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Abstract

Emerging techniques as an alternative to the current treatments of lower back pain include nucleus replacement by an artificial
material, which aims to relieve pain and restore the normal spinal motion. The compressive mechanical behavior of the PVA/PVP

hydrogel nucleus implant was assessed in the present study.

PVA/PVP hydrogels were made with various PVP concentrations. The hydrogels were loaded statically under unconfined and
confined conditions. Hydrogels were tested dynamically up to 10 million cycles for a compression fatigue. Also, hydrogel nucleus
implants with a line-to-line fit, were implanted in the human cadaveric intervertebral discs (IVD) to determine the compressional

behavior of the implanted discs.

Hydrogel samples exhibited typical non-linear response under both unconfined and confined compressions. Properties of the
confinement ring dictated the observed response. Hydrogel moduli and polymer content were not different pre- and post-fatigues.
Slight geometrical changes (mostly recoverable) were observed post-fatigue. In cadavers, hydrogels restored the compressive
stiffness of the denucleated disc when compared with equivalent condition of the IVD.

The results of this study demonstrate that PVA/PVP hydrogels may be viable as nucleus pulposus implants. Further studies under
complex loading conditions are warranted to better assess its potential as a replacement to the degenerated nucleus pulposus.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Lower back pain is an important socioeconomic disease
and one of the most expensive health care issues today. In
more than 75% of the cases, the origin of the lower back
pain is a degenerated lumbar intervertebral disc (IVD) [1].
In the normal healthy disc, the hydrated nucleus pulposus
(nucleus) exerts a hydrostatic pressure (intradiscal pressure
(IDP)) on the annulus fibrosus (annulus) fibers [2]. This
IDP is mainly responsible for load distribution in the disc,
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by creating tension in the annulus fibers near the interface
with the nucleus. However, this load transfer mechanism is
altered in degenerated discs. The water content of the
nucleus in the degenerated disc is significantly reduced,
resulting in a corresponding decrease in IDP [2-4]. An
abnormal stress state of the annulus (which experiences
compressive stresses) in the degenerated disc over repeated
loading, may provide the stimulus for the formation of
cracks and fissures in the annulus and thereby a path for
nucleus migration from the center of the annulus toward
the periphery.

Total disc arthroplasty [5-7] and nucleus replacement
[8,9] are two non-fusion techniques emerging as potential
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solutions to this condition. The exploration of these
concepts for the alleviation of lower back pain is motivated
by the shortcomings of the current treatments, such as
spinal fusion and discectomy. Both of these current
procedures relieve pain, but do not restore the spinal
biomechanics to that of a healthy disc [3,10-13]. Moreover,
these procedures may promote further degeneration of
either the initially affected disc, in the case of discectomy
[12,13] or adjacent IVDs in the case of spinal fusion [14,15].
The ultimate goal of a non-fusion solution for the
treatment of lower back pain is to eliminate pain and
restore the motion and stress state to that of the normal
physiological condition. Nucleus replacement with a
synthetic material [8,9,16] or with a tissue engineered
structure [17,18] targets earlier stages of disc degeneration
(Galante grades I-1IT) [19], where the annulus is not fully
compromised. This approach may help to preserve the
annulus and be more amenable to minimally invasive sur-
gical techniques. A classical approach to replacing a
diseased or damaged tissue would involve matching the
properties of the implant material to those of the normal
biological tissue of interest. However, normal nucleus
pulposus tissue properties vary with the state of degenera-
tion and has been described with a wide range from a fluid
[20] to an isotropic solid [4]. Without a well-defined tissue
description, it is difficult to “match” the properties of the
tissue.

In order to understand the mechanics of the implant,
we need to concurrently understand the mechanics of
the implant material. The implant material should be
able to withstand mechanical loading states experienced
under physiological conditions. While the ideal require-
ments for a nucleus replacement material have been
described [20], test methodologies for determining the
device behavior are yet to be agreed on by the regulatory
and scientific communities.

Prior work in our laboratory has focused on the
development of a chemically stable hydrogel polymer
system of polyvinyl alcohol (PVA) and polyvinyl
pyrrolidone (PVP) [21-23]. PVA/PVP interactions occur
through interchain hydrogen bonding between the
carbonyl group of PVP and hydroxyl group of PVA
resulting in physical crosslinking of these two polymers.
The objective of the current study was to characterize
the compressive mechanical properties of a PVA/PVP
hydrogel and assess the mechanical feasibility of the
material as a potential replacement for the degenerated
nucleus of the human lumbar IVD.

2. Materials and methods
2.1. Hydrogel preparation

PVA (Elvanol® Grade 71-30, M, = 120,000— 140,000
gm/mol) was obtained from Dupont (Wilmington, DE).

PVP was obtained from Sigma Aldrich (St. Louis, MO) in
two different molecular weights (A, = 10,000 and 40,000 g/
mol). PVA and PVP powder mixtures were made contain-
ing varied PVA/PVP weight ratios between 1% and 5% PVP
by weight (where previous data have shown no mecha-
nical differences in modulus in this compositional range
[21]) with an equilibrium water content of 84%. The mix-
tures were dissolved in deionized water at 90 °C for 24h to
yield polymer solutions. The solutions were stirred for
30min and then cast into cylindrical molds. The molds
were then exposed to six consecutive cycles of freezing at
—20°C for 21h and thawing at 25°C for 3h to induce
crystallization of the PVA and form physical crosslinking in
the hydrogels.

2.2. Unconfined compression tests

Hydrogel samples were made using PVP with
‘M, = 10,000 g/mol, as described above. Samples were im-
mersed in phosphate buffered saline (PBS) solution (pH = 7.4)
at 37°C and unconfined compression tests were performed
after 1 and 56 days of immersion. The hydrogel samples were
loaded in an Instron mechanical testing system (Instron Model
4442, Park Ridge, IL) fitted with a 50-N load cell. Samples
were compressed at a strain rate of 100% strain/min. Load and
displacement data were recorded at 20 Hz with the Instron
Series IX software. These data were converted to stress—strain
values and a tangent compressive modulus for each hydrogel
sample was calculated at 15%, 20%, and 25% strain. The
average slopes of a linear trend line formed with the
stress—strain data from 10-20%, 15-25%, 20-30% were
assumed equal to the tangent slopes at 15%, 20%, and 25%
strain, respectively.

2.3. Unconfined compressive fatigue behavior

2.3.1. Fatigue tests

Samples (n=9) were made with PVP having
M, = 40,000 g/mol, according to the methods described
above. The hydrogel samples were axially compressed to
15% strain for 100,000, 1, and 10 million cycles at SHz in
PBS solution (pH = 7.4) at 37 °C with an Instron Model 1331.
The tests were run with a preload of approximately 9 N.
Three samples were tested under each condition. Surfaces
with circular grooves were used on the testing apparatus to
keep the test samples stationary during testing. The 15%
strain represents the approximate strain corresponding to load
on the intact IVD under physiological conditions [2,24]. The
mass and dimensions of the samples were measured before
and after fatigue cycling. Samples were placed back in PBS
solution at 37°C for 14 days, with mass and dimensions
measured daily.

Unconfined compression tests were performed on each
sample before and after fatigue test. The compressive modulus
was calculated to determine the effect of fatigue cycling on the
stiffness of the hydrogels. The samples were compressed at a
strain rate of 100% strain/min. The tangent compressive
modulus was calculated at 15%, 20%, and 25% strain as
described earlier.
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2.3.2. Mass, dimension, and density measurements

Mass of the hydrogels was measured with a Denver
Instruments M-120 balance. After fatigue, samples were weighed
in both air and heptane, and then dried under vacuum. The dry
mass of the samples in air was then measured and recorded. To
calculate the dry mass percentage for the hydrogels, the dry mass
after fatigue was divided by the wet mass after fatigue.
Measurements of the height and diameter were taken for each
sample before and after fatigue testing, and for 14 days after
fatigue, using a digital caliper. The density of the hydrogels was
calculated by taking the mass in heptane and using Eq. (1), where
Phydrogel 18 the density of the hydrogel, ppepiane is the density of
heptane, m,;, is the mass of the hydrogel in air, and mpepiane is the
mass of the hydrogel in heptane:

Phydrogel X Mair

= . 1
Phydrogel (M5 — mhcptane) M
2.4. Confined compression testing
Hydrogels were made with PVP having

‘M, = 10,000 g/mol, as described previously [21,22]. A con-
fined compressive modulus was calculated by using a confined
compression testing configuration fitted to an Instron mechan-
ical testing system (Model 4442, Park Ridge, IL). Samples were
compressed at a strain rate of 100% strain/min. A cylindrical
plunger was compressed upon the gel as it was confined by a
ring of either silicon rubber (n=5) or high-density poly-
ethylene (PE) (n = 5). The silicon rubber ring has a modulus
(approximately 1.0 MPa) closer to that of the PVA/PVP
hydrogel allowing radial deformation of the ring upon loading
of the hydrogel. The high-density PE ring was considered a
rigid body, as its modulus (approximately 1.0 GPa) is several
magnitudes higher than that of the hydrogel sample it
surrounded. Load and displacement data were recorded at
20Hz with Instron Series IX software. These data were
converted to stress—strain values and confined compressive
modulus was calculated as described earlier.

2.5. Human cadaver mechanical testing

2.5.1. Specimen preparation

Hydrogels  were  prepared  with  PVP  having
‘M, = 10,000 g/mol, as described earlier. Anterior column
units (ACUs) were harvested from 8 cadavers (3 males and 5
females) with an average age of 65 years, within 72 h of death.
An ACU is defined as an IVD with the superior and inferior
vertebra, but with the muscle and posterior elements removed
from the vertebral bodies. Fifteen lumbar ACUs from L1-S1
levels were selected based on visual inspection, eliminating
those with obvious damage or degeneration. Parallel cuts were
made perpendicular to the longitudinal axis of the ACU,
through the vertebrae superior and inferior the disc to ensure
alignment of the axial compression load. Anatomical measure-
ments of the specimen (disc height, superior and inferior
vertebrae height, disc major and minor diameters) were
performed using standard digital calipers.

2.5.2. Mechanical testing procedure
The test specimen was constrained in a custom-made test
fixture with help of screws, which connected the inferior

vertebrae to the test fixture. A commercially available potting
mixture (Cargroom; US Chemical and Plastics, OH, USA) was
used for potting of specimens in the fixture. Only the inferior
vertebra was potted. The superior vertebra was compressed
against a flat compression plate attached to the load cell.
Specimens were kept moist throughout the experiment by
spraying with a protease inhibitor.

2.5.3. Compression testing protocol

An Instron (Model 1331; Canton, MA, USA) mechanical
testing machine was used. The initial baseline position of the
upper compression plate and lower actuator was ensured and
maintained through each test condition. The specimens were
preconditioned for 50 cycles at 3% strain (based on the
average IVD height). Specimens were axially compressed to
15% of total average IVD height. The testing was performed
with a triangular waveform at 0.5 Hz with a loading rate of
15% strain/s for 5 loading cycles, for each tested condition.

2.5.4. IVD implantation and test protocol

A series of axial compressive tests were completed on each
specimen, as shown in Fig. 1. First, the intact specimen was
tested using the compression testing protocol (intact condi-
tion). Then, a Cloward core drill bit of 16 mm diameter was
used to drill perpendicular to the cut surface of the superior
vertebra through the bone to the IVD. A cylindrical bone plug
above the disc was removed. For the second test condition, (BI
condition), the cylindrical bone plug was reinserted and the
test protocol was repeated. Then, the bone plug was removed
from the ACU and the central portion of the nucleus in line
with the core drill (equal to 16 mm diameter) was removed
using standard surgical instruments, keeping the residual
nucleus and the annulus intact (Fig. 2). The testing protocol
was then run on the denucleated specimen without the bone
plug (DN-1, denucleated condition). A cylindrical hydrogel
implant with a diameter equal to 16 mm and height equal to
that of measured average disc height was implanted into the
cavity formed by removal of the nucleus material. This formed
a line-to-line fit of the nuclear defect. The bone plug was again
placed in its original position over the hydrogel implant and
the testing protocol was repeated (implanted condition).
Finally, the implanted hydrogel and bone plug were removed
and the specimen was tested again (DN-2, denucleated

THITrrr ey TTITTTrT TITTTTTT TITTTTTTY
Intact Bi DN-1 Implanted DN-2
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Fig. 1. Schematic of test procedure and implantation method of a
lumbar anterior column unit.
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Fig. 2. Denucleated anterior column unit test specimen.

condition) to determine if there was any damage to the
specimen during testing.

2.5.5. Data analysis

The load—displacement history data for each test condition
were collected using a Labview®™ program (sampling
rate = 1000 Hz). Data for the fifth loading cycle were taken
for analysis and instantaneous compressive stiffness values (N/
mm) were calculated at representative strain levels of 5%, 10%
and 15%, for each condition, for each specimen. The stiffness
values were obtained by numerically differentiating the raw
data, taking the slope of the line passing through points
corresponding to the representative strain levels. For each
strain level (5%, 10% and 15%), a one-way, repeated measures
ANOVA was performed for compressive stiffness with one
subject factor (surgical condition: intact, BI, DN-1, implanted,
DN-2). Follow up paired ¢-tests were conducted to assess the
effect of surgery (intact vs. BI), effect of denucleation (BI vs.
DN-1), restoration ability of the hydrogel (BI vs. implanted)
and crosscheck (DN-1 and DN-2). The acceptable rate for a
type-I error was chosen as 5% for all tests.

3. Results
3.1. Unconfined compression tests

Under unconfined compression, PVA/PVP hydrogels
typically show a non-linear stress—strain response (Fig.
3a). The tangent modulus values at 15%, 20% and 25%
strain were 0.23, 0.29 and 0.37 MPa, respectively (Fig.
3b). The effect of PVP content on the mechanical
stiffness of the gels was studied. Side-by-side compres-
sion tests of gels processed for this study with different
PVA/PVP weight ratios were performed after 1 and 56
days of immersion in PBS at 37 °C. Hydrogels with the
different ratios of PVA to PVP had the same mechanical
properties, even after 56 days of immersion in PBS.
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Fig. 3. (a) Typical unconfined compression stress—strain curve
showing hyperelastic response. (b) The unconfined compression
modulus increases as the strain magnitude increases.

3.2. Unconfined compressive fatigue behavior

The normalized compressive modulus was determined
for the hydrogels at 15, 20 and 25% strain after fatigue
testing (Fig. 4). The moduli of the fatigued samples were
normalized to the un-fatigued control hydrogels. The
moduli of the hydrogel samples subjected to no fatigue,
100,000, and 1 million cycles were all within standard
deviations (at 15%, 20% and 25% strain). There was a
24% decrease in the modulus at 15% strain, for the
samples after 10 million cycles. However, the modulus
for these samples at 20% and 25% strain was not
different from the controls.

Fig. S5a shows the normalized diameter and height of
the hydrogel that had been subjected to 100,000 fatigue
cycles. All the hydrogels showed some changes in the
geometry post-fatigue, which were recovered (compared
to the controls) within one day of unrestrained recovery
in PBS. The normalized diameter and height after 14
days in PBS is presented in Fig. 5b. A 5% increase in
diameter and a 17% decrease in height were observed
after 10 million cycles. The polymer content (indicated
by dry mass) of the hydrogels (Fig. 6) and the post-
fatigue density (compared with original density of
1.04 g/em®) showed no appreciable change with any
number of fatigue cycles. This is consistent with
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Fig. 4. Compressive modulus at 15%, 20% and 25% strain before and
after fatigue of up to 10 million cycles. There was a small reduction in
modulus at 15% strain after 10 million cycles; however, there were no
significant differences in moduli up to 10 million cycles for 20% and
25% strain levels (p>0.05).
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Fig. 5. (a) Normalized diameter and height recovery for the PVA/PVP
hydrogel after 100,000 fatigue cycles. Diameter increased from control
dimensions by 5% upon removal from test fixture, however, after 2
days recovery, the samples returned to original dimensions. Height
showed a slight decrease after fatigue, but recovered within two days.
(b) Normalized diameter and height 14 days after removal from fatigue
setup. No statistically significant differences were measured after 10
million cycles after 14 days of recovery for diameter. Up to 1 million
cycles, there were no significant differences in height from before
testing. However, the 10 million cycle samples showed a height
reduction of approximately 17% (p<0.05).

previous work showing mass stability of PVA/PVP
physically cross-linked systems in an unloaded environ-
ment in vitro [21].
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Fig. 6. There was no significant change in the normalized polymer
content of the samples after fatigue through 10 million cycles
(»p>0.05).
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Fig. 7. Comparison of typical stress—strain responses of PVA/PVP
hydrogels obtained using two different confinement rings: silicon
rubber, high-density PE. A typical stress—strain response of a PVA/
PVP hydrogel in the unconfined condition is also provided for
reference.

3.3. Confined compression tests

Typical stress—strain responses of two confined
compression tests (using silicon rubber and high-density
PE as confinement rings) are compared with a typical
unconfined stress—strain response for a PVA/PVP
hydrogel (Fig. 7). The high-density PE ring is stiffer
than the silicon rubber ring and thus results in a
stress—strain curve with a higher slope. The average
confined moduli were 0.19 MPa with silicone rubber ring
and 12.70 MPa with high-density PE ring.

3.4. Human cadaver mechanical testing

The non-linear load—displacement behavior was ob-
served for all specimens under all conditions (Fig. 8a).
Fig. 8b shows the plot of ACU compressive instanta-
neous stiffness (N/mm) vs. the strain (%) for all five
testing conditions. The one-way ANOVA calculations
comparing stiffness of these five conditions at 5%, 10%
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Fig. 8. (a) Load-displacement behavior of one test specimen for
different test conditions. (b) Compressive stiffness (N/mm) vs.
compressive strain (%) for different test conditions.

and 15% strain showed significant differences
(p<0.001). In all the specimens (at 5%, 10%, 15%
strain), the stiffness for the denucleated conditions (DN-
1 vs. DN-2) was not significantly different (p = 0.92,
0.60, and 0.23, respectively), indicating a return to the
original denucleated condition after implant removal.

Drilling into the vertebrae (BI) reduced the stiffness
compared to the intact condition and was significantly
different (e.g. stiffness value 80% of intact at 15%
strain, p<0.001 at all strains levels). A more dramatic
reduction in the stiffness was observed for denucleated
specimens (e.g. stiffness value 44% of BI at 15% strain,
p<0.001 at all strain levels). Insertion of the hydrogel
implant restored the stiffness of the ACU to a value of
88% of BI at 15% strain and was significantly different
than DN-1 at all strain levels (p<0.001). This restora-
tion of stiffness by the hydrogel implant was 92%, 88%
and 88%, of BI stiffness at respective strain levels.
Stiffness of BI compared to implanted was not
significantly different (p >0.05) at all strain levels.

The effect of hydrogel implantation in the denucleated
specimen is clearly shown in the resulting increased
stiffness of the implanted specimen (Table 1). Moreover,
the implanted specimen stiffness is far greater than the
corresponding algebraic sum of the denucleated speci-
men stiffness and the hydrogel.

Table 1
Compressive stiffness comparison of denucleated specimen, hydrogel
implant alone and implanted specimen

Stiffness (N/mm) 5% Strain 10% Strain 15% Strain
Denucleated 116.0 311.0 672.0
Hydrogel implant 0.8 1.7 2.5
Implanted 277.0 702.0 1351.0

4. Discussion

Nucleus replacement is emerging as a possible
minimally invasive treatment for the pervasive condition
of degenerative disc disease. Our approach to this
challenging engineering problem is to utilize highly
compliant, elastomeric hydrogels as nucleus replacement
materials. Upon loading, the device is designed to create
a stress on the internal surface of the annulus that will
mimic the IDP of the normal nucleus pulposus. In this
work, we were interested in characterizing the compres-
sive mechanical behavior of PVA/PVP hydrogels and
determining the functional compressive behavior of a
nucleus-implanted IVD.

Until recently, hydrogels have not been considered as
load-bearing devices due to the limited mechanical
properties. Some work has begun to examine hydrogels
for use in nucleus [21,25-28] and cartilage replacements
[29-31]. Stammen et al. [29] have shown the compressive
behavior of PVA hydrogels for different polymer
contents and strain rates. For hydrogels of 20% polymer
content (at 100% strain/min), they reported unconfined
compressive tangent moduli in the range of 1.5-2.0 MPa
for PVA cryogels at 20% strain. This can be compared
to our results where 10% PVA/PVP hydrogels exhibited
a compressive tangent modulus of 0.29 MPa at 20%
strain. Differences in the modulus values may be
attributed to the differences in polymer content and
processing conditions. Although the overall polymer
content affects the compressive modulus, varying the
PVA/PVP ratios did not significantly affect the mod-
ulus, even after 56 days of immersion in PBS. There was,
however, an increase in modulus with immersion for
each group, which is attributed to the equilibration of
the hydrogel material system with water, which has been
shown to occur after about 14 days [32].

The compressive moduli of the samples at 15% strain
were unchanged after 1 million cycles of unconfined
compressive fatigue. The initial portion of the compres-
sion curve was flatter for the 10 million cycle samples,
producing a lower modulus at 15%. The curve
recovered the shape of the other samples at higher
strains, resulting in no change in modulus, showing that
the samples were still intact and structurally unchanged.

There was no change in diameter of samples (for
100,000 and 1 million cycles), and no change in height of
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samples (for 100,000 cycles). This indicates that the
initial deformations were reversible during the 14 days
of immersion following the fatigue tests. The increase in
the diameter of the hydrogels (for 10 million cycles) and
the decrease in height of the hydrogels (for 1 and 10
million cycles) are permanent, and may have been a
result of creep. Creep is usually associated with samples
that have been subjected to a static load [33]. However,
with 10 million cycles at 5Hz, the cumulative fatigue
could have produced a creep effect in the samples due to
polymeric chain relaxation, resulting in the dimension
change. The samples which recovered their approximate
original dimensions were subjected to reversible creep,
possibly because of a temporary change in water content
during the fatigue testing. Additionally, there was no
change in the dry mass percent of the samples after 14
days of recovery, independent of number of fatigue
cycles. The fact that the density of the samples did not
change after 10 million fatigue cycles is another
confirmation that the composition of the hydrogels
remained unchanged.

In functional use as a nucleus pulposus replacement,
the implant would be in contact with the surrounding
annulus fibrosus, ideally in a line-to-line or press fit
condition [24,34]. A cylindrical hydrogel that is being
compressed axially will expand radially because of its
high Poisson’s ratio. A hydrogel axially compressed
within a silicone confinement ring having a relatively
similar stiffness will transfer loads to the ring, causing
the ring to expand radially. The expansion of this
relatively compliant ring results in a much lower
confined compression modulus compared to that
resulting from a rigid ring, such as high density PE.
There is a two order of magnitude difference in
compressive modulus between the unconfined and
silicone confined conditions.

The confined compression test is similar to our in
vitro human cadaveric tests where a hydrogel implant
(having line-to-line fit) was replaced in the artificially
created nucleus cavity of the lumbar IVD with an intact
surrounding annulus. Earlier work has been performed
for nucleus replacement with a synthetic material in
cadaveric ACUs [35] and in animals [36]. Meakin et al.
[36] used sheep discs to assess the effect of nucleus
implant on bulging direction of the annulus fibers, in
pure compression. However, in all of the cases, the
nucleotomy was facilitated by making a small incision
through annulus. Our novel approach to nucleus
implantation precluded annulus damage [24,34], en-
abling full interaction of the nucleus implant and intact
annulus.

Calculated stiffness values for intact specimens agreed
well with those previously reported for lumbar ACUs in
the literature (772-3040 N/mm) [2,37]. The restoration
of stiffness to the denucleated ACU after implantation
with the PVA/PVP hydrogel is evident from Fig. 8. The

general premise that the IVD biomechanics and load
transfer mechanism results from synergistic effect
between the implanted hydrogel and the surrounding
intact annulus is shown through this study. Considering
the data in Table 1, one can clearly see that the
summation of the stiffness of the ‘denucleated” ACU
(e.g. 672N/mm at 15% strain) and that of ‘hydrogel
only’ (e.g. 2N/mm at 15% strain) is far less than the
stiffness of the ‘implanted” ACU (e.g. 1351 N/mm at
15% strain). This non-linear increase in the stiffness
observed after implantation of the polymeric hydrogel is
due to the interaction between the polymeric implant
and the intact annulus. Poisson’s ratio of the hydrogel
results in a significant radial displacement in compres-
sion. In an intact disc, load transfer occurs by pushing
the annulus radially outwards, which is facilitated by
IDP, generated by the hydrated nucleus pulposus. In the
denucleated disc, the inner annulus fibers bulge inwards
and are in compression. In the nucleus-implanted disc,
the radial displacement of the implant causes a stress at
the implant/annulus interface (Fig. 9). This stress
mimics the IDP of a normal nucleus and presumably
creates tension in annulus fibers. The tension in the
annulus fibers then allows the annulus to bear more
loads, resulting in higher stiffness of the ACU, through
this synergistic interaction [24].

Only compressive mechanics of the PVA/PVP hydro-
gel implant was examined in this work. Although,
compression is the major load acting on the IVD, other
loading modes or, combination of loading modes such
as flexion-extension, torsion and lateral bending gen-
erally leads to worst case loading scenario, from IVD
point of view. The results presented here may not
necessarily hold true for other loading modes and
should also be viewed in terms of the limited sample
size and age of the cadaveric specimens tested. The in
vitro method used for implantation purposes is certainly
not viable clinically. The work done was only to assess
the compressive hydrogel nucleus implant mechanics,
without damage to the annulus and further work is
needed to better understand the static and dynamic
behavior of the PVA/PVP hydrogel nucleus implant
under complex physiological loading conditions.

5. Conclusion

The compressive mechanical behavior of the PVA/
PVP hydrogel implant, which would serve as a potential
replacement to the degenerated nucleus of the IVD, was
detailed. The unconfined compression testing and the
confined compression testing of the hydrogel implant
(simulating the in situ annulus structure) showed a non-
linear stress—strain behavior, typical of soft tissue.
Higher modulus was observed for samples subjected to
confined compression than for the samples tested in an
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Fig. 9. (a) Unconfined compression test of a hydrogel implant. (b)
Confined compression test of a hydrogel implant in a construct of
comparatively rigid material simulating bulk modulus effect. (c)
Cadaveric mechanical testing of a hydrogel implanted intervertebral
disc with comparatively rigid annulus fibrosus simulating confined
compression test.

unconfined condition and the properties of the con-
straining ring directly affected the observed properties of
the confined specimens. No appreciable alteration in
mechanical behavior of the hydrogels after 10 million
cycles of compression—compression fatigue to 15%
displacement was observed. This was accompanied by
mass stability and slight geometrical changes which were
mostly recoverable. The in situ studies were further
supported by in vitro studies where the PVA/PVP
hydrogel implant replaced the nucleus of the human
lumbar IVD. The implanted hydrogels were able to
restore the compressive stiffness properties of the
equivalent ACU. A synergistic effect between the
implant and the surrounding tissue was observed.

Nucleus replacement by a PVA/PVP hydrogel may
provide an enhanced long-term outcome as compared to
the current treatment methods of lower back pain like
discectomy and fusion.
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