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MECHANICAL CHARACTERIZATION OF A SIMPLE GEL IN A
PROTOTYPE DEVICE THAT MODELS A DEGENERATIVE
INTERVERTEBRAL DISC

INTRODUCTION

The current methodology for relieving lower backnpa to give patients
short term pain relief, but most often lower bacljpems are recurring, so a long
term solution needs to be found. In most casesafrring pain, there is damage to
an intervertebral disc that is pretty severe aadl ihcausing all the pain in the area.
Some surgeons have gone as far as removing alliskse, with no regard to how
degraded it was, and placed an artificial dis¢drplace. Such a surgery is highly
invasive and success rates have been pretty |dveti&r way to treat the problem
would be to catch the condition early on when themot as much damage to the
disc tissue, and simply replace the inner coréefdisc, known as the nucleus
pulposus. For the past few decades doctors anadtisteehave been making
different devices and formulations of materialshsas hydrogels in an effort to
use them as replacements for the nucleus pulposus.

Development of these new materials for replaceroktite nucleus
pulposus has progressed quite well, but the tesspgct has had some issues

along the way. The gel systems have undergone statie and dynamic tests but



there has not been much effort put into the tegtirthe gel systems when
subjected to physiological loads in a physiolodicatcurate model of a
degenerative intervertebral disc. If a materiatientified as suitable for the human
body and has mechanical characteristics that ar¢asito that of the native tissue,
simply implanting it into the body does not guaesnthat it will not fail just like
the native tissue did. This study looked at theusldbility of a simple gel system
from a degenerative intervertebral disc device uedepression and then
compared those results with viscoelastic resultained through dynamic
rheological testing. The goals of the research werese a simple gel system to
identify how the extrutabilty of the basic polyngal changed as its basic
characteristics were altered, like weight percer@n compare those to the
rheological properties of the gel, tie it all tdget to how the native tissue reacts
under the same conditions all while most importaatieck for experimental
reproducibility. The experimental reproducibilitycarelationship to measurable
rheological properties are the key componentsi;study making it possible to
test more complex gel systems being identifiedassiple replacements for

nucleus pulposus material in the degenerativedabsae created.



BACKGROUND

Vertebral Column

The adult vertebral column consists of 24 vertehitse sacrum, and the
coccyx. These vertebrae provide the support colwimoh bears the weight of the
head, neck, and trunk and also transfers that weiglow to the lower limbs. The
vertebrae also help protect the very fragile spooatl from being damaged and
keep the body in upright positions. The vertebadlinn is divided into five
regions: cervical, thoracic, lumbar, sacral, anccggeal region (Van De Graaff
2002). There are seven cervical vertebrae whickttate the neck and extend
into the trunk. There are twelve thoracic vertelwaeh form the superior portion
of the back. Then five lumbar vertebrae form tHerior portion of the back.d.,.
the most inferior of the lumbar vertebrae articesatvith the sacrum, which then
articulates with the coccyx. The vertebrae founthe lumbar region of the spine

are the largest of all the other vertebrae.



Figure 1: Lateral view of the vertebral column (G1£18).

The anterior part of each vertebra is a thick bloaked the vertebral body. The
vertebral body is kidney shaped with a flat top Bottom and has slightly
concave anterior and lateral surfaces. Projectiom the back of the vertebral
body are the pedicles, which are small pillarsaida From each pedicle, a sheet
of bone called the lamina projects toward the malliThe two laminae fuse with
one another at the midline and they form into d-top shape when viewed from
above. Posteriorly from the junction of the lamiimga narrow bone called the
spinous process. Laterally, from the junction & giedicle and the lamina, extends

a flat bar of bone called the transverse procdss.veértebral body serves as the



weight bearer of the vertebra. It is not a solialcklof bone, but just a shell of
cortical bone surrounding a cancellous cavity wisapports longitudinally

applied loads.

Intervertebral Discs
Anatomy

The vertebral bodies do a great job of supporveght, but on their own
they cannot move together very well. In betweenveiréebral bodies, there exists
a layer of strong, but deformable soft tissue dallee intervertebral disc. There are
two basic components that make up the intervertelses: the central nucleus
pulposus and the surrounding annulus fibrosus.éltsemo clear boundary
between the nucleus and annulus within the disn gwaugh the nucleus is very
distinct at the center and the annulus is veryraisbn the outer edges (Bogduk
1997). The outer parts of the nucleus merge wighrthermost parts of the
annulus to create a continuum within the disc. fOpeand bottom of the
intervertebral disc is covered by a layer of cagd called the vertebral end-plate

which separates the disc from the vertebral bodies.



Vertebral Endplate

Anulus Fibrosus

Figure 2: Cross section diagram of intervertebisd @vith vertebral end plates.

In a typical healthy adult, the nucleus pulposua semi-fluid mass of
mucoid material (Bogduk 1997). From a histologstaindpoint, the nucleus
pulposus consists of some cartilage cells and soeglarly placed collagen
fibers, scattered in a semi-fluid ground substaibe. fluid nature allows the
nucleus to be deformed when pressure is appliem&chanically this means that
if the nucleus is subjected to compression, it tWlito deform and transmit the
pressure in all directions.

The nucleus pulposus consists of approximatelya@-@ater which can
range based on age (Naylor 1971; Beard and Sté\@3t). The next major
component in the microstructure of the nucleuspangeoglycans, which make up
about 65% of the dry weight (Beard and Stevens 1¥80teoglycans form
complex, three-dimensional molecules, which haegoperty of attracting and
retaining water. The volume enclosed by a protezaylyinto which it retains water
is know as its domain (Bogduk 1997). The waterdeshe nucleus pulposus is

contained within the domains of the proteoglycdimsoughout the proteoglycans,



thin fibrils of type Il collagen can be found whiskrve to hold together
proteoglycan aggregates (Bogduk 1997). The mixdfigroteoglycans, their
aggregates, and collagen fibers is known as thexradtthe nucleus pulposus.
The collagen in the nucleus constitutes about P&-20its dry weight (Beard and
Stevens 1980). The remainder of the nucleus is mpd¢ elastic fibers and non-
collagenous proteins. Implanted within the protgcgn medium are cartilage
cells, or chondrocytes. They are responsible ferstmthesis of proteoglycans and
collagen for the nucleus pulposus (Urban and Maaeu®80). As stated above,
the nucleus pulposus is mainly filled with typesdilagen. Type Il collagen is
more elastic in nature and is generally foundseues that are usually subjected to
pressure. The annulus fibrosus on the other hatypisally made up of both type
| and Il collagen because the annulus is involveténsion and pressure type
processes (Bogduk 1997).

The collagen found in the annulus fibrosus typicalbkes up about 50-
60% of its dry weight (Beard and Stevens 1980) sélmllagen fibers are
arranged in a very structured pattern. The fibegsaaranged in between 10 and 20
sheets that are called lamellae (Taylor 1990).[&heellae are arranged in
concentric rings which surround the nucleus pulpo$owards the center of the
disc, and in the anterior and lateral portionshef@annulus the lamellae are thicker
as opposed to the posterior portion of the anmnwhere the lamellae are packed
tighter and therefore are thinner (Bogduk 1997 Tbllagen fibers within each

lamella are parallel to one another and are onkate80° from the horizontal



traveling from the vertebral body below to the eeral body above. The 30°
orientation alternates relative to the longitudiasis of the spine as you go from
the outer portion of the annulus towards the nucksishown in fig. 3. Not every
lamella forms a complete ring around the nucleusny one of the four quadrants
of the annulus, up to 40% of the lamellae are ingete (Marchand and Ahmed

1990).

Figure 3: Alternating collagen fibers of the anrsufibrosus.

Like in the nucleus pulposus, the main componeth®fannulus fibrosus
is water, making up 60-70% of its weight (Beard &telvens 1980).
Proteoglycans then make up 20% of the dry weigthh@fannulus (Beard and
Stevens 1980). A proteoglycan gel fills the spdmwgveen collagen fibers and
binds the fibers and the lamellae together (Bogt®7). This binding prevents

them from buckling. The concentration of water @noteoglycans increases as



you move from the outer to the inner annulus, d&edcbncentration of collage
decreases as you move from the outer to the immarias (Bestt al. 1994). In
between the collagen fibers and lamellae few chmrydes and many fibroblasts
are found which are responsible for the synthefsisencollagen and proteoglycan
gel which the annulus consists of (Betsél. 1994). The fibroblasts are located
towards the outer region of the annulus, whileghendrocytes are usually found
in the inner region of the annulus towards the ewslpulposus which has a much
higher concentration of chondrocytes and virtuatbyfibroblasts.

The nucleus pulposus and the annulus fibrosusi@iasstructures from
certain biochemical standpoints. Both are madefupater, proteoglycans, and
collagen; however, what makes them different ageréfhative concentrations of
those components and the particular type of collageexists in the structure. The
annulus fibrosus consists of proteoglycans andge lamount of water, but it is
thickened by a high concentration of inelastic typellagen in the outer annulus.
As you approach the nucleus pulposus, type | ceflagpncentration decreases and
type Il collagen concentration increases becausaulleus mainly consists of
hydrophilic proteoglycans and water with some tjpmllagen (Mow and Hayes
1997).

The vertebral end-plates are layers of cartilagé dhe around 0.6-1.0 mm
thick which are attached to the vertebral body @sedl by the ring apophysis
(Bogduk 1997). The end-plates of each disc cowentitleus pulposus completely,

but do not cover the entire annulus fibrosus. Tik@ate consists of both hyaline
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cartilage and fibrocartilage, with hyaline cartégagccurring towards the vertebral
body and in young discs and fibrocartilage beinghfbpredominantly towards the
nucleus pulposus and in older discs. The cheminadtsire is very similar to that
of the disc itself. It mainly consists of waterpfgoglycans, and collagen fibers
that have a similar concentration profile as yowenfsom the outer edge towards
the center just like the disc itself. The tissust ik closer to the bone has more
collagen, and the tissue that is nearer the nug@elposus has more proteoglycans
and water (Bogduk 1997). This helps pass small cotds through the process of
diffusion since a fairly uniform medium exists.

Metabolism

Inside the intervertebral disc, old proteoglycand collagen are routinely
removed and replaced by new ones. These activiéesssitate the cells to be
metabolically active. The cells need oxygen, gleca@sd other substrates for the
processes that are being carried out. Howeveintbeesertebral discs are deficient
in a real blood supply, being the largest avasaitlaicture in the human body
(Mow and Hayes 1997). The cells rely on nutriemisiing to them through
diffusion. The diffusion comes from the two neam&tilable systems of vessels,
those in the outer annulus fibrosus and the capiflexuses underneath the end-
plates. Cells in the center of disc lie as far asn8 from the closest blood supply
(Fergusoret al. 2004). If there is a deficiency in the supply atnents, disc
degeneration can occur at much quick rates (Fergeiss. 2004). In order to get

to the nucleus pulposus, nutrients like oxygencasde, and other molecules have
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to diffuse across the matrix of the vertebral efadepor the annulus fibrosus. Then
nutrients must also filter through the proteoglycamatrix to get to the nucleus
(Bader 2006). That is why the rate of diffusion elegls on the concentration
gradient of the substance in question, the resistemdiffusion by the annulus or
vertebral end-plates, and the resistance to ddfuby the matrix inside the
nucleus. The annulus fibrosus is moderately pertedalmost substance, but only
a small central portion of the end-plates is petstee@Maroudas 1988). Because of
surface area differences, it appears that thawvelamount of nutrients coming
from the annulus and the end-plates is about thne $Maroudas 1988). Previous
studies have shown that diffusion alone satisfesnutritional needs of the disc
for small molecules like oxygen and glucose (Urbiaal. 1982; Katzet al. 1986).
More recently, it has been proposed that fluid flate and within the disc
augments the transport of larger molecules (Udbah 1982; Fergusost al.
2004). The disc is under compression for aboutdifs each day from daily
activities and since the disc is poroelastic, filiaav is coupled to the deformation
(Fergusoret al. 2004). About 10-20% of the total disc volume isleg over the
course of a single 24 hour period due to the dhilg loss due to loading which is
restored during rest at night (Fergusbal. 2004).

Functions of the Disc

The intervertebral disc has two main functionsighebearing and
accommodating movement between vertebrae. Theusipldposus and annulus

fibrosus play equally pivotal parts in sustainimy aveight that is being held. The
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annulus acts on its own and in also in conjuncivih the nucleus. Even though
the annulus is made up of almost 70% water, itdessely packed collagen fibers
which make it fairly stiff. The collagen lamellaeake the annulus bulky. When
the lamellae are healthy, the annulus can resitlimg and can uphold weight
passively. The inner portion of the annulus is Uguent as stiff as the outer
portion (Beskt al. 1994). Some studies have shown that under snaadt&briefer
loads, an intervertebral disc that has had itsauscextracted can hold the same
axial load as one that is intact (Besal. 1994). Over time, a disc without a
nucleus would deform greatly. The lamellae wouldkbel under a sustained load
and its water content would decrease. The heigtiteoflisc would decrease
further and more deformation would occur if presswas sustained. It is for this
reason that the nucleus pulposus is so valuatitestmtervertebral disc. The
nucleus is believed to provide internal fluid preszation in response to
compressive loads (latrides al. 1997). When a weight is applied to the nucleus, it
will tend to reduce in height as it expands ragliallhe expansion in the radial
direction places a pressure on the annulus thdstenmake the lamellae stretch
outwards, but the tensile properties of the lameelésist the stretch (Bogduk 1997).
In healthy discs, for any load that is applied,ilopuum is achieved where the
radial pressure exerted by the nucleus is balabge¢ke tension in the annulus
(Bogduk 1997). The annulus is so thick and strdwaq) if a 40 kg load is applied to
a healthy adult disc, there is only a 1 mm vertagahpression and 0.5 mm of

radial compression (Bogduk 1997).The nucleus ateotg its pressure in the
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vertical direction. The pressure that is exertedhenvertebral end-plates is how
the load is transmitted from one vertebra to thd mdrich lowers the load that the

annulus has to hold. This helps preserve the efdtes nucleus and the annulus.

s

Figure 4: Vertical load distribution on the intertedral disc.

The pressure of the nucleus pulposus was measuvetdo with pressure
transducers and it ranged from 0.1 MPa to 0.3 Mi@owt being loaded
externally and from 1-3 MPa under varying loadingditions (latridiset al.
1996). Measurements vivo showed that nucleus pulposus pressures are
dependant on loading conditions and posture, wisitdwrgest when sitting and
smallest when recumbent (latrigisal. 1996). Most studies have identified the
nucleus pulposus as an inviscid, incompressibid flecause it exhibits fluid-like

behavior under static axial loading conditions. &s$hidentified the nucleus
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pulposus as a poroelastic solid with the followmgterial properties: Young's
modulus = 4.5-1500 kPa; Poisson’s ratio=0.1 — QAM§oubi and Shirazi-AdlI
1996). Neither of these classifications provide®mplete depiction of the nucleus
pulposus. The nucleus pulposus is now classifieah\ascoelastic material due to
the work done by latridis et. al. in a study whigsébehavior was examined under
torsional shear (latridiet al. 1996). Differences between viscoelastic materigds a
much more noticeable in shear experiments than gwreentional loadings like
axial compression (Bader 2006). Fluids are commdafined as materials that
move and deform continuously as long as shearsssexpplied or that no stress is
needed to maintain a change of shape. For sohgsj@ormations that change
their shape would require a continued applicatibstiess (latridigt al. 1996).

This distinction between fluid and solid is evenrendifficult for biological tissues
because most of them have both components depeonitige rates of loading.
latridis et. al. subjected nucleus samples to dyoasrcillatory shear and transient
stress relaxation experiments and found that uthgedynamic loading the

complex shear moduli and phase shift angles were cilosely related to those of
biological solids (latridist al. 1996). When transient loading experiment were run,
the nucleus pulposus tissue behaved more likelagwal fluid having the shear
stress relaxation near zero (latridisal. 1996). This experiment showed such
different behavior by the nucleus under differe@ding modes that is has to be
classified as a viscoelastic material and not aswascid, incompressible fluid or

as a poroelastic solid.
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The second main function of the intervertebrat assto aid in movement.
If unrestricted by any posterior elements of theelgrae, two vertebral bodies
joined by an intervertebral disc can move in amgation (Bogduk 1997).
Deformation of the disc allows for all the movensetd take place, but the disc
also confers varying degrees of stability to therody joint during movements.

Disc Degeneration

One of the most drastic changes in the spine saaouhe nucleus pulposus.
Changes in the biochemistry are most dramatic ffeertime of infancy to about
the age of 10 (Bogduk 1997). These changes sebmttiggered by the
regression in infancy of the inadequate blood sufipthe disc (Bogduk 1997).
The rate of synthesis of proteoglycans decreasgsh@concentration of
proteoglycans in the nucleus also decreases assbhages (Johnstone and Bayliss
1995). In a typical adult nucleus pulposus, prolgzans make up about 65% of
the dry weight, but by the time the adult reachgs &0, proteoglycans constitute
only about 30% of the dry weight (Johnstone andiBayL995). The
proteoglycans that do remain are much smallerz@ and weight. Another major
change in the nucleus is the increase in its cetagpntent (Buckwalter 1995).
The fibril diameter of collagen in the nucleus eases in such a manner that the
type Il collagen of the nucleus pulposus startesemble the type | collagen of
the annulus (Buckwalter 1995). This leads to hal#sg distinction between
collagen of the nucleus and that of the annulus. Water content in the nucleus

also decreases with age. At birth it is estimaled the water content is about 88%,
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which decreases to about 65-72% by the age of dbkiBalter 1995). The
majority of that decrease occurs during childhood adolescence and not from
adulthood to old-age (Bogduk 1997). Regardlest®fBimount of decrease, the
intervertebral discs become drier with age and #isy become more fibrous and
less resilient. This makes the disc stiffer andrthecreased water-binding power
makes them less able to recover from creep defasméBogduk 1997). Yet
another change that comes with aging is that tinebeu of viable cells in the
nucleus pulposus decreases, and the proportiogllsfthat show necrosis changes
from 2% to 80% as you go from infancy to old agedBvalter 1995). As the
nucleus dries out, it is less able to exert presaund less able to transmit weight so
a larger portion of the load is handled by the &mnurhe annulus then having to
hold greater weight undergoes changes to reflecinttreasing strains it bears.
The collagen lamellae of the annulus become thiakdrincreasingly fibrillated as
the disc ages (Roughley 2004). Cracks and cawatieshen able to develop and
many enlarge to become clefts and fissures (Roy@te4). The changes that
occur in the structure of the disc as aging ocoag be caused by lots of different
factors. The rate at which changes take place eandoeased if there is
unfavorable loading. At this point it is not clefithe catabolic events that initiate
degeneration are the same ones involved in thealaging process (Roughley
2004). If the events are the same, then aging egdreeration in the disc could be
classified as the same process and individualsowvshubw variation only in the

rate that the process would occur. latridis etpaiformed a study to determine the
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viscoelastic shear behaviors of the nucleus pulpdsie to aging and degeneration
and found that it was difficult to separate theeef§ of aging and degeneration
(latridis et al. 1997). It was shown that there was as increatigeidynamic shear
modulus and a decrease in tanvheres is the phase shift angle, which indicate a
transition from more fluid-like behavior in a yowerghucleus to more solid-like
behavior present with aging and degeneration liatet al. 1997). The continual
catabolism taking place in the disc and the faitoreeplace degraded collagen
eventually result in a functionally weakened tisstléhough an individual may
have disc degeneration, that individual may or maiyhave back pain as a result.
It has not been established as to why some indilsdexperience pain while
others do not. It seems as though the morphologlwaiges that take place do not
necessarily cause symptoms in the individual. énektreme case where
herniation (i.e. disc prolapse) occurs, only 30%ndividuals actually report pain
(Bader 2006). There are many forms of back painfalthich could be from
different causes. Lumbar spinal pain is perceivethdiating from an imaginary
region below the T12 spinous process and abov81repinous process (Hardy
1993). The pain could be present in other locataswell. Radicular pain is pain
that occurs as a result of irritation of a spinaive or its roots. A formal survey in
the United States found that no more than 12% tépis with back pain had any
clinical evidence of disc herniation (Deyo and T&du 1987).

Disc herniation is the single most common causaditular pain, and

there has been increasing evidence that this gonaiauses pain by mechanisms
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other than simple compression (Hardy 1993). On ogralphy, individuals can
show root compression by disc herniation but haveymptoms (Hardy 1993).
Patients who were previously symptomatic can stilw root compression even
after symptoms were resolved (Hardy 1993). It iseled that inflammation is the
actual cause.

Disc herniation can occur anywhere in the sping fdr the purposes of
this study, only herniation in the lumbar regionl\we addressed. The lumbar
region is where the majority of cases occur. Demtation can be defined as a
condition where a tear in the annulus fibrosusvaslthe nucleus pulposus material
to bulge out. It is normally a further developmehg disc protrusion where the
annulus is bulging out, but not torn due to inceebdisc pressure and
degeneration. The main complaint for herniatiolegspain greater than lower
back pain. Pain from a herniated disc is usualhtiooous, not pulsating like that
which can be caused by muscle spasms (Deyo aneWgui987). Usually,
symptoms are experienced only on one side of thg,dmut if the herniation is
very large and applies pressure to the spinal cboduda equina, symptoms could

occur bilaterally (Deyo and Tsui-Wu 1987).
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Figure 5: Diagram showing nucleus pulposus matesx#aided through the
annulus fibrosus (herniation).

Current Treatments

Non-Surgical vs. Surgical Treatment

Although it may seem contrary to common senseséverity of pain from
a herniated disc does not always correlate tonmauat of physical damage to the
disc. Additionally, less serious back problems roayse more pain than a
herniated disc. The severity of pain is not a deieing factor for identifying a
herniated disc. The care of a patient with a héediaisc is not standardized and
most times it is individualized for each patienieTtreatment options for a lumbar
herniated disc will largely depend on the lengthimie the patient has had his or
her symptoms and the severity of the back painefatare generally advised to
start with 6 to 12 weeks of conservative treatnfenster 2007). There is a wide

range of conservative treatment options for pasiémtry for treatment of a
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herniated disc. The primary goals of treatmentaggrovide relief of pain and to
allow return to normal functioning level (Foster0Z(). The most common
conservative treatment options are:

* Rest, followed by slow mobilization

* Pain medications

» Chiropractic/osteopathic manipulations

* Physical therapy

* Epidural steroid injections

The recommended amount of conservative treatmemiéoherniated disk is
individualized for each patient. For those patievit® are not in severe pain and
can function well, a longer period of conservatreatment is reasonable (e.g. 12
weeks) (Foster 2007). For those patients with gepaim that is not responsive to
conservative treatment, more radical treatmentseete administered.

If conservative treatment does not provide pairefalfter 12 weeks it is
reasonable for the patient to consider surgery.gda of surgery is again to
alleviate the pain faster. In recent years, thelmdsy of surgery for a lumbar
herniated disc has decreased and overall resuiesitmgproved making surgery a
more reasonable option to healing faster (Foster 20rhe most common surgical
treatment options include:

« Microdiscectomy (the most common procedure)
« Fusion

« Lumbar laminectomy
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«  Chymopapain injections
« Arthroscopic lumbar discectomy
« Microendoscopic surgery
A lumbar microdiscectomy (also called a lumbar midecompression) is
considered the gold standard and is the most consm@ery to alleviate pain
from a lumbar herniated disk (Foster 2007).
Discectomy
Discectomy (also called open discectomy) is thigisal removal of
herniated disc material that presses on a nerteorabe spinal cord (Ullrich
1999). Before the disc material is removed, sonth@bone from the affected
vertebra may be removed using a laminectomy to thigesurgeon a better view of
the area. Microdiscectomy uses a special micrastopiew the disc and nerves.
This procedure is considered more effective becthesenagnified view makes it
possible for the surgeon to remove the herniated miaterial through a smaller
incision and therefore cause less damage to thewding tissue (Ullrich 1999).
The success rate for a microdiscectomy is appraein80%, although 5-10% of
patients develop a recurrent disc herniation atespaint in the future (Ullrich
1999; Atlas 2001). A recurrent disc herniation roagur right after the surgery or
years later, although most occur within 3 monthsrafurgery (Atlas 2001).
Recurrent herniated discs are not thought to ety related to a patient’s
activity, and more to do with the fact that witlsiome disc spaces there are

multiple fragments of disc that can come out arléitmes (Ullrich 1999). Through
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a posterior microdiscectomy only about 5 to 7 %hefdisc space can be removed
and most of the disc space cannot be visualizdd¢h/[L999). Also, the hole in
the disc space where the herniation occurs (aromblgt usually never closes
because the disc itself does not have a blood gupplthe area does not heal or
scar over and there is no real way to surgicalhairethe annulus (Ullrich 1999).
As with any surgery, there are risks and complcegiincluding:

* Dural tear (cerebrospinal fluid leak). This occimrd % to 2% of these
surgeries, does not change the results of surgatyyost-operatively the
patient may be asked to lay recumbent for one todays to allow the leak
to seal (Ullrich 1999).

* Nerve root damage

* Bowel/bladder incontinence

* Bleeding

* Infection
For patients with multiple herniated disc recures)a spine fusion

surgery is usually recommended. Spine fusion syrngeolves placing small
morsels of bone either in the front of the spimetitie disc space) and/or along the
back of the spine (in the posterolateral gutterthsd the bone grows together and
fuses that section of the spine (Ullrich 1999)s ltlesigned to eliminate motion in
that segment therefore decreasing or eliminatiegotin associated by the motion.

The spine is not actually fused at the time ofdhmgery, but instead, the surgery
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creates the conditions for the spine to fuse ov&nenth period following the
surgery.

Removing the entire disc space and fusing the lisule most common
way to absolutely assure that no further disc lagions can occur. If the posterior
facet joint is not compromised and other critermm@et, an artificial disc
replacement can be considered. Although there &as Some success, the
implantation of a total artificial disc is very iasive and can require many
revisions, which are also invasive. These devitss r@quire the removal of all
remaining tissue, regardless of how degenerateddhml tissue is. A different
approach to the problem which is less invasivleasreplacement of just the
nucleus pulposus.

Nucleus Pulposus Replacement

Nucleus pulposus replacement is less invasivetibtahdisc replacement
and it maintains the healthy tissue of the inteslaal disc right where it is. It is
not necessary to remove all of the surroundingiéiss order to put in a
replacement for the nucleus pulposus. In the reuast; researchers have made the
claim to use hydrogels as the implant materialhafiice in place of the nucleus
pulposus (Di Martinat al. 2005; Boyd and Carter 2006). Hydrogels are a otw
of polymer chains that are water-insoluble, andsaraetimes found as a colloidal
gel (Di Martinoet al. 2005). They are superabsorbent; they have thebidrypo
retain large quantities of water. Hydrogels alsesass a degree of flexibility

similar to natural tissue, due to their significargter content (Di Martinet al.
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2005). They are commonly used as scaffolds ineigsigineering where they
contain human cells in order to repair tissue. @esbeing able to hold large
guantities of water, another reason why hydrogelsaagreat candidate for nucleus
pulposus replacement is their high permeabilitppt@ molecular weight solutes
like oxygen and glucose. This is very critical taimaining the health of the rest
of the intervertebral disc. Hydrogels have alsonbg@®wn to have similar
mechanical properties as the native tissue (Badlgs)2 Poly(vinyl alcohol) (PVA)
hydrogels have been identified as the most faverfdslimplantation because of
their excellent biocompatibility, high elasticitgw toxicity, and swelling
capability (Bader 2006). Another area of reseaahlteen in hydrogels that are
injectable and photopolymerizable. The traditicaygbroach of cutting someone
open and placing the implant in the degeneratedadia be avoided by using an
injectable material. Hydrogels are prepared, igeahto the void space, and then
they are photopolymerizad vivo in order for the gel to solidify.

Current devices

There are currently no available nucleus pulpespkcements for
implantation available in the United States. Hyalsgre the obvious choice for
an implantable material but nothing has been rettasmmercially yet. There are
quite a few products in the development and tesithmses but all the published
results about them are vague and lacking muchld&tee Prosthetic Disc Nucleus
(PDN®) (Raymedica, Inc., Bloomington, MN) is probablethurthest in the race

to be approved in the United States. It is curyeatiailable for use outside the US
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and Canada and has had success rates up to 9@%emt trials (Klara and Ray
2002). It is made of a hydrogel pellet that is esechin a poly(ethylene) jacket and
it is supposed to mimic the nucleus pulposus engjth but no actual results have
been published to show this (Bader 2006). Evenghquublished results reveal
high success rates, this device has a few disaalyasiiike an improper fit into the
cavity which could lead to more extrusion (Bade®@0 There are a few other
devices that are undergoing clinical trials in Eagdike the NeuDisc, Newcleus,
Aquarelle, DASCOR, and BioDis&" all of which are a hydrogel formulation,
but not necessarily the same material. They eacé theeir own advantages and
disadvantages but none of them stand out as detiaewill replace the native
tissue without any problems. Much more product tgeaent and testing needs to
be conducted before an implant device could beyr&mdcommercial use in the

United States.
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MATERIALS & METHODS

Model of a Degenerative Intervertebral Disc

In order to ensure that materials proposed for amaition can hold up to
normal physiological loads, a model of a degenegdtitervertebral disc was
created. This device was created out of a PleXtjlasaterial and had a hollowed
center representative of where the nucleus pulpasudd be found.

The device was made out of two 12.7 mm thick Pleslyf blocks each
63.5 mm by 75 mm that are bolted together so tiseme gap in between them. A
thru hole was drilled completely through the topdid and 3 mm into the bottom
block at a diameter of 25 mm. The hole was pla¢eddastance of 15 mm from
the edge of the block. The top block also has dlssthannel cut out on the bottom
side of it running from the edge into the drilleslda The channel has a width of 8
mm and a depth of 1.5 mm. The dimensions of thiscdenere created as such to
mimic those of an actual human intervertebral di$®e hole diameter was set to
be similar to that of the nucleus pulposus of a &mnThe channel length was set
to equal the diameter of the annulus without theleus pulposus. It was set to
mimic the distance that the nucleus pulposus whale to travel through the

defect when herniation occurs.
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An assembly is shown in fig. 6 as drawn in Solidriéoof the two blocks.
The main features of the testing device can be sets wire-frame assembly
drawing. For more detail, a section cut-out oftéeting device is shown in fig. 7.
A longitudinal cut was made so that the hole arahalel can be seen in more

detail.
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Figure 6: Solid Works assembly wire-frame drawing.
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Figure 7: Solid Works section drawing.

Preparation of Agarose Gel

Classification of the extrudability of a gel ma&tin the degenerative disc
device created had to be done with lots of repdétal® gel material for this use
needed to be fairly inexpensive and easy to magardse was chosen as the gel
to be tested in the apparatus. Agarose is purifead agar which is a gelatinous
substance mostly used as a culture medium for giicddwork. Chemically, it is a
polymer made up of subunits of the sugar galactogeobtained from the cell
walls of some species of red algae or seaweed.

For the purposes of this experiment, chemical geghr powder (DIFCO
Laboratories product #214530, Detroit, MI) was usethake each gel. The
weight percent of agarose was varied from 0.3 %%¢%. To make each different
weight percent, the corresponding amount of powlegarose was poured into a
250 ml flask containing 75 ml of deionized wateor Example, to make a 1.5
wt % solution, 1.125 g of powder would be usedainc
0.015g/ml*75ml=1.125¢
The solution was then mixed thoroughly and heateadlmicrowave for 2 minutes
or until the liquid started boiling over. The nevixtare was poured into small
Petri dishes and left to cool. Once the mixture leathed room temperature, the

Petri dish was covered and placed in a refrigefatoat least 24 hours.
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Compression Testing

In order to determine the extrudability of a gehgée, compression tests
had to be conducted on the gels placed insidedgertrative disc device created.
Before any tests could be run, the gel samples veeneved from the refrigerator
where they were set and placed in the room wheréegting would take place at
least 12 hours in advance in order for them toilmetk to the testing environment.
Gel samples were then cut out of the mold with &gahpminch with the exact
diameter of the prototype disc device so there dibel a close fit. The gel disc
was then placed in the hole of the Plexigfatest block and placed in the
INSTRON testing machine (INSTRON Model #5567, lostCorporation,

Norwood, MA) as shown in fig. 8.

Figure 8: INSTRON used in compression testing.
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The attached computer was turned on lsiedin software in compression mode
was selected. The test control mode was compeessiension at 1 mm/min
without a preload and data capture was set attarval of 100 ms. A cylindrical
plunger was created specifically for the testingicke so that none of the material
would be extruded around the plunger, but onlytbetchannel when it reached a
certain load. The load was balanced and each testanducted. Each cylindrical
specimen was loaded in compression until failuteene failure was defined as the
point when the specimen was extruded through thare#l. Data was recorded
and then analyzed using Microsoft Excel. Graphead versus extension, stress

versus strain, and Young’s Modulus were createih fitee raw data.

Rheological Testing

To determine the rheological properties of theagg, its behavior had to
be analyzed using a more dynamic test. The mechlgmicperties of the gel were
evaluated under dynamic torsional shear. A Boltintiolled stress Rheometer, as
shown in fig. 9, (Bohlin Rheometer CS, Malvern tastents, Inc., Southborough,

MA) was used for the dynamic tests.
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" BOHLIN C

RHEOMETER

Figure 9: Picture of Bohlin Rheometer used foritegst

Twenty-five millimeter parallel plates were usedhie test setup which can be
seen in fig. 10. Both the parallel plates were cedeavith a thin piece of sandpaper
to prevent slip. A small compressive strain was alsplied to maintain contact
and also prevent slip. Under these test conditiarssnusoidal angular
displacement o was applied to each gel and dynamic frequency gpwee

experiments were conducted.

Figure 10: Parallel plate geometry.
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A shear strain amplitude @f= 0.05 rad was set over the range of &0Xk 10 Hz.
The shear stress)(was computed from the applied torque (T) throtigh
equation:

_Txr
J

g

where r is the sample radius and J is the polar embof inertia and is calculated

2
byJ=”><r

. The shear strain was computed using the equation:

=5><r
h

4

where h is the thickness of the sample and caeéeis fig. 10. The test
methodology followed a strict protocol as indicalsdASTM Standards (ASTM
2005). The experiments were run and the elasticgge) and viscous (loss)
moduli, G’ and G” respectively, were resolved asctions of frequency (f). The
elastic modulus is associated with the amount efggnstored and released during
each periodic deformation. The viscous moduluss®eiated with the amount of
energy dissipated in the form of heat per cycldedbrmation per unit volume.
Both G’ and G” can be plotted against frequencsttow trends, but it is more
convenient to show the magnitude of the complexaishedulus, |G*|, and the
tangent of the phase shift angd for analysis purposes. The two values are

computed by the following equations:



33

|G* [FVG?+G"2

Tan5=E
GI

These two variables reveal quite a bit of informatabout the sample being tested.
The complex shear modulus is a gauge of stiffnésnvwou have dynamic
conditions. The phase shift angle is an indicatanternal dissipation. The phase
shift angle has the capability to tell you if aiflus more like a solid or a liquid.
When the stress is in phase with the strain thegbhift angle is zero, and the
material being tested is said to be a purely elastiid. When the stress is
completely out of phase with the strain the phaggesis 90°, and the material

being tested is said to be a viscous fluid, whiah lbe seen in fig. 11.
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Figure 11: Viscous and Elastic Responses to apptiaih.
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Phase angles in between is termed viscoelastiadane gets closer to the
extremes the material gets closer to the ideat swlfluid depending on which
side of the spectrum it is.

In order to determine what shear strain amplitiod@in the experiments at,
a strain sweep dynamic test was conducted. Thedrery was kept constant at
0.1Hz and the shear strain amplitude was vari¢damange of &y <0.5. The
experiment was conducted and the elastic and vssomduli, G’ and G”
respectively, were determined as functions of tlreasstrainy. The data was
plotted and analyzed to see where elastic modw@ustbd from the linear
viscoelastic region. On a plot of elastic modulassus strain, the moduli values
initially form a flat and linear region with smaticreases in strain, but as the strain
gets much larger, the moduli start to deviate fthenlinear zone and that point is
said to be when the material is no longer in thedr viscoelastic region and can
be related to the yield strain. It is critical thesting take place in the linear
viscoelastic region so that the constitutive eaquretifor simple shear can be used

when the data is analyzed.

Satistical Analysis
Statistical analysis of the rheological and medsdata was performed
using one-way ANOVA. All values reported are aveswith the standard

deviation also being shown in the plots.
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RESULTS

Rheological Characterization

The first tests that were conducted were thersgakeep experiments.
Figure 12 below shows the elastic (storage) modplloited against the shear
strain that was imposed onto each sample gelragaéncy of 0.1 Hz. The linear
viscoelastic region can be seen for very smallrgrahere the elastic modulus
curve is fairly flat. For the 0.75 weight perceet,ghis region extends to about a
strain of 0.1. For the 1.0 weight percent gel, tegon extends to only a strain of
0.05. Lastly, for the 1.5 weight percent gel, tinear region is even narrower and
only extends to a strain of 0.035. As the straimiseased, the moduli start to
deviate from the linear region, which indicates itinterial is yielding. The shear
strain where the deviation began seems to be Bligtiterent for each weight
percent tested. Another visible trend is that asnkight percent is increased, the

modulus at a given strain also is increased.
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Figure 12: Strain amplitude sweep performed aHZ for different weight
percents of agarose gel showing G’ — Elastic Moslvalues.

In order to effectively characterize the viscottagroperties of each gel,
frequency sweeps had to be conducted with a skraam amplitude that was in the
linear viscoelastic region. Using the strain sweafa shown in fig. 10, it was
decided that a shear strain of 0.05 would satifyha different weight percents.
Next, frequency sweep experiments were conductdteathear strain amplitude
of y = 0.05 and in the frequency range of 0s0fl< 10 Hz. The viscoelastic data of
complex modulus is plotted below in fig. 13. Hene tlastic and viscous moduli
are not plotted directly, but instead the complesas modulus and the tangent of
the phase angle), shown in fig. 14, are displayed in order to cawctthe data for

analysis. |G*| increased with increasing weighteet at smaller frequencies like
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0.01 Hz. For higher frequencies, |G*| seemed trease at a constant rate and
showed no dependence on weight percent. |G*|itdealdit deceptive here because
the contribution from the loss modulus is not repréed in the plot since its
values are fairly constant over the range of fregies. The plot is more just an
indicator of the storage modulus since it is ddimgmajority of the changing over
the frequency range. Tarnwas greater for a larger weight percent at fregigsn
less than 0.1 Hz. As the frequency was increased, approached zero. Since the
phase angles were all less than 45°, correspondifig tané<1, the material
showed more solid like behavior. Phase angles gréaan 45° are indicative of

fluid-like behavior.
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Figure 13: Frequency sweep performed at0.05 for different weight percents of
agarose gel showing |G*| — Complex Modulus values.
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Figure 134: Frequency sweep performed at0.05 for different weight percents
of agarose gel showing tanvalues.

In order to gain a better understanding of theteland viscous behavior
acting individually in each gel under dynamic cdiwtis, the frequency sweep
plots are shown in fig. 15. Once again for a gifrequency, as you increase the
weight percent of agar, the modulus increases. Heen be seen how G’ and G”,
the elastic and viscous moduli respectively, atyusdt as frequency is increased.
One explanation for why the elastic moduli increasehe frequency increases
without a difference between weight percents i ithéhe higher frequency range
the sample size of the molecule is much smallereNMiou increase frequency,
you are looking more at the backbone of the moksamhich is stiff, making the
elastic moduli much higher regardless of the wepghttent. Figure 16 shows an

expanded view of just the viscous moduli plottediagt frequency. As frequency
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is increased, the moduli values remain fairly cansindicating that there is not
much viscous change in the material being testddsante the phase angles
indicate that the material behaves more like alsbBeems logical that the viscous

moduli would remain fairly constant throughout theeriment. The loss content

is constant.
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Figure 15: Frequency sweep performed at0.05 for different weight percents of
agarose gel showing Elastic and Viscous Modulusesl
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Figure 16: Frequency sweep performed at0.05 for different weight percents of
agarose gel showing Viscous Modulus values.

After initial testing, it became evident that moests needed to be
performed at much lower frequencies than were waity designed. This was
necessary because from about 0.1 Hz, the elasticio®data converged and
increased at a constant rate for all the samplesmeaveight percent could not be
distinguished from any other. A frequency rang®.601<f < 0.1 Hz was set at
vy = 0.05 and data was collected. The viscoelast& cian be seen below in fig. 17.
Here, the differences between the weight percearide seen more clearly.
Increasing the weight percent at any given frequém¢he range of
0.001<f< 0.1 Hz yields to a larger elastic and viscous nhagldt can also be
seen that up to about a frequency of 0.02 Hz, ldstie moduli are fairly linear,

which was not the case at higher frequencies. Eigdrlooks very similar to the
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rubbery plateau region of a linear viscoelastisvfflegime where both the moduli
start out increasing from the viscous region, tii@ben out in the rubbery region,
and finally increase going into the transition ghashigher frequencies. The
tangen® of the lower frequency range is shown in fig. IBe values seemed to
converge to zero with increasing frequency and wete/een 0 and 1 indicating

solid-like behavior.
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Figure 17: Small frequencies sweep performed=a0.05 for different weight
percents of agarose gel showing Elastic and Vis&agulus values.
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Figure 18: Small frequencies sweep performed=a0.05 for different weight
percents of agarose gel showing édaralues.

Mechanical Characterization

Static mechanical testing of the agarose gel nat®as done with much
iteration. One sample elongation versus load glshown in fig. 20. The plot
shows how the gel is being loaded in compressisidénthe cavity until it reaches
a certain point where the load increases very hapldhe gel is expanding as much
as it can to fill the cavity completely until itaehes the yield point. This is when
extrusion through the defect occurs and the geisstia squirt out. It can be seen
on the plot as the spike that occurs around 7 nima.gel has different behavior as
it is extruded depending on the weight percentd&sted. The stiffer and higher
weight percent gels create a more violent eventwthey extrude, meaning that
the gel is squirted out at once in an explosior gpent. The less stiff and lower

weight percent gels extrude much slower and thmy @ut of the defect. This can
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be explained by the difference in stiffness of emetterial, with stiffer materials
being more brittle and breaking at one final yietdnt, and softer materials being
less brittle and breaking in a slower, more gradasthion. When viewed from
above it looks like ripples coming out of the defécdiagram of what the gel
after extrusion looks like can be seen in fig. T®e extruded material in the defect
looks as if it rippled out. The gel left in the dgvhas a few fracture rings close to
where the defect is. After the initial extrusiomete is less material in the cavity,
but the gel is still being compressed. At this pdine gel once again starts to fill
all the available space in the cavity becausestritavhere else to go. Since it has
already been fractured once, it is less stiff aatlls. Another yield point occurs
where the gel is extruded from the defect and¢hatbe seen closer to 8 mm on
fig. 20. At this point the gel is not a solid sttuie any more and it is extruding out
of the cavity at a constant rate. It is importanhote that the material is yielding
around the defect because a stress concentraiists éhere. Everywhere else in
the cavity the material is confined to that spacé san’'t go anywhere. Around
the defect the gel can expand outward, and whesadhes a critical value of shear

stress, it yields.
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Figure 19: Top view schematic interpretation of@legrative disc device with gel
after extrusion.

The elongation — load plot was then convertedrioranal stress — strain plot and
that is shown in fig. 21. The shape of the curvthéssame as that for the
elongation — load curve except the numerical valuedifferent since the strain
and stress values and the cross-sectional aréa giel sample being tested is
constant throughout the test since it is confirethé diameter of the cavity. Some
extra shear stress could have been included ioaleelated stress due to the

friction between the plunger and the walls of theity.
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Figure 21: Typical stress - strain plot for a 1.&ight percent agarose gel.
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The normal stress and strain values were tabufatesl of the

compression tests that were run and the data wé®gl The yield stress values
plotted for weight percent represent the stressevalhen the material first yielded
which occurred when the extrusion first took placéhe cavity. These values are
found below in fig. 22. There seems to be an irsirgpyield stress trend with
increased weight percent of agarose gel. Higheghtgiercents of the agarose gel
produced gels that were stiffer to the touch seé&ms logical that a stiffer gel
could withstand more pressure before yielding. Yib&l strain values versus
weight percent are plotted in fig. 23. These vakiles show an increasing trend
when weight percent is increased, but the trembiss strong as it was with the
yield stress. There is more deviation in the stdata as well. The material is
yielding at strain values in the range of 0s3p< 0.5 for weight percents of
agarose gel in the range of 0FWt% < 1.5. The corresponding yield stress
versus Yyield strain values are plotted togethdigir24. This plot shows that as
strain is increased at yield points, so is thessted those corresponding points.
This makes sense because if a material can witthstarch more strain, it will
yield at a much higher stress value. The error ivatise stress and strain
directions show the variability in the data. Fig25 shows the Young’s modulus
data for the compression tests. This is a meaduheanitial slope in the stress —
strain curve as the material begins yielding. Ydsimgodulus is a measure of
stiffness of the given material. It is also knoveneameasure of the elasticity in a

material so the values of Young’'s modulus foundasrmbmpression can be



47
compared to the elastic modulus from the dynanstst® find a correlation.
Young’s modulus values also showed an increasingletion with increasing
weight percent. This indicates that the higher @etrgels are stiffer and that

makes sense because there is less water and nasos@gnolecules making up

the gel.
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Figure 22: The stress value for each gel when theemal yielded (extrusion from
the cavity).



48

0.08

0.07 -

0.06

0.05

0.04

———
—

0.03

Yield Strain
HlH
—

0.02

0.01

05 07 0.9 11 13 15 17
Weight Percent

Figure 23: The strain value for each gel when tla¢enml yielded (extrusion from
the cavity).
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Figure 24: Yield stress versus yield strain at eaelght percent of agarose gel.
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Figure 25: Young’'s modulus values at each weightgyd of agarose gel.

All compression tests performed in the degeneratise device

constructed in this study had reproducible redoltshe range of weight percent of

the agarose gel system tested.
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DISCUSSION

Most of the recent work being done to create deuscpulposus
replacement has focused on matching the behavibreafmplant material to the
actual nucleus pulposus, but there has not beemxsysive testing on an implant
material if subjected to physiological loads whettegect is present. This study
has taken into consideration the effect of a ddfeca basic gel system under
compression in order to better understand the nmecdlecharacteristics needed
for an implant material. The experimental reprodility needed to be verified
before testing on more complex systems was to tveedaout.

In order to classify the data found in the testexgfual nucleus pulposus
data was first needed. Figures 26-29 show the émcyisweep data.
Superimposed on the plot is a boundary region wtherelastic, viscous, and
complex moduli under dynamic testing of a humaneuspulposus would lie.
latridis et. al. tested the human nucleus pulpesusfound the viscoelastic moduli
values to be in the range shown below in fig. 26F28ure 26 shows the elastic
modulus data and it can be seen that the agarbsagenoduli values that are
much lower than the nucleus at low frequenciesraaduli values that are too

large at high frequencies. The reason that théiela®duli values for the nucleus
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pulposus material are found in a narrow band isftrahe frequency range tested
it is in the rubbery plateau region. The rubbeatghu region for the gel system
tested in this study is narrower and found at lofrexjuencies than that of the
nucleus pulposus. The viscous modulus data showg.i@7 shows that the
agarose material is not as viscous as the humdausupulposus under dynamic
testing. The complex modulus data reveals the satagonship that the elastic
modulus data showed in relation to the agaroserraht€he agarose gel material
is obviously not a good replacement for the nuclkemause of many reasons and a
few of those are shown in the plot. The gel hasuha@lues that are much lower
than the nucleus at low frequencies, and moduliesathat are too large at high
frequencies. The agarose gel also behaves too hikech solid and not enough
like a viscoelastic material in order to be effeely implanted into the lumbar
spine. It is true that one flaw in the actual nusl@ulposus is that once the annulus
is ruptured, the nuclear material easily flows cotany material that you would
want to implant would need to behave more likelalgban a fluid in order to

resist extrusion, but the agarose gel is too mikehd solid in this case.
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Figure 26: Frequency sweep performed at0.05 for different weight percents of
agarose gel showing G’ values and a boundary regfietastic moduli from the
Nucleus Pulposus under the same loading mode.
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Figure 27: Frequency sweep performed at0.05 for different weight percents of
agarose gel showing G” values and a boundary regfierscous moduli from the
Nucleus Pulposus under the same loading mode.
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Figure 28: Frequency sweep performed at0.05 for different weight percents of
agarose gel showing |G*| — Complex Modulus valuesaboundary region of
complex moduli from the Nucleus Pulposus understirae loading mode.
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Figure 29: Frequency sweep performed at0.05 for different weight percents of
agarose gel showing tanvalues and a boundary region of tafiom the Nucleus
Pulposus under the same loading mode.
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The rheological testing was very important in figg out the rheological
properties of the agarose gel system and then ladilegto relate them to the
extrudability testing done with the model of thgyeeerative intervertebral disc.
The low frequency dynamic tests showed that if Wegercent is increased the
stiffness of the material was also increased sineelastic moduli were higher.
This was then compared to the static compressgia &nd a similar result was
found. As the weight percent of each agarose gepkawas increased its
Young’'s modulus, a measure of stiffness, also as@d. The values for Young's
modulus varied from 150 kPa to 340 kPa for the eawfgiveight percents of
agarose gel tested. In a previous study, the statipressive modulus of human
nucleus pulposus was found to be 310 @®=ieet al. 2005). The fact that the
human nucleus pulposus compressive moduli fallsiwihe range of the moduli
for agarose does not indicate that agarose shauléd as a replacement. It does
however indicate that a multitude of different seséed to be performed on a
proposed implant material because there are so difeyent aspects that need to
be considered. Rheological tests are good benchioaevaluating the materials
in dynamic tests because physiological conditiarskme mimicked. Compression
tests are also very important because the spunedsr compression most of the
time so implant materials need to be able to wathdtheavy compressive loads
without failing. You can very easily make a matktinat is great at withstanding
oscillatory stress and strain without yielding may not withstand as much

compression. You can also make a material thagng stiff and can withstand a
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large compressive force without failure, but itiyatobably not handle oscillations
quite well. There is a very delicate balance tlzet to be achieved when creating
an implant material because the native tissue s®lex. You are also not
trying to create the same exact properties asdheatissue because the native
tissue failed, so the implant material would failveell under the same conditions.
The material needs to withstand a great deal @fuatand dehydration as the
human body goes through its daily cycle. So faseaechers have identified
various forms of hydrogels as possible implant matebut even as promising as
they look, it is not certain how they would reactthe human body because there
is still not enough evidence showing their behavidre testing protocol carried
out in this study with the degenerative disc appararoved to yield reproducible
results that could be related to those measureaatjeal properties. More
complex materials such as were discussed earlieldv®zed to be thoroughly
tested in the apparatus to gain a better undeisiguod how they would behave if
implanted.

In summary, the simple polymer gel system useatlisistudy, agarose gel,
was tested in the degenerative disc apparatusreptioducible results. Its
properties however were identified using rheologoteracteristics from dynamic
oscillatory tests and compared to static mechawcitatacteristics obtained
through compression tests. The disc apparatusectsabws great promise in
identifying how a proposed implant material woukhhve if placed in a

degenerative disc and compressed at physiologiadksl
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CONCLUSIONS

The study conducted here is just one “steppingestona long path that
needs to be built in order to have a commercialbilable device that mimics the
native nucleus pulposus yet does not extrude aly @ashe native tissue. Many
studies have been done to try to create mateuéksode for implantation, but
there have not been any studies that have lookend axtrudability of each
material from a model degenerative intervertebist device. A simple
degenerative disc apparatus was designed and gotestrand testing on it began
with a simple gel system of agarose. Weight peroéagarose gel was varied and
compression tests in the degenerative disc apsanadte carried out to reveal that
the stiffer gels could only be extruded at higloaxds. Rheological tests also
correlated that the higher weight percent gelslaager stiffness values through
the high elastic (storage) moduli and low viscdasg) moduli. It was very clear
that agarose gel is not a suitable nucleus pulpegplacement material because it
does not possess the same mechanical characteastichat was not being
guestioned in this study. The emphasis here wagglan designing and
constructing a device that could be used for tggqtimssible materials for nucleus

pulposus replacement. A test protocol was estaddisimd very reproducible



57
results were obtained for the simple gel systentyaed. The extrudability results

were then correlated with the measured rheologicgerties.
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FUTURE WORK

The next step in the process is to identify a noomplex gel system that
more closely mimics the mechanical properties efrthcleus pulposus and test it
using the protocol found here with the degeneraltige apparatus. A more
suitable gel system would be a hydrogel one whadhghown great promise in
mimicking the native tissue and even being a bitarfeolid-like” in order to
resist extrusion. Materials with inclusions suchi@ds or spheres could be tests as

well.
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