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Structured Abstract

Study Design. An original investigation that characterizes poly (vinyl alcohol) cryogel

(PVA-C) in the context of the human lumbar intervertebral disc.

Objectives. To evaluate the mechanical properties of PVA-C under physiological
conditions; to assess PVA-C’s suitability as a tissue-mimicking artificial lumbar
intervertebral disc material; and to identify suitable formulations that mimic the nucleus

pulposus and annulus fibrosus.

Summary of Background Data. Current lumbar intervertebral disc prostheses provide
suboptimal symptom relief and do not restore natural load-cushioning. PVA-C is a
promising material due to its high water content, excellent biocompatibility, and versatile

mechanical properties.

Methods. PVA-C samples were prepared with different PVA concentrations and
number of freeze-thaw cycles (FTC). Unconfined compression was conducted to
characterize various PVA-C formulations. Compressive stress relaxation and creep
were performed to assess the stability of PVA-C under loading. The results were
compared with the mechanical properties of human lumbar intervertebral discs obtained

from the literature.

Results. PVA-C compressive elastic modulus increased with increasing PVA

concentration and number of FTC’s. The 3%-3FTC is the optimal formulation for



mimicking the nucleus pulposus. In general, compressive stress relaxation and creep
decreased with increasing PVA concentration and number of FTC’s. Compressive
stress relaxation and creep were lower for PVA-C than human lumbar intervertebral
discs, suggesting that PVA-C will likely exhibit stable and predictable mechanical
response in-vivo. Current formulations did not have adequate compressive elastic

modulus to mimic the annulus fibrosus.

Conclusion. The 3%-3FTC PVA-C formulation is likely the optimal choice for a tissue
mimicking artificial nucleus pulposus. Good compressive stress relaxation and creep
behavior, combined with excellent biocompatibility, makes PVA-C a suitable choice for a
tissue-mimicking artificial IVD. Future investigations will focus on increasing the stiffness
of PVA-C by approximately an order of magnitude in order to mimic the material

properties of the annulus fibrosus.

Key Words

intervertebral disc, artificial, lumbar, poly (vinyl alcohol), PVA, compression, creep,

stress relaxation

Key Points
e Current lumbar intervertebral disc prosthesis provide suboptimal symptom relief
and do not restore the natural load cushioning ability of the intervertebral joint
e PVA-C is a promising material for a new tissue-mimicking artificial intervertebral

disc



e Future work will focus on finding a suitable formulation to replace the annulus

fibrosus.

Mini Abstract

PVA-C is a promising material for a new tissue-mimicking artificial lumbar intervertebral
disc. The material properties of PVA-C were characterized for this purpose. PVA-C has
good compressive stress relaxation and creep behaviors; the 3% PVA formulation with

3 freeze-thaw cycles is optimal for replacing the nucleus pulposus.
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Text

Introduction:

Mechanical low back pain is one of the most ubiquitous health care problems in modern
society; it remains the second most common reason for lost work productivity and
physician office visits.*>® Injury or degeneration of the intervertebral disc (IVD) has
been implicated as one of the major causes of low back pain, and some patients will
eventually require surgical intervention.>® Most commonly, spinal fusion (arthrodesis) is
performed. However, a systematic review has found that disability outcomes between
fusion and nonsurgical intervention did not meet FDA's criteria for clinically meaningful
difference.® Artificial lumbar disc replacement is a newer alternative to fusion.'® To date,
only the Charite artificial disc and ProDisc-L are approved by the FDA and undergone
randomized clinical trial. The outcome showed that both systems had slightly better
short-term disability outcomes when compared to lumbar fusion, however these benefits

diminished at 24 months.'"12

It is safe to say that regardless of the relative benefit of
fusion, disc replacement, or nonsurgical intervention, few patients achieve complete
symptom resolution after any of these treatments. This leaves much room for

improvement in artificial intervertebral disc designs.

The human IVD functions primarily to bear and distribute loads as well as dissipate
energy.’ It performs these functions exceedingly well due to its unique composition of a
soft proteoglycan-rich inner core called nucleus pulposus and a tough collagen-rich
outer shell called annulus fibrosus.™ An ideal artificial intervertebral disc should restore

normal joint biomechanics, particularly the load-cushioning ability.2”'* The current
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prosthetic devices offer suboptimal solutions due to their stiff titanium and ultrahigh
molecular weight polyethylene (UHMWPE) construction and unnatural range of motion.
Furthermore, the titanium-UHMWPE articulation exhibits the same problems of wear
and debris accumulation as hip and knee joint implants, which causes undesirable

inflammatory reactions.™

The appropriateness of poly (vinyl alcohol) cryogels (PVA-C) for biomedical applications
has been recognized due to its high water content, excellent biocompatibility and

versatile mechanical properties.?! PVA has been investigated as a material for artificial

15-20 21-24

articular cartilage,'>? contact lens,??* and nucleus pulposus replacement.**>%

While previous studies have investigated nucleus pulposus replacements with PVA

hydrogels,>?>%’

none have considered using multiple PVA-C formulations to replace the
whole disc in order to mimic the mechanical behavior of the natural tissues. The new
design would involve assembling components with different formulations of PVA-C’s to
form a structure almost identical to the natural IVD. The aim of this paper is to
characterize and evaluate the mechanical properties of PVA-C formulations at various

concentrations and freeze-thaw cycles under physiological conditions with respect to its

suitability as an artificial lumbar intervertebral disc material.

Methods:

Sample Preparation
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PVA (99% hydrolyzed, 124,000-164,000 MW, Aldridge Chemical Co., Inc.) was
dissolved in deionized water at 70-90°C for 2-3 hours to obtain 3%, 5%, 15%, 25%,
35%, 40% w/w PVA solutions. The solutions were poured into molds to create samples
with a flat disk shape (38mm diameter, 12mm height). The samples were temperature
cycled from +20°C, to -20°C, to +20°C at 0.1°C/min, representing one complete freeze-

thaw cycle (FTC). Each concentration of PVA solution underwent 1, 3 or 6 FTC's.
Mechanical tests were carried out using an MTS 858-Bionix servohydraulic material
testing system with FlexTest SE controller. All tests were performed in water heated to

37°C.

Unconfined Compression

Literature search revealed that the full range of physiologic loads experienced by the
whole human VD is quite variable. Therefore the PVA-C samples were loaded in

displacement-controlled mode to yield more meaningful data.

The magnitude of displacement was calculated to encompass the deformation
experienced by the IVD both during normal daily activities and maximum tolerable
physiologic loading. Data extrapolated from existing literature indicate that during
normal walking, the range of deformation of the human IVD (expressed as % strain) is
approximately 5-10%.%?%2° The maximum deformation under “unfavourable” loading of
the lumbar IVD was calculated to be approximately 4400N." This value corresponds to a

strain of 15-25%.%%° This maximum load was validated by the fact that the vertebral
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endplates typically fails at approximately 4000-6000N.* A 3mm displacement,

corresponding to approximately 25% strain in PVA-C, was chosen.

A slow crosshead speed of 2mm/min was chosen to facilitate easier comparison
between the PVA-C and human IVD data. The PVA-C samples were loaded to 3mm
and then immediately unloaded. Tangent compressive elastic moduli were calculated at
5% and 20% strain, corresponding to the aforementioned deformation levels.

Preconditioning was performed on all samples.

Compressive Stress Relaxation

Compressive stress relaxation tests used 3mm displacement magnitude with 4mm/s
crosshead speed. The crosshead speed was derived based on human IVD load profile
during “very fast” walking (2.16m/s) to simulate fast deformations that may arise on a
daily basis."® The displacement was held for 30seconds before unloading. Preliminary
studies (data not shown) confirmed that stress relaxation reached steady state values
after 30 seconds and that longer time periods (upto 20min) did not contribute to
significant changes in relaxation rate. The instantaneous stress relaxation rate, final
stress relaxation rate, and percent change in stress were calculated. The load-time data

were then curve fitted by Eq. (1) as described by Wan et al:*'

o ! ;
—L =g, +ae™" + fe (1)
Ty

o, is stress at time t, o, is the initial stress at t=0 seconds, o, is the final relative

remaining stress at t=30 seconds, « and g8 are proportional constants for the crystalline
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and amorphous regions, k, and k,are relaxation-rate fitting parameters for the initial

and final regions respectively.

Compressive Creep

Compressive creep tests were performed by applying an initial load that corresponds to
a load that would cause 3mm of displacement or 223N, which ever is lower (due to
sensor limitations). A loading time of approximately 0.8sec was used, corresponding to
the 4mm/s deformation rate. Instantaneous and steady state creep rates, as well as
percent change values were calculated. The strain-time data was curve fitted using the
exact parametric solution equations derived from a “three-parameter-solid” model

shown in Eq. (2).3%%

0 _1f, )1 2
aylaE, E,

E, andE, are the viscous (equilibrium) and elastic (instantaneous) modulus,
respectively, and 7 is the viscosity. This model has been validated on human lumbar

IVD’s.3%%

Both curve fitting procedures used the nonlinear least squares fitting method to
minimize the summed squares of residuals. This was implemented using the Trust-

region algorithm in MATLAB with 95% confidence interval.

Results:

Unconfined Compression
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Figure 1 shows a typical set of stress-strain hysteresis curves at 3mm displacement
loading for 15%PVA-C 1, 3 and 6FTC. Note the classic nonlinear elastic (more
specifically, viscoelastic) response that is characteristic of PVA-C as well as most
human soft tissues. The initial phase of unloading followed a different path than the
loading phase (typical hysteresis). The loading and unloading paths eventually
converged to the same starting point, thereby avoiding any permanent plastic
deformation. This temporary hysteresis is probably due to a lag in entropic elastic
recovery.®>%® Fluid diffusion in liquid phase of the gel may also have contributed (i.e.

poroelasticity).*’

The initial tangent compressive elastic modulus at 5% strain and large tangent
compressive elastic modulus at 20% strain both increased with increasing PVA
concentration and increasing number of FTC’s (Figures 2, 3 and Table 1). This is
consistent with existing literature regarding PVA-C.2"*®%° |ncreasing PVA concentration
is associated with higher degree of crystallinity,*® while increasing number of FTC’s is
associated with coarsening of regions of heterogeneity and increasing consolidation of
polymer chain en’tanglement.40 Overall, the PVA-C formulations exhibited a wide range
of elastic modulus values. The initial elastic modulus values ranged from 0.70kPa (3%-
1FTC) to 1.30MPa (40%-6FTC). The large elastic modulus values ranged from 1kPa

(3%-1FTC) to 2.12MPa (40%-6FTC).

Compressive Stress Relaxation
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Figure 4 shows the stress relaxation data for the 35%-3FTC sample accompanied by its
Eq. (1) curve fitting. Figure 5 shows the instantaneous stress relaxation rates, which
ranged from 30Pa/s (3%-1FTC) to 109.5kPa/s (40%-6FTC). The instantaneous stress
relaxation rates increased dramatically with increasing PVA concentration and number
of FTC’s, spanning approximately 4 orders of magnitude. The final stress relaxation
rates ranged from 0.2Pa/s (3%-1FTC) to 100Pa/s (40%-6FTC). The final stress
relaxation rates for all formulations spanned a narrower range than the instantaneous
rates. Although, the final stress relaxation rates increased with increasing PVA
concentration and number of FTC's, they plateaued at high PVA concentrations,
indicating that the rates were likely converging to a common value. The percent
changes in stress were less than 20%. Table 2 provides a summary of stress relaxation

results.

The fitting parameters &, and k, represent the slopes of the relaxation curve during the
initial and final times respectively. Upon inspection of data, neither &, nor k,values

appeared to exhibit any correlation with PVA-C concentration or number of FTC’s. Most

k, values were comparable to each other, as were k, values. This was likely a result of
the normalization process. In addition, the proportionality constants o and # probably

also played a role in shaping the fitted curves. This suggests that stress relaxation of

hard and soft PVA formulations are scaled versions of one another.

Compressive Creep
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Figure 6 shows the creep data for the 15%-3FTC sample accompanied by its Eq. (2)
curve fitting. The instantaneous creep rate ranged from 0.013sec™ (3%-6FTC,
sec=seconds) to 0.0044sec™’ (40%-6FTC). The final creep rate ranged from 8x10sec’
(3%-6FTC) to 2x10%sec™ (40%-6FTC). The final creep rates were less than 10*sec™ for
all formulations, indicating that creep rates likely converged toward a common value.
The percent changes in strain were comparable amongst different formulations within
experimental error. Except for the 3%-6FTC and 5%-3FTC formulations, the percent
change values ranged from 1.4% to 3.6%. Table 3 provides a summary of creep results.
Creep measurements from 3%-1FTC, 3%-3FTC, and 5%-1FTC samples were not
reported due to the exceedingly low forces involved, which surpassed the control

limitations of the material testing system.

Figure 7 and 8 and Table 3 show values of Eq. (2) fitting parametersE,, E, and 7. E,

is the instantaneous elastic modulus which dictates the instantaneous response (t=0

seconds) of the samples to the applied loads. E, and 7 characterizes the Kelvin

body,*** and their effects are seen at equilibrium (t>>0 seconds) adding to the effects

of E,. E, values increased with increasing PVA concentration and number of FTC’s.

This is not surprising since the compressive elastic moduli in unconfined compression

exhibited the same trend. Both E, and 7 also increased with increasing PVA
concentration and number of FTC’s. However, the trend is not as consistent for 7. The
E, and 7 trends indicate that samples with higher PVA concentrations and number of

FTC’s are more “viscous” and will undergo less creep when loaded.
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Discussion:

The materials used in aritifical IVD designs to date can be divided into three general
categories: metal, nonmetal, and composite.>'**! The soft tissue components — annulus
fibrosus and nucleus pulposus — are often replaced by an elastomer (e.g. polyurethane,
polyolefin, silicone, polysiloxane, etc.) or a plastic (e.g. polyethylene). 2'*4! Hydrogels
are typically used for nucleus pulposus replacements, and so far only one design uses
PVA (Aquarelle).?®* Although nuclear replacement alone may result in greater
preservation of natural tissue, it has certain draw backs. Firstly, success of nucleus
replacement may depend on severity of degeneration, with better results for earlier
degeneration.?***? Discs with advanced degeneration may not be able to safely contain
a nucleus implant, risking rupture of the remaining annulus fibers and/or endplates.?>**
Secondly, the remaining disc tissues may continue the local inflammatory process,
resulting in sub-optimal symptom control.** Thirdly, device migration, extrusion and
catastrophic herniation are all possible due to lack of mechanical fixation to the annulus

and endplates.”># It is therefore desirable to use a tissue mimicking material like PVA-

C to replicate the essential biomechanical properties of the natural [VD.

Comparison to Human IVD Data

Table 4 shows a summary of the human IVD properties*?25:29:34:45-53

along with the
closest matching PVA-C formulation(s). The human IVD exhibits the classic non-linear
elastic load-displacement curve that's roughly “J-shaped” with an initial “toe” region

followed by a steeper linear region.?®2°**4% The fact that PVA-C also exhibits this non-

linear stress-strain response is a good indication that it could mimic the mechanical
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response of human IVD's well. In general, tests performed on the human lumbar IVD's

4,29,46,48,49 since

all showed much greater hysteresis than the PVA-C formulations,
preconditioning tends to be much more critical for human IVD's than for PVA-C (data
not shown). It is interesting to note that the human IVD tends to exhibit a significant
amount of plastic deformation after the first loading cycle, but the plastic deformation
diminished rapidly with subsequent loading cycles.*?**® This usually amounts to less

than 10% disc height loss. In comparison PVA-C does not exhibit this kind of cycle-

dependent plastic deformation, suggesting good dimensional stability.

Upon inspection of data, the human IVD annulus fibrosus possesses greater
compressive elastic modulus values than the current set of PVA-C formulations. For the
nucleus pulposus, the 3%-3FTC and 5%-1FTC formulations provide the best match. Of
the two, the 3%-3FTC formulation is likely better due to greater dimensional stability.
The physical properties of PVA-C have been extensively investigated, and studies
suggest that increased number of FTC’s tends to decrease the amount of swelling and
dissolution of PVA molecules upon submersion in water.?'* This is consistent with the
authors’ observations. The higher number of FTC’s of the 3%-3FTC formulation has a
greater influence on dimensional stability than the higher PVA concentration of 5%-

1FTC formulation.

There is ongoing debate about whether the nucleus pulposus is really a liquid or a
solid.>*5 This question is difficult to answer due to age-dependent dehydration of the

nucleus that occurs in human IVD. Furthermore the rate and degree of dehydration is

10
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subject to individual variations.**® Mechanical testing indicate that for a normal healthy
human VD, the nucleus pulposus would most likely behave like a viscous fluid under
static loading, and like soft viscoelastic solid under dynamic loading.>*® The 3%-3FTC
and 5%-1FTC formulations, behave more like viscoelastic solids under both loading
conditions (data not shown). This was felt to be appropriate because solid-like behavior
imparts stability and predictability under varying loads. It would be more difficult to
achieve consistent mechanical responses if a fluid-like material is used due to liberal

fluid diffusion in and out of the porous endplates.*?"’

In stress relaxation, preliminary studies showed that given enough time (~20 minutes),
the samples reach nearly zero relaxation rate. Stress relaxation tests performed on
human cadaveric lumber IVD’s showed that after a long period of constant deformation
(30min — 1hr) the stress relaxation rates could eventually reached zero as well.* The
percent change in stress for human lumbar IVD’s depends on the amount of load
applied (e.g. 100kg, 200kg, or 300kg) but tends to be much higher than values for PVA-
C, often exceeding 50%.* The greater percent decrease is likely due to a combination of
higher applied loads and inherent response of the disc itself. A tissue-mimicking artificial
IVD should have equal or lower stress relaxation than the human IVD to provide a
stable and predictable load-displacement relationship. The PVA-C stress relaxation
results are encouraging since most PVA-C samples showed less than 10% decrease in
stress. To date, scant literature exists that analyzes the stress relaxation of human

IVD’s using rigorous curve fitting methods. Thus, the parameters &, and k, calculated in

this study could not be easily compared to human IVD data.

11
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In creep, the human lumbar IVD’s demonstrate a steady state non-zero creep rate even
after a significant period of time (30min — 1hr).*** Conversely, PVA-C data showed that
creep rates tend to converge toward zero for all formulations. The percent change in
displacement after extended loading for human IVD’s were also higher than PVA-C
results.*** This is encouraging since a tissue-mimicking artificial IVD should have equal
or lower creep rate than the human IVD in order to maintain dimensional stability under
sustained loading. This is especially important in ensuring that the prosthesis will not
deform to an unacceptable level during prolonged static loading and cause impingement
on surrounding tissues — most notably the spinal cord and nerve roots. The E,, E, and

nvalues were generally lower than the values derived from human IVD data.?* This was

most likely due to the lower compressive elastic modulus of PVA-C compared to human

IVD as mentioned previously. A few of the E, and E,values were comparable to human
data, and the 7 values were generally low, however none of the formulations could

match all three parameters simultaneously.

It is evident from Table 5 that future investigations should focus on finding a PVA-C
formulation with adequate compressive elastic modulus to function as an artificial
annulus fibrosus. Since further increase in PVA concentration is impractical, some
preliminary work was performed to investigate composite PVA-C structures. Particle or
fiber reinforced PVA-C structures are possible. As well, nucleating agents maybe used
to further increase the degree of crystallinity and strength of PVA-C. Finally, the issue of

endplate attachment was also considered, and bonded titanium mesh® or porous

12
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titanium plate (unpublished data) are both promising options for PVA attachment. Both
Charite and ProDisc use titanium endplates with mechanical features (spikes or keel) to

facilitate bone in-growth and demonstrate satisfactory results.

Conclusion:

It was found that the 3%-3FTC PVA-C formulation is the optimal choice for a tissue
mimicking artificial nucleus pulposus. It provides the best combination of mechanical
properties and dimensional stability. Stress relaxation and creep comparisons with
human IVD data showed that PVA-C underwent less stress relaxation and creep than
human IVD, indicating that PVA-C should behave predictably over a wide range of
loading conditions in-vivo. Combined with its excellent biocompatibility, this makes PVA-

C a suitable choice for a tissue-mimicking artificial IVD.

Unfortunately, a completely suitable replacement for the annulus fibrosus could not be
selected from the current formulations of homogeneous PVA-C. At the highest
concentration of PVA-C tested (40%-6FTC), the material reached 10-15% of required
elastic modulus. Future investigations will explore composite PVA-C formulations to
boost stiffness by approximately an order of magnitude without compromising load-
cushioning ability and toughness. Due to the choice in methodology to characterize
PVA-C by elastic modulus rather than by maximum load, the PVA-C samples were not
subjected to the same levels of maximum loads as human lumbar IVD’s. Future tests on
stiffer composite formulations will reveal the response of PVA-C under large physiologic

loads, comparable to loads subjected to human IVD's.

13
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Table 1. Summary of Tangent Compressive Elastic Modulus Values for PVA-C*

PVA Concentration
Parameters 3%PVA | 5%PVA | 15%PVA | 25%PVA | 35%PVA | 40%PVA
1FTC
EM at 5% Strain (MPa) | 0.001 0.003 0.089 0.197 0.501 0.950
EM at 20% Strain (MPa) | 0.001 0.006 0.138 0.465 0.941 1.521
3FTC

EM at 5% Strain (MPa) 0.002 0.020 0.253 0.517 0.781 0.950
EM at 20% Strain (MPa) 0.001 0.043 0.425 0.822 1.413 2.061

6 FTC

EM at 5% Strain (MPa) 0.007 0.046 0.357 0.523 0.904 1.303
EM at 20% Strain (MPa) 0.013 0.080 0.669 0.863 1.753 2117

*EM = Elastic modulus



Table 2. Summary of Stress Relaxation Results for All PVA-C Formulations*®

PVA Concentration

Parameters 3%PVA | 5%PVA  [15%PVA [25%PVA | 35%PVA | 40%PVA
1FTC

Inst. relax rate (Pa/s) 30 40 600 7300 23700 69300
S.S. relax rate (Pals) 0.2 0.2 7 10 50 90

% Change Stress 19.2+4.9 5.0£7.4 3.7+2.3 6.9+0.4 7.8+0.8 17.1£1.5
ki (sec™) 1.79+0.45 1.52+0.50 1.65+£0.07 2.13+0.14 4.04+0.06 1.99+0.04
k (sec™) 0.100£0.006 | 0.106+0.007 | 0.114£0.001 | 0.074£0.005 | 0.097+0.001 | 0.114+0.002
3FTC

Inst. relax rate (Pals) 30 300 1500 31400 78900 83300
S.S. relax rate (Pals) 0.4 5 30 50 100 100

% Change Stress 9.743.0 6.94£3.3 3.8£0.6 12.4+0.9 5.6+2.3 13.5+0.5
ki (530’1) 1.88+0.44 1.10+0.04 1.60+0.09 2.11+0.05 2.25+0.04 2.37+0.05
ka (sec™) 0.080+0.004 | 0.082+0.001 | 0.090+0.001 | 0.129+0.002 | 0.123£0.002 | 0.106+0.001
6 FTC

Inst. relax rate (Pa/s) 100 500 4600 39400 94200 109500
S.S. relax rate (Pa/s) 2 9 70 40 100 100

% Change Stress 8.916.2 6.3+2.0 5.2+1.7 10.9+0.3 15.7+2.6 16.9+0.6
ki (sec™) 2.31+£0.49 1.57+0.09 2.31+0.13 1.98+0.06 3.11x0.07 2.32+0.04
ko (sec™) 0.106+0.003 | 0.106+0.001 | 0.097+0.001 | 0.112+0.002 | 0.130+0.002 | 0.130+0.002

*Inst.=Instantaneous, S.S.=Steady state, sec=seconds. The instantaneous stress relaxation rates were
calculated immediately after loading, and the final stress relaxation rates were calculated at 30 seconds. The
percent changes in stress were calculated with stress at t=0 in the denominator.




Table 3. Summary of Creep Results for All PVA-C Formulations*

PVA Concentration

Parameters | 3%PVA | 5%PVA | 15%PVA | 25%PVA [ 35%PVA 40%PVA
1FTC

Inst. CreeP 0.0015 0.003 0.0052 0.003
rate (sec’)

S.S. cree 1.0E-05 2.0E-05 4.0E-05 4.0E-05
rate (sec ')

% Change 1.4+0.9 2.1£0.7 29+1.7 3.1+1.6
Strain

E; (MPa) 7.82+0.18 21.36+0.38 38.10+0.71 41.91+0.62
E, (MPa) 0.107+0 0.351+0.0001 | 0.691+0.0002 | 0.921+0.0003
n (MPa) 1321251 52.012.2 218.9+11.0 315.1+£14.0
3FTC

Inst. cree 0.016 0.0066 0.0055 0.0054 0.0018
rate (sec’ )

S.S. cree 7.0E-05 4.0E-05 2.0E-05 6.0E-05 4.0E-05
rate (sec)

% Change 8.8+4.0 3.6£1.5 2.0£0.7 3.642.7 2.4+3.9
Strain

E, (MPa) 0.711£0.02 11.9240.09 31.86+0.53 40.2540.64 63.22+0.87
E, (MPa) 0.035+0.0004 | 0.330+0.0001 | 0.612+0.0002 | 0.950+0.0003 | 1.096+0.001
1 (MPa) 5.2+0.3 44 .5+0.9 96.1+£3.8 240.9+10.5 383.5t14.6
6 FTC

Inst. creep 0.013 0.0078 0.0016 0.0049 0.0019 0.0044
rate (sec’ )

S.S. creep 8.0E-05 8.0E-06 5.0E-05 3.0E-05 4.0E-05 2.0E-05
rate (sec™)

% Change 17.0+1.2 1.544.4 2.5+3.0 2.0+1.5 2.2+2.4 1.8+0.2
Strain

E; (MPa) 0.080+0.001 8.55+0.48 24.93+0.38 37.87+0.65 62.80+0.84 59.8310.75
E, (MPa) 0.012+0 0.063+0 0.516+0.0001 | 0.657+0.0002 1.0560 1.1120
n (MPa) 0.3+0 13287 102.3+4.0 126.4+5.2 451.9+17.6 488.9+12.0

*Inst.=Instantaneous, S.S.=Steady state, sec=seconds, E=10". The compressive creep test was carried out
to a force corresponding to 3mm or 223N which ever is lower. The instantaneous creep rates were
calculated immediately after loading, and the final creep rates were calculated at 30 seconds. The percent
changes in strain were calculated with stain at t=0 in the denominator.




Table 4. Comparison of Material Property between PVA-C and Human Lumbar

IVD*
Human IVD PVA-C Suitable Formuation(s)
Range Min. | Max. Formulation | Value
Compression
Annulus Fibrosus
4,28,29,45-47,50,51,53,59,60
Initial EM at ~5% strain
(MPa) 2.9-6.6 0.0007 1.303 None
Linear EM at ~20%
strain (MPa) 21.2-27.5 0.001 2117 None
Nucleus
Pul5:)t:nsu:=."’9""2‘55
Initial EM at ~5% strain | 0.00169-0.00481 0.0007 1.303 3% 3FTC 0.002
(MPa) 5% 1FTC 0.0026
Linear EM at ~20% 0.00283-0.00795 0.001 2117 3% 3FTC 0.0031
strain (MPa) 5% 1FTC 0.0055

Stress Relaxation (whole disc)”

SS Relaxation Rate’

(Pals) 0-120 0.2 100 Al
% Decrease in Stress’ 46%-67% 3.7+2.3% 19.2+4.9% Al
Creep® (whole disc) ™™

SS Creep Rate' (sec™) | 5x10°-1.3 x10° 8x10° 8x107 All
% Increase in Strain’ 30%-108% 1.4+0.9% 17.0£0.2% All

E, (MPa) 4.204-10.48 0.080£0.001 63.22+0.87 5% 6FTC 8.55+0.48

15% 1FTC 7.82+0.18

E,(MPa) 1.057-2.245 | 0.0119+0.00003  1.112+0.001 | 40% 3FTC  1.096+0.001

40% 6FTC  1.112+0.001
7 (MPals) 2590-16090 0.313%0.013 488.9+25 None

*EM = Elastic Modulus, SS = Steady State, '=Human values at >30min, * = Limited PVA-C set. Non-
standardized units for load and displacement (e.g. pounds and inches) were converted to stress and strain
based on the best estimate of normal human IVD dimensions. Compressive elastic modulus values were
available for the annulus fibrosus and the nucleus pulposus. Stress relaxation and creep could only be found
for the entire disc.




Figure Legend

Figure 1. Typical stress-strain hysteresis curves at 3mm displacement loading

(15%PVA-C with 1, 3 and 6 freeze-thaw cycles).

Figure 2. Histogram of initial compressive tangent elastic modulus at 5% strain for all
PVA-C formulations. The elastic modulus increased with either increasing PVA

concentration or number of FTC's.

Figure 3. Histogram of large compressive tangent elastic modulus at 20% strain for
all PVA-C formulations. The elastic modulus increased with either increasing PVA

concentration or number of FTC's.

Figure 4. Typical stress relaxation data (35%-3FTC sample) accompanied by its

fitted curve from Equation 1 using 3mm initial displacement.

Figure 5. Histogram of instantaneous stress relaxation rates for all PVA-C

formulations with 3mm initial displacement.

Figure 6. Typical creep data (15%-3FTC sample) accompanied by its fitted curve

from Equation 2 using a force-equivalence of 3mm displacement.

Figure 7. Histogram of E, values (viscous modulus) for all PVA-C formulations

(except for samples noted in text). See Equation 2 for details.



Figure 8. Histogram of E, values (instantaneous modulus) for all PVA-C

formulations (except for samples noted in text). See Equation 2 for details.



Stress (MPa)

Stress vs. strain plot for 15% PVA-C at 1, 3 and 6 freeze thaw cycles
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Comparison of Experimental Data with Fitted Curve for Stress Relaxation -
35% PVA-C 3 FTC Sample
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Strain

Comparison of Compressive Creep Experimental Data to Fitted Curve

Using Three-Parameter Model for 15% PVA-C 3FTC
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