bioreactor. Amino acids are shown in blue, TCA cycle intermediates are shown in orange,
and glutamate is shown in green. The dashed line indicates a 100% ratio, indicating no change in
metabolite concentration between unsteady and steady conditions. A repeated measures ANOVA
with p = 0.05 was performed to infer significance between unsteady and steady conditions
indicated with *.

3.4.4 GAG content in alginate beads
The amount of deposited GAG into the alginate beads was measured using a DMMB assay

elucidating the rate of ECM remodeling by AF and NP cells. When cultured under steady- and
unsteady-state conditions, AF cells deposited the same amount of GAG into their ECM (Figure

3.6). NP cells with a feeding schedule of 3-time per day (steady-state conditions) produced, on
average, about 30% GAG compared to NP cells with a feeding schedule of 3-days (unsteady-state).
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Figure 3.6. The figure shows averaged glycosaminoglycan (GAG) content in the ECM of AF and
NP cells cultured in a well-plate. GAG content was normalized to 1 million cells. Significance is
indicated by *, comparing unsteady with steady-state (ANOVA, p < 0.05).

GAG content was similar for the bioreactor cell culture, in which AF cells under unsteady and
steady glucose levels secreted the same amount of sulfated GAG into the ECM, averaging 7.5
pg/mL. NP cells under unsteady glucose produced 50% more GAG compared to steady glucose
(Figure 3.7).
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Figure 3.7. The figure shows averaged sulfated glycosaminoglycan (GAG) content (n = 2) in the
ECM of AF and NP cells cultured in the bioreactor. GAG content was normalized to 1 million
cells. Significance is indicated by *, comparing unsteady with steady-state (ANOVA, p < 0.05).
3.5 Discussion

To our knowledge, this was the first study that determined effects of fluctuating glucose
levels in cell culture media on AF and NP cells. DDD is a common cause of low back pain in
adulthood (Andersson 1999). Various research groups have been studying the mechanisms for
IVD degeneration, providing an understanding of potential strategies to alleviate back pain.

However, studies performed on 1VD cells lacked standardization in culture conditions,
leading to inconsistent data regarding cell phenotype, ECM composition, and cellular metabolism
(Mizuno, Allemann, and Glowacki 2001; Liu et al. 2020; Martin, Wendt, and Heberer 2004).
Studies reported using various glucose sources, including Low-Glucose DMEM, High-Glucose
DMEM, Opti-MEM, a-MEM, Ham’s F-12, or a mixture of each (Sato et al. 2003; Chen et al.
2016; Hegewald et al. 2011; Schubert et al. 2018; Preradovic et al. 2005; Dimozi et al. 2015; Xiao
et al. 2017). In addition, there is inconsistency in cell culture supplements, including various
concentrations of fetal bovine serum and different antibiotics and antimycotics, e.g., penicillin,
streptomycin, and fungizone (Sato et al. 2003; Chen et al. 2016; Hegewald et al. 2011; Schubert
et al. 2018; Preradovic et al. 2005; Dimozi et al. 2015; Xiao et al. 2017). Currently utilized culture
conditions do not only fail to mimic the IVD’s in vivo microenvironment, which is hypoxic and

acidic, but it can also be a source of conflicting results.
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This study demonstrated the importance of standardizing cell culture conditions by
showing the effects of culture media modulation on cell senescence, GAG expression, and

metabolic processes.

3.5.1 Cell senescence

When 1VD cells detect degenerative stimuli such as high acidity and inflammation, they
undergo an irreversible process of cell cycle arrest known as senescence, changing their
morphology, gene expression, and ECM secretion rates (Ogrodnik 2021; Feng et al. 2016; Shan et
al. 2019). In this study, AF senescence in the well-plate increased by ~10% under unsteady-state
conditions compared to steady-state, averaging 16% (Figure 3.4). NP cells in the bioreactor
experienced lower senescence (~10% decrease) when cultured under unsteady-state glucose
compared to steady-state (Figure 3.4). Thus, this work highlighted the differential phenotypic
responses between NP and AF cells further supporting our hypothesis that cell culture conditions
affected cell phenotypes. Elevated glucose levels were postulated to induce apoptosis and
senescence, impeding proliferation and tissue repair rates (Liu et al. 2020). In one study
investigating the effects of diabetic blood glucose levels on IVD cell senescence, researchers found
that elevated levels of glucose induced oxidative stress leading to senescence and apoptosis (Park
et al. 2014; Shan et al. 2019; Cheng et al. 2016).

Glucose values implemented in our study were lower than those used in Park et al. (Park
et al. 2014); however, they were close to diabetic blood glucose levels of 7.7 mM, which has also
been shown to initiate senescence in IVD cells (Jouven et al. 2005; Jiang et al. 2013). Our results
demonstrated a possible interaction between fluid flow, glucose modulation, and cell type that
could induce senescence. Senescent cells secrete proinflammatory factors like chemokines and
cytokines, which may accumulate in the cells’ environment when under static fluid conditions, i.e.
in the well-plate, amplifying senescence (Zhang et al. 2020). It is possible that continuous fluid
flow in the bioreactor prevented the accumulation of senescent factors in the NP beads. While the
data shows NP cells benefiting from fluid flow, AF cells seemed to acquire more senescent
phenotypes under the same conditions. There is increasing evidence that fluid flow in cell cultures
is important in regulating ECM homeostasis and cellular functions (Chen et al. 2020; Ye et al.
2018). Considering the physiological environment of the IVD, NP cells are constantly exposed to

changes in water content and shear stress through the natural compression of the IVD which also
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lead to fluctuations in the nutrient levels (Chen et al. 2020; Wang, Yang, and Hsieh 2011; Jackson
et al. 2011). In contrast, AF cells existing on the periphery of the IVD experience less modulations
in water content and shear stress as it transfers from the NP (Jackson et al. 2012; Chen et al. 2020).
However, the direct effect of shear stress in vitro is necessary to elucidate the mechanism of
cellular senescence in this culture system.

In this experiment, we used the increased activity of B-galactosidase in AF and NP cells to
measure senescence, yet it is important to consider the limitations of this assay. Studies reported
unreliable results associated with the B-galactosidase marker used for senescence due to increased
activity in dormant (quiescent) cells, starved cells, and cells treated with H2O. (YYang and Hu 2005).
Additional studies would require controlling for these confounding factors.

Due to the B-galactosidase assay’s low specificity for senescence in IVD cells, it would be
useful to consider more robust markers. Cells that undergo senescence are known to have
incomplete DNA replication due to telomere shortening and dysfunction, which can be detected
by the increased activation of the p53-p21-pRB pathway in aging IVD cells (Kim et al. 2009).
Increased expression of cytokines like interleukin-6 (IL-6), interleukin-1 (IL-1), and matrix
metalloproteinases (MMPS) can also be used to infer senescence levels in IVD cells (Loeser 2009).

This study shows that the cell culture environment impacts cell senescence. NP cells have
adapted to exist in microenvironments with variations in nutrient levels and shear stress (Chen et
al. 2020; Ye et al. 2018; Jackson et al. 2011). Meanwhile, AF cells have adapted to thrive under
steady levels of nutrients and little shear stress (Chen et al. 2020; Wang, Yang, and Hsieh 2011).

3.5.2 (HR-MAS) NMR metabolomics
Proton high-resolution magic angle spinning (HR-MAS) NMR is a non-destructive

technique that can profile various metabolites in cells, providing invaluable information on the
regulation of metabolic processes (Keshari, Lotz, et al. 2005; Keshari, Zektzer, et al. 2005; Keshari
et al. 2008). This method has been used to quantify metabolic changes associated with 1VD
degeneration (Keshari, Lotz, et al. 2005; Keshari, Zektzer, et al. 2005; Keshari et al. 2008).

In this study, distinct metabolic profiles for both the AF and NP cell population under
similar culturing conditions were illustrated, further supporting the notion that different cell types

require individual culture environments.
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In the AF cells, metabolite concentrations involved in the TCA cycle, anaplerotic flux
(amino acids), and glycolysis (glucose and lactate) all increased under steady glucose levels in the
well-plate (Figure 3.5). Increased levels of metabolites may be attributed to the increased
availability of nutrients associated with the steady-state. Since cells were cultured in normoxic
conditions, we expected the recruitment of other metabolic pathways to generate energy, such as
fatty acid metabolism, explaining the increase in choline and O-phosphocholine (data not shown)
(Pacholczyk-Sienicka et al. 2015). AF cells in the bioreactor utilized more amino acids compared
to the unsteady-state which could be attributed to increased availability of these metabolites.
Additionally, fluid flow in the bioreactor improves solute transport, prompting the utilization of
amino acids in various anabolic pathways compared to the well-plate culture. Another effect of
normoxic conditions was increased oxidative stress, which could be elucidated by the upregulation
of methionine, an essential compound in antioxidant function (Pacholczyk-Sienicka et al. 2015;
Feng et al. 2017). We also observed increased levels of myo-inositol, a chemical that facilitates
the regulation of cellular osmotic pressure between the intra- and extracellular environments
(Pacholczyk-Sienicka et al. 2015).

Similar to AF cells, most metabolite concentrations either increased in unsteady-state
conditions or did not change compared to the steady-state. Interestingly, NP cells under unsteady-
state conditions had a decrease in glucose concentrations with an associated increase in lactate
levels (Figure 3.5). This suggests that unsteady-state conditions upregulated anaerobic glycolysis
despite having greater glucose availability (Bibby et al. 2005). Yet further analysis is necessary to
confirm these findings with either lactate dehydrogenase activity or other glycolytic rates assays.
In addition, increases in alanine may be associated with increased glycolysis and amino acid
synthesis. Intermediates of the TCA cycle, such as citrate, and anaplerotic flux contributors, such
as glutamate and methionine, were also upregulated, though not significantly (Pacholczyk-
Sienicka et al. 2015; Madhu et al. 2020). However, it was unclear if these were shifts towards the
upregulation of the TCA cycle or towards amino acid synthesis and thus require further analysis.
Compared to AF cells, there was no drastic increase in fatty acid or amino acid metabolism,
indicating the difference in the metabolite profile for AF and NP cells. In addition, we expected
steady glucose levels to increase fatty acid and amino acid metabolism due to the constant supply
of nutrients. Interestingly, we did not observe NP cells upregulating their antioxidant mechanisms

significantly despite being in normoxic conditions.
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Our results suggested that the metabolite profile can vary due to cell type and different cell

culture conditions, further supporting the need to standardize cell culture protocols.

3.5.3 Glycosaminoglycan content
Glycosaminoglycans (GAGs) are essential in the AF and NP ECM. While the NP has
higher GAG content than the AF, estimated to be 11% compared to 8%, sulfated GAGs facilitate

the swelling of both tissue types, retaining water levels that are important in maintaining
homeostasis in the IVD (Yang and O'Connell 2019).

In this study, we measured the content of secreted GAGs into the matrix of the alginate
beads to assess changes in cell phenotype and cellular processes. The expression of GAG has been
used as a biomarker for DDD (Nguyen et al. 2008; Sato, Kikuchi, and Yonezawa 1999; Adams
and Roughley 2006; Antoniou et al. 1996). We reported decreased GAG content produced by NP
cells under steady glucose levels and no change in AF GAG content (Figures 3.5). The drop in NP
GAG content could be attributed to the accumulation of senescence. The drop in GAG content in
NP cells correlated with a 10% drop in glutamine which is important in the production of GAGs
in mammalian cells (Figure 3.5 and Figure 3.6) (Handley et al. 1980; Speight, Handley, and
Lowther 1978). Observing decreased GAG content in NP cells under steady glucose levels
provides further evidence that supports developing protocols which mimic the NP’s in vivo
microenvironment.

The main limitation of this work includes culturing cells under normoxic conditions. In the
IVD, cells exist under low oxygen levels, affecting glycolysis and ECM synthesis rates (Bibby et
al. 2005). However, one study suggests that no change in GAG synthesis was observed in AF and
NP cells due to changing oxygen levels from 1% to 21% (Mwale et al. 2011). One study further
suggests that IVD cells have developed mechanisms to survive under low oxygen levels,
preventing impaired cellular functions (Mwale et al. 2011). In addition, cell samples under
unsteady-state were exposed to a narrow range of glucose concentrations, ranging between 2 mM
and 6 mM, compared to cell culture protocols using high glucose concentrations of 15 mM. Such
concentrations could change the metabolites profile for both AF and NP cells and lead to increased

senescence (Park et al. 2014).
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3.6 Conclusion

This study shows a strong correlation between cell culture conditions, including glucose
and fluid flow on cell phenotype. Our results suggest that lack of standardization in the IVD
research can lead to inconsistent results. Steady glucose levels were shown to increase senescence
in NP cells. AF cells showed increased senescence when exposed to shear stress through fluid
flow. Steady glucose levels also affected the metabolite profile of each cell type differently by
upregulating amino acid and fatty acid synthesis in AF cells and the TCA cycle in NP cells.
Therefore, developing a standardized protocol to culture AF and NP cells under physiological

conditions would be essential in the study of VD degeneration.
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4.1 Abstract

Low back pain is a leading cause of disability and missed workdays worldwide, and it has
been associated with degeneration of the intervertebral disc (IVD). Ex vivo human 1VD models
have emerged as an attractive way to study different regeneration strategies. However, there are
many logistical challenges to acquiring and working with whole fresh IVDs. Establishing a tissue
bank to cryopreserve IVDs for long periods, maintain high cellular viability, and preserve
mechanical integrity would lower the barriers to working with ex vivo human IVDs. It would also
enable whole IVD allograft transplantations to treat IVD degeneration in patients. Current IVD
cryopreservation protocols report poor cell viability due to limitations in the transport of
cryoprotectants (CPAS). In this study, we incorporated a low-cytotoxicity CPA mixture and
compression to improve the transport of the CPA and prevent cryoinjury to cells. Our results
showed that 80-85% of cells in the outer AF, inner AF, and NP were viable after one week of
storage at -80°C and not significantly different from fresh, unfrozen controls. 1VDs that were
cryopreserved without compression had poor cell viability compared to the fresh IVDs. This study
aims to lead the way in solving a major roadblock in storing IVVDs for long periods improving the
logistics of experiments and clinical trials. We demonstrated how incorporating convective
transport and a low-cytotoxic CPA mixture was crucial in preventing cryoinjury to IVD cells,

leading to better optimization of IVD cryopreservation.

4.2 Introduction

Back pain is a leading cause of disability worldwide, with devastating effects on the well-
being of affected individuals. This condition can be attributed to degeneration of the intervertebral
disc (IVD), often leading to nerve compression and chronic back pain (Andersson 1999). Studies
hypothesize that degeneration of the 1D happens due to the ongoing mechanical failure of the
IVD and slow regeneration of the worn tissue (Cheung et al. 2009; Wang, Videman, and Battié
2012; Teraguchi et al. 2014; Boubriak et al. 2013; Urban and Roberts 2003; Urban, Smith, and
Fairbank 2004). Trauma, aging, and limitations in the nutrient supply are additional factors that
have been shown to propagate the cycle of degeneration (Cheung et al. 2009; Wang, Videman,
and Battié 2012; Teraguchi et al. 2014; Boubriak et al. 2013; Urban and Roberts 2003; Urban,
Smith, and Fairbank 2004).
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It is estimated that every year over 500,000 Americans undergo invasive surgery, such as
spinal fusion, to alleviate early and minor symptoms caused by IVD degeneration (Brodke and
Ritter 2005; Rajaee et al. 2012). Although spinal fusions have been rising, this procedure fails to
treat degeneration. The procedure can also lead to further health complications, limiting the spine's
range of motion and the patient's mobility (Biswas, Rana, et al. 2022). The failing spinal fusion
outcomes can be attributed to the deficient guidelines outlining the best strategies to treat VD
degeneration (Reisener et al. 2020a; Lam et al. 2011; Reisener et al. 2020b). These strategies are
left to the surgeon's discretion, considering personal preference, skill level, procedure complexity,
and the patient's condition (Reisener et al. 2020a; Lam et al. 2011; Reisener et al. 2020b).

Artificial 1IVDs made of various metals and polymers have emerged as an attractive
alternative to treat IVD degeneration, maintaining the spine’s range of motion and mobility
(Biswas, Rana, et al. 2022; Biswas, Malas, et al. 2022; Yang et al. 2022; Harmon et al. 2020).
Moreover, these implants have been shown to limit degeneration at nearby 1VDs compared to
spinal fusion (Biswas, Rana, et al. 2022; Biswas, Malas, et al. 2022). However, one of the concerns
associated with IVD implants is the deterioration of the material, limiting its lifetime, and requiring
a replacement surgery (BHATTACHARYA et al. 2019).

Implants of IVD allografts can thus provide an alternative to surgical strategies and
implants in treating degeneration and restoring spinal function (Lam et al. 2011). However, IVD
allograft accessibility for research and clinical studies is limited due to challenges in long-term
storage, compromising the viability of these specimens (Lam et al. 2011). One suggestion to
overcome this challenge is to establish a bank of cryopreserved IVDs, which would enable 1VD
size matching between donors and recipients (Lam et al. 2011). A cryopreservation bank would
also improve the logistics of clinical trials and 1VD research by decreasing experiment costs and
accommodating experimentation schedules (Lam et al. 2011). Cryopreservation provides a
solution to the long-term storage of cells and tissues by lowering the specimen’s temperature to -
80°C or -196°C, where cellular functions are limited and preserved (Lam et al. 2011; Jang et al.
2017). It controls exchange of ions between the intracellular and extracellular environments of the
cell, controlling the rate of cell shrinkage and ion exchange. This way, cryopreservation can
prevent damage to cells caused by the growth of intracellular ice crystals, the formation of
extracellular ice, and changes in solute and osmotic levels (McGann, Yang, and Walterson 1988;

Toner et al. 1993; Jang et al. 2017; Chang and Zhao 2021). This process has revolutionized
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allograft clinical research by overcoming the increasing supply-demand imbalance for viable
specimens (Aijaz et al. 2018; Bradley, Bolton, and Pedersen 2002). Multiple strategies have been
optimized to manage the formation of ice crystals, including chemical techniques that rely on
cryoprotectants (CPAs) (McGann, Yang, and Walterson 1988; Toner et al. 1993; Jang et al. 2017).
CPAs can be divided into two categories: cell-permeable CPAs, including dimethyl sulfoxide
(DMSO) and glycerol, preventing intracellular crystal formation (Jang et al. 2017; Bakhach 2009);
cell-impermeable CPAs, including polymers and starches that protect the tissue from extracellular
damage (Jang et al. 2017; Bakhach 2009).

Several cryopreservation protocols for the VD have been developed using various CPAS
and incubation times ranging from 2 to 20 hours to improve cell viability (Chan, Lam, et al. 2010;
Chan, Gantenbein-Ritter, et al. 2010; Katsuura and Hukuda 1994; Xin; et al. 2013; Ishihara,
Matsuzaki, and Wakabayashi 1996). To our knowledge, this is the first study to provide a novel
cryopreservation method that can preserve up to 80% of the cells in the outer AF, inner AF, and
NP. We developed this technique by capitalizing on the viscoelastic properties of the IVD and
convective transport, speeding up CPA delivery and limiting its cytotoxic impact on the cells. We
hypothesized that the compression of IVDs would decrease the transport time of the CPA, limiting
toxic CPA exposure to the cells and thus increasing the number of viable cells. The methods
demonstrated here should provide the research community with another tool to cryopreserve 1VDs

as well as other cartilage tissues with limited transport, improving experimental logistics.

4.3 Materials and methods

4.3.1 Intervertebral disc harvest and cell isolation

NP cells were isolated following a protocol adapted and modified from Wiseman et al.,
2005 (Wiseman et al. 2005). Two freshly skinned skeletally mature bovine tails were obtained
from a local abattoir, disinfected for five minutes in a 1% Betadine solution (RC3955, VWR
International, PA), and allowed to dry in a sterile environment for ten minutes. Muscle and fat
tissue were removed from each tail, exposing the 1\VVDs. The isolated 1VVDs were wrapped with a
sterile gauze soaked in 0.9% sodium chloride (1C102892.5, VWR International, PA) and 55 mM
sodium citrate (BDH9288, VWR International, PA) while awaiting dissection.

NP tissue was removed with a scalpel, cut into ~4 mm? pieces, and digested in a humidified

cell incubator at 37°C and 5% CO2. Digestion involved a one-hour incubation period in DMEM
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(D6046, Sigma) with 0.2% Pronase E (97062-916, VWR International, PA), centrifugation at 400
RCF for 10 minutes to remove the supernatant, and incubation in Dulbecco Modified Eagle
Medium (DMEM) (D6046, Sigma, MO) with 0.025% Collagenase (103701-190, VWR
International, PA) for 18 hours. Digested NP tissue was filtered using a 70-um cell strainer
(CLS431751, Sigma, MO) and washed twice with 1X PBS. Cells in the filtrate were also washed
twice with 1X PBS, resuspended in cell culture media solution (89% DMEM (D6046, Sigma,
MO), 10% FBS (F0926, Sigma, MO), and 1% antibiotic/antimycotic solution (A5955, Sigma,
MO), and seeded in monolayer cultures at their appropriate seeding density. Cells were passaged

three times prior to performing cell viability assays.

4.3.2 Cell encapsulation in alginate beads

Confluent NP cells were detached from the flasks using a 0.25% trypsin solution (82003-
688, VWR International). Cells were centrifuged at 400 RCF for 10 minutes then resuspended in
2% low-viscosity alginate (A0682, Sigma, MO) in 0.15M NaCl (1C102892.5, VWR International,
PA) to a final density of 300,000 cells/mL. The alginate cell solution was slowly dropped into
0.15M CacCl, (C4901, Sigma, MO) using a 16G needle, incubated for 15 minutes on a rocker,
washed twice with 0.15M NaCl, and incubated in cell culture media for 24 hours at 5% CO. at

37°C before performing cryopreservation toxicity test.

4.3.3 Effect of CPA mixture 1 on NP cells

NP cells were cultured in 6 well-plates to elucidate the cytotoxicity of CPA mixture 1
composed of 80% DMEM (D6046, Sigma), 10% DMSO (1C0219605590, VWR International,
PA), and %10 propylene glycol (PG) (P4347, Sigma, MO). The wells were assigned randomly to

incubation times of 2, 6, 12, 18, or 24 hours (n = 3) at 4°C. Cells were stained with a fluorescent
LIVE/DEAD™ assay (L3224, ThermoFisher, MA) and scanned using Keyence BZ-X700
fluorescence microscope (Oregon State University, OR). The captured scans were processed on

ImageJ 1.53i to estimate cell viability(Schneider, Rasband, and Eliceiri 2012).

4.3.4 Optimization of CPA mixture type

We assessed the interaction between the CPA type (CPA mixture 1 and CPA mixture 2)
and incubation time on cell viability at 4°C. CPA mixture 2 included 80% DMEM (D6046, Sigma),
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10% DMSO (1C0219605590, VWR International, PA), and %10 ethylene glycol (EG) (324558,
Sigma, MO). Five encapsulated beads were assigned randomly to a CPA mixture type and an
incubation time of 0, 2, 4, 8, or 48 hours. Cells were stained using the LIVE/DEAD™ assay
(L3224, ThermoFisher, MA) and scanned with Keyence BZ-X700 (Oregon State University, OR).
The captured scans were processed on ImageJ 1.53i to estimate cell viability (Schneider, Rasband,
and Eliceiri 2012).

4.3.5 CPA transport in the IVD

We assessed the transport of DMSO in 1VVDs without compression. Three skeletally mature
Black Angus bovine IVDs were incubated in 10% DMSO for three days and CT-scanned at 0, 24,
56, and 72 hours. DMSO penetration was tracked using a Toshiba Aquilion 64-slice Computed

Tomography (CT) unit provided by the Carlson College of Veterinary Medicine (Oregon State
University, OR). Acquisition parameters were set to 120 kVp, 240 FoV, 0.6 pitch, and 250 mA.

Materialize Mimics® 21.0 was used to segment the [VD’s soft tissue (AF and NP). A code was
developed in MATLAB® 9.9 to perform a Gaussian curve-fitting analysis of the segmented scans,

estimating the mean signal intensity (Figure 4.1).
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Figure 4.1. The mean signal intensity of the IVD’s soft tissue increased due to the penetration of
DMSO. CT scans of IVDs were segmented in Materialize Mimics® 21.0 (left), and a Gaussian
curve was fitted in MATLAB® 9.9 (right) to find the mean signal intensity in the tissue.
To relate mean signal intensity to penetration % we developed the correlation in equation
4.1, in which we normalized the mean signal intensity for the sample of interest (IVDy) to the
intensities of both a fresh IVD (1VDo) and a fully-saturated 1VD (IVDr)*.
Equation 4.2

IVD, 1VD,
IVD; 1VD,

* IVDr was soaked in 10% DMSO for a week- CT scan showed to further increase in DMSO

penetration after a week — data not shown).

We also assessed the effectiveness of PrimeGrowth™ (n = 3) and compression (n = 3) in
improving the transport of DMSO and decreasing cell CPA exposure time. PrimeGrowth™ is

designed to clear blood clots in the CEP, improving transport through its pores and channels (Grant
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et al. 2016). Axial compression could enhance the convection transport of fluids in the IVD. 1VDs
treated with PrimeGrowth™ were incubated in a 30 mL Isolation Medium for one hour and rinsed
in an equal volume of Neutralization Medium for two minutes (Grant et al. 2016). In a separate
protocol, bovine 1VVDs were compressed in a custom-built bioreactor for four hours under a sine-
wave load (0 MPa to 2.5 MPa at 0.1 Hz) and soaked in 10% DMSO. DMSO penetration in IVDs
was tracked via CT scans compared to a control group (n = 3) soaking in 10% DMSO. CT scans

were acquired at 0, 5, 8, 24, and 36 hours.

4.3.6 IVD cryopreservation

IVVDs were cryopreserved using our optimized method comprised of compressing the IVDs
and then allowing them to free-swell in CPA mixture 2. A total of 16 IVVDs were isolated from
freshly harvested bovine tails and assigned randomly to four groups: fresh, no C.C. (IVDs were
frozen without CPA mixture 2 or compression), CPA (IVDs free-soaked in CPA mixture 2 without
compression prior to cryopreservation), and C.C. (IVDs were compressed then free-soaked in CPA
mixture 2 for 4 hours prior to cryopreservation). The 1VDs were cryopreserved at -80°C with a
freezing rate of -1°C/minute measured using a thermocouple. After one week of storage at -80°C,
the I'VDs were thawed in a warm water bath and the CPA was removed through a step-wise dilution
process using compression and free-swelling. The 1VDs were compressed for 4 hours in 1X PBS
to achieve minimum IVD height, and then allowed to soak under no load for 3-4 hours to recover
IVD height. This process was repeated until DMSO levels were not considered toxic. To ensure
the dilution of DMSO (1% of initial value), we tracked osmolarity in the solution with a micro-
osmometer (Advanced® Model 3320, Advanced Instruments, MA). Once the DMSO was
removed, all IVDs were cultured in DMEM forl2 hours, then cut in the sagittal plane to estimate

cell viability.

4.3.7 Cell viability
A cross section of thickness 2 mm was acquired using a surgical blade at the sagittal center
of the IVD to perform a fluorescent LIVE/DEAD™ assay (L3224, ThermoFisher, MA). The

manufacturer’s protocol recommended incubating tissue in the stain for 45 minutes at room

temperature and rinsing the tissue with 1X PBS prior to scanning. Next, the slices were scanned
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using Keyence BZ-X700 fluorescence microscope (Itasc, IL) and processed on ImageJ 1.53i to
estimate cell viability in the outer AF, inner AF, and NP (Schneider, Rasband, and Eliceiri 2012).

4.4 Results
Conventional protocols for cryopreservation of IVD demonstrated the need for
optimization of CPA transport to improve cell viability. The viability of NP cells decreased when

exposed to CPA mixture 1 by about 95% at six hours of incubation (Figure 4.2).
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Figure 4.2. Cell viability of an NP cells in a monolayer culture exposed to CPA mixture 1 at 4°C
for 24 hours (n = 3). A one-way ANOVA analysis (p < 0.01) indicated significant difference in
mean cell viability % between time 0 and all times greater than or equal to 6 hours. No significant
difference was observed in mean cell viability % between time 0 and 3 hours.

DMSO attenuates CT beam intensity and thus can be used to track its penetration through
the IVD’s soft tissue. It was observed in a free swelling IVD without compression that DMSO



92

achieved a 50% saturation level after 24 hours increasing to 75% by 72 hours of incubation. The
observed rate of DMSO penetration would lead to total cell death in the IVD before reaching a
100% saturation state (Figure 4.3).
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Figure 4.3. Average DMSO penetration % in free-swelling IVDs (n = 3). Mean DMSO penetration
% in the IVD’s soft tissue was significantly different after 24 hours of incubation compared to
time 0 (one-way ANOVA, p < 0.05). The data was normalized to 1VVDs that had soaked in 10%
DMSO for one week. The dashed line shows the time at which significant cell death was observed
in the cell culture cytotoxicity experiment (Figure 4.2).

Optimization of CPA type required finding a CPA with lower cytotoxic effects compared
to PG, which was observed to be devastating for cell viability in a monolayer cell culture (Figure
4.2). CPA mixture 2, which replaced PG with EG, showed to decrease the CPA mixture’s
cytotoxicity and improve overall cell viability for 8 hours (Figure 4.4)



93

100%
I I I
75% | :
I
S
= 50% | *
= I
E
3 25%
* *
0% k # 1 i
0 2 4 8 48

Time (hour)

. control (no CPA) : CPA1 J: CPA 2

Figure 4.4. The effect of CPA type and incubation time on the average NP viability encapsulated
in alginate. Cells exposed to CPA mixture 1 observed a decreasing viability at 4 hours compared
to the control at time 0. CPA mixture 2 was not observed to affect cell viability at 8 hours of
incubation. At 48 hours, cell viability was estimated to be 0% for both CPA groups. Significance
was estimated by comparing the samples with the control at time 0 with # indicating p < 0.05 and
* indicating p < 0.001 (Factorial ANOVA).

Next, the rate at which DMSO penetrated through the 1VD was still slow when compared
to the rate at which cell viability was lost. It required 72 hours for DMSO to reach a 75% level of
penetration, while most cells stayed viable only until 8 hours of incubation time. Compression and
PrimeGrowth™ were hypothesized to decrease the overall time it required DMSO to fully saturate
the IVD’s tissue. The results demonstrated compression to be superior to PrimeGrowth™,
decreasing the time it required DMSO to fully saturate the disc to 3 hours, a 96% improvement
(Figure 4.5). In contrast, PrimeGrowth™ showed no detectable improvement to DMSO transport

(Figure 4.5).
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Figure 4.5. Optimization of DMSO penetration % in IVDs (n = 3). Compression increased DMSO
penetration to 97% compared to the control at 3 hours. IVDs treated with PrimeGrowth™ did not
observe improved transport when compared to the control at each time point (Factorial ANOVA,
p < 0.05). DMSO penetration % was normalized to three fully equilibrated I\VVDs.

Scans of LIVE/DEAD™ assay from frozen compressed IVDs in CPA mixture 2 showed a
significant difference in the number of viable cells and their distribution in the tissue. We also

observed cell death in the areas that were sliced by the scalpel (Figure 4.6).
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Figure 4.6. A representative sample of cell viability fluorescent scans.

Cell viability was measured in the sagittal plane for al cryopreserved IVDs and compared
with a fresh sample. IVDs in treatment groups no C.C. and CPA only showed a ~5% mean viable
cells. IVDs in C.C. group, which were compressed in a custom-built bioreactor to improve
transport of CPA mixture 2, had an average of 80-85% viable cells (Figure 4.7), which was not

significantly different from the fresh unfrozen controls.
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Figure 4.7. Mean cell viability in cryopreserved samples (n = 4) was improved with compression
optimizing transport of DMSO into the IVD. Prior to cryopreservation, IVDs were treated with no
compression or CPA mixture 2 (no C.C.), with CPA mixture 2 only (CPA), and with compression
and CPA mixture 2 (C.C.). Mean cell viability was estimated from sagittal slices and compared
against the slices taken from the fresh samples. Significance was denoted by an * comparing
treatment groups with the fresh control (factorial ANOVA, p < 0.05).

4.5 Discussion

In this study, we innovated a new method to cryopreserve intact bovine 1VDs maintaining
up to 80% cell viability in all tissue compartments: the outer AF, inner AF, and NP (Figure 4.7).
Previous cryopreservation protocols failed to maintain cell viability due to limitations in CPA
cytotoxicity and VD transport.

The first limitation constituted long exposure times to the cytotoxic CPA, leading to DNA
damage and apoptosis (Sugishita et al. 2021). 1VD cells are vulnerable to CPA-induced osmotic

changes instigating apoptotic pathways, accumulating DNA damage, and compromising the
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membrane’s integrity (Gao et al. 1993; Xu et al. 2010; Sugishita et al. 2021). Our results
demonstrated complete cell death after six hours in the monolayer culture and poor cell viability
in the alginate beads at eight hours, reflecting results obtained by other researchers (Chan,
Gantenbein-Ritter, et al. 2010). We compared literature cytotoxicity values for various CPA
cocktails, including DMSO, ethylene glycol (EG), glycerol, and propylene glycol (PG).
Interestingly, DMSO alone is highly toxic at low concentrations of 0.5 to 8.0%, upregulating
interleukin-6 and increasing reactive oxygen species (Awan et al. 2020). However, it is thought
that mixing DMSO with other CPAs could reduce its concentration in the solution, and thus
decease its devastating effects on the cells (Awan et al. 2020; Jomha et al. 2010). This study
reported better cell viability numbers when DMSO was mixed with EG compared to PG (Figure
4.4).

It was essential to optimize the transport of the CPA to improve cryopreservation of the
IVD (Bernemann et al. 2010). X-ray computer tomography (CT) was adopted to track DMSO
permeation in the IVD (Bernemann et al. 2010). Unsurprisingly, we observed a slow permeation
rate reaching an equilibrium with the surrounding solution after 72 hours (Figure 4.3). These
results suggested that commonly practiced incubation times ranging between 2 to 20 hours were
insufficient for CPA to fully penetrate the disc and prevent cryoinjury (Chan, Lam, et al. 2010;
Chan, Gantenbein-Ritter, et al. 2010; Katsuura and Hukuda 1994; Xin; et al. 2013; Ishihara,
Matsuzaki, and Wakabayashi 1996; Lawson, Ahmad, and Sambanis 2011).

We compared two methods to improve transport in the IVD by (1) clearing transport
pathways in the CEPs using PrimeGrowth™ and (2) capitalizing on convective transport through
compression. PrimeGrowth™ is a proprietary solution that dissolves blood clots in the porous CEP
post IVD harvest, improving solute transport (Grant et al. 2016). Our results showed that the
PrimeGrowth™ treatment failed to improve DMSO permeation (Figure 4.5). Due to the protected
nature of the product, we were unable to infer the factors behind our negative results. Compressing
the 1\VVD provided superior outcomes decreasing the required transport time by 95% on average to
achieve full penetration (Figure 4.5). With this technique, we capitalized on the viscoelastic
properties of the IVD. Compression works by decreasing the IVD’s height, pushing out the water
and other solutes, and decreasing the internal pressure (Bezci and O’Connell 2018). When the IVD

free-swells, it retracts, forcing the dissolved DMSO to flow into the tissue at a faster rate. With
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this method, we accomplished ~90% DMSO penetration in 3-4 hours, preventing cytotoxic and
cryogenic injury (Figure 4.6).

IVD transport has been of interest to many research groups looking to enhance its nutrient
status. Many of these studies reported limited transport in the VD due to its geometry, creating a
solute gradient (Nachemson et al. 1970; Malcolmson 1935; Bush 1934; Albert 1942; Shutkin 1952;
Shalash et al. 2021). It is possible that in our study, a DMSO gradient existed but was not captured
with our limited x-ray capabilities, loading the outer AF with higher DMSO % compared to the
inner AF and NP. This gradient could expose the outer AF to increased osmotic pressure leading
to cell injury. In contrast, it could also be possible that the NP was the first compartment to be
thoroughly permeated because it shares a larger surface area with the CEP, where most molecular
transport takes place through the thin, porous layers of the CEP (Naylor 1951; Yin et al. 2019;
Naresh-Babu et al. 2016; Wong et al. 2019; Nachemson et al. 1970; Roberts, Menage, and Urban
1989; Ogata and Whiteside 1981; Nguyen-minh et al. 1998; Urban et al. 1977; Silverman 1954;
Urban, Holm, and Maroudas 1978; Albert 1942; Naylor, Happey, and Macrae 1955; King 1959;
Urban and Maroudas 1979). Our previously published finite element model study on molecular
transport in the IVD demonstrated the importance of the CEP in facilitating transport, showing
high solute flux going through the NP and inner AF compared to the outer AF (Shalash et al. 2021).
Therefore, it is advantageous to elucidate the main pathways for transport, including the first
compartments to equilibrate with the IVD’s environment to accomplish homogeneous DMSO
permeation and better manage cryoinjury (Lawson, Ahmad, and Sambanis 2011).

Despite the rewarding results of this study, it comes with its limitations. First, it is essential
to study the factors affecting CPA transport in the VD to understand better how the time required
to load and remove the CPA would change from one species to another. Factors such as IVD size,
extracellular matrix composition, and bone density have varied between species and affect
transport (Shalash et al. 2021; Aerssens et al. 1998; Alini et al. 2008; Showalter et al. 2012). In
addition, this study lacked critical analyses on cell phenotype, morphology, gene expression, and
protein levels which can be impacted due to cryopreservation (Gao et al. 1993; Xu et al. 2010;
Sugishita et al. 2021). Last, we suggest conducting a long-term experiment on human specimens
to investigate the effects of cryopreservation on its mechanical properties.

Despite the limitations of this study, we successfully improved cell viability in

cryopreserved bovine IVDs. An important application of our results is creating an intact human
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IVD tissue bank that will improve access to viable specimens. This method will allow research
groups to obtain any number of IVDs, improve experimental schedules, reduce materials costs,
and provide an alternative to animal models. An I\VVD tissue bank would also improve the logistics
of clinical trials by providing physicians with ample time to match donor IVVDs with the proper
recipients (Lam et al. 2011). We anticipate that this method will change how we do

cryopreservation leading to further breakthroughs in 1VD research.

4.6 Conclusion

In this study we described an innovative method to improve VD cryopreservation
through compression. Bovine 1VDs were cryopreserved in a 10% DMSO-10% ethylene glycol
over one week. Cell viability was measured in the sagittal plane averaging 80%-85% in the outer
AF, inner AF, and NP. We demonstrated how incorporating convective transport and a low-
cytotoxic CPA was important in preventing cryoinjury to VD cell, leading the way to better

optimization of 1VD cryopreservation to improve clinical research.
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5.1 Abstract

In this study, magnetic resonance imaging data was used to (1) model IVD-specific
gradients of glucose, oxygen, lactate, and pH; and (2) investigate possible effects of covariate
factors (i.e., disc geometry, and mean apparent diffusion coefficient values) on the IVD’s
microenvironment. Mathematical modeling of the patient’s specific [IVD microenvironment could
be important when selecting patients for stem cell therapy due to the increased nutrient demand
created by that treatment. Disc geometry and water diffusion coefficients were extracted from
MRIs of 37 patients using sagittal Ti-weighted IMages, T2-weighted IMages, and ADC Maps. A 2-D
steady state finite element mathematical model was developed in COMSOL Multiphysics® 5.4 to
compute concentration maps of glucose, oxygen, lactate and pH. Concentration of nutrients (i.e.,
glucose, and oxygen) dropped with increasing distance from the cartilaginous endplates (CEP),
whereas acidity levels increased. Most discs experienced poor nutrient levels along with high
acidity values in the inner annulus fibrosus (AF). The disc’s physiological microenvironment
became more deficient as degeneration progressed. For example, minimum glucose concentration
in grade 4 dropped by 31.1% compared to grade 3 (p < 0.0001). The model further suggested a
strong effect of the following parameters: disc size, AF and CEP diffusivities, metabolic reactions,
and cell density on solute concentrations in the disc (p < 0.05). The significance of this work
implies that the individual morphology and physiological conditions of each disc, even among

discs of the same Pfirrmann grade, should be evaluated when modeling 1\VD solute concentrations.

Keywords: Intervertebral Disc, Mass Transport, Mathematical Model, Finite Element Modeling,

Nutrient, Metabolism, Regeneration
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5.2 Introduction

Back pain is the leading cause of disability worldwide, causing a significant socioeconomic
impact (Hoy et al. 2014). A source of back pain can be the degeneration of the intervertebral disc
(IvD), allowing nerve ingrowth, facet joint arthritis, and disc bulging or osteophyte formations
that press on nearby nerve roots or the spinal cord (Brinjikji et al. 2015; Ohtori et al. 2015). Animal
and human studies have shown promising potential for cell injections to restore IVD health. In a
pilot study performed on 14 patients, chondrocyte injections demonstrated the ability to maintain
disc height and hydration level (Meisel et al. 2006a; Richardson et al. 2016). The results showed
a significant reduction in the disability index in treated patients two years post discectomy (Meisel
et al. 2006a; Richardson et al. 2016). Introducing disc cells into the annulus fibrosus (AF) and
nucleus pulposus (NP) of animal models maintained the demarcation between the AF and the NP.
They also delayed the degeneration process of the IVD by increasing the remodeling of the
extracellular matrix (ECM) (Nomura et al. 2001; Okuma et al. 2000; Sato et al. 2003). Studies
assessing the viability of transplanted cells showed good cellular viability and proliferation rates
after treatment (Bertram et al. 2005; Sato et al. 2003). In rabbit models, transplanted human NP
cells increased disc height, the expression of aggrecan, and type Il collagen (Iwashina et al. 2006).
The results of these studies implied good integration of injected cells into the disc’s environment,
which demonstrated the promising potential in using cell therapy to regenerate the disc (Nomura
et al. 2001; Okuma et al. 2000; Sato et al. 2003; Watanabe et al. 2003; Bertram et al. 2005;
Iwashina et al. 2006; Meisel et al. 2006a).

There are, however, limitations to relying on cell therapy to restore the IVD due to the
morphological and biochemical changes attributed to VD degeneration. First, degenerated 1VDs
suffer from a loss in their proteoglycan content, leading to IVD dehydration. Bulk water content
is critical for IVD health as it contributes to molecular transport and the IVD’s biomechanics
(Andersson 1999; Huang, Urban, and Luk 2014). Second, structural changes of the AF and the
cartilaginous endplates (CEP) limit molecular transport through the VD (Andersson 1999; Huang,
Urban, and Luk 2014). Lastly, degeneration of the IVD leads to changes in the NP’s ECM that
altered diffusion kinetics of solutes through the 1VD (Gullbrand, Peterson, Ahlborn, et al. 2015;
Kuo et al. 2014; Byvaltsev et al. 2017). As a result of the changes in I\VVD biology, diffusion rates
decrease dramatically, leading to poor nutrition (i.e., glucose and oxygen), high acidity, and high
cell death (Bibby and Urban 2004; Ishihara and Urban 1999; Junger et al. 2009; Giers et al. 2018;
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Noriegaetal. 2017; Orozco et al. 2011; Sakai and Andersson 2015; Shirazi-Adl, Taheri, and Urban
2010; Grunhagen et al. 2011; Ferguson, Ito, and Nolte 2004; Belykh et al. 2017; Sampson, Sylvia,
and Fields 2019; Wong et al. 2019; Wu et al. 2016).

In addition, clinical stem cell studies reported widely varying cell doses being administered
to treat 1\VD degeneration, ranging from 1 million to 40 million cells per patient as reviewed by
Sakai and Schol (Noriega et al. 2017; Orozco et al. 2011; Meisel et al. 2006b; Hohaus et al. 2008;
Coric et al. 2013; Yoshikawa et al. 2010; Centeno et al. 2017; Tschugg et al. 2017; Tschugg et al.
2016; Sakai and Schol 2017; Smith et al. 2018). Considering the lack of nutrient supply in the
human IVD (Huang, Urban, and Luk 2014), we believed it was essential to model the patient-
specific nutrient distributions before cell therapy and identify the appropriate dose of cell injections
based on the nutritional capacity of the individual disc (Sakai and Schol 2017).

Mathematical models used experimentally measured transport properties, including
diffusion coefficients for glucose, oxygen, and lactate (Bibby et al. 2005; Ferguson, Ito, and Nolte
2004; Gullbrand, Peterson, Ahlborn, et al. 2015; Jackson et al. 2009; Malandrino, Noailly, and
Lacroix 2011; Soukane, Shirazi-Adl, and Urban 2007; Zhu, Jackson, and Gu 2012). In addition to
IVD properties such as IVD water content, cell density, and the rate of cellular glycolysis as a
function of oxygen content to simulate solute transport phenomena in the disc (Bibby et al. 2005;
Ferguson, Ito, and Nolte 2004; Gullbrand, Peterson, Ahlborn, et al. 2015; Jackson et al. 2009;
Malandrino, Noailly, and Lacroix 2011; Soukane, Shirazi-Adl, and Urban 2007; Zhu, Jackson, and
Gu 2012).

These models predicted a high concentration of nutrients in the outer regions of the disc:
closer to the endplates and the outer AF, compared to the mid-axial center of the disc and in the
inner AF (Mokhbi Soukane, Shirazi-Adl, and Urban 2009; Jackson, Huang, and Gu 2011,
Soukane, Shirazi-Adl, and Urban 2005). The results from said models agreed with experimentally
measured solute concentrations in the disc. Oxygen concentration profiles measured during
discography were high in the outer regions of the disc and gradually decreased towards the mid-
axial center of the disc (Bartels et al. 1998). Lactate concentrations measured in the NP tissue taken
by biopsy from patients and excised segments of the disc were low in the outer regions of the disc
and higher in the mid-axial center of the disc (Diamant, Karlsson, and Nachemson 1968; Bartels
et al. 1998). There was no literature data about actual glucose measurements in human IVDs. Since

glucose is required to produce lactate, their concentrations are necessarily coupled (Soukane,
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Shirazi-Adl, and Urban 2005). Therefore, glucose levels should decrease towards the mid-axial
center of the disc (Maroudas et al. 1975). Lastly, studies measured pH values in the NP of patients
with sciatica to range between 5.7-7.5 (Diamant, Karlsson, and Nachemson 1968; Nachemson
1969).

This study aimed to use data from magnetic resonance imaging (MRI) to model patient-
specific VD distributions of glucose, oxygen, and lactate and investigate factors affecting solute
availability in the disc. Disc geometry was extracted from MR T1-weighted (T1w) and T2-weighted
images (T2w). NP diffusion coefficients were calculated from apparent diffusion coefficient (ADC)
maps. The first part of this study looked at significant differences in solute concentrations between
the different degeneration grades. We hypothesized the following with increasing IVD
degeneration: (1) average nutrient concentration in the entire disc would decrease, accompanied
by an increase in lactate concentrations; (2) minimum concentration values of nutrients would
decrease accompanied by an increase in maximum lactate concentrations (3) average solute
concentrations in the disc would correlate with their extreme solute values (minimum/maximum)
in the inner AF. Then we looked at the effect of disc area, disc height, and average apparent
diffusion coefficient (ADC) on solute concentrations.

5.3 Materials and methods
5.3.1 Patient MR data
This study was approved by the Institutional Ethics Committee at the Irkutsk Scientific

Center of Surgery and Traumatology, Irkutsk, Russia (identifier no. 15-15-30037). All patients
voluntarily provided their written consent to take part in this study. A total of 37 IVDs were
randomly chosen from a preexisting MR patient database (Belykh et al. 2017). Each Pfirrmann
grade group (grades 2 to 4) had ten randomly selected MR scans of IVDs. Only 7 sets of IVD MR
scans with degeneration grade 5 were available for modeling; therefore, randomization was not
possible for this group. The IVDs included in this study represented disc levels between L3L4 and
L5S1 due to the wrap-around artifacts that distorted higher levels, i.e., L1L2 and L2L3. No MR
scans of grade 1 were available for modeling since they suffered from image artifacts. Patient

characteristics were summarized in Table 5.1.
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Table 5.1. Summary of patient characteristics. Ten IVVDs from each degeneration grade were
randomly chosen from the 21 patients. Randomization could not be applied for grade 5 because
only 7 IVDs were available. I'VDs included in this study represent levels between L3L4 and
L5S1 due to image artifacts that distorted higher levels, i.e., L1L2 and L2L3. The table also
consists of each patient’s age and IVD pathology condition. “p-values reported are from one-way
ANOVA or Kruskal Wallis when data was parametric or nonparametric respectively.

Patient Grade 2 Grade 3 Grade 4 Grade 5 p-Value®
characteristic (n=10) (n=10) (n=10) (n=7)
Age 36.5+7.0 36.6 + 6.6 374+75 48.4+6.8 0.0014
BMI 142.2 £51 101.5 + 37 92.8+17 103 + 29 0.4770
Height (cm) 116.8+49 = 152 +47 175 + 6.4 163 + 45 0.2534
Sex (m:f) 9:1 9:1 10:0 7:0 0.6442
Disc pathology - - - - 1.82E-06
None 90.0% 80.0% 20.0% 0.0% -
Herniation 0.0% 20.0% 70.0% 57.1% -
Spondylosis 0.0% 0.0% 10.0% 28.6% -
Stenosis 10.0% 0.0% 0.0% 14.3%
Disc level - - - - 0.0241
L3L4 70.0% 30.0% 10.0% 0.0% -
L4L5 10.0% 60.0% 40.0% 28.6% -
L5S1 20.0% 10.0% 50.0% 71.4% -

5.3.2 Magnetic resonance imaging

Briefly, Sagittal T1-weighted (T1w), T2-weighted (T2w), and diffusion weighted-imaging

(DWI) scans of human lumbar discs were obtained using a 1.5T Siemens Magnetom Essenza

scanner (Siemens Healthineers, Erlangen, Germany) (Belykh et al. 2017). Images had a 30 x 30

cm field of view. The following matrix sizes 320 x 320, 384 x 384 were used for Tiw, and Tow,
with pixel sizes 1.0438 x 1.0438 mm/px and 0.8698 x 0.8698 mm/px, respectively (Belykh et al.
2017). DWIs were collected at three different b-values (b= 50, 400, 800 s/mm?) using a body coil

with a TR of 3000 ms, TE of 93 ms, six averages, a matrix size of 156 x 192, and a pixel size of
1.7396 x 1.7396 mm/px (Belykh et al. 2017). The mid-sagittal slice of each MR imaging modality



110

was used to generate 2D models of the disc. Time of day when the scans were performed was not
controlled for (Belykh et al. 2017).

5.3.3 Pfirrmann grading

Discs were evaluated for degeneration and assigned a Pfirrmann grade by 3 neurosurgeons
specializing in spinal surgery with 5-15 years of experience (Belykh et al. 2017; Pfirrmann et al.
2001). Each surgeon graded all discs then collectively discussed and formed a consensus on any
conflicting grades.

5.3.4 Segmentation of disc masks

Mask segmentation was performed in Materialize Mimics® 21.0 (Leuven, Belgium)
(Figure 5.1). T1w images were used to segment CEP masks by hand. Whole 1VD and NP masks
were segmented using histogram-based thresholding on Taw images. AF masks were generated by
subtracting NP and CEP masks from complete IVD masks. The masks were cropped in
MATLAB® 9.5 (Natick, Massachusetts) to show the disc of interest. Further processing of masks,
which included manual subtraction of masks from one another, was performed to prevent overlap

between masks (in most cases, this last step was not needed).
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Figure 5.1. Annulus fibrosus (AF), cartilaginous endplates (CEP), and nucleus pulposus (NP)
masks (in white left to right) were segmented in Materialize Mimics 21.0 for each patient. AF,
CEP, and NP masks from intervertebral disc #1 L3L4 were segmented then overlaid over a T2w
scan in this figure
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5.3.5 Generation of ADC map
Series of DWI scans were processed in MATLAB® 9.5 (Natick, Massachusetts) to

generate apparent diffusion coefficient (ADC) maps for the NP using the mid-sagittal slice
(Figure 5.2).
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Figure 5.2. Diffusion weighted-imaging (left) for intervertebral disc #1, level L3L4, unprocessed
apparent diffusion coefficient (ADC) map (middle), cropped ADC map (right)

ADC values were calculated using the Stejskal-Tanner equation as established by Le Bihan
(Equation 5.1) (Le Bihan et al. 1986).

e =n(3)-()

Where, S, was the MR signal intensity at baseline, S the MR signal intensity after diffusion

Equation 5.1

gradients had been applied, and b was the attenuation factor that depended on the gradient pulse.
Raw ADC maps were further processed by replacing both negative and NAN (not a number) values
with “0”. Finally, ADC maps were cropped to match the dimensions of the corresponding NP

mask. The cropped maps were used in the model to compute diffusion in the disc.

5.3.6 Model transport properties
A 2-Dimensional (2-D) steady-state mathematical model was developed in COMSOL

Multiphysics® 5.4 (Stockholm, Sweden). The temperature was set to 37°C and diffusion
throughout the disc was assumed to be isotropic. The simulated time in the model was 30 hours,

and it converged with relative tolerance of 0.5%.
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5.3.7 Model geometry

AF, CEP, and NP masks were overlaid on top of a square (45 mm x 45 mm) which
represented a well-mixed container in which solute transport took place. Disc masks were scaled
to their true size and always positioned at the center of the geometric shape. A physics-controlled
mesh with extra fine element size (maximum element size 0.9 mm, minimum element size 0.00338
mm, curvature factor 0.25, maximum element growth rate 1.2) was implemented with Adaptive
Mesh Refinement (Figure 5.3).
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Figure 5.3. Adaptive mesh refinement for intervertebral disc #1, level L3L4. COMSOL
Multiphysics had automatically inserted additional mesh elements to minimize error, increase
accuracy. and decrease computational time (left). Zoomed view of mesh boundary layers (right)
shows the areas around the IVVD boundaries that contained additional smaller mesh elements.

5.3.8 Boundary and initial conditions

Boundary concentration values for glucose, oxygen, and lactate (5 mol/m?, 0.06 kPa, and
0.9 mol/m3, respectively) were chosen from previously published IVD finite element models
(Bartels et al. 1998; Mokhbi Soukane, Shirazi-Adl, and Urban 2009; Soukane, Shirazi-Adl, and
Urban 2007; Jackson, Huang, and Gu 2011). Boundary conditions were assigned to the sides of
the geometric shape to simulate a disc suspended in a well-mixed solution. The assumption of a
well-mixed solution was essential to eliminate variability in solute gradients outside the disc
between different models (Figure 5.4). Physiological levels of glucose, oxygen, and lactate were
assumed in the well-mixed solution (Soukane, Shirazi-Adl, and Urban 2005; Jackson, Huang, and
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Gu 2011; Mokhbi Soukane, Shirazi-Adl, and Urban 2009). Initial conditions inside the disc for
glucose, oxygen, and lactate were set to 1 mol/m® ,0.1 kPa, and 0 mol/m3, respectively (Soukane,
Shirazi-Adl, and Urban 2005; Jackson, Huang, and Gu 2011; Mokhbi Soukane, Shirazi-Adl, and
Urban 2009).
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Figure 5.4. Glucose diffusion map of intervertebral disc #1, disc level L3L4. Incorporating
apparent diffusion coefficient (ADC) maps to calculate diffusion in the nucleus pulposus reflected
the local variation in diffusion coefficients. No gradient could be observed in the cartilaginous
endplates and annulus fibrosus because ADC maps were not obtained at a resolution high enough
to allow for extraction of diffusion coefficients

5.3.9 Constant parameters

Parameter maps for solute diffusion, water content, and cell density for each segment of
the disc were generated in COMSOL Multiphysics® by multiplying the mask with the
corresponding parameter value (Soukane, Shirazi-Adl, and Urban 2007) (Figure 5.4). Discs with
degeneration grade of 2-3 were considered healthy, whereas 4-5 grade discs were considered
degenerate (Table 5.2).
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Table 5.2. The model’s constant parameters. IVD parameters for water content, diffusion
coefficients for glucose, oxygen, and lactate, and cell density were taken from other published
models. These parameters were multiplied with each mask to create an VD map of varying
parameter values based on each anatomical part.

IVD region Water content (%) Diffusion coefficient (m?/s) Cell density (1/mq)
- Healthy disc | Degenerate disc | Glucose Oxygen Lactate -
NP 83! 78! see “Diffusion coefficients in NP”’ 4.0E+12?
AF* 69° 53% 2.85E-10% 1.1E-94 4.24E-10* 9.0E+122
CEP 60° 425 2.11E-10* | 7.81E-10* | 3.14E-10* 1.5E+13?

(Lyons, Eisenstein, and Sweet 1981)
2(Maroudas et al. 1975)

3(Natarajan, Williams, and Andersson 2006)
4(Soukane, Shirazi-Adl, and Urban 2007)
5(Jackson, Huang, and Gu 2011)

* Indicates average values of inner and outer AF

5.3.10 Diffusion coefficients in NP

Solute diffusion coefficients in the NP were generated by converting water diffusion
coefficients from ADC maps to the corresponding solute diffusion coefficient. Factors used to
scale diffusion coefficients of water to glucose, oxygen, and lactate were 0.319, 1.02 and 0.478,
respectively. These factors were generated by scaling the value of water diffusion in tissue to solute
diffusion in tissue using hindered solute diffusion theory as developed by Renkin (Welty 2015).
His equation describes the diffusion of a solute molecule (i.e., glucose, oxygen, lactate) through a
tiny capillary pore filled with a liquid solvent (i.e., water). As the size of the solute increased, the
diffusive transport through the solvent was hindered by the presence of the pore, specifically the
pore wall (Renkin 1954; Welty 2015). Renkin’s model was used to describe diffusion in the IVD
because the ECM’s pore diameter is 7 to 20 times the molecular diameter of glucose, oxygen, and
lactate (Gillispie, Lee, and Yoo 2019).

Briefly, diffusion of molecules through porous material could be characterized using two
controlling mechanisms, geometric tortuosity, and hindered diffusion. Geometric tortuosity
represents the ratio between the average pathways and the straightest one taken by a specific
molecule as it traverses from point A to B in a porous medium (Pardo-Alonso et al. 2014; Al-
Raoush and Madhoun 2017; Elwinger, Pourmand, and Fur6 2017). Hindered diffusion describes
the molecular interactions with the pore’s walls, which inhibit solute transport as described by

Renkin’s equation. In situations where the pore size is over 30-40 times the diameter of molecules,
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diffusion is controlled by the geometric tortuosity theory (Elwinger, Pourmand, and Furé 2017).
When the porous medium’s pore size is ten times or less the molecule’s diameter, then hindered
diffusion is the dominating factor (Elwinger, Pourmand, and Furé 2017). This hindrance was
modeled using Equation 5.2 (Welty 2015).

Equation 5.3

DAe
Dis

= F1(@)F2 (o)

In this equation both correction factors, F; and F,, are functions of the reduced pore
diameter (), and are theoretically bounded by 0 and 1 as shown in Equation 5.3 (Welty 2015).
Equation 5.4
dg solute molecular diameter

¢ = dpore pore diameter

F; (@) is known as the stearic partition coefficient and is based on geometric arguments for
stearic exclusion in Equation 5.4 (Welty 2015).
Equation 5.5

flux area available to solute T(dpore — dy)?

Fi(p) = =(1-¢)?

total flux area Td3ore
The correction factor F,(¢) is known as the hydrodynamic hindrance factor. It is based on
several hydrodynamic calculations, including the hindered Brownian motion of the solute within
the solvent-filled pore (Welty 2015). Renkin developed the following relationship for F,(¢),
assuming the solute is a rigid sphere diffusing through a straight cylindrical pore (Equation 5.5)
(Welty 2015).
Equation 5.6
F(¢) =1 —2.104¢ + 2.09¢3 — 0.95¢°
Based on this analysis, ADC values were scaled for a given solute based on a ratio of
literature values for solute diffusion in water and the diffusion of water in water. It was assumed
that all four solutes (glucose, oxygen, lactate, and water) were sufficiently small (on the scale of
300-900 pm) relative to the pore to approximate F; (¢) and F,(¢) as the same across all solutes.
The diffusion of water in tissue was modeled as hindered-self diffusion of water through a
solvent-filled pore, in which diffusion constant parameters F;(¢) and F,(¢) were already

accounted for in the ADC values. Based on this method, scaling factors were generated to relate
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water diffusion in the tissue (extracted from ADC maps) to solute diffusion of glucose, oxygen,

and lactate in the tissue.

A comparison of the diffusion coefficients used in this model and the reported values in

the literature showed that this model’s diffusion coefficients fell within the range of the reported

values (Table 5.3).

Table 5.3. Comparison of this model’s diffusion coefficients and literature values. Diffusion
coefficients of glucose, oxygen, and lactate used in this model were compared with their
corresponding values reported in the literature. This model’s coefficients, which were extracted
from ADC maps and multiplied by scaling factors, fell within the range of diffusion coefficients
reported in the literature. The range of diffusion coefficients used in the NP for this model

depicted the highest and lowest values obtained from the ADC maps.

IVD region Dg (M?/s) Di(m?/s) Do (M?/s) References

CEP 6.73E-11 1.50E-10 7.96E-10 This model

AF 9.08E-11 2.02E-10 1.07E-09 This model

NP 1.22E-10to 2.54E-10 = 1.83E-10t0 3.81E-10 | 3.90E-10t0 8.13E-10 | This model

CEP 2.68E-11 4.52E-11 - (Wu et al. 2016)
CEP 2.68E-11 4.52E-11 - (Wu et al. 2016)

AF 3.56E-11t0 8.71E-11 - 1.13E-10t0 1.85E-9 | (Jackson et al. 2012)
AF - - 1.56E-09 (Yuan et al. 2009)
AF 1.38E-10t0 9.17E-11 - - (Jackson et al. 2008)
CEP 9.17E-10 1.39E-09 3.00E-09 (Magnier et al. 2009)
CEP 2.11E-10 3.14E-10 7.81E-10 (Mokhbi Soukane,
AF 2.85E-10 4.24E-10 1.05E-09 Shirazi-Adl, and

NP 3.78E-10 5.61E-10 1.39E-09 Urban 2007)
CEP 2.43E-10 - - (Maroudas et al.

AF 2.50E-10 - - 1975)

AF 2.50E-10 4.86E-10 8.33E-10 (Sélard, Shirazi-Adl,
NP 3.75E-10 6.11E-10 1.28E-09 and Urban 2003)
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5.3.11 Governing equations

Diffusion of solutes (glucose, oxygen and lactate) was modeled by substituting Fick’s first
law for flux into the equation of mass conservation where C was solute concentration mol/m?, t
was time in seconds, D was solute diffusion coefficient m?/s, R was the reaction term for either
consumption or generation of solutes mol/(m® x s), and x was diffusion distance in meters
(Equation 5.6) (McMurtrey 2016).

Equation 5.7
a_C = Daz_c —R
ot dx?

The reaction term in equation 6 was represented by nonlinear coupled equations for
consumption of oxygen nmol/(million cells x hour) (Equation 5.7) and generation of lactate
nmol/(million cells x hour) (Equation 5.8) (Bibby et al. 2005).

Equation 5.8
_ 7.28-[0,] - (pH — 4.95)
1.46 + [0,] + 4.03 - (pH — 4.95)

[0,]

Equation 5.9

[L] — e—2.74+0.93-pH+0.16-[02]—0.0058-[02]2

Oxygen solubility in water was used to convert oxygen consumption levels to kPa via
conversion factors (Equation 5.9) (Soukane, Shirazi-Adl, and Urban 2005).

Equation 5.10
s = 1.0268 - 1072 pmol/(kPa x mL)

pH values were correlated to lactate concentrations in the disc adapted from a study that
investigated the correlation between lactate levels and pH in patient discs with lumbar sciatica
(Equation 5.10) (Diamant, Karlsson, and Nachemson 1968).

Equation 5.11
pH = 8.05 — 0.10 - [L]

Glucose consumption was predicted based on lactate production. Bibby et al. estimated the
ratio of lactic production to glucose consumption to 2.01 which was expected from glycolytic
pathways (Equation 5.11) (Bibby et al. 2005).

Equation 5.12
[6] = —0.5-[i]
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Reaction equations were multiplied by water content and cell density to arrive at a final
reaction unit of mol/(m3 x s).
Average operation function in COMSOL Multiphysics® (Equation 5.12) was used to
calculate average solute concentration mol/(m? x s) within the boundaries of the disc.
Equation 5.13
aveop#([solute] X IVD(x,y))
Where, aveop# was the average operation function, and 1VD(x,y) defined the boundaries of
the disc.

5.3.12 Sensitivity analysis

A sensitivity analysis (SA) was performed on three randomly selected models of healthy 1VDs
to find the parameters with the most significant effect on nutrient distribution. The following model
variables were changed by +50% from baseline values: diffusivity of the AF, CEP, and NP,
reaction rates for glucose, lactate, oxygen, disc size, and NP cell density. This SA was done to
determine parameters that significantly affected both average concentrations in the IVD and
minimum and maximum concentrations in the inner AF. A general regression model was
performed on the % change in solute concentrations to find the effect size of model variables (p <
0.05).

5.3.13 Statistical analysis

For this study, ten discs were randomly selected to represent Pfirrmann degeneration grades
2 through 5 from a pre-existing patient MR database. Randomization could not be applied for
degeneration grade 5 because only 7 IVD datasets were available. Discs included in this study
represented levels between L3L4 and L5S1 due to the wrap-around artifacts that distorted higher
levels, i.e., L1L.2 and L2L3 (Table 5.1). Sample size in this study provided a statistical power of
95% for the mean difference of the following modeled parameters between different Pfirrmann
grades: minimum glucose concentration, minimum oxygen concentration, maximum lactate
concentration, average glucose concentration and average oxygen concentration. Average lactate
concentration had a statistical power of 42% due to significant variance.

The homogeneity assumption of variance was verified using Levene’s test (p < 0.05).

Analysis of covariance (ANCOVA) was performed in TIBCO Statistica v13.5 (Palo Alto, CA,
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USA) to find a significant difference in mean solute concentrations and mean minimum and
maximum solute concentrations between disc degeneration grades. ANCOVA was followed with
a post-hoc Tukey honestly significant difference (HSD) test. Disc height, disc area, and ADC mean
intensity were covariate factors. Outliers were measured using inclusive median quartile
calculation. Partial correlations were performed between the estimated metrics (average solute
concentrations in the disc as well as minimum and maximum solute concentrations in the inner
AF) and disc properties (disc area, disc height, and average ADC intensity). Statistical analysis
was performed on patient demographics using one-way ANOVA or Kruskal Wallis (p < 0.05)
when data was parametric or nonparametric, respectively. Finally, one-way ANOVA followed by
a post-hoc test was performed to investigate the possible effects of patient characteristics, i.e., sex,

IVD pathology, and IVD level on solute concentrations.

5.4 Results
5.4.1 Nutrient distribution
For all degeneration grades, the concentration of nutrients (i.e., glucose and oxygen)

dropped with distance from the CEP. In contrast, acidity levels increased especially towards the
center of the disc (Table 5.4). Most discs experienced the lowest nutrient levels along with the
highest lactate in the inner AF (Table 5.4). The model predicted minimum glucose concentrations
to range between 0.393 mol/m? in most degenerated 1VDs to 3.43 mol/m? in least degenerated
IVDs. Minimum oxygen and pH values ranged from 4.67 kPa and 7.18 in least degenerated 1VDs
to 2.76 kPa and 6.96 in most degenerated IVDs.
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Table 5.4. Examples of solute and pH distribution models of discs with different degeneration
grades. All discs were presented with the posterior aspect on the left and the anterior side on the
right. Each model was constructed in COMSOL Multiphysics® 5.4 using the middle sagittal
slice of each patient’s Taw, T1w, and DWI scans. pH distributions (linearly correlated to lactate
levels) were not shown. The lowest levels of nutrients and the highest acidity levels appeared at
the inner AF region in most discs (refer to Table 2 of Appendix Al for the complete model

5.4.2 Between Pfirrmann grades

results).
Glucose Lactate Oxygen
radient (mM gradient (mM) gradient (kPa)
Patient Gler\?gle Tow ADC J ( )
: b P — ?
i E ]
= ,‘;
A i
N 3
10 5 3 1i
|
!
i

There was a significant difference in patient demographics, including age (p = 0.0014),
IVD level (p = 0.0241), and IVVD pathology (p = 1.82E-06), between the different grades (Table
5.1). The model demonstrated that the [IVD’s nutrient environment became harsh as degeneration
progressed. For example, average glucose concentrations followed a decreasing trend that was
more obvious in minimum glucose levels (Figure 5.5-A). Oxygen levels also decreased as the
disc degenerated and showed a similar trend to glucose (Figure 5.5-C). The decrease in nutrient

levels was accompanied by increased maximum lactate and acidity levels (Figure 5.5-B2).
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Figure 5.5. Estimation of concentration averages with SD in intervertebral discs (IVDs) of
Pfirrmann grades 2-5. Average solute concentrations were calculated using COMSOL
Multiphysics for (A1) glucose mM, (B1) lactate mM, (C1) oxygen kPa. COMSOL Multiphysics
identified critical solute values in the inner AF for (A2) minimum glucose (B2), maximum lactate
(C2) minimum oxygen (* = 0.05, 8 =0.005, # = 0.0001). Patients #5, 7, and 18 were outliers.
Patients #14 and 20 have larger and small VD areas, respectively (Figure 5.7).
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Quantitatively, the model showed a more substantial effect of degeneration on the
minimum and maximum solutes compared to average solute concentrations in the IVD. For
example, as the disc degenerated from grade 3 to 4, the average lactate concentration dropped by
7.59% (Table 5.5). In contrast, maximum lactate levels increased by 28.2%. In addition, minimum
glucose and oxygen levels decreased with degeneration by 31.1% and 13.9% between grades 3
and 4; whereas average glucose and oxygen decreased by 2.54% and 1.53%, respectively (Table
5.5).

Table 5.5. Quantified changes in solute concentrations between different degeneration grades.
COMSOL Multiphysics® 5.4 automatically identified minimum and maximum solute values in
the IVD. However, all points fell within the inner AF (except for the following patients: #13,
#15, and #18 in grade 4; and patient #20 in grade 5). (n=10 for grades 2, 3, 4 and n=7 for grade

5).
Degeneration progression Glucose Lactate Oxygen
Grade 2 - Grade 3 -2.79% 4.84% -0.91%
Grade 3 - Grade 4 -2.54% 7.59% -1.53%
Grade 4 - Grade 5 1.55% -3.81% 1.10%

Degeneration progression Minimum glucose Maximum lactate Minimum oxygen
Grade 2 - Grade 3 -4.80% 4.79% -2.17%
Grade 3 - Grade 4 -31.1% 28.2% -13.9%
Grade 4 - Grade 5 16.5% -8.00% 6.39%

5.4.3 Between patients

The effects of patient demographics, i.e., IVD level, IVD condition, and patient sex on
solute concentrations were analyzed (Figure 5.6). Significant difference in average nutrient levels
between 1VD levels L3L4 and L4L5 (ANOVA, p < 0.05) (Figure 5.6-Al). There was also a
significant difference between herniated and nonpathological IVDs (ANOVA, p < 0.05) (Figure
5.6-B2). Patient sex did not affect the mean solute concentrations, although only two IVVDs from
the same female patients were used in this study (Figure 5.6-C). Mean patient age of grade 5 was
13 years higher than the mean patient age in all other groups (ANOVA, p < 0.005) (Table 5.1).
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Figure 5.6. Estimation of solute concentration means for glucose mM, oxygen kPa, and lactate
mM in the IVD vs patient characteristics. (A1, A2) disc level, (B1, B2) IVD pathology condition,
and (C1, C2) patient sex. An * indicated significance with a P-value of .05.

There was no strong evidence to support the variation in mean patient BMI and mean

patient height between degeneration grades (ANOVA, p = 0.4770, and p = 0.2534, respectively)

(Table 5.1). No evidence was found to support a difference between patient sex between

degeneration grades (Kruskal-Wallis, p = 0.6442) (Table 5.1). Lastly, grade 2 has significantly

more L3L4 IVDs compared to all other degeneration groups (Kruskal-Wallis, p < 0.05) (Table
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5.1). The model further suggested a strong effect (ANCOVA, p < 0.05) between solute
concentrations in the disc and the following three covariate factors (which were made patient-
specific), disc height, disc area, and mean NP ADC values (Table 5.6). Average concentrations of
all solutes correlated with all minimum and maximum values (p < 0.05) (Table 6). Nutrient
distributions varied significantly when visually compared model results in grades 3, 4, and 5
(Tables 5.4 and A.1).

Table 5.6. Partial correlations for different measured metrics in the disc. Reported numbers are
Pearson R correlation values of fitted linear regression between groups. The sign indicates a
positive or negative correlation. All correlations were considered significant with p < 0.05.

) ) Mean
] Min. Max. Min. Ave. Ave. Ave. )
Variable Area | Height ADC
glucose | lactate oxygen glucose | lactate | oxygen . .
Intensity
Min.
1.0 -1.0 0.99 0.79 -0.87 0.87 -0.60 -0.40 0.56
glucose
Max.
-1.0 1.0 -0.99 -0.79 0.87 -0.86 0.60 0.41 -0.57
lactate
Min.
0.99 -0.99 1.0 0.77 -0.85 0.85 -0.61 -0.41 0.57
oxygen
Ave.
0.79 -0.77 0.77 1.0 -0.98 0.97 -0.67 -0.61 0.29
glucose
Ave.
-0.87 0.87 -0.85 -0.98 1.0 -0.99 0.71 0.54 0.49
lactate
Ave.
0.87 -0.86 0.85 0.97 -0.99 1.0 -0.74 -0.61 -0.47
oxygen

Examining the outliers in this study showed that IVDs with a large 1VVD area and a high
Pfirrmann score (grades 4 or 5) were more likely to have very extreme levels of nutrients and
lactate, as was the case for patient #18 (Figures 5.5 and 5.7, Table A.1.2). Patient #20 in grade 5
had a minimal 1\VD area due to a herniation, but solute levels fell within the expected values for
that group (Figure 5.7, Table A.1.2). Large healthy discs did not seem to suffer from nutrient
deprivation. For instance, patient #14 in grade 3 had a large disc area (33% larger than the mean



125

area for grade 3 discs), but the IVD’s nutrient levels were within one standard deviation from that

group’s mean (Figures 5.5 and 5.7, Table A.1.2).
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Figure 5.7. Average intervertebral disc area in pixels for each degeneration group. Outliers are
marked with the corresponding patient number. An * indicated significance with a P-value of .05.
Patients #14, 18, and 20 were outliers.

The sensitivity analysis (SA) for this model showed that modifications to the I'VD size had
the most notable effect on all solute concentrations (Figure 5.8). The results showed an increase in
IVD size to correlate with poor nutrient availability, while a decrease in size led to an increase in
nutrient levels. For example, increasing the VD size by 50% decreased minimum glucose by 80%.
In contrast, a 50% decrease in VD size resulted in a 63% increase in glucose concentration. A
decrease in AF and CEP diffusivities lowered minimum glucose levels in the disc by 43% and
17%, respectively, while increased lactate concentrations by 36% and 9%. The NP’s diffusivity
affected maximum lactate levels only (Figure 5.8-B). An increase in the consumption rates of
glucose and oxygen showed a +10% drop in their minimum concentrations (Figure 3.8-A and C)
while it did not affect lactate levels (Figure 5.8-B). Lactate production rates correlated with a +35%
change in minimum glucose, and +30% change in maximum lactate concentrations (Figure 5.8-A

and B). More factors affected minimum glucose by +40% compared to other solutes, including
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disc size, glucose consumption rate, lactate production rate, AF, and CEP diffusivities (Figure 5.8-

A). Changes to the IVD’s cell density affected maximum lactate and oxygen concentrations

(Figure 5.8-B and C).
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Figure 5.8. Sensitivity analysis on model variables including, diffusivity of the annulus fibrosus,
cartilaginous endplates, and nucleus pulposus, reaction rates (RXN) of glucose, lactate, and
oxygen, cell density, and disc size. Solute % change from baseline values are presented for (A)
glucose, (B) lactate, and (C) oxygen. General linear model was performed to find significance

indicated by * (P = .05)
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5.5 Discussion

The main objective of this study was to create finite element models that incorporated
patient-specific MRI data to model nutrient and metabolite distributions in 1VDs of different
Pfirrmann grades. The study also assessed the effects of disc area, disc height, and mean ADC on
the IVD’s nutrition (Table 5.6). The model estimated average glucose, oxygen, and lactate
distributions in the disc, and minimum glucose, minimum oxygen, and maximum lactate
concentrations. Taken together, these metrics identify potential low-nutrient regions in each disc,

where cell growth is likely to be inferior.

5.5.1 Nutrient distribution

The model showed nutrient levels moving from physiological levels near the IVD’s
boundary to their minimums near the inner AF (Tables 5.4 and A.1). Critical solute levels were
expected in this part of the 1VD due to the long diffusion pathway that solutes need to take from
the CEP (Figure 5.9).
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Figure 5.9. Streamlines show lactate flux through the different parts of the I\VD (annulus fibrosus
(AF): light gray, cartilaginous endplates (CEP): dark gray, nucleus pulposus (NP): white). The
color scale reflects flux magnitude of lactate. High flux was observed near both CEPs, while the
AF experienced low flux indicating better transport through the former. Long diffusion pathways
extending from the inner AF through the CEP lead to low nutrient levels in the inner AF
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Multiple studies have shown the dependency of nutrient availability on diffusion through
the CEP, attributed to its porosity and low thickness (Naresh-Babu et al. 2016; Wong et al. 2019).
The outer AF relies on molecular transport through its well-aligned collagen rings for nutrient
supply (Naresh-Babu et al. 2016). Nonetheless, due to the AF’s anisotropic properties and thicker
layers, molecular transport was still less effective than through the CEP (Naresh-Babu et al. 2016).
These IVD traits create regions that are vulnerable to nutrient deprivation and are believed to not
support the cellular nutrient demand (Table 5.4). The amount of glucose that is consumed in each
degeneration grade was equal to about half of the amount of lactate being produced, when
comparing these values to the boundary conditions. For example, in grade 2, the amount of
consumed glucose was 1 mM on average (Figure 5.5-A1) and the corresponding amount of lactate
was about 1.8 mM on average (Figure 5.5-B1). When comparing the amount of lactate being
produced in degenerated grades, one can notice that it is higher for grades 4 and 5 (about 2 mM)
compared with healthy 1VDs. This increase cannot be attributed to changes in metabolic rates or
cell density because both variables were held constant. Instead, it is attributed to the disrupted
balance between metabolic rates and diffusion rates of lactate. The decrease in the ADC values
and diffusion coefficients for high Pfirrmann grade IVDs, reduces the disc’s ability to clear lactate
at an efficient rate. In vivo measurements and finite element models have already established these
solute distribution characteristics in the disc. For example, oxygen levels in discs from patients
with scoliosis were measured to be lower than plasma levels and progressively decrease towards
the axial center of the disc, with minimums in the inner AF ranging between 0.67 kPa and 20 kPa
(Bartels et al. 1998), which matches our model’s predictions (Tables 5.4 and A.1, Figure 5.5-C).
In addition, several finite element models have been used to illustrate glucose distribution in
human IVVDs where they predict glucose levels to decrease from plasma levels at the outer regions
of the disc to mol/m?in the inner regions of the disc. As shown in Figure 5.5-A and Table A.1.2,
the model’s estimation for glucose levels reflected literature values and followed similar
distribution patterns to that of oxygen (Table A.1.2) (Jackson, Huang, and Gu 2011; Soukane,
Shirazi-Adl, and Urban 2007; Soukane, Shirazi-Adl, and Urban 2005; Zhu et al. 2016; Wu et al.
2013; Magnier et al. 2009). This model’s prediction also agreed with measured lactate levels in
human discs, which increased from 1 mol/m? (plasma level) to 6 mol/m? at the center of the disc
(Figure 5.5-B) (Bartels et al. 1998). In this model, lactate was linearly correlated to pH, so regions

with high lactate correspond to low pH values (Equation 5.10). Modeled pH levels fell within
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literature values of 6.7-7.4 (Jackson, Huang, and Gu 2011; Mokhbi Soukane, Shirazi-Adl, and
Urban 2009; Soukane, Shirazi-Adl, and Urban 2005). Furthermore, average glucose, oxygen, and
lactate concentrations significantly correlated with their critical levels in the disc (Table 5.6).
Solute flux estimations reflected the critical role of the CEP in solute transport. Lactate
flux density was greater in the CEP than the AF, indicating that the CEP was the path of least
resistance in terms of molecular transport (Figure 5.9). In addition, predictions showed that solutes
need to travel longer distances to reach or clear the inner AF (Figure 5.9). This circumstance may
prevent nutrients from being replenished at an efficient rate; while lactate tends to accumulate and
lead to high acidity (Andersson 1999; Wang et al. 2015; Urban and Roberts 2003; Urban and
Winlove 2007; Kihara, Ito, and Miyake 2013; Yin et al. 2019; Grunhagen et al. 2011).
Consequently, it is important to assess the ability of the inner AF to support cell injections, which
cause a higher nutrient demand -and ultimately lead to low cellular viability (Bibby et al. 2002).

5.5.2 Between Pfirrmann grades

Model predictions demonstrated that the degeneration grade strongly correlated with
average nutrient concentration and critical solute levels (i.e., glucose, oxygen, and lactate) (Figure
5.5). As the disc degenerates, it undergoes morphological and biochemical changes (Huang,
Urban, and Luk 2014; Andersson 1999). IVD degeneration includes a significant loss in
proteoglycans (PG), leading to disc dehydration, structural changes of the NP and AF, and
calcification of the CEP (Andersson 1999; Huang, Urban, and Luk 2014). Those factors were
shown to inhibit solute diffusion in the disc causing glucose and pH to drop to their critical levels
of 0.5 mol/m® and 6.7, respectively, making the IVD’s environment harsh for cells survival
(Shirazi-Adl, Taheri, and Urban 2010; Bibby and Urban 2004; Jackson et al. 2009).

The model showed that healthier discs (grades 2 and 3), with sufficient water content and
intact ECM, could facilitate better diffusion of nutrients into the disc and improve clearance of
lactate (Figure 5.5-B and Table A.1.2). Although the model suggested an overall trend of
increasing lactate content and acidity in the disc as it degenerated, this was not observed as the
disc degenerated from grade 4 to 5 (Figure 5.5-B and Table 5.5). This may be attributed to the
severe reduction in the height of grade 5 discs that possibly improved diffusion distance (Table

5.6) despite compromised solute diffusivity in the disc. Nonetheless, this observation does not
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indicate that a grade 5 disc is suitable for cell injections because a large portion of the disc’s ECM
has already been compromised.

Last, a large overlap exists between the quartiles of the same solutes in different
degeneration grades demonstrating the limitations of assessing IVD nutrient status solely based on
degeneration grades. For example, average glucose and oxygen concentration means in grades 3
and 5 were similar (Figure 5.5-Al), but the distribution of said solutes was different such that the
inner AF in grade 5 discs experienced deficient nutrient levels (Table A.1.2). In addition, there is
an overlap in average lactate values between grades 2 and 4, indicating that grade 2 1VDs might
share similar lactate levels to grade 4 discs (Figure 5.5-B1). This observation shows the importance
of generating patient-specific nutrient distributions to accurately assess nutrient availability in the
IVD.

5.5.3 Between patients

This study highlights the importance of making patient-specific model parameters such as
disc size, metabolic rates, the diffusivity of the AF and CEP, and cell density. There was a
significant correlation between increasing disc size to lower glucose and oxygen levels and higher
lactate levels. For example, minimum glucose levels were 80% lower in a 50% larger IVD. This
was expected since a larger IVD size means a longer diffusion pathway and vice versa (Grunhagen
et al. 2006; Malandrino et al. 2015; Bibby et al. 2002). A decrease in nutrient availability has been
reported during the first decade of human life as the IVD increases in size (Tomaszewski et al.
2015). Other factors such as surgery and degeneration can also alter the IVD’s size leading to
changes in nutritional status.

Model predictions show that degenerated discs with a relatively larger area exhibited
deficient nutrients and high accumulation of lactate. For instance, VD #18 in grade 4 has an area
that is 27.5% larger than the group’s average yet showcases minimum glucose levels below the
critical concentrations at 0.39 mM. Maximum lactate levels in this IVD are also high at 7.3 mM.
Despite this VD not having any pathological conditions, its nutrient status cannot support normal
cellular functions. In contrast, IVD #20 in grade 5 has a 45% smaller area than the group’s mean,
yet its minimum glucose levels are 2.5 mM, and maximum lactate is 4.39 mM, indicating nutrient
conditions that can facilitate cellular functions. This improvement in VD nutrient status may be

attributed to the shorter diffusion pathway, which is also predicted in discs of varying sizes within
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Pfirrmann grades 2 and 3 (Figure 5.5-B and Figure 5.7). In grade 2, IVD #2 and 8 have relatively
small IVD areas compared to the group’s mean and therefore have high nutrient concentrations.
In contrast, patients #5 and 7 (grade 2) exhibited low average nutrient levels, yet their disc areas
were not considered to be relatively large. In grade 3, only 1VVD #14 has a significantly large disc
area, but surprisingly, it maintains a healthy nutrient status. Assessing the masks that were made
for IVD #14 showed an artifact in the AF which did not enclose the NP completely which improved
the nutrient status in this IVD. These observations point to the importance of tailoring the model’s
parameters to the specific IVD’s geometry and size to more accurately assess nutrient status.

The sensitivity analysis (SA) shows glucose, lactate, and oxygen reaction rates
significantly affect their corresponding concentrations in the IVD (Figure 5.8). Increasing the
metabolic rates in the IVVD leads to an increase in lactate levels and other by-products that are
noxious to cells (Ito and Creemers 2013; Zhang et al. 2016). Aging and dehydration of the IVD,
which can vary between patients, are two factors than can affect metabolic rates due to changes in
cellularity and water content (Sakai and Grad 2015). Therefore, characterizing metabolic rates in
patient 1VDs with different degeneration grades may improve nutrient availability and solute
transport modeling in the 1\VVD. Different types of chemical exchange saturation transfer (CEST)
MRI were developed to measure metabolism in vivo. CEST has also been optimized for human
patients by significantly reducing the scan time to 5 minutes, rendering it viable to investigate
metabolism in the IVD (Zhou et al. 2017).3!P saturation transfer (ST) has been used to measure
metabolic rates non-invasively in the human heart and brain (Du et al. 2007; Balaban, Kantor, and
Ferretti 1983; Wang et al. 2016). This technique provides high spatial resolution and sensitivity in
measuring energy metabolism in organs by assessing the conversion of phosphocreatine in creatine
kinase reactions (Zhou et al. 2017; Du et al. 2007; Shoubridge, Briggs, and Radda 1982; Balaban,
Kantor, and Ferretti 1983). Magnetic resonance spectroscopy (MRS) has been applied to
complement MRI techniques by providing information on the chemical changes that occur within
the disc as it degenerates. For example, MRS has been demonstrated to quantify metabolites,
specifically lactate and PG as markers for pain in the disc (Mwale, latridis, and Antoniou 2008).
In a 2019 study, researchers were able to optimize MRS to accurately assess the integrity of the
extracellular matrix by analyzing contents of PG, carbohydrates, and acidity (alanine and lactate)
(Zeng et al. 2019). Incorporating these techniques into the modeling of solute transport have the

potential in generating more accurate nutrient distributions in patient I\VDs.
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We also found a significant effect of AF and CEP diffusivities on solute concentrations in
the IVD and the inner AF (Figure 5.8). We expected the AF’s diffusivity to play a substantial role
in determining critical nutrient levels because they lie in the inner AF. The effect of CEP diffusivity
on the IVD’s nutrient status has been addressed by several studies (Nachemson et al. 1970;
Malcolmson 1935; Bush 1934; Albert 1942; Shutkin 1952). The CEP has a large number of
channels and shares the largest surface area with the NP, which allows for a larger solute flux
(Urban et al. 1977; Naresh-Babu et al. 2016; Wong et al. 2019; Silverman 1954; Urban, Holm, and
Maroudas 1978; Albert 1942; Nachemson et al. 1970; Naylor, Happey, and Macrae 1955; King
1959; Urban and Maroudas 1979; Malandrino et al. 2014). In addition, the CEP is relatively thin
(~2 mm) and porous, which facilitates better transport of molecules (Malandrino et al. 2014). Due
to the significant effects of AF and CEP diffusivities on solute concentrations in the inner AF and
throughout the IVD, it is essential to include high-resolution ADC maps for both anatomical parts.
Such maps have been generated to study variations in AF diffusivity in relation to degeneration
grade and location within the AF (posterior, anterior, inner, and outer) (Antoniou et al. 2004; Dao
et al. 2013; Li et al. 2018; Antoniou et al. 2013).

Interestingly, changes in NP diffusivity had a negligible impact on all measured metrics
except for maximum lactate (Figure 5.8-B). The NP facilitates better diffusion due to its
biochemical structure and large water content (Dao et al. 2013). Therefore, the chosen 50% change
in NP diffusivity was not limiting to solute transport.

Cell density is shown to be a predictor for maximum lactate and average oxygen
concentration (Figure 5.8-B and C). Interestingly, cell density was not considered a predictor for
glucose levels despite the strong correlation between cell density and maximum lactate (Figure
5.8-B). We expected changes in cell density to substantially affect nutrient distributions in the IVD
because it has been shown to alter metabolic rates (Magnier et al. 2009). It is suspected that the
150% dose of cells used in this model, which raises total NP cell density to 6,000 cells/mm?, is too
low to affect nutrient distribution compared to the highest dose used in some clinical trials which
would increase total NP cell density to 11,000 cells/mm? (Figure 5.10) (Sakai and Andersson 2015;
Sakai and Grad 2015). In addition, the study only assessed changes to the NP’s cell density and
overlooked any changes in the AF and CEP because cell injections often target the NP (Sakai and
Andersson 2015; Sakai and Grad 2015; Tong et al. 2017; Schol and Sakai 2019). It is also possible

that because healthy discs were used for the SA that changes in cell densities did not have a large
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impact on 1VD nutrient status. Further tests would need to be conducted to investigate the effects
of changing cell density in the AF, and the CEP. Another untested but critical comparison is the
effect of localized cell injection in the NP versus an increase in total NP cell density which could

be useful in understanding the effects of cell delivery to various parts of the IVD.

4,000 cells/mm? 6,000 cells/mm® 11,000 cells/mm?

Glucose (mM)

Figure 5.10. Comparison of increasing the nucleus pulposus cell density on glucose distribution
mM in patient # 2, grade 3. Cell density of 4000 cells/mm? was used as a baseline value. 6000
cellssmm? represents a 150% increase. While 11 000 cells/mm? was the highest dose reported to
be used by clinical trials.

Patient demographics showed IVD level to significantly vary between grade 2 and the
remaining grades. However, disc level had no significant effect on minimum or maximum solute
levels in the 1VD (Kruskal Wallis, p < 0.05). The constant parameters chosen for this study, e.g.,
water content, cell density, etc., vary with IVD degeneration. Therefore, observed solute variation
between groups could be attributed to degeneration grades. This makes sense given that healthier
discs have shown to have better ADC values (Belykh et al. 2017). Lastly, nutrient distributions in
patient outliers could not be predicted based on the degeneration level alone or IVD pathology, as
was the case for patient #18. These 1VDs had a specific disc shape and size, that led to specific
nutrient distributions.

Last, the model predicted that modifications to disc size, metabolic rates, and the
diffusivities of the AF and CEP greatly influenced the IVD’s nutrient status (Figure 5.8).
Therefore, future modeling techniques that aim to investigate the IVD’s nutrient status should

consider tailoring these parameters to the individual patient’s IVD.
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5.5.4 Model limitations

Some of the limitations to this model included possible artifacts in VD masks. For

example, 1VVD #14 in grade 3 did not exhibit abnormal levels of solutes in the disc due to a defect
in the AF mask. This defect did not completely enclose the NP, and this significantly enhanced
diffusion through the disc. This mask defect was a limitation of the model which inaccurately led
to low levels of lactate and high levels of glucose and oxygen in discs with large areas.
Furthermore, the only model parameters made patient-specific were disc geometry and NP
diffusion coefficients. There are many other parameters that could be expected to vary between
patients that were not included in this model. A list of parameters and the basis of expected

variation between patients was summarized in Table 5.7.

Table 5.7. Summary of current vs expected variations in solute transport parameters. The
specificity of each model parameter is given as well as the expected source of variation for each
parameter. Patient specific factors are highlighted in grey.

Current Model

Parameter o Expected Variation Between Patients
Specificity
IVD ) . Expected to vary based on patient height, biochemical composition, gross
Patient specific ] ) )
Morphology defects, degeneration, mechanical loading, and level
AF solute ) . . . ] ]
diffusi Pfirrmann Expected to vary based on biochemical composition, location, mechanical
iffusion
o specific loading, and gross defects
coefficients
CEP solute ) ) . . . ]
diffusi Pfirrmann Expected to vary based on biochemical composition, location, mechanical
iffusion
o specific loading, and gross defects
coefficients
NP solute ) ) o )
o ) - Expected to vary based on biochemical composition, location, and gross
diffusion Patient specific
o defects
coefficients
AF solute
boundary Uniform Expected to vary based on capillary density, and solute perfusion

conditions
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Table 5.7. Summary of current vs expected variations in solute transport parameters. The
specificity of each model parameter is given as well as the expected source of variation for each
parameter. Patient specific factors are highlighted in grey. (Continued)

Current Model

Parameter o Expected Variation Between Patients
Specificity
CEP solute . .
) Expected to vary based on thickness of the boney endplate, capillary
boundary Uniform ) o o
o density, number of marrow cavities and gross abnormalities
conditions
Solute initial ) ] ] .
o Uniform Expected to vary based on 1D physiological conditions
condition
o Pfirrmann Expected to vary based on spinal morphology, biochemical composition,
AF diffusivity . . ) . .
specific location, mechanical loading, and pathophysiology
o Pfirrmann Expected to vary based on spinal morphology, location, and endplate
CEP diffusivity o S o L
specific pathophysiology, including capillary density, lesions, and calcification
o Pfirrmann Expected to vary based on spinal morphology, location, biochemical
NP diffusivity . . i
specific composition, and pathophysiology
) ) Expected to vary based on glucose and oxygen availability, acidity,
AF cell density Uniform ) ]
location, and patient age
CEP cell Uniif Expected to vary based on glucose and oxygen availability, acidity,
niform
density location, and patient age
) ) Expected to vary based on glucose and oxygen availability, acidity,
NP cell density Uniform ) )
location, and patient age
Based on

Cell

Metabolism

Water Content

glucose/oxygen
concentrations
Pfirrmann

specific

Expected to vary more widely based on signaling factors, senescence, and

patient age

Expected to vary based on biochemical composition, location, mechanical

loading, and pathophysiology

Such limitations include applying constant homogeneous cell density between the different

degeneration grades. Liebscher et al. has shown that cell density varies even within the same

anatomical part of the IVD; however, the same study suggested cell density in the AF, CEP, and

NP does not correlate to disc degeneration caused by normal aging (Liebscher et al. 2011). Still,

this limitation significantly altered model results, as demonstrated by the SA. Cell density is

expected to decrease with increasing degeneration grade, which would lead to reduced metabolic

rates. Studies reported changes in the IVD’s metabolic rates to alter glycolysis rates and change
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the levels of by-products including lactate that could lead to further degeneration of the IVD (Ito
and Creemers 2013; Zhang et al. 2016; Sakai and Grad 2015).

This model also assumed constant water content in the AF and CEP. However, studies
demonstrated variations in water content based on location within the same tissue, which affected
local solute diffusion (Wu et al. 2016). Future models could eliminate this limitation by including
a water content map for each part of the IVD. Antoniou et. al., used different MR modalities (i.e.,
T1, T2, T1p, MTR and ADC) to calculate water content in the NP and AF (Mwale et al. 2008).
Applying this method in future iterations of the model should provide more accurate and specific
model results. It was also important to note that a variation exists in published values for water
content % and cell density (Table 5.8), and thus utilizing MR scans to personalize some of these
parameters, e.g., water content, could produce more accurate results. Also, the model did not
consider other factors that can impact nutrient transport such as changes in load, charge density
and varying cellular metabolic rates(Gullbrand, Peterson, Mastropolo, et al. 2015; Sampson,
Sylvia, and Fields 2019; Tourell et al. 2017).

Table 5.8. Literature values of water content and cell density showing various values reported
and used for VD modeling. An * indicated the high value for the inner AF and the low value for
the outer AF. A # indicated a high value for healthy young individuals, while the low value for
older individuals.

Water Content (%) Cell Density x 103 References
(L/mm3)
Model CEP AF NP CEP AF NP
3D model - 70-85* 85 - 9 4 Zhu(Zhu et al. 2016)
3D model 60 66-73* 80 15 4-16 4 A.Shirazi(Shirazi-Adl, Taheri, and
Urban 2010)
- 66 86 - - - latridis(latridis et al. 2007)
3D model - - 85 - 9 4 Soukane(Soukane, Shirazi-Adl, and
Urban 2005)
Human in vivo - - - 15 9 4 Bartels(Bartels et al. 1998)
Human in vitro - - 75-85* - - - Urban(Urban and McMullin 1988)
Human in vivo - 73-80# | 76-90# - - - Kraemer(Kraemer, Kolditz, and
Gowin 1985)

This model also simplified factors affecting solute perfusion to include calcification of the
CEP only, which was modeled by decreasing CEP water content by 18% (Jackson, Huang, and Gu
2011). It has been shown that disc degeneration alters the number of capillaries contacting the
endplates (Benneker et al. 2005). Such changes in solute availability at the disc endplates could
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invalidate our assumption of constant boundary conditions across different Pfirrmann grades.
Future work would seek to evaluate endplate capillary densities in vivo.

Time of day when MR scans were acquired was not controlled. This limitation could
considerably affect solute diffusion in the disc because different patient postures and activities
during the day were shown to affect disc geometry and water content (Malko, Hutton, and Fajman
2002). For example, MR scans of IVDs taken in the morning showed higher water content and
increased VD height (Belavy et al. 2011; Malko, Hutton, and Fajman 2002) — two factors that
were demonstrated by this model to significantly impact solute diffusion in the disc (Table 6). In
addition, this model was created in 2D instead of 3D. This allowed for the collection of a large
MRI data set, which would have been prohibitive with the longer scan time associated with more
slices. Furthermore, it decreased model computation times. While the model showcased variations
in solute distributions between patients and degeneration grades, the results were not validated
experimentally. As with other models that have been developed, it was challenging to validate
model results due to a knowledge gap regarding important parameters that were needed to model
solute distribution in patients. The SA performed in this study had successfully identified an
important set of parameters that needed to be obtained in order to validate the results
experimentally. One of which was the metabolic rates for lactate in the IVD. As discussed earlier,
changes to the metabolic rates of lactate was shown to alter solute distribution in the IVD, and it
was correlated to maximum lactate and minimum glucose (Figure 3.8). Studies reported changes
in metabolic rates, especially an increase in lactate production to create harsh I1VD
microenvironments that led to tissue degeneration (Ito and Creemers 2013; Zhang et al. 2016).

Despite the model’s limitations, the results showed general trends that were consistent
across all patients which demonstrated consistent model performance. The specific trends of each
patient were unique suggesting successful integration of patient data. Comparison of the specific
trends for each solute across all patients showed distinct patterns that highlighted the importance
of the individual morphology and physiological conditions of each disc, even among discs of the
same Pfirrmann grade. Pending further development, and inclusion of more patient specific
factors, this model may allow clinicians to account for the impact of increasing cell activity or
density in a nutrient-starved environment. By iteratively increasing cell concentrations until a
certain threshold has been reached the maximum capacity of a specific disc for new cells cell be

determined. If levels were already low enough to indicate cell death, these patients could be



138

excluded as candidates for cell injection-based therapies and advised to seek traditional treatments.
The patients identified as poor candidates for cell therapies may be able to seek other novel

therapies as they become available.

5.6 Conclusion

This work described a method for incorporating patient data into a nutrient transport model
of the intervertebral disc (IVD). Results showed a decrease in glucose and oxygen concentrations
accompanied with an increase in extreme lactate levels in the disc as it degenerates. Disc size, AF
and CEP diffusivities, metabolic rates, and cell density had significant impacts on solute
distributions in the IVD. The model also demonstrated distinct diffusion behavior between
patients, even between discs of the same Pfirrmann grade. The importance of the distinct disc
morphologies and physiological environments of each patient to the diffusion gradients in the disc
was readily apparent. Patient-specific models could allow clinicians to further personalize
treatments to the patient, e.g., choosing the appropriate dose of cells to be injected into the 1\VD.
This functionality indicated that patient-specific models could prove valuable in a clinical setting
when predicting patient outcomes or treatment options.

In the following chapter, | present concluding remarks outlining the significance and
application of the work presented in this dissertation. | also propose future study directions to

improve the cryopreservation protocol and the finite element model.
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Chapter 6: Future Directions and Conclusions

6.1 Introduction

Recent research has shown the likelihood of stem cell therapy in alleviating back pain by
reversing degeneration of the IVD (Tam et al. 2014; Murrell et al. 2009; Coric et al. 2013;
Richardson et al. 2016). However, the IVD’s impoverished nutrient environment and restricted
nutrient transport pose challenges to ensuring regenerative outcomes of cell-based therapies
(Noriega et al. 2017; Orozco et al. 2011; Sakai and Andersson 2015). In addition, current IVD
research lacks appropriate methods to perform studies on samples that resemble the in vivo nutrient
microenvironment. Current research techniques utilize normoxic culture conditions, cyclical
feeding regimens, and animal models, among other cultivating methods that fail to mimic the in
Vvivo environment.

This chapter proposes two directions to further the study of nutrient transport in the 1\VVD.
First, I discuss the importance of cryopreservation in studying nutrient transport. | also suggest
additional applications for cryopreservation that would facilitate IVD research. Second, | explain
the need for finite element modeling to study solute transport in patients. | present some limitations
presented in chapter 5 and propose applications of the model in a clinical setting. Lastly, the
chapter concludes with the significant findings of this dissertation, highlighting its impact on the
field.

6.2 A human intervertebral disc organ bank

Researchers encounter a few roadblocks when studying the IVD’s regenerative mechanisms.
First, the availability of fresh intact human IVDs is limited, and depends on established contacts
with hospitals and procurement organizations to obtain viable specimens. Another obstacle is the
storage of the I'VDs upon arrival, with limited bioreactor space and freezing risking the number of
viable cells in the tissue. Intact IVDs from animal models have been cultivated successfully for a
week ex vivo and for over three weeks in a bioreactor (Gantenbein et al. 2015). However, most
research laboratories lack the proper equipment and logistical support to cultivate intact human
IVDs long-term. Therefore, cryopreservation emerges as a promising solution to eliminate these
obstacles and facilitate IVD research (Lam et al. 2011). We innovated a novel method to

cryopreserve the IVD using compression through this work. Our technique reduced the time
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required for cryoprotectant (CPA) penetration by 95%, improving cell viability in treated groups
from ~5% to over 80%, as explained in Chapter 4.

While the results provided a promising effort to create IVD organ banks, additional aspects of
this work could be improved. Some aspects include creating a robust protocol that eliminates
technical obstacles. For example, a better way to measure cell viability in the 1D should be
formulated to avoid cell death introduced by the surgical blade when extracting the samples. In
addition, a precise mechanism to measure DMSO percent in the tissue should be established to
ensure its complete removal. It has been established that DMSO, even at low concentrations,
changes the cell’s phenotype, gene expression, and viability (Sugishita et al. 2021). It is crucial to
ensure the complete removal of the DMSO from the IVDs to prevent confounding results. Next,
our work only investigated the ability to maintain cell viability. While viability is important, other
aspects of cellular health and function should be measured. These aspects include senescence,
apoptosis, and cellular metabolism. Tissue samples from the CEP, outer AF, inner AF, and NP
could be obtained using a biopsy to measure cell senescence and apoptosis in the cryopreserved
IVDs. Additionally, tissue from the same regions of interest could be processed to examine the
metabolites profile. It is essential to understand how cryopreservation affects these cellular
functions providing researchers with an intact organ representing human in vivo conditions and
eliminating the need to rely on in vitro or animal studies. These tests would need to be compared
with samples from fresh human 1VDs to validate that our novel method to cryopreserve the human
IVD has no significant impact on cellular characteristics, including the phenotype and metabolic
pathways. Finally, this method should be applied to create a human IVD organ bank to resolve

logistical bottlenecks in clinical and benchtop research.

6.3 Improved predictive model of solute transport in the intervertebral disc

One of the problems facing researchers is accurately modeling and predicting the complex
pathways that solutes take in the IVD. Our previous work on modeling solute transport, as
discussed in Chapter 5, elucidates the effect of IVD-specific geometry on solute distribution
(Shalash et al. 2021). We also highlighted the differences in solute transport between different
IVVDs within the same degeneration grade (Shalash et al. 2021). The proposed work in this section

addresses some of these limitations and provides suggestions for future applications.
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The model provides two-dimensional simulations of solute distributions that do not
represent the 3-dimensional nature of the tissue. Including the third dimension would assist in
inferring spatial and radial effects on solute transport which have been reported to be dominant,
especially in the annulus fibrosus’ (AF) anisotropic tissue. Additionally, there is a need to
individualize parameters affecting solute transport in patients. These parameters include water
gradient in the tissue, diffusion coefficients, vasculature density, and CEP calcification. These
factors were determined to affect transport significantly.

Imaging techniques exist in which we could measure water gradient through the various
tissues (AF and CEP) and provide a better estimate of solute availability. Alternatively,
experiments could be designed in which an imaging tracer is applied to learn about effective
diffusion through the CEPs, which would be sufficient to factor in the effects of vessel density and
CEP calcification. Nonetheless, as presented in Chapter 5, addressing the model's limitations is
vital to building a robust tool that can predict nutrient availability in the 1VD.

Finally, it is crucial to validate the model results in human I\VVDs. Experiments could be
conducted to cultivate human IVDs in our custom-built bioreactor for a few days under load. The
IVDs can be scanned using CT and MRI modalities to extract (1) disc geometry, (2) water content,
(3) and diffusion coefficients. Next, the IVD could be cultivated under various microenvironments
for a week, including healthy, degenerated, and inflamed. For each 1VD group, MRI scans can be
obtained for lactate levels, and a PET scan could be applied to infer glucose distribution within the
IVD. Alternatively, an oxygen probe could be utilized to measure local partial pressure. The results
from this experiment should provide further information on the accuracy and precision of the
model. Additional iterative modifications and adjustments to the model will need to be performed
to ensure its robustness before pursuing a technology transfer. Nonetheless, these studies should
present the model as an innovative proof-of-concept, providing guidelines to improve stem cell

injections and the overall patient care.

6.4 Conclusions
The 1VD is a complex cartilaginous structure that we are still discovering. One of its
astonishing properties is cell survival under harsh conditions including starvation, hypoxia, and

high acidity. CEP calcification, low vessel density, and deterioration of the ECM are factors
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affecting the solute and acidity levels in the tissue. After all, recent efforts have been made to better
elucidate changes in the nutrient distribution and innovate methods to improve it.

In this dissertation | discuss the importance of studying solute transport limitations in the 1VD.
First, | present a thorough review of the literature focusing on the conundrum of limited transport.
| further explain how various research groups innovated methods to study transport phenomena
including imaging modalities and finite element modeling.

| also present the bioreactor system which was applied in this work to innovate a method to
cryopreserve the 1VD. Whole organ bioreactors are emerging as a preferred cultivation method
compared to current protocols. For instance, bioreactors offer controlled and adaptable
microenvironments that could mimic various in vivo scenarios overcoming a limitation in common
culture systems, including two- and three-dimensional.

Next, | transition to discussing the impact of the microenvironment in cultivation cultures on
the AF and NP cells. In general, cells are sensitive to their environment, and they interact with it
by communicating the various stressors, often in the form of proinflammatory cytokines. In this
work, | established how steady glucose levels in the culture could affect VD cells differently. We
discovered that steady glucose levels increase metabolic rates in the AF while increase anerobic
glycolysis in NP cells. This work further elucidates the importance of considering the in vitro
microenvironment when designing studies.

Following this, I present and discuss an innovative method to cryopreserve the 1VD using a
custom-built bioreactor. I relied on the IVD’s viscoelastic properties and swelling to overcome
transport limitations of the cryoprotectant, reducing transport time from 72 hours to only five
hours. This project also provides insight into future applications that could facilitate research and
allotransplant clinical trials.

Finally, I discuss the development of a patient-specific finite element model that incorporates
data from imaging modalities to provide a representation of glucose, oxygen, and lactate
distributions in the patient’s IVD. The model builds on the work of several groups and adds a layer
of complexity constituted by the patient-specific data. Therefore, making finite element models
clinically relevant and potentially translatable to improve patient spine care. Altogether, this
dissertation presents an ex vivo platform to cultivate, store, and analyze human 1\VVDs. Through this
work, other researchers will have access to cutting edge tools and research, advancing current

practices and innovating solutions to enhance transport phenomena in the human 1VD.
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Table A1.1. Summary of finite element model studies.

Modeled parameters

Results

e Creep response
e Water flow
e Viscoelastic model

e Transport of glucose,
oxygen, and lactate
e Non-linear reactions

o Effects of mechanical
loading on solute
transport

¢ 3D geometry

¢ Triphasic,
inhomogeneous
properties

¢ Axial compression

e Flow rate determined
by transport properties

¢ Permeability decreases
with applied stress

e Concentration profiles
of glucose and oxygen
show decreasing levels
towards the center of
the IVD

e Limited diffusivity
reduced transport

e Increased 1VVD height
reduced transport

e Transport through the
CEP affects solute
levels in the NP

e Fluid flow does not
enhance transport of
small molecules

e Fluid exchange during
swelling is more
substantial than during
loading

¢ NP had uniform
distributions of
mechanical stress, and
fluid pressure

e Changes to material
properties affect fluid
pressure, solute
transport, and
electrical potential

Limitations Reference
e Model was verified (Cassidy et
using canine IVDs al. 1990)
e Axisymmetric anatomy
e Uniform boundary
conditions
e Uniform values for (Sélard,
diffusion coefficients, Shirazi-
cell densities, and Adl, and
reaction rates Urban
throughout the disc 2003)
e Insufficient information
on metabolic rates in the
CEP
e Uncoupled fluid flow
and transport (Ferguson,
¢ Constant swelling Ito, and
pressure Nolte
e Axisymmetric 2004)
geometries
e No transport through the
CEP
[ J
oS (vao
Gu 2007)

e Uniform material
properties through the
tissue
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Table A1.1. Summary of finite element model studies. (Continued)
Modeled parameters Results Limitations Reference
e Axisymmetric geometry
* Triphasic theory e Parameters obtained
e Mechanical ¢ Dynamic loading from different animal (Huang
compression increases energy tissue and Gu
e Metabolic rates conversion  Metabolism is 2008)
e Transport profiles independent of
mechanical loading
e Uniform boundary
L conditions
: Egil_llsi::g ;r[)csﬂsrggq y . Realistic anatomy o U_nifo_rm vaIueg f_or (Mokhbi
metabolic reactions affects solute g_radlents diffusion coefﬁments Sou_kan_e,
« CEP calcification e|VD dege_n.erat_lon, and cell density Shirazi-
o Sclerosis CEP caIC|f|cat|on_, and throughout the IVD’s Adl, and
: reduced cell density tissues Urban
* Induction of growth affect solute transport = e No changes in flow 2009)
factor content, vessel density,
and mechanical loading
e CEP permeability
« Nonlinear coupled affects transport (Shirazi-
nutrition transport * Glucqse 1S critical for e Axisymmetric geometry AO.”’
! cell viability . . Taheri, and
equations e Uniform 1D properties Urban
« CEP permeability o Cell death started at
0.5mM glucose and 2010)
pH 6.8
e Large I'VD volume
changes affect solute
transport e Limited information on | (Malandrin
e Biomechanical loading | e Cell density changes boundary conditions 0, Noailly,
e Cell density with changes in e Ignored glucose changes and
¢ Oxygen levels transport properties o Cell viability omitted Lacroix
« Vertebral blood supply 2011)

¢ 3D anatomical
geometry

¢ CEP calcification

e Non-linear coupled
metabolic rates

e Static loading
conditions

affects transport

¢ CEP calcification
reduced glucose levels

e Changes in
mechanical
deformations alters
glucose distributions

e Cell and transport
properties extracted
from animal models

e Limited loading
configurations

(Jackson et
al. 2012)
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Table A1.1. Summary of finite element model studies. (Continued)
Modeled parameters Results Limitations Reference
e Nutrient levels at ¢ Only glucose was (Zhu
¢ |\VD degeneration boundaries affect cell considered for cell ’

. . R S Jackson,
¢ Axial compression viability viability and Gu
¢ 3D geometry e Dynamic compression | e Assuming isotropic 2012)

improved cell viability = properties of the AF
e Simple IVD anatomy
e VVascularization of
degenerated CEPs was
e Endplate calcification | e Changes to transport no_t mo_deIEd ..
o e Diffusion coefficients
e Water loss properties in a were calculated using an
e Reduction in IVD degenerated 1VD - g
: L empirical formula
height lower cell viability « Mechanical broperties (Galbusera
¢ Cyclic loading e Shortening of the did prop et al. 2013)
e Cell density IVD’s height 1d not represent
T fql enhanced solute degenerated IVDs
¢ ransportg Ig l:c:)se, transport o Cell proliferation was
OXygen, and factate not considered
e Tissue structure did not
change with
degeneration
: Low metabolic
IVD degeneration *
* level g transport at the CEP
e VVasculature density reduced _ceII viability | No cell proliferation or (Malan_drm
: : e Mechanical : 0, Noailly,
e Mechanical loading X clustering q
« Cell viability deformations hada 1 |\ canges in ECM due |, 219
P hanical negligible effect on t0 deaeneration Lacroix
* oromi_c anica preservation of cell g 2014)
properties viability in
degenerated 1VDs
¢ IVVD size determines
« Transport of concentration profiles oAx!symmetrlc geometry
r for larger solutes ¢ Uniform transport
administered o . .
glucosamine e CEP permeability properties (Motaghin
« Human VS animal affects transport e Uniform tissue asab et al.
e Animal models may properties 2014)

IVDs
e Varying IVD size

not be ideal to study
transport in human
IVDs

e Mechanical deformation
was ignored
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Table A1.1. Summary of finite element model studies. (Continued)

Modeled parameters Results Limitations Reference

e Uniform 1\VVD properties
including water content,

e Concentration profiles cell density, boundary

e Patient-specific vary between patients

iffusi - . conditions
. %I;;L:isrl]oer;rd ?;3 F;Tezlp ) SI\I/I Ze;alg:oEIg: gﬁgei’\'l:\/D * Solute profile predictors (Shalash et
reaction rates diffusivities affected (excluding IVD al. 2021)

geometry and diffusivity
in the NP) were not
patient-specific

¢ 2D model

solute profiles
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Table Al.2. Tow, ADC maps, and solute distribution maps for IVDs in groups grade 2, 3, 4, and
5 are presented. pH maps are not included in this table to avoid redundancy with lactate data
since pH is linearly correlated to pH. All discs are presented with the posterior aspect on the left
and the anterior aspect on the right.

Grade 2 (n=10)

Disc Glucose gradient
Patient Tow ADC
level (mM)
| . -
| - - .

Lactate gradient

Oxygen gradient

(mM)

[6.0] T 3.5
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Table Al.2. Tow, ADC maps, and solute distribution maps for IVDs in groups grade 2, 3, 4, and
5 are presented. pH maps are not included in this table to avoid redundancy with lactate data
since pH is linearly correlated to pH. All discs are presented with the posterior aspect on the left
and the anterior aspect on the right. (Continued)

7 L3L4

8 L5S1

9 L3L4

Grade 3 (n=10)

Disc Glucose gradient | Lactate gradient | Oxygen gradient
Patient
level (mM) (mM)
6.0 0.0
11 L3L4
11 L4L5

1 L4L5
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Table Al.2. Tow, ADC maps, and solute distribution maps for IVDs in groups grade 2, 3, 4, and
5 are presented. pH maps are not included in this table to avoid redundancy with lactate data
since pH is linearly correlated to pH. All discs are presented with the posterior aspect on the left

and the anterior aspect on the right. (Continued)

e I
o
.
13 L5S1 -

3 L4L5 -

4 L4L5 - !
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Table Al.2. Tow, ADC maps, and solute distribution maps for IVDs in groups grade 2, 3, 4, and
5 are presented. pH maps are not included in this table to avoid redundancy with lactate data
since pH is linearly correlated to pH. All discs are presented with the posterior aspect on the left
and the anterior aspect on the right. (Continued)

14 L4L5
Grade 4 (n=10)
Disc Glucose gradient | Lactate gradient | Oxygen gradient
Patient
level (mM) (mM)

5.0 0.5116.0 0.0

1 L5S1 = e |

2 L4L5

12 L5S1
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Table Al.2. Tow, ADC maps, and solute distribution maps for IVDs in groups grade 2, 3, 4, and
5 are presented. pH maps are not included in this table to avoid redundancy with lactate data
since pH is linearly correlated to pH. All discs are presented with the posterior aspect on the left

and the anterior aspect on the right. (Continued)

13 L4LS5 -
16 L5S1 -
17 L5S1 -
18 L4L5 -
4 L5S1 -
10 L4L5 -
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Table Al.2. Tow, ADC maps, and solute distribution maps for IVDs in groups grade 2, 3, 4, and
5 are presented. pH maps are not included in this table to avoid redundancy with lactate data
since pH is linearly correlated to pH. All discs are presented with the posterior aspect on the left
and the anterior aspect on the right. (Continued)

Grade 5 (n=7)

Glucose gradient

Disc
Patient Tow ADC
level (mM)
i L
? - - ‘

Lactate gradient

(mM)
6.0 0.0

Oxygen gradient

(mM)
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Table Al.2. Tow, ADC maps, and solute distribution maps for IVDs in groups grade 2, 3, 4, and
5 are presented. pH maps are not included in this table to avoid redundancy with lactate data
since pH is linearly correlated to pH. All discs are presented with the posterior aspect on the left
and the anterior aspect on the right. (Continued)

10 L5S1




