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Abstract

Time-dependent Characterization of Fluid Flow into the
Intervertebral Disc

by
Semih Ege Bezci

Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley
Professor Grace D. O’Connell, Chair

The primary function of the intervertebral disc is to support large, multi-directional loads
acting on the spine. The intervertebral disc has a heterogeneous structure, comprised of a gel-like
nucleus pulposus (NP) and the annulus fibrosus (AF). The AF has a highly organized structure
consisting of collagen fibers oriented in a criss-cross pattern in the alternating layers. Despite
differences in composition and structure, water is the primary biochemical constituent of both
tissues, accounting for greater than 65% of tissue’s wet weight. The water content of the
intervertebral disc fluctuates throughout the day as the magnitude of compressive stress acting on
the spine varies with changes in body posture, muscle activity, and external loads. The disc loses
water during the day and absorbs water at night when loads are reduced.

Due to the avascular nature of the intervertebral disc, cell viability and metabolism rely
on the exchange of nutrients and metabolic by-products via diffusion under biochemical
gradients and fluid flow modulated by diurnal loading patterns. Hence, investigating fluid flow
kinematics under simulated physiological loading conditions is important for understanding
healthy disc function and mechanobiology. However, there is a lack of knowledge of fluid flow
behavior and recovery mechanics during low loading conditions when disc absorbs water and
increases its height. Hence, this dissertation aims to fill in this gap in the literature by evaluating
the time-dependent recovery mechanics and fluid flow kinematics of the healthy intervertebral
disc during low loading conditions that simulate bed-rest. To achieve this, this study tested
bovine bone-disc-bone motion segments under a series of creep and recovery loading conditions.
Results showed that time-dependent disc recovery behavior has contributions from both inherent
fluid-independent viscoelasticity and fluid-dependent poroelasticity. Intrinsic viscoelastic effects
are present at short time scales, providing partial recovery of disc height within minutes of
unloading before poroelastic effects come into play. Poroelastic fluid flow dominates recovery at
long time scales and is largely driven by the osmotic differential between tissue and its
surrounding environment.

In vitro biomechanical tests on disc joints monitor changes in disc height to understand
the direction, magnitude, and rate of fluid flow through the disc. However, these studies report
displacements for the entire bone-disc-bone joint without the ability to identify the region-



specific changes during swelling due to fluid flow. To improve our understanding of the complex
fluid redistribution within the disc, the second part of this work characterized the time-dependent
swelling behavior of the intervertebral disc ex sifu. The first experiment monitored time-
dependent changes in tissue mass to compare differences in the swelling capacities of the NP and
AF explants under free swelling conditions. NP explants experienced a higher swelling rate and
equilibrium swelling capacity than AF explants. Specifically, there was a 200% increase in the
NP tissue mass and a 70% increase in the AF tissue mass under free swelling conditions. The
second experiment used an optical, non-contact measurement method to evaluate the distribution
of swelling-induced strains throughout intact discs and AF rings. Axial deformations were fixed
to prevent out-of-plane motion during swelling. The first group consisted of AF rings in contact
with saline at the outer periphery and the center of the annular ring. The second group included
AF rings in contact with saline solution only at the outer periphery. The third group included
intact discs in contact with saline at the outer periphery. Tissue swelling due to fluid flow was
observed to be a slow process that strongly depends on tissue-specific biochemical properties
and physical boundary constraints. For AF rings, negative circumferential strains were observed
in the inner AF, while positive circumferential strains were observed in the outer AF. However,
restricting fluid flow only to the outer periphery during swelling reduced the swelling capacity of
the inner AF. The largest absolute radial strain was observed to be in the outer AF for Group 1
and the outer AF for Group 2. The swelling capacity of the NP was largely reduced when
swelling was restricted to occur only in the radial direction or constrained by the surrounding
AF. Results from intact discs showed that NP pressurization during swelling reduces peak radial
strains in the AF and results in uniform strain distribution throughout the AF.

Together these findings provide a better understanding of intervertebral disc mechanics
and function, particularly during low loading periods when disc absorbs water and increases its
volume due to swelling. In conclusion, fluid flow is a slow, time-dependent process that depends
on many factors, including biochemical properties, external osmotic pressure, loading history,
and boundary constraints.
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1. Introduction

The primary function of the intervertebral disc is to support large, multi-directional loads
acting on the spine. Activities of daily living cause diurnal variations in applied loads, which
subsequently affect disc hydration (Kraemer, 1985; Malko et al., 2002, 1999; McMillan et al.,
1996; Zhu et al., 2015). Discs lose water during the day due to mechanical loading and absorb
water at night when loads are reduced. Due to the avascular nature of the intervertebral disc, cell
viability and metabolism rely on the exchange of nutrients and metabolic by-products via
diffusion under gradients set up by the cells’ metabolic demands and fluid flow, which is
modulated by diurnal loading patterns (Ferguson et al., 2004; Gullbrand et al., 2015; Urban et al.,
1982; Yao and Gu, 2007). Hence, investigating fluid flow behavior under simulated
physiological loading conditions is important for understanding healthy disc function and
mechanobiology.

Disc degeneration is one of the most common sources of back pain, affecting almost 80%
of the population by the age of 50 (Brinjikji et al., 2015). It is a multifactorial process with a
cascade of changes occurring in disc structure, biochemistry, mechanics, and cellular
metabolism; hence, it is often difficult to understand the etiology of disc degeneration (Adams
and Roughley, 2006). Clinically, disc degeneration is commonly noted by the loss of disc height
and hydration based on signal intensity of magnetic resonance images (Pfirrmann et al., 2001).
While reduced hydration is a marker for disc degeneration, findings suggest that discs are at
higher risk for herniation when fully or over-hydrated, such as early in the morning (Adams et
al., 1987; Gunning et al., 2001). This observation is also supported by the increased risk of disc
herniation reported for astronauts after returning from space, which is most likely due to
excessive disc swelling under microgravity conditions (Johnston et al., 2010). The lack of
understanding of disc degeneration etiology has hindered the development of biological repair
strategies and has motivated experimental studies that are directed towards a better
understanding of disc function and mechanics.

Spinal fusion surgery is the most commonly performed procedure for patients with severe
back pain. However, it often includes complications, including higher rates of degeneration in
the superior disc, due to increased loading following surgery (Chow et al., 1996; Ha et al., 1993;
Lee, 1988; Lehmann et al., 1987; Nagata et al., 1993; Schlegel et al., 1996). This has led to new
research aiming to develop tissue-engineered replacement discs that can mimic the characteristic
function of a normal disc, including its time-dependent mechanical response under physiological
loads. The time-dependent behavior of the intervertebral disc is predominantly associated with
load-induced fluid flow (Costi et al., 2008; Vergroesen et al., 2018). However, there is a lack of
knowledge of fluid flow behavior during low loading conditions, such as bed rest recovery.
Hence, this dissertation aims to fill in this gap in the literature by studying fluid flow kinematics
with controlled laboratory experiments.

The overall goal of this study was to evaluate the time-dependent fluid flow behavior of
the healthy intervertebral disc under low loading conditions that simulate bed-rest. Chapter 2 will
provide background information about disc structure and composition in healthy and degenerate



human discs. For experiments described in Chapters 3-6, bovine caudal disc was used as an
animal analog for the healthy human disc because of its large disc volume (area and height),
increased availability, and similarities to healthy human discs in biomechanical and biochemical
properties (Beckstein et al., 2008; Bezci et al., 2018b; O’Connell et al., 2007b; Showalter et al.,
2012). Chapter 3 will explore the radial variation in the composition of the bovine caudal discs.
Both traditional and novel measurement techniques were employed to provide a more
comprehensive assessment of spatial variations in bovine disc composition. Additionally, this
chapter explores the potential use of multimodal imaging and spectroscopy as less destructive
measurement tools for measuring disc composition.

Chapter 4 examines fluid flow kinematics during unloaded recovery. Osmotic loading
was used to alter disc hydration without changing disc composition and applied external loading.
This chapter will explore the relative contribution of two concurrent mechanisms to the time-
dependent recovery mechanics of bovine caudal discs. Disc joints were allowed to recover in
saline solution with different salt concentrations, and disc height recovery was quantified using a
rheological model that is capable of describing the changes at early and late stages of recovery.
Furthermore, the magnitude of loading on each disc varies throughout the day (Nachemson,
1981; Wilke et al., 1999). Hence, Chapter 5 evaluates the time-dependent recovery behavior of
the intervertebral disc under a wide range of compressive loads to characterize the impact of
loading history on recovery mechanics. Disc height increases as the disc absorbs water and
swells during low loading periods. In Chapters 4 and 5, changes in disc height were monitored to
understand the direction, magnitude, and rate of fluid flow through the disc. However, these
studies report displacements for the entire bone-disc-bone joint without the ability to identify the
local changes in the disc. To understand region-specific changes during re-hydration and
recovery, Chapter 6 reports local tissue strains measured using Digital Image Correlation (DIC)
technique, a non-contact optical measurement method (Palanca et al., 2016). In addition, Chapter
6 compares the swelling behavior of the intervertebral under different boundary conditions.

Collectively, these chapters provide a better understanding of intervertebral disc
mechanics and function, particularly during low loading periods when fluid flows into the disc.
Finally, Chapter 7 discusses general conclusions from this work and potential future studies
related to disc hydration.



2. Background

2.1. Intervertebral disc anatomy and structure

The spine performs the mechanical function of providing structural support, stability, and
mobility to the body (Frost et al., 2019). It consists of five regions, including the cervical,
thoracic, lumbar, sacral, and coccyx from top to bottom. The top three regions are composed of
alternating vertebrae and intervertebral discs, which are the soft avascular tissues that have a
heterogeneous, cartilaginous structure. Discs make up one third of the spine’s height, and their
morphology and size vary along the spine (Urban and Roberts, 2003). Cervical discs have a
semielliptical cross-sectional area in the transverse plane whereas lumbar discs are similar in
shape to a kidney bean (Pooni et al., 1986). Additionally, disc size tends to increase from the
cervical region to the lumbar region. The height and diameter of healthy discs in the lumbar
region are approximately 7 — 10 mm and 30 — 40 mm, respectively (Frost et al., 2019; Hong et
al., 2010; O’Connell et al., 2007b; Twomey and Taylor, 1985).

The primary components of the intervertebral disc are the nucleus pulposus (NP) and
annulus fibrosus (AF; Figure 1A). The NP is a hydrated gelatinous material, which represents 30
— 50% of the disc volume and is circumferentially encapsulated by the AF (latridis et al., 2007;
Newell et al., 2017; O’Connell et al., 2007b). The AF has a highly organized fiber-reinforced
structure consisting of concentric lamellae (layers). The AF layers are comprised of alternating
collagen fibers that are oriented at an average of +30° from the transverse plane (Figure 1B)
(Cassidy et al., 1989).
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Figure 1: (A) Transverse section of adult human lumbar disc (level = L4-L5, age = 44, Thompson grade = 1) with
the nucleus pulposus (NP) and the annulus fibrosus (AF) marked. (B) Schematic of the AF structure, showing
alternating collagen fiber architecture.

While the NP is highly homogeneous and isotropic, a high spatial heterogeneity exists in
the structure and anatomy of the AF (Holzapfel et al., 2005; Marchand and Ahmed, 1990). The
AF is thinnest in the posterior region because of the fewer and more tightly packed collagen
fibers (Galante, 1967; Inoue, 1981). In addition, lamellae thickness and collagen fiber angle
follow a strong radial gradient (Cassidy et al., 1989). Specifically, lamellae thickness increases
from the outer to the inner AF (i.e., 0.05 — 0.5 mm), while collagen fiber angle increases radially
from ~30° in the outer AF to ~45° in the inner AF.



2.2. Disc composition

The extracellular matrix of the intervertebral disc is primarily composed of water,
proteoglycans, and collagen; however, tissue composition varies spatially throughout the disc
(Eyre and Muir, 1977). In healthy adult discs, water accounts for approximately 80 — 85% and 60
— 75% of the wet weight of the NP and AF, respectively (Antoniou et al., 1996; Jay Lipson and
Muir, 1981). Similar to water content, proteoglycan content is highest in the NP (~50% of the
dry weight) and decreases radially from the inner to the outer AF (~10 — 20%) (Antoniou et al.,
1996). Collagen content follows a reverse spatial distribution, with collagen comprising of up to
50% of the dry weight in the AF and only 30% of the dry weight in the NP (Bezci et al., 2018a).

Proteoglycans are macromolecules consisting of a core protein with covalently attached
glycosaminoglycan (GAG) side chains, such as keratan sulfate and chondroitin sulfate (Figure
2A). GAGs have fixed negatively charged carboxyl and sulfate groups, which attract positively
charged inorganic ions, such as sodium and potassium, resulting in osmotic forces that attract
water via osmosis (Urban and Roberts, 2003). The proteoglycans in the disc exist either as
monomers or in large aggregates, which involve the associations of many proteoglycans with a
single chain of hyaluronic acid, with the interactions stabilized by the presence of a link protein
(Adams and Muir, 1976; Hardingham and Muir, 1972; Roughley et al., 2006; Stevens et al.,
1979). The aggregates are mainly derived from aggrecan, which is the most abundant
proteoglycan found in the intervertebral disc (Roughley et al., 2006). Other proteoglycans, such
as decorin and biglycan, are also known to exist in the intervertebral disc, but they are smaller in
size and not as well characterized as aggrecan (Johnstone and Bayliss, 1995; Melrose et al.,
2001) .
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Figure 2: Schematic of (A) a proteoglycan aggregate and (B) collagen fiber architecture. The image showing the
collagen fiber architecture was adapted from (Fratzl and Weinkamer, 2007).

Collagen fibers have a hierarchical structure, which provides structural stability to the
biological tissues (Parenteau-Bareil et al., 2010). Collagen molecules are arranged in a triple-
helix pattern to form individual fibrils, which then bundle to form collagen fibers (Figure 2B)
(Shoulders and Raines, 2009). The majority of collagen in the intervertebral disc is collagen
types I and II (Eyre and Muir, 1976). Type I collagen is most abundant in connective tissues that



contain coarse fibers and experience high levels of tension, such as skin, bone, and tendon. Type
IT collagen is mostly found in tissues that are loaded in compression, such as cartilage. The
amount of Types I and II collagen varies gradually across the disc, with Type II found almost
exclusively in the NP and Type I at the outer edge of the AF (Eyre and Muir, 1977). Besides
Types I and II collagen, intervertebral discs contain smaller amounts of other collagen types,
including Types III, V, VI, IX, X, and XI (Ayad et al., 1982; Beard et al., 1981; Boos et al.,
1997; Nerlich et al., 1997; Wu et al., 1987).

Other macromolecules, such as elastin and lipids, are also present in the intervertebral
disc (Franklin and Hull, 1966; Mikawa et al., 1986). Their roles in disc mechanics and
mechanobiology have not been as thoroughly investigated as collagen fibers and proteoglycans.
There have been research efforts to understand the precise structural and mechanical roles of
elastic fibers, which are composed of elastin (Michalek et al., 2009; Smith et al., 2008; Yu et al.,
2007, 2002). The elastic fiber density was found to be significantly higher in disc regions that
experience high tensile strains, such as the outer AF (Smith and Fazzalari, 2006). In addition,
elastic fibers were observed in inter-lamellar space, suggesting a mechanical role both in
maintaining the structural integrity of collagen fibers and in the recovery of the lamellar
organization after loading (Yu et al., 2007, 2002).

2.3. Mechanical function

The complex structure of the spine allows it to undergo complex, three-dimensional
motions during the activities of normal daily life, involving axial compression, tension, bending,
and rotation. The primary loading modality on the intervertebral disc is axial compression, but
loading on the disc fluctuates throughout the day (Kraemer, 1985; Malko et al., 2002, 1999;
McMillan et al., 1996). The compressive stresses on the intervertebral disc range from 0.1 — 2.3
MPa, depending on the body posture and the activity (Nachemson, 1981; Wilke et al., 1999).
That is, stresses are low (~0.1 — 0.2 MPa) when laying down, such as in bed rest; moderate
(~0.50 MPa) when standing or sitting; and high (>0.5 MPa) while performing motions that
involve lifting heavy objects or coupled loads (e.g. compression and bending). The physiological
loading on the spine includes both short-term (e.g. flexion and extension) and long-term loads
(e.g. sitting and standing). These loads can also be static or dynamic, applied at different rates.
Biomechanical tests often use bone-disc-bone motion segments to evaluate the mechanical
function of the intervertebral disc under simulated physiological loading conditions.

The mechanical behavior of the intervertebral disc has been extensively evaluated in
compression, as the disc is a major compression-carrying component. Differences in the structure
and composition of the NP and the AF grant them different functional roles under compression.
The NP plays a critical role in supporting the intervertebral disc under low stresses, while the
alternating fiber-reinforced structure of the AF is ideal for withstanding large and complex loads
(Cannella et al., 2008). Axial compression causes a decrease in disc height and an increase in
intradiscal pressure (Botsford et al., 1994; Malko et al., 1999; Nachemson, 1963; Sato et al.,
1999). During compression, the NP behaves like a pressurized fluid, transferring forces vertically
to the endplate and radially to the AF. Due to the NP pressurization, the AF experiences both
radial compressive and circumferential (or hoop) tensile stresses (O’Connell et al., 2007a). This



load transfer and uncrimping of collagen fibers at higher loads have been associated with the
nonlinearity observed in disc compressive mechanics.

Along with compression, intervertebral discs experience large bending and torsional
loads during activities of daily living. Magnetic resonance imaging has shown that healthy
lumbar discs experience up to 6° of torsion in vivo, with the amount of rotation increasing
towards the sacrum (Haughton et al., 2002; Ochia et al., 2006). The applied loads are shared
among the intervertebral discs and facet joints, which are the diarthrodial joints posterior to the
vertebral column (Gellhorn et al., 2013). While the contribution of facet joints to compressive
mechanics is small (~10%), they can contribute to 40 — 65% of the shear forces in healthy and
degenerate discs (Bezci et al., 2018a; Farfan et al., 1970; Zimmerman et al., 1992). Disc torsion
mechanics strongly depend on the magnitude of compressive loading (Bezci et al., 2018b, 2018a;
Gardner-Morse and Stokes, 2003). Hence, evaluating mechanical properties under different
compressive stresses is highly important for a broad understanding of intervertebral disc function
and mechanics.

2.4. Disc degeneration

Back pain is a major public health concern and has been strongly associated with
degeneration of the intervertebral disc (Luoma et al., 2000). Disc degeneration has a complex
multifactorial etiology and involves irreversible changes in disc structure, morphology,
biochemistry, and function. These changes are often associated with altered disc mechanics and
mechanical instability, which in turn impact the progression of the degenerative disease
(Galbusera et al., 2014; Sengupta and Fan, 2014; Stokes and latridis, 2004).

The degenerative process can be associated with different morphological changes in the
intervertebral and the adjacent structures, including the facet joints (Vernon-roberts and Pirie,
1977). Macroscopic changes include disc height loss, tissue dehydration, irregular lamellae
structure, formation of fissures in the AF, and an increase in the osteophytes on the vertebral
bodies (Figure 3) (Boos et al., 2002; Haefeli et al., 2006; Murata et al., 1994; Thompson et al.,
1990). With degeneration, the NP becomes more fibrotic and less gel-like, while the AF becomes
more disorganized (Figure 3) (Haefeli et al., 2006). Due to morphological changes in the NP, the
boundary between the NP and the AF also becomes less obvious.

The earliest and most marked biochemical change with disc degeneration is loss of
proteoglycans (Lyons et al., 1981). During disc degeneration, proteoglycans break down and
small fragments can leach from the tissue, causing a decrease in osmotic pressure and the ability
of the intervertebral to maintain its hydration (Raj, 2008; Urban and Roberts, 2003).
Consequently, degenerated discs have lower water content than normal discs, and they lose disc
height and fluid more rapidly under compression (Keller et al., 1987; Pearce et al., 1987).



Figure 3: Cross-section of healthy, moderately degenerate and severely degenerate human lumbar discs (from left to
right). Donor ages for discs are 44, 71, and 78 years, respectively.

Degeneration can cause abnormal loading within the disc and in the surrounding spinal
structures (Adams et al., 1996; Park et al., 2015; Rohlmann et al., 2006; Tsantrizos et al., 2005).
With disc degeneration, stress distributions within the disc become anisotropic and asymmetric,
causing stress concentrations along the endplate or within the AF, which might predispose them
to failure and injuries (McNally and Adams, 1992; Park et al., 2015; Rohlmann et al., 2006;
Tsantrizos et al., 2005). In addition, contact forces in facet joints increase due to a decrease in
disc height and altered disc mechanics with disc degeneration (Rohlmann et al., 2006). Because
of the increased loads on the facet joints, they are prone to degenerate in parallel with the
intervertebral disc (Fujiwara et al., 1999).

2.5. Fluid flow

Disc water content fluctuates daily due to changes in applied external loads (Malko et al.,
2002; Zhu et al., 2015). That is, the intervertebral disc loses water due to high compressive loads
applied during the day, whereas it reabsorbs water during low loading periods, such as bed rest.
These in vivo observations have been replicated in vitro by testing motion segments in a
physiological saline bath under a series of creep and recovery loading (MacLean et al., 2007;
O’Connell et al., 2011; Schmidt et al., 2016a). These studies used disc height change as an
indirect measure of fluid flow through the disc. Fluctuations in water content were found to alter
disc height and mechanics, including stiffness, range of motion, and energy absorption (Bezci et
al., 2015; Costi et al., 2002; Schmidt et al., 2016b).

Observed differences in disc mechanics during creep and recovery can be attributed to
the differences in the underlying mechanisms during the two loading conditions. Fluid flow out
of the disc during creep occurs through mechanical loading, like water being squeezed out of a
sponge. The negatively charged sulfate and carboxyl groups in GAGs give rise to a high charge
density within the tissue, which is commonly referred in the literature as the fixed charge density
(Lu and Mow, 2008). Fluid flow out of the disc during loading increases the fixed charge density
and internal osmotic pressure, causing a pressure gradient between the internal and external
tissue environments (Gray et al., 1988). This osmotic pressure gradient is considered to be the
driving force for fluid flow into the disc during recovery. However, the osmotic environment of
the disc in vivo is not well known.



There is a discrepancy reported for the flow-dependent recovery behavior between in vivo
and in vitro studies. While in vivo studies have observed complete recovery of disc height and
water content upon unloading, many in vitro studies have reported incomplete disc height
recovery within a time scale comparable to in vivo conditions (approximately 16 hours of loading
and 8 hours of recovery) (Botsford et al., 1994; O’Connell et al., 2011; Reitmaier et al., 2012;
Vergroesen et al., 2014). Despite discrepancies between in vivo and in vitro studies, in vitro
studies are helpful to determine the effect of different factors (e.g. preload and disc hydration) on
disc mechanics separately without confounding effects of multiple variants (Veliskova et al.,
2018).



3. Radial variation in biochemical composition of the bovine caudal
intervertebral disc'

3.1. Introduction

Animal discs have been widely adapted to study relationships between intervertebral disc
structure and function. In particular, bovine caudal discs have been excellent models for studying
biomechanical behavior of healthy discs, because of increased tissue availability and larger disc
size (O’Connell et al., 2007b). Despite some morphological differences, such as increased
circularity, bovine discs exhibit biochemical and mechanical properties similar to healthy human
discs (Beckstein et al., 2008; Bezci et al., 2018b; Demers et al., 2004; Showalter et al., 2012).
Biochemically, bovine discs have similar water, proteoglycan, and collagen contents as young,
healthy human discs. Mechanically, compressive and torsional properties of bovine caudal discs
are comparable to human discs after accounting for differences in disc geometry (Beckstein et
al., 2008; Showalter et al., 2012). Moreover, the quantity of notochordal cells in human and
bovine discs declines rapidly with age, an observation not seen in smaller animals (e.g. rat, pig,
cat, and rabbit) (McCann and Séguin, 2016).

Various analytical techniques have been used to characterize biological tissue structure
and composition. Traditional techniques include spectrophotometric assays of tissue digests and
immunohistochemical staining of fixed tissues (Boos et al., 2002; Farndale et al., 1982; Pattappa
et al,, 2012; Reddy and Enwemeka, 1996; Roberts et al., 2006). More recently, alternative
imaging and spectroscopy techniques have garnered significant interest, due to less destructive
protocols (Campagnola et al., 2002; Cheng and Xie, 2004). Such techniques include nonlinear
optical imaging, such as Coherent anti-Stokes Raman spectroscopy (CARS) and second-
harmonic generation (SHG) imaging (Reiser et al., 2007; Rodriguez et al., 2006). The combined
use of CARS and SHG provides simultaneous, high-resolution images of collagen fibers and
lipids (Evans et al., 2005). However, each measurement method has its own advantages and
limitations; as such, a rigorous compositional analysis should apply a variety of analytical
techniques.

It has long been known that biochemical and mechanical properties vary greatly
throughout the human intervertebral disc (Antoniou et al., 1996; Holzapfel et al., 2005; Iatridis et
al., 2007; Skaggs et al., 1994). However, comparisons are largely drawn between the nucleus
pulposus (NP) and the annulus fibrosus (AF) or through the thickness of the AF. Work by
latridis et al. highlighted spatial variations in biochemical composition of mild to moderately
degenerate human discs (latridis et al., 2007). Specifically, a linear decrease in water and
proteoglycan content was observed from the inner AF to the outer AF, and NP was reported as
being more heterogeneous than previously thought. Similar analyses have been performed to
quantify the spatial variation in bovine disc composition; however, these analyses have been
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limited in either spatial resolution or quantitative power. That is, only large, discreet disc regions
have been considered, such as comparing the NP with the AF or the inner AF with the outer AF
(Beckstein et al., 2008; Demers et al., 2004; Showalter et al., 2012). Other studies observed
radial variations in tissue composition with high spatial resolution using histology and
immunohistochemistry, but these techniques were limited in their ability to provide absolute,
quantitative values (Boos et al., 2002; Pattappa et al., 2012). More recently, Emanuel et al.
reported variations in disc composition with high spatial resolution using Fourier-transform
infrared imaging (FTIR), but this method only reports relative compositional changes in arbitrary
units (Emanuel et al., 2018).

Despite the extensive use of bovine caudal discs in spine research, the radial variations in
bovine disc composition have not yet been rigorously quantified with high spatial resolution.
Thus, the first objective of this study was to provide absolute quantitative measurements of
biochemical composition of bovine caudal discs with significantly increased spatial resolution
using traditional biochemical techniques. The second objective was to quantify the spatial
distribution of free and bound water content in the disc using Raman spectroscopy with
differential scanning calorimetry. The final objective was to simultaneously image collagen
fibers and lipid droplets throughout the disc using multi-modal imaging techniques (CARS and
SHQG).

3.2. Materials and Methods

3.2.1. Sample preparation

Fresh bovine caudal spine sections were acquired from a local butcher and stored at -
20°C (20 spines, age = 18-24 months). Caudal spines were thawed at room temperature and
surrounding musculature and ligaments were removed with a scalpel. Tails were then hydrated in
0.15 M phosphate-buffered saline solution (PBS) for 18 hours at 4°C to ensure that each
specimen and spine experience similar hydration histories prior to performing biochemical
analyses. Once hydrated, intervertebral discs were removed from the top two levels with a
scalpel (n = 38, Levels CI1-C3), wrapped in PBS-soaked gauze, and stored at -20°C for
biochemical analyses.

3.2.2. Biochemical analysis

Ten discs were randomly chosen and used for traditional biochemical analyses. Discs
were removed from the freezer and placed on a freezing stage microtome (-16°C) to prepare
specimens of concentric rings (Figure 4). First, the average disc diameter was measured with
digital calipers to estimate the approximate thickness of each layer (10 total layers). The first
layer was taken from the center of the NP, as a solid cylinder, using a biopsy punch (4 mm
diameter). Subsequent layers were removed as hollow cylinders with wall thickness of ~1 mm.
For inner layers, biopsy punches with diameters of 6 to 10 mm were used to create concentric
cylinders. Then, a scalpel was used to create concentric cylinders for the outer layers (diameter
~12-20 mm). Each hollow cylinder was cut and laid flat. Then, a rectangular tissue sample with a
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wet weight (WW) of approximately 90 mg was cut from the tissue strip (Figure 4). We assumed
that bovine disc composition along the circumference was consistent. Samples were then freeze-
dried in a lyophilizer for 48 hours and re-weighed to obtain dry tissue weight (DW). Water
content was calculated as the difference between wet and dry weights divided by wet weight
(i.e., [WW —DW]/WW). Each freeze-dried sample was digested in 1 mL of 2 mg/mL proteinase-
K solution at 56 °C for 24 hours.

Nucleus pulposus
\:m Transition zone
Annulus fibrosus

Figure 4: Schematic of sample preparation. A 4 mm cylindrical tissue was removed from the center of the disc
(Layer 1). Then, concentric layers of equal thickness were obtained (Layers 2-10). A ~90 mg tissue strip was
collected from each layer for analysis.

A

~90 mg

Proteinase-K tissue-digests were used to measure sulphated glycosaminoglycan (s-GAG),
collagen, and DNA contents. s-GAG content was measured using the 1,9-dimethylene blue dye-
binding (DMMB) assay (Farndale et al., 1986). Total collagen content was measured using the
orthohydroxyproline (OHP) colorimetric assay and assuming a 1:7.5 OHP-to-collagen mass ratio
(Hollander et al., 1994). DNA content was determined using the PicoGreen fluorescence assay
(Molecular Probes, Eugene, Oregon). Collagen, s-GAG, and DNA measurements were
normalized to wet and dry tissue weights to account for variations in initial tissue hydration and
to compare results across data reported in the literature.

3.2.3. Swelling ratio

Eight additional discs were used to evaluate bovine disc swelling properties. Tissue
samples were prepared and weighed as described above (i.e., ~90 mg specimens). Each sample
was immersed in 10.0 mL of 0.15 M PBS and allowed to freely swell for 16 hours at room
temperature (~23°C). After free swelling, samples were gently blotted and re-weighed to obtain
the tissue’s swollen weight (SW). The swelling ratio was calculated as the difference between
the swollen weight and initial wet weight normalized by the initial wet weight (i.e., [SW-
WW]/WW). A 1 mL aliquot of swelling solution was saved to determine whether s-GAGs
leached into the PBS solution during swelling. Swollen samples were digested using proteinase-
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K, and s-GAG contents of tissue digests and swelling solutions were measured using the DMMB
assay.

3.2.4. Raman spectroscopy

All Raman spectroscopic measurements were collected at room temperature (excitation at
632.8 nm; Horiba Jobin Yvon Labram spectrometer with Olympus BX41 confocal microscope).
Spectra were recorded over a wide frequency range (0 — 3800 cm™) for points located in the NP
and AF (n = 3 discs). Raman data were post-processed by performing a baseline correction using
a piecewise linear fitting and smoothed using a Savitzky-Golay filter. To compare across
different regions, spectra were normalized to have the same intensity signal at 2945 cm ™', which
corresponded to the strongest CH vibrational line. Representative spectra for the NP and the AF
were obtained by averaging twelve spectra taken from each region. The low frequency region (<
300 cm™') was excluded from the spectra, due to the high signal intensity from the Rayleigh line
(Gniadecka et al., 1998a).

A narrower range of spectra data (2700 — 3800 cm™' range) was collected for 10 bovine
discs to measure radial distribution of water-to-protein content. Measurements were taken at
inner NP (i-NP), outer NP (0-NP), inner AF (i-AF), and outer AF (0-AF). Discs were freeze-
dried for 72 hours, and measurements were repeated on dry discs to measure the decrease in
water content associated with removal of free water molecules (Unal and Akkus, 2018).
Specifically, water-to-protein content of wet and dry discs was determined by taking the ratio of
integrated areas of OH and CH bands (3050 — 3800 cm™ and 2800 — 3050 cm™, respectively),
which is directly proportional to the relationship between water and protein/lipid molecules
(Parkes et al., 2017). Raman-based water-to-protein ratios were compared to data collected from
traditional biochemical analysis (i.e., water content / (collagen + s-GAG content) with respect to
the tissue’s wet weight). The average of two adjacent layers from the biochemical analysis was
used to estimate water-to-protein ratios for each region (i.e., i-NP: layers 1-2, o-NP: layers 3-4, i-
AF: layers 7-8, and o-AF: layers 9-10). The percentage of bound water with respect to total water
content was estimated by comparing water-to-protein ratios from dry and wet samples.

3.2.5. Differential scanning calorimetry analysis

Differential Scanning Calorimetry (DSC) measurements were acquired on inner NP and
outer AF tissue samples collected from seven bovine caudal discs (Mettler Toledo Model DSC 1,
Star® system). Specifically, wet tissue samples, 5 to 15 mg, were obtained with a scalpel and
hermetically sealed in aluminum pans. Weights of tissue samples and sealed pans were measured
before and after the test (NewClassic MS, Mettler Toledo; accuracy resolution = £0.0001 mg).
Prior to DSC measurements, pans were pierced to allow water evaporation during testing.
Samples were cooled to -30°C and held at -30°C for 15 minutes to allow water in the tissue to
freeze (heating/cooling rate = 10 °C/min). Then, the samples were heated to 180 °C, and dried at
180 °C for 30 minutes to determine mass lost during heating (mj.s; Figure SA). Mass loss was
reported as a percentage of initial tissue mass.

Crystallization temperature (T.) was defined as the peak exothermic temperature (e.g.,
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Figure 5 - peak near —10°C). Crystallization enthalpy (AH,) was calculated as the area under the
exothermic peak. The onset temperature of melting (T onset) Was defined as the temperature at
which the extrapolated baseline intersected with the tangent line of the linear region from the
melting curve during endothermic reaction (Figure 5B — dashed red lines) (Roos, 1986).
Maximum melting temperature (Tmmax) Was defined as the peak temperature during melting. The
latent heat of melting (AH,,) was calculated by finding the area under the melting peak (between
temperatures —20 to +15 °C; Figure 5B — shaded area). The amount of freezable water was
calculated by dividing the latent heat of melting (i.e., AHy,) by the melting enthalpy of pure ice
(330 J/g). The presence of a second endothermic phenomenon (temperatures > 60 °C) has been
associated with collagen denaturation (Samouillan et al., 2011). The onset (Tgonset) and
maximum temperature (Tqmax) of the denaturation curve were determined using the methods
described above for melting parameters.
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Figure 5: (A) Representative DSC curve. Negative heat flow values represent an endothermic response, while
positive heat flow values represent an exothermic response. (B) Detail from dashed boxed in Figure SA showing
onset temperature of melting (Ty, onset), Maximum temperature of melting (T max), and latent heat of melting (AH,,),
which was calculated as the area under the curve between -20 °C and +15 °C.

3.2.6. Multimodal nonlinear optical imaging

Collagen fibers and lipid droplets were simultaneously imaged using a multimodal CARS
and Second Harmonic Generation (SHG) microscopy system. A femtosecond optical parametric
oscillator (OPO), with dual output (Insight DS+, Spectra-Physics, Santa Clara, California) was
used as the excitation source and coupled into the inverted laser-scanning microscope chassis
(FV1200, Olympus, Waltham, MA). One output was tunable, and the other was fixed at 1040
nm. Imaging was performed using a 60x water immersion objective lens (UPLSAPO60XWIR,
Olympus). Lipid droplets were imaged with CARS by tuning the pump beam to 802 nm, such
that the beat frequency between the pump line and the fixed Stokes line at 1040 nm matched the
CHj stretching vibration of ~2850 cm™. Collagen fibers were visualized using the SHG and sum-
frequency generation (SFG) signals. Both signals were collected in the epi-direction and
separated from the excitation lasers by a shortpass 690 nm dichroic mirror. The CARS and
SHG/SFG signals were further separated by a shortpass 570 nm dichroic mirror, and both signals
were collected simultaneously by two external photomultiplier tubes. The SHG signal comprised
the combined contribution of the second harmonics of the pump and Stokes beams respectively,
as well as their sum-frequency signal.
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Bovine caudal discs (n = 3 discs from C1C2 or C2C3) were isolated from freshly
acquired tails, and used for multimodal imaging. A mid-sagittal slice was cut from each disc and
placed onto a glass coverslip (0.17 mm thickness) for imaging. Multiple images (image
resolution: 212 x 212 um) were collected on the same sample at inner NP (i-NP), outer NP (o-
NP), inner AF (i-AF), and outer AF (0-AF). Two-color images were produced using Matlab
(Mathworks, Inc.) to highlight collagen fibers (purple) and lipid droplets (green). The area and
count of lipid droplets were estimated from 2D binary images using ImageJ. The relative change
in SHG signal intensity was used as a marker for characterizing radial distribution of collagen in
bovine discs. To quantify collagen content for each tissue region, the mean signal intensity was
calculated and normalized by the applied voltage from the photomultiplier tube. Collagen
content of the inner NP, outer NP, and inner AF were reported relative to collagen content of the
outer AF.

3.2.7. Statistical analysis

All statistical analyses were performed in R (R Project for Statistical Computing, Vienna,
Austria). Exploratory data analysis indicated the presence of non-normal distributions; hence,
data were reported with median values, unless stated otherwise, and non-parametric statistical
analyses were preferred over parametric analyses. Significance was assumed at p < 0.05 for all
statistical analyses.

For traditional biochemical analyses, disc regions were defined a priori based on visual
inspection of the NP and AF boundary, where layers 1 to 4 represented the NP, layers 5 to 6
were in the transition region between the NP and AF, and layers 7 to 10 represented the AF
(Figure 4). The Kruskal-Wallis test, followed by Mann-Whitney U pairwise comparison tests,
was conducted to determine within-region differences in properties. Pairwise comparisons were
only conducted to detect differences within each tissue region (i.e., within NP or AF layers).
Additionally, a Mann-Whitney U test was performed to compare biochemical properties between
the NP and AF by pooling data from each region (layers 1-4 for NP and layers 7-10 for AF). A
Bonferroni correction was used to account for multiple comparisons.

A two-way analysis of variance (ANOVA), followed by post-hoc analysis with Holm-
Bonferroni correction, was performed to evaluate differences in water-to-protein ratios measured
by the traditional biochemical analysis and Raman spectroscopy (factors = disc region and
measurement method). A similar analysis was conducted to compare relative collagen content
distribution from the normalized SHG signal and traditional biochemical analysis. For DSC data,
a Mann-Whitney U test was performed to compare NP and AF thermal properties. Median and
interquartile range (IQR) were reported for each thermal property.

3.3. Results

3.3.1. Traditional biochemical assays
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Water and s-GAG contents were relatively constant throughout the NP (i.e., layers 1-4),
except the water content of layer 1, which was significantly greater than the water content of
layers 3 and 4 (p < 0.05; Figure 6A-B). No other differences in NP water content (p > 0.3) or NP
s-GAG content were observed (p > 0.8; Figure 6C-D). In contrast, both water and s-GAG
contents decreased from the inner AF to the outer AF (i.e., layer 7-10; Figure 6). Overall, NP s-
GAGs accounted for 30% to 36% of the tissue’s dry weight (i.e., 300-360 mg/g) or 6% by wet
weight (i.e,, 60 mg/g). In the AF, s-GAGs accounted for 5% to 20% of the tissue’s dry weight
(i.e., 50-200 mg/g) or 1% to 5% by wet weight (i.e., 10-50 mg/g; Figure 6C-D). The water to s-
GAG ratio did not change significantly within the NP; however, the water to s-GAG ratio of
layer 10 was significantly greater than that of the inner AF layers (i.e., layers 7-8, p < 0.05;
Figure 7).
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Figure 6: Radial distribution of water content normalized by (A) dry weight (DW) and (B) wet weight (WW). Radial
distribution of sulfated GAG content normalized by (C) dry weight and (D) wet weight. Circles indicate individual
data and red dashes indicate median values for each layer. NP and AF biochemical properties were compared using
a Mann-Whitney U test on pooled data from Layers 1-4 (NP) and Layers 7-10 (AF; * represents p < 0.05).
Differences in biochemical composition within each region (i.e., shaded areas) were assessed using a Mann-Whitney
U test with Bonferroni correction. Layers that do not share the same letter are significantly different (p < 0.05).

Collagen accounted for 28% to 47% of the NP’s dry weight (i.e., 280-470 mg/g) or 4% to
9% by wet weight (i.e., 40-90 mg/g). In the AF, collagen accounted for 58% to 80% of the
tissue’s dry weight (i.e., 580-800 mg/g) or 14% to 29% by wet weight (i.e., 140-290 mg/g -
Figure 8A-B). Collagen content normalized by dry weight in the outer AF was 2.5-fold greater
than the collagen content at the disc center (6.6-fold difference when normalized by wet weight;
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Figure 8A-B). However, no statistically significant differences were detected between layers in
the NP or AF when collagen content was normalized by dry tissue weight (Figure 8A).
Conversely, normalizing collagen content by wet weight indicated a statistically significant
difference between layers 7 and 10 (p = 0.01; Figure 8B).
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Figure 7: Radial distribution of water content normalized by sulfated GAG content. Circles indicate the individual
data and red dashes indicate the median values. Values >100 in the last layer were omitted for clarity (n = 2 omitted
values). NP and AF biochemical properties were compared using a Mann-Whitney U test on pooled data from
Layers 1-4 (NP) and Layers 7-10 (AF; * represents p < 0.05). Differences in biochemical composition within each
region (i.e., shaded areas) were assessed using a Mann-Whitney U test with Bonferroni correction. Layers that do
not share the same letter are significantly different (p < 0.05).

DNA content normalized by both dry and wet tissue weight was relatively consistent
from the NP to the inner AF (Figure 8C-D). The median NP DNA content was 270 ug/g DW or
48 ng/g WW. Although DNA content was relatively constant from the NP to the inner AF, the
median DNA content was higher in the outermost layer (Layer 10 — 607 pg/g DW or 209 ug/g
WW; Figure 8C-D).

3.3.2. Swelling ratio

The swelling ratio decreased from 1.85 at the disc center to 0.5 in the outer AF, which
represents a 185% increase in NP tissue mass and a 50% increase in outer AF tissue mass with
swelling (Figure 9A). s-GAG leaching from tissue specimens was observed during free-swelling
and the amount of leached s-GAGs was greater for the NP compared to the AF (p < 0.001 for NP
versus AF; Figure 9B). s-GAG leakage corresponded to ~50% of the total s-GAG in the NP and
~30% of the total s-GAG in the AF (Figure 9D).

3.3.3. Raman spectroscopy
Raman spectra peaks were similar for the NP and AF, with sharp peaks at 863, 940, 1252,

1455 and 1661 cm™. Bands associated with amino acids and lipids dominated the spectral
fingerprint for both regions (Figure 10A — < 1,800 cm™). Bands located at 2800 to 3020 cm™
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were associated with stretching modes of CH, and CHj, while bands at 3020 to 3800 cm™ were
associated with total water content (i.e., free and bound water; Figure 11A). Moreover, the water
spectrum was complex and exhibited contributions from multiple smaller peaks.
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Figure 8: Radial distribution of collagen content normalized by (A) dry weight and (B) wet weight. Radial
distribution of DNA content normalized by (C) dry weight and (D) wet weight. Circles indicate the individual data
and red dashes indicate the median values. NP and AF biochemical properties were compared using a Mann-
Whitney U test on pooled data from Layers 1-4 (NP) and Layers 7-10 (AF; * represents p < 0.05). Differences in
biochemical composition within each region (i.e., shaded areas) were assessed using a Mann-Whitney U test with
Bonferroni correction. Layers that do not share the same letter are significantly different (p < 0.05).

The water-to-protein ratio was 7.5 at the disc center and decreased from the center of the
disc to the outer AF (p < 0.001; Figure 10B-C). Importantly, the water-to-protein ratios of the
inner NP and outer NP were significantly different (p = 0.012). Furthermore, the water-to-protein
ratios obtained from Raman spectra agreed well with measurements from traditional biochemical
assays (Figure 10C - solid versus light bars; two-way ANOVA: p = 0.09 for measurement
method and p = 0.001 for disc region). The absolute amount of bound water content did not
depend on disc region (p = 1.0; Figure 11A); however, bound water accounted for 3% of the total
water content in the NP and 11% of the total water content in the outer AF (Figure 11B).
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Figure 9: Radial distribution of (A) swelling ratio, (B) s-GAGs leached into the swelling solution normalized by dry
weight, (C) total s-GAG normalized by dry weight, and (D) leached s-GAG normalized by total s-GAG. Circles
indicate individual data and red dashes indicate median values. NP and AF biochemical properties were compared
using a Mann-Whitney U test on pooled data from Layers 1-4 (NP) and Layers 7-10 (AF; * represents p < 0.05).
Differences in biochemical composition within each region (i.e., shaded areas) were assessed using a Mann-Whitney
U test with Bonferroni correction. Layers that do not share the same letter are significantly different (p < 0.05).
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Figure 10: (A) Representative Raman spectra for nucleus pulposus (NP) and annulus fibrosus (AF) specimens. (B)
Spectra from four regions within the disc to assess water content distribution, and (C) comparison of water-to-
protein ratios collected from Raman spectroscopy (dark bars) and traditional biochemical analysis (light bars; two-
way ANOVA — p = 0.09 for measurement method and p = 0.001 for disc region). Pairwise comparisons were
performed using t-tests with Holm-Bonferroni correction. Layers that do not share the same letter are significantly
different (p < 0.05).
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Figure 11: (A) Bound water content normalized by total protein content, and (B) percentage of bound water content
with respect to total water content. Circles indicate the individual data and black dashes indicate the median values.
Changes in biochemical composition were determined by performing Kruskal-Wallis test followed by pairwise
comparisons using Mann-Whitney U test with Bonferroni correction. Layers that do not share a letter are
significantly different (p < 0.05).

3.3.4. DSC analysis

The endothermic peak observed between -20°C and +10°C was associated with melting
of ice, and the peak between 80°C and 150°C was associated with possible denaturation of tissue
collagen (Figure 5A). There were no obvious differences in crystallization temperature (T.),
onset temperature of melting (Tmonset)y mMaximum melting temperature (Tmmax), oOnset
temperature of denaturation (Tgonset), and maximum denaturation temperature (Tqmax) between
the NP and AF (p > 0.09; Table 3.1). However, enthalpy of crystallization (AH.) and latent heat
of melting (AH,,) were greater in the NP than the AF (Table 1). The median latent heat of
melting in the NP was 246 J/g, indicating that 75% of the water in the NP was freezable water
(i.e., AHy/ AH pureice). In contrast, the average total amount of freezable water in the AF was
65%.

Collagen denaturation was observed at temperatures as low as 65 °C, while the maximum
temperature of denaturation (Tgmax) occurred near 110 °C (Figure 5A). The denaturation curve of
the samples exhibited a small kink at lower temperatures (65°C-70 °C; * in Figure 5A). Heating
specimens above Tqresulted in more than 70% tissue mass loss (0.82 g/g WW loss in the NP and
0.71 g/g WW loss in the AF — Table 1).

3.3.5. Multimodal nonlinear optical imaging

Multimodal images showed fiber architecture and the presence of lipid deposits in the
disc (Figure 12A). The relative change in the SHG signal intensity throughout the disc was
similar to the relative change in collagen content observed from the OHP assay (Figure 12B;
two-way ANOVA: p > 0.9 for measurement method and p < 0.001 for disc region). Lipid
deposits were distributed equally throughout the disc and appeared either as a single droplet or as
clusters of small droplets (Figure 12C). However, there were noticeable differences between
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discs used for imaging lipids. That is, two of the three discs had a large amount of lipid droplets,
while one disc had few to no lipid droplets. The distribution of lipid droplet area was highly
skewed, such that 80% of lipid droplets were smaller than 5 um® (diameter ~ 2.5 um), while the
largest droplets had an area of ~230 pm” (diameter ~ 17 pm).

Table 1: NP and AF values from differential scanning calorimetry

Region T,CC) | AH, (J/g) |Tppnset CO)| Tonamax CC) | AH, (1/8) | Ty pner CC)| Ty e °C) | my, (/) | WC (/)
-12.8 303* -4.0 1.7 246* 97 106 0.82* 0.75*

NP (-13.8,-11) | (284,319) | (-4.2,-3.1) | (1.4,2.8) | (236,255) | (87,99) | (104,107) |(0.80, 0.83)|(0.71, 0.77)
-12.7 205* 3.7 42 214* 89 110 0.71% 0.65*

AF

(-16.9,-9.2) | (181,266) | (-38,-3.1) | (3.2,5.0) | (193,218) | (81,97) | (107, 119) |(0.68, 0.73)(0.59, 0.66)

Note: Data are expressed as median (interquartile range).

Abbreviations: AF, annulus fibrosus; my,,, mass loss; NP, nucleus pulposus; T, crystallization temperature; T, ..., maximum denaturation temperature; Ty e,
onset temperature of denaturation; Teomey Maximum melting temperature; T, ..., ONset temperature of melting; WC, water content; AH, crystallization
enthalpy; é\l/-lvulatent heat of melting.

*Significant differences between NP and AF(Mann-Whitney U test, P < 0.05).
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Figure 12: (A) Combined image from SHG (purple) and CARS (green, 2850 cm™') imaging. (B) Collagen content at
the inner NP (i-NP), outer NP (0-NP), and inner AF (i-AF) normalized by collagen content of the outer AF (o-AF).
Red circles represent SHG measurements, while black error bars represent mean + standard deviation from the OHP
assay. (C) Distribution of lipid droplet area throughout the disc obtained using the pooled data from the NP and AF.
Data from lipids with areas greater than 20 mm? (~2%) are not shown for clarity.

3.4. Discussion

In this study, several measurement techniques were used to characterize radial variations
in biochemical composition of bovine caudal discs. Specifically, water, sulfated GAGs, collagen,
and DNA contents were measured with traditional biochemical assays to obtain quantitative
measurements. Gravimetric water content was compared to measurements from Raman
spectroscopy and DSC. Combined CARS and SHG microscopy was used to visualize lipids
within the collagen fiber network, and explore the potential use of SHG imaging for measuring
relative collagen content in the disc.

Most numerical studies describe the NP as a homogeneous isotropic material, whereas
the AF is often described as a heterogeneous material (Sharabi et al., 2019; Williams et al.,
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2007). The results of the current study showed that the water content and water-to-protein ratio
of the inner NP were greater than the values measured for the outer NP. Meanwhile, the swelling
capacity (i.e., swelling ratio), collagen content, and DNA content were constant throughout the
NP. In contrast, the AF exhibited radial variations in all biochemical properties. Water and s-
GAG contents decreased, while collagen content increased from the inner AF to the outer AF,
and our findings agreed well with previous studies (Beckstein et al., 2008; Liu et al., 2018;
Showalter et al., 2012; van den Akker et al., 2017). Lastly, swelling capacity throughout the disc
depended on the initial s-GAG content, where NP explants experienced higher swelling ratios
than AF explants (Bezci et al., 2015; Urban and Maroudas, 1981).

Knowledge of cell density in healthy native tissues is important for regenerative medicine
strategies that aim to inject stem cells or implant cell-based engineered tissues for disc repair
(Sharma et al.,, 2014). The DNA content was constant throughout the NP, but increased
nonlinearly across the AF. DNA content throughout the majority of the AF (i.e., layers 7-9) was
comparable to NP DNA content (<100 pg/g WW). However, there was a 2-fold increase in DNA
content in the outermost AF layer. The increase in DNA content at the outer AF was most likely
due to greater access to nutrients from surrounding blood vessels and connective tissues (Nerlich
etal., 2007).

Similar to human disc tissue explants, bovine tissue explants released s-GAGs into the
solution during swelling, where a greater percentage of s-GAGs were released by tissues with a
greater initial s-GAG concentration (i.e., the NP) (Urban and Maroudas, 1981). Region-specific
differences in tissue properties, such as permeability, collagen architecture, and the size and
distribution of proteoglycan molecules, likely account for differences in swelling properties
between the NP and AF, as well as throughout the AF (Melrose et al., 1994; Péri¢ et al., 2005;
Urban and Maroudas, 1981). Furthermore, s-GAG leakage may increase as effective pore size
increases with swelling (Péri¢ et al., 2005). Importantly, GAGs are thought to primarily
contribute to compressive mechanical behavior, but recent work has highlighted the importance
of GAGs in AF tensile mechanics (Perie et al., 2006; Werbner et al., 2019). Thus, GAG loss
during long duration tests may affect tissue mechanics, particularly during tests that may include
partial or full recovery in an aqueous solution.

To the best of our knowledge, the spatial distribution of lipids within the disc collagen
network has not been presented. Hence, multimodal microscopy was used to obtain a quick
simultaneous imaging of collagen fibers and lipid droplets without the need of external dyes or
fixatives, as used for histology. Images confirmed the presence of lipid droplets (Franklin and
Hull, 1966). Lipids appeared throughout the disc, either as isolated spheres or as clusters, and the
majority of droplets were smaller than ~1.5 pm in diameter. Lipids have also been observed in
other collagen-rich connective tissues, and various factors, such as age, degeneration, diet, and
exercise, have been reported to influence lipid concentration (Bonner et al., 1975; Daemen et al.,
2018; Finlayson and Woods, 1975; Rabinowitz et al., 1979). This study only evaluated lipid
content in healthy discs, but it is possible that age and disease will affect the lipid concentration
in the disc, based on observations in cartilage and tendon (Bonner et al., 1975; Kannus and Jozsa,
1991). Additional work is needed to understand the role and concentration of lipids throughout
the disc with aging, degeneration, and diseases.
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Raman spectroscopy has been used to investigate biochemical composition of various
tissues, including cartilage, bone, skin, and brain (Albro et al., 2018; Lim et al., 2011; Pezzotti et
al., 2015; Unal et al., 2014; Wolthuis et al., 2001), but there has been little to no work on the
intervertebral disc. Similar to observations in other tissues, Raman spectra of bovine discs were
dominated by vibrational bands from structural proteins and lipids. As expected, there were
similarities between NP and AF spectra, due to similarities in tissue composition (i.e., water, s-
GAG, and collagen content). Raman spectra of the bovine disc exhibited sharp peaks at 863, 940,
1252, 1455, and 1661 cm™. Peaks at ~860 and ~940 cm™ have been previously identified as a
marker for C-C stretching vibrational mode of proline and hydroxyproline residues in collagen
(Bonifacio and Sergo, 2010; Flach and Moore, 2013). Bands with a peak at 1252 cm™ and 1661
cm™ have been associated with amide III and amide I, respectively, where amide I mainly
reflects the C=0O stretching vibration and the amide III band has contributions from several
chemical bonds (Gniadecka et al., 1998b; Talari et al., 2015). In biological tissues, amide bands
have been primarily used to study age- and disease-related alterations in protein secondary
structure and conformation (Gniadecka et al., 1998b; Manoharan et al., 1996; T¢llez Soto et al.,
2018). The peak at ~1455 cm™ corresponds to deformation vibrations of CH, and CH3 amino
acid side chains and lipids (Gniadecka et al., 1998a). It should be noted that Raman vibrations
have been related to more than one amino acid or chemical group, making it difficult to identify
differences in the fingerprint region. Hence, only predominant peak locations were reported and
compared between disc regions.

In contrast, differences in the high-frequency region (i.e., > 2800 cm™) were easily
identifiable and used to determine radial distributions of bound and free water (sometimes
referred to as ‘mobile’ or ‘freezable’ water) (Brooks, 1934; Tang et al., 2017; Unal and Akkus,
2018; Q. Zhang et al., 2011). While freeze- or air-drying tissue specimens is frequently used to
remove free water molecules, removal of bound water is more difficult, requiring drying under
very low pressures and high temperatures or chemical treatments (e.g., acetone or ethanol) (Agee
et al., 2015; Unal and Akkus, 2018). Hence, water content values commonly reported only refer
to the amount of free water in the tissue (Antoniou et al., 1996; Cortes et al., 2014; Iatridis et al.,
2007). We measured the contribution of bound water to the total water content by evaluating
changes in Raman spectra after freeze-drying. Our finding suggests that only a small portion of
the total water content is bound to macromolecules in the matrix (i.e., proteoglycans and
collagen; 3% in the NP and 11% in the AF, Figure 11B). Thus, the majority of water molecules
are mobile and free to diffuse out of the disc during loading or dehydration. The relative bound
water content in the NP agreed well with reported values (~4%) for cartilage (Padalkar et al.,
2013; Unal and Akkus, 2018), but the concentration of bound water in the NP and AF was lower
than the concentration measured for bovine pericardium, skin, and muscle (25%-40%) (Aktas et
al., 1997; Samouillan et al., 2011; Tang et al., 2017).

Thermal properties of the bovine disc were determined to identify temperatures
associated with water freezing and melting, and collagen stability. The second endothermic peak,
observed to start at temperatures as low as 65°C, is associated with collagen denaturation, where
interchain hydrogen bonds rupture, causing irreversible damage to the collagen structure (Huang
et al., 2019; Samouillan et al., 2011). Denaturation temperatures for AF and NP were similar to
each other and to other biological tissues, such as bovine pericardium, rat-tail tendon, and human
skin (Miles and Ghelashvili, 1999; Samouillan et al., 2011; Tang et al., 2017). The small kink
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observed between 65°C and 70°C (Figure 5 — ‘*’) has been associated with cleavage of weak
bonds between water and matrix macromolecules or conformational changes within fibrils (e.g.,
partial fibril shrinkage), rather than breaking of stronger bonds, which occurs at a slightly higher
temperature (~80°C) (Bozec and Odlyha, 2011; Chae et al., 2009).

This study is not without its limitations. First, there was high variability in measured
properties despite our attempts to minimize potential sources for variation (e.g., pre-hydrating
tails to provide similar hydration history for each specimen). Second, we only measured major
proteins found in the disc. For example, the NP and inner AF are comprised of mostly type II
collagen, while the outer AF contains predominantly type I collagen (Antoniou et al., 1996). It is
also known that other types of collagen exist, as well as elastin and non-collagenous proteins
(Ghosh et al., 1977). Despite the wide use of SHG microscopy for label-free imaging of collagen
fibers, this technique cannot be used to visualize all types of collagens, such as collagen type III,
which emits a weak SHG signal (Ranjit et al., 2015). Third, Raman spectroscopy and multimodal
imaging can be used to investigate biochemical composition at a molecular level, but assessing
protein structures at that scale was not the primary focus of this work. Lastly, water was mainly
referred to as being bound or free; however, the complex water spectra suggest the presence of
multiple distinct water fractions as suggested in previous studies (e.g., weak versus strong
hydrogen bonds, free, or bulk water) (Kudo et al., 2014; Unal and Akkus, 2018). Further
analyses of the complex water spectra may provide insights into the structure of different water-
protein interactions in biological tissues, particularly with respect to age- or disease-related
changes.

In summary, a variety of measurement techniques were employed to characterize radial
variations in bovine caudal disc biochemical composition. Traditional biochemical analyses were
used to provide absolute, quantitative measurements. Furthermore, Raman spectroscopy was
used to obtain radial distributions of bound water content. Some heterogeneity was observed in
the NP, where the water content and water-to-protein ratio of the inner NP were greater than the
outer NP. In contrast, the bovine AF exhibited a more heterogeneous distribution of biochemical
properties. To better capture native tissue mechanics, computational studies should incorporate
both compositional and structural heterogeneities. Furthermore, this study highlighted the
potential use of less destructive techniques, such as multimodal imaging and Raman
spectroscopy, to characterize biochemical composition. Comparable results between OHP assay
and SHG imaging highlight the potential benefit of using SHG microscopy as a less destructive
method for measuring collagen content, particularly when relative changes are of interest. Future
work will use non-destructive, label-free measurement techniques to investigate the effect of age
and disease on the distribution of biochemical composition in animal and human discs.
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4. Osmotic pressure alters time-dependent recovery behavior of the
intervertebral disc’

4.1. Introduction

The intervertebral disc is subject to a wide range of compressive loads that cause
fluctuations in mechanics, water content, and disc height (Costi et al., 2002; Wilke et al., 1999).
The water contents of the nucleus pulposus and annulus fibrosus are altered by proteoglycan
composition and osmotic pressure (Bezci et al., 2015; Malko et al., 2002; McMillan et al., 1996;
Sivan et al., 2006). A decrease in proteoglycan content with injury or degeneration decreases the
tissue’s swelling capacity, altering fluid flow behavior into and out of the disc (Pearce et al.,
1987; Roughley, 2004; Urban and McMullin, 1988). Fluid flow out of the disc occurs through
mechanical loading, while fluid flow into the disc occurs through passive diffusion due to an
imbalance of ions between the disc and its surrounding environment (Ayotte et al., 2001;
O’Connell et al., 2011; Schroeder et al., 2007; Vergroesen et al., 2016). However, the role of
osmotic pressure in fluid flow into the disc has not been well studied and is important for
understanding disc recovery mechanisms.

The intervertebral disc is a poroviscoelastic material that experiences large fluctuations in
water composition throughout a diurnal loading cycle. Mechanical loading on the disc results in
an initial elastic response, followed by a time-dependent response. The viscoelastic response is
influenced by intrinsic and extrinsic factors. Intrinsic factors include disc composition and
geometry, whereas extrinsic factors include load magnitude and duration (Gardner-Morse and
Stokes, 2003; Lu et al., 1996; O’Connell et al., 2011; Urban and Roberts, 2003). For example,
the porosity of the solid matrix contributes to the time-dependent response because of fluid
moving through pores with loading, providing the disc with its excellent resistance to
compression (Urban and Maroudas, 1981). Rheological models have been used to understand the
role of these factors on the disc’s time-dependent behavior, by monitoring disc height changes
during creep, or unloaded recovery (Vergroesen et al., 2016; Wilson et al., 2005). These models
have been valuable in demonstrating significant differences in material properties with loading
response, recovery behavior, injury, and degeneration (Hwang et al., 2012; Johannessen et al.,
2006; MacLean et al., 2007; O’Connell et al., 2011; Vergroesen et al., 2015).

A diurnal loading cycle includes large compressive loads that are sustained throughout
the day and reduced during bed-rest recovery. Previous studies demonstrated that the rate of disc
height recovery during unloading is 3 to 4 times slower than the rate of disc height loss during
loading, suggesting that passive diffusion of water molecules is not sufficient for full recovery
within 8 hours. Incomplete disc height recovery also results in additional disc height loss during
subsequent loading cycles (Schmidt et al., 2016b; Vergroesen et al., 2014). More recent work has
focused on the strong relationship between disc hydration and mechanical properties by using
osmotic pressure to alter water absorption and intradiscal pressure during loading (Bezci et al.,

2 Previously published as “Bezci, S.E., O’Connell, G.D., 2018. Osmotic Pressure Alters Time
dependent Recovery Behavior of the Intervertebral Disc. Spine (Phila. Pa. 1976).
https://doi.org/10.1097/BRS.0000000000002354”
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2015; Charnley, 1952; Drost et al., 1995; Schmidt et al., 2016b; Stokes et al., 2011). Stokes and
coworkers observed a decrease in joint stiffness with an increase in water uptake during stress-
relaxation (constant applied displacement) (Stokes et al., 2011). Vergroesen et al. demonstrated
that the effect of osmotic pressure on water absorption is highly dependent on magnitude of the
applied load (Vergroesen et al., 2014). However, it is not clear how osmotic pressure affects disc
recovery behavior under low loading conditions that simulate bed-rest conditions (Wilke et al.,
1999).

The intervertebral disc needs to maintain adequate hydration to absorb and transmit loads
to surrounding tissues (Chan et al., 2011; O’Connell et al., 2015). Our previous work used
osmotic pressure to evaluate the effect of disc hydration on mechanical behavior during loading.
We observed that hyperosmotic loading altered the time-dependent behavior by increasing the
apparent compression stiffness (Bezci et al., 2015). Although previous studies have investigated
the effect of osmotic swelling on water uptake during loading, it is still unclear how osmotic
swelling, decoupled from mechanical loading, alters recovery response, and nutrient transport.
Therefore, the objective of this study was to evaluate the effect of osmotic pressure on the
unloaded recovery response of healthy discs.

4.2. Materials and methods

4.2.1. Sample preparation

Five caudal spine sections from skeletally mature bovines were acquired from the local
abattoir (age ~18 months), and were selected based on their similarities to young and healthy
human discs in disc height, matrix composition, and mechanical properties (Alini et al., 2008;
Demers et al., 2004; O’Connell et al., 2007b; Showalter et al., 2012). As mechanical and
biochemical properties of the disc vary through the length of the spine, only the first three levels
of the bovine caudal spine were used in this study (Demers et al., 2004). Motion segments (n =
15) were prepared from the top three levels by removing the surrounding soft tissues and cutting
through the mid-transverse plane of the superior and inferior vertebral bodies with a band saw.
The inferior and superior vertebrae were embedded in polymetheylmethacrylate (PMMA) dental
cement to ensure parallel loading surfaces and parallel alignment of the disc’s mid-transverse
plane with the loading platens. Potted motion segments were wrapped with saline-soaked gauze
(0.15 M phosphate buffered saline, PBS) and frozen until testing.

Experiments were performed in a saline bath to provide continuous tissue hydration
during testing. PBS solutions were prepared at a concentration of 3.0 M, and then diluted with
de-ionized water to make 1.5, 0.75, 0.15, and 0.015 M PBS solutions (0.15 M PBS: 137 mM
NaCl, 2.7 mM KCIl, 5.4 mM Na,HPO,, and 0.6 mM KH;PO,). In addition, 1 N HCI or 2 N
NaOH was used to adjust the solution pH to 7.4. The osmotic pressure of the saline solutions was
calculated by the Van’t Hoff equation, 1 = MRT, where M is the solution molarity (mol/L), R is
the gas constant (8.3 J/mol-K), and T is the temperature (298 K).
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4.2.2. Mechanical testing

Samples were thawed in a refrigerated PBS bath for 24 hours to allow discs to reach
steady-state hydration, and then allowed to equilibrate to room temperature before testing
(Figure 13A). Motion segments were attached to custom grips in a water bath designed for an
858 Bionix hydraulic material testing machine (MTS Systems Corp., Eden Prairie, MN). A
nominal preload (20 N) was applied and held for 10 minutes to ensure that the loading platen
was engaged with the sample. Then, a 300 N axial compressive load (~0.5 MPa compressive
stress) (O’Connell et al., 2007b) was applied and maintained for 2 hours (Figure 13B). At the
end of creep, the PBS solution was replaced with fresh PBS using a water pump and samples
were allowed to recover for 12 hours at 20 N. All samples were tested in 0.15 M PBS during
creep; however, the PBS concentration was varied during recovery (0.015, 0.15, 0.75, or 1.5 M)
(Figure 13C), with the 0.15 M PBS serving as the control. Force and displacement were recorded
throughout the test.
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Figure 13: (A) Samples were hydrated in a saline bath (0.15 M PBS) before testing. (B) Samples were tested under
axial compression for 2 hours, followed by unloaded recovery for 12 hours. (C) Schematic of changes in disc height
during. A reference disc height (dashed line) was defined as the maximum disc height recovered under hyperosmotic
pressure (1.5 M PBS) and was used as a reference displacement. The difference between the reference displacement
and final displacement after recovery was measured for the other experimental groups (blue line) (i.e., 0.015 M, 0.15
M, and 0.75 M PBS). This difference in disc height recovery was used to estimate the osmotic condition that would
result in elastic-only recovery behavior, and this osmotic condition was referred to as the balance concentration.

Each sample was tested five times to perform a paired statistical analysis, and the testing
order was randomized with a 24-hour recovery in 0.15 M PBS between tests. Upon completion
of all saline recovery groups, the first test was repeated to confirm repeatability and to ensure
that the disc was not damaged or altered during testing. A paired Student’s t-test confirmed that
there were no significant differences between the first and last tests (p > 0.2). After mechanical
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testing, discs were removed from the surrounding vertebrae and visually examined to confirm
that they did not have any damage or degeneration.

4.2.3. Data analysis

Experimental data were analyzed using a custom-written Matlab algorithm (Mathworks,
Inc., Natick, MA). The time-dependent recovery response was curve-fit to a S5-parameter
rheological model that included two Voigt solids with a spring in series (Isqcurvefit function,
Equation 1). Each Voigt solid consists of a spring (Si, N/mm) and a dashpot (n;, N-s/mm) in
parallel, and describes the slow and fast time-dependent responses under an applied stress (time
constant t; = 1i/S;) (Johannessen et al., 2006; Keller et al., 1988; O’Connell et al., 2011). To
simplify the model to four parameters, the elastic response parameter (1/Sg) was fixed based on
the elastic displacement measured during recovery. Curve fits with a coefficient of determination
(R?) greater than 0.95 was considered a good fit.

d=1Lx l(i(l—e_%>>+<é<1—e_é>>+ il (1)

As the equilibrium time is known to take longer than 12 hours (O’Connell et al., 2011;
van der Veen et al., 2007), five additional samples were used to evaluate long-duration recovery
(48 hours) in 0.15 M PBS. Data from the long-duration recovery tests were used to confirm
model parameters determined from the 12-hour dataset. Once validated, the rheological model
was used to predict equilibrium displacement (d.q) and time (tq) for recovery. Equilibrium
displacement was calculated at t = oo, and equilibrium time was determined as the time where
displacement was 99% of the equilibrium displacement. Total recovery at equilibrium was
calculated as the displacement during recovery divided by the displacement during loading.

Finally, the saline concentration needed to yield a negligible viscous recovery response
was estimated as a balance between external osmotic pressure and internal pressure during
recovery. To calculate the ‘‘balance concentration’’, the disc height change at the end of
recovery was measured with respect to a reference point (Figure 13C — red arrow), which was
defined as the maximum disc height achieved during recovery in hyperosmotic loading (1.5 M
PBS) (Figure 13C — dashed line). A linear regression was used to describe the data, and the x-
intercept was defined as the balance concentration.

4.2.4. Statistical analysis

A one-way repeated measures analysis of variance (ANOVA) was performed on recovery
parameters, with a factor of osmotic loading condition. A Tukey post-hoc analysis was
performed to determine differences between groups. A two-way repeated measures ANOVA was
performed on the percent recovery after 4, 8, and 12 hours of recovery (factors of time and
osmolarity). All statistical analyses were performed using Matlab (p < 0.05 for significance).
Values were reported as mean + standard deviation, unless stated otherwise.
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4.3. Results

The instantaneous elastic displacement in creep was 1.06 + 0.28 mm and accounted for
40% of the total disc height loss during loading (2.74 + 0.69 mm; Ad/At at 2-hours = 0.41 + 0.10
mm/h; pooled averages). Elastic displacement during recovery was not altered with osmotic
pressure (0.53 £ 0.12 mm; p > 0.7) and accounted for approximately 30% of the total
displacement during recovery in the control group (0.15 M PBS).

Viscoelastic recovery was highly dependent on saline bath concentration and recovery
time (p < 0.0001) (Figure 14). Full disc height recovery was not observed within 12 hours for
any test group (Figure 14A). Approximately 36% to 50% of disc height recovery occurred within
the first 4 hours for all test groups. Recovery displacements for the 0.015, 0.15, and 0.75 M PBS
groups were significantly different at 4, 8, and 12 hours of recovery (p < 0.05; Figure 14B). For
the 0.015 and 0.15 M PBS groups, the disc height recovery increased over time (Figure 14B —
white and black bars). However, recovery in a hyperosmotic solution (e.g., 1.5 M PBS)
demonstrated a reverse trend in disc height recovery after ~4 hours of recovery, such that the disc
exhibited features of loading rather than recovery (Figure 14B — diagonal stripped bar).
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Figure 14: (A) Disc height change during recovery for a representative sample. Dashed vertical lines represent time
points used to calculate "percent-recovery", which was defined as the displacement during recovery divided by the
displacement during loading. (B) Percent-recovery after 4, 8, and 12 hours of recovery. The percent-recovery
increased over time for the control group (0.15 M PBS; p < 0.05, black lines). *Represents differences between the
osmotic loading group and the control.

The rheological model described experimental data well (R* = 0.99; Figure 15 — circles
versus solid line), except for the 1.5 M PBS group, because of the reverse trend during recovery
(Figure 14A — light grey line). Therefore, model parameters were only reported for 0.015, 0.15,
and 0.75 M PBS groups. The fast time constant, t;, was on the order of minutes, whereas the
slow time constant, T, was on the order of hours. The time constant and stiffness for the fast
response were not dependent on osmolarity (p > 0.3) (Figure 16A and B). In contrast, the slow
time constant decreased as bath osmolarity increased (p < 0.01; Figure 16C), whereas the
stiffness for the slow response increased with osmolarity (p < 0.0001) (Figure 16D).
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Figure 15: Disc height change from a representative sample. Circles represent experimental data, the grey line
represents the model fit, and the dashed black line indicates equilibrium disc height. Inset — A small subset of
specimens was allowed to recover for 48 hours, rather than 12 hours, to validate the predicted equilibrium time.
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Figure 16: (A-B) Fast response and (C-D) slow response model parameters. trepresents the time constant, which is
a function of the dashpot and spring stiffness in the Voigt models, and S; represents the spring stiffness. *Represents
p < 0.05 with respect to 0.15 M PBS control group.
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Figure 17: (A) Equilibrium time (t.;) for each osmotic group. (B) Percent recovery at equilibrium (t.). (C)
Contributions of elastic, fast viscous and slow viscous responses shown as a percentage of the total recovery for
each group. *Represents p < 0.05 with respect to 0.15 M PBS control group.
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Figure 18: Balance concentration (red dot) for a representative sample. The balance concentration was defined as the
x-intercept of a linear regression between the maximum disc height change during recovery and saline osmolarity
(see Figure 14).

The rheological model was used to predict equilibrium time and displacement. The
predicted equilibrium time and percent recovery using model parameters determined from the
12-hour recovery data agreed well with experimental data from 48-hour recovery tests (unpaired
Student t test, p > 0.33) (Figure 15 — dashed line vs. inset data). Equilibrium time was 33.0 £
10.7 hours for the 0.15 M PBS group and was altered with osmotic loading (p < 0.001) (Figure
17A). The equilibrium time for the 0.015 M PBS was 51.2 + 24.9 hours, which was ~1.5X
greater than the control group equilibrium time. In contrast, the equilibrium time for the 0.75 M
PBS group was 60% lower than the control group equilibrium time. Recovery at equilibrium was
dependent on PBS osmolarity (p < 0.001). The predicted recovery was 74 + 15% of the total disc
height loss during loading for the 0.15 M PBS group, whereas full recovery was predicted for the
0.015 M PBS group (104 + 18%) (Figure 17B). The relative contributions of each model
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parameter were dependent on osmolarity (p < 0.001) (Figure 17C). Slow viscous recovery was
the primary recovery mode for the hypo-osmotic and control groups (>60%), whereas the elastic
recovery was the primary mode for disc height recovery in the hyperosmotic group (~46%). The
balance concentration between mechanical loading and osmotic pressure was 1.23 = 0.16 M PBS
(Figure 18).

4.4. Discussion

During bed rest recovery, water is reimbibed into the disc. Full recovery of disc height
and water content is important for preserving the mechanical function of healthy discs. In this
study, we evaluated the influence of osmotic pressure on disc height recovery after creep to
elucidate the effect of fluid-flow dependent recovery mechanisms. External osmotic pressure was
created through ion imbalance between the saline solution and negatively charged proteoglycans.
The data reported here decouple fluid-flow dependent behavior from fluid-flow independent
behavior during recovery. That is, the elastic and short-term viscous recovery responses were
independent of osmotic pressure, whereas passive diffusion of water was highly dependent on
saline bath osmolarity and was the driving mechanism in long-term recovery.

The rheological model provided a simplified model of the disc to differentiate between
the short- and long-term viscous recovery. The physical meaning of short- and long-term
recovery responses, which correspond to the fast and slow time constants, is not well understood.
However, the model has been successful in noting differences in recovery mechanisms with
degeneration and nucleotomy (Johannessen et al., 2006; O’Connell et al., 2011). Previous studies
observed significant changes in the fast response as a result of compositional changes in the
nucleus pulposus, suggesting that the slow response may be related to fluid flow through the
annulus fibrosus. In the current study, osmotic pressure altered the slow response, but not the fast
response. Taken together, our findings agree with the notion that the fast response is governed by
flow-independent recovery (e.g., immediate or recovery in air), which is related to the intrinsic
properties of the disc. Therefore, discs subjected to severe morphological alterations with
degeneration or nucleotomy would likely manifest as differences in the fast recovery behavior.

The rate and magnitude of fluid-flow dependent recovery were highly sensitive to the
saline osmolarity that, in turn, governed disc height recovery. The increase in water uptake and
disc height recovery with hypo-osmotic pressure agrees well with data in the literature (Stokes et
al., 2011; Vergroesen et al., 2016). Mechanical loading (Vergroesen et al., 2016) and loading
from osmotic pressure during recovery hinder fluid-flow into the disc and disc height recovery
(Figure 14A). For example, disc recovery in the 1.5 M PBS group exhibited features of loading
after 4 hours of recovery, suggesting a change in fluid-flow direction from inflow to outflow.
During diurnal recovery, intradiscal pressure is ~80% lower than the stress measured during
standing (Wilke et al., 1999); however, little is known about changes in the tissue environment
osmolarity throughout a diurnal loading cycle (Urban and McMullin, 1988). These findings
suggest that full disc height recovery can be achieved in vitro through a combination of low
osmotic pressure and low mechanical loading.

The osmotic condition that limited disc height recovery to an elastic-only response after
creep was approximately 1.2 M PBS. Similarly, data reported by Vergroesen et al. demonstrated
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a balance between osmotic pressure and mechanical loading with respect to the disc’s ability to
increase water uptake during compression. The balance between mechanical loading and osmotic
pressure was near 1.8 MPa (1200 N for caprine discs) (O’Connell et al., 2007b; Y. Zhang et al.,
2011), which was half of the balance stress calculated for bovine discs in this study (~3.6 MPa
for 1.2 M PBS). Differences between the two studies are likely because of geometrical
differences in disc height and volume (disc height: caprine = 3 — 4 mm, bovine = 7 mm)
(O’Connell et al., 2007b; Y. Zhang et al., 2011), as the disc area, glycosaminoglycan content,
and water composition are comparable between the two species (~600 — 680 mm?®, ~600 pg/mg
dry weight) (Beckstein et al., 2008; Detiger et al., 2015; Y. Zhang et al., 2011). Establishing a
relationship between disc behavior and external osmotic pressure will be helpful for measuring
intradiscal pressure without the use of pressure sensors, which might alter disc mechanics
because of annular injuries (Elliott et al., 2008).

The bovine caudal disc is an ideal animal model to study disc mechanics of the healthy
human disc, based on similarities in biomechanical composition, disc height, swelling pressure,
and mechanical properties (Alini et al., 2008; Demers et al., 2004; O’Connell et al., 2007b;
Oshima et al., 1993; Showalter et al., 2012). However, the bovine discs do not exhibit signs of
degeneration or aging like the human disc (Demers et al., 2004). Negatively charged
proteoglycans of the intervertebral disc play a crucial role in tissue swelling, by attracting water
molecules into the disc. The proteoglycan content in the annulus fibrosus is lower in the bovine
disc than the human disc (Demers et al., 2004), suggesting that some differences may exist for
mechanical properties measured under osmotic loading conditions.

There are some limitations that should be noted. Bone-disc-bone motion segments were
used in this study to examine the individual response of a single intervertebral disc to osmotic
pressure, which limits our ability to observe differences in stress distribution with surrounding
tissues. During testing, creep was not long enough to reach equilibrium; however, loading was
intentionally kept short to investigate multiple recovery conditions for each specimen. Each
sample was tested multiple times to perform a paired statistical analysis. Although full recovery
in disc height was not observed, we did observe complete recovery in disc joint mechanics,
which is comparable to data in the literature (MacLean et al., 2007; O’Connell et al., 2011; van
der Veen et al., 2005). Disc rehydration behavior depends on many factors (Bezci et al., 2015;
O’Connell et al., 2011; Vergroesen et al., 2016). Direct comparison with data reported in the
literature is difficult because of variations with animal models, experimental protocols, including
recovery with an applied load, removal of endplates and adjacent vertebrae, and level of disc
degeneration (Charnley, 1952; Vergroesen et al., 2016, 2015). Therefore, future work will
investigate the effect of degeneration on time-dependent recovery mechanics with osmotic
pressure.

There are conflicting data in the literature about achieving full disc height recovery in
vitro (Johannessen et al., 2004; Kingma et al., 2000; Koeller et al., 1984; Solomonow et al.,
2000; van der Veen et al., 2007). Incomplete disc height recovery observed in this study for the
control group agrees with the results of previous studies (O’Connell et al., 2011; van der Veen et
al., 2007); however, the findings reported here demonstrate that osmotic pressure can be used in
combination with low mechanical loading to achieve full disc height recovery in vitro. In
conclusion, osmotic pressure causes significant changes in time-dependent recovery response of
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healthy discs. This study provides a better understanding of disc rehydration mechanisms and
will be important for understanding diurnal recovery of healthy, injured, and degenerated discs.
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5. Nonlinear stress-dependent recovery behavior of the intervertebral disc

5.1. Introduction

The intervertebral disc provides spinal stability and mobility while sustaining large
mechanical loads. Complex disc mechanics originate from its heterogeneous structure, inherent
viscoelasticity, and interstitial fluid-matrix interactions (Cassidy et al., 1990; Costi et al., 2008;
Hayes and Bodine, 1978). The disc consists of a gel-like nucleus pulposus surrounded by the
annulus fibrosus, which has a multi-layered angle-ply structure. Despite differences in
composition and structure, water is the primary constituent of both tissues (> 65% by wet
weight) (Antoniou et al., 1996; Iatridis et al., 2007). Moreover, the water content fluctuates by 15
— 25% during a diurnal cycle, with region-dependent differences in water loss (Botsford et al.,
1994; Martin et al., 2018; McMillan et al., 1996). Disc mechanical properties are sensitive to
hydration, which is altered by changes in tissue porosity, proteoglycan content, or osmotic
differential between the tissue and surrounding environment (Bezci et al., 2015; Werbner et al.,
2019). Furthermore, load-induced fluid flow enhances the transport of large solutes through the
disc (Ferguson et al., 2004; Urban et al., 1982). Thus, maintaining sufficient fluid flow into the
disc during low loading periods is essential for maintaining healthy disc function and cell
viability.

Measurable changes in disc height during diurnal loading or signal intensity of magnetic
resonance images provide an indirect measure of intradiscal fluid movement (Martin et al.,
2018). Mechanically, the disc responds to changes in load by undergoing an instantaneous elastic
deformation followed by a time-dependent deformation (Kazarian, 1975). Previous in vitro
studies used various empirical models to describe time-dependent deformation under creep,
stress relaxation, and recovery (Bezci and O’Connell, 2018; Burns et al., 1984; Johannessen et
al., 2004; Keller et al., 1990, 1987; O’Connell et al., 2011; Riches et al., 2002; Van der Veen et
al., 2013; Vergroesen et al., 2018). Although rheological models simplify complex deformations
into one-dimensional measurements, they have been useful for evaluating the effects of loading
history, hydration, injury, and degeneration on time-dependent behavior (Bezci and O’Connell,
2018; Burns et al.,, 1984; Campana et al., 2011; Cassidy et al., 1990; Hult et al., 1995;
Johannessen et al., 2004; Keller et al., 1990, 1987; Martin et al., 2013; O’Connell et al., 2011;
Pollintine et al., 2010; Vergroesen et al., 2018).

Mechanical loading forces water out of the disc during loading. However, fluid flow into
the disc during bed rest or low-loading recovery is partially driven by the osmotic difference
between the tissue and surrounding environment (Bezci and O’Connell, 2018). As a result, time-
dependent deformations in creep occur at a different rate than recovery (MacLean et al., 2007).
Recovery tests are often performed under a nominal load to mimic bed rest recovery, which is
predicted to be near 0.06 MPa for human discs (~100 N for L4L5 human discs) (Dreischarf et al.,
2016; Ferguson et al., 2004; O’Connell et al., 2007b; Schmidt et al., 2016b; Vergroesen et al.,
2014; Wilke et al., 1999). Recently, osmotic loading has been used to drive fluid flow in
glycosaminoglycan-rich tissues without altering the applied load (Kelly et al., 2013; Vergroesen
et al., 2016). Our previous work showed that recovery in a hyperosmotic environment (i.e., 1.5
M saline or 10x standard concentration) resulted in a shift in fluid flow during unloaded recovery
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(Bezci and O’Connell, 2018). During recovery in the hyperosmotic environment, fluid flow
switched from flowing into the disc, which was noted by an increase in disc height, to flowing
out of the disc (observed as a decrease in disc height).

To date, most studies refer to apparent time-dependent behavior as viscoelasticity,
although time-dependent disc mechanics have contributions from both inherent fluid-
independent viscoelasticity and fluid-dependent poroelasticity (Bezci and O’Connell, 2018).
Inherent viscoelasticity is often associated with stretching and sliding motion of collagen fibrils,
while poroelasticity is attributed to the flow of mobile water through the porous tissue matrix
(Argoubi and Shirazi-Adl, 1996; Oftadeh et al., 2018; Xu et al., 2013). Previous studies
suggested that poroelasticity dominates disc mechanics at long time scales, while viscoelastic
effects are present at short time scales, providing partial recovery of disc height within minutes
of unloading before poroelastic effects come into play (Bezci and O’Connell, 2018; Hsieh et al.,
2005; Lu and Hutton, 1998; Vergroesen et al., 2016). This observation has also been noted for
other biological tissues, such as brain and articular cartilage (Budday et al., 2017; DiSilvestro et
al., 2001; Suh and Disilvestro, 1999; Zhu et al., 1993).

The magnitude of compressive stress applied to the disc varies in magnitude with
changes in body posture, body weight, muscle activity, and external loads (Callaghan et al.,
1998; Han et al., 2013; Nachemson, 1981; Wilke et al., 1999). For example, stresses on the disc
while lifting an object in forward flexed posture are up to four times greater than the stress
experienced during standing (Nachemson, 1981; Wilke et al., 1999). In most studies that have
evaluated disc recovery behavior, a single load condition has been considered, making it difficult
to compare findings across studies (Bezci and O’Connell, 2018; Castro et al., 2014; Choy and
Chan, 2015; Johannessen et al., 2004; O’Connell et al., 2011; Riches et al., 2002; van der Veen
et al., 2007; Vresilovic et al., 2006). Therefore, the objective of this study was to quantify
unloaded disc recovery behavior after creep loading under a wide range of physiologically
relevant stresses.

5.2. Materials and methods

5.2.1. Sample preparation

Bovine caudal discs were used based on similarities to non-degenerate human discs with
respect to mechanical and biochemical properties (Beckstein et al., 2008; Bezci et al., 2018b;
Demers et al., 2004; Showalter et al., 2012). Moreover, bovine caudal discs from the upper tail
have large disc areas and heights in comparison to other animal discs, making it an attractive
animal model for investigating fluid flow and solute diffusion (Alini et al., 2008). Fresh-frozen
ox tails were purchased from a local abattoir, and the surrounding musculature was removed
with a scalpel (15 spines; age range = 16 — 18 months). Bone-disc-bone motion segments were
prepared from the top two levels of the caudal spine by making parallel cuts through the superior
and inferior vertebral bodies with a bone saw (n = 20; levels C1 — C3). Vertebral bodies were
embedded in polymetheylmethacrylate (PMMA) dental cement to ensure that the loaded surfaces
were parallel with the mid-transverse plane of the disc. Each motion segment was wrapped with
a saline-soaked gauze (0.15 M phosphate-buffered saline) and stored at -20°C until testing.
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Before testing, specimens were hydrated in 0.15 M phosphate-buffered saline at 4°C for 24 hours
and then equilibrated to room temperature for 2 hours to ensure steady-state hydration levels for
all samples.

5.2.2. Mechanical testing

First, a preliminary study was performed to determine the repeatability of disc recovery
behavior, because previous work demonstrated that creep behavior was not repeatable, even
after extended recovery (Bass et al., 1997; O’Connell et al., 2011). A nominal compressive
preload (10 N) was applied to ensure contact between the specimen and loading platens. Then,
each specimen (n = 8) underwent two cycles of creep-recovery loading, where each cycle
consisted of a 24-hour creep at 1200 N, followed by an 18-hour recovery period at 10 N
(Figure 19A). Based on the intradiscal pressure of human lumbar discs, the pressure that
corresponds to 10 N may be slightly lower than the pressure experienced during bed rest (i.e.,
lying supine) (Dreischarf et al., 2016; Wilke et al., 1999). Compression testing was performed
at room temperature using a servo-hydraulic material testing system equipped with a saline
bath to maintain hydration during testing (Figure 19A; MiniBionix 858, MTS Systems Corp.,
Eden Prairie, MN). The saline solution (0.15 M phosphate-buffered saline) was refreshed at the
beginning of each creep and recovery period.
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Figure 19: Schematic of experimental study design to evaluate (A) recovery behavior and (B) load-dependent
recovery mechanics. Black arrows indicate compression applied to the motion segment. Blue arrows indicate
expected fluid flow during each phase.
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Once repeatable recovery behavior was confirmed, disc recovery mechanics were
evaluated with respect to the applied compressive stress during creep. A nominal preload (10
N) was applied to ensure contact between the specimen and loading platens. Then, specimens
underwent three cycles of creep-recovery loading, where each cycle consisted of a 24-hour
creep at a pre-assigned load (100, 200, 300, 600, 900, or 1200 N; loading rate = 20 N/s),
followed by an 18-hour recovery period at 10 N (Figure 19B; total testing time = 126 hours).
The order of loading was randomized for each specimen. Changes in disc height were
monitored for an extended period of time during unloaded recovery to improve predictions of the
equilibrium recovery behavior (Van der Veen et al., 2013). Total testing time was limited to
testing times used in previous studies with long-duration test protocols (Korecki et al., 2007;
Vergroesen et al., 2018). A wide range of axial compressive loads was selected to represent the
wide range of pressures experienced in vivo (e.g., lying supine, relaxed standing, and lifting)
(Wilke et al., 1999).

5.2.3. Data analysis

Force and displacement were recorded throughout the test (acquisition rate = 1 Hz).
Changes in specimen height (or displacement) during recovery were calculated with respect to
the disc height at the end of the previous loading period. Initial recovery rate was calculated from
the slope of the displacement-time curve using the first 10 minutes of data. Similarly, the
recovery rate at 18 hours was calculated by using the slope of the displacement-time curve using
the data from the last hour of the testing. Time-dependent recovery behavior was evaluated by
curve fitting displacement data to a 5-parameter rheological model, using a non-linear least-
squares fitting algorithm (Isqnonlin function, Equation 2; Matlab, Mathworks, Inc., Natick,
MA). In Equation 2, parameters 1, and 1, denote time constants for the fast (or short-term) and
slow (or long-term) recovery responses, respectively. Parameters A; and A, denote asymptotic
displacement limits due to fast and slow recovery responses, respectively. To simplify the model,
the elastic response parameter, dg, was fixed based on the displacement measured at the end of
the unloading ramp.

d=dg+A,(1—e /1) + A,(1 — e t/%2) 2)

The rheological model was used to predict equilibrium displacement (d.,) and equilibrium
time (t.) for recovery. Equilibrium time was calculated as the time when displacement reached

95% of the equilibrium displacement. Individual contributions of elastic, fast, and slow
responses to disc recovery behavior were calculated as a percentage of equilibrium displacement
(i.e., total recovery response).

After mechanical testing, each motion segment was rehydrated in 0.15 M phosphate-
buffered saline for an additional 24 hours before removing the disc from the surrounding
vertebrae with a scalpel. A digital image of the transverse plane was taken to measure the
cross-sectional area. Applied compressive stress was calculated by dividing the applied load by
the cross-sectional area.
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5.2.4. Statistics

To assess the repeatability of disc recovery behavior, a paired t-test was used to compare
model parameters from the two recovery cycles. The relationship between applied creep stress
and recovery model parameters was estimated by fitting each parameter to three functions,
including linear, logarithmic, and power functions. The function with the lowest Akaike’s
Information Criterion (AIC) score was selected for further analyses. The AIC score was used to
evaluate goodness-of-fit because the coefficient of determination (R?) has been shown to be
inappropriate for nonlinear models (Spiess and Neumeyer, 2010). When a nonlinear relationship
was found, data were log-transformed to convert a nonlinear relationship to a linear one. For
linear relationships, the coefficient of determination (R”) was used to determine the strength of
the correlation. R* values greater than 0.5 were defined as strong correlations, whereas moderate
correlations were assumed for 0.3 < R*< 0.5. Any R’ values less than 0.3 were interpreted as
weak correlations.

Mixed effects models were performed to evaluate the statistical significance of applied
creep stress and creep-recovery cycle number using the restricted maximum likelihood method.
Mixed effects models were chosen to incorporate both random (i.e., specimen information) and
fixed variables (i.e., applied load and cycle number). The effect of replicate measurements from
each disc and the spine that discs were collected from was evaluated by including disc level and
associated animal donor number as nested random variables. All statistical analyses were
performed using R software, and significance was assumed for p < 0.05.

5.3. Results

Force-displacement response during creep and recovery was nonlinear (Figure 20A).
Creep behavior reached equilibrium within ~12 hours; however, disc height recovery did not
reach equilibrium within the 18-hour period (slope = 0.59 + 0.02 mm/h >> 0; Figure 20A). The
rheological model fitted well to data collected during unloaded recovery (Figure 20B). Model
parameters were compared between the two recovery cycles to assess the repeatability of
recovery behavior and to ensure that damage did not occur during loading. Unlike the creep
response, recovery behavior was highly repeatable with no significant differences in measured
elastic and time-dependent displacements or model parameters between the two cycles (p >
0.48; Figure 20A).

For all compressive stresses, the recovery displacement-time curve was highly nonlinear,
with a gradually decreasing rate of deformation (Figure 21A). The initial recovery rate ranged
between 0.5 and 2.25 mm/h, and there was a nonlinear relationship between the recovery rate
and the applied creep stress (Figure 21B). After 18 hours of recovery, the recovery rate was less
than 0.10 mm/h and the 18-hour recovery period was insufficient to achieve equilibrium (Figure
21A & 21C). There was a slight nonlinear relationship between the initial displacement during
recovery (i.e., elastic recovery displacement) and the applied creep stress (Figure 21D).
However, there was a stronger nonlinear relationship between time-dependent recovery
displacement and the applied creep stress (Figure 21E), resulting in a strong nonlinear
relationship between the equilibrium displacement during recovery and the applied creep stress
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(Figure 21F). That is, the difference between recovery curves following 0.5 MPa and 1.0 MPa
creep was greater than the difference between recovery curves following 1.5 MPa and 2.0 MPa
creep (Figure 21A). As expected, cycle number did not impact elastic or time-dependent
recovery displacements (p > 0.5).
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Figure 20: (A) Representative sample showing displacement during two cycles of creep and recovery. (B)
Representative sample of axial displacement (or disc height) during recovery. Note that displacement was re-zeroed
at the beginning of each loading period. Blue circles represent experimental data (every 50™ point shown for clarity),
the black line represents the model fit, and the dashed red line indicates equilibrium displacement. Recovery was
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The relationship between asymptotic displacement limits for fast and slow recovery
responses (i.e., A and A,, respectively; Equation 2) and applied creep stress was nonlinear and
best described with a logarithmic function (p < 0.001; Figure 22A-B). The magnitude of A; was
an order of magnitude lower than the magnitude of A,. In contrast, time constants associated
with fast and slow recovery responses did not depend on applied creep stress (p > 0.08; Figure
22C-D). The fast time constant was on the order of minutes (range = 10 — 30 minutes), while the
slow time constant was on the order of hours (range = 8 — 17 hours; Figure 22C versus 22D).
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Figure 22: (A-B) Asymptotic limits of displacement due to (A) fast and (B) slow recovery behaviors. (C-D) Time-
constants associated with (C) fast and (D) slow recovery behavior. Circles represent experimental data and red lines
indicate logarithmic or linear best-fit lines.

In order to account for differences in recovery displacement due to the applied creep
stress, the S5-parameter rheological model was modified to incorporate the applied stress
(Equation 3), where t represents time (seconds) and o represents applied stress (MPa) during
recovery. Model parameters shown in Equation 3 represent average values for all specimens (i.e.,
the combination of relationships shown in Figures 21D, 22A, and 22B). The modified 5-
parameter rheological model well described disc recovery behavior with a single set of model
parameters, regardless of applied stress during loading (Figure 21A — circles versus lines).

d = 0.53x%57 + (0.18Inx + 0.61) * (1 — e~ t/1176) + )
(0.451nx + 2.54) * (1 — e~t/43200)
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Figure 23: Percent contribution of (A) elastic, (B) fast, and (C) slow responses to equilibrium recovery
displacement. Circles represent experimental data and red lines indicate linear best-fit lines.

Equilibrium recovery time was 36 + 7 hours and did not depend on applied creep stress
(p = 0.08). However, the contributions of elastic, fast, and slow recovery responses to the overall
equilibrium displacement significantly depended on applied creep stress (p < 0.01; Figure 23A-
C). The contribution of the elastic response to the overall equilibrium displacement was strongly
correlated with the applied creep stress (R* = 0.66; Figure 23A). Similarly, there was a
significant, but weak, positive correlation between the contribution of the fast time-dependent
response to the overall recovery behavior and applied creep stress (R* = 0.13; Figure 23B). Disc
height recovery associated with slow time-dependent response accounted for more than 50% of
the overall recovery displacement, regardless of the applied creep stress. Moreover, there was a
moderate negative correlation between the contribution of the slow time-dependent response and
applied creep stress (R> = 0.47; Figure 23C). For low stresses (~0.1 MPa), elastic and fast time-
dependent behaviors accounted for ~20% of the overall disc height recovery, whereas slow time-
dependent behavior accounted for ~80% of the overall disc height recovery. However, as the
applied creep stress increased (e.g., ~2 MPa), the contribution of elastic and fast time-dependent
responses increased to ~35%, while the contribution of slow time-dependent response decreased
to ~65%.

5.4. Discussion

The objective of this study was to characterize the stress-dependent recovery behavior of
the intervertebral disc, based on previous observations that noted differences in disc recovery
mechanics with loading history (Hwang et al., 2012; O’Connell et al., 2011; Schmidt et al.,
2016b; van der Veen et al., 2007). Repeatable measurements of mechanical properties are
important for eliminating confounding effects of loading history in studies that employ repeated-
measures test protocols. Hence, we first confirmed that the observed recovery behavior was
repeatable before evaluating the effect of loading history on recovery mechanics. We found
different time-dependent behaviors between the first and second creep cycles, in agreement with
previous findings (O’Connell et al., 2011; van der Veen et al., 2008). Despite differences in
creep behaviors, identical recovery responses were observed during the two recovery cycles.
Similar observations have been reported for ovine and porcine discs subjected to three creep-
recovery cycles with shorter loading and recovery periods (i.e., 15 minutes of loading and 30
minutes of recovery) (van der Veen et al., 2008, 2007). The discrepancy between creep and
recovery repeatability may be due to over-hydration of in vitro specimens before testing,

41



resulting in greater fluid flow during the first creep cycle, where fluid flow exchange reaches a
steady-state response after the third creep-recovery cycle (Dhillon et al., 2001; Veliskova et al.,
2018).

The intervertebral disc is a composite material that exhibits both poroelastic and
viscoelastic behaviors. Differences in the porosity of the nucleus pulposus and annulus fibrous
give rise to anisotropy in ion diffusivity and fluid flow throughout the disc (Gu et al., 2004;
Jackson et al., 2006; Sélard et al., 2003; Urban et al., 1977). During compression, much of the
initial response is absorbed by water in the tissue. However, over time, compression forces fluid
to flow out of the tissue, resulting in pore compaction and additional stress being absorbed by the
viscoelastic solid (Chagnon et al., 2010). Dehydration during loading has been observed to cause
shrinkage of collagen fibers, which may contribute to time-dependent changes in disc mechanics
(Andriotis et al., 2018). In addition, fluid flow out of the disc increases fixed charge density and
internal osmotic pressure, causing a pressure gradient with the external environment (Gray et al.,
1988). The findings from this study suggest that greater osmotic gradients caused by larger
compressive loads resulted in an increase in fluid flow rate and magnitude during recovery. This
finding also agrees with observations of our previous work, where greater disc height recovery
was achieved by performing recovery under a hypo-osmotic condition, which increases the
osmotic gradient between the disc and surrounding environment (Bezci and O’Connell, 2018).

We used a five-parameter rheological model, consisting of two exponential terms, to
characterize the time-dependent disc recovery behavior. As expected, a bi-exponential model
provided a better fit to the experimental data than a single exponential model. The choice of
using a bi-exponential model was also based on findings from previous studies that identified
changes in short-term (minutes) or long-term (hours) disc recovery mechanics with nucleotomy,
degeneration, and osmotic loading (Bezci and O’Connell, 2018; O’Connell et al., 2011;
Vresilovic et al., 2006).

Although multiple mechanisms coexist during time-dependent deformation, short-term
recovery has been predominantly associated with intrinsic viscoelasticity, rather than fresh fluid
being imbibed by the disc through the annulus (Bezci and O’Connell, 2018; Broberg, 1993;
O’Connell et al., 2011; van der Veen et al., 2005). In our previous work, altering the external
osmotic loading environment only influenced the long-term recovery behavior, where fluid
exchange with the surrounding environment is slower than the viscoelastic recovery of the solid
matrix or fluid redistribution within the disc (Bezci and O’Connell, 2018). Moreover, previous
studies did not observe any increase in nucleus pulposus pressure and fluid content during the
first 30 minutes of recovery, which is comparable to the time constant of the short-term recovery
response reported here (Reitmaier et al., 2012; van der Veen et al., 2005). Lastly, tests on
desiccated discs showed that creep and recovery were possible without water movement (Koeller
et al., 1984), which was further supported by our findings that discs exhibited a nonlinear
recovery response in air, without any signs of dehydration over an 18-hour recovery period
(Figure S1). Collectively, these findings suggest that recovery response on the order of minutes
is largely driven by the viscoelastic response of the solid matrix. In contrast, long-term time-
dependent recovery behavior has contributions from both intrinsic viscoelasticity and fluid flow.
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Asymptotic displacement limits for short- and long-term recovery responses increased
with creep stress, while associated time constants and predicted equilibrium time were
insensitive to creep stress. Our finding was in agreement with observations for rat discs, where
recovery time constant did not change with creep stress (from 0.5 MPa to 2.0 MPa) (MacLean et
al., 2007). However, the initial recovery rate, associated with short-term recovery, was ~4 times
greater following compression at 2.0 MPa than compression at 0.1 MPa. The increased rate of
initial recovery following larger compressive forces may allow for greater recovery to occur
within the same time frame as recovery following low compressive stresses. This finding has
potential clinical importance, as it suggests 8 hours of bed rest might be sufficient for discs to
achieve identical hydration levels, regardless of loading history.

The instantaneous and time-dependent recovery deformations were nonlinearly related to
compressive stress, highlighting the nonlinear “viscoelastic” behavior of the intervertebral disc.
The nonlinear viscoelastic mechanical behavior was expected based on observations on tendons,
ligaments, and vascular tissues (Hingorani et al., 2004; Pefa et al., 2011; Provenzano et al.,
2001; Troyer and Puttlitz, 2011). Changes in recovery deformation were more pronounced at low
compressive stresses, but the increase in recovery deformation diminished after compression at
higher stresses (e.g., recovery response following 1 MPa of creep). This complex behavior
cannot be comprehensively described by commonly used linear or quasi-linear viscoelastic
formulations with constant model parameters. This work showed that a modified five-parameter
rheological model with stress-dependent coefficients was adequate for describing recovery
behavior following a wide range of compressive stresses (Equation 3).

The relative contributions of elastic and time-dependent responses to disc height recovery
were sensitive to load magnitude. Elastic and fast time-dependent responses represented 20 —
40% of the total recovery deformation. However, the relative contribution of the elastic response
increased, while the relative contribution of slow time-dependent response decreased linearly
with increasing creep stress. This finding suggests that tissue elasticity may become more
important for disc height recovery from loading at larger compressive stresses. Increased loading
on the spine, such as in professions that require sustained heavy loads (e.g., factory workers or
military personnel), might alter disc recovery behavior and limit the convective transfer of
nutrients and metabolites necessary for cellular function.

This study is not without its limitations. First, we chose to use a 5-parameter rheological
model to conduct a quantitative assessment of early and late stages of recovery and to make
comparisons between tests with different loading magnitudes. However, an ideal constitutive
model should describe multiple loading and recovery phenomena with a single set of model
parameters. Second, we only investigated recovery behavior under static compression. However,
physiological loading is more complex, including dynamic and six degrees of freedom loading
(Amin et al.,, 2016; Bezci et al., 2018a). However, previous work observed similar time-
dependent behaviors between dynamic and static loading conditions (van der Veen et al., 2007).
Hence, overall trends reported in this study for static loads are expected to be similar to the
trends observed for dynamic loads. Lastly, disc mechanics are sensitive to many factors,
including loading rate, loading duration, hydration state, spinal level, specimen age, and
degeneration (Bezci et al., 2015; Keller et al., 1987; Kemper et al., 2007; Newell et al., 2017;
Przybyla et al., 2007). Our study design aimed to minimize the impact of these factors, but
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differences in test protocols (e.g., loading duration) between this study and previous studies
made it difficult to directly compare results, which remains to be a significant challenge in the
field (MacLean et al., 2007; van der Veen et al., 2007).

In conclusion, both short- and long-term time-dependent recovery behaviors strongly
depend on loading history, in particular, the magnitude of applied compression. The findings of
this study highlight the complexity of load-dependent fluid flow kinematics during recovery and
support the notion that multiple recovery mechanisms contribute to disc height recovery during
low loading periods, such as bed rest. Findings from this work, together with previous findings,
suggest that short-term recovery is primarily driven by the viscoelastic response of the solid
matrix, while long-term recovery response is driven by both intrinsic viscoelasticity and fluid
flow, which is driven by the osmotic gradient between the disc and surrounding environment. To
better understand the effect of both recovery mechanisms and fluid redistribution between the
nucleus pulposus and annulus fibrosus, more complex three-dimensional models and
experimental studies are needed.

5.5. Supplemental material
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Figure S1: Comparison of time-dependent recovery behavior in 0.15 M PBS (green) and air (blue; n = 5 per
condition). Shaded areas represent the difference between the tests that exhibited maximum and minimum
displacements during recovery. Discs in both experimental groups were subjected to a 24-hour creep at 1200 N,
followed by an 18-hour recovery at 10 N. Creep was performed in 0.15 M PBS, while recovery was allowed in
either 0.15 M PBS or air.

44



6. Time-dependent swelling behavior of the bovine caudal disc

6.1. Introduction

The intervertebral disc is an avascular heterogeneous composite structure, comprised of
the nucleus pulposus (NP), a soft hyperelastic material that represents 40-50% of the disc
volume, which is circumferentially encapsulated by the stiffer annulus fibrosus (AF) (latridis et
al., 2007; O’Connell et al., 2007b). Tissue composition varies spatially throughout the disc, with
water accounting for 70-85% of the tissue’s wet weight (Antoniou et al., 1996; Cortes et al.,
2014; Iatridis et al., 2007). Moreover, both tissues have a tendency to absorb water and increase
its volume by more than 50% (Bezci et al., 2019, 2015; Urban and Maroudas, 1981). The NP has
higher water content and swelling capacity than the AF, and previous studies have associated
differences in water content and swelling capacity to the higher concentration of negatively
charged glycosaminoglycans (GAGs) in the NP (Bezci et al., 2015; Perie et al., 2006; Urban et
al., 1979). Previous tissue-level experiments either examined relative differences in swelling
capacity of the two disc regions at a single time point or tested explant structures that did not
replicate in situ boundary conditions (e.g., annular ring versus AF explant) (Bezci et al., 2019,
2015; Cortes et al., 2014; Oftadeh et al., 2018; Tavakoli, 2017; Urban and Maroudas, 1981).
Hence, these findings provide limited understanding of the complex fluid-flow kinematics
throughout the disc.

Mechanical loading causes complex deformations that induce interstitial fluid
redistribution within the disc and fluid flow across the boundaries at the annulus periphery and
endplates. Intradiscal pressure increases as disc absorbs water and regains disc height during low
loading conditions (Bezci and O’Connell, 2018; Reitmaier et al., 2012; Vergroesen et al., 2014).
Direct measurement of fluid distribution within the disc is challenging. Hence, recent research
used quantitative magnetic resonance imaging to measure regional changes in intradiscal water
content with diurnal loading. Joint-level in vitro studies monitor disc height or intradiscal
pressure to indirectly determine the direction, magnitude, and rate of fluid flow during
physiological loading conditions. These studies observed differences in fluid-flow kinematics
with osmotic loading, loading conditions (i.e., mode, magnitude, rate and frequency), age, and
degeneration (Bezci and O’Connell, 2018; MacLean et al., 2007; O’Connell et al., 2011; van der
Veen et al., 2007). However, these observations were limited to the changes for the entire bone-
disc-bone motion segment, providing a lack of understanding of mechanisms for complex
intradiscal fluid flow behavior during recovery. Recent advancements in image-processing
algorithms have made optical, non-contact measurement techniques appealing for investigating
local tissue strains.

Swelling capacity and swelling-induced tissue deformations highly depend on the
boundary conditions (Yang and O’Connell, 2019). Healthy discs hydrated after removal of the
endplates and vertebral bodies experience a 50-60% increase in tissue weight, and the relative
effect of the endplate boundary condition decreases with degeneration due to decreased swelling
capacities of both the NP and inner AF (Jim et al., 2011; Yang and O’Connell, 2019). The effect
of boundary condition is greater for tissue explants, where testing NP-only specimens results in
significant increases in tissue weight under stress-free boundary conditions (Bezci et al., 2015).
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Specifically, the swelling ratio, defined as the increase in tissue weight (or volume) due to
swelling divided by the initial weight (or volume), decreases linearly from 1.85 at the disc center
(i.e., 185% increase in NP tissue weight) to 0.5 in the outer AF (Bezci et al., 2019).

Fluctuations in water content due to diurnal loading or compositional changes with
degeneration play an important role in intradiscal strain distributions during loading (Botsford et
al., 1994; Martin et al., 2018). Low tissue permeability hinders fluid flow, making disc height
recovery a slow time-dependent process that is dependent on loading history and the osmotic
differential between the tissue and surrounding environment (Bezci and O’Connell, 2018;
O’Connell et al., 2011; Schmidt et al., 2016b). As a result, discs in vivo and in vitro can achieve
different levels of hydration, which affect relative joint stiffness (Bezci et al., 2015; Schmidt et
al., 2016b). Despite numerous joint-level studies that investigated the time-dependent fluid-flow
behavior, there is limited information about swelling-induced intradiscal strain distributions with
respect to swelling time and boundary conditions. Therefore, the objective of this study was to
investigate time-dependent swelling behavior of the intervertebral disc ex situ.

6.2. Materials and methods

Two separate experiments were performed to evaluate time-dependent swelling behavior
of the intervertebral disc ex situ. The first objective was to investigate free-swelling behavior of
the whole disc and disc subcomponents separately (i.e., AF- or NP-only explants; Figure 24A).
The second objective was to evaluate the effect of swelling boundary conditions on in-plane
strain distributions of intact discs and discs with the NP removed (annular rings; Figure 24B).
The first group consisted of AF rings in contact with saline at the outer periphery and at the
center of the annular ring (Figure 24B — left, blue arrows). The second group included AF rings
in contact with saline solution only at the outer periphery. Finally, the third group included intact
discs in contact with saline at the outer periphery.

Fresh-frozen bovine tails were obtained from a local abattoir (13 spines, age: 16-18
months) and defrosted in 0.15 M phosphate-buffered saline solution (PBS) at room temperature.
Following the removal of surrounding musculature and ligaments, bovine discs were isolated
from the adjacent vertebrae with a scalpel and only the top three levels were used for testing (C2
— C4). Discs were visually examined for signs of damage (damage observed in 4 / 42 discs).
Intact, healthy discs were selected, wrapped with a saline-soaked gauze and stored frozen at -
20°C.

6.2.1. Free-swelling Experiment

Prior to testing, discs were thawed at room temperature. NP sections were harvested from
the disc center with a biopsy punch (diameter = 10 mm; Figure 24A). Residual NP tissue was
removed from the AF ring with a scalpel. Free-swelling behaviors of the intact discs, AF rings,
and cylindrical NP explants were investigated by immersing samples in 0.15 M PBS for 16 hours
(n = 7 per group). To quantify swelling, tissue wet-weight was measured before swelling.
Specimens were weighed every 15 minutes during the first two hours of swelling and weighed
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hourly after the initial two-hour period. Before measuring sample weight, excess surface water
was removed by gently blotting the tissue with a kimwipe.
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Figure 24: Study design for (A) free (3D) and (B) in-plane (2D) swelling experiments. Blue arrows represent
expected fluid flow due to contact from saline solution.

The swelling ratio (Q) was calculated the change in tissue weight during swelling with
respect to initial wet weight divided by the initial wet weight and reported as a percent (i.e., Q =
100 x (m; — m,)/m,). A stretched exponential function was used to describe swelling ratio as a
function of time (Equation 4), where model parameter Q.qrepresents equilibrium swelling ratio
(unitless), T is the time constant (hours), and P is the stretch parameter to describe nonlinearity
(unitless; bounded between 0 and 1) (Van der Veen et al., 2013).

Q(t) = Quq(1 — e~ /Dy 4)

6.2.2. In-plane (2D) Swelling Experiment
For 2D in-plane swelling experiments, parallel surfaces were created with a temperature-

controlled freezing stage microtome (n = 8-9 per group; Leica SM2400, Leica Biosystems Inc.,
IL, USA). After obtaining parallel surfaces, sample height was measured using a digital caliper
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and specimens were thawed at room temperature for speckle patterning. For AF ring specimens,
the NP was removed with a scalpel. To facilitate the digital image correlation (DIC) analysis,
India ink was airbrushed onto the top surface to create a speckle pattern (Figure 25). A nozzle
diameter of 0.3 mm was chosen to obtain an average speckle size exceeding the image pixel size
by a factor of 3 — 5 (Lionello and Cristofolini, 2014; Zhou et al., 2016).

Screws

Side view

: : 1 height

Figure 25: Schematic of experimental set-up for in-plane (2D) swelling experiments. A speckle pattern was applied
to the top surface of the whole discs and AF rings before submerging them in saline for 16 hours. Disc height was
fixed to avoid out-of-plane motion.

2D planar swelling experiments were performed in a custom-built swelling chamber
filled with 0.15 M PBS (Figure 25). An adjustable lamp was used for illumination during testing.
To perform 2D strain analyses, swelling in the z-direction (out-of-plane motion) was restricted
with a transparent glass lid (thickness = 2.45 mm, mass = ~20 g; Figure 25 — side view). Screws
to affix the glass lid were evenly spaced and the height of the lid was secured using nuts (120°
apart; Figure 25 — top view).

A digital monochrome camera equipped with a 75 mm lens was used to acquire images
for 16 hours (Fujifilm, USA, 1 frame/minute; 1920x1200 pixels, Grasshopper3 USB3, Model:
GS3-U3-23S6M-C; FLIR Systems, Inc., USA). DIC analysis was performed using commercial
software to calculate in-plane displacements (Ax and Ay) and Lagrangian strains (exx, &yy, and
Exy) (subset size = 111 pixels, step size = 5 pixels, incremental correlation; Vic-2D, Correlated
Solutions Inc., Columbia SC). DIC data were post-processed using a custom-written MATLAB
algorithm (Mathworks Inc, Natick MA). First, the disc edge and the boundary between the NP
and AF were manually selected (O’Connell et al., 2007b). Based on the boundary selection, disc
center and cross-sectional area were calculated and DIC data for pixels located outside of the
disc edge were discarded from further analysis. To remove any outliers, principal strains that
were +3 standard deviations away from the mean were eliminated (~5%). Next, radial
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displacement was calculated for each pixel by calculating the difference between the final and
initial radial locations with respect to the origin, which was defined as the disc center. Strain
components (&xx, €y, and &yy) were transformed from Cartesian to polar coordinates using the
rotation of axes (radial strain: &, circumferential strain: g9, and shear strain: &).

Test specimens were digitally segmented to identify the region-specific differences in
swelling behavior. In all three experimental groups, the AF was divided into three concentric
rings with equal thickness to describe region-dependent strains in the inner AF (IAF), middle AF
(MAF) and outer AF (OAF). For intact discs, the NP was analyzed as a single region of interest.
Mean radial and circumferential strain values were calculated for each region.

6.2.3. Water content analysis

6.2.3.1. Gravimetric water content measurement

After swelling experiments were completed, test specimens were freeze-dried in a
lyophilizer for 72 hours to measure specimen dry weight. For intact discs in free-swelling
experiments, the NP was separated from the AF using a scalpel. The NP explants and AF rings
obtained from the intact discs were weighed to measure swollen tissue weight and freeze-dried
separately to make comparisons with the water content measurements for tissue explants. Water
content of the test specimens in this study was calculated as the difference between the swollen
wet weight and dry weight normalized by dry weight. For specimens in the 2D swelling
experiment, a 4 mm biopsy punch was used to obtain cylindrical tissue samples from the inner
NP (INP) and the outer NP (ONP). Additionally, AF tissue strips with dimensions of 4 mm x 2
mm along the sample thickness were acquired from the inner AF and outer AF. The AF was
separated into two regions for biochemical analysis, instead of three as in the swelling analyses,
to compare post-swelling water content measurements with pre-swelling water content data
previously reported by our laboratory (Bezci et al., 2019). Water content of the test specimens
was calculated as the difference between the initial wet weight (WW) and dry weight (DW)
normalized by initial wet weight or dry weight to compare results across data reported in the
literature. Duplicate measurements for each NP or AF region were averaged for statistical
analysis.

6.2.3.2. Raman-based water content measurement

Three NP and AF tissue samples were randomly chosen from the first study for
qualitative assessment of swelling capacity using Raman spectroscopy (excitation at 632.8 nm;
Horiba Jobin Yvon Labram spectrometer with Olympus BX41 confocal microscope). Raman
spectra of each sample were collected in triplets over a frequency range of 2800 — 3800 cm', and
average spectra were calculated for the swollen NP and AF tissues. Representative spectra for
swollen tissue samples were compared to spectra for bovine NP and AF samples before swelling
(Bezci et al., 2019). Spectra were normalized to have the same intensity signal at 2945 cm |,

which corresponded to the strongest CH vibrational line.
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6.2.4. Statistics

All statistical analyses were performed in R (R Project for Statistical Computing, Vienna,
Austria), with significance assumed for p < 0.05. For Study 1, time-dependent changes in the
swelling ratio were reported for the 16-hour period. Swelling ratios of the intact disc, AF, and
NP specimens were compared using a one-way analysis of variance (ANOVA). Pairwise
comparisons were made between the NP and the AF, and between the AF and the whole disc.
For Study 2, the average disc height and area were calculated for each experimental group and
compared using a one-way ANOVA to ensure comparable disc geometry across groups. Mean
strain values were calculated at 2, 8 and 16 hours of swelling. For each experimental group, a
two-way ANOVA was performed to determine the effect of swelling time and region on
swelling-induced strains. Additionally, a separate two-way ANOVA was conducted to assess the
influence of the fluid boundary conditions on tissue strain for each annular region (factors = fluid
boundary condition and annular region = IAF, MAF, and OAF). Whenever significance was
detected, a Tukey post-hoc analysis was performed to compare groups.

Post-swelling water contents of the inner and outer NP were compared with previous pre-
swelling water content data using an unpaired Student’s t-test. Separate one-way ANOVA
analyses were conducted for each AF region to assess differences in post-swelling water content
across four different testing conditions. The Bonferroni correction method was used to account
for multiple comparisons.

6.3. Results

6.3.1. Free-swelling experiment

Swelling ratio (Q) changed nonlinearly with time for all tissue types, and the majority of
swelling was observed during the first 4 hours (Figure 26A). After 16 hours of free swelling, the
final swollen weight of NP explants was 200% greater than the initial wet weight, while the final
AF weight was 60% greater than the initial wet weight. Importantly, AF rings retained their ring
shape during swelling. However, the additional boundary constraint of the AF onto the NP
caused significant deformations along the axial direction during swelling, resulting in a disc that
resembled a sewing thimble (Figure 26B).

The final water contents of the NP explants after swelling were 21.6 + 2.9 g/g DW, which
were 2.5 times higher than the values measured for the water content of the NP in intact discs
(i.e., 8.5 £ 1.3 g/g DW). The final water content of the AF in intact discs was 30% lower than the
water content of the AF rings (4.35 + 0.26 g/g DW).

There was a significant difference in model parameters that described NP explant
swelling compared to parameters that described AF swelling behavior (p < 0.001; Figure 26C).
Specifically, the equilibrium swelling ratio (Qcq) of NP explants was 2.7X greater than the AF
Qcq (p < 0.001; Figure 26C). Similarly, Q.q of intact discs was 70% of the NP and was not
statistically different from AF explants (p = 0.4). The time constant (1) was lower for the NP than
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the AF, suggesting a higher swelling rate for the NP (p < 0.001). Due to the variation in t for the
whole disc, no significant differences were observed between the intact disc and tissue explants.
The stretch parameter () for NP explants and intact discs was 20-40% greater than  for AF
rings (p <0.03)
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Figure 26: (A) AF (red) and NP (blue) swelling ratio throughout the 16-hour free swelling period. Shaded area
represents the range (minimum to maximum) of experimental data. (B) Representative images of a swollen AF ring
and intact disc. (C) Parameters for the stretched exponential function. Comparisons are made between the NP and
the AF, and between the AF and whole disc. * Represents p < 0.05. Error bars represent one standard deviation.
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Figure 27: Comparison of Raman specta pre- (dashed lines) and post-swelling (solid lines) for the nucleus pulposus
(NP; red lines) and annulus fibrosus (AF; black lines).
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Raman spectra showed that the signal intensity for wavelengths above ~3000 cm™
increased with swelling in both the NP and AF (Figure 27; solid versus dotted lines). Similar to
observations from gravimetric measurements, change in signal intensity was greater for the NP
than the AF (Figure 27; red versus black lines). After swelling, water spectrum (>3000 cm™) for
the AF was similar to the spectrum for the NP before swelling.

6.3.2. In-plane (2D) Swelling Experiment

Discs used for the three experimental groups were comparable in height and area (p >
0.5, height = 540 £ 0.68 mm, area = 473 + 58 mmz). For AF rings, removed NP tissue
corresponded to 51 £ 3% of the total area.

For AF rings with fluid flow from both the center and periphery, there was a nonlinear
relationship between radial and circumferential strains with swelling time (Figure 28 A-B; Group
1). In general, radial strains were an order of magnitude greater than circumferential strains. All
AF regions experienced positive radial strains during swelling, with the magnitude of radial
strains being highest in the inner AF for all time points (p < 0.001 for region; Figure 28A &
28C). There was a significant increase in average radial strains with swelling time for all AF
regions (p < 0.014). After 16 hours, mean radial strain was approximately 0.65 mm/mm (or 65%)
in the inner AF and 0.10 mm/mm (or 10%) for the outer AF (Figure 28C). Negative
circumferential strains were observed in the inner AF, while positive circumferential strains were
observed in the outer AF. Circumferential strains in the middle and inner AF did not change after
2 hours of swelling (p > 0.2) and after 8 hours in the outer AF. After 16 hours of swelling, the
average circumferential strain was slightly compressive (-0.04 mm/mm or -4%) in the inner AF
and slightly tensile (< 0.02 mm/mm or 2%) in the middle and outer AF (Figure 28D).

Restricting fluid flow to only the AF periphery greatly altered swelling behavior (Figure
28C-D versus Figure 29A-B). Similar to the AF rings in Group 1, radial and circumferential
strains for AF rings in Group 2 increased with time. As expected, the greatest changes in
swelling behavior was observed in the inner AF, where radial strains decreased from 0.65
mm/mm in Group 1 to ~0.07 mm/mm when fluid was absent (90% decrease; Figure 28C versus
29A). Therefore, peak radial and circumferential strains in Group 2 occurred in the outer AF
(Figure 29A-B). The behavior of circumferential strains with respect to annular region was not
affected by the change in fluid flow. That is, circumferential strains in the inner AF were slightly
negative, while circumferential strains in the outer AF were positive (Figure 29B). Radial and
circumferential strains in the outer AF were stable after 2 hours of swelling (p > 0.09). In
contrast, inner AF radial and circumferential strains at 16 hours were greater than strains
measured after 2 hours of swelling (p < 0.05).
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Figure 28: Results for AF rings with fluid flow from the periphery and center. (A) Radial and (B) circumferential
strains during the 16-hour swelling period shown for a representative test specimen. (C) Radial and (D)
circumferential direction strains after 2, 8, and 16 hours of swelling (n = 8 per group). Red, green, and blue dots
represent data for the inner (IAF), middle (MAF), and outer (OAF) annulus fibrosus, respectively. Black lines
indicate mean values and dashed lines represent zero strain.

For intact discs (Group 3), strain analysis was initially performed on three separate AF
regions to identify spatial differences within the AF; however, no significant differences were
observed for circumferential or radial strains (two-way ANOVA, p > 0.1). Therefore, AF data
were pooled and reported for each time point (Figure 30). Within 2 hours of swelling, the NP
experienced negligible radial and circumferential strains (< 0.01 mm/mm or 1%), but the
magnitude of radial and circumferential strains continued to increase throughout 16-hour
swelling period (Figure 30 — red dots). After 16 hours, average NP radial strain was 0.08
mm/mm and the average circumferential strain was 0.04 mm/mm. In the AF, radial strains were
consistent after 8 hours of swelling (~0.06 mm/mm; Figure 30A — blue dots). In contrast,
circumferential strains in the AF increased throughout the 16-hour swelling period, with a two-
fold increase between 8§ and 16 hours (Figure 30B — blue dots). Circumferential strains in the AF
of intact discs were 2 to 5 times greater than strains measured in AF rings (Figure 30B versus
Figure 28D & 29B).
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Figure 29: (A) Radial and (B) circumferential strain measurements for AF rings without fluid flow from the center.
Data was collected throughout the 16 hour swelling period and analyzed at 2, 8 and 16 hours (n = 9 per group). Red,
green and blue colors represent data from the inner (IAF), middle (MAF) and outer (OAF) annulus fibrosus,
respectively. Black lines indicate the mean values, and the dashed line represents zero strain.

A.
2 hours 8 hours 16 hours 2 hours 8 hours 16 hours
0.125+ ° 8
E 0.100 ° o T 8
E 8 ) € 0.0504 o
E o) ~ g °
£ 0.075- T 8 € 8 | =
£ g = 0 =e= = S o
€ 0.050- ° 8 5 00257 ) °
& 8 | &8 8 5 £ 8
2 0.025: g © g 8 ° 8
; of | ¢ £ ool B0
0.0004-8-- - 4o °
Swelling time (hours) Swelling time (hours)
Group 3: NP AF

Figure 30: (A) Radial and (B) circumferential strain measurements for intact discs. Data was collected throughout
the 16 hour swelling period, and analyzed at 2, 8 and 16 hours (n = 8 per group). Red dots represent data from the
nucleus pulposus (NP) and blue dots represents data from the annulus fibrosus (AF). Black lines indicate the mean
values and the dashed line represents zero strain.

Similar trends were observed for water content normalized by wet and dry weights for
most disc regions (Figure 31A versus 31B). Swelling capacity of the inner AF was highly
sensitive to the fluid boundary condition (Figure 31 — IAF). As expected, inner AF swelling
capacity was greatest with direct access to fluid and was influenced by interactions with the NP
and outer AF (Figure 31 — blue bar versus yellow or red bars). Interestingly, post-swelling water
contents of the inner and outer AF from Group 2 were not significantly different than pre-
swelling water content (Figure 31 — green versus red bars). For intact discs, both inner and outer
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NP absorbed water and increased tissue mass during swelling (Figure 31A&B — green versus
yellow bars).
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Figure 31: Mean and standard deviation of pre- and post-swelling water content normalized by wet (left) and dry
(right) weights. Pre-swelling measurements (green bars) represent data from our previous work (Bezci et al., 2019).
Blue bars indicate the water content measurements for the AF rings with fluid flow from the center, and red bars
represent water content measurements for the AF rings without fluid flow from the center. Yellow bars represent
water content measurements for intact discs. * Represents p < 0.05. Error bars represent one standard deviation.

6.4. Discussion

This study aimed to characterize the time-dependent swelling behavior of the
intervertebral disc, rather than solely providing equilibrium properties after an extended swelling
period. To achieve this, the first study monitored time-dependent changes in tissue mass to
compare differences in the swelling capacities of NP and AF explants under free swelling
conditions. As expected, this study observed large differences in free swelling behaviors of the
NP and AF tissue explants. However, observations from the first study and previous work that
measured AF residual strains after swelling were limited to bulk tissue properties, disregarding
complex in situ fluid flow between the NP and AF (Michalek et al., 2012). To improve our
understanding of localized changes during swelling, the second study quantified swelling-
induced strains throughout the AF and intact discs. Positive radial strains were observed for all
three experimental groups, suggesting radial thickening of intact discs or AF layers as a result of
tissue swelling. Circumferential strains were more complex, with small or negative strains
observed in the inner AF. Negative circumferential strains observed in the inner AF indicated
circumferential shortening due to inward movement of the tissue. In contrast, circumferential
strains in the middle and outer AF were positive, suggesting circumferential lengthening at the
outer AF periphery.

NP explants experienced a higher swelling rate and equilibrium swelling capacity than
AF explants. Specifically, there was a 200% increase in the NP tissue mass, agreeing with
previous values reported for the NP, and a 70% increase in the AF tissue mass under free
swelling conditions (Bezci et al., 2019, 2015). The difference between NP and AF swelling
behaviors was also observed through relative changes in the Raman signal intensity (wavelengths
> 3000 cm™) of each tissue before and after swelling. This relative difference was expected
based on previous observations that noted a decrease in tissue swelling capacity with decreases
in GAG content from disc center to the outer periphery and with disc degeneration (Bezci et al.,
2019, 2015; Urban and Maroudas, 1981; Werbner et al., 2019). However, the AF swelling
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capacity measured here was ~25% lower than previously measured values, most likely due to
differences in boundary conditions, and 20% lower than expected values based on relative
differences in NP and AF GAG contents (NP GAG = 319 + 62 mg/g DW, AF GAG = 129 + 36
mg/g DW) (Bezci et al., 2019, 2015). The discrepancy between expected and measured values
for the AF swelling capacity is partially due to the highly organized, dense collagen fiber
architecture in the AF, where collagen fibers counteract the swelling pressure generated by the
proteoglycans and limit AF tissue swelling (Yang and O’Connell, 2019). Moreover, degradation
of AF GAGs has shown to have limited impact on water content (90% GAG loss resulted in 10%
decrease in water content), suggesting that AF porosity may be the primary mechanism for AF
fluid flow rather than negatively charged GAGs (Werbner et al., 2019). Lastly, the highly
organized fiber architecture in the AF provided shape stability during swelling, whereas NP
explants swelled into amorphous blobs when removed from its in situ boundary conditions,
possibly due to the random orientation of collagen fibers in the NP (Inoue, 1981).

Tissue swelling capacity was sensitive to changes in physical boundary conditions. Based
on the water content measurements of the NP and the AF in free-swelling experiments, the
swelling capacity of the NP decreased by 60% due to the boundary constraint imposed by the
surrounding AF (i.e., from 21.6 = 2.9 g/g DW to 8.5 + 1.4 g/g DW). Additional boundary
constraint due to fixed axial deformations further decreased the NP swelling capacity by 15%
(i.e., to 5.35 g/g DW). Similarly, the swelling capacity of the AF decreased by 30% with the
presence of the NP (i.e., from 4.35 + 0.26 g/g DW to 3.1 = 0.3 g/g DW) under free swelling
conditions. The water content of the AF in intact discs (pooled averages of the inner and outer
AF) was reduced by an additional 20% when axial deformation due to tissue swelling was
restricted. These findings explain lower strain magnitudes reported here compared to
computational results (Yang and O’Connell, 2019). During low loading recovery (e.g., bed rest
recovery) the disc height increases due to fluid flow into the disc and poroelastic recovery of the
solid matrix (Bezci and O’Connell, 2018). Therefore, recovery of the solid matrix increases disc
volume, allowing NP and AF tissues to swell further (Schroeder et al., 2006). These two
mechanisms, poroelastic recovery and fluid flow recovery, act as a feedback loop until disc
reaches the equilibrium hydration level.

Recent computational modeling using triphasic mixture theory to describe non-fibrous
solid matrix of the intervertebral disc tissues demonstrated that radial changes in tissue swelling
ratio are largely driven by spatial variations in GAG composition (Yang and O’Connell, 2019).
Specifically, simulations of intact discs under swelling conditions predicted relatively uniform
radial, axial, and circumferential strains (comparable to conditions in Group 3). Findings from
this study agree with those observations, as initial analysis found no differences in AF strains;
hence, pooled results were presented in Figure 7. Similarly, previous computational work
showed a linear decrease in tensile radial strains from the inner AF to the outer AF in annular
rings with fluid exchange permitted at both the inner and outer AF boundaries (comparable to
conditions in Group 1). Moreover, circumferential strains were shown to be compressive in the
inner AF and tensile in the outer AF, which was confirmed by the findings for Group 1 in this
study (Figure 5). Findings from this study provide strong supportive data for computational
model validation, which is often a significant challenge in computational modeling (Zhou et al.,
2019). Importantly, previous work suggests that radial distribution of GAGs in the AF acts to
create radius-dependent residual strains, which is important for maintaining a homeostatic strain
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distribution with intradiscal pressure from the NP (Bezci et al., 2019; Yang and O’Connell,
2019). Future work will focus on how changes in fluid distribution coupled with age and
degenerative changes impact intradiscal deformations.

Besides physical boundary constraints, restricting fluid flow only to the outer periphery
further reduced the swelling capacity of the annular rings, especially in the inner AF.
Specifically, largest radial strain was observed for the outer AF for AF rings with fluid flow
permitted only on the outer periphery; however, there was no statistically significant increase in
AF water content throughout the thickness. In contrast, the inner AF water content increased by
21% when fluid flow was allowed to occur simultaneously on the inner and outer tissue surfaces,
resulting in peak radial and circumferential strains in the inner AF, not in the outer AF. More
importantly, circumferential strain was negative in the inner AF and positive in the outer AF,
agreeing with previous findings (Duclos and Michalek, 2017; Michalek et al., 2012). For AF
rings, negative circumferential strains coupled with positive radial strains in the inner AF suggest
that the inner AF moved inwards during swelling. Higher GAG content in the inner AF allowed
it to swell by a larger amount and with faster rate than the outer AF (Bezci et al., 2019).
However, large differences in the strain distributions between the two AF-ring groups might
imply that boundary effects have a much stronger influence on AF tissue swelling than
inhomogeneous GAG distribution.

NP pressurization during swelling restricted AF swelling capacity and resulted in uniform
strain distribution throughout the AF. After 2 hours of swelling, the NP experienced negligible
radial and circumferential strains (< 0.01 mm/mm or 1%), suggesting that fluid flow takes longer
than 2 hours to reach the disc center. After 16 hours of swelling, the radial strains in the outer AF
was ~0.1 mm/mm (or 10%), which was 50% lower than the radial strains in the outer AF of
annular (Group 3 versus Group 1 or 2). In contrast, the AF in intact discs experienced greater
circumferential strains than the AF in annular ring specimens. Taken together, the decrease in
radial strains and increase in circumferential strains in the AF of intact discs are likely due to the
increase intradiscal pressure as the NP absorbs water and increases its volume. Importantly, AF
strain distribution reported here was similar to previous observations on blood vessels, which
have a uniform residual strain distribution throughout wall thickness when pressurized (Chuong
and Eason, 1986). Residual strains in cardiovascular tissues are thought to be important for
maintaining homeostasis during growth and remodeling (Cardamone et al., 2009; Fung, 1991;
Rachev and Greenwald, 2003). Similarly, loss of NP pressurization due to degradation of
proteoglycans in the NP and inner AF leads to morphological changes in disc properties
commonly reported for degenerated discs, including a reduced disc height and inward bulging of
the inner AF (Yang and O’Connell, 2019).

Because of the lack of vasculature in the disc, fluid flow in vivo primarily occurs either
through the AF or through the cartilaginous endplates (Urban et al., 1977). The boundary
constraints used in this study did not simulate physiological conditions, as fluid flow for the
intact discs in this study was only allowed to occur through the AF periphery and axial
deformations were fixed to prevent out-of-plane motion during swelling. However, the main
purpose of this study was not to replicate in vivo fluid flow, but to provide mechanistic insights
into the role of physical and fluid-based boundary constraints on time-dependent swelling
behavior. Lastly, data collected from this study was partially used to validate finite element
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model predictions recently reported by our laboratory. Although trends observed between the
computational model and experimental findings were comparable, it should be noted that there
were differences in strain magnitudes. These differences may be due in part to comparing finite
element predictions for human discs with experimental measurements on bovine discs, as human
lumbar and bovine caudal discs differ in geometric shape and composition (O’Connell et al.,
2007b), which are properties that impact swelling properties and, therefore, residual strains.
Furthermore, differences in axial-direction boundary conditions likely affected strain magnitudes
(Yang and O’Connell, 2019). That is, model simulations were allowed to deform freely in the
axial direction, but experimental data were collected with fixed physical boundary condition in
the axial direction to prevent out-of-plane tissue swelling.

Despite these limitations, we observed nonlinear increases in tissue mass and strains with
swelling. These observations are similar to the nonlinear disc height recovery behavior of disc
joints under low loading conditions (Bezci and O’Connell, 2018; MacLean et al., 2007; Schmidt
et al., 2016b; van der Veen et al., 2005). In conclusion, tissue swelling is a slow time-dependent
process that is strongly modulated by tissue-specific biochemical properties and physical
boundary constraints. Specifically, the swelling capacity of the NP is largely reduced when
swelling is restricted to occur only in the radial direction or constrained by the surrounding AF.
The swelling ratio of intact discs was observed to be similar to the swelling ratio of the NP
explants, suggesting that radial constraint from the AF might have a greater impact on the NP
swelling capacity than restricting fluid flow to occur only through the AF. Furthermore, the
presence of the NP in the intact discs (Group 3) reduced peak radial strains in the AF and
resulted in uniform strain distribution throughout the AF.
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7. Conclusions and future work

The overall goal of this dissertation was to enhance the current understanding of disc
height recovery and fluid flow behavior during low loading conditions that simulate bed rest.
The findings of this study highlight the complexity of load-dependent fluid flow kinematics
during recovery and provide substantial insight into the factors that influence fluid flow into the
disc.

Chapter 3 used traditional and novel measurement techniques to characterize radial
variations in biochemical composition of bovine caudal discs. The swelling ratio, collagen
content, and DNA content were constant throughout the NP, but the water content and water-to-
protein ratio of the inner NP were greater than the values measured for the outer NP. This finding
suggests that NP is more heterogeneous than previously thought. Findings from this study
provided a much better understanding of the intervertebral disc as a composite material, and
were useful for explaining the observations in the latter studies.

Chapter 4 explored the effect of external osmotic pressure on disc recovery mechanics by
examining the relative changes in disc height recovery with alterations in the osmolarity of the
surrounding environment. Disc degeneration is noted by complex changes in disc composition
including decreased tissue hydration, GAG content, and irregular collagen architecture. Osmotic
loading was used to alter disc hydration without changing disc composition and applied external
loading, allowing us to separate changes in disc mechanics due to hydration from changes in
biochemical composition and structure. This study explored the relative contribution of two
concurrent mechanisms to time-dependent recovery mechanics. Short-term recovery, which is
associated with changes on the order of minutes, was found to be insensitive to external osmotic
pressure and, hence, was primarily attributed to intrinsic viscoelasticity. In contrast, the rate and
magnitude of long-term recovery were sensitive to changes in external osmotic pressure. That is,
hyperosmotic pressure hindered fluid flow into the disc, and in turn, limited disc height recovery.
The findings from this study helped us to explain our previous findings that noted increased
apparent compressive stiffness with hyperosmotic loading (Bezci et al., 2015).

Chapter 5 evaluated the time-dependent recovery behavior of the intervertebral disc
under a wide range of compressive loads to characterize the impact of loading history on short-
term and long-term recovery mechanics. The motivation behind this study was previous findings
that reported differences in recovery mechanics with loading characteristics (i.e., duration, rate,
and magnitude). However, these studies did not report any functional relationships between
recovery mechanics and compressive stress applied during loading. In contrast, this study
developed functional relationships to make predictions for disc recovery behavior following
loading at a wide range of compressive loads. This study observed an increase in the recovery
rate and magnitude during recovery following higher compressive stresses. However, recovery
time did not depend on compressive stress, suggesting that increased recovery rate following
larger compressive forces may allow for greater disc height recovery to occur within the same
time frame as recovery following low compressive stresses. This finding has potential clinical
importance, as it suggests that 8 hours of bed rest might be sufficient for discs to achieve
identical hydration levels, regardless of loading history.
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Chapter 6 investigated the time-dependent swelling behavior of the intervertebral disc,
rather than solely reporting equilibrium swelling properties after an extended swelling period.
This study first examined the relative differences in the swelling capacities of the NP and the AF
explants under free swelling conditions. Our results indicated that the NP had higher swelling
ratio and equilibrium swelling capacity than the AF due to higher GAG content. To better
understand region-specific changes during swelling, the second experiment characterized the
distribution of swelling-induced strains throughout the AF rings and intact discs. AF rings had a
highly heterogeneous strain distribution, which included negative circumferential strains in the
inner AF and positive circumferential strains in the outer AF. The NP limited the AF swelling
capacity by pushing the AF outwards radially as it swelled. NP pressurization during swelling
also reduced peak radial strains in the AF and resulted in uniform strain distribution throughout
the AF. This finding has clinical significance as NP pressurization might increase fiber
engagement during loading, which might reduce the risk of herniation.

There are some potential areas of future research that can expand on the findings reported
in this dissertation. Both joint-level and tissue-level experiments reported in this dissertation had
limitations. Observations from joint-level studies were limited to the changes for the entire disc
joints, without providing a quantitative analysis of fluid redistribution within the disc during
recovery. Although tissue-level swelling experiments provided mechanistic insights into the
spatial distributions of swelling-induced strains, they poorly simulated complex, physiological in
vivo fluid flow. Research is currently moving towards the use of more advanced imaging tools to
image the complex tissue structures in the spine and to provide quantitative, non-invasive
measures of biochemical composition. Future work can use magnetic resonance imaging to
develop a high-resolution three-dimensional mapping of fluid flow during recovery.
Furthermore, changes in water content were only evaluated in axial compression to simplify the
analysis; however, in vivo deformations are very complex because of multidirectional loads
acting on the spine. Future work should incorporate combined loading modalities to mimic
physiological loading conditions closely. These studies should span over a wide range of loads
since our findings noted significant differences in fluid flow kinematics with loading history.

In conclusion, this dissertation provided substantial insight into the mechanisms of fluid
flow in the intervertebral disc. Joint-level studies (Chapters 4-5) examined the role of osmotic
loading and load magnitude on time-dependent recovery mechanics. Tissue-level experiments
(Chapter 6) examined the effect of physical and fluid-based boundary conditions on the time-
dependent swelling behavior of the intact discs and AF rings. Together, these chapters explored
factors that influence the slow, time-dependent fluid flow behavior in the intervertebral disc and
highlighted the need for investigating complex fluid-solid interactions in the tissue.
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