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ABSTRACT: Study design: Biomechanical study of a nucleus
replacement with a finite element model. Objective: To validate a
Bionate 80A ring-shaped nucleus replacement. Methods: The
ANSYS lumbar spine model made from lumbar spine X-rays and
magnetic resonance images obtained from cadaveric spine
specimens were used. All materials were assumed homogeneous,
isotropic, and linearly elastic. We studied three options: intact
spine, nucleotomy, and nucleus implant. Two loading conditions
were evaluated at L3-L4, L4-L5, and L5-S1 discs: a 1000 N axial
compression load and this load after the addition of 8 Nm flexion
moment in the sagittal plane plus 8 Nm axial rotation torque.
Results: Maximum nucleus implant axial compression stresses in
the range of 16−34 MPa and tensile stress in the range of 5−16
MPa, below Bionate 80A resistance were obtained. Therefore, there is little risk of permanent implant deformation or severe damage
under normal loading conditions. Nucleotomy increased segment mobility, zygapophyseal joint and end plate pressures, and annulus
stresses and strains. All these parameters were restored satisfactorily by nucleus replacement but never reached the intact status. In
addition, annulus stresses and strains were lower with the nucleus implant than in the intact spine under axial compression and
higher under complex loading conditions. Conclusions: Under normal loading conditions, there is a negligible risk of nucleus
replacement, permanent deformation or severe damage. Nucleotomy increased segmental mobility, zygapophyseal joint pressures,
and annulus stresses and strains. Nucleus replacement restored segmental mobility and zygapophyseal joint pressures close to the
intact spine. End plate pressures were similar for the intact and nucleus implant conditions under both loading modes.
Manufacturing customized nucleus implants is considered feasible, as satisfactory biomechanical performance is confirmed.

KEYWORDS: degenerative disc disease, nucleus disc replacement, polycarbonate urethane, motion preservation, finite element model,
disc hernia

1. INTRODUCTION

Lumbar back pain is one of the most common diseases in
modern sedentary society.1 Although its etiology is ample,2

degenerative disc disease and disc herniation are leading
causes.3 Surgical treatments for these entities can be divided
into fusion and motion preservation.4 Among the latter, we
found total disc prosthesis5 and nucleus replacement to be
suitable.6 The second is mainly indicated for disc herniation
and early disc degeneration with a preserved annulus fibrosus,6

while total disc prosthesis is recommended in severe disc
disease.7

Many nucleus disc replacements have been designed in the
past, with only a few reaching the market8 and even less still in
clinical use. The problems are varied and include material
degradation,9 design flaws, extrusion,10 and subsidence11the
search for the ideal nucleus replacement material and design
continues.12 Therefore, we decided to create a new nucleus
implant based on past issues and failures.

The first step was selecting the material for the nucleus
replacement, and the second was to make a suitable design. In
earlier studies, we already took both steps. This article will
analyze our new nucleus replacement properties and character-
istics through a finite element model (FEM). This method-
ology allows implant design evaluation before manufacturing,
cost savings, design improvement, and future optimizations.13

It has limitations as a computer simulation study but it is easy
to use and mimics different clinical scenarios.14

We aimed to assess with a lumbar spine parametric FEM a
new ring-shaped nucleus implant made of a polymeric material
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(Bionate 80A, The Polymer Technology Group DSM-PTG,
Berkeley, California).15 Under different loading conditions, we
analyzed implant mechanical responses and interactions
between operated discs and surrounding anatomical structures,
such as spinal ligaments, annulus, end plates, and facet joints.
In addition, a complete biomechanical analysis was performed
with the lumbar spine FEM on customized nucleus implants to
assess their functionality and feasibility. To do it, we used a
lumbar spine FEM model previously developed by the IBV

(Institute of Biomechanics of Valencia, Valencia, Spain)16 that

allows customization and reproduction of any specific patient

lumbar spine anatomy. In addition, the model has other

adjustable features like tissue mechanical properties or mesh

density and can be changed to reproduce surgical procedures

like nucleotomy, annulotomy, or nucleus replacement. The

results of this study will be presented here.

Figure 1. Above, the process for customization and generation of lumbar spine FEM. Below, different disc model configurations were obtained with
the CAD software (SolidWorks).

Figure 2. Finite element model process.
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2. MATERIALS AND METHODS
2.1. Biomechanical Evaluation Protocol. The IBV lumbar

spine model is parametric and programmed in Ansys Parametric
Design Language (APDL), allowing geometrical customization and
reproducing patient lumbar spine three-dimensional (3D) geometry
from a small set of parameters. In addition, specialized software
named orthoCapture was used. We used lumbar spine sagittal plane
X-ray and magnetic resonance imaging (MRI) images to digitalize the
four points defining each vertebral body limits, obtaining vertebral
body height and depth, and vertebrae layout. The output contained
the two-dimensional (2D) coordinates of the points defining vertebral
body limits (Figure 1, above). The primary input for the FEM
software (ANSYS) lumbar spine model geometrical generation was
these coordinate files. The other geometrical parameters to build the
model were calculated from these initial sagittal parameters and
geometrical relationships derived from different published stud-
ies.14,17,18 The mesh density was crucial because the thicker the
density the more accurate the calculations were, and the computation
time was also longer.
The model generation is automatically defined in ANSYS implant

and different anatomical structure properties. Therefore, they could
be modified, but as their values are usually the same, it was considered
more efficient to define defect values and change them when any
material property modification was made. All materials were assumed
to be homogeneous, isotropic, and linearly elastic, and their
characteristics were collected from the literature.19−34

We studied three different options: intact spine, nucleotomy, and
nucleus implant. Since the customized nucleus had a complex
geometry, it could not be defined within the program; it was done
outside with CAD software and then imported into the spine FEM.
For building the intervertebral disc outside the model, a file
containing the coordinates of the main disc dimensions was exported
from ANSYS. We used this coordinates file to generate the disc 3D
geometry with CAD software (SolidWorks, Dassault System̀es, Veĺizy-
Villacoublay, France). Other essential inputs for recreating the treated
disc were the CAD files with the original nucleus and the customized
nucleus implant geometries.
Three different 3D disc models were created (Figure 1, lower

panel). The first was the intact disc, with the nucleus pulposus inside
the disc geometry in the same position and orientation as in axial MRI
images. In the second configuration, the nucleotomy, a cavity was
created to reproduce nucleus removal, and a posterior annulotomy
was added. In the third configuration, the nucleus replacement, a
customized implant was placed in the correct position inside the
nucleus cavity. The material selected was Bionate 80A, with E =
22.19−23.93 MPa; v(Poisson coefficient) = 0.4923−0.492435 and
elastic modulus = 22 MPa35 and with a hollow compressible
monobloc elastomeric design with a 5 mm wall (Figure 1). As in
the nucleotomy, a posterior annulotomy defect was simulated. The
final disc had the same geometry as the parametric lumbar spine
model, with the only difference that the nucleus shape and volume
was not parametric but customized. The studies were repeated for the
L3-L4, L4-L5, and L5-S1 discs, as each has peculiar characteristics. For
example, L5-S1 discs have to support a higher shear force than the
other two,36 and the zygapophyseal joint shape and orientation are
different for all of them.37

Once the final disc configuration had been built with CAD
software, the treated disc was imported in ANSYS into the lumbar
spine FEM (finite element model), replacing the old untreated disc
(Figure 2). The new disc was meshed and joined to the adjacent
vertebras, and free meshing was applied with four-node solid
elements. The disc and annulus fibers were assigned the mechanical
properties reported in earlier models.38 The interfaces between disc
and vertebral end plates were defined with bonded contact elements.
The interface between implant and annulus in the nucleus implant
configuration was modeled with contact elements with a friction
coefficient of 0.02. The entire process was programmed and
integrated with the rest of the model, making it possible to change
the nucleus mesh density and properties of the material.

Once the definitive FEM was built, the last step before calculation
was defining the loading and boundary conditions. We performed
FEA compression (BS ISO 7743:2008) and shear modulus tests (BS
ISO 1827:2007). We applied 1000 N axial compression (like a spinal
load when walking), 1000 N axial compression N plus 300 N
anteroposterior shear, and 1000 N axial compression with 8 Nm
sagittal plane flexion moment plus axial 8 Nm rotation torque (the
scenario with a high disc herniation risk). Nodes below the lower
vertebra were fixed for load application, displacements, and rotations;
the nodes in the upper edge of the upper vertebra joined the superior
central node of the same vertebra with link elements, and the nodes of
the spinous process merged with the previous structure also with link
elements. The load was spread evenly within this structure and placed
in the upper vertebra’s top central node.

The boundary conditions were always the same, although they
could be modified at will. The inferior surfaces of the inferior vertebra
were ultimately constrained, and the loads applied on an umbrella-
shaped structure fixed over the superior surface of the upper vertebra
(Figure 2). The load was spread evenly with this structure and placed
in the upper vertebra top central node. This node was also the central
one of the above-described structure.

Two different loading conditions were considered. A 1000 N axial
compression load was applied in the first loading condition, typical of
lumbar spine normal daily activities (i.e., walking). In the second, an 8
Nm flexion moment in the sagittal plane with 8 Nm axial rotation
torque was added to the 1000 N axial load, representing the worst-
case scenario with a high potential for producing disc herniation or
nucleus implant expulsion (Figure 2).

Numerical computing took place once everything had been
defined. The customized nucleus replacement biomechanical analysis
parameters were implant stresses, inner annulus stresses and strains,
end plate contact pressures, facet joint contact pressures, and relative
displacements between vertebrae. Implant stresses revealed implant
performance and endurance, and inner annulus stresses and strains
clarified implant load transmission to annulus inner layers. End plate
contact pressures correlated with the implant subsidence risk.
Zygapophyseal joint contact pressures were critical because over-
loading them may induce degenerative changes. Finally, relative
displacements between vertebrae allowed implant performance and
flexibility comparisons between operated and intact spines.

The mechanical results from implanted and intact vertebral
segments were compared, and depending on how far from each
other were both results, customized implant design was considered
acceptable or not. In addition, the nucleotomy data were compared
with the intact spine since this is a usual surgical alternative for
herniated discs.

2.2. Cadaveric Lumbar Spine Biomechanical Evaluation. Six
cadaveric lumbar spines supplied the Facultat de Medicina i
Odontologia, University of Valencia, Spain, cold preserved since
demise, were chosen for biomechanical evaluation. Muscles and other
soft tissues were removed, keeping ligaments and intervertebral discs
intact and spines sectioned on T12-L1 intervertebral disc and sacroiliac
joints. To be eligible, they should not have had any earlier
lumbosacral spine surgical procedure, traumatism, or oncologic,
infectious, or inflammatory disease. Plain X-ray studies and dual
energy X-ray absorptiometry (DEXA) scans were done to rule out
osteoporosis. Additionally, every cadaveric spine specimen underwent
an MRI to obtain its geometry to design the customized nucleus
implant.

All cadaveric spines underwent the biomechanical evaluation
protocol described in the section above. In addition, different FEM
scenarios were considered: intact spine, nucleotomy, and nucleus
implant, and the same loading conditions simulated in every case for
the L3-L4, L4-L5, and L5-S1 discs. Finally, their results were compared
to find the nucleus replacement biomechanical results and the
differences between the intact and the customized nucleus
replacement lumbar spines.
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3. STATISTICAL ANALYSIS

We used Excel (Microsoft Corporation, Redmond, WA) and
SPSS 26 (IBM Corporation, Armonk, New York, US) for data
analysis, and we calculated movement angles and parameters
using GNU Octave software (GNU General Public License,
https://www.gnu.org/software/octave/index). In addition, the

statistical analysis R (R Development Core Team; Kirby and

Gerlanc, 2013; R: The R Project for Statistical Computing,

n.d.39) and the Deducer user interface (I. Fellows, Deducer: A

Data Analysis GUI for R, Journal of Statistical Software, vol.

49, No. 8, 2012.)40 were also used in combination.

Figure 3. Annulus inner stresses and strains in the L3-L4 disc after nucleus replacement.

Figure 4. L3-L4 facet joint and end plate pressures and upper vertebra vertical displacement.
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4. RESULTS

The results and conclusions for each disc and condition (intact

spine, nucleotomy, and nucleus replacement) are presented

next. Further detailed graphical results for every mechanical

parameter considered for the study are shown in the

Supporting Material.

4.1. L3-L4 Nucleus Replacement. In both loading modes,
maximum nucleus implant stresses were 22 MPa for
compression stress and 5 MPa for tensile stress, both values
below the nucleus implant material (50 MPa for compression
stress and 47 MPa for tensile stress). According to these
results, there was no risk of nucleus implant permanent
deformation or severe damage under normal loading

Figure 5. Annulus inner stresses and strains in the L4-L5 disc after nucleus replacement.

Figure 6. L4-L5 facet joint and end plate pressures and upper vertebra vertical displacement.
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conditions. Nucleotomy increased the mobility under both
loading conditions, with a considerable augmentation in facet
joint pressure and annulus stresses and strains. Nucleus
replacement restored the mobility altered by nucleotomy,
making it closer to the intact spine, but was slightly lower than
the original intact spine in the single-axial compression mode.

In contrast, it was higher in the complex load mode than in the
original untouched state (Figure 3).
It also restored facet joint pressures slightly below the intact

condition (Figure 4) and annulus stresses and strains on the
axial compression and complex load modes. However, stresses
and strains transmitted on the transversal plane to the inner

Figure 7. Annulus inner stresses and strains in the L5-S1 disc after nucleus replacement.

Figure 8. L5-S1 facet joint and end plate pressures and upper vertebra vertical displacement.
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annulus were lower with the nucleus implant than in the intact
spine. Pressures on end plates were similar between the
unoperated and nucleus implant states under both loading
modes, while nucleotomy produced higher pressures under
complex loading conditions (Figure 4).
Further information is provided in supporting material

Figures 1S−8S.
4.2. L4-L5 Nucleus Replacement. The maximum stresses

on the nucleus implant were 34 MPa for the compression
stress and 16 MPa for the tensile stress in both loading modes.
As both values are below the strength limits of the nucleus
implant material, as mentioned above, no risk of nucleus
replacement permanent deformation or severe damage was
expected under normal loading conditions. Nucleotomy
increased mobility under loading conditions and considerable
augmentation in facet joint and end plate contact pressures and
annulus stresses and strains. Nucleus implant restored the
mobility altered by nucleotomy, making it closer but slightly
lower than the intact spine (Figure 5).
It recovered facet joint and end plate pressures and annulus

stresses and strains under axial compression and complex
loadings, but stresses and strains transmitted to the transversal
plane inner annulus were lower than those in the intact spine
but still better than with nucleotomy (Figure 6).
Further information is provided in supporting material

Figures 9S−16S.
4.3. L5-S1 Nucleus Replacement. Under axial compres-

sion, the maximum stresses on the nucleus implant were 25
MPa for the compression stress and 10 MPa for the tensile
stress. As both values were below the strength limits of the
nucleus implant material, under normal loading conditions,
there was no risk of permanent deformation or severe damage.
However, nucleotomy increased mobility under both loading
conditions with a considerable augmentation in facet joint
pressures, especially under complex loading conditions and
increased stresses and strains in the annulus (Figure 7).
The nucleus implant restored the lumbar segment mobility,

facet joint pressures, and annulus stresses and strains under
both loading conditions (Figure 8). Under single-axial
compression, nucleus replacement stress and strain trans-
mission to the inner annulus in the transversal plane was lower
than in the intact spine and higher under complex loading
conditions. Compared to nucleotomy, stresses and strains
transmitted to the annulus with the nucleus implant were
closer to the intact spine. Pressures on end plates were
remarkably similar among the three scenarios: natural state,
nucleotomy, and nucleus implant (Figure 8).
Further information is provided in supporting material

Figures 18S−24S.
4.4. Summary of L3-L4, L4-L5, and L5-S1 Intact,

Nucleotomy, and Nucleus Replacjement FEA. The
maximum nucleus implant axial compression stresses were 16
(L5-S1), 25 (L3-L4), and 34 MPa (L4-L5) as well as tensile
stresses were 5 (L3-L4), 10 (L5-S1), and 16 MPa (L4-L5). As
nucleus implant strength limits were 50 MPa for the
compression stress and 47 MPa for the tensile stress, it had
no risk of permanent deformation or severe damage under
normal loading conditions.
Nucleotomy increased segment mobility under loading

conditions in all three studied discs, inducing a considerable
augmentation in facet joint pressures, increased annulus
stresses and strains, and in L5-S1, especially under complex
loading conditions.

Nucleus implant restored the lumbar segment mobility
altered by nucleotomy, achieving mobility close to the intact
spine in all three studied discs. In L3-L4, it was slightly lower in
the single-axial compression mode than in the original intact
spine, whereas in the complex load mode, it was higher than
the original intact state. In L4-L5, disc mobility was slightly
lower than the original untouched segment under both loading
conditions. In L5-S1, mobility had remarkably similar values to
that of the original intact segment under both loading
conditions.
Nucleus replacement restored facet joint pressures in L4-L5

and L5-S1, while in L3-L4 they were slightly below the intact
state. It also recovered annulus stresses and strains on the
vertical axial compression and complex load modes (L3-L4 and
L4-L5), mainly in the vertical axis (L5-S1). Compared to
nucleotomy, stresses and strains transmitted to the annulus
with the nucleus implant are closer to the intact spine,
particularly at L4-L5 and L5-S1. However, in all discs under
single-axial compression, stresses and strains transmitted to the
transversal plane inner annulus were lower with the nucleus
implant than in the intact spine, and under complex loading
conditions, stress and strain transmission were higher than
those in the intact case.
Pressures on end plates were similar between the unoperated

and nucleus implant states under both loading modes.
Nucleotomy produced higher pressures under complex loading
conditions for L3-L4 and L4-L5 discs, but L5-S1 were remarkably
similar for the natural state, nucleotomy, and nucleus implant.
Customized nucleus implants showed a good overall

biomechanical performance in all three studies discs, and
thus, manufacturing was deemed feasible.

5. DISCUSSION
Nucleotomy is the current treatment for disc hernia,
particularly in the lumbar spine. From the biomechanical
point of view, it is known to induce biomechanical instability,41

reduce disk height,42 increase segmental mobility,43 and,
consequently, abnormal annulus stress distribution43 and
acceleration of zygapophyseal joint degeneration.44 Although
patients do well initially, in the mid to long term, they start to
notice chronic low back pain45 that eventually radiates to one
or both lower limbs.46 Physiotherapy and muscle strengthening
exercises are helpful47 until symptoms get so severe that a
spinal fusion must be considered.48

The fundamental question is: will a nucleus replacement
inserted in the index surgical procedure to remove the
extruded disc recover the biomechanical characteristics of the
disc49 and change this slow but inevitable path?50

Over the years, there have been many attempts in this arena.
One of the most significant was the PDN nucleus implant,
introduced by Ray.51 The basic concept was to use a material
that would swell up once inserted and recover the disc height
and mobility. However, sadly, problems arose among other
reasons due to excessive implant rigidity upon complete
swelling after being implanted inside the discal space.6 There
were some cases of implant migration even with extru-
sion10,52−54 with radicular damage that, in some unfortunate
cases, ended up in a cauda equina syndrome. Numerous
attempts have been made ever since,54,55 and many companies
have invested vast amounts of money in finding the perfect
implant. The ways are varied, implants aiming to restore and
regenerate the cellular nucleus pulposus, hydrogels,43,56

polymeric biomaterials,54,57 polyurethane,58 carboxymethylcel-
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lulose,59 graphite covered with pyrolytic carbon,60 and even an
articulated nucleus resembling more a total disc replacement
than an actual nucleus pulposus.61 Only a few of these
prototypes have reached the market,6,51,60,62 and most, if not
all, are now of very limited or no clinical use. The nucleus
replacements fail particularly in bending and torsion under
physiological loads.63 Is there any hope to find a solution to
this problem or should we abandon the idea altogether?12

We present here a new attempt to solve an old problem. Our
study concludes that the nucleus replacement improves the
status compared to nucleotomy but our implant does not
recover all baseline conditions completely. Values are better
than with nucleotomy but still not quite the same as the intact
disc. These results are similar to those reported in other
nucleus replacements made of different materials like collagen
combined with an annulus closure device,41 polyurethane
(Newcleus, Sulzer Medica Inc, Switzerland)64 hydrogel,42

injectable cel lu lose-based hydrogel , 59 and poly-
(vinylpyrrolidone) hydrogel.43 The results from our studies
support that BIONATE is relevant for use in this kind of
prosthesis with an elastic modulus of 22 MPa, more similar to
the vertebral body cortical bone (14.64 MPa)65 with a Poisson
ratio of 0.49,35 closer to the one for the nucleus pulposus
(0.40).
Studying the characteristics and biomechanical results of our

nucleus implant with FEM and the responses induced in
nearby anatomical structures has been very useful to validate it,
confirming the results obtained by other research groups with
this same research tool.65−67 The selected material seems to
stand the needed biomechanical requirements with a negligible
risk of permanent deformation or severe damage. The design
appears to minimize the chances of subsidence or extrusion,
and the central cavity seems to buffer axial compression loads,
as reported by similarly shaped nucleus implants.66 The
zygapophyseal joint and end plate pressures seem to recover
sufficiently, but the transversal axis (x- and y-axes) stresses on
the annulus do not recover as well as desired. A compact
design with the same material would probably solve this
problem, but this would be at the price of higher subsidence
and extrusion risk, as already seen in other designs.52,68,69 It
seems that empty central space is the best way to provide a
buffering effect to allow some controlled implant deformation
on loading.70

However, this is a computer-generated reproduction. The
data are fascinating and show us the flaws and ways of further
improvement. It is necessary to prospect the situation and
avoid unnecessary costs, particularly in this economically
depressed era. We need studies with manufactured prototypes
implanted in cadaveric spines. These studies should show light
and help us decide if more steps are reasonable or we should,
like many others, abandon the quest to find a nucleus
replacement.

6. LIMITATIONS

The study is a computer simulation and not an actual clinical
scenario, and data obtained are short-term and acute. The
number of cadaveric spine specimens used to gather
anatomical data is limited. Long-term fatigue and wear studies
have not been done yet. Studies on nucleus implants inserted
on cadaveric spines are needed to confirm the data obtained.

7. STRENGTHS
FEM studies have repeatedly been shown to correlate with the
results obtained with cadaveric spines. Additionally, an axial
compression load and complex load mode with the same
compression load but adding flexion in the sagittal plane and
axial torsion were considered. The amount of data is vast and
allows validation and improvements in nucleus replacement
design and material choice.

8. CONCLUSIONS
The lumbar spine parametric FEM can reproduce any specific
lumbar spine anatomy and confirm any new nucleus implant,
evaluating the mechanical response under different loading
conditions of adjacent anatomical structures like annulus,
vertebral end plates, and zygapophyseal joints.
The maximum nucleus replacement compression and tensile

stress values were below the nucleus implant material (Bionate
80A). Therefore, under normal loading conditions, there was
no risk of permanent deformation or severe damage.
Nucleotomy increased segmental mobility under both

loading conditions, augmenting considerably zygapophyseal
joint pressures and annulus stresses and strains, especially
under complex loading conditions.
Disc nucleus replacement restored segmental mobility and

zygapophyseal joint pressures increased by nucleotomy, with
values close to the intact spine. The z-axis also recovered
annulus stresses and strains on both loading modes, but axial
compression in the x- and y-axis was lower and under complex
loading conditions higher than in the intact state.
End plate pressures were similar for intact and nucleus

implant states under both loading modes. Nucleotomy
produced higher end plate pressures under complex loading
conditions for L3-L4 and L4-L5; however, for L5-S1, no
statistically significant differences were seen between the
natural state, nucleotomy, and nucleus implant.
Customized nucleus implants showed a satisfactory overall

biomechanical performance in all discs. Therefore, manufactur-
ing was considered feasible.
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Huber, G. Increase in Facet Joint Loading after Nucleotomy in the
Human Lumbar Spine. J. Biomech. 2014, 47, 1712−1717.
(45) Benzakour, A.; Benzakour, T. Lumbar Disc Herniation: Long-
Term Outcomes after Mini-Open Discectomy. Int. Orthop. 2019, 43,
869−874.
(46) Aihara, T.; Endo, K.; Suzuki, H.; Sawaji, Y.; Urushibara, M.;
Matsuoka, Y.; Takamatsu, T.; Murata, K.; Kusakabe, T.; Maekawa, A.;
Ouchi, J. Long-Term Outcomes Following Lumbar Microendoscopic
Diskectomy and Microendoscopic Decompression: Minimum 10-
Year Follow-up Evaluation Performed Using a Patient-Based Out-
come Measure. J. Neurol. Surg. A Cent. Eur. Neurosurg. 2020, 81, 163−
169.
(47) Oosterhuis, T.; Costa, L. O. P.; Maher, C. G.; de Vet, H. C. W.;
van Tulder, M. W.; Ostelo, R. W. J. G. Rehabilitation after Lumbar
Disc Surgery. Cochrane Database Syst. Rev. 2014, No. CD003007.
(48) Castillo, H.; Chintapalli, R. T. V.; Boyajian, H. H.; Cruz, S. A.;
Morgan, V. K.; Shi, L. L.; Lee, M. J. Lumbar Discectomy Is Associated
with Higher Rates of Lumbar Fusion. Spine J. 2019, 19, 487−492.
(49) Wilke, H. J.; Kavanagh, S.; Neller, S.; Haid, C.; Claes, L. E.
Effect of a Prosthetic Disc Nucleus on the Mobility and Disc Height
of the L4-5 Intervertebral Disc Postnucleotomy. J. Neurosurg. 2001,
95, 208−214.
(50) Mariconda, M.; Galasso, O.; Attingenti, P.; Federico, G.;
Milano, C. Frequency and Clinical Meaning of Long-Term
Degenerative Changes after Lumbar Discectomy Visualized on
Imaging Tests. Eur. Spine J. Soc. 2010, 19, 136−143.
(51) Ray, C. D. The PDN Prosthetic Disc-Nucleus Device. Eur.
Spine J. 2002, 11, S137−142.
(52) Selviaridis, P.; Foroglou, N.; Tsitlakidis, A.; Hatzisotiriou, A.;
Magras, I.; Patsalas, I. Long-Term Outcome after Implantation of
Prosthetic Disc Nucleus Device (PDN) in Lumbar Disc Disease.
Hippokratia 2010, 14, 176−184.
(53) Shim, C. S.; Lee, S. H.; Park, C. W.; Choi, W. C.; Choi, G.;
Choi, W. G.; Lim, S. R.; Lee, H. Y. Partial Disc Replacement with the
PDN Prosthetic Disc Nucleus Device: Early Clinical Results. J. Spinal
Disord. Tech. 2003, 16, 324−330.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.1c01027
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

J

https://doi.org/10.1007/s00586-015-4277-3
https://doi.org/10.1007/s00586-015-4277-3
https://doi.org/10.1007/s00586-015-4277-3
https://doi.org/10.1016/0021-9290(92)90071-8
https://doi.org/10.1016/0021-9290(92)90071-8
https://doi.org/10.1097/00007632-199105000-00009
https://doi.org/10.1097/00007632-199105000-00009
https://doi.org/10.1097/00007632-199511000-00017
https://doi.org/10.1097/00007632-199511000-00017
https://doi.org/10.1097/00007632-199909150-00003
https://doi.org/10.1097/00007632-199909150-00003
https://doi.org/10.1097/00007632-199909150-00003
https://doi.org/10.1007/s007760200040
https://doi.org/10.1007/s007760200040
https://doi.org/10.1007/s007760200040
https://doi.org/10.1007/s007760200040
https://doi.org/10.1097/00007632-200010010-00003
https://doi.org/10.1097/00007632-200010010-00003
https://doi.org/10.1097/01.BRS.0000101424.24198.AC
https://doi.org/10.1097/01.BRS.0000101424.24198.AC
https://doi.org/10.1007/BF02221445
https://doi.org/10.1007/BF02221445
https://doi.org/10.1007/BF02221445
https://doi.org/10.1097/00007632-200002010-00009
https://doi.org/10.1097/00007632-200002010-00009
https://doi.org/10.1016/j.jbiomech.2006.10.001
https://doi.org/10.1016/j.jbiomech.2006.10.001
https://doi.org/10.1016/j.jbiomech.2006.10.001
https://doi.org/10.1016/j.medengphy.2005.03.007
https://doi.org/10.1016/j.medengphy.2005.03.007
https://doi.org/10.1097/01.brs.0000250177.84168.ba
https://doi.org/10.1097/01.brs.0000250177.84168.ba
https://doi.org/10.1097/01.brs.0000250177.84168.ba
https://doi.org/10.1016/j.medengphy.2006.02.007
https://doi.org/10.1016/j.medengphy.2006.02.007
https://doi.org/10.1115/1.2895415
https://doi.org/10.1115/1.2895415
https://doi.org/10.1016/0021-9290(89)90077-8
https://doi.org/10.1016/0021-9290(89)90077-8
https://doi.org/10.1016/0021-9290(89)90077-8
https://doi.org/10.1016/0021-9290(93)90006-z
https://doi.org/10.1016/0021-9290(93)90006-z
https://doi.org/10.1243/09544119JEIM372
https://doi.org/10.1243/09544119JEIM372
https://doi.org/10.1243/09544119JEIM372
https://doi.org/10.5301/jabfm.5000176
https://doi.org/10.5301/jabfm.5000176
https://doi.org/10.31616/asj.2018.0267
https://doi.org/10.31616/asj.2018.0267
https://doi.org/10.31616/asj.2018.0267
https://doi.org/10.1007/s11517-018-1873-5
https://doi.org/10.1007/s11517-018-1873-5
https://doi.org/10.1007/s11517-018-1873-5
https://doi.org/10.3758/s13428-013-0330-5
https://doi.org/10.3758/s13428-013-0330-5
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1007/s00586-020-06419-2
https://doi.org/10.1007/s00586-020-06419-2
https://doi.org/10.22203/eCM.v035a21
https://doi.org/10.22203/eCM.v035a21
https://doi.org/10.22203/eCM.v035a21
https://doi.org/10.1115/1.4027056
https://doi.org/10.1115/1.4027056
https://doi.org/10.1115/1.4027056
https://doi.org/10.1016/j.jbiomech.2014.02.021
https://doi.org/10.1016/j.jbiomech.2014.02.021
https://doi.org/10.1007/s00264-019-04312-2
https://doi.org/10.1007/s00264-019-04312-2
https://doi.org/10.1055/s-0039-1688559
https://doi.org/10.1055/s-0039-1688559
https://doi.org/10.1055/s-0039-1688559
https://doi.org/10.1055/s-0039-1688559
https://doi.org/10.1002/14651858.CD003007.pub3
https://doi.org/10.1002/14651858.CD003007.pub3
https://doi.org/10.1016/j.spinee.2018.05.016
https://doi.org/10.1016/j.spinee.2018.05.016
https://doi.org/10.3171/spi.2001.95.2.0208
https://doi.org/10.3171/spi.2001.95.2.0208
https://doi.org/10.1007/s00586-009-1201-8
https://doi.org/10.1007/s00586-009-1201-8
https://doi.org/10.1007/s00586-009-1201-8
https://doi.org/10.1007/s00586-002-0425-7
https://doi.org/10.1097/00024720-200308000-00003
https://doi.org/10.1097/00024720-200308000-00003
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c01027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(54) Pimenta, L.; Marchi, L.; Coutinho, E.; Oliveira, L. Lessons
Learned after 9 Years’ Clinical Experience with 3 Different Nucleus
Replacement Devices. Semin. Spine Surg. 2012, 24, 43−47.
(55) Husson, J. L.; Korge, A.; Polard, J. L.; Nydegger, T.;
Kneubühler, S.; Mayer, H. M. A Memory Coiling Spiral as Nucleus
Pulposus Prosthesis: Concept, Specifications, Bench Testing, and
First Clinical Results. J. Spinal Disord. Tech. 2003, 16, 405−411.
(56) Balkovec, C.; Vernengo, J.; McGill, S. M. The Use of a Novel
Injectable Hydrogel Nucleus Pulposus Replacement in Restoring the
Mechanical Properties of Cyclically Fatigued Porcine Intervertebral
Discs. J. Biomech. Eng. 2013, 135, 61004−61005.
(57) Reitmaier, S.; Wolfram, U.; Ignatius, A.; Wilke, H.-J.; Gloria, A.;
Martín-Martínez, J. M.; Silva-Correia, J.; Miguel Oliveira, J.; Luís Reis,
R.; Schmidt, H. Hydrogels for Nucleus Replacement–Facing the
Biomechanical Challenge. J. Mech. Behav. Biomed. Mater. 2012, 14,
67−77.
(58) Li, Z.; Lang, G.; Chen, X.; Sacks, H.; Mantzur, C.; Tropp, U.;
Mader, K. T.; Smallwood, T. C.; Sammon, C.; Richards, R. G.; Alini,
M.; Grad, S. Polyurethane Scaffold with in Situ Swelling Capacity for
Nucleus Pulposus Replacement. Biomaterials 2016, 84, 196−209.
(59) Lin, H. A.; Varma, D. M.; Hom, W. W.; Cruz, M. A.; Nasser, P.
R.; Phelps, R. G.; Iatridis, J. C.; Nicoll, S. B. Injectable Cellulose-
Based Hydrogels as Nucleus Pulposus Replacements: Assessment of
in Vitro Structural Stability, Ex Vivo Herniation Risk, and in Vivo
Biocompatibility. J. Mech. Behav. Biomed. Mater. 2019, 96, 204−213.
(60) Coric, D.; Mummaneni, P. V. Nucleus Replacement
Technologies. J. Neurosurg. Spine 2008, 8, 115−120.
(61) Balsano, M.; Zachos, A.; Ruggiu, A.; Barca, F.; Tranquilli-Leali,
P.; Doria, C. Nucleus Disc Arthroplasty with the NUBAC Device: 2-
Year Clinical Experience. Eur. Spine J. 2011, 20, S36−40.
(62) Ahrens, M.; Tsantrizos, A.; Donkersloot, P.; Martens, F.;
Lauweryns, P.; Le Huec, J. C.; Moszko, S.; Fekete, Z.; Sherman, J.;
Yuan, H. A.; Halm, H. Nucleus Replacement with the DASCOR Disc
Arthroplasty Device: Interim Two-Year Efficacy and Safety Results
from Two Prospective, Non-Randomized Multicenter European
Studies. Spine 2009, 34, 1376−1384.
(63) Panjabi, M. M.; White, A. A. Basic Biomechanics of the Spine.
Neurosurgery 1980, 7, 76−93.
(64) Du, C.-F.; Liu, C.-J.; Huang, Y.-P.; Wang, X. Effect of Spiral
Nucleus Implant Parameters on the Compressive Biomechanics of
Lumbar Intervertebral Disc. World Neurosurg. 2020, 134, e878−e884.
(65) Wang, Y.; Yi, X.-D.; Li, C.-D. The Influence of Artificial
Nucleus Pulposus Replacement on Stress Distribution in the
Cartilaginous Endplate in a 3-Dimensional Finite Element Model of
the Lumbar Intervertebral Disc. Medicine 2017, 96, No. e9149.
(66) Coogan, J. S.; Francis, W. L.; Eliason, T. D.; Bredbenner, T. L.;
Stemper, B. D.; Yoganandan, N.; Pintar, F. A.; Nicolella, D. P. Finite
Element Study of a Lumbar Intervertebral Disc Nucleus Replacement
Device. Front. Bioeng. Biotechnol. 2016, 4, No. 93.
(67) Schmidt, H.; Bashkuev, M.; Galbusera, F.; Wilke, H.-J.; Shirazi-
Adl, A. Finite Element Study of Human Lumbar Disc Nucleus
Replacements. Comput. Methods Biomech. Biomed. Eng. 2014, 17,
1762−1776.
(68) Meakin, J. R.; Reid, J. E.; Hukins, D. W. Replacing the Nucleus
Pulposus of the Intervertebral Disc. Clin. Biomech 2001, 16, 560−565.
(69) Strange, D. G. T.; Fisher, S. T.; Boughton, P. C.; Kishen, T. J.;
Diwan, A. D. Restoration of Compressive Loading Properties of
Lumbar Discs with a Nucleus Implant-a Finite Element Analysis
Study. Spine J. 2010, 10, 602−609.
(70) Joshi, A.; Massey, C. J.; Karduna, A.; Vresilovic, E.;
Marcolongo, M. The Effect of Nucleus Implant Parameters on the
Compressive Mechanics of the Lumbar Intervertebral Disc: A Finite
Element Study. J. Biomed. Mater. Res. B 2009, 90B, 596−607.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.1c01027
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1053/j.semss.2011.11.009
https://doi.org/10.1053/j.semss.2011.11.009
https://doi.org/10.1053/j.semss.2011.11.009
https://doi.org/10.1097/00024720-200308000-00013
https://doi.org/10.1097/00024720-200308000-00013
https://doi.org/10.1097/00024720-200308000-00013
https://doi.org/10.1115/1.4024285
https://doi.org/10.1115/1.4024285
https://doi.org/10.1115/1.4024285
https://doi.org/10.1115/1.4024285
https://doi.org/10.1016/j.jmbbm.2012.05.010
https://doi.org/10.1016/j.jmbbm.2012.05.010
https://doi.org/10.1016/j.biomaterials.2016.01.040
https://doi.org/10.1016/j.biomaterials.2016.01.040
https://doi.org/10.1016/j.jmbbm.2019.04.021
https://doi.org/10.1016/j.jmbbm.2019.04.021
https://doi.org/10.1016/j.jmbbm.2019.04.021
https://doi.org/10.1016/j.jmbbm.2019.04.021
https://doi.org/10.3171/SPI/2008/8/2/115
https://doi.org/10.3171/SPI/2008/8/2/115
https://doi.org/10.1007/s00586-011-1752-3
https://doi.org/10.1007/s00586-011-1752-3
https://doi.org/10.1097/BRS.0b013e3181a3967f
https://doi.org/10.1097/BRS.0b013e3181a3967f
https://doi.org/10.1097/BRS.0b013e3181a3967f
https://doi.org/10.1097/BRS.0b013e3181a3967f
https://doi.org/10.1227/00006123-198007000-00014
https://doi.org/10.1016/j.wneu.2019.11.030
https://doi.org/10.1016/j.wneu.2019.11.030
https://doi.org/10.1016/j.wneu.2019.11.030
https://doi.org/10.1097/MD.0000000000009149
https://doi.org/10.1097/MD.0000000000009149
https://doi.org/10.1097/MD.0000000000009149
https://doi.org/10.1097/MD.0000000000009149
https://doi.org/10.3389/fbioe.2016.00093
https://doi.org/10.3389/fbioe.2016.00093
https://doi.org/10.3389/fbioe.2016.00093
https://doi.org/10.1080/10255842.2013.766722
https://doi.org/10.1080/10255842.2013.766722
https://doi.org/10.1016/s0268-0033(01)00042-0
https://doi.org/10.1016/s0268-0033(01)00042-0
https://doi.org/10.1016/j.spinee.2010.04.015
https://doi.org/10.1016/j.spinee.2010.04.015
https://doi.org/10.1016/j.spinee.2010.04.015
https://doi.org/10.1002/jbm.b.31322
https://doi.org/10.1002/jbm.b.31322
https://doi.org/10.1002/jbm.b.31322
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c01027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

