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nulus fibrosugAF) and be amenable to minimally invasive surgi-
cal techniques, which could be offered to the patient who presents
with persistent pain, but not significant degeneration of the annu-
lus fibrosus.

In our earlier studies, we assessed the effect of hydrogel
nucleus replacement on the compressive stiffness of the lumbar
intervertebral dis¢7]. In that work, we demonstrated the feasibil-
ity of replacing the nucleus pulposgsP) with the hydrogel im-
plant. The hydrogel implant restored 88% of the compressive
stiffness of the denucleated intervertebral dig¢D) when im-
planted in the created nuclear defect. This restored stiffness was a
result of synergistic interaction between the hydrogel implant and
the intact AF.

The objective of the current study is to systematically assess the
effect of variation in the nucleus implant parameténsaterial
modulus and geometric parameters of height/diameter the
compressive stiffness of the lumbar IVD. It is hypothesized that
by altering these nucleus implant parameters, the synergistic in-
teraction (which is responsible for the stiffness restorajidoe-
tween the nucleus implant and the intact AF can be modulated,
thereby achieving the complete restoration of the compressive spi-
nal biomechanics.

Materials and Methods

Nucleus Implant Preparation. A polymer blend containing
95-wt % poly (vinyl alcoho) (PVA) (molecular weight,
138,400 g/mol-146,500 g/moand 5-wt % poly(vinyl pyrroli-
done (PVP) (molecular weight, 10,000 g/mpolwas prepared.
10% polymer solutiongby weighy of PVA and PVP were pre-
pared by dissolving a mixture of the two polymers in deionized
water at 90 °C overnight. The solution was then cast into the
custom made molds of three different diametédg =15 mm,
D,=16 mm, andD3=17 mm) to achieve variation in the hydrogel
implant diameter. The filled molds were gelled by six repeated
cycles of freezing for 21 h at -19 °C and thawing f® h at

Nucleus replacement by a synthetic material is a recent trend f8b °C. Variation in the implant height was based on the measured
treatment of lower back pain. Hydrogel nucleus implants weverage heightH,) of an IVD of the test specimen and achieved
prepared with variations in implant modulus, height, and diamby cutting the implants, as either undersizé;=H,-1 mm) or

eter. Human lumbar intervertebral discs (IVDs) were tested ioversize(H;=H,+1 mm). Variation in the implant modulug;
compression for intact, denucleated, and implanted condition. Ire50 kPa at 15% strairE,=150 kPa at 15% strajrwas achieved
plantation of nucleus implants with different material and geomepy varying the number of freeze-thaw cycléwo cycles for lower

ric parameters into a denucleated IVD significantly altered thand six cycles for higher modulusluring the preparatiof8]. A

IVD compressive stiffness. Variations in the nucleus implant pgird higher modulus implantE;=1500 kPa at 15% strairwas
rameters significantly change the compressive stiffness of the fade from Silastic T2, a commercially available polymer mixture
man lumbar IVD. Implant geometrical variations were more eftpow Corning, M). Thus, implants with three different moduli,
fective than those of implant modulus variations in the rang@ree different heights, and three different diameters were used for

examined[DOI: 10.1115/1.1894369

assessment of change in the compressive stiffness of the lumbar

IVD
Keywords: Lumbar Spine, Intervertebral Disc, Nucleus Pulposus, _ ) _ _ _
Hydrogel Nucleus Implant, Compressive Stiffness, Lower BackSpecimen Preparation. Functional spinal unit{FSU were

Pain

Introduction

Nucleus replacement has been investigated as a treatment
lower back pain since Nachemson first described the conceptpn
1962[1]. The exploration of this concept is mainly motivated by

harvested from four cadavefsne male and three femalith an
average age of 63 years, within 72 h of death. Intervertebral mo-
tion segments or anterior column unitACUs) were prepared
from the FSUs by removing the facet joints, posterior elements,
and other soft tissues. Parallel cuts in the transverse plane were
rpﬁde through the vertebrae to ensure alignment of the axial com-

Zssion load. Thus, the ACU specimen consisted of an interver-
tebral disc in between adjacent anterior vertebral bodies.

the limited success of the current treatments such as spinal fusionechanical Testing Method. The IVD specimens were con-
and discectomy2-6]. Nucleus replacement by a synthetic matestrained in a custom made test fixture with the help of screws,
rial or a tissue engineered structure may help to preserve the @mich connected the distal vertebrae to the test fixture. A commer-
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cially available potting mixturédCargroom®, U.S. Chemical and
Plastics, OH was used for the potting of specimens in the custom
ade fixture. Only the inferior vertebra was potted, with care to

eensure that the potted material was not touching the IVD. The

superior vertebra was compressed against the flat compression
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Intact BI DN —1 Implanted DN -2
Nucleus 77 Annulus Hydrogel
|:|Vertebrae Pulposus % Fibrosus Implant

Bl = Bone in Plug (Drilled) condition
DN-1 and DN-2 = Denucleated (without nucleus pulposus) condition

Fig. 1 Schematic of implantation method of a human lumbar intervertebral
disc

plate attached to the load cell. In order to keep the specimspecimen was tested agdsecond denucleated condition, DN-2
moist, a solution of protease inhibitor was sprayed on the spetid- determine if there was any damage to the specimen during
men, throughout the test protocol. testing.

Compression Testing Protocol An Instron(Canton, MA me- Data Analysis. Data for the fifth loading cycle were taken for
chanical testing hydraulic machiri®odel 1331 was used for the analysis and instantaneous compressive stiffness vaNigam)
testing using displacement control mode. The specimens were pi@re calculated at representative strain levels of 5%, 10%, and
conditioned for 50 cycles at 3% strailbased on the average IVD 15%, for each condition, for each specimen. A two-way, repeated
heigh. The observed load range corresponding to this precongdieasures analysis of variandeNOVA) was performed for com-
tioning was 40 N-140 N. Specimens were then axially conpressive stiffness with two subject factors; implant parameter vari-
pressed to 15% strain based on the measured average disc heigle(modulus, height, or diameteand strain leve{(5%, 10%, and
The testing was performed with a triangular wave form and £5%). Follow up paired tests were conducted to assess the indi-
loading rate of 15% strain/s for five loading cycles, for eachidual effects of modulus variation, effect of height variation, ef-
tested condition. fect of diameter variation, restoration ability of the nucleus im-
splant (Bl versus all nine implanted conditionsnd crosscheck
(DN-1 and DN-2. The acceptable rate for a type-I error was cho-
sen as 5% for all tests.

Implantation Sequence.For each specimen, implant modulu
was varied(E;/E,/E3) with a constant implant heighH,) and
diameter(D,). Similarly, implant height was varietH,/H,/Hz)
with a constant implant modulU&,) and diametefD,). Finally,
implant diameter was varie,/D,/D5) with a constant implant Results

modulus(E;) and heightH,). For each specimen, the order of the Taple 1 shows the details of each specimen level, disc height,
implants inserted was chosen randomly to minimize any effect ghd corresponding peak force observed for the intact condition at
implant parameters on the test specimen. 15% strain. Each of these is within the previously described range
of loads[9]. Figure 2 shows the stiffness of different testing con-

IVD Implantation and Test Protocol, A series of axial com- E’ﬁéons (Bl, denucleated, and implantedt representative strain

pressive tests were completed on each specimen, as shown in

1. First, the intact specimen was tested using the compress )
testing protocolintact condition—IQ. Then, a 16 mm diameter eight and diameter. A two-way, repeated measures ANOVA for

Cloward core drill bit was used to drill perpendicular to the cultVD compressive stifiness with two subject factors; implant pa-

h ter variablémodulus, height, or diameteand strain level
surface of superior vertebra through the bone to the IVD level arE (r)ne 0 ! 2 . h
a cylindrical bone plugheight equal to that of superior vertepra ?/o, 10%, and 159showed significant interaction between the

above the disc was removed. For the second test condition, fWé) fgctors(.p<0.05). . . .
cylindrical bone plug was reinserted and the test protocol wasUSiNg paired: test for comparison of the compressive stiffness
repeatedBone plug Inserted condition—BIThen, the bone plug ©f the denucleated conditio®N-1 and DN-2=DN) for all
was removed from the upper vertebra and the nucleus was inci§@§cimens at all strain leve(8%, 10%, 15% no significant dif-

in line with the core drill. The central portion of the nucleus iHerences were observe@>0.60. This suggests that the speci-
line with the core drill(equal to 16 mm diameter, wet weightmen returr_1ed to its original denucleated condition after implant
2.5-3.0 g was removed using standard surgical instrumenté€émoval without any damage.

keeping the residual NP and the AF intact. The testing protocol Denucleating the IVODN) significantly reduced the compres-
was then run on the denucleated specimen without the bone pfige Stiffnesg52%) in comparison to the BI condition at all strain
(first denucleated condition, DN»1The nucleus implants were leVvels(p<0.003). The compressive stiffness of all implanted in-
inserted in the nuclear defect, in a random fashion. For all the nitgFvertebral segments was significantly greater than that of the
implanted conditions, the bone plug was placed in its origindlenucleated IVD(DN-1) at each strain levelp<0.001). More-
position over the nucleus implant and testing protocol was rever, with the exception of thel; andD; conditions at 10% and
peated(implanted conditions-E;,E,,E3,H;,H,,H3,D1,D5,D3).  15% strain, all implanted conditions were not statistically different
Finally, the nucleus implant and bone plug were removed and ttiean the corresponding Bl conditidp>0.05. Thus, for all im-

els of 5%, 10%, and 15% for implant parameters of modulus,
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Table 1 Intervertebral disc heights (mm) and peak forces (N) observed

Intact disc height Intact peak forcéN)

Specimen Disc level (mm) at 15% strain level
1 L2-L3 7.65 577
2 L3-L4 9.50 1397
3 L3-L4 11.00 1366
4 L1-L2 9.00 1559
5 L2-L.3 10.00 670
6 L1-L2 11.00 1407
7 L4-L5 12.50 1347
8 L2-L3 11.00 1953
9 L4-L5 12.00 2058

plants(except the undersized; andD, implant9, the implanted and the AF is central to the IVD mechanics; however, in most of
IVD had a compressive stiffness that was comparable to the Ble studies reported in the literatUrE0—15, the nucleotomy and
condition and was significantly greater than the denucleated camplantation was facilitated by making an incision through the
dition. Hence, implantation of the IVD restored the IVD compresaF. The denucleation approach through the endplate used in the

sive stiffness after denucleation to that of Bl condition. present study is not feasible for clinical in vivo implantation.
However, it does allow more precise control of nucleus removal
Discussion and thus monitoring the fit-fill of the nucleus cavityucleus im-

This work examined the effect of nucleus implant paramete@am and the intact annulusThe current surgical acute transan-
on the compressive behavior of the human lumbar IVD. To oljular approach does not allow a delineation of the relative contri-
knowledge, no human cadaver studies have reported the effecPfions of the AF injury, the NP depressurization, and the NP
nucleus implant parameters on the compressive behavior of figgection to the observed alteration of IVD mechanical behavior
IVD. Meakin et al. used sheep discs to assess the effect of nucl&ith NP removal. Moreover, while an acute transannular discec-
implant modulus on bulging direction of the AF fibers, in puréomy approach In vitro mimics the acute in vivo S_Uf9'0a| d'_S_CGC'
compressiori10]. They showed that inward annular bulging caiomy procedure, it does not reflect on the mechanical condition of
be prevented by inserting the nucleus implant with suitable matdte disc with an intact AF or after healing of the annulotomy as
rial properties. The synergistic interaction between the NP implatiite annulus is compromised in such an in vitro approach. Finally,

Effect of Modulus Variation
2000 =Bl
1800
£ 1600 Tl oDN| E= 50kPa
£ 5 mE1| Ex= 150kPa
< 1000 we2| Es=1500 kPa
0
£ 200 o E3
g 400
« 200 e 1212
0 4 = . . s
5% 10% 15%
strain (%)
Effect of Height Variation
=]z

T

7
ool

ODNl H,= H,-1 mm

BH1 H,= Disc Height {mm)}
BH2 Hi=H;+ 1 mm

BH3

<

7
p0%!

TR
IRRLR

Stiffness (NVmm)

88

R

10% 15%
Strain (%)

Effect of Diameter Variation

@ Bl

obNl - b= 15 mm
=01 D= 16 mm
@02 D= 17 mm
@03

75
0%

O
¥

T
2e%

¥

BOSTTTR,
BRERLLRE

Stiffness (Nmm)

Fig. 2 Effect of nucleus implant parameter variations on the compressive stiff-
ness of the lumbar intervertebral disc
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Fig. 3 Stiffness versus implant volume ratio of nucleus implant at different
strain levels

precise and repeatable cavity shape and size are not easily if acatlase, as compared to implant modulus increase, which produced
accomplished with this technique. Therefore, for a model systemp4 N/mm change in the compressive stiffness per percent in-
where exploration of implant properties is the goal, the AF arease.
proach as is done today, may not serve to best address these fuimterestingly, the result that a volume ratio of 1 at 10% and 15%
damental questions. strain produces stiffness which is less than that of the BI condi-
It was hypothesized that an undersized implant would have legsn, suggests that the annulus is probably the largest contributor
synergistic interaction with the AF while an oversized implant wilto the disc stiffness at higher strain levels while the nucleus domi-
have better synergistic interaction with the AF. The results preates this behavior at lower strain/load levels. As the applied dis-
sented in Fig. 2 also support these hypotheses. Nucleus implpiicement increases, the annulus, by a tensioning of its fibers
parameters have a significant effect on the mechanical behaviotigfough interaction with the nucleus implant plays a major role in
the IVD. Complete restoration of the IVD mechanical behaviafesisting the deformation. For the undersized implants, it takes
can be achieved by generating more synergistic interaction Righer displacement before the implant and annulus exhibit an
means of an oversize implatiietween the AF and the implant interaction, therefore, at lower applied strain levels, the stiffness
As noted above, the IVD compressive stiffness increases and @dethe undersized implant is less than that of the line-to-line or
creases with both height and diameter of the implant. This can ggerfilled conditions(for both diameter and height
visualized graphically in Fig. 3, where the volumetric ratite- In a normal disc, the NP contributes in the disc mechanics by
fined as the ratio of Implant voluni#/;] to that of drilled cavity transferring any vertical loads acting on the disc in a radial direc-
volume[V,]) versus the compressive stiffnedd/mm) at differ- tion by means of hydrostatic pressu@nd tension in the fibeys
ent strain levels is plotted. The IVD stiffness was sensitive to then the annulus. The nucleus implant, while mimicking the func-
volumetric ratio of the size of the implants investigated. An intion of the natural nucleus pulposus, takes a different path to cre-
crease in total volume of the nucleus implant resulted in increasaté tension on the annulus. It generates mechanical stress on the
compressive stiffness. At 15% strain level, an increase in implaanulus(this stress being equivalent to the hydrostatic pressure
height produced 15 N/mm change in the compressive stiffnesgperienced by the inner annulus layebscause of the high lat-
per percent increase while increase in implant diameter produas@l deformation due to a high Poisson’s ratio and thus, achieves
21 N/mm change in the compressive stiffness per percent ithe desired function of the load transfer to the annulus. While
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implant modulus, regardless of three orders of magnitude difféned here in both a line-to-line and overfilled geometric conditions
ence examined here, each restored the line-to-line implanted cdid restore the compressive stiffness of the human lumber IVD to
dition to the same levelthat of the BI condition there was no that of the Bl level. This may have clinical implications in the
statistical difference between the different moduli groups. In thigstoration of disc biomechanics of the degenerated IVD. Future
case, the modulus was not a dominant parameter in stiffness residies of complex loading conditions will help us further eluci-
toration. More likely, the Poisson’s ratio of the implants is thelate the role of the nucleus implant parameters in the restoration
critical parameter. Because the hydrogel and silicone materialsintervertebral disc mechanics.

used in this study were all highly elastomeric, the Poisson’s ratios

for each material were approaching 0.5. This may explain the lag}

. . gtk nowledgment
of effect of modulus on the restoration of the compressive disc 9

stiffness. NSF Grant No. BES 0085383.

This study indicated that the resulting IVD compressive stiff-
ness after nucleus implantation is a complex phenomenon. TR,
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